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Preface

This is a textbook version of my previous book [190]. Problems and solutions
have been included, Appendix G has been added, more details have been
presented, recent publications on evaluating Feynman integrals have been
taken into account and the bibliography has been updated.

The goal of the book is to describe in detail how Feynman integrals' can be
evaluated analytically. The problem of evaluating Lorentz-covariant Feynman
integrals over loop momenta originated in the early days of perturbative
quantum field theory. Over a span of more than fifty years, a great variety of
methods for evaluating Feynman integrals has been developed. Most powerful
modern methods are described in this book.

T understand that if another person — in particular one actively involved in
developing methods for Feynman integral evaluation — wrote a book on this
subject, he or she would probably concentrate on some other methods and
would rank the methods as most important and less important in a different
order. I believe, however, that my choice is reasonable. At least I have tried
to concentrate on the methods that have been used recently in the most
sophisticated calculations, in which world records in the Feynman integral
‘sport’ were achieved.

The problem of evaluation is very important at the moment. What could
be easily evaluated was evaluated many years ago. To perform important
calculations at the two-loop level and higher one needs to choose adequate
methods and combine them in a non-trivial way. In the present situation —
which might be considered boring because the Standard Model works more
or less properly and there are no glaring contradictions with experiment —
one needs not only to organize new experiments but also perform rather non-
trivial calculations for further crucial high-precision checks. So I hope very
much that this book will be used as a textbook in practical calculations.

I shall concentrate on analytical methods and only briefly describe nu-
merical ones. Some methods are also characterized as semi-analytical, for
example, the method based on asymptotic expansions of Feynman integrals
in momenta and masses which was described in detail in [186]. In this method,

1Let us point out from beginning that two kinds of integrals are associated with
Feynman: integrals over loop momenta and path integrals. We will deal only with
the former case.
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it is also necessary to apply some analytical methods of evaluation which were
described there only very briefly. So the present book (and/or its previous
version [190]) can be considered as Volume 1 with respect to [186], which
might be termed Volume 2, or the sequel.

Although all the necessary definitions concerning Feynman integrals are
provided in the book, it would be helpful for the reader to know the basics
of perturbative quantum field theory, e.g. by following the first few chapters
of the well-known textbooks by Bogoliubov and Shirkov and/or Peskin and
Schroeder.

This book is based on the course of lectures which I gave in the two winter
semesters of 2003-2004 and 2005-2006 at the University of Hamburg (and
in 2003-2004 at the University of Karlsruhe) as a DFG Mercator professor
in Hamburg. It is my pleasure to thank the students, postgraduate students,
postdoctoral fellows and professors who attended my lectures for numerous
stimulating discussions.

T am grateful very much to A.G. Grozin, B. Jantzen and J. Piclum for care-
ful reading of preliminary versions of the book and numerous comments and
suggestions; to M. Czakon, M. Kalmykov, P. Mastrolia, J. Piclum, M. Stein-
hauser and O.L. Veretin for valuable assistance in presenting examples in the
book; to C. Anastasiou, K.G. Chetyrkin, A.I. Davydychev and A.V. Smirnov
for various instructive discussions; to P.A. Baikov, M. Beneke, Z. Bern,
K.G. Chetyrkin, A. Czarnecki, A.I. Davydychev, L. Dixon, A.G. Grozin,
G. Heinrich, B. Jantzen, A.A. Penin, A. Signer, A.V. Smirnov, M. Stein-
hauser and O.L. Veretin for fruitful collaboration on evaluating Feynman
integrals; to M. Czakon, A. Czarnecki, T. Gehrmann, V.P. Gerdt, J. Gluza,
K. Melnikov, T. Riemann, E. Remiddi, O.V. Tarasov and J.B. Tausk for
stimulating competition; to Z. Bern, L. Dixon, C. Greub, G. Heinrich, and
S. Moch for various pieces of advice; and to B.A. Kniehl and J.H. Kiihn for
permanent support.

I am thankful to my family for permanent love, sympathy, patience and
understanding.

Moscow V.A. Smirnov
April 2006
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1 Introduction

The important mathematical problem of evaluating Feynman integrals arises
quite naturally in elementary-particle physics when one treats various quanti-
ties in the framework of perturbation theory. Usually, it turns out that a given
quantum-field amplitude that describes a process where particles participate
cannot be completely treated in the perturbative way. However it also often
turns out that the amplitude can be factorized in such a way that different
factors are responsible for contributions of different scales. According to a
factorization procedure a given amplitude can be represented as a product
of factors some of which can be treated only non-perturbatively while others
can be indeed evaluated within perturbation theory, i.e. expressed in terms of
Feynman integrals over loop momenta. A useful way to perform the factoriza-
tion procedure is provided by solving the problem of asymptotic expansion of
Feynman integrals in the corresponding limit of momenta and masses that is
determined by the given kinematical situation. A universal way to solve this
problem is based on the so-called strategy of expansion by regions [28,186].
This strategy can be itself regarded as a (semi-analytical) method of eval-
uation of Feynman integrals according to which a given Feynman integral
depending on several scales can be approximated, with increasing accuracy,
by a finite sum of first terms of the corresponding expansion, where each
term is written as a product of factors depending on different scales. A lot of
details concerning expansions of Feynman integrals in various limits of mo-
menta and/or masses can be found in my previous book [186]. In this book,
however, we shall mainly deal with purely analytical methods.

One needs to take into account various graphs that contribute to a given
process. The number of graphs greatly increases when the number of loops
gets large. For a given graph, the corresponding Feynman amplitude is repre-
sented as a Feynman integral over loop momenta, due to some Feynman rules.
The Feynman integral, generally, has several Lorentz indices. The standard
way to handle tensor quantities is to perform a tensor reduction that enables
us to write the given quantity as a linear combination of tensor monomials
with scalar coefficients. Therefore we shall imply that we deal with scalar
Feynman integrals and consider only them in examples.

A given Feynman graph therefore generates various scalar Feynman inte-
grals that have the same structure of the integrand with various distributions
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of powers of propagators (indices). Let us observe that some powers can be
negative, due to some initial polynomial in the numerator of the Feynman
integral. A straightforward strategy is to evaluate, by some methods, every
scalar Feynman integral resulting from the given graph. If the number of
these integrals is small this strategy is quite reasonable. In non-trivial situ-
ations, where the number of different scalar integrals can be at the level of
hundreds and thousands, this strategy looks too complicated. A well-known
optimal strategy here is to derive, without calculation, and then apply some
relations between the given family of Feynman integrals as recurrence rela-
tions. A well-known standard way to obtain such relations is provided by the
method of integration by parts! (IBP) [66] which is based on putting to zero
any integral of the form

of
d d
/d kid /cg...—akf

over loop momenta ki, ks, ..., k;, ... within dimensional regularization with
the space-time dimension d = 4—2¢ as a regularization parameter [45,51,122].
Here f is an integrand of a Feynman integral; it depends on the loop and
external momenta. More precisely, one tries to use IBP relations in order to
express a general dimensionally regularized integral from the given family
as a linear combination of some irreducible integrals which are also called
master integrals. Therefore the whole problem decomposes into two parts: a
solution of the reduction procedure and the evaluation of the master Feynman
integrals. Observe that in such complicated situations, with the great variety
of relevant scalar integrals, one really needs to know a complete solution of
the recursion problem, i.e. to learn how an arbitrary integral with general
integer powers of the propagators and powers of irreducible monomials in the
numerator can be evaluated.

To illustrate the methods of evaluation that we are going to study in this
book let us first orient ourselves at the evaluation of individual Feynman
integrals, which might be master integrals, and take the simple scalar one-
loop graph I" shown in Fig. 1.1 as an example. The corresponding Feynman
integral constructed with scalar propagators is written as

- ak
Fr(qg®,m*;d) :/(k2 A (1.1)

! As is explained in textbooks on integral calculus, the method of IBP is applied
with the help of the relation ff dzuv’ = w|’ — ff dzu'v as follows. One tries to
represent the integrand as uv’ with some u and v in such a way that the integral
on the right-hand side, i.e. of u'v will be simpler. We do not follow this idea in
the case of Feynman integrals. Instead we only use the fact that an integral of the
derivative of some function is zero, i.e. we always neglect the corresponding surface
terms. So the name of the method looks misleading. It is however unambiguously
accepted in the physics community.
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Fig. 1.1. One-loop self-energy graph. The dashed line denotes a massless
propagator

The same picture Fig. 1.1 can also denote the Feynman integral with
general powers of the two propagators,
d?k
(= m)er (g — B

Fr(q?,m? ay,az,d) :/ (1.2)

Suppose, one needs to evaluate the Feynman integral Fr(q?,m?;2,1,d) =
F(2,1,d) which is finite in four dimensions, d = 4. (It can also be depicted
by Fig. 1.1 with a dot on the massive line.) There is a lot of ways to evaluate
it. For example, a straightforward way is to take into account the fact that
the given function of ¢ is Lorentz-invariant so that it depends on the exter-
nal momentum through its square, ¢>. One can choose a frame ¢ = (go,0),
introduce spherical coordinates for k, integrate over angles, then over the
radial component and, finally, over kqy. This strategy can be, however, hardly
generalized to multi-loop? Feynman integrals.

Another way is to use a dispersion relation that expresses Feynman inte-
grals in terms of a one-dimensional integral of the imaginary part of the given
Feynman integral, from the value of the lowest threshold to infinity. This dis-
persion integral can be expressed by means of the well-known Cutkosky rules.
We shall not apply this method, which was, however, very popular in the early
days of perturbative quantum field theory, and only briefly comment on it in
Appendix F.

Let us now turn to the methods that will be indeed actively used in this
book. To illustrate them all let me use this very example of Feynman integrals
(1.2) and present main ideas of these methods, with the obligation to present
the methods in great details in the rest of the book.

First, we will exploit the well-known technique of alpha or Feynman pa-
rameters. In the case of F(2,1,d), one writes down the following Feynman-
parametric formulas:

1 o £de
(k2 —=m?)2(q¢ — k)? 2/0 (k2 —=m2)§ + (1 = &) (g — k)? +1i0]3

Then one can change the order of integration over £ and k, perform inte-
gration over k with the help of the formula (A.1) (which we will derive in

(1.3)

2Since the Feynman integrals are rather complicated objects the word ‘multi-
loop’ means the number of loops greater than one ;-)
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Chap. 3) and obtain the following representation:

1 _
: dgg
F(2,1,d) = —ir¥?1(1 / : 1.4
( s by ) 17 ( +€) 0 [m2—q2(1—§)—i0]1+5 ( )
This integral is easily evaluated at d = 4 with the following result:
In (1 - ¢?/m?
F(2,1,4) = 177211(—3/m) . (1.5)

q

In principle, any given Feynman integral F'(a;,aq,d) with concrete num-
bers a; and as can similarly be evaluated by Feynman parameters. In par-
ticular, F(1,1,d) reduces to

F(1,1,d) = in®21(¢) /l e (1.6)

o [m?—¢*(1—¢) —i0 "
There is an ultraviolet (UV) divergence which manifests itself in the first pole
of the function I'(¢), i.e. at d = 4. The integral can be evaluated in expansion
in a Laurent series in ¢, for example, up to

1
F(1,1,d) = im/2e= e { —Inm?+2
€

-2 (- L) voe] .

where g is Euler’s constant.

We shall study the method of Feynman and alpha parameters in Chap. 3.
Another method which plays an essential role in this book is based on the
Mellin-Barnes (MB) representation. The underlying idea is to replace a sum
of terms raised to some power by the product of these terms raised to certain
powers, at the cost of introducing an auxiliary integration that goes from
—ioo to +ioco in the complex plane. The most natural way to apply this
representation is to write down a massive propagator in terms of massless
ones. For F'(2,1,4), we can write

1 1 +ico m2 z
CEEE =50 dz<_(]€2))2+21“(2 +2)I(—2) . (1.8)

—ico

Applying (1.8) to the first propagator in (1.2), changing the order of inte-
gration over k and z and evaluating the internal integral over & by means of
the one-loop formula (A.7) (which we will derive in Chap. 3) we arrive at the
following onefold MB integral representation:

ird/2 _ +ioco m2\°?
rtd == [ o (%)
" I'l4+e+2)I(—e—2)'(—%)
I'(l1—2—2) '

—ioco
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The contour of integration is chosen in the standard way: the poles with a
I'(... 4+ z) dependence are to the left of the contour and the poles with a
I'(... — z) dependence are to the right of it. If |¢| is small enough we can
choose this contour as a straight line parallel to the imaginary axis with
—1 < Rez < 0. For d = 4, we obtain

s 2 +ioco 2\ %

F(2,1,4) = —%i/ dz (m> I(2)I(-2). (1.10)
q 27 —ico _q2

By closing the integration contour to the right and taking a series of residues

at the points z = 0,1, ..., we reproduce (1.5). Using the same technique, any

integral from the given family can similarly be evaluated.

We shall study the technique of MB representation in Chap. 4 where
we shall see, through various examples, how, by introducing MB integra-
tions in an appropriate way, one can analytically evaluate rather complicated
Feynman integrals.

Let us, however, think about a more economical strategy based on IBP
relations which would enable us to evaluate any integral (1.2) as a linear com-
bination of some master integrals. Putting to zero dimensionally regularized
integrals of %kf(al, as) and q-%f(al, as), where f(aq,as) is the integrand
in (1.2), and writing down obtained relations in terms of integrals of the given
family we obtain the following two IBP relations:

d— 2a1 — Qg — 2m2a11+ — a22+(1* _ q2 + m2)
4~y — a1 (g +m? - 27) - a2 (17 — ¢ 4 m?)

(1.11)

=0,
=0, (112)
in the sense that they are applied to the general integral F'(a;,as). Here the
standard notation for increasing and lowering operators has been used, e.g.
1+2_F(a1,a2) = F(a1 +1,a9 — 1)

Let us observe that any integral with a; < 0 is zero because it is a massless
tadpole which is naturally put to zero within dimensional regularization.
Moreover, any integral with aa < 0 can be evaluated in terms of gamma
functions for general d with the help of (A.3) (which we will derive in Chap. 3).
The number as can be reduced either to one or to a non-positive value using
the following relation which is obtained as the difference of (1.11) multiplied
by ¢ + m? and (1.12) multiplied by 2m?:

(> —m?)?a2" = (¢* —m*)ax1~ 2"
—(d = 2a1 — az)¢* — (d — 3az)m? + 2m?a ;1727 .
(1.13)

Indeed, when the left-hand side of (1.13) is applied to F'(ai,az2), we obtain
integrals with reduced as or, due to the first term on the right-hand side,
reduced a;.

Suppose now that as = 1. Then we can use the difference of relations
(1.11) and (1.12),
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d—a; —2ay —a;17(27 —¢* +m?) =0, (1.14)
and rewrite it down, at as = 1, as

(@*—mPa1T =a; +2—d+a;1727 . (1.15)

This relation can be used to reduce the index a1 to one or the index ay to zero.
We see that we can now express any integral of the given family as a linear
combination of the integral F'(1,1) and simple integrals with as < 0 which
can be evaluated for general d in terms of gamma functions. In particular,
we have

%_qz (1 =2e)F(1,1) = F(2,0)] . (1.16)

F(2,1) =

At this point, we can stop our activity because we have already essen-
tially solved the problem. In fact, we shall later encounter several examples
of non-trivial calculations where any integral is expressed in terms of some
complicated master integrals and families of simple integrals. However, math-
ematically (and aesthetically), it is natural to be more curious and wonder
about the minimal number of master integrals which form a linearly inde-
pendent basis in the family of integrals F'(a1, as). We will do this in Chaps. 5
and 6. In Chap. 5, we shall investigate various examples, starting from sim-
ple ones, where the reduction of a given class of Feynman integrals can be
performed by solving IBP recurrence relations.

If we want to be maximalists, i.e. we are oriented at the minimal number of
master integrals, we expect that any Feynman integral from a given family,
F(ay,as,...) can be expressed linearly in terms of a finite set of master
integrals:

F(ay,az,...) =Y ci(Flar,az,...)1; , (1.17)
K3
These master integrals I; cannot be reduced further, i.e. expressed as linear
combinations of other Feynman integrals of the given family.

There were several attempts to systematize the procedure of solving IBP
recurrence relations. Some of them will be described in the end of Chap. 5 and
in Appendix G. One of the corresponding methods [16,21,193] is based on an
appropriate parametric representation which is used to construct the coeffi-
cient functions ¢;(F(a1,as,...)) = c¢;i(a,aq,...) in (1.17). The integrand of
this representation consists of the standard factors x; “*, where the integra-
tion parameters x; correspond to the denominators of the propagators, and
a polynomial in these variables raised to the power (d — h — 1)/2, where h
is the number of loops for vacuum integrals and some effective loop number,
otherwise. This polynomial is constructed for the given family of integrals
according to some simple rules. An important property of such a represen-
tation is that it automatically satisfies IBP relations written for this family
of integrals, provided one can use IBP in this parametric representation. For
example, for the family of integrals F(aj,as) we are dealing with in this
chapter, the auxiliary representation takes the form
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dxidz
Ci(alaa2)'\“// a} af [P(:cl,:cg)](d_3)/2, (1.18)

Ty Lo

with the basic polynomial
P(x1,13) = —(x1 — 22 + m?)? — ¢*(¢* — 2m? — 2(x1 + 2)) . (1.19)

As we shall see in Chap. 6, such auxiliary representation provides the
possibility to characterize the master integrals and construct algorithms for
the evaluation of the corresponding coefficient functions. When looking for
candidates for the master integrals one considers integrals of the type (1.18)
with indices a; equal to one or zero and tries to see whether such integrals
can be understood non-trivially. According to a general rule, which we will
explain in Chap. 6, the value a; = 1 of some index forces us to understand
the integration over the corresponding parameter x; as a Cauchy integration
contour around the origin in the complex x;-plane which in turn reduces to
taking derivatives of the factor P4=3)/2 in z; at x; = 0. If an index a; is
equal to zero one has to understand the corresponding integration in some
sense, which implies the validity of IBP in the integration over x;, or treat
such integrals in a pure algebraic way.

In our present example, let us therefore consider the candidates F(1,1),
F(1,0), F(0,1) and F(0,0). Of course, we neglect the last two of them be-
cause they are equal to zero. Thus we are left with the first two integrals.
According to the rule formulated above, the coefficient function of F(1,1)
is evaluated as an iterated Cauchy integral over z; and xo. It is therefore
constructed in a non-trivial (non-zero) way and this integral is recognized as
a master integral. For F(1,0), only the integration over x; is understood as a
Cauchy integration, and the representation (1.18) gives, for the corresponding
coefficient function, a linear combination of terms

/ sz [—(m2 — 3?4+ 2(m?* 4¢Py — xg] (d=3)/2-1 , (1.20)
with integer j and non-negative integer . When j < 0, the integration can be
taken between the roots of the quadratic polynomial in the square brackets.
Thus one can again construct a non-zero coefficient function and the integral
F(1,0) turns out to be our second (and the last) master integral. We shall see
in Chap. 6 how (1.18) can be understood for j > 0; this is indeed necessary
for the construction of the coefficient function cy(aq,as) at az > 0. We shall
also learn other details of this method illustrated though various examples.
Anyway, the present example shows that this method enables an elegant and
transparent classification of the master integrals: the presence of (only two)
master integrals F'(1,1) and F'(1,0) in the given recursion problem is seen in
a very simple way, as compared with the complete solution of the reduction
procedure outlined above.

One more powerful method that has been proven very useful in the
evaluation of the master integrals is based on using differential equations
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(DE) [137,173]. Let us illustrate it again with the help of our favourite exam-
ple. To evaluate the master integral F'(1, 1) let us observe that its derivative in
m? is nothing but F(2,1) (because (9/(dm?)) (1/(k* —m?)) = 1/(k*—m?)?)
which is expressed, according to our reduction procedure, by (1.16). Therefore
we arrive at the following differential equation for f(m?) = F(1,1):

0

om?2

1

P [(1—2¢)f(m?) - F(2,0)] (1.21)

f(m?) =
where the quantity F'(2,0) is a simpler object because it can be evaluated in
terms of gamma functions for general €. The general solution to this equation
can easily be obtained by the method of the variation of the constant, with
fixing the general solution from the boundary condition at m = 0. Eventually,
the above result (1.7) can successfully be reproduced.

As we shall see in Chap. 7, the strategy of the method of DE in much
more non-trivial situations is similar: one takes derivatives of a master integral
in some arguments, expresses them in terms of original Feynman integrals,
by means of some variant of solution of IBP relations, and solves resulting
differential equations.

However, before studying the methods of evaluation, basic definitions are
presented in Chap. 2 where tools for dealing with Feynman integrals are also
introduced. Methods for evaluating individual Feynman integrals are studied
in Chaps. 3, 4 and 7 and the reduction problem is studied in Chaps. 5 and 6.
In Appendix A, one can find a table of basic one-loop and two-loop Feyn-
man integrals as well as some useful auxiliary formulae. Appendix B contains
definitions and properties of special functions that are used in this book. A
table of summation formulae for onefold series is given in Appendix C. In
Appendix D, a table of onefold MB integrals is presented. Appendix E con-
tains analysis of convergence of Feynman integrals as well a description of a
numerical method of evaluating Feynman integrals based on sector decom-
positions. In Appendix G, a recently suggested method of solving reduction
problems for Feynman integrals using Grébner bases is presented.

In the end of all main chapters, from 3 to 7, there are problems which
exemplify further the corresponding methods. Solutions are presented in the
end of the book.

Some other methods are briefly characterized in Appendix F. These are
mainly old methods whose details can be found in the literature. If I do not
present some methods, this means that either I do not know about them, or I
do not know physically important situations where they work not worse than
than the methods I present.

I shall use almost the same examples in Chaps. 3-7 and Appendices F
and G to illustrate all the methods. On the one hand, this will be done
in order to have the possibility to compare them. On the other hand, the
methods often work together: for example, MB representation can be used in
alpha or Feynman parametric integrals, the method of DE requires a solution
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of the reduction problem, boundary conditions within the method of DE can
be obtained by means of the method of MB representation, auxiliary IBP
relations within the method described in Chap. 6 can be solved by means of
an algorithm originated within another approach to solving IBP relations.
Basic notational conventions are presented below. The notation is de-
scribed in more detail in the List of Symbols. In the Index, one can find
numbers of pages where definitions of basic notions are introduced.

1.1 Notation

We use Greek and Roman letters for four-indices and spatial indices, respec-
tively:

h = (sco,:v) ,

gz =q¢"2"—qx= Juvg"x” .
The parameter of dimensional regularization is
d=4—-2¢.

The d-dimensional Fourier transform and its inverse are defined as

flg) = / iz f(z) |

(2717)(1 /ddqefiw'qf(fJf

In order to avoid Euler’s constant vg in Laurent expansions in €, we pull
out the factor e~72¢ per loop.

fz) =



2 Feynman Integrals:
Basic Definitions and Tools

In this chapter, basic definitions for Feynman integrals are given, ultraviolet
(UV), infrared (IR) and collinear divergences are characterized, and basic
tools such as alpha parameters are presented. Various kinds of regularizations,
in particular dimensional one, are presented and properties of dimensionally
regularized Feynman integrals are formulated and discussed.

2.1 Feynman Rules and Feynman Integrals

In perturbation theory, any quantum field model is characterized by a La-
grangian, which is represented as a sum of a free-field part and an interac-
tion part, L = Ly + L£;. Amplitudes of the model, e.g. S-matrix elements
and matrix elements of composite operators, are represented as power series
in coupling constants. Starting from the S-matrix represented in terms of
the time-ordered exponent of the interaction Lagrangian which is expanded
with the application of the Wick theorem, or from Green functions written
in terms of a functional integral treated in the perturbative way, one obtains
that, in a fixed perturbation order, the amplitudes are written as finite sums
of Feynman diagrams which are constructed according to Feynman rules:
lines correspond to Ly and vertices are determined by L£;. The basic building
block of the Feynman diagrams is the propagator that enters the relation

Thi(x1)pi(x2) = : di(w1)pi(x2) : +Dp (w1 — x2) - (2.1)

Here Dp; is the Feynman propagator of the field of type ¢ and the colons
denote a normal product of the free fields. The Fourier transforms of the
propagators have the form
- ip- iZi(p)
Dpi(p) = [ d*zeP*Dp,(z) = —————2—— 2.2
F,l(p) / zre Fi (1') (pz _ m? I iO)a'i ) ( )
where m; is the corresponding mass, Z; is a polynomial and a; = 1 or 2
(for the gluon propagator in the general covariant gauge). The powers of the
propagators a; will be also called indices. For the propagator of the scalar
field, we have Z = 1,a = 1. This is not the most general form of the prop-
agator. For example, in the axial or Coulomb gauge, the gluon propagator
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has another form. We usually omit the causal i0 for brevity. Polynomials
associated with vertices of graphs can be taken into account by means of
the polynomials Z;. We also omit the factors of i and (27)?* that enter in the
standard Feynman rules (in particular, in (2.2)); these can be included at the
end of a calculation.

Eventually, we obtain, for any fixed perturbation order, a sum of Feynman
amplitudes labelled by Feynman graphs' constructed from the given type of
vertices and lines. In the commonly accepted physical slang, the graph, the
corresponding Feynman amplitude and the integral are all often called the
‘diagram’. A Feynman graph differs from a graph by distinguishing a subset
of vertices which are called external. The external momenta or coordinates on
which a Feynman integral depends are associated with the external vertices.

Thus quantities that can be computed perturbatively are written, in any
given order of perturbation theory, through a sum over Feynman graphs. For
a given graph I', the corresponding Feynman amplitude

Gp@h“.ﬂnﬂ):(%oﬁg(}:%>p}@bn.ﬂ@ (2.3)

can be written in terms of an integral over loop momenta

L
ﬂ@wqm:/&mm/&mﬂbmm% (2.4)

=1

where d*k; = dk?dk;, and a factor with a power of 27 is omitted, as we
have agreed. The Feynman integral Fr depends on n linearly independent
external momenta ¢; = (¢, g;); the corresponding integrand is a function of
L internal momenta r;, which are certain linear combinations of the external
momenta and h = L —V + 1 chosen loop momenta k;, where L,V and h are
numbers of lines, vertices and (independent) loops, respectively, of the given
graph.

One can choose the loop momenta by fixing a tree T' of the given graph,
i.e. a maximal connected subgraph without loops, and correspond a loop
momentum to each line not belonging to this tree. Then we have the following
explicit formula for the momenta of the lines:

h n
r=> eaki+ Y dugi , (2.5)
i=1 i=1

When dealing with graphs and Feynman integrals one usually does not bother
about the mathematical definition of the graph and thinks about something that
is built of lines and vertices. So, a graph is an ordered family {V, £, 7+ }, where V
is the set of vertices, £ is the set of lines, and 74+ : £L — V are two mappings that
correspond the initial and the final vertex of a line. By the way, mathematicians
use the word ‘edge’, rather than ‘line’.
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P1

P2

Fig. 2.1. Electromagnetic formfactor

where e;; = +1 if [ belongs to the j-th loop and e;; = 0 otherwise, d;; = £1 if
[ lies in the tree T on the path with the momentum ¢; and d;; = 0 otherwise.
The signs in both sums are defined by orientations.

After some tensor reduction? one can deal only with scalar Feynman in-
tegrals. To do this, various projectors can be applied. For example, in the
case of Feynman integrals contributing to the electromagnetic formfactor
(see Fig. 2.1) I'*(p1,p2) = Y*F1(¢*) + 0 q, F5(¢®), where ¢ = p1 — p2, ¥*
and o*¥ are v- and o-matrices, respectively, the following projector can be
applied to extract scalar integrals which contribute to the formfactor Fj in
the massless case (with Fp = 0):

_ Tr[y oI (p1,p2) #1]

Fi(q?) 2d—2) ;

(2.6)

where g = v#p, and d is the parameter of dimensional regularization (to be
discussed shortly in Sect. 2.4).

Anyway, after applying some projectors, one obtains, for a given graph, a
family of Feynman integrals which have various powers of the scalar parts of
the propagators, 1/ (pl2 —m%)‘”, and various monomials in the numerator. The
denominators pl2 can be expressed linearly in terms of scalar products of the
loop and external momenta. The factors in the numerator can also be chosen
as quadratic polynomials of the loop and external momenta raised to some
powers. It is convenient to consider both types of the quadratic polynomials
on the same footing and treat the factors in the numerators as extra factors
in the denominator raised to negative powers. The set of the denominators
for a given graph is linearly independent. It is natural to complete this set
by similar factors coming from the numerator in such a way that the whole
set will be linearly independent.

2In one loop, the well-known general reduction was described in [165] (see also
[30,35,162]). Steps towards systematical reduction at the two-loop level were made
in [1]. Within a straightforward tensor reduction, in cases where the number of
external legs is more than four, one encounters complications due to inverse Gram
determinants which cause numerical instabilities when amplitudes are integrated
over the phase space of the final state particles. Therefore, alternative methods of
tensor reduction have been developed for such cases [36,39,73,83,84,87,88,106,141].
These methods are beyond the scope of the present book. See [172] for a recent
review.
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Therefore we come to the following family of scalar integrals generated
by the given graph:

A4k ... d%ky
F(ah...,aN):/... S (2.7)
where k;, i« = 1,...,h, are loop momenta, a; are integer indices, and the
denominators are given by
E, = Z AY p; "Pj — mz, (2.8)
12521
with r = 1,..., N. The momenta p; are either the loop momenta p; = k;, i =
1,...,h, or independent external momenta pn+1 = q1,--.,Phtn = q of the

graph.

For a usual Feynman graph, the denominators F, determined by some
matrix A are indeed quadratic. However, a more general class of Feynman
integrals where the denominators are linear with respect to the loop and/or
external momenta also often appears in practical calculations. Linear de-
nominators usually appear in asymptotic expansions of Feynman integrals
within the strategy of expansion by regions [28,186]. Such expansions pro-
vide a useful link of an initial theory described by some Lagrangian with
various effective theories where, indeed, the denominators of propagators can
be linear with respect to the external and loop momenta. For example, one
encounters the following denominators: p - k, with an external momentum p
on the light cone, p?> = 0, for the Sudakov limit and with p? # 0 for the
quark propagator of Heavy Quark Effective Theory (HQET) [116,150, 161].
Some non-relativistic propagators appear within threshold expansion and in
the effective theory called Non-Relativistic QCD (NRQCD) [43,147,207], for
example, the denominator ko — k?/(2m).

2.2 Divergences

As has been known from early days of quantum field theory, Feynman in-
tegrals suffer from divergences. This word means that, taken naively, these
integrals are ill-defined because the integrals over the loop momenta gener-
ally diverge. The witraviolet (UV) divergences manifest themselves through
a divergence of the Feynman integrals at large loop momenta. Consider, for
example, the Feynman integral corresponding to the one-loop graph I' of
Fig. 2.2 with scalar propagators. This integral can be written as

d4k
Frig) = / )l B —nd]’

where the loop momentum k is chosen as the momentum of the first line.
Introducing four-dimensional (generalized) spherical coordinates k = rk in

(2.9)
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k
Fig. 2.2. One-loop self-energy diagram

(2.9), where k is on the unit (generalized) sphere and is expressed by means
of three angles, and counting powers of propagators, we obtain, in the limit of
large r, the following divergent behaviour: fjo drr~!. For a general diagram,
a similar power counting at large values of the loop momenta gives 4h(I") —
1 from the Jacobian that arises when one introduces generalized spherical
coordinates in the (4 x h)-dimensional space of h loop four-momenta, plus
a contribution from the powers of the propagators and the degrees of its
polynomials, and leads to an integral fjo drr~!, where

w=4h—-2L+> m (2.10)
l

is the (UV) degree of divergence of the graph. (Here n,; are the degrees of the
polynomials Z;.)

This estimate shows that the Feynman integral is UV convergent overall
(no divergences arise from the region where all the loop momenta are large)
if the degree of divergence is negative. We say that the Feynman integral has
a logarithmic, linear, quadratic, etc. overall divergence when w = 0,1,2,.. .,
respectively. To ensure a complete absence of UV divergences it is necessary
to check convergence in various regions where some of the loop momenta
become large, i.e. to satisfy the relation w(y) < 0 for all the subgraphs ~ of
the graph. We call a subgraph UV divergent if w(-y) > 0. In fact, it is sufficient
to check these inequalities only for one-particle-irreducible (1PI) subgraphs
(which cannot be made disconnected by cutting a line). It turns out that
these rough estimates are indeed true — see some details in Sect. E.1.

If we turn from momentum space integrals to some other representation
of Feynman diagrams, the UV divergences will manifest themselves in other
ways. For example, in coordinate space, the Feynman amplitude (i.e. the
inverse Fourier transform of (2.3)) is expressed in terms of a product of the
Fourier transforms of propagators

L
H Dri(xy, — 21,) (2.11)
=1

integrated over four-coordinates x; corresponding to the internal vertices.
Here [; and [; are the beginning and the end, respectively, of a line [.
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The propagators in coordinate space,

Dpi(x) = /d4p Dpy(p)e™ ™7, (2.12)

1
(2m)*
are singular at small values of coordinates = (zg, x). To reveal this singu-
larity explicitly let us write down the propagator (2.2) in terms of an integral
over a so-called alpha-parameter

I s 10 2iu;-p
.DF’l(p) =1 Zl (218ul> €

—i)* * a;—1 _i(p?—m?)a
a7

ul:O

(2.13)

which turns out to be a very useful tool both in theoretical analyses and
practical calculations.

To present an explicit formula for the scalar (i.e. for a = 1 and Z = 1)
propagator

o0
DF(p):/ dael®*=m*a (2.14)
0

in coordinate space we insert (2.14) into (2.12), change the order of integra-
tion over p and « and take the Gaussian integrations explicitly using the
formula

/d4k‘ elloh®=2ak) _ _jn2,-20-i¢" /o , (2.15)

which is nothing but a product of four one-dimensional Gaussian integrals:

o0
dko el(@ki—2q0ko) _ i o140 /atin/4
oo « ’

/ dk; e~ (k] —2aks) — ,/geiq?/a*i”/‘*, j=1,2,3 (2.16)

— 00

(without summation over j in the last formula).
The final integration is then performed using [171] or in MATHEMATICA [221]
with the following result:

im
Dp(zr) = ——F—==—=K (im\/ —z2 + i())
r(@) 4m2y/—22 + 10 !
1 1 9 9

:—Rm+0(m lnm ) s (217)
where K7 is a Bessel special function [89]. The leading singularity at = 0

is given by the value of the coordinate space massless propagator.
Thus, the inverse Fourier transform of the convolution integral (2.9) equals
the square of the coordinate-space scalar propagator, with the singularity
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(22 — i0)~2. Power-counting shows that this singularity produces integrals
that are divergent in the vicinity of the point £ = 0, and this is the coordinate
space manifestation of the UV divergence.

The divergences caused by singularities at small loop momenta are called
infrared (IR) divergences. First we distinguish IR divergences that arise at
general values of the external momenta. A typical example of such a diver-
gence is given by the graph of Fig. 2.2 when one of the lines contains the
second power of the corresponding propagator, so that a; = 2. If the mass of
this line is zero we obtain a factor 1/(k?)? in the integrand, where k is chosen
as the momentum of this line. Then, keeping in mind the introduction of
generalized spherical coordinates and performing power-counting at small k
(i.e. when all the components of the four-vector k are small), we again en-
counter a divergent behaviour fOA dr~! but now at small values of r. There
is a similarity between the properties of IR divergences of this kind and those
of UV divergences. One can define, for such off-shell IR divergences, an IR
degree of divergence, in a similar way to the UV case. A reasonable choice is
provided by the value

w(7) = —w(I'/7) =w@®@) —wl), (2.18)

where 7 = I'\y is the completion of the subgraph ~ in a given graph I"
and I'/y denotes the reduced graph which is obtained from I" by reducing
every connectivity component of v to a point. The absence of off-shell IR
divergences is guaranteed if the IR degrees of divergence are negative for all
massless subgraphs v whose completions 7 include all the external vertices in
the same connectivity component. (See details in [64,182] and Sect. E.1.) The
off-shell IR divergences are the worst but they are in fact absent in physically
meaningful theories. However, they play an important role in asymptotic
expansions of Feynman diagrams (see [186]).

The other kinds of IR divergences arise when the external momenta con-
sidered are on a surface where the Feynman diagram is singular: either on a
mass shell or at a threshold. Consider, for example, the graph Fig. 2.2, with
the indices a; = 1 and as = 2 and the masses m; = 0 and my = m # 0 on
the mass shell, ¢> = m?. With k as the momentum of the second line, the
corresponding Feynman integral is of the form

B@@:/WWd;MT (2.19)

At small values of k, the integrand behaves like 1/[4k?(q-k)?], and, with the
help of power counting, we see that there is an on-shell IR divergence which
would not be present for g% # m?.

If we consider Fig. 2.2 with equal masses and indices a1 = ay = 2 at
the threshold, i.e. at ¢> = 4m?, it might seem that there is a threshold IR
divergence because, choosing the momenta of the lines as ¢/2+k and ¢/2—k,
we obtain the integral
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0

Fig. 2.3. Sunset diagram

Y4

P1— P2

P2
Fig. 2.4. One-loop triangle diagram

d*k
/ (k2 + q-k)2(k* — q-k)2’ (2.20)

with an integrand that behaves at small k as 1/(q - k)* and is formally diver-
gent. However, the divergence is in fact absent. (The threshold singularity at
q®> = 4m? is, of course, present.) Nevertheless, threshold IR divergences do
exist. For example, the sunset® diagram of Fig. 2.3 with general masses at
threshold, g2 = (my + ma + m3)?, is divergent in this sense when the sum
of the integer powers of the propagators is greater than or equal to five (see,
e.g. [81]).

The IR divergences characterized above are local in momentum space,
i.e. they are connected with special points of the loop integration momenta.
Collinear divergences arise at lines parallel to certain light-like four-vectors. A
typical example of a collinear divergence is provided by the massless triangle
graph of Fig. 2.4. Let us take p? = p3 = 0 and all the masses equal to zero.
The corresponding Feynman integral is

d*k
/ (k2 — 2py1 k) (k2 — 2po-K)K2 (2.21)

At least an on-shell IR divergence is present, because the integral is divergent
when & — 0 (componentwise). However, there are also divergences at non-
zero values of k that are collinear with p; or p, and where k? ~ 0. This
follows from the fact that the product 1/[(k? — 2p-k)k?], where p? = 0 and
p # 0, generates collinear divergences. To see this let us take residues in the
upper complex half plane when integrating this product over kq. For example,

3called also the sunrise diagram, or the London transport diagram.
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taking the residue at kg = —|k|+10 leads to an integral containing 1/(p-k) =
1/[p°|k|(1 — cos B)], where 6 is the angle between the spatial components k
and p. Thus, for small §, we have a divergent integration over angles because
of the factor d cos /(1 —cos ) ~ df/6. The second residue generates a similar
divergent behaviour — this can be seen by making the change k — p — k.

Another way to reveal the collinear divergences is to introduce the light-
cone coordinates k1 = ko &+ k3, k = (k1,k2). If we choose p with the only
non-zero component p;, we shall see a logarithmic divergence coming from
the region k_ ~ k* ~ 0 just by power counting.

These are the main types of divergences of usual Feynman integrals. Vari-
ous special divergences arise in more general Feynman integrals (2.7) that can
contain linear propagators and appear on the right-hand side of asymptotic
expansions in momenta and masses and in associated effective theories. For
example, in the Sudakov limit, one encounters divergences that can be classi-
fied as UV collinear divergences. Another situation with various non-standard
divergences is provided by threshold expansion and the corresponding effec-
tive theories, NRQCD and pNRQCD, where special power counting is needed
to characterize the divergences.

2.3 Alpha Representation

A useful tool to analyse the divergences of Feynman integrals is the so-called
alpha representation based on (2.13). It can be written down for any Feyn-
man integral. For example, for (2.9), one inserts (2.13) for each of the two
propagators, takes the four-dimensional Gaussian integral by means of (2.15)
to obtain

oo oo
Fr(q) = i7r2/ / day dag (a1 + az)™?
o Jo

X exp (tiOﬁO‘ZQ —i(mia; + m%og)) . (2.22)

For a usual general Feynman integral, this procedure can also explicitly
be realized. Using (2.13) for each propagator of a general usual Feynman
integral (i.e., with usual propagators (2.2)) one takes (see, e.g., [159]) 4h-
dimensional Gauss integrals by means of a generalization of (2.15) to the
case of an arbitrary number of loop integration momenta:

/d4k1...d4khexp (D Aijkik; +2 qik;
1, i

=it (det A)Pexp | 1) AG'aig| - (223)
g

Here A is an h x h matrix and A~ its inverse.*
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The elements of the inverse matrix involved here are rewritten in graph-
theoretical language (see details in [44,159]), and the resulting alpha repre-
sentation takes the form [45]

—a—h 2h

I (@)
/ doy .. / daLHa “Y2ze VU mian (9 9g)

i
Fr (Q17 "7Qn7d) =

where a = Y a;, and U and V are the well-known functions

U=> [, (2.25)

TeT! IgT

v=> TJe ") . (2.26)

TET? 1¢T

n (2.25), the sum runs over trees of the given graph, and, in (2.26), over 2-
trees, i.e. subgraphs that do not involve loops and consist of two connectivity
components; +¢” is the sum of the external momenta that flow into one of
the connectivity components of the 2-tree T'. (It does not matter which com-
ponent is taken because of the conservation law for the external momenta.)
The products of the alpha parameters involved are taken over the lines that
do not belong to the given tree T. The functions &/ and V are homogeneous
functions of the alpha parameters with the homogeneity degrees h and h+ 1,
respectively.

The factor Z is responsible for the non-scalar structure of the diagram:

7 i(2B—K) /U
H (2 8ul) ¢
where (see, e.g., [182,222])

B = Zul Z qr H ap oy (228)

TeT}! VET

K=Y [« (Z :I:ul> . (2.29)

TeTo 1gT

, (2.27)

u1:...uL:O

In (2.28), the sum is taken over trees T}! that include a given line [, and gr is
the total external momentum that flows through the line [ (in the direction of

In fact, the matrix A involved here equals efe™ with the elements of an arbi-
trarily chosen column and row with the same number deleted. Here e is the incidence
matrix of the graph, i.e. e;; = %1 if the vertex ¢ is the beginning/end of the line
I, et is its transpose and 3 consists of the numbers 1/a; on the diagonal — see,

g., [159].
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its orientation). In (2.29), the sum is taken over pseudotrees T° (a pseudotree
is obtained from a tree by adding a line), and the sum in [ is performed
over the loop (circuit) of the pseudotree T', with a sign dependent on the
coincidence of the orientations of the line [ and the pseudotree T

The alpha representation of a general h-loop Feynman integral is useful for
general analyses. In practical calculations, e.g. at the two-loop level, one can
derive the alpha representation for concrete diagrams by hand, rather than
deduce it from the general formulae presented above. Still, even in practice,
such general formulae can provide advantages because the evaluation of the
functions of the alpha representation can be performed on a computer.

Let us stress that this terrible-looking machinery for evaluating the de-
terminant of the matrix A that arises from Feynman integrals, as well as
for evaluating the elements of the inverse matrix, together with interpreting
these results from the graph-theoretical point of view, is exactly the same as
that used in the problem of the solution of Kirchhoff’s laws for electrical cir-
cuits, a problem typical of the nineteenth century. Recall, for example, that
the parameters «; play the role of ohmic resistances and that the expression
(2.25) for the function U as a sum over trees is a Kirchhoff result.

Explicit formulae for Feynman integrals (2.7) with more general propa-
gators which can be linear are not known. In this situation, one can derive
alpha representation for any given concrete Feynman integral using formulae
like (2.13) and performing Gaussian integration as in the case of Feynman
integrals with standard propagators. We will follow this way in Chap. 3.

2.4 Regularization

The standard way of dealing with divergent Feynman integrals is to introduce
a regqularization. This means that, instead of the original ill-defined Feynman
integral, we consider a quantity which depends on a regularization parame-
ter, A, and formally tends to the initial, meaningless expression when this
parameter takes some limiting value, A = A\g. This new, regularized, quantity
turns out to be well-defined, and the divergence manifests itself as a singular-
ity with respect to the regularization parameter. Experience tells us that this
singularity can be of a power or logarithmic type, i.e. In" (A — X\g)/(A — Ao)".

Although a regularization makes it possible to deal with divergent Feyn-
man integrals, it does not actually remove UV divergences, because this op-
eration is of an auxiliary character so that sooner or later it will be necessary
to switch off the regularization. To provide finiteness of physical observables
evaluated through Feynman diagrams, another operation, called renormal-
ization, is used. This operation is described, at the Lagrangian level, as a
redefinition of the bare parameters of a given Lagrangian by inserting coun-
terterms. The renormalization at the diagrammatic level is called R-operation
and removes the UV divergence from individual Feynman integrals. It is, how-
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ever, beyond the scope of the present book. (See, however, some details in
Sect. F.5, where the method of IR rearrangement is briefly described.)

An obvious way of regularizing Feynman integrals is to introduce a cut-
off at large values of the loop momenta. Another well-known regularization
procedure is the Pauli-Villars regularization [166], which is described by the

replacement
1 1 1

p2—m?  pE_m2 p?_ M2

and its generalizations. For finite values of the regularization parameter M,
this procedure clearly improves the UV asymptotics of the integrand. Here
the limiting value of the regularization parameter is M = oc.

If we replace the integer powers a; in the propagators by general com-
plex numbers \; we obtain an analytically regularized [195] Feynman inte-
gral where the divergences of the diagram are encoded in the poles of this
regularized quantity with respect to the analytic regularization parameters
A;. For example, power counting at large values of the loop momentum in
the analytically regularized version of (2.9) leads to the divergent behaviour
[ drr?iFA273 which results in a pole 1/(A; 4+ A2 — 2) at the limiting values
of the regularization parameters \; = 1.

For example, in the case of the analytically regularized integral of Fig. 2.2,
we obtain

67177()\1+/\2+1 /2 2 )\1 1 )\2 1
Fr(g; A1, A2) = TOh / / dag dap 422" a1+a2)

. a1 .
X exp (1q2@—|—a2) — l(m%al + m%OKQ)) . (230)

After the change of variables n = a1 + a2, £ = a1/(a1 + a2) and explicit
integration over 7, we arrive at

)\1+/\2)17T F()\l + Ay — 2)
TOOT ()
! M1 — g)e!
d .
/ é[m%g +m3(1—€) — g26(1 — &) —io) T2

F (q7A17>\2)_e m(

(2.31)

Thus the UV divergence manifests itself through the first pole of the gamma
function I'(A1 + A2 — 2) in (2.31), which results from the integration over
small values of 1 due to the power n*1+A2=3,

The alpha representation turns out to be very useful for the introduction
of dimensional regularization, which is a commonly accepted computational
technique successfully applied in practice and which will serve as the main
kind of regularization in this book. Let us imagine that the number of space—
time dimensions differs from four. To be more precise, the number of space
dimensions is considered to be d — 1, rather than three. (But, of course, we
still think of an integer number of dimensions!) The derivation of the alpha
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representation does not change much in this case. The only essential change
is that, instead of (2.15), we need to apply its generalization to an arbitrary
number of dimensions, d:

/ddk ei(ak272q-k) _ eiﬂ'(17d/2)/2ﬂ_d/2a7d/2€7iq2/a _ (2.32)
So, instead of (2.22), we have the following in d dimensions:

FF(Q; d) = e_iw(1+d/2)/2ﬂ'd/2/ / dag dae (Oq + a2>_d/2
0 0

. Q100 .
X exp <1z]2041+a2 —i(mia; + m§a2)> . (2.33)

The only two places where something has been changed are the exponent of
the combination (a1 + as) in the integrand and the exponents of the overall
factors.

Now, in order to introduce dimensional regularization, we want to consider
the dimension d as a complex number. So, by definition, the dimensionally
regularized Feynman integral for Fig. 2.2 is given by (2.33) and is a function
of ¢? as given by this integral representation. We choose d = 4 — 2¢, where the
value € = 0 corresponds to the physical number of the space—time dimensions.
By the same change of variables as used after (2.30), we obtain

Fr(g:d) = e—iﬂ(1+d/2)/2ﬂ_d/2/ dn !
0

x /0 d exp {ig?€(1 — €y — i[m3€ +m3(1 - &)n} . (2.34)

This integral is absolutely convergent for 0 < Ree < A (where A = oo if both
masses are non-zero and A = 1 otherwise; this follows from an IR analysis of
convergence, which we omit here) and defines an analytic function of €, which
is extended from this domain to the whole complex plane as a meromorphic
function.

After evaluating the integral over 7, we arrive at the following result:

1 e
(5)/0 [m3€ +m3(1 &) — g*€(1 - €) —i0]"

Fr(g:d) = ir%?I (2.35)

The UV divergence manifests itself through the first pole of the gamma func-
tion I'(¢) in (2.35), which results from the integration over small values of n
in (2.34).

This procedure of introducing dimensional regularization is easily gener-
alized [45,51,64] to an arbitrary usual Feynman integral. Instead of (2.23),
we use
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= eimh(1=d/2)/2:hd/2(qet A) =2 exp | —i Z A;jlqi g, (2.36)
iJ
and the resulting d-dimensional alpha representation takes the form [45,51]
irlat+h(1—d/2)]/2, hd/2
[L, I'(a)
X /Oo doy ... /OO dag [ gt~ u=42 zeV M= mior - (2.37)
0 0 !

(§]
Fr(qi,...,qn;d) = (=1)°

Let us now define® the dimensionally reqularized Feynman integral by
means of (2.37), treating the quantity d as a complex number. This is a
function of kinematical invariants constructed from the external momenta
and contained in the function V. In addition to this, we have to take care of
polynomials in the external momenta and the auxiliary variables u; hidden
in the factor Z. We treat these objects ¢; and w;, as well as the metric tensor
Juv, as elements of an algebra of covariants, where we have, in particular,

0
(W) up =g,0ur gl =

This algebra also includes the ~-matrices with anticommutation relations
YuYv + VoV = 29 S0 that y#7,, = d, the tensor €., etc.

Thus the dimensionally regularized Feynman integrals are defined as lin-
ear combinations of tensor monomials in the external momenta and other
algebraic objects with coefficients that are functions of the scalar products
g¢i-q;.- However, this is not all, because we have to see that the a-integral is
well-defined. Remember that it can be divergent, for various reasons.

5An alternative definition of algebraic character [122,197,220] (see also [67])
exists and is based on certain axioms for integration in a space with non-integer
dimension. It is unclear how to perform the analysis within such a definition, for
example, how to apply the operations of taking a limit, differentiation, etc. to al-
gebraically defined Feynman integrals in d dimensions, in order to say something
about the analytic properties with respect to momenta and masses and the para-
meter of dimensional regularization. After evaluating a Feynman integral according
to the algebraic rules, one arrives at some concrete function of these parameters
but, before integration, one is dealing with an abstract algebraic object. Let us re-
member, however, that, in practical calculations, one usually does not bother about
precise definitions. From the purely pragmatic point of view, it is useless to think of
a diagram when it is not calculated. On the other hand, from the pure theoretical
and mathematical point of view, such a position is beneath criticism. ;-)



2.5 Properties of Dimensionally Regularized Feynman Integrals 25

The alpha representation is not only an important technique for evalu-
ating Feynman integrals but also a very convenient tool for the analysis of
their convergence. This analysis is outlined in Sect. E.1. It is based on de-
compositions of the alpha integral into so-called sectors where new variables
are introduced in such a way that the integrand factorizes, i.e. takes the form
of a product of some powers of the sector variables with a non-zero func-
tion. Eventually, in the new variables, the analysis of convergence reduces
to power counting (for both UV and IR convergence) in one-dimensional
integrals. As a result of this analysis, any Feynman integral considered at
Euclidean external momenta ¢;, i.e. when any sum of incoming momenta is
spacelike, is defined as meromorphic function of d with series of UV and IR
poles [51,170,182,196,198]. Here it is also assumed that there are no massless
detachable subgraphs, i.e. massless subdiagrams with zero external momenta.
For example, a tadpole, i.e. a line with coincident end points, is a detachable
subgraph. However, such diagrams are naturally put to zero in case they are
massless — see a discussion below.

Unfortunately, there are no similar mathematical results for Feynman
integrals on a mass shell or a threshold which are really needed in practice
and which be mainly considered in this book. However, in every concrete
example considered below, we shall see that every Feynman diagram is indeed
an analytical function of d, both in intermediate steps of a calculation and,
of course, in our results. Still it would be nice to have also a mathematical
theorem on the convergence of general Feynman integrals. On the other hand,
there is a practical algorithm [37] based on some sector decompositions that
can provide the resolution of the singularities in ¢ for any given Feynman
integral in the case where all the non-zero kinematical invariants have the
same sign (and, possibly, are on a mass shell or at a threshold). This algorithm
is described in Sect. E.2.

2.5 Properties of Dimensionally Regularized
Feynman Integrals

We can formally write down dimensionally regularized Feynman integrals as
integrals over d-dimensional vectors k;:

L
Fp(ql,...,qn;d) :/ddkl.../ddthDF’l(pl). (238)

=1

In order to obtain dimensionally regularized integrals with their dimension
independent of ¢, a factor of 41~ 2¢ per loop, where 1 is a massive parameter, is
introduced. This parameter serves as a renormalization parameter for schemes
based on dimensional regularization. Therefore, we obtain logarithms and
other functions depending not only on ratios of given parameters, e.g. ¢/m?,
but also on ¢%/u? etc. However, we shall usually omit this u-dependence for



26 2 Feynman Integrals: Basic Definitions and Tools

brevity (i.e. set 1 = 1) so that you will meet sometimes quantities like In ¢?
which should be understood in the sense of In(q?/u?).

We have reasons for using the notation (2.38), because dimensionally reg-
ularized Feynman integrals as defined above possess the standard properties
of integrals of the usual type in integer dimensions. In particular,

— the integral of a linear combination of integrands equals the same linear
combination of the corresponding integrals;

— one may cancel the same factors in the numerator and denominator of
integrands.

These properties follow directly from the above definition. A less trivial prop-
erty is that

— a derivative of an integral with respect to a mass or momentum equals
the corresponding integral of the derivative.

This is also a consequence (see [64,182]) of the definition of dimensionally
regularized Feynman integrals based on the alpha representation and the
corresponding analysis of convergence presented in Sect. E.1. To prove this
statement, one uses standard algebraic relations between the functions enter-
ing the alpha representation [51,159]. (We note again that these are relations
quite similar to those encoded in the solutions of Kirchhoff’s laws for a circuit
defined by the given graph.) A corollary of the last property is the possibility
of integrating by parts and always neglecting surface terms:

L
9 .
d% ... [ &%, — [ D =0, i=1,...,h. 2.39
/ 1 / h 6](55 ll;[ F,l(pl) 1 ) ) ( )
This property is the basis for solving the reduction problem for Feynman
integrals using IBP relations [66] — see Chaps. 5 and 6 and Appendix G.
The next property says that

— any diagram with a detachable massless subgraph is zero.

This property can also be shown to be a consequence of the accepted de-
finition [64,182], by use of an auxiliary analytic regularization, using pieces
of the a-integral considered in different domains of the regularization para-
meters. Let us consider, for example, the massless tadpole diagram, which
can be reduced by means of alpha parameters to a scaleless one-dimensional
integral:

d 0
% = —iewd/z/ daa®? . (2.40)
0

We divide this integral into two pieces, from 0 to 1 and from 1 to oo, integrate
these two integrals and find results that are equal except for opposite signs,
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which lead to the zero value.® It should be stressed here that the two pieces
that contribute to the right-hand side of (2.40) are convergent in different
domains of the regularization parameter €, namely, Ree > —1 and Ree < —1,
with no intersection, and that this procedure here is equivalent to introducing
analytic regularization and considering its parameter in different domains for
different pieces.

But let us distinguish between two qualitatively different situations: the
first when we have to deal with a massless Feynman integral, with a zero
external momentum, which arises from the Feynman rules, and the second
when we obtain such scaleless integrals after some manipulations: after using
partial fractions, differentiation, integration by parts, etc. We can also include
in this second class all such integrals that appear on the right-hand side
of explicit formulae for (off-shell) asymptotic expansions in momenta and
masses [28,186].

In the first situation, the only possibility is to use the ad hoc prescription
of setting the integral to zero. In the second situation, we can start with
an alpha representation, introduce an auxiliary analytic regularization [64,
182] and use the fact that it is convergent in some non-empty domain of
these parameters (see Sect. E.1). A very important point here is that all
the properties of dimensionally regularized integrals given above, apart from
the last one, can be justified in a purely algebraic way [64,182], through
identities between functions in the alpha representation. Then, using sector
decompositions described in Sect. E.1, with a control over convergence at
hand, one can see that all the resulting massless Feynman integrals with zero
external momenta indeed vanish — see details in [64,182].

Let us now remind ourselves of reality and observe that it is necessary to
deal in practice with diagrams on a mass shell or at a threshold. What about
the properties of dimensionally regularized Feynman integrals in this case? At
least the algebraic proof of the basic properties of dimensionally regularized
Feynman integrals is not sensitive to putting the external momenta in any
particular place. However, as we noticed above, a general analysis of the
convergence of such integrals, even in specific cases, is still absent, so that we
do not have control over convergence. Technically, this means that the sectors
used for the analysis of the convergence in the off-shell case are no longer
sufficient for the resolution of the singularities of the integrand of the alpha
representation. These singularities are much more complicated and can even
appear (e.g. at a threshold) at non-zero, finite values of the a-parameters.
However, the good news is that numerous practical applications have shown
that there is no sign of breakdown of these properties for on-shell or threshold
Feynman integrals.

Although on-shell and threshold Feynman integrals have been already
mentioned many times, let us now be more precise in our definitions. We

5These arguments can be found, for example, in [146], and even in a pure math-
ematical book [103]. Well, let us not take the latter example seriously ;-)
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must realize that, generally, an on-shell or threshold Feynman integral is not
the value of the given Feynman integral Fr(q?,...), defined as a function
of ¢® and other kinematical variables, at a value of ¢ on a mass shell or
at a threshold. Consider, for example, the Feynman integral corresponding
to Fig. 2.2, with m; = 0, me = m, a1 = 1, as = 2. We know an explicit
result for the diagram given by (1.5). There is a logarithmic singularity at
threshold, ¢?> = m?, so that we cannot strictly speak about the value of the
integral there. Still we can certainly define the threshold Feynman integral
by putting ¢> = m? in the integrand of the integral over the loop momentum
or over the alpha parameters. And this is what was really meant and will
be meant by ‘on-shell’ and ‘threshold’ integrals. In this example, we obtain
an integral which can be evaluated by means of (A.13) (to be derived in
Chap. 3):

ddk . d F(E)
=% _pd/2 2 &)
/ R 2 k)2 T ameyte (2.41)

This integral is divergent, in contrast to the original Feynman integral defined
for general ¢2.

Thus on-shell or threshold dimensionally regularized Feynman integrals
are defined by the alpha representation or by integrals over the loop mo-
menta with restriction of some kinematical invariants to appropriate values
in the corresponding integrands. In this sense, these regularized integrals are
‘formal’ values of general Feynman integrals at the chosen variables.

Note that the products of the free fields in the Lagrangian are not required
to be normal-ordered, so that products of fields of the same sort at the same
point are allowed. The formal application of the Wick theorem therefore
generates values of the propagators at zero. For example, in the case of the
scalar free field, with the propagator

i 4 e—ix-k
Dr(+) = o / ke (2.42)
which satisfies (O + m?)Dp(r) = —id(z), we have
To(x)p(x) =: ¢*(z) : +Dr(0) . (2.43)

The value of Dp(z) at © = 0 does not exist, because the propagator is singular
at the origin according to (2.17). However, we imply the formal value at the
origin rather than the ‘honestly’ taken value. This means that we set x to
zero in some integral representation of this quantity. For example, using the
inverse Fourier transformation, we can define Dg(0) as the integral (2.42)
with x set to zero in the integrand. Thus, by definition,

Dp(0) = (2;) . / kzd_l:n 5. (2.44)

This integral is, however, quadratically divergent, as Feynman integrals typ-
ically are. So, we understand Dp(0) as a dimensionally regularized formal
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Fig. 2.5. Tadpole

value when we put z = 0 in the Fourier integral and obtain, using (A.1)
(which we will derive shortly),

d’k _ . d/2 2\1—¢
/m = —ir?*I'(e — 1)(m*) . (2.45)
This Feynman integral in fact corresponds to the tadpole ¢* theory graph
shown in Fig. 2.5. The corresponding quadratic divergence manifests itself
through an UV pole in € — see (2.45).

Observe that one can trace the derivation of the integrals tabulated in
Sect. A.1 and see that the integrals are convergent in some non-empty do-
mains of the complex parameters A\; and ¢ and that the results are analytic
functions of these parameters with UV, IR and collinear poles.

Before continuing our discussion of setting scaleless integrals to zero, let
us present an analytic result for the one-loop massless triangle integral with
two on-shell external momenta, p? = p3 = 0. Using (A.28) (which we will
derive in Chap. 3), we obtain

d? . I'(1+¢e)(—¢)?
/ o e o e~ T — g (240

A double pole at € = 0 arises from the IR and collinear divergences.
A similar formula with a monomial in the numerator can be obtained also
straightforwardly:

/ Ak km _ . aplEI1—¢)® pi +ph

(k% — 2py-k)(k2 — 2py-k)K? 1 I(2—2) (=)t
(2.47)

Now only a simple pole is present, because the factor k* kills the IR diver-
gence.

Consider now a massless one-loop integral with the external momentum
on the massless mass shell, p? = 0:

d
= dk’;w . (2.48)

If we write down the alpha representation for this integral we obtain the
same expression (2.40) as for p = 0 because only p?, equal to zero in both
cases, is involved there. In spite of this obvious fact, there is still a qualitative
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difference: for p = 0, there are UV and IR poles which enter with opposite
signs and, for p? = 0 (but with p # 0 as a d-dimensional vector), there is a
similar interplay of UV and collinear poles.

Now we follow the arguments presented in [160] and write down the fol-
lowing identity for (2.48), with p = ps:

/ d%
(k% — 2py-k)k?

B / Ak ~ / A% 2py -k
=) (k2 = 2p1k)(k2 — 2ps k) (k2 — 2p1 k) (K2 — 2pa kK2
(2.49)

where p3 = 0 and p1-p2 # 0. We then evaluate the integrals on the right-hand
side by means of (A.7) and (2.47), respectively, and obtain a zero value. This
fact again exemplifies the consistency of our rules.

Thus we are going to systematically apply the properties of dimensionally
regularized Feynman integrals in any situation, no matter where the external
momenta are considered to be. Moreover, we will believe that these properties
are also valid for more general Feynman integrals given by the dimensionally
regularized version of (2.7) which can contain linear propagators.

Let us also point out that the rule to put all scaleless integrals to zero is
rather general and, as far as I know, never causes contradictions. In particular,
it is applied in asymptotic expansions of Feynman integrals in various limits
of momenta and masses within expansion by regions [28, 186], where such
integrals are always put to zero, even if they are not regulated by dimensional
regularization. We will follow this rule also in Chap. 6 where we will put to
zero scaleless integrals which appear in auxiliary parametric representations
when constructing coefficient functions at master integrals.



3 Evaluating by Alpha
and Feynman Parameters

Feynman parameters! are very well known and often used in practical calcu-
lations. They are closely related to alpha parameters introduced in Chap. 2
so that we shall study both kinds of parametric representations of Feynman
integrals in one chapter. The use of these parameters enables us to trans-
form Feynman integrals over loop momenta into parametric integrals where
Lorentz invariance becomes manifest. Using alpha parameters we shall first
evaluate one and two-loop integrals with general complex powers of the prop-
agators, within dimensional regularization, for which results can be written
in terms of gamma functions for general values of the dimensional regulariza-
tion parameter. We shall show then how these formulae, together with sim-
ple algebraic manipulations, enable us to evaluate some classes of Feynman
integrals.

We then turn to various characteristic one-loop examples where results
cannot be written in terms of gamma functions. In such situations, we shall
be usually oriented at the evaluation in expansion in powers of € up to some
fixed order. We then introduce Feynman parameters and present the so-called
Cheng—Wu theorem which provides a very useful trick that can greatly sim-
plify the evaluation. Finally, we proceed at the two-loop level by presenting
rather complicated examples of evaluating Feynman integrals by Feynman
and alpha parameters.

3.1 Simple One- and Two-Loop Formulae

A lot of one- and two-loop formulae can be derived, using alpha and Feynman
parameters, for general complex indices with results expressed in terms of
gamma functions. A collection of such formulae is presented in Sect. A.1.
Let us evaluate, for example, the dimensionally regularized massive tad-
pole Feynman diagram of Fig. 2.5 with a general power of the propagator,
d?
Fr(g A d) = /m : (3.1)

We apply the alpha representation of the analytically regularized scalar prop-
agator given by (2.13) with Z =1, i.e.

!See, e.g., textbooks [168] and [67)].



32 3 Evaluating by Alpha and Feynman Parameters

1 i /oo d Aflei(k2fm2)a (3.2)
= oo .
(=k2+m?)*  T'(A) Jo ’

change the order of integration over k and «, take the Gaussian k integral by
means of (2.32), again apply (3.2) written in the reverse order, i.e.

[ee] B . F(}\) i_)\
A—1 iAo __
/0 daa” e RS (3.3)

and arrive at (A.1). In particular, this table formula gives (2.45).
Let us now turn to the dimensionally regularized Feynman diagram of
Fig. 2.2 with general powers of the propagators,

d’k
(=K% +mi)M[=(q = k)? +m3]re

Fr(g; A1, A2, d) :/ (3.4)

From now on, we shall use the following convention: when powers of prop-
agators are integers we use them with +&2+i0, but when they are non-integral
or complex, we take the opposite sign, i.e. —k?—i0. The second choice is more
natural if we wish to obtain a Euclidean, —q?, dependence of the results (see,
e.g., (3.6) below). We shall also prefer to use a; for integer and \; for general
complex indices. In the latter case, the alpha representation is obtained from
(2.37) by replacing a; by A; and dropping out the factor (—1)®.

Starting from the alpha representation of Fig. 2.2, with the basic functions
U = aj+ay and V = a;02¢?, and using the change of variables oy = £n, ag =
n(1 — &) we obtain the dimensionally regularized version of (2.31), i.e.

1 dé 5/\171(1 _ 5))\271
XA [m%§+m%(1_§)_q2£(1_§)—i01)‘1+)‘2+5*2 - (

3.5)

Suppose that the masses are zero. In this case the integral over £ can be
evaluated in terms of gamma functions, and we arrive at the following result:

A% = iﬂd/QM
/(—k2)/\1[—(q—k;)2}/\2 - (—g?)\itrete=2 (3.6)
where
GOy = T A+ e TR —c—MITR -2 =N) g0y

F(}\l)F()\Q)F(4 - )\1 - )\2 - 25)

The one-loop formula (3.6) can graphically be described by Fig. 3.1.
In the case where the powers of propagators are equal to one, we have

R O
/ K2(g—k? T I2-2) (-} (3.8)
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A1+ A2 —d/2
= i’]Td/2G(>\1,>\2)>< - 2 /

Fig. 3.1. Graphical interpretation of (3.6)

Note that although the indices of the diagrams are integral at the begin-
ning, non-integral indices shifted by amounts proportional to ¢ appear after
intermediate integration, e.g. after the use of (3.8) inside a bigger diagram.

Another formula that can be derived from (3.5) gives a result for the
integral

d%
/ (—k2 + m2)M (—k2)X=
Indeed, we set ¢ = 0, m; = m and mo = 0, take an integral over £ and obtain
(A.4).
Consider now the following integral that arises in calculations in HQET
[116,150,161]:

d%
/ (—k2)M (20-k +w —10)*2
Since the denominator of one of the propagators is not quadratic we cannot
use the general formula of the alpha representation. Still we proceed by alpha
parameters, i.e. apply (3.2) to the first propagator and a similar Fourier
representation

1 iA > A—1_iAx
CA—i0) F()\)/O daa” e (3.9)

with A = —2v-k — w, to the second propagator. Changing the order of
integration as above and evaluating a Gaussian integral over k we then apply
(3.3) to take the integral

o)
a2 2

/ ai\lJre 3e ioasv /aldal

0

and, finally, an integral over s, and arrive at (A.25).
This formula can be used to calculate the integral

ddk
/ (—k2)>‘1(—21)-(q _ k) _ io))Q : (3.10)

The graphical interpretation of the corresponding result is shown in Fig. 3.2,
where the dotted line stands for the propagator 1/(—2v-k) and G is the
function that enters the right-hand side of (A.25).
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Fig. 3.2. Result for (3.10) in the graphical form.

The following one-loop integral is typical for the evaluation of the one-loop
static quark potential:

/ d4k
(=M [=(q = k)22 (=20-k —10)*s

Here v - ¢ = 0. (Typically, one chooses ¢ = (0,q) and v = (1,0).) One of the
propagators is again not quadratic so that we proceed by alpha parameters
and represent each of the three factors as an alpha integral. After taking a
Gaussian integral over k we obtain

>\1+)\2+)\3+€ 1 d/2
/ / / HalAl Yoy | (a1 +ag)™?

2,2

% q a1y — vV Q3
ex —_— .
P a1 + Qo

Then the integral over ag can be evaluated by the change a3 = v/t and (3.3).
After that the integration over a1 and «s is taken, as before, by introducing
the variables n = a3 4+ ag, £ = a1/(ay + ag), with the result (A.27).

Using alpha parameters one can also derive the formula (A.42) for the for-
mal Fourier transformation within dimensional regularization. This formula
provides another way to derive (3.6). In fact, the initial integral is nothing
but the convolution of the two functions, f; = 1/(—k? —i0)*, i = 1,2. Then
one uses the well-known mathematical formula

(fl * fz) (@) = 2m)*(fif2)
for the convolution of two Fourier transforms, applies (A.42) and arrives at

(3.6).

3.2 Auxiliary Tricks

3.2.1 Recursively One-Loop Feynman Integrals

Massless integrals are often evaluated with the help of successive application
of the one-loop formula (3.6). In addition one can use the fact that a sequence
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Fig. 3.3. A recursively one-loop diagram

of two lines with scalar propagators with the same mass and the indices a;
and ag can be replaced by one line with index a; + as. Consider, for example,
the two-loop diagram shown in Fig. 3.3. The internal one-loop integral can
be evaluated by use of (3.8) and is effectively replaced, according to Fig. 3.1,
by a line with index . Then the sequence of two massless lines with indices
1 and ¢ is replaced by one line with index 1 + ¢, and the one-loop diagram
so obtained, which has indices 2 and 1+ ¢, is evaluated by means of the one-
loop formula (3.6), with the following result expressed in terms of gamma
functions: G(1,1)G(2,1+¢)/(—q?)172. The class of Feynman diagrams that
can be evaluated in this way by means of (3.6) can be called recursively
one-loop.

Another example where two tabulated one-loop integration formulae can
successively be applied is given by the two-loop scalar diagram of Fig. 3.4
with general complex indices and two zero masses,

d%k d?1
/ / (RN [ (k + 2P (m? — )%

Here one can first apply the one-loop massless integration formula (3.6), then
apply (A.4) and obtain (A.39).

Fig. 3.4. Vacuum two-loop diagram with the masses 0,0 and m

3.2.2 Partial Fractions

When evaluating dimensionally regularized Feynman integrals one uses their
properties, in particular the possibility of manipulations based on the prop-
erties listed in Sect. 2.5. Here the following standard decomposition proves
to be useful:
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1 —%f az—1+i (-1’
(x+z)(z+az)02 & az—1 ) (z2 —z1)®t(z + 1) "

0
as—1 .
ay —1+14 (=1)®
- - 3.11
+ ; ( a; — 1 > (l‘g _ $1)a1+z($ +l‘2)“2_z ’ ( )

where ay,a2 > 0 and
(n) B n!
J Jin —j)!
is a binomial coefficient.

For example, the vacuum one-loop Feynman integral with two different
masses,

/ dk
(k? —m3)(k* —m3)’
can be evaluated by (3.11) and (A.1), with the result

m2—25 _ 2—2¢
ind/2p(e — M2~ T
mi7y —m
1 2

If one of the indices, e.g. as is non-positive, a similar decomposition is
performed by expanding (x + z2) ™2 in powers of z 4+ x1. Let us note that if
one proceeds by MATHEMATICA [221], one can use, for given integer values of
a1 and ag, the command Apart to perform partial fractions decompositions.

3.2.3 Dealing with Numerators

As we have agreed we suppose that a tensor reduction for a given class of
Feynman integrals was performed so that we start with evaluating scalar in-
tegrals. Let us, however, mention that one can also evaluate integrals with
Lorentz indices. A lot of one-loop Feynman integrals with numerators can
be found in Sect. A.1. One can reduce evaluating such a one-loop integral
to an integral with a product k! ... k%Y. Then one can switch to traceless
monomials and back using (A.43a) and (A.43b). An integral with a traceless
monomial independent of other Lorentz indices is again traceless. If it de-
pends on one external momentum it should be proportional to its traceless
monomial. This is how tabulated integrals for traceless monomials, e.g. (A.8),
can be derived. Then one can turn back to usual monomials using (A.43b).
(In Sect. A.2, one can find also other useful formulae for various traceless
monomials.)

In the case of a general h-loop Feynman integral with standard propa-
gators, let us observe that the function (2.27) in (2.37) can be taken into
account by shifting the space-time dimension d and indices a; of a given di-
agram because any factor that arises after the differentiation with respect to
the auxiliary parameters u; is a sum of products of positive integer powers of
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the a-parameters and negative integer powers of the function U. In particu-
lar, the factor 1/U™ is taken into account by the shift d — d + 2n. Then the
shift of a power of a parameter «; can be translated into a shift of the power
of the corresponding propagator, in particular, a multiplication by «; can be
described by the operator ia;17 where 11 increases the index a; by one, the
multiplication by o} can be described by the operator —a;(a; + 1)17, ete.

This observation enables us to express any given Feynman integral with
numerators through a linear combination of scalar integrals with shifted in-
dices and shifted dimensions. Systematic algorithms oriented towards real-
ization on a computer, with a demonstration up to two-loop level, have been
constructed in [200]. We shall come back to this point in Chap. 5 when solving
IBP recurrence relations.

At the one-loop level, this property has been used [73] to derive a general
formula for the Feynman integrals

o(zN)a (Al,...,AN’d)_/dk gy Qn 7 ( . )
o 2{11[ (QZ k)z -‘rmi])"i
depending on the external momenta 91 —4q2,---,4N — 1 and the general
masses m;:
(Ezjl\{‘).an()‘la--.,)\]v,d) = E 1

TR, KN 27D Ki=n

N
({1 Tl - [an]™ Yo (H(A%)

i=1
xFN (A + k1,0, AN + RN, d+2(n—7)),  (3.13)

where {[g]"[q1]"* ... [aN]" }a,...a, 1S symmetric in its indices and is composed
of the metric tensor and the vectors ¢;. Tabulated formulae with numerators
presented in Appendix A can be derived by means of (3.13).

Let us now present a simple one-loop example and illustrate the trick
with turning to integrals without numerators. Consider the Feynman integral
corresponding to Fig. 3.5 with a numerator

P
all /
4.:/’ as
a\j\
P

Fig. 3.5. Triangle diagram with the masses 0,0, m, external momenta p? = p3 = 0
and general indices
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F(¢*,m* a1, az,a3,n, d)
/ d (k)"
(k% = 2py-k)* (k% — 2pa k)72 (k2 — m?)es

where [ is a momentum not related to p; and p,. The alpha representation
(2.37) takes the form

(3.14)

ia1+a2+a3+s—1ﬂ.d/2

[T, I'(ar)
X / / / dardasdas H a?‘flb{_dm exp {iV/Z/{ - im2a3}
o Jo Jo )

a

F(qzamQ;a/laaQaa?nn)d) = (_1)

1 0\" i[2rl- 2]2
v (=2 exp 1[ r (alpl + 042102) +r ] 7 (315)
2i Or a1+ o + as r—0
where
U=a1+a+as, V=g aas.
Taking into account the arguments above we see, for example, that
1
F(a1,a2,a3,1,d) = —= [a1l-p1 F(a1 + 1,a2,a3,0,d + 2)
T
+agl~p2F(a1,a2 + 1,&3,0,d+2)] 5 (316)

l2
F(a17a27a372ad) = 27F(a17a27a3707d+2)
Y
1
+ﬁ [al(al + 1)(l'p1)2F((l1 +2,a2,a3,0,d+ 4)
+2a1a2(l-p1)(l-p2)F(a1 + 170,2 + 1, as, 0, d + 4)
+a2(a2 + 1)(l'p2)2F(CL17CL2 + 2, as, O, d + 4)] . (317)

Such a reduction of numerators can be performed for any Feynman inte-
gral. The corresponding algebraic manipulations can easily be implemented
on a computer.

3.3 One-Loop Examples

Let us present examples of evaluation of Feynman diagrams by means of alpha
parameters with results which are not written in terms of gamma functions
for general d. We first turn to the example considered in the introduction.

Example 3.1. One-loop propagator Feynman integrals (1.2) corresponding
to Fig. 1.1.

We apply (3.5) to obtain
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F(a1+a2+5—2)
I'(a1)I'(a2)

y /1 d§ 5&2—1(1 _ 5)1—(12—5
o [

m2 — qu _ io]a1+a2+6—2 :

F31(q%,m?; a1, az,d) = ir¥/?(—1)m o2

(3.18)

For example, we have
d?
(2 —m?)2(q — k)2
O !
:—iwd/2F(1+€)/0 [ (1=9rde (3.19)

m2 — q2€ — iO]1+€

Fy1(q*,m*;2,1,d) E/

Suppose that we are interested only in the value of this (finite) integral exactly

in four dimensions. The integral over £ is then evaluated easily at € = 0 with

the result (1.5). Similarly, Feynman integrals corresponding to Fig. 1.1 with

various integer indices a; can be evaluated. In particular, we obtain (1.7).
Let us now evaluate

5 o - dk
A2 = [ e

o ! “1=e(1 - ¢)d
=i F(1+E>/o [m2§q2(1(—§)£)—160]1+5 20

in an expansion in € up to the finite part. This time, there is an IR pole in
€ which is generated due to integration over small ¢. The standard proce-
dure to extract the pole is to make a subtraction of the integrand, integrate
the subtracted expression by expanding the integrand in € and integrate the
subtracted term explicitly. In our case, this is achieved by the following de-
composition of the integral:

Fs1(¢%,m?1,2,d) = —in¥2I(1 +¢)

b g 1-¢ - 1

1 bode
+(m2—q2)1+5/0 §1+51 : (3.21)

The last integral is

a1, .1 1
0£1+€__g£ |o__g'

When evaluating it we imply that the real part of ¢ is positive and then obtain
result which is understood, via analytic continuation, to the whole complex
plane of . We will later follow such prescriptions in similar situations.
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The first integral is now convergent uniformly in € and can be evaluated
by expanding the integrand in a Taylor series in . Expanding up to €% and
evaluating the corresponding integral we obtain the following result:

Fs1(q*,m*;1,2,d)

iTrd/Qef'YEe 1 m2 q2

Here and in all the expansions in € below we pull out the factor e8¢, with
FEuler’s constant vg, per loop in order to avoid g in our results.
The next one-loop example is

Example 3.2. The triangle diagram of Fig. 3.5.

The Feynman integral for Fig. 3.5 with general integer indices looks like
(3.14) with n =0, i.e.

2 2.
F3.2(q , M 7a17a‘27a37d)

—/ A’k (3.23)
) (k2 —2py-k)ar (k2 — 2po-k)a2 (k2 — m2)as '
where ¢ = p; — pa, ¢ = —Q? = —2p; -po. The alpha representation (2.37)

takes the form (3.15) with n = 0.
Introducing variables ay = {11, 0 = &n and a3 = (1 — & — &)n and
integrating over n we obtain

ir?/2(—1)mteztasP(q + e — 2)
[T, I'(a)

1-&: a1 1 a2 1(1751 52)(1371
/ dgl/ a6 Q2€ &2 +m2(1 =& = &)t (324

This can be a reasonable starting point for the evaluation of integrals with
any given indices a;. Let us evaluate the integral with a; = a9 = a3 =1 at
d = 4. Then the integral is finite:

o dés
2 _
Foa('m*1,1,1,4) = —im / d&/ Q6L +m*(1-& - &)

A straightforward integration gives the following result:

2 2, _
F32(q*,m%;a1,a2,a3,d) =

Fs2(q*,m*1,1,1,4)
_17r2 Lig(z )—lln2m+lnmln(1—x)—w—2 (3.25)
Q 2 2 3 ’ .

where Lig(z) is the dilogarithm (see (B.7)) and 2 = m?/Q?.
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b1 b3

b2 D4

Fig. 3.6. Box diagram

Example 3.3. The massless on-shell box diagram of Fig. 3.6, i.e. with p? =
0,i=1,2,3,4.

With the loop momentum chosen as the momentum of line 1, the Feynman
integral takes the form

F33(s,t;a1,a2,a3,a4,d)
- / A’k
(k) a[(k + pu)2ez[(k + py+ p2)?]oe[(k — ps)?)e

where s = (p; + p2)? and t = (p; + p3)? are Mandelstam variables.

The trees and 2-trees relevant to the functions & and V are shown in
Figs. 3.7 and 3.8. Four more existing 2-trees, for example the 2-tree with
the component consisting of the lines 1 and 2 and the component consisting
of the isolated vertex with the external momentum p,, do not contribute to
the function V because the product asay is multiplied by the corresponding
external momentum squared which is zero.

We have (2.37) with

, (3.26)

U=a1+as+asg+ayg, V=rtajas+ sasay . (3.27)

Introducing new variables by a3 = m1&1, ag = (1 — &), ag = n2és, aq =
12(1 — &), with the Jacobian 7172, and evaluating an integral over 7o due to
the delta function and an integral over 7; in terms of gamma functions we
obtain

F33(s,t;a1,a2,as,a4,d)

L] 1]
- L
Fig. 3.7. Trees contributing to the function U for the box diagram

T

Fig. 3.8. 2-trees contributing to the function V for the massless on-shell box
diagram
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= (,1)ai7rd/2p(a+6 -2 I'2—ec—a1—ax)['(2—ec—az—as)
(=% - ) T F(a)

Lot a;—1 —1eaz—1 1
P g) e T (1 - )™
) /0 /o d6rde [—s€16 —t(1 — &) (1 — &) —i0]ate—2 " (3.28)

where a = a1 + as + a3z + aq.
Consider, for example, the master integral? with all the indices equal to
one. We have

, r2+¢e)(—¢)?
F(s.t:d) = F 11,1,1,1,d) = in?/2 ==~
(S,t,d) 3.3(3at7 s Ly Ly ?d) 17 F(—QZ‘:)

ol dé1dés
" /0 /0 [—t6160 — s(1 — &)(1 — &) — i0]2+¢ (3.29)

Then the integration over &5 results in

o apl(+e)l(=e)?
17r I'(—2¢)

' d§ —l—e¢—1—e —s —1l—e(q _ ¢\—1—¢
[ i e e = -7 60)

F(s,t;d) =

The singularity at s — (s+¢)¢ = 0 is absent because the rest of the integrand
is zero at this point. To calculate this integral in expansion in € one needs,
however, to separate the two terms in the square brackets. In order not to
run into divergence due to the denominator one can perform an auxiliary
subtraction at s — (s +t)€ = 0. We obtain

_~\2
T+ (=)

F(s,t;d) = T(—2) [f(s,t;e) + f(t, s5€)] s (3.31)
where
1 s —1—¢
fotie) = (o [ e (1) ] 3.3

To expand the function f in a Laurent series in € one needs to perform
another subtraction, at £ = 0, which we make by the replacement

1 (s+t)¢ 1

s (10 s-(s+Dd s (3:33)

Then the integral with the first term can be evaluated by expanding the
integrand in € while the second term is integrated explicitly. Eventually, we
arrive at the following result:

2We shall see in Chaps. 5 and 6 that this is indeed an irreducible Feynman
integral.
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iﬂd/Qe_'YEa
F(s,t;d) = 0 (; — [In(—s) + ln(—t)]g
+2In(—s)In(—t) — 47?:2) +0(e) . (3.34)

Although we are oriented at calculations in expansion in e, let us, for
completeness, present a simple result for general € [160] which can straight-
forwardly be obtained from (3.31):

iﬂ.d/Q 2
_ S]{;E(fgsf(g) l:(—t)_s 2F1 (1,—6;1 —6;1+ z)

+(=5) 2P (1, —es1 = e51+ %)} : (3.35)

F(s,t;d) =

where o F} is the Gauss hypergeometric function (see (B.1)).

3.4 Feynman Parameters

Let us now present the alpha representation of scalar dimensionally regular-
ized integrals in a modified form by making the change of variables a; = naj,
where )~ o = 1. Starting from (2.37) with Z = 1, performing the integration
over 1 from 0 to oo explicitly and omitting primes from the new variables,
we obtain

(7" D0 — hd/2)
I (@)

0o ) uaf(h+1)d/2 a;—1
></ dal.../ da 6 (Y —1) L L (336)
0 0 (=V+U mia)

Fr(qu,-..,qn;d) = (—1)

A folklore Cheng—Wu theorem [59] (see also [41]) says that the same formula
(3.36) holds with the delta function

§ <Z o — 1) , (3.37)

lev

where v is an arbitrary subset of the lines 1, ..., L, when the integration over
the rest of the a-variables, i.e. for [€v, is extended to the integration from
zero to infinity. Observe that the integration over «; for | € v is bounded at
least by 1 from above, as in the case where all the a-variables are involved
in the sum in the argument of the delta function.

One can prove this theorem straightforwardly by changing variables and
calculating the corresponding Jacobian. But a simpler way to prove it? is

3Thanks to A.G. Grozin for pointing out this possibility!
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to start from the alpha representation (2.37), introduce new variables by
ap = nap for all I = 1,2,..., L, where n = ;. a;, and immediately arrive
at (3.36) with the delta function (3.37). Let us stress that this theorem holds
not only for (3.36) corresponding to Feynman diagrams with standard prop-
agators but also for the alpha representation derived for Feynman diagrams
with various linear propagators.

As we will see below in multiple examples, an adequate choice of the delta
function in (3.36) can greatly simplify the evaluation. Note that one can use
various homogeneous substitutions which keep the form of the delta function
in (3.36) — see Sect. 3.1of [76] and references therein.

In addition to alpha parameters, the closely related Feynman parame-
ters are often used. For a product of two propagators, one writes down the
following relation:

1
(mi — )M (m3 — p3)re
_ it ) /1 dggM1(1 — g)e1
F(\)T(A2) Jo [(mF —ph)E+ (m3 —p3)(1 = §)PP+re

This relation is usually applied to a pair of appropriately chosen propagators
if an explicit integration over a loop momentum then becomes possible. Then
new Feynman parameters can be introduced for other factors in the integral,
etc. In fact, any choice of the Feynman parameters can be achieved by starting
from the alpha representation (3.36) and making certain changes of variables.
However, the possibility of an intermediate explicit loop integration of the
kind mentioned above can be hidden in the alpha integral.

The generalization of (3.38) to an arbitrary number of propagators is of
the form

LN [ ' a-1 026 -1
Ay~ HF(/\Z)/O d51~~/0 dér 1:[51 (S AN (3.39)

(3.38)

where 4; = m? — p?.

For the evaluation of diagrams with a small number of loops, the choice of
applying either alpha or Feynman parameters is usually just a matter of taste.
In particular, if we apply (3.39) to a two-loop diagram and then integrate over
two loop momenta, with the help of (A.1) and its generalizations to integrals
with numerators, we obtain the same result as that obtained starting from
(3.36).

For completeness, here is a one more parametric representation which is
related to Feynman parameters and is often used in practice:

(3.40)

1 T\ + o) /1 ety
o (

ANBY T TONOI(2) Jo (A+ Bo) ™



3.5 Two-Loop Examples 45

Fig. 3.9. Vacuum two-loop diagram with the masses m,0 and m

3.5 Two-Loop Examples

At the two-loop level, we first consider the

Example 3.4. Two-loop vacuum diagram of Fig. 3.9 with the masses m, 0, m
and general complex powers of the propagators.

The Feynman integral is written as

F54(m* A1, A2, A3, d)

d?k ddl
// —k2 4+ m2)M[—(k+ D22 (=12 + m2)Ns (3.41)

The two basic functions in the alpha representation are Y = ajas+agaz+
azaq and ¥V = 0. We apply (3.36) to obtain

Foa= (iﬂd/z) HF(()/\\lJrrf; :+2e 4/ / / (Ho‘l/\l 1d@l>

a1 + asag + azaq) 2
1) -1 . 3.42
- (zz: - ) (a1 +ag)rt2et (3.42)

Now we exploit the freedom provided by the Cheng—Wu theorem and choose
the argument of the delta function as a; + a3 — 1. The integration over s is
performed from 0 to co. Resulting integrals are evaluated in terms of gamma
functions for general € and we arrive at the table formula (A.38).

Consider now

Example 3.5. Two-loop massless propagator diagram of Fig. 3.10 with ar-
bitrary integer powers of the propagators,

2,
F35(q%; a1,a2,a3, a4, as,d)

d?kd4
= // (k2) [(q — k)2]e2(12)23[(q — 1)2]oa[(k — 1)2]es (3.43)

The sets of trees and 2-trees relevant to the two basic functions in the
alpha representation are shown in Figs. 3.11 and 3.12




46 3 Evaluating by Alpha and Feynman Parameters
2 4

1 3
Fig. 3.10. Two-loop propagator diagram

WIS G LI VAN AN

Fig. 3.11. Trees contributing to the function ¢ for Fig. 3.10

Co oo aAd b

Fig. 3.12. 2-trees contributing to the function V for Fig. 3.10

Correspondingly, we have

U = (051 + a9 + a3 + 044)015 =+ (011 =+ 052)(013 + 014) ,
V = [(oq + ao)azay + ayag(as + ay) + (g + as)(ag + ag)as]q?
=Vq*. (3.45)

(3.44)

As we will see in Chaps. 5 and 6, any diagram of this class can be evaluated
for general € in terms of gamma functions. This is however hardly seen from
its alpha representation. In spite of the fact that the evaluation by alpha
parameters is not an optimal method for this class of integrals, let us evaluate,
for the sake of illustration, this diagram for all powers of the propagators
equal to one, using its alpha representation. It is finite at d = 4, both in the
UV and IR sense. Representation (3.36) takes the form

i 2\2 0 e8]
Fys(g®1,1,1,1,1,4) = (”TQ) / day .. / dagt o —1) (3.46)
q 0 0 uy
We exploit the Cheng—Wu theorem by choosing the delta function § (a5 — 1),
with the integration over the rest of the four variables from zero to infinity.
Then one can delegate the integration procedure to MATHEMATICA [221] and
obtain the well-known result?:

. 2 2
Fua(@ 1,111, 1,4) = U 6e3) (3.47)

where ((z) is the Riemann zeta function.

“This result was first obtained in [176] by means of expansion in Chebyshev
polynomials in momentum space. In [63], it was reproduced using Gegenbauer poly-
nomials in coordinate space.
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1
\\\ 3 ///

Fig. 3.13. Sunset diagram with the masses m,m,0

In the rest of this chapter, we shall consider just two more examples which
are, however, more complicated than the previous ones.

Example 3.6. Two classes of two-loop integrals® with integer powers of the
propagators:

d?k a4
2. _
Fi(q 7a17a2;a3)—//(k2+q.k)al(12+q.l)a2[(kil)2]a3 . (3.48)

It turns out that the F_ is simple. Indeed we rewrite the first denominator
k? + q-k as (k + q/2)? — ¢?/4 and similarly the second denominator, make
the change of variables k = k' — ¢/2,1 = I’ — q/2 and recognize F_ as a
two-loop vacuum diagram with the mass m? = ¢?/4 shown in Fig. 3.9 which
was evaluated in Example 3.4 — see (A.38).

The integrals F;. are, however, not so simple. Using the same manipulation
as above we see that they are graphically recognized as sunset diagrams of
Fig. 3.13 at threshold, i.e. ¢> = 4m?. We start from the alpha representation
(2.37) with Z = 1. The two basic functions are

U= a0 + asas +agar , V=ajasasg. (3.49)

After using the threshold condition m? = ¢?/4 we obtain

(_1)aia+2s—2

[11(a)

o 0 e3¢} 3 2
w
X a® oy | U2 ex {—iq }, 3.50
A C R e e B

W= (011 + 012)041042 + 043(041 — 042)2 . (351)

Fi(¢%a1,az,a3) =

where

Proceeding as with the general alpha representation we come to

5They were involved, in particular, in the calculation [27,72] of two-loop match-
ing coefficients of the vector current in QCD and Non-Relativistic QCD (NRQCD)
[43,147,207].
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(—=1)7 (ir9/2)° P(a + 2 — 4)
(g2/4)et2==4 [ 1(a)

AR G

We continue to exploit the Cheng—Wu theorem in an appropriate way. We
choose the delta function in (3.52) as d (ay + a2 — 1) and obtain an integral
over £ = o from 0 to 1, with ag = 1 — ¢, and an integral over ¢t = ag from 0
to oo:

F+(q2;01702703) =

(1)@ (ir%/2)* [(a + 2 — 4)
(q2/4)a+28—4 H I’(al)

1 _ _ 00 ta3—1[t + 5(1 _ 5)]a+35—6
ar—1/9 _ ¢#\az—1
<[ et [ et g 69

This two-parametric integral representation can be used for the evaluation
of any diagram of the given class in expansion in €. Let us show how the
integral with all the indices equal to one can be evaluated in expansion in €
up to the finite part. We start with (3.53) which gives

Fi(¢%;a1,a2,a3) =

(17rd/2) I'(2e—1)
( 2/4 25 1

[t + (=P
<fo [ e e g @

Observe that the integrand is invariant under the transformation £ — 1 — €.
We write the integral as twice the integral from 0 to 1/2 over £, change the
variable £ by

Fi(¢*1,1,1) =

1-V1—-2
g=—L =2,
with the Jacobian 1/(4y/1 — ), and rescale t — t/4 to obtain

(3.55)

Fi(g%1,1,1) = (iﬂd/2)2 (2 — 1)(q2/2)1—2€

—r 1’1 2e
/m 1 ;l . (3.56)

Remember that our integral is UV divergent. The overall divergence is
quadratic since the UV degree of divergence is w = 2, and there are three one-
loop logarithmically divergent subgraphs, so that, presumably, there should
be poles up to the second order in £. One source of the poles is the overall
gamma function I'(2e —1). Another power of 1/¢ comes from the integration
over t and z in (3.56), namely from the region of small ¢ and z. To have the
possibility to perform an expansion in € we have to reveal the singularity at
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€ = 0. Similarly to what we did in Example 3.3, let us perform a subtraction
according to the identity

[0 =) +2) 72 = {[t0 — @) + 2] 7 =t 2) T+ ()

Now, the integral with the expression in braces can be evaluated by expanding
the integrand in a Laurent series in €, while the last term can be integrated
by hand with a result expressed in terms of gamma functions which can be,
of course, expanded in ¢ after the evaluation:

/1 dz At VL (e)
0

Vi—zo (t+a)*= (1-gl(c+1/2)"

The integration of the subtracted part up to order €° can straightforwardly
be done by MATHEMATICA [221]. Finally, we obtain the following result:

2 2 1—2¢
Fi(q®1,1,1) = (iwd/Qe_'YEs) (q4>

1 2 112 1
x [52 tot T3 +O(6)} : (3.57)

Consider now

Example 3.7. Non-planar two-loop massless vertex diagram of Fig. 3.14
with p? = p2 = 0.

The Feynman integral can be written as

). B d?k d4
F3.7(Q aa17~-~aa6?d) _// [(k+l)2—2p1(k‘+l)]a1
1

T

(k+ 1) — 2p0-(k + 1)]% (K2 — 2p k)% (12 — 2py 1) (k2)as (12)a0 ° (3.58)

Fig. 3.14. Non-planar vertex diagram
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where Q? = —(p; — p2)? = 2p1-p2, and the loop momenta are chosen as the
momenta flowing through lines 5 and 6.

Let us proceed by Feynman parameters following [109] where some in-
tegrals of this class were calculated. (They were also evaluated in [140]
and [160].) We write down Feynman parametric formula (3.38) for the pairs
of the propagators (3, 5) and (4, 6):

1 _ (=)t I (as + as)
(k* = 2py-k)s (k2)% I'(as)I'(as)

Pdagr 1)t
X/o =k — Exp1)? — i0]oFas (3.59)

and, similarly, for the second pair, with the replacements
§1— &, p1 —p2, k=1, a3 — as, a5 — ag -

Then we change the integration variable | — r = k + [ and integrate over k
by means of our one-loop tabulated formula (3.6):

dk
/ [=(k = &p1)?]etes[=(r — Eopa — k)?|eatas
/2 G(as + as, a4 + ag)
[—(T — flpl — £2p2)2]a3+a4+a5+0«6+5—2 :

(3.60)

=im

Then we apply Feynman parametric formula (3.39) to the propagators 1
and 2 and the propagator resulting from the right-hand side of (3.60), with
a resulting integral over r evaluated by (A.1):

ddy
/ [—(r2 — Q%A(&1, 62,83, 64)) )02
. apllat2e— 1) 1
B I(a+e—2) (Q2)at2=2A(&1, &2, 83, 84) 024

where a = a; + ...+ ag and
A(81,82,83,84) = §380 + (1 — &3 — &4)[283(1 — &1) + &1a(1 = &2)] -

Thus we arrive at the following intermediate result valid for general powers
of the propagators:

(3.61)

(=1)2 (in9/2)? T2 — & — ass) (2 — & — asg)
(Q*)atr2e=t [[I'(ar)'(4 — 2¢ — azase)

a+2€_ / d€1 / df €a3 1 1_5 )%—15% 1( §2)a6—1
XTI (1= & — £) T AG, 6,6, €)1 (3.62)

F3_7(Q2;(11, .. .,aﬁ,d) =
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We use the shorthand notation asz; = as + as, aszase = a3 + aq + a5 + ag. As
usually, Xy = X for X > 0 and X; = 0 otherwise.

This four-parametric integral representation can be used for the evalua-
tion of Feynman integrals of this class with various indices. Let us use it in
the case a; = ... = ag = 1 and evaluate the corresponding Feynman integral
in expansion in € up to the finite part. We have

(ir9/2)* (2 + 26)1(~¢)?
@ T2

1 1 (1 _ 53 _ 54)—1:_6
X /0 sy /0 S 6.6y 309

We introduce new variables by & = &n, & = (1 — &)n and integrate over &,
to obtain

F3.7(Q2;17"'717d) =

in/2
F3.7(Q2;17"'a17d) = _((622)2_225 F(1+2€ / d7777 - 26 - )E
e dgdfl —1-2¢ _ _ _ —1-2¢
] ES e =0+ - - &)
(1= e+ A&7} (3.64)

The singularity of the denominator at £ = & is spurious because the nu-
merator is zero at this point. We notice that, due to the symmetry of the
integrand, the integral over £ and &; equals twice the integral over the do-
main 0 < & < € < 1. Following [109] again, we turn to the variable z by
& = z€, make the changes n — 1 —1n, 2 — 1 — z and come to

/22 Y
F3,7(Q2;1,...,1,d):—2((622)2226 ra 41;(2?;:_; " ¢y, (3.65)

1 1
o= [ amra—mt [Cageto

/ — { -1 —n2) "2 -1 -6 1721 - nz)_l_QE} . (3.66)

where

At this point it is claimed in [109] that, in principle, it is possible to evaluate
this integral, in expansion in € up to the finite part, performing appropri-
ate subtractions of the integrand. Still another way was chosen: to expand
various quantities of the type (1 — X)* in a binomial series, with subsequent
integration and summing up resulting multiple series. (This procedure can be
qualified as another method of evaluation.) Let us, however, realize the pos-
sibility of making subtractions. Indeed, the situation is complicated because
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we are dealing with a three-parametric integral so that several subtractions
that would reveal the singularities that generate poles in € are necessary.

Since the prefactor in (3.65) involves a simple pole in € we have to evaluate
the function f(g) given by (3.66) up to order e!. There are several sources of
the poles: the points £ =0, =1, 7=0,n =1, and z = 1. The following
strategy of subtractions is suitable for the calculation. Let us first decompose
f into the sum f; + fo according to the subtraction of the braces in (3.66) at
n =0, ie.

(=80 —n2)™ 7% = (1 - &) 7*]
A= 1= (1—n2) "] L (3.67)

Let us start with f;. We perform subtraction of the integrand at n = 1
according to the decomposition of the first part of (3.67) into

[(A—€ -2 7> = (1 -~ 7]
+[A =€ =) 7F (1€ -2)77F] . (3.68)

The first term in (3.68) does not depend on 7 so that the corresponding inte-
gration over 7 is performed in terms of gamma functions. Then the integral

! —1-2¢ 1% _ — —1-2¢ _ _ —1-2¢
[ st [ Eqn—en - - a -9

appears. We need a subtraction at £ = 1 here because when £ — 1 the factor
27172¢ generating a pole in € arises. So we replace £ 172 by 1+ (5_1_25 — 1).
The first term corresponding to unity, after integration over £, gives the

following integral evaluated in terms of gamma functions

1
/ dz (1 _ 271725) — 17[}(726) —+ VE
0

1—=2

where (z) is the logarithmical derivative of the gamma function, i.e. ¥(z) =
I'"(2)/I'(z). Thus we obtain the following contribution to our result:

I'(1+¢e)I'(—2¢)

fu=- 2 (1 —¢)
1 72 3¢(3) 3xt

Starting from the second term we obtain an integral which can be eval-
uated by expanding the integrand in € and performing the integration, e.g.,
in MATHEMATICA [221], with the following contribution:

4374
180

2
fro = 1L25 +5C(3) + e + O(e?) . (3.70)
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In the second part of (3.68), we make the same replacement (with the
same motivation) as before, i.e. £7172 — 1+ (571’25 — 1). The second part
here again produces an integral which can be evaluated by expanding the
integrand in e, with the following contribution:

117*

120°¢ +0(£?) . (3.71)

fiz=¢(3) +
The unity gives a part where the integration over ¢ is explicitly taken. The

corresponding result is proportional to the sum of these two two-parametric
integrals:

1 1
/ / d’l]dZﬂE(]. o 7])71725 (1 _ 7771725)
0 0

1 1 1— (nz)725 1— 2’728
£(1 — —1-2¢ _ . 79
R e el RN L)

The first integral can be evaluated in terms of gamma functions, with the
following contribution:

_I'(=2¢) [I'1+¢) I'(1—¢)
fia = 422 {p(l_g)p(1_35)}
w2 mt
= 13 ()~ geet 0(e) . (3.73)

In the second integral, one can expand the integrand in €. Here is the corre-
sponding contribution:

4

fis = —C(3) — %5 +O(2). (3.74)

Let us now deal with fo defined by the second part of (3.67). The integra-
tion over £ is performed explicitly, and the following integral over z arises:

/01 dz [(1—mz) P72 —1] .

z

When 2 — 1 a factor (1 —n)~172¢ appears so that we need a subtraction at
z = 1. We make the replacement 1/z — 1+ (1 — 2z)/z. The unity generates
a part which is integrated explicitly over z and then over . The resulting
contribution is then

_ D(=2e)%(e) [ 1 (I(—4e) I(=2)\  I'(—2e)
e [25 (F(—35) "~ T(-e) > e }
LS S 2974
=g toa i g THE)F ( 260 —7C(3))5+O(52) :

(3.75)



54 3 Evaluating by Alpha and Feynman Parameters

Starting from the second term and performing one more subtraction we
obtain the following integral

1,1 1- 2
/ / dndzn®(1 —n) 72—
o Jo z
x{[(T=nz)" 7> —(1—2)""">]+[1-2)""">*-1]} . (3.76)

For the part corresponding to the second square brackets, one can explic-
itly integrate over n and then expand the integrand in € and integrate over z
with the following resulting contribution:

fo2 = _L(=2)'I(1 +¢) [1 +1—9(—2¢) - '7E:|

I'(—4e)I'(1—¢) |2¢
_ _é - % + % —2(3) + (go + 7§<3)) e+0(e%) . (3.77)

For the part corresponding to the first square brackets in (3.76), one can
expand the integrand in ¢ and integrate over z and n with the following
resulting contribution:

2 1974
Jaz = e 9¢(3) + 15

Collecting all the eight contributions obtained and taking into account

the prefactor in (3.65) we arrive at the well-known analytical result® [109]

(i7rd/2¢s_'”‘35)2
(Q2)2+2e

1 w2 83¢(3) 597

In [109], a similar algorithm based on Feynman parameters has been de-
veloped for the evaluation of planar massless two-loop vertex diagrams. It
has turned out that the evaluation, by Feynman parameters, in the planar
case is more complicated. As we will see in Chaps. 5 and 6, there is, however,
a better choice of an appropriate method in this situation and the planar
vertex diagrams of this class are in fact much simpler than the non-planar
ones.

e+ 0(?) . (3.78)

F3.7(Q2;15"'a13d) =

Problems

3.1. Evaluate

d%k d?1 3.80
(R (B 1 12 ] 250
5Much more terms of the e-expansion, up to €*, of this non-planar diagram were
obtained in [96].
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3.2. Evaluate

// dk d9 (3.81)
(k)M (=12)22[—(q — k = 1)) '
3.3. Evaluate 4
d%k
. 3.82
| R (382)
3.4. Evaluate J
d®k
3.83
(k% = 2p1 R = 2y BY(E — ) (353
at p? = p% = 0 in a Laurent expansion in ¢ up to e!.
3.5. Evaluate p
d%k
3.84
[ == (389

in a Laurent expansion in & up to €°.

3.6. Evaluate

d9k d*
// N e Y ) e N b e VAR S

3.7. Evaluate

dk 44 d?r
///(—k2+m2)/\1(—12+m2)>‘2(—r2)>‘3[—(/€+l+r)2])‘4 - (386)

3.8. Evaluate

Atk % ddr
///(*k2+m2))‘1(—12+m2))‘2(77'2)>‘3[72v~(k+l+r)]A4 - (387)

3.9. Derive the a-representation for

// d%k d
FOu,. o)A
—20-k)M (—2v-1)A2
ddr
X/(—r2+m2)As[—(k+r)2+m2]k4[—(z+r)2+m2ps - (388)

3.10. Evaluate F(2,2,1,2,2) up to €°, where F is defined by (3.88).
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One often uses Mellin integrals' when dealing with Feynman integrals. These
are integrals over contours in a complex plane along the imaginary axis of
a product and ratio of gamma functions. In particular, the inverse Mellin
transform is given by such an integral. We shall, however, deal with a very
specific technique in this field. The key ingredient of the method presented
in this chapter is the MB representation used to replace a sum of two terms
raised to some power by the product of these terms raised to some powers.
Our goal is to use such a factorization in order to achieve the possibility to
perform integrations in terms of gamma functions, at the cost of introducing
extra Mellin integrations. Then one obtains a multiple Mellin integral of
gamma functions in the numerator and denominator. The next step is the
resolution of the singularities in € by means of shifting contours and taking
residues. It turns out that multiple MB integrals are very convenient for this
purpose. The final step is to perform at least some of the Mellin integrations
explicitly, by means of the first and the second Barnes lemma and their
corollaries and/or evaluate these integrals by closing the integration contours
in the complex plane and summing up corresponding series.

In Sect. 4.1 we start with simple one-loop examples. In simplest situa-
tions, MB representation is applied to represent a massive propagator as a
continuous superposition of massless ones. Usually, however, one applies it
starting from alpha or Feynman parametric integrals. In Sect. 4.2 we discuss
general properties of multiple MB integrals we are going to deal with and
formulate general prescriptions of the method. We continue in Sect. 4.3 with
typical one-loop examples. In fact we shall illustrate the method of MB rep-
resentation mainly by the same characteristic examples as in the case of the
method of alpha and Feynman parameters in Chap. 3. Let us stress, however,
that, for double and triple boxes, complete analytical calculations strictly by
means of alpha and Feynman parameters, or, by some other techniques, are
not known. We turn to various two-loop examples of massless and massive
diagrams in Sects. 4.4 and 4.5, respectively. We then consider three- and even
four-loop examples in Sects. 4.6 and 4.7. In Sect. 4.8, we discuss how multi-
ple MB integrals can be used to obtain asymptotic expansions of Feynman

'First examples of application of Mellin integrals to Feynman integrals can be
found in [29,208].
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integrals in various limits and compare this procedure with expansion by re-
gions [28,186]. In the last section, we discuss some other results obtained by
means of MB integrals, review important recent developments and summa-
rize basic characteristic features and perspectives of the method presented in
this chapter.

4.1 One-Loop Examples

Our basic tool is the following formula:

1 1 1 +ioco v
e F(M%/_im =T+ DD - (1)

Here the contour of integration is chosen in the standard way: the poles with
a I'(... + z) dependence (let us call them left poles, for brevity) are to the
left of the contour and the poles with a I'(... — z) dependence (right poles)
are to the right of it. See Fig. 4.1, where a possible contour C' is shown in
the case of A = —1/4—1/2. (This terminology is useful and, although it often
happens that the first right pole is to the left of the first left pole of a given
integrand, this, hopefully, will not cause misunderstanding.)

? Imz
C 2
1
“A—2  —A—1 :
° ° ° _)\
. ( . Re z
-2 -1 0 1 9
1
122

Fig. 4.1. Possible integration contour in (4.1) for A = —1/4 —i/2
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We shall use decompositions X 4+ Y of various functions in integrals over
Feynman and alpha parameters. But a more transparent way? to apply this
representation is to write down a massive propagator in terms of massless
ones:

1 1 1 [t m2)?
R = o) %/ dz(flﬂz)))\_uf(k +2)I(—2) . (4.2)

—ico
Our first example is the same as Example 3.1:

Example 4.1. One-loop propagator Feynman integrals (1.2) corresponding
to Fig. 1.1.

We insert (4.2) with A = a; into (1.2), apply (3.6) and obtain the following
result:
ir?/2(—1)m+a2(2 — ¢ — ay)
I(ar)I(ag)(—g?)ntezte—?

F4.1(q27m2; ai, az, d) =

1 +ico m2 z
X5 dz(_q2> I'lai +az+¢—2+2)

I'2—e—a; —2)I'(—%)
I'd—2—ay—as—2)

—ioo

(4.3)

The rules for choosing an integration contour that goes from —ioco to +ioco in
the complex z-plane are the same as before: the right poles (in I'(... — 2))
are to the right of the contour and the left poles (in I'(... + 2)) are to left.

This representation can be used to evaluate any integral of this family
in a Laurent expansion in ¢. In particular, for Fy (g% m?;2,1,d), we obtain
(1.9) and, at d = 4 come to

ir2 1 [t & (T;)Z I'(1+2)(—2)? (4.4)

Fia(2,1,4) = q% 271 J_ i I'l-=z)
with an integration contour at —1 < Rez < 0. Using properties of the gamma
function we obtain (1.10).

Here is a subtle point: if we look at (1.10) we observe that there is a
product I'(2)I"(—z) which would be bad if it was present from the beginning
because we could not satisfy our agreement about choosing the integration
contours. Indeed, here the right and left poles at € = 0 glue together and there
is no space between them. However, the situation is unambiguous because we
have fixed an integration contour with —1 < Rez < 0 and we are free to
perform identical transformations of the integrand after that. A moral of this
discussion is the recipe to derive the MB representation for general powers
of the propagators a; and fix appropriate integration contours at this point.

2Historically, it was first advocated and applied in [49].
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Then, for concrete integer indices a;, we are allowed to make transformations
like I'(14 2)I'(—z) = —I'(2)I'(1 — z), but it is necessary to remember about
the choice of the contours made before this.

The integral (1.10) can be evaluated, according to the Cauchy theorem,
by closing the integration contour to the right and taking a series of residues
(with the minus sign, of course) at the points z = 0,1,2,.... The residue
at z = 0 gives in?In (—¢?/m?) /¢ and the residues at z = 1,2,... give the

series
. oo n
im2 1 (m2>
T2 o\ 2 :
n
e q

As a result, we reproduce (1.5).
In the case of the indices equal to one we use (4.3) to obtain

Fui(¢?,m?;1,1,d) = UTQ(F_((;)Eg)
1 m?\° e+ 2)(—2) (1 —¢—2)
X Cdz (—qz) T2 —2—2) . (4.5)

To evaluate MB integrals in a Laurent expansion in ¢ the first point is to
analyse how singularities in ¢ are generated. We know in advance that the
given integral has a pole in € because the diagram is UV-divergent. There are
no explicit functions with singularities in € so that the pole is generated by the
MB integration. Indeed, the product I'(e + z)I'(—z) generates a singularity
in € when € — 0 because the first left pole, i.e. at z = —¢, and the first right
pole, i.e. z = 0, glue together when € = 0, and there is no place for a contour
between these poles.

Possible integration contours C' in (4.5) in the cases Ree > 0 and Ree < 0
are shown in Figs. 4.2 and 4.3, respectively. In the former case, a contour can
be chosen as a straight line parallel to the imaginary axis, while in the latter
case, there is no such choice. However, no matter which value of ¢ we can
imagine, we shall use the same procedure to reveal the pole in e: we write
down the integral (4.5) as the sum of a similar integral over a new contour,
C’, which goes to the left of the pole at z = —e and the residue at this
point. In the integral over the shifted contour, the nature of the pole at
z = —e changes, and it becomes right, rather than left, in our terminology.
The crucial point is that, in the integral over C’, we can safely expand the
integrand in a Laurent series in €. (In this particular example, this is just a

Taylor series.) As to the residue, it is equal to
2 I'le)
(m?)=(1—¢)

im

and can explicitly be expanded in €. For the integral over the shifted contour
C’, with —1 < Rez < 0, we obtain, at ¢ = 0,
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? Imz
C/ LC A 9
11
—e—1 — 1—¢
. Rez
-2 -1 0 1 P
-1
+-2

Fig. 4.2. Possible integration contour in (4.5) in the case Ree > 0

2\ # _
o [ () FEEEE
211 Jon —q 1—-2

This MB integral can be evaluated by closing the integration contour to the
right in the complex z-plane, as in the previous example. Combining the
corresponding result with the residue calculated above we arrive at (1.7).

In fact, we could similarly proceed by moving the contour C across the
right pole at z = 0 and, correspondingly, taking minus residue at this point.
Then the integral over the new contour C’ would be at 0 < Rez < 1.

The next example is the same as Example 3.2:

Example 4.2. The triangle diagram of Fig. 3.5.

We again exploit the MB representation in the simplest way, i.e. apply
(4.2) to the only massive propagator in (3.23), and evaluate the resulting
massless triangle integral by (A.28) to obtain the following result:

(—1)ir?/2
F4.2(Q27m2;a17a27a37d) = HF(al)(QQ)a+E_2
1 +ico 2\ ?
X5 ;. dz (Z;Q) I'las+z)['(a+e—2+2)

XF(2*€*CL1703*Z)F(2*€*0J2703*Z)F(*Z)
I'd—2e—a-—z)

, (4.6)

where a = a1 + as + a3z and Q> = —(p; — p2)? as above.
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? Imz
C7 C/ A 2

—£—2 a1 N ¢

1-2

Fig. 4.3. Possible integration contour in (4.5) in the case Ree < 0

Consider, as in Chap. 3, the diagram with the powers of the propagators
equal to one:

- d)2
Fi2(Q*m?*1,1,1,d) = _(C;;ﬁ
1 m2\F DL+ e+ 2) (1 +2)[(—e — 2)2T(—2)
= " (@2) N — NG

If we want to calculate this integral at € = 0, we observe that we can safely

set ¢ = 0 in the integrand because the right and left poles in the complex
z-plane are well separated. We obtain

9 9 in?
F4.2(Q , M ;17 13 ]-74) = (Qz)
1 [ m2\ " I'(1+4 2)20(—2)?
XTT(i i dz (Q2> > , (48)

where the integration contour can be chosen with —1 < Rez < 0. The integral
can be evaluated by the same procedure as before, with the known result
(3.25).

Any integral (3.23) with integer indices can be evaluated using (4.6). For
example,
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s d/2 1 +ico 2\ 2
2 2, _ T m
Pua@ns2 10,0 = e [ ()

XF(2+5+2)F(1+z)F(—1—5—z)F(—€—z)F(—z)
(-2 —2) '

(4.9)

We know in advance that there should be an IR pole in € because of the second
power of the first massless propagator so that we anticipate that a pole is
generated by the MB integration. Indeed, we observe that the only source of
the singularity in ¢ is the product I'(1+2z)I'(—1—e—2z). When € — 0 the first
left pole (from I'(1 + z)) and the first right pole (from I'(—1 — & — z)) tend
to each other and there is no place for an integration contour to go between
them. To evaluate (4.9) in expansion in € we apply the strategy formulated
above: we turn to the integral over a shifted contour which goes to the left
of the first pole of I'(—1 — € — z) so that this pole changes its nature, i.e.
becomes left. According to the Cauchy theorem, (4.9) equals the integral over
the shifted contour minus residue of the integrand at the point z = —1 — €.
Then the integral is evaluated by closing the contour (which can again be
taken at —1 < Rez < 0) to the right and summing up a series of residues at
the points z =0, 1,2,...). We thus obtain

i d/2 ,—YEE
F4-2(Q23m2; 27 ]-7 13 d) = 7%
1 /(1 2\, In(=m?*/Q?)
X |:’m,2 <E —Inm ) + W +O(€) . (410)

As before, we again had two options: to change the nature of the first pole
of I'(—1—e—z) or the first pole of I'(1+4z). Let us agree, for definiteness, that
we shall always try to obtain MB integrals expanded in € at —1 < Rez < 0.

The next example is the same as Example 3.3:

Example 4.3. The massless on-shell box diagram of Fig. 3.6, i.e. with p? =
0,7=1,23,4.

Up to now we applied MB representation using (4.2). Let us start with
(3.28). The natural idea here is to apply (4.1) to the denominator of the
integrand. We do this with X = —s&&;. After that we change the order of
integration over z and the parameters £; and & and evaluate the parametric
integrals in terms of gamma functions:

(—1)%ixd/?
Ir'4—2—a)[]I'(a))(—s)2te—2

Fys3(s,t;a1,a2,as3,a4,d) =

1 e t\~
X5 dz (s) I'la+e—2+42)(ag + 2)(ag + 2)T'(—2)

71 J i
xI'2—a1—as—ag—e—2)'(2—ars—az—as—e—2), (4.11)

where a = a1 + as + a3 + a4.



64 4 Evaluating by MB Representation

One can use this representation to evaluate any box with integer powers
of the propagators in expansion in €. In particular,

iﬂ'd/2

F(s,t;d) = Fya(s,t;1,1,1,1,d) = W
1 +ioco ¢ z
X — dz () FR+e+2)I(1+2)2I(—1—¢c—2)*T(—2). (4.12)
21 ) i S
The way how poles in € are generated is already familiar: we immediately
identify the product I'(1 + 2)2I'(—1 — & — 2)? responsible for that. The only
difference with the previous cases is that the left poles in I'(1 + z)? and the
right poles in I'(—1 — & — 2)? are of the second order. After this analysis we
proceed as before: take minus residue at z = —1 — ¢ and turn to the integral
over the contour which goes to the right of it. The contribution of the residue
is
o DL+ (=)
I'(—2e)s(—t)te
where 9(z) is the logarithmical derivative of the I'-function.

There is no gluing of left and right poles in the integral over the shifted
contour so that it can be expanded safely in a Taylor series in €. Every term
of this expansion can be integrated by closing the integration contour to
the right, taking residues at the points z = 0,1,2,..., and summing up the
resulting series. Combining this contribution with (4.13) we obtain

b tom(e) v +e) oe| . (413)

3 d/2 —7YEE
in%<e )
F(S,t,d) = _(_5)71-&-261; Z CJ(.T) E‘] 5 (414)
j=—2
where x = t/s. To calculate the first coefficients c_o,...,c1, it is enough

to use MATHEMATICA for summing up the series involved. However, starting
from cs, it does not work. In this case, one can use summation formulae
(C.83)—(C.94) [93]. One can also do this automatically, using the package
SUMMER [215] (see also [153]) implemented in FORM [214]. We have

co=4, c1=-"2hnz, coz—?, (4.15)
¢y = 2(Liz (—z) — Inz Lis (—2))
+% I’z + %ﬁ Inz — (7 +In’z) In(1 + 2) — 34%(3) . (4.106)
ca = 2(S22(—2) — Liy (—) + In(1 + x)Lis (—z) — Inx 51 2(—x))
+Inz (Inz —2In(1 + z)) Lis (—z) — ﬂ;(lnx —In(1 + x))?
+1n?z <21nx In(l4 ) — 11112(1 +x)— 11n2 x)
3 2 6
+§(101nm—31n(1+x))§(3) - % ) (4.17)
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where, in addition to polylogarithms, we encounter generalized polyloga-
rithms S, 5 [86,136] (see (B.8)).

One indeed needs to know expansions of one-loop Feynman integrals up
to order €2 if one wants to perform calculations in two loops because some
two-loop contributions factorize and one-loop diagrams enter with coefficients
that have poles up to 1/e2. On the other hand, the functions that enter £%-
terms of expansion of one-loop Feynman integrals should be present in gen-
uine two-loop contributions, although the ‘true’ two-loop world is, of course,
much more complicated than the e2-expansion of the one-loop world so that,
usually, two-loop results involve functions that are not present in one-loop.

Any on-shell massless box with integer indices can be evaluated by a
similar procedure. Generally, one encounters several right and left poles which
tend to each other when ¢ — 0. For example, we have

i7'('d/2
I'(—1—2¢)(—s)3te

F4.3(S,t; 27 1, 1, 1, d) = —

1 e t\”*
X — dz 5 I'3+¢e+2)

2mi 5o

xP(14+2)T(-2—ec—2) (-1 —e—2)[(—2z). (4.18)

Here the first two left poles of I'(1 + 2)? glue, when & — 0, with the first two
right poles of the product I'(—2—¢—2z)I'(—1—ec—z). However the generaliza-
tion of the above procedure to such situations is straightforward: one shifts
the initial contour across the poles at z = —1 — ¢ and z = —2 — ¢ and takes
two residues (with the minus sign) at these points. The procedure of evalu-
ating any given Feynman integral from this class can easily be implemented
on a computer.

4.2 Evaluating Multiple MB Integrals

The first step of the method is to derive an appropriate MB representation.
Of course, it is advantageous to have a minimal number of MB integrations.
In every case, we shall derive MB representations for general powers of the
propagators. This is useful and important for several reasons. First, if we
obtain a MB representation for general indices which we might imagine as
complex we will certainly have unambiguous prescriptions for choosing inte-
gration contours. Second, such general formulae can be checked using various
partial simple cases. Finally, starting from a general formula we can derive a
lot of formulae by setting some indices to zero and thereby turning to graphs
where the corresponding lines are contracted to a point. We will illustrate all
these features through multiple examples below.

In the second step, one resolves the singularity structure in e, taking
residues and shifting contours, with the goal to obtain a sum of integrals
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where one can expand integrands in Laurent series in €. One can apply two
strategies formulated in [183] and [206] which will be called Strategy A and
Strategy B, respectively. The presentation in this chapter is based on Strat-
egy A. Strategy B will be briefly described in the end of this section. Its
algorithmical implementations will be discussed in the end of this chapter.

Up to now we were dealing with one-parametric MB integrals. To resolve
the singularities in € we analysed the integrand, and then shifted contours and
took residues, in an appropriate way. In the end of this procedure we obtained
either explicit expressions for general € or integrals where a Laurent expansion
of the integrand in € was possible. In fact, Strategy A is a generalization of
this procedure for multiple MB integrals which arise when evaluating more
complicated Feynman integrals. Of course, the resolution of singularities in
€ in such multi-dimensional MB integrals is more complicated than in the
one-dimensional case. Usually, the poles in ¢ are not visible at once, at a
first integration over one of the MB variables. However, the rule for finding a
mechanism of the generation of poles is just a straightforward generalization
of the rule used in the previous one-loop examples with one-parametric MB
integrals. For example, for the massless master on-shell box, we observed that
the product of I'(1+2) and I'(—1 —¢e — z) generated a pole of the type I'(—¢)
(this is nothing but the value of one of these gamma functions at the pole of
the other gamma function).

Suppose now that we are dealing with a multiple MB integral and we start
from the integration over one of the variables, z. We shall analyse various
products I'(a+ z)I'(b— z), where a and b depend on the rest of the variables,
with the understanding that this integration generates a pole of the type
I'(a 4+ b). Indeed, if we shift an initial contour of integration over z across
the point z = —a we obtain an integral over a new contour which is not
singular at a + b = 0, while the corresponding residue involves an explicit
factor I'(a + b). (Well, sometimes it turns out that it is cancelled by a factor
in the denominator.)

This observation shows that any contour of one of the next integrations
over the rest of the MB variables should be chosen according to this depen-
dence, I'(a + b). We continue this analysis, in a similar way, with various
next integrations of the second level, etc. In other words, we consider var-
ious orders of integrations over given MB variables and analyse whether a
singular dependence on ¢ in the form of some gamma function, e.g. I'(—¢),
is generated in a given order.

After this first step, we can identify some gamma functions (in the numer-
ator of the integrand) that are essential for the generation of poles in . Then
we proceed with one of the MB integrations as in the case of one-dimensional
MB integrals by shifting contours and taking residues. In the integral over
the shifted contour, we continue this procedure by taking care of another key
gamma function etc. The corresponding residue has one integration less. We
deal with it exactly like with the initial integral, i.e. perform an analysis of
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generation of poles and then shift contours and take residues. In the end of
our procedure, we are left with MB integrals which can be expanded in a
Laurent series in € under the sign of integration.

The third step of the method is to evaluate integrals expanded in ¢ after
the second step. Here one can use corollaries of the first and the second
Barnes lemmas (D.1) and (D.47). A table of these formulae is presented in
Appendix D. Typically, the integration over the last variable is performed,
as in the previous examples, by shifting the contour to the right (or left)
and taking a series of residues. These series can be summed up by means of
summation formulae of Appendix C.

In fact, we are going to be pragmatic and not bother whether the change
of the order of integration over MB variables is legitimate. 3 Usually, at least
at large values in the complex plane, the convergence of MB integrals is
perfect* because gamma functions have exponential decrease in both imagi-
nary directions. This property can be used for numerical checks. Moreover,
in complicated situations, one can decompose a given integrand into pieces
and choose an order of integration for every piece in a special way, with the
possibility to integrate explicitly, using table formulae of Appendix D.

We shall apply some standard properties of integration for multiple MB
integrals. We shall use changes of variables of the type z — 2z + z5. When
doing this we shall, of course, trace how the nature of various poles is trans-
formed. Note that, after such a change, z — —z, right poles become left
poles.

The IBP is also possible in multiple MB integrals, although it is reason-
able to apply it in rare situations. Still sometimes it is useful. For example,
tabulated formulae of Appendix D with the factor 1/22 were derived using

the IBP identity
f(z) _ 1)
/Cdz 2 7/(sz o (4.19)

3The analysis of the validity of the manipulations with MB integrals that we use
is certainly possible in every example — see, e.g., proofs [206] when deriving an MB
representation for the non-planar double box diagram. In fact, the crucial point is
not the convergence of the integral in the basic identity (4.1), but the interchange
of the order of integrations between the Mellin—Barnes integral and the parameter
integrals.

4In some situations, e.g. in a MB integral for the Gauss hypergeometric func-
tion, the asymptotic exponents of gamma functions cancel each other so that the
convergence is defined by the value of the argument = which is present in the MB
integral as *. Depending on whether |z| < 1 or |z| > 1, one has to close the in-
tegration contour to the right or to the left. Closing the contours to the different
sides corresponds to an analytical continuation with respect to the argument x.

However, there are certainly problems with the convergence in physical regions

of kinematic variables, where factors of the type z*, with < 0, are present —
see [68].
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The word ‘multiple’ will mean, in examples below, the number of MB
integrations from two to eight (and even ten, in some restricted sense) which
is indeed a big number. Still even in such situations, an explicit integration
becomes possible, probably, because multiple MB integrals arising in the
evaluation of Feynman integrals are very flexible, both in the procedure of
resolving the structure of singularities in € and when evaluating finite integrals
after expansion in €.

Let us now turn to Strategy B [206]. First, one chooses a domain of the
regularization parameter € and values of the real parts of the integration vari-
ables, z;,w, ... in such a way that all the integrations over the MB variables
can be performed over straight lines parallel to imaginary axis. In fact this is
not always possible. However, in such a situation, one can introduce auxiliary
analytic regularization to provide the existence of such straight contours. (See
also the discussion of the Czakon’s code [68] in the end of this chapter.) Then
one tends € to zero, and whenever a pole of some gamma function is crossed
one takes into account the corresponding residue. (If the auxiliary analytic
regularization was introduced, one first performs, in a similar way, the ana-
lytic continuation to zero values of the corresponding analytic parameters.)
It is simple to organize this procedure in such a way that no more than one
pole is crossed at the same time. For every resulting residue, which involves
one integration less, a similar procedure is applied, and so on.

4.3 More One-Loop Examples

We now turn to a class of one-loop Feynman integrals with two more para-
meters.

Example 4.4. The massless box diagram of Fig. 3.6 with two legs on shell,
p3 = p3 = 0, and two legs off shell, p?, p3 # 0.

We proceed like in the pure on-shell case, using alpha parameters, and
obtain

Llate—2)
[11(a)

[ () (5

x(—sajaz — tagay — prajag — p%agag —10)27%7¢ | (4.20)

F4.4(Satap%ap%;a/la" a’47d) d/2( 1)

We have chosen the delta function of the sum of all the a-variables so that
the factor with a power of the function U is equal to one.

Now we need a generalization of (4.1) to the case of several terms which
is easily obtained by induction:
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1 +ioco +1oo n
zo...dz, | | X7
(X1+...+Xn)A 27r1”1/ / Zg g

K XA TN 2y L 2) H I(=z). (4.21)
=2

We use (4.21) to replace the last factor in (4.20) by a product of four
factors thus separating terms with ¢, p? and p3 from s. After that we introduce

new variables by a; = m &1, as = 771(1 —&1), az =128, ag = na(1—&) and
arrive at a product of three parametric integrals evaluated in terms of gamma
functions. Eventually we obtain the following threefold MB representation of
a general Feynman integral of the given class:
i7'('d/2 (_ 1)11
I'(4—2e—a)[]I'(a;)(
(

+ioco +ico +ioco (7 2\z2 ( __,2\23(_4+\24
pi) p3)* (-t
271_1 / / / dzodzzdzy (Cs)matesta

XF( +€*2+22+23+Z4)F(a2+22+23+24)F(
XF(Q—&‘—a234—Z3—Z4)F(2—E—a124—22—Z4)
XF(—ZQ)F(—23>F<—24) . (422)

F4.4(sat7p?7pg;a17"'7a47d) - _S)a+5_2

aq + 24)

In this chapter, we continue to use our notation: aija4 = a1 + as + ag4, etc.
with a = ai1934. This representation can be, of course, used for evaluating
these Feynman integrals. We shall use it, however, in the next section only
as an auxiliary result when deriving an MB representation for the massless
on-shell double box diagrams.

One of the advantages of general formulae is that they provide a lot of par-
tial cases. For example (4.22) immediately gives a twofold MB representation
for

Example 4.5. The massless box diagram of Fig. 3.6 with three legs on shell,
p3 = p% = p7 = 0, and one leg off shell, p3 # 0.

Indeed we put p3 to zero in the ‘naive’ sense, i.e. in the integrand of the
corresponding Feynman integral or in some parametric representation. This
is equivalent to setting p2 to zero in the sense of the leading term of the hard
part of the asymptotic expansion in the limit p3 — 0 (see details in [186]),
which corresponds to taking residues (with the minus sign) of the poles of
I'(—z3). So we just take minus residue of the integrand at zs = 0. Thus we
obtain

s d/2(_1)a
2. B in®=(-1)
Fys(s,t,piiar, ... a4,d) = I'(4—2e —a)[[(a))(—s)*+e—2
—+ioco +ioco z
t 4
dzodzy gjli)zg+23 I'la+e—2+ 20+ 24)
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Fig. 4.4. On-shell box with two massive and two massless lines. The solid lines
denote massive, the dotted lines massless particles

xI'(ag + 20 + 24) (a4 + 24) (2 — € — ag34 — 24)
XF(2 — & — Q124 — 22 — Z4)F(—ZQ>F<—Z4) . (423)

Let us now turn to massive diagrams.

Example 4.6. The on-shell box with two massive and two massless lines
2

shown in Fig. 4.4, with p? = ... = p2 = m?2.

The derivation of the corresponding MB representation is quite straight-
forward. The combination that is involved in the corresponding integral over
alpha or Feynman parameters has now an additional piece as compared with
the massless case:

V-u Z m?al = sajaz + tasay — m2(a1 + ag)2

This term can be separated from the rest terms at the cost of introducing
one more MB integration according to (4.21). This time, let us introduce new
parametric variables in a slightly different way, aq = 11&1, as = 12€2, az =
n(1—¢&), ag =n2(1 — &), in order to make (o + a3)? simpler. Evaluating
the parametric integrals we arrive at the following massive generalization of
(4.11):

(—1)ai7Td/2
F(4 —2e—a)[[I(a;)(—s)ate—2

+ico +ioco z 2\z
(=t)*1(m*)*
27r1 / / dzidzs o) ————T(a+e—2+42z + 22)

2, _
F4.6(57t; m-jap,az,a3, 04, d) -

xI(ag + z21)T(ag + 21) T (—21) T (—22) (2 — @124 — & — 21 — 29)
F(4 — 122344 — 25 — 221)
F(4 — 122344 — 2e — 22’1 — 222) ’

XF(Q —Qa234 — & — 21 — ZQ) (424)

where a122344 = a1 + 2a2 + ag + 2a4, etc. Observe that the onefold represen-
tation (4.11) in the massless case follows from (4.24) when we put m to zero.
As it was discussed above we do this by taking the limit m — 0 in the sense
of the leading term of the hard part of the expansion. Here this means that
we just take minus residue at zo = 0 with respect to the variable z; which
enters the integrand as the exponent of m?.
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In particular, we have

—1)%x?/?
F. t,m?:1,1,1,1,d) = (—
4.6(37 ymes L L L L ) F(—2€)(— )2+€
+ico “+ico z 2\z
—t)*1(m*)*2
dzldz ( )5)£1+zz F(Q +e+4+ 21+ ZQ)F(_Zl)

I(1+ )20 (=2 — 2 — 22)
I'(—2—2e— 2z —22)

XF(—ZQ)F(—l — & =21 — 2’2)2 (425)

The resolution of singularities in € can be performed here as in the one-
dimensional case because only the product I'(1 + 21)2I'(=2 — 2e — 22) is
responsible for the generation of poles. To see this, we use properties of the
gamma function and write I'(—2—2e—2z1) as I'(—1—e—2z1)[(=1/2—e—2z;)
up to a factor so that we obtain the product I'(1+ 21)%I'(—1 — & — 2z1) which
involves gluing of the left pole at z; = —1 and the right pole at z; = -1 —¢
when € — 0. We proceed as in Sect. 4.1 by taking minus residue at the point
z1 = —1 — € and shifting the integration contour over z; across this point.
The residue gives

Irl+e)l(-¢)? 1 Hice m2\ 7 I'(1+ 20)(—2)3
2s(—t) 1+ (—2¢) (2mi) / dz (s) F(i2zQ) -

(4.26)
—100
This integral can be evaluated by closing the contour to the left and taking
residues at the points zo = —1, —2, ... with summing up this inverse binomial
series by the summation formulae of Sect. C.3. As to the integral over the
shifted contour, it does not have poles in e. If we need to expand (4.25) only
up to €Y this integral does not contribute because of the overall I'(—2¢) in
the denominator, so that we are left with the contribution of the residue:

F4.6(Sa t7 mQ; 17 17 17 17 d)
2imd/2e e 1 —t l1—x

(m?2)ety/—s(4m? — s) € 1+

where = 1/4/1 — 4m?/s, in agreement with [24].

The general MB representation (4.24) can be used to derive an MB rep-
resentation for the triangle diagram shown in Fig. 4.5. This class of Feynman
integrals is obtained from the corresponding box integrals if we set a4 = 0.
If we do this blindly in (4.24) we obtain a zero result due to I'(a4) in the
denominator. This is, of course, wrong. Let us think of a4 as a complex num-
ber and analyse the behaviour in the limit a4 — 0 similarly to what we do
when analysing how singularities in € are generated. We identify the prod-
uct I'(ag + z1)I(—2z1) responsible for the generation of the singularity when
as — 0. To reveal this singularity we can take minus residue at the point
z1 = 0 and shift the integration contour over z;. The contribution of the new
integral is indeed zero because of the factor 1/I'(a4). The contribution of the
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P
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Fig. 4.5. Triangle diagram with the masses m, m, 0 and external momenta on-shell,
p? = p3 = m?2. A dotted line denotes a massless propagator

residue produces I'(a4) which cancels this factor in the denominator, and we
put a4 to zero after that. Changing the numbering 2 < 3, for convenience, we
obtain the following onefold MB representation® for integrals corresponding
to Fig. 4.5:

(=1)%ir%2 (4 — 26 — ay — ag — 2a3)
I(4—2e—ay —ag — ag)(a1)] (az)(—s)*+e—2

1 +ioco m2 z
Xp dz (—s) I'la+e—2+2)I"(—2)

I'2—a;1—az—e—2)I'(2—a2—az —ec—2)
I'(4—2e—a; —ag —2a3 — 22)

—ioco

(4.28)

Observe that if we want to have a representation for massive propagator-
type diagrams by setting a3 = 0 we shall not reduce the number of inte-
grations: there is no I'(as) in the denominator and, on the other hand, no
singularities in the limit a3 — 0 are generated. So, one can simply apply
(4.28) with ag = 0 for this class of diagrams.

The general MB representation (4.24) provides in a very similar way a
MB representation for another triangle diagram obtained from Fig. 4.4. We
shrink the line 3 to a point and obtain Fig. 4.6. The corresponding onefold
MB representation takes the form

(—1)%igd/?
I'(4 —2e —a)I(a1)(a2)I(ag)(m?2)ate—2

1 [t —t\~°
X i, dz (mQ) I'la4+e—-242)I(-2)

xI(ag + 2)Mag + 2)T'(4 — 26 — a; — 2a9 — 2a4 — 22) ,  (4.29)
where t = (p; + p3)%.

5In [79], it was demonstrated that this Feynman integral reduces, for any values
of the three indices, to a two-point function in the shifted dimension d — 2as.
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P1

b3

Fig. 4.6. Triangle diagram with the masses m, 0,0 and external momenta on-shell,
p? = p2 = m?, obtained from the box of Fig. 4.4

Among other partial cases of the massive on-shell boxes let us mention
the case where a; = as = 0. Then we obtain a massless one-loop propagator-
type diagram which is evaluated by (3.6). On the other hand, one can see
that to perform the limit a1, as — 0 it is necessary to take two residues in the
integrand and somehow compensate the corresponding gamma functions in
the denominator. Eventually one arrives at the known result. This procedure
is just an additional check for the initial MB representation (4.24).

The representation (4.24) can straightforwardly be generalized to various
off-shell cases, similarly to how we obtained the generalizations (4.22) and
(4.23). Here are three results which we shall use in Sect. 4.4. For the box of
Fig. 4.4 with two massive and two massless lines, two legs on shell, p3 = p? =
m?, and two legs off shell we obtain the following fourfold MB representation:

(_l)a' d/2(_ )2 a—e +ioco +ioco 4
dz; I'(—
I(4—2e—a)[[1(a) (2mi) / / E =

F(a + 21+ 20+ 23)(ag + 23)

XF(Q—G124—€—21—23—24)F(2—a234—6—22—23—2’4)
I'(4 — 122344 — 26 — 21 — 22 — 223)

F(4 — (122344 — 2e — 21 — 29 — 22’3 — 224)
xI'(a+e—24 2 + 23+ 23+ 21) . (4.30)

For the box of Fig. 4.4 with two legs on shell, p3 = p3 = m?, and two legs
off shell, we obtain:

(—1)%r d/2(_ )2 a—e +ioco +ioco 4
dz; I'(—
I(4—2 —a)[[ (@) (2ri)* / / ]1;[1 %

(M2 = pi)= (m? — p3)=2 (=)™ (m?)™

( )Zl+22+23+24

F(CLQ + 21+ Z3)F(a4 + 2o + 23)

XF(2*CL1247€72’172272372’4)[1(27&2347672372’4)
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I'(4 — 122344 — 26 — 21 — 22 — 223)

I'(4 — a122310 — 26 — 21 — 22 — 223 — 224)
xI(a+e—2421+ 20+ 23+ 24) . (4.31)

Finally, for the box of Fig. 4.4 with two legs on shell, p? = p2 = m?, and
two legs off shell, we obtain:

( l)a' d/2( )2 a—¢ “+ico +ioo 4
I(4—2e—a) 11 (a) (2mi)* / / jl;[ldzjf(—

L

I'(as + 22 + 23)(ag + 21 + 23)

XF(27G124—€—21—23—24)F(2—a234—6—22—23—2’4)
F(4—a122344—25—21 722722’3)

F(4 — (122344 — 2e — 21 — 29 — 22’3 — 224)
xI'a+e—2+21+ 20+ 23+ 24) . (4.32)

4.4 Two-Loop Massless Examples

Our first two-loop example is the same as Example 3.7:
Example 4.7. Non-planar two-loop massless vertex diagram of Fig. 3.14
with p? = p2 = 0.

We are again dealing with two-loop vertex Feynman integrals (3.58).
We start with the four-parametric representation (3.62) obtained within the
method of Feynman parameters in the previous chapter. Let us turn to the
variables & = &n, &4 = (1 —¢&)n and apply (4.1) to the resulting denominator
in the integrand:

I'(a+2e —4)
(1 =€) + (1 =) (Ea(1 — &) + (1 = & (1 — &))"
_ 1 [T da Lanten (1 -9
- 27 (1 _ n)a+2s—4+zl
I'la+2—4+4+2z)
x a+2e—4+421
(€61 = &)+ (1 -§&a - &)

Then we again apply (4.1) to transform the last line of (4.33) into

—ico

. (4.33)

1 [T dzol(a+2 — 44 21 + 20) T (—22)E72652(1 — &)
(]_ _ f)a+2674+z1+zQ5?""25_44‘21‘5‘22(1 _ 52)a+25 4421422 .

27

—ico

After that all the integrals over the parameters £1,&5,&, 7 can be evaluated
in terms of gamma functions, and we come to the following twofold MB
representation of (3.58) with general powers of the propagators:
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(1) (ir9/2)° 1'(2 — £ — azs)
(QQ)““E“‘F(G 3e—a)[[I'(a)

Fi7(Q%ai,...,a6,d) =

I'(2 — e — agp) /+‘°°/+1°°
dz1dzeI'( 2e —4
F<4 — 2e — a3456 27T1 “16%2 a+ ¢ tat 22)
XF(* 1)[’(722)[‘(&4 + ZQ)F(@E, +22)F(a1 —+ 21 + 2’2)
% F(Q—E—alg—zl)F(4—25—|—a2—a—22)
I'(4 — 2 — a235 — 21)1'(4 — 26 — a1246 — 21)
xI'(d—2c4+a3—a—2z —2)[(4—2e+ag—a— 21 — 22) . (4.34)

As in Chap. 3 let us evaluate the integral with all indices equal to one.
We have

(i*/?)
Fi7(Q%1,...,1,d) = WF(&) , (4.35)
with i P ey ;
)= Fser(-20)" ©
and

“+ico “+ico
2 / / ledZQF 2+2€+21+22)F(1+21+22)
7T1

x I+ ZQ)QF(_Zl)F(—@)M
x D(=1-2e—m)l (-1 -2 -2 —2)". (4.36)

After the useful change of variables z; — —1 — 21 — 25, we obtain

+ico p+ioco I(1+21+2)0 (1 —e+ 21 + 22)
dz1dzg
(2mi)? (1 -2+ 21 + 22)?

X F(—25 + zl) F(—zl)F(l +2—2z)
x T(1 4 29)*T(—1 — 26 — 29)"(—29) . (4.37)

The analysis of the integrand shows that the poles in ¢ are generated by
the two products I'(—=2¢ + 21)?I'(—z1) and I'(1 + 22)%I'(—=1 — 2 — 22) so
that the situation is somehow factorized and we can proceed like in the one-
dimensional cases taking care of the integrations over z; and 2o separately.
So, let us first deal with the first pole of I'(—1 — 2e — z3). We have minus the
residue at zo = —1 — 2¢,

_ _ 2 +ioco
Fu(e) r(1+25}1;£3i§)r( £) %[im ey I(1+ 2 — )
D(=2e+2) n g P(n)., (4.38)

I'(—4e + z1)?
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and the integral Fy(e) with the opposite nature of the first pole at zo =
—1 — 2e. For (4.38), we analyse how singularities in ¢ are generated. The
situation is quite familiar and we come to the conclusion that they come from
the product I'(—2¢ + 21)3I'(—3e + 21)I'(—21). We take residues at the points
z1 = 2¢ and z; = 3¢ and turn to the integral Fjy with the same integrand
as (4.38) but with the opposite nature of these poles. The sum of these two
residues gives, in expansion in €,

_ 1 w2 211¢33)  wt
Fyp=e 28 — - — 0] 4.39
n=e (64 g2 be T 80 +0(e)- (4:39)

The integral Fjy can be evaluated by expanding the integrand in € and subse-
quently closing the contour to the right and summing up a series of residues.
Here one can apply summation formulae of Appendix C for summing up this
number series. The result is

2003¢(3)  41xt
Fip = e 27 (A; + i( ) _ = > +0() . (4.40)

Now we have to calculate (4.37) with the opposite nature of the first pole
of I'(—1—2e — z3). Let us take care of the first pole of I'(—2¢ + 21)?. We take
the residue at this point which is an integral Fy; over zo without gluing of
poles of different nature and thereby can be evaluated directly in expansion
in €. The resulting expanded integral is evaluated similarly to F;o. We obtain

_ 72 9¢(3) 3lxt
Fyp = e 27e¢ (—4€2+ Cz(s) + 25 >+O(5). (4.41)

The remaining piece is the integral Fjo with the integrand of (4.37) where
the first poles of I'(—2e+21)? and I'(—1—2¢ — z5) have changed their nature.
There is no gluing anymore so that we can expand the integrand in e:

+ioco “+ioco
00 27‘[‘1 / / ledZQF 21) F(—Zl)F(l — Zl)
X T(14 20)?T (=1 — 20) T (—2) + O(e) , (4.42)

where the integration contours are at —1 < Rez;o < 0. The integral is
a product of one-dimensional MB integrals which can be evaluated by the
same procedure as above. We obtain

2

Foo = —% +O(e) . (4.43)

Summing up the four pieces (4.39), (4.40), (4.41) and (4.43) we reproduce
the result (3.79) obtained in [109].
Let us now consider

Example 4.8. Massless on-shell planar double box diagram of Fig. 4.7.
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p1 p3

b2 Pa

Fig. 4.7. Double box

As in Example 4.3. we have p? = 0, i = 1,2,3,4. Let us consider double
boxes with the irreducible numerator (k + p; + p2 + p4)? and the routing
of the external momenta as in [13]. Then the general double box Feynman
integral takes the form

d?k d%
K@Mm~w%@://@ﬂMM+mﬂww+m+mW%

y [(k 4 p1 4 p2 4 pa)?] ™
(14 p1 + p2)2]94[(L + p1 + p2 + pa)?]2s (12)2s[(k — 1)2]o7

(4.44)

As usual, we consider the factor corresponding to the irreducible numera-
tor as an extra propagator but, really, we are interested only in non-positive
integer values of ag. In fact, there are two possible independent irreducible
numerators but the derivation of the MB representation is simple only when
we take one of them into account.

In order to derive a MB representation for (4.44) it is possible to start
from the alpha representation and then apply (4.1) to the corresponding
functions U and V. This is not, however, an optimal way. In particular, this
was done in the first calculation of the master double box [183] but a resulting
MB representation turned out to be fivefold, with essential complications
in the calculations. We will see that one can proceed using a fourfold MB
representation. Let us mention, however, that in the case of non-planar on-
shell double boxes it was possible to achieve [206] the minimal number of
integrations equal to four starting from the global alpha representation.

So, we follow (as in [13]) the strategy of [210], where MB integrations
were, first, introduced, in a suitable way, after the integration over one of
the loop momenta, [, and complete this procedure after the integration over
the second loop momentum, k. To do this, let us observe that (4.44) can be
represented as

A%k [(k 4 p1 + p2 + pa)?] ™™
K(s,t;ay,...,as,¢€ :/

(sititse @) = J Gy o6 5 pa 2 6+ o+ o

xFya(s, (k4 p1+p2+p4)>, K, (k+ p1 + p2)% a6, a7, as,a5,d) ,  (4.45)

where the integral of four propagators dependent on [ has been recognized as
the box with two legs off shell. Then we can use (4.22). After inserting it into
(4.45) we obtain the massless on-shell box with the indices a1 — 23, as, a3, ag —
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z4 for which we apply our representation (4.11). After these straightforward
manipulations, we change the variables zo — 29—24, 23 — 23—24, 24 — 21+24,
and arrive at the following fourfold MB representation of (4.44) (see also [13)):

(ir9/2)* (1)

K(s,t;a1,...,a8,6) =
(S ay as ) Hl:2,4,5,6,7 F(al)F(4 — Qus67 — 25)(_8)a74+25

1 +ioco +ioco 4 t z1
— dz; - r I'—
. (27T1)4 [ioc ~/—ioo E Zj <S> (a2 * Zl) ( Zl)

" I'(z9 4 z4) (23 + 24)(a123s — 2+ € + z4) (a7 + 21 — 24)
I'(a1 + 23+ 2z4) (a3 + 20 + 24) (4 — a123s — 26 + 21 — 24)
XF(ag —z9— 23 —2) (a5 + 21 + 22+ 23 + 24) [ (—21 — 22 — 23 — 24)
I'(ag — 21 — 29 — 23 — 24)
XI'(agse7 — 2+ e+ 21 — 24) (2 — a1as — €+ 22) (2 — agss — € + 23)
xI'(2—asgr —e— 21— 22) (2 —ags7 —€ — 21 — 23) . (4.46)

Let us apply (4.46) to the evaluation, in expansion in € up to the finite
part, of the double box without numerator and with all powers of the prop-
agators equal to one. We know in advance that it has poles up to the fourth
order in &, due to IR and collinear divergences. In fact, at least the highest
pole can be predicted without calculation. Representation (4.46) gives

(in/2)°
K(S,t;].,...71,07€) :_(_S)W_F‘(‘T,E) s (447)
where z = t/s and
“+ico “+ico

4

. Z1
H dz; | =
=1

IFl+z) (=) (-1 —e—21 —2) (-1 —€— 21 — z3)
IF'(14+ 23+ 20) (14 23 + 24) (1 — 26 + 21 — 24)
xI'2+e+z1—2) T’ (14 21+ 20+ 235+ 24) (1 + 21 — 24)
xI'(z2 + 24) 1 (23 + 24)'(—€ + 22)I'(—€ + 23)
XI(14¢e+4 24)(—22 — 23 — 24) . (4.48)

1 1
F@.2) = 75 @my / ‘

—ico —ico

Observe that, because of the presence of the factor I'(—2¢) in the denomina-
tor, we are forced to take some residue in order to arrive at a non-zero result
at € = 0, so that the integral is effectively threefold.

Here is an example of the procedure of generating poles in the integral
(4.48). The product I'(—1 — & — z1 — 2z3)I'(—& + 23) generates, due to the
integration over za, a pole of the type I'(—1 — 2¢ — z1). Then the product of
this gamma function with I'(1 + 21) generates a pole of the type I'(2¢) due
to the integration over z;.
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After such a preliminary analysis we conclude that the key gamma func-
tions that are responsible for the generation of poles in € are I'(—¢ + 23),
I'(—e 4 z3) and I'(1 + z; — z4). This gives a hint for the construction of a
complete procedure of the resolution of the singularities in e, with the goal
to decompose the given integral into pieces where the Laurent expansion of
the integrand in € becomes possible. One can proceed as follows.

We first take care of the gamma functions I'(—¢ + z3) and I'(—¢ + 23),
i.e. take residues at zo = € and 23 = ¢ and shift contours across these poles.
As a result, (4.48) is decomposed as F' = Fy1 + Fig + Fy1 + Foo, where Fiq
corresponds to taking the two residues, Fy is defined by the same expression
(4.48) but with both first poles of the selected two gamma functions treated in
the opposite way, and the two intermediate contributions defined by taking
one of the residues and changing the nature of the first pole of the other
gamma function.

The contribution Fj; takes the form

+ioco “+ico
F (1
11 25 27r1 / / dzidzs (14 21)

XF( 172572’1) F(*Zl)F(1+21*Z4)F(2+€+Zl724)
(142421 + 24)
F(1—28+21—Z4)F(1+€+Z4).

xI'(e 4 24)°T(—2¢ — z4) (4.49)

The contributions Fjy and Fj; are equal to each other because of the
symmetrical dependence of the integrand on z; and z3. We have

+ioco “+ico +ioco
For = T(—2¢) (2ni)3 / / / dz1dzadzy 2 (1 + 21)

><F( 1-2e—z)[(—21) (-1 —€— 21 — 20) " (—€ + 22)

XF(lJrzl —2)I'(2+e+ 21 —24) (e + 24) [ (22 + 24)
I'(l1—2e+4 21— 24) (1 + 29 + 24)

xI'(1+e+ 21+ 204+ 24)(—€ — 29 — 24), (4.50)

where the first pole of I'(—e + z3) is of the opposite nature. We indicate this
by asterisk, as in Appendix D.

For all these contributions, further decompositions are necessary. One can
proceed as follows.

In the case of Fip, take care of I'(—1 — 2¢ — 21). We decompose Fi;
as Fi11 + Fi10, where the additional index 1 corresponds to the residue at
z1 = —1 — 2¢ (with the minus sign) and 0 to the integral where the first pole
of I'(—1 — 2e — z1) is left. Take care of I'(z4) and I'(z4 + €) by decomposing
Fi11 as Fi11 = Fii111 + Fii10, where the additional index 1 corresponds to
the residues at z4 = 0 and z4 = ¢ given by an explicit expression in terms of
gamma and psi functions, and 0 to the one-dimensional MB integral where
the first pole of each of these gamma functions is right.
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For Fi9, take care of I'(z4 + €) to obtain Fi19 = Fi101 + Fi100, where 1
denotes the residue at z4y = —e. The Fj101 is a one-dimensional MB integral
over z; which is calculated by expanding in €. The Fyjqg starts from ! and
therefore gives a zero contribution.

For Fy;, take care of I'(—1 — 2e — z;) and obtain the decomposition Fy;
as Fp11 + Fpio similar to the case of Fy;. For Fji1, let us consecutively take
care of the first poles of the gamma functions I'(z2 + 2z4) and I'(z2 + 24 — €)
with respect to the variable z5 and obtain Fy11 = Fpi11 + Foiie + Foito,
where 1 denotes the residue at zo = —z4, 2 denotes the residue at zo =
€ — z4 and 0 denotes the integral with first poles of these gamma functions
to be I'lght Then we obtain F0111 = F01111 + F011107 simﬂarly taking care
of I'(e + 24)?%, Fo112 = Fo1121 + Fo1120 taking care of I'(e + 24)I'(z4), and
F0110 = F01101 + F01100 taking care of F(& + 24). For Fglo, we turn to the

decomposition Fy19 = Fpi01+Fo100 where 1 stands for the residue at z4 = —z9
and 0 for the integral with the first right pole of I'(z2 + 24). Finally, we turn
to Fo101 = Foio11 + Foio10, where 1 stands for the residue at zo = —1—¢— 23

and 0 for the integral with the first left pole of I'(—1 — & — 23 — z3).

For Fyg, we take care of the first poles of the two key gamma functions
I'(—1—e—2; —22) and I'(—1 — e — 21 — z3). The only non-zero contribution
arises when taking both residues.

As a result we obtain either explicit expressions in terms of gamma func-
tions and their derivatives, or one-dimensional integrals over straight lines
parallel to the imaginary axis of ratios of gamma functions which can be of
two types: integrals over z; or some other z-variable. The integrals over z;
can be calculated by closing the contour to the right, taking residues at the
points z; = 0,1,2,... and summing up resulting series with the help of the
table of formulae [93] presented in Appendix C. The one-dimensional MB
integrals over zo or z3 or z4 can be calculated with the help of formulae of
Appendix D which are all corollaries of the first and the second Barnes lemma
(D.1) and (D.47). For example, this is the twofold MB integral that appears
in Fo1100:

+ioco +ioco
ﬁ/ dZ2dZ4F*(22)F(—22)F(1 +Z4)F(—z4)

—ico —ico

" T (20 4 24)2 T (—29 — 24)
F(l + 29 + 2:4)

where asterisks denote, as in Appendix D, the opposite nature of the first
poles of the corresponding gamma functions, i.e. the poles zo = 0 and z4 =
—2zo are considered right here. The internal integral over z4 is then evaluated
with the help of (D.51), with Ay =1, Ay = 23, A3 =0, Ay =1+ 23, and a
resulting onefold MB integral is evaluated as other integrals of this kind.
Collecting all the contributions we reproduce the result of [183]:

in/2a—TEe)? ¢
K(S,t;l,...,l,o,f):—((_s)mst)f(8;€) 5 (452)

, (4.51)
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where
4 5l s 5\ 1
f(a:,s):ijJr 3 <21n x27r)82

2 11 65 1
— (3 111333 + 57{'2 hll‘ — 3((3)) g

4 88 29
+§ In*z + 672 In* z — gg(S) Inz + %774

— [2Lig (—2) — 2Ina Lip (—x) — (In®z + %) In(1 + )]
—4 [5272(—.%) —Inx 5172(—1‘)} + 44 Liy (—x)
—4[In(1 4+ z) + 6 Inz] Liz (—x)

™ | DN

+2 (ln2 x4+ 2lnzn(l+z)+ 1;)7r2> Lis (—x)
+ (1n2 z + 7°) In?(1 + )
2
-3 [4In® 2 + 57% Inz — 6¢(3)] In(1 + z) + O(e) . (4.53)

This result is in agreement with the leading behaviour in the (Regge)
limit ¢/s — 0 obtained in [194] by use of the strategy of expansion by regions
[28,186,192]. Keeping the two leading powers of x we have

4 bS5lnzx 9 5 o\ 1
f(x,s):—;l—!— = —(2111 $—27T>82

2 11 65 1
— (3 ln?’x—i— ?772 lnx — 3C(3)> g

4 88 29
—|—§ In*z + 672 In? z — §C(3) Inz + %71'4

1
+2x ( (1n2x—2lnx+772 +2)
€

1
-3 {41n° 2z + 3In*z + (57 — 36) Inx + 2[33 + 57 — 3c(3)]}>
+0(z?In’ z,¢) . (4.54)

Using known formulae that relate polylogarithms and generalized poly-
logarithms with arguments z and 1/z [86,136,148] one can rewrite this and
similar results for the master double boxes in terms of the same class of
functions depending on the inverse ratio s/t.

Let us now illustrate the point discussed in the end of Sect. 4.2. The gen-
eral fourfold representation (4.46) contains a lot of information. In particular,
it is very easy to derive MB representations for the two classes of Feynman
integrals corresponding to the graphs shown in Fig. 4.8. The integrals for the
box with a one-loop insertion are obtained from the double box integrals at
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1 6
D1 p3

Y2 P4
3 3

(a) (b)

Fig. 4.8. Boxes with a one-loop insertion (a) and boxes with a diagonal (b) ob-
tained from Fig. 4.7

aq = ag = 0. (For simplicity, we consider the case ag = 0.) There are I'(ay4)
and I'(ag) in the denominator of (4.46) but, of course, the limit a4, as — 0
is not zero. Indeed, we can distinguish the product

F(CL4567 —24+e+ 2 —Z4)F(2—a567 —€—21 —ZQ)F(ZQ+Z4)

which generates, due to integration over zy and z4, the singularity of the
type I'(a4) — remember our discussion in Sect. 4.2. So, to perform this limit
we take a residue at z4 = —2z9 and minus residue at zo = 2 — asg7 — € — 21
and then set ay = 0. We still have I'(ag) in the denominator, but there is
also the product I'(ase7 — 2 4+ & + 21 + 23)(2 — as7 — € — 21 — z3) which
generates the singularity of the type I'(ag). Therefore, we take minus residue
at z3 = 2 — as7 — € — 21, then set ag = 0 and arrive at the following onefold
MB representation:

(ir9/2)* (=1)°1'(2 — a5 — €)T'(2 — a7 — <)
[1I(a) (4 — as7 — 2¢) (6 — a — 3¢)

1 1 +ioco £\ ?
XW%/ dz |~ ) I'a—4+2e+2)(as7 —2+¢e+2)

—ico S

K(a17a27a3707 as, 03 ar, O) =

XF(CLQ + Z)F(4 — a1257 — 2e — Z)F(4 — 2357 — 2e — Z)F(—Z) . (455)

The integrals for the box with a diagonal are obtained from the double
box integrals at a; = a4 = 0. We start from the limit a4 — 0 as in the
previous case. Then we observe that there is no I'(a;) in the denominator
and no gluing of right and left poles when a; — 0. So, we just set a; = 0.
After that the integration over z3 involves only four gamma functions

F(2 — Q23 — €+ Zg)F(CL5 +z1 + Zg)F(2 —as7 — € — 21 — Zg)F(—Zg) .
The integral is evaluated by the first Barnes lemma (D.1), and we obtain

(iﬂ'd/2)2 F(Q — ag3 — S)F(Q — a5 — 6)

K(0 0, as, ag, ar,0) =
(0, a2, 03,0, a5, a5, a7, 0) TT (@) (4 — assr — 22)1(4 — aser — 2¢)
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L (D)Tr2—ar—g) 1 /+i°°
I'(6—a—3¢e)(—s)2=4+22 27i
xI'(ag + 2)I(as + 2)I'(—2)
XF(4 — Qo357 — 26 — Z)F(4 — Qo567 — 26 — Z) . (456)

dz <Z> I'la—4+2e+2)

—ioco

So, these two classes of integrals are rather simple because they are given
only by onefold MB representations. Each of them can be evaluated by de-
composing the integral into ‘singular’ and ‘regular’ parts. The singular parts
correspond to the residues necessary to reveal the singular behaviour in ¢
while the regular parts are given by integrals where expansion in € in the in-
tegrand is possible. For the boxes with a one-loop insertion, the singular part
is written as minus the sum of the residues of the integrand at the points j—2¢,
with j = —max{aj,a3} —ass7+4,...,—1, plus the sum of the residues of the
integrand at the points j — 2¢ for j = 0,...,4 — a. For the diagonal crossed
boxes, the singular part is written as minus the sum of the residues of the
integrand at the points j —2e, with j = —max{as, ag} —ass7+4,...,—1, plus
the sum of the residues of the integrand at the points j—2¢ for j = 0,...,4—a.

The regular parts can be written as MB integrals for —1 < Rez < 0
with an integrand expanded in a Laurent series in € up to a desired order.
Then these integrals are straightforwardly evaluated by closing the contour
of integration to the right and taking residues at the points z = 0,1,2,....
At this step, one can use the collection of formulae for summing up series
presented in Appendix C. The evaluation of both the singular and the regular
parts can easily be implemented on a computer.

Let us, for example, present an analytical result [194] for the box with a
diagonal with all indices equal to one:

(iﬂd/Qe_“/EE

2
) Fo(s,t 4.
S+t 0(57 75)7 ( 57)

K(Sat;0717130a171717075) = -

where

2¢2
+ [2Li3 (—z) — 2Inz Lip (—x) — (1112 z+7%) In(1 + )

Fo(s,t,e) = — (ln2 z+77)

—1—2 In®z + In(—s) In? z + 72 In(—t) — 2((3)}

m | =

—|—4 (S ( ) lnxSl 2( )) —4Li4 (—33)
+4 (In(1 + ) — In(—s)) Liz (—z)
+2 (ln 2+ 2In(—s)Inz — 2InzIn(l + z)) Li; (—x)

2 (3 In®z + In(—s) In? z + 72 In(—t) — 2((3)) In(1+ z)

1 4
- (ln2 z+77) In?(1+4z) — 3 In*z — 3 In(—s) In®z
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11
— (ln2(s) + 127r2) In?z — 72 In?(—s) — 272 In(—s)Inz

l

+4¢(3) In(—t) — — (4.58)
20
and © =t/s.

Concerning non-trivial checks of general formulae discussed in the end of
Sect. 4.2 let us observe that, if we start from (4.46), we have to obtain, in the
limit a;,3,4,6 — 0 with ag = 0, the massless sunset diagram with the indices
as, as, a7. Indeed, we can start from (4.55) and perform the limit ag — 0 by
taking minus the residue at z; = 4 — a1257 — 2¢ in order to take into account
the singularity of the integral of I'(a — 4 + 2 + 2z1)I'(4 — a1257 — 2 — 21).
Then we can set a; = 0 and reproduce a known result. On the other hand, we
should obtain the product of two one-loop massless propagator-type integrals
with the indices (a1, a3) and (a4, ag) in the limit ag 57 — 0 with ag = 0. Yes,
we do this by a similar analysis and similar manipulations: take minus residue
at z; = 0 and set ay = 0, then take minus residue at z4 = —zo — 23 and set
as = 0, then take residues at zo = 0 and 23 = 0 and set ay = 0.

4.5 Two-Loop Massive Examples

Our next two-loop example is

Example 4.9. Massive on-shell double box diagrams shown in Figs. 4.9
and 4.10.

This is an important class of Feynman integrals with one more parameter,
with respect to the massless on—shell double boxes. In particular, it is relevant
for Bhabha scattering.

The general double box Feynman integral of the first type (see Fig. 4.9a)
takes the form

d?k d¥
B t,m*ai, ... =
PL,1(87 ,m-;an, 7a87€) // (kQ—m2)a1[(k+p1)2]a2

p1 P3 —————— - - v

1 1
1 1
1 1
2 7 5
1 1
1 1
1 1

- — - — - - — 4

D2

Pa —_—— - - - - -
(a) (b)

Fig. 4.9. Planar massive on-shell double boxes: (a) first type, (b) second type. The
solid lines denote massive, the dotted lines massless particles
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Fig. 4.10. Non-planar massive on-shell double box

[(k + p1 + p2 + pa)?] 7%
(k +p1+p2)? —m?[93[(l + p1 + p2)? — m2|%4[(l + p1 + p2 + pa)?]*s

1
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T

where we consider a (non-negative) power —ag of the factor (k+pj +p2 +p4)?
in the numerator as in the massless case.

To derive an appropriate MB representation for (4.59) we proceed simi-
larly to the massless case, i.e. recognize the internal integral over [ as a massive
box with two legs off-shell for which we use representation (4.30). After that
the integral over k can be recognized as the massive on-shell box represented
by (4.24), and we obtain the following sixfold MB representation [187]:

N ) G G0 s
.,ag,&) =
[j—2.4567 1 (a;) (4 — asser — 2€)

1 +ioco +ioco 5 m2 z1t25 t\ %

Bpr,1(s,t,m?;a, ..

—100 —100

XF(ZQ+Z4)F(23+Z4)F(4—CL13 — 2a98 — 26 + 29 + 23) (a7 + w — z4)
I'(ay + 23+ z4)I (a3 + 22 + 24)
I'ajo3s — 2+ e+ 24+ 25)(ags67 — 2+ e+ w+ 21 — 24)
I'(4 — ag6 — 2a57 — 26 — 2w — 221 — 29 — 23)
F(ag—22—23—24)F(—w—22—23—24)F(2—a238—5+23—z5)
I'(4—ajo38 —2e +w —24)(ag —w — 29 — 23 — 24)
I'las+w+ 20+ 234+ 24) (2 —aser — € —w— 21 — 29)
I'(4 — a13 — 2a08 — 26 + 29 + 23 — 225)
XI'(2—ays7 —e—w—21 — 23)[(2 — ajog — € + 20 — 25)
xI'(4 — ags — 2a57 — 26 — 2w — 29 — 23) I (—21)(—25) . (4.60)

This general formula can be used to evaluate various Feynman integrals
of the given family. Let us consider the example of the Feynman integral
without numerator and a; = 1 for i = 1,2,...,7. Then (4.60) takes the form

(iﬂ'd/ 2) ?

(0) 2\ 2. - )
B (s,t,m",e) = Bpr,1(s,t,m*;1,...,1,0,¢) = T(—2e)(—s)o72
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+ico +ico 5 2\ ?1+25 w
m t
dw [Tdz; (2 :
(2ri)° / / wU Zj(s) (s)

><F(l+w)1“( w'2+e+w+z —z) (-1 —ec—w—2 — 23)
F(1—=2e+w—24) (14 20+ 24) (1 + 23 + 24)
N-1—-e—w—21—23)[(—21) [ (—e + 22 — 2z5) ' (—€ + 23 — 25)
I'(—=2e+ 204 23 —225) (=2 — 26 — 2w — 221 — 23 — 23)
XI(14+e+z4+4 25) (—25) (=26 4+ 22+ 23) (1 + w — z4)
XT(14+w+ 29 + 23+ 24) (=2 — 26 — 2w — 29 — 23)
XI'(zo + 24) (23 + 24) (=22 — 23 — 24) . (4.61)

Observe that, because of the presence of the factor I'(—2¢) in the denomina-
tor, we are forced to take some residue in order to arrive at a non-zero result
at € = 0, so that the integral is effectively fivefold.

Let us apply our strategy of shifting contours and taking residues, with

the goal to decompose (4.61) into pieces where the Laurent expansion € of
the integrand becomes possible. We shall evaluate this integral in expansion
in € up to a finite part. We know in advance that the poles in € are now only
of the second order because collinear divergences are absent. This is how such
procedure can be performed in this case [187]:

1.

Take minus residue at z3 = —2 — 2¢ — 2w — 29, then minus residue at
w = —1 — 2¢, then a residue at z4 = 0, then a residue at zo = 0, expand
in a Laurent series in ¢ up to a finite part. Let us denote the resulting
integral over z; and z5 by Bj.

Take minus residue at z3 = —2 — 2e — 2w — 25, then minus residue at
w = —1 — 2¢, then a residue at z4 = 0, and change the nature of the first
pole of I'(z3) (choose a contour from the opposite side, i.e. the pole 29
will be now right), then expand in €. Denote this integral over z1, zo and
zZ5 by BQ.

Take minus residue at z3 = —2 — 2¢ — 2w — 25, then minus residue at
w = —1 — 2¢, then change the nature of the first pole of I'(z4), then take
a residue at zg = —z4, then take a residue at z4 = —¢ and expand in €.
This resulting integral over z; and z5 is denoted by Bs.

Take minus residue at z3 = —2 — 2¢ — 2w — 29, then minus residue at
w = —1 — 2¢, then change the nature of the first pole of I'(z4), then
take a residue at zo = —z4, then change the nature of the first pole of
I'(2(e + z4)) and expand in e. The resulting integral over z1, z4 and z;5 is
denoted by By.

Take minus residue at z3 = —2 — 2¢ — 2w — 29, then minus residue at
w = —1 — 2¢, then change the nature of the first pole of I'(z4), then
change the nature of the first pole of I'(z3 + 24) and expand in . The
resulting integral over z1, z2, z4 and z5 is denoted by Bs.

Take minus residue at z3 = —2 — 2e — 2w — z5, then change the nature of
the first pole of I'(—2(1+42e+w)), then take minus residue at z4 = 1+w,
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then minus residue at zo = —1 — 2¢ — w and expand in €. The resulting
integral over w, z; and z5 is denoted by Bg.

7. Change the nature of the first pole of I'(—2 — 2e — 2w — 29 — z3), then
take minus residue at z4 = —z9 — 23, then a residue at z3 = 2¢ — 25, then
take a residue at zo = 2¢ and expand in €. The resulting integral over
w, z1 and z5 is denoted by By.

One can see that all the other contributions vanish at € = 0. By a suitable
change of variables, one can observe that By = Bg. In fact, the dependence
of the first five contributions on the Mandelstam variable t is trivial: they are
just proportional to 1/¢.

The two-dimensional integrals B; and B3 are products of one-dimensional
integrals which can be evaluated by closing the contour to the left and sum-
ming up resulting series with the help of formulae [79] of Appendix C.

To evaluate the three-parametric integral B4 it is reasonable to ob-
serve that the integrand only changes its sign after the transformation
{z4 = —24,21 — 25,25 — z1}. If we take into account that the change of vari-
ables z4 — —z, implies that the initial integration contour —1 < Rezy < 0
becomes 0 < Rezs < 1 we will obtain a simple equation for B4 and conclude
that the value of the integral equals 1/2 times the residue at z4 = 0. The
latter quantity turns out to be a factorized integral over z; and z5 which is
evaluated like By and Bs.

The three-dimensional integral B is evaluated by closing the integration
contours over z; and z5 to the left, summing up resulting series and applying
a similar procedure to a final integral in z5. The corresponding result is
naturally expressed in terms of polylogarithms, up to Liz, depending on s
and m? in terms of the variable

o VI s+ 5|
| VAmZ —s——=s|

The form of this result provides a hint about a possible functional de-
pendence of the result for the four-dimensional integral By, and a heuristic
procedure which was explicitly formulated in [93] turns out to be successfully
applicable here. First, all the contributions, in particular By, are analytic
functions of s in a vicinity of the origin. One can observe that any given
term of the Taylor expansion can be evaluated straightforwardly because the
corresponding integrals over zo and z4 are taken recursively. It is, therefore,
possible to evaluate enough first terms (say, 30) of this Taylor expansion.
Then one takes into account the type of the functional dependence men-
tioned above, turns to a new Taylor series in terms of the variable v — 1
and assumes that the n-th term of this Taylor series is a linear combination,
with unknown coefficients, of the following quantities of levels 1, 2, 3, and 4,
respectively:
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1
L (4.62)
1 Si(n
L 17£ ), (4.63)
1 Si(n) Sao(n) Si(n)?
R e (4.64)
1 Si(n) Sao(n) Si(n)?
nd’ pd T p2 o2

So(n) Su(n) SimSn) Sim)° (4.65)

n n n n

where Si(n) = >."_, 7%, etc. are nested sums (see Appendix C). Using the
information about the first terms of the Taylor series one solves a system
of linear equations, finds those unknown coefficients and checks this solution
with the help of the next Taylor coefficients.

This experimental mathematics has turned out to be quite successful for
the evaluation of Bs. Finally, the contribution Bg is a product of a one-
dimensional integral over z1, which is easily evaluated, and a two-dimensional
integral over w and z5 which involves a non-trivial dependence on ¢ and is
evaluated by closing the integration contour in z5 to the left, summing up a
resulting series in terms of Gauss hypergeometric function for which one can
apply the parametric representation (B.5). After that the internal integral
over w is taken by the same procedure and, finally, one takes the parametric
integral.

The final result takes the following form [187]:

d)2 —ype\2 .2
0 2. B (171' € ) T
BO) (s, t,m?¢) = T eE

y {52(96) by ()

_|_
g2 €

T by (2) + bo(,y) + 0<e>} . (4.66)

where x = 1/4/1 —4m?/s, y = 1/4/1 — 4m?2/t, and
b2(x) = 2(ma: - pz)2 ) (467)

- () ) 0 ()
+Li (lixxﬂ +4(m, — py) {LiQ (:“’) Li, (1—29;)}

—(4/3)ym3 + 4m2p, — 6m,p2 + (2/3)p3 + 4o (myps + p2)
—203(my + 3p,) — (72/3)(4ly — m, — 3p,) + (8/3)15 +14¢(3) ,  (4.68)




4.5 Two-Loop Massive Examples 89

bor () = —8(ma — pa) {Lis () — Lis (—2) — Lis <1 ; x)

1—z 2z —2x
Lis [ —— ] — Li Li
i (157 - (£57) <o (25

+16L12<1 5 )(le() Liz (=)

+4 |Lip (2)” + Liz (—2)” + 4Li; <12x> ] — 8Lip («) Liz (—)

1—
—(8/3)[% = 612 + 6lupy — 6ma Iy + ps — 212)|Liz < . :c)
—(4/3)[7? — 613 + 3m2 + 6my, (202 — 21, — p,) + 121, — 3p2]

% (Liz () — Liz (—2)) + 8(mq — p) {(pm — my + 215)Liz (12fx>

. —2x
+2(l; — my + lo)Lig (1 — x)] —8(my — pz)(2ly — pr — By + 4l3)

X (—mypy + la(Mmy + ps) — 15 + 72/6)

—(20/3)mj, + (164/3)m3p, — 40mZp2 — (4/3)m,p} — (8/3)p;

+8mgly (M} — 3maps + 2p7)

—4ly(Tm? + 21m2p, — dmgleps — 23mep? + 4lup? — pl)
—m2((17/3)m2 — (4/3)myly — 2maps + (4/3)lepe — (7/3)p2)
+12(84m2 — 8myl, — 16myp, + 8lup, — 44p2)

—(8/3)12(612 — 1) (3ma — 2ps) — (4/3)7212 + 413 +71/9 . (4.69)

The last piece of the finite part comes from Bg and Br:

boz(,) = 2(pz — Ma) {4 {Lis <1 ;x> — Lis <1J2rx>

=) (5oa) o (557)

(825 o () (g
(

Ual-p) oy, <<1+x><1+y )

2(1+zy)

x [2Li2 (#) — 2Liz (=) + Lip (ii) — Lis (12&;)}

+4(Myy — pay) (Liz (—y) — Liz (y)) — 4(my + ps — 202)Lis (1 ; x)
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—4(Myy — Pay)Lia (gy) —4(my + Ly — myy)Lis <(1:;)Jy>
+4(px + 1y — myy)Lia (m)

N

+4(ps + ly — pay)Liz (W)

(=) (1 +y)
+2(my + pz + my + py — 2myy — 2l2)Lis (2(1—33?4)

1-0-)
2(1+ zy)

+2p5(my + Py — My — Pay) + 2p2(2(myly + mypy + Lypy)

+may(—my — 21y — 3py + 3may) + pay(—3my — 21y — py + 3pay))

+2ma (2ps +my — 20y + py) (My + Dy = May — Pay) = Py(May + Pay)

+2py(2m925y + Piy) + m,?,(?:oy — May — Pay)

+2my (pj + miy + zpiy — Py(3May + Pay)) — Q(miy + pf:y)

+2l2((4my + 4py — 3May)May + (2my + 2py — 3pay)Pay

=2(ps + 2my ) (Mmy + Py — May — Pay) — mi —4dmypy — PZ)

—|—2l§(3(my + py) — 2(2may + Pay))

—(7%/3)(my + py — 8myy + 6pay) } - (4.70)

The following abbreviations are used here: [, = Inz for z = x,y,2, p, =
In(1+ z) and m, =1In(1 — 2) for z = z,y, zy.

This result is presented in such a way that it is manifestly real at small
negative values of s and t. From this Euclidean domain, it can easily be
continued analytically to any other domain.

The result (4.66)—(4.70) is in agreement with the leading power behaviour
in the (Sudakov) limit of the fixed-angle scattering, m? < |s|, [t| which can
be alternatively obtained [187] by use of the strategy of expansion by regions
[28,186]:

(i7rd/2e_7E‘5)2

Cs2(—t)1+2
X {2? — [(2/3)L? + (7*/3)L + 2((3)] é
—(2/3)L* + 21In(t/s)L? — 2(In*(t/s) + 472 /3)L?
+ [4Li3 (—t/s) — 41n(t/s)Liz (—t/s) + (2/3) In®(t/s)
—21In(1 +t/s)In’(t/s) + (872/3)In(t/s) — 2n® In(1 + t/s) + 10¢(3)] L
+71/36} + O(m?*L? ¢) , (4.71)

B(O)(s,t,mQ;e) =—
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where L = In(—m?/s). This asymptotic behaviour is reproduced when one
starts from the result (4.66)—(4.70).

Another check of such a complicated result came from the numerical in-
tegration based on a method of sector decompositions in the space of alpha
parameters [37] (to be discussed in Sect. E.2).

Let us stress that, in the present case with a non-zero mass, there are
no collinear divergences and the poles in € are only up to the second order,
so that the resolution of singularities in ¢ in the MB integrals is relatively
simple. Therefore, it looks promising to use the technique presented, starting
from (4.60), for the evaluation of any given master integral. For example, the
integral Bpr1(s,t,m?1,...,1,—1,¢) was evaluated in [191]. There is the
same problem as in the massless case [13] (see Problem 4.6) connected with
spurious singularities in MB integrals. It can also be cured in the same way,
by introducing an auxiliary analytic regularization, e.g. with ag = —1+\. The
singularities in the corresponding MB integral are first resolved with respect
to A and then with respect to € when A and ¢ tend to zero. In the result [191],
one meets not only usual polylogarithms but also a harmonic polylogarithm
(HPL) [175] (see Appendix C), H_100,1 (—(1 —2)/(1 +z)) with = defined
after (4.66).

Let us turn to the massive double boxes of the second type shown in
Fig. 4.9b:

d?k d¥
B t,m%ay, ...
PL,2(57 ,m-;ai, , a8, € // k2 _m2 a1 (k _|_p1) ]

X [(k + p1 + p2 + pa)?] 7%
[(k +p1 +p2)? —m2]2[(1 4 p1 + p2)?]24[(l + p1 + p2 + pa)? — m?]os

1
el 07— e )

To derive a MB representation for (4.72) let us straightforwardly generalize
the derivation of (4.60). For the subintegral over [ we now use representation
(4.31) of the massive box with two legs off-shell in the second variant. Then
the integral over k can be recognized as the massive on-shell box (4.24). We
therefore obtain the following sixfold MB representation [191]:

(/)" (1) (s) o
[liz0.4567 1 (a;)I'(4— aszer — 2¢)

+ico +ico 6 m2 z5+26 £\ 6
—ico . i=1

F(a4 + z9 + Z4)F(4 — 445667 — 2e — Z9 — 23 — 2Z4)F((16 + z3 + 24)
I'(4 — aaa5667 — 26 — 20 — 23 — 224 — 225) (6 —a — 36 — 24 — 25)

2. —
BPL,2(87t7m A1, ... 7@878) -

F(ag + Zl)F(S — a13 — 20045678 — 4 — 221 — 290 — 23 — 224 — 225)

F(S — ais — 2(1245678 —4e — 221 — 29 — 23 — 22:4 — 225 — 22’6)
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I'2—a456 —€— 24— 25) (2 —aupr —€ — 290 — 23 — 24 — 25)
I'(assers —2+e+ 20+ 23+ 24+ 25) (a1 — 23)I (a3 — 22)
a4567+5—2—|—z2+z3+Z4+z5)F(a—4+25+z1 +Z4+Z5+ZG)

x I'(
XI'(4 — a1945678 — 26 — 21 — 22 — 24 — 25 — 26)
xI'(
xI'(

4 — G2345678 — 26 — 21 — 23 — 24 — %5 — Z6)
45678 — 2+ €+ 21 +22+Z3+Z4+Z5) R (473)

This representation was used in [191] to calculate the master planar double
box of the second type Bpr 2(s,t,m?1,...,1,0,). The resolution of the
singularities in € was performed similar to the previous cases. The number
of resulting MB integrals where an expansion in € can be performed in the
integrand is again equal to six. This time, some of the contributions turned
out to be hardly evaluated in terms of known functions. Some two-parametric
integrals of elementary functions entered the result in [191]. This result was
controlled similarly to the previous case, by numerical evaluation of finite MB
integrals and numerical evaluation by the method of [37] (to be discussed in
Sect. E.2).

To conclude this section let us turn to the non-planar graph of Fig. 4.10.
Its MB representation can again be derived by using an MB representation
for the subdiagram consisting of the lines (4,5,6,7). This time, we can use
(4.32). For the subsequent integral over the second loop momentum, we need
the following MB representation for this auxiliary one-loop integral:

d?k
/ (k2 = m2)* [(k + p1)?]®2[(k + p1 + p2)? — m?]%s
y 1 _ (—1)“i7rd/2(—5)2_a_5
(K +p1+p2 +pa)?]*[(k — pa)?]s T'(4—2e—a) [ (a)

(_3)22 +z3+24

1 pre e (%) (=) ()™
I'(agas + 21 + 223 + 224)
I'(agas + 21 + 23 + 224)
xI'(ag +ag + 21+ 23+ z4) [ (—ag — 21 — 23 — 24)(ag + 21 + 23)

XF(2*CL12457672’272’372’4)[‘(27(}23457672’272372’4)

xF(a+€—2—|—22—|—23+Z4)F(a5—|—z4)

I'(4 — a12234455 — 26 — 223 — 224)

) 4.74
I'(4 — a12234455 — 26 — 229 — 223 — 224) (4.74)

where u = (p; + ps4)? is a Mandelstam variable. It can be derived similarly
to the previous MB representations for one-loop Feynman integrals.
Using (4.74) one arrives at the following eightfold MB representation [191]:
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() (et
[lj=2.4567 1 (a;)1'(4 — asser — 2€)

1 +ioco +ico 8 m2 z5+26 t\7 sun 28 7
><(27ri)8/. . jgldzj <—s> <s> (2) EF(_ZJ')

2. —
BNP(S7tau7m ;A1 - .,(Lg,{f) -

« F(Cl5 + 2o + Z4)F(a7 + z3 + Z4)F(4 — Qu55677 — 26 — 29 — 23 — 224)
I'(ay — z9)I (a3 — z3) [ (as — z4)
I'2—aser—e—20— 24— 25) (2 —aus7 — € — 23 — 24 — 25)

F(4 — A455677 — 2 — Z9 — 23 — 22:4 — 225)
XF(G8+Z1 — 2y + 27) (4 — ag345678 — 26 — 22 — 25 — 26 — 27 — 28)
I'6—a—3ec—z5)
F(8 — a3 — 2a245678 —4e — Z9 — 23 — 22’5 — 227 — 22’8)

I'(8 — a13 — 2a245678 — 4 — 29 — 23 — 225 — 226 — 227 — 223)
« I'(4 — a1o45678 — 26 — 23 — 25 — 26 — 27 — 28)

I'(a245678 — 2+ € + 21 + 20 + 23 + 25 + 27 + 223)
(ass7 +e—24 20+ 23+ 24 + 25 + 28) [ (—ag — 21 + 24 — 27 — 23)
(a2a5678 — 2+ €+ 21 + 22 + 23 + 25 + 227 + 223)
xI'(a—4+4+2e+ 25+ 26+ 27+ 28) [ (ass + 21 — 24 + 27 + 28) - (4.75)

xI’
r

Representation (4.75) can be checked for various simple partial cases as
it was explained above. Although the number of integrations is rather high
one can proceed also in this case. However, it turns out that the massive non-
planar case is rather complicated. Some preliminary results for the master
non-planar double box can be found in [191].

More results on the massive on-shell double boxes obtained by means of
MB representation can be found in [70]. We shall come back to the discussion
of this problem in the end of Chap. 7.

Let us now again illustrate the fact that general MB representations accu-
mulate a lot of information so that MB representations for various classes of
Feynman integrals can be derived in a very simple way from an initial global
representation.

Suppose we want to consider

Example 4.10. Sunset diagrams of Fig. 3.13 with one zero mass and two
equal non-zero masses at a general value of the external momentum squared.

Remember that we have already considered such Feynman integrals at
threshold, ¢?> = 4m? — see Example 3.6. There is no need to derive an ap-
propriate MB representation from the beginning. Let us observe that such
Feynman integrals, with the massive propagators 5 and 7 and the massless
propagator 2, can be obtained from the massive on-shell double boxes of
Fig. 4.9b at a1 = a3 = a4 = ag = 0. As usual such a limit results in taking
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some residues. We first let ay — 0 and observe that I'(a4) in the denomina-~
tor can be cancelled only if we take into account the gluing in the product
I'(ag+ 22+ 24)'(—22)I'(—24). Thus we are forced to take the two residues at
z4 = 0 and zo = 0. Then the limit ag — 0 can similarly be taken, because of
the presence of I'(ag + 2z3)I'(—23)/I (ag), by taking minus residue at z3 = 0.
Then we take the limit a; — 0 by observing that the only way to cancel
I'(a1) in the denominator is to take into account the gluing in the product
F(a123578 — 442+ 21+ 25+ Zﬁ)F(4 — a23578 — 2e — 21 — %5 — ZG) and take a
residue, e.g. at zg = 4 — aa3srs — 26 — 21 — 25 (with the minus sign). Finally,
we let ag — 0 by distinguishing the product

F(a2357g — 44242+ Z5)F(8 —ag — 2a9578 — 4e — 221 — 225)

which generates I'(a3) and cancels this factor in the denominator.

After relabelling the lines, substituting ¢ — ¢ and expressing the irre-
ducible numerator in terms of the loop momenta of the sunset diagram, we
obtain

2.
Fy10(q*,m?;a1,a2,a3,a4,d

// Ak A [(k + 1)?]
k2 — m2 ay 12 m2)a2 [(q — k= l)Q]a;;

_ ( d/2) (-D)er@2—asz—¢) 1 /+ioodz(qz>z

I'(a1)T (a2)I (a3)(m?2)s—4+2¢ 271 m?
y I'la—4+2+2)(as+2)(—2)"(2 —azq — € — 2)
I'(aig+2a34 —44+2c+22)'(2—e+2)['(2—a3 —€—z)
xI'(a134 —24+¢e+ 2)(agga —2+c+ 2) . (4.76)

—ico

If we evaluate the integral in (4.76) for general € by closing the contour
and taking a series of residues we shall reproduce the result of [49] in terms
of the hypergeometric series 4 F5. We are oriented, however, at the evaluation
in expansion in ¢ and will evaluate integrals (4.76), for concrete values of
the indices, by resolving singularities in ¢ and then closing the contour and
summing up the corresponding series. For example, (4.76) gives

2
F4.10(q2)m2; 1a 17 17O7d) = - (iﬂ-d/2> F(l - E)(m2)1—25

1 e d ( q? )z I'(2e —1+2)I'(e+2)2TI(1+2)(—2)
omi “\m2 (2 + 22—+ 2)

o) - (4.77)

The resolution of the singularities in ¢ is standard: we distinguish the
factor I'(2e — 1 + z) as the source of poles. We have to take care of its first
two poles, i.e. take residues at z = 1 — 2¢ and z = —2¢. The calculation
of the integral with the opposite nature of these two poles is performed by
closing the integration contour to the right and summing up series, with the

following result which can be found in [79,92]:



4.6 Three-Loop Examples 95

2 2 -d/z2 2y1-2¢ | L ¢ 1
F4,10(q,m;1,1,1,0,d)=(m ) (m?) S+(3-1) 2

m 3

7 11 13(1+2%)  1+2z—2?
+F+Z+ 8x + 2x
2 l—z+22 ,

where z = (\/4m? — ¢> — /—¢?)/(\/4m? — ¢> + \/—q?). (Please, note that

the letter x is used in various ways: this is another function in Examples 4.6,
4.9, while, for massless double and triple boxes, this is simply ¢/s.)

Inx

4.6 Three-Loop Examples

Our next example is already at three-loop level:
Example 4.11. The massless on-shell triple box diagram of Fig. 4.11.

The general planar triple box Feynman integral without numerator takes
the form

_— . 5)—/// d9k d41 44y
ythhar,...,a10,€) = (k2)or[(k + p2)2]e2[(k + p1 + p2)?]es
1

[T o1+ )2 [ — D (@) [(k — D2
1

10+ 1+ 2)21%[(r + 1 + pa + pa)?] e (r2)@0

(4.79)

To derive a suitable MB representation for (4.79) we proceed like in the
derivation of (4.46). We recognize the internal integral over the loop mo-
mentum r as a box with two legs off-shell given by (4.22). After inserting it
into (4.79) we obtain an MB integral of the on-shell double box with certain
indices dependent on MB integration variables. These straightforward ma-
nipulations lead [189] to the following sevenfold MB representation of (4.79):

(i?‘(’d/2)3 (_l)a(_s)ﬁ—a—?)a

T(s,t;al, . ,alo,E) =
Hj:2,5,7,8,9,10 I'(a;)I'(4 - a589(10) — 2¢)
b1 b3
1 6 10
2 7 5 9
3 4 8
D2 P4

Fig. 4.11. Triple box
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L /+loo /+loo 11[ L () I(az 4+ 21) L (=21) T (22 + 24)
(27r1 —ico e i I'(ay + 23+ 24) (a3 + 22 + 24)
I'2—a2—e+22)'(2—a3 — e+ z3) (a7 + 21 — 24)'(—25) ' (—26)

I'(4—ager — 264 25+ 26 + 27) (4 — a123 — 26 + 21 — 24)

XF(23+Z4)F((1123—2+€+Z4)F(Zl + 2o+ 23+ 24 — 27)

I'(ag — z5)(aq — 26)
I'(2 — asg0) — € — 25 — 27) (2 — asgg — € — 26 — 27) (a9 + 27)
(a467—2+5+z1—Z4—z5—z6—27)F(a5—|—z5+26+Z7)
(a589(10) —24+e+2z5+26+27)[(2—as7r —€— 21— 22+ 25 + 27)
I'2—agr—e—21—23+26+27)(—20 — 23 — 24) , (4.80)

where a = Z}il @i, A589(10) = 05 + ag + a9 + a9, etc.
In the case of the master triple box, we set a; = 1 for i = 1,2,...,10 to
obtain

TO (s, t,e) =T(,...,1;s,t,¢)

in2)? Hooprioe T gy e
- e L. 11 (£) raes
Lzl (e 4 2) (e +23) (1 + 21 — 24)F(— 2y — 23 — 24)

A+ 2o+ 20) A+ 23+ 24) (1 — 26+ 21 — 24)

I'(zo+ z4) (23 4+ 24) T (—25) [ (—26) (21 + 22 + 23 + 24 — 27)
I'(1—2z5) (1 — z6) (1 — 26 + 25 + 26 + 27)

xI'2+e+z5+26+20)[ (-1 —e—25 —27) (-1 —e— 256 — 27)
XIP(1+2) T (1 4+e4+21—24 —25 —26 — 27) [ (—e — 21 — 29+ 25 + 27)
xI'(14+e+z24)I(—e—21 — 23+ 26+ 27) (1 4+ 25 + 26 + 27) . (4.81)

Observe that, because of the presence of the factor I'(—2¢) in the denomina-
tor, we are forced to take some residue in order to arrive at a non-zero result
at € = 0, so that the integral is effectively sixfold.

Then our standard procedure of taking residues and shifting contours can
be applied, with the goal to obtain a sum of integrals where one may expand
integrands in Laurent series in €. The analysis of the integrand shows that the
following four gamma functions play a crucial role for the generation of poles
ine: I'(—e+ 223) and I'(—1 — & — 265 — #7). The first decomposition of the
integral (4.81) arises when one either takes a residue at the first pole of one
of these gamma functions or shifts the corresponding contour, i.e. changes
the nature of this pole. As a result (4.81) is decomposed as 2Tp001 + 270010 +
2To011 +T0101 +2T0110 + 270111 +T1010 +2T1011 + 71111 where the symmetry of
the integrand is taken into account. Here the value 1 of an index means that
a residue is taken and 0 means a shifting of a contour. The first two indices
correspond to the gamma functions I'(—e + z2) and I'(—1 — e — z5 — 2z7) and
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the second two indices to I'(—¢ + z3) and I'(—1 — € — zg — 27), respectively.
The term Tpopo is absent because it is zero at ¢ = 0 due to I'(—2¢) in the
denominator.

Each of these terms is further decomposed appropriately and, eventu-
ally, one is left with integrals where integrands can be expanded in €. These
resulting terms involve up to five integrations. Taking some of these integra-
tions with the help of the table of formulae presented in Appendix D, one
can reduce all the integrals to no more than twofold MB integrals of gamma
functions and their derivatives. In some of them, one more integration can
be performed also in terms of gamma functions. Then the last integration,
over z1, is performed by taking residues and summing up resulting series, in
terms of HPL. Keeping in mind the Regge limit, ¢/s — 0, let us, for defi-
niteness, decide to close the contour of the final integration, over z;, to the
right and obtain power series in ¢/s. The coefficients of these series are (up to
(—1)") linear combinations of 1/n5, Sy (n)/n®,...,S81(n)Ss(n)/n?, ..., where
Sk(n) = E;-l:lj_k, etc. (see Appendix C). Summing up these series with
the help of tabulated formulae of Appendix C gives results in terms of HPL
of the variable —t/s which can be continued analytically to any domain from
the region |t/s| < 1.

In the twofold MB integrals where one more integration (over a variable
different from z1) can hardly be performed in terms of gamma functions, one
performs it with z; in a vicinity of an integer point z; = n = 0,1,2,..., in
expansion in z = z; — n, with a sufficient accuracy. Then one obtains power
series where, in addition to nested sums with one index, various nested sums
(see Appendix C) appear. These series are also summed up in terms of HPL.

Eventually one arrives at the following result [189]:

(iﬂ_d/Qe—'YEE)S 6 ¢;(z, L)

0 co) —
TO) (s,t;¢) = — TR o (4.82)
§=0
where = —t/s, L = In(s/t), and
16 5 3
=g 05=—§L, C4=—§7T2, (4.83)
3
c3 = 3(H0,071(.’17) + LHO,l(CL’)) + §<L2 + 7T2>H1 (l‘)
11, 131
—— 7L — — 4.84
oL 1), (184)

ca =—3(17THo,0,0,1(x) + Hoo1,1(x) + Ho1,01(z) + H1,00,1(x))

3
— §(L2 + 7T2)H171(1‘)

- (223L2 + 8772) Hy i (z) — (‘;)L3 + 7L — 3((3)) Hy(z)

—L (37H07071(SC) + 3H0,171(£L') + 3H17071(l‘))
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4 1411
§§(3)L -t (4.85)

+ 1080

c1 =3 (81H070,07071(SC) + 41H070707171(SC) + 37H070,1’071(SC) + HO,O,l,l,l(‘T)

+33Ho,1,0,0,1(x) + Ho1,0,1,1(%) + Ho1,1,0,1(x) +29H1 0,0,0,1(2)
+H1,0,0,1,1(%) + Hi01,01(%) + Hi1,001(7) + L(177Ho0,0,1()
+85H0,0,1,1(x) + 73Ho,1,0,1(x) +3Ho 1,1,1(z) +61H10,0,1()
+3H1,0,1,1(2) +3H11,01(2))

119 139 47
+ <2L2 + 127r2) Hopo(x) + (2L2 + 207r2) Hoq1(2)

35
+ ( L? + 147r2> Hipa(z) + = (L? + %) Hi11(2)

2

N w

2
+ (;L3 + %WQL - 96((3)) Ho 1 (2)

n (3[,3 472 — 3g(3)) Hy(x)

9 25 13
+ <8L4 + ?T?LQ — 58C(3)L + 87T4) Hy(x)
503 ., T3, 301
AL = - 4.
a0 LB = 45<6), (4.86)

co = —(951Ho,0,0,0,0,1(x) + 819H0,0,0,0,1,1(x) + 699H,0,0,1,0,1 ()

+195H0,0,0,1,1,1 () + 547Ho,0,1,0,0,1(x) + 231Hp 0.1,0,1,1(x)

3Lyt

+159H0,0,1,1,0,1 l‘) +3Ho,0,1,11 1($ + 363H0,1,0,0,0,1<x)

sy ds sdadydy

777777777777777

)
) (
+123Ho 1,1,0,01(x) +3Ho,1,1,01,1(x) +3Ho,1,1,1,01(2)
) (
)

(
(
1,1,0,0,1(
+147H1 0,0,0,0,1(x) + 303H1,0,0,0,1,1(x) + 231H1,0,0,1,0,1(2)
+3H1,0,0,1,1,1 (%) + 159H1,0,1,0,0,1 (%) + 3H1,0,1,0,1,1()

)

sy ds

77777777777777

+3H1,1,01,01(2) +3H1,1,1,0,01(2))
—L (729H0,0,0,0,1 (%) + 537Ho,0,0,1,1 () + 445H0 01,01 ()
+133Hp0,1,1,1(x) +321Hp1,0,0,1(x) + 169H0 10,11 ()

sy ds

+97H0717170’1($) + 3H0’1,17171(£C) + 165H1,0,0,0,1($)
+205H1,070,171($) + 133H1,0,1,O,1(z) + 3H170 1,1 1(1:)

Lty

+61H171)0,071($) + 3H1,1,071,1(x) +3H11. 0,1(‘77))

sdydy

531 89 311 619
_ <L2 + 712> H0,07071(I) — < L2 + 7T2> HO,O,l,l(x)

2 4 2 12
247 307 71
- (2[/2 + 127‘('2) H071,071(l‘) — <2L2 + 32772) HO,I,I,I(-r)
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151 197 107
7L2 - 127r2) Hip0,1(x) — <2L2 + 507r2> Hio1,1(x)
5

317
L? + ﬁ7r2L - 4554(3)> Ho,o,1(2)

(2
47 179
— (2L + =220 — 120¢(3) | Ho 1.1 ()
2 12
35 35
_ <L3 + =52 — 156((3)) Hio,1(x)
2 12
3 .
— <2L‘3 + 2L 3((3)) Hya(x)
69 101 559
— (2L + =722 — 201¢(3)L + ——n* ) H,
(8 + 3 s C( ) + 90 ™ 0,1(37)
9 25 13 27 25
—(ZLA 4 2202 —58¢(3) L+ —nt | H (L5~
<8 tT CEL+gm ) Huale) = {5+ 5

183 131 37
—74(3)L2 EHL - Eﬁg(s) + 57§(5)> H,(z)
223 167 624607
+ (127T2<(3) + 149c(5)> L+ 7«3)2 - 5443207r6 . (4.87)

The above result was confirmed with the help of numerical integration in
the space of alpha parameters [37]. Another natural check of the result is its
agreement with the leading power Regge asymptotic behaviour [188] which
was evaluated by an independent method based on the strategy of expansion
by regions [28,186].

The procedure described above can be applied, in a similar way, to the
calculation of any massless planar on-shell triple box. At a first step, one can
to take care of the following four gamma functions in (4.80):

F(Qfalg764*22),11(27&23754*23),

F(Q—a,5g(10)—&‘—2’5—Z7),F(2—a589—8—z6—2’7).

This procedure gives a decomposition similar to 27001 + 270010 + - - .- Next
steps would be also generalizations of the corresponding steps in the evalua-
tion of (4.81).

The result presented above shows that analytical calculations of four-
point on-shell massless Feynman diagrams at the three-loop level are quite
possible so that one may think of evaluating three-loop virtual corrections to
various scattering processes. Let us now consider a more complicated four-
point three-loop diagram:
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Example 4.12. The massless on-shell tennis court® diagram of Fig. 4.12.

b1 p3

b2 P4

Fig. 4.12. Three-loop tennis court graph

To derive an appropriate MB representation we can proceed again quite
straightforwardly. Here we need an auxiliary MB representation for the dou-
ble box with two legs off shell applied to the double box subintegral in
Fig. 4.12 and inserted into the MB representation for the on-shell box. As a
result, an eightfold MB representation can be derived for the general diagram
W(s,t;a1,...,a11,€) of Fig. 4.12 with the eleventh index corresponding to
the numerator [(l; + l3)?]~®*, where [; 3 are the momenta flowing through
lines 1 and 3 in the same direction:

Wia,...,a11;8,t;¢€)
(md/z)?’ (—1)3(—s)8—a—3¢
Hj:2,4,5,6,7,8 F(CLj)F(4 — Q4567 — 28)t2

x(%lz)s/ﬂo dw Hdzj (i)wjf[f(zj)

—100

I'a—84+3s+w)['(8—a—3—w)
I'(ay — 22) (a3 — z3)(ag — z6)'(a10 — 24 — 27)
I'(as + 21+ 2z4) (a2 + 25 + 26) (2 — w + 25)
I'(4—a193 — 26+ 21+ 20+ 23) (8 —a — 4e — z5)
I'2—a4s7—e—21—23)(a10 —24+w — 24 — 25 — 27)
I'(a1234567,11 — 4+ 26 + 24 + 25 + 26 + 27)
xI'(2—asgr —e— 21— 20 — 24) [ (aas67 — 2+ e+ 21 + 20+ 25 + 24)
XI'(2—ass —e+ 21+ 23 — 25) [ (ag — 2+ w — 25 — 25)
xI'(2—a1p—e+214+ 20— 25 —26 — 27) (a7 + 21 + 22 + 23)
xI'(a123 —24+€—21 — 20 — 23+ 25 + 26 + 27)L (257 — 21)
xI'(4—agg10—€—w+ 24+ 25 + 26 + 27) . (4.88)

X

X

SWell, this is only one half of the court for singles.
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Let us stress again that one can check such a cumbersome representation
in an easy way by considering two partial cases: when one contracts hori-
zontal lines, i.e. in the limit a4, as, a4,a6,ag — 0, or vertical lines, i.e. at
as, as, a7, ag,a19 — 0. In both cases, one obtains recursively one-loop inte-
grals which can be evaluated in terms of gamma functions for general . On
the other hand, taking such limits reduces to calculating residues in some
integration variables.

Feynman integrals corresponding to Fig. 4.12 and many others will be
indeed necessary to perform three-loop calculations of various scattering
processes. It has turned out that one needed to calculate triple boxes right
now in order to check the cross order factorization relations” in N = 4 su-
persymmetric Yang-Mills theory conjectured in [5].

As was emphasized in [5], one needed, in addition to the result (4.87) for
the ladder triple box considered above, just one more triple box [32], namely,
W(s,t;1,...,1,—1,¢). For this integral, one obtains [31], from (4.88),

()
Wi(s,t;1,...,1,—1,¢) = _F(—Qs)(— )iT3eg2

+ioco “+ico t w
o / / dwdzlndz] —zj) (8) (14 3¢+ w)

N(=3z—w)I'1+2z1+2+ 23)F(—1 —e—z1—2z3) (14 21 + 24)
I'(1—29)0(1 — 23)I"(1 — 26) (1 — 26 + 21 + 22 + 23)
I'-1—e—21—20—24)'(2+c+ 21+ 20+ 23+ 24)
F( 1—de—25) (1 — 24— 27) (24 2+ 24 + 25 + 26 + 27)
xI'(—e+z1+23—25) ' (2—wH+ z5)['(—1+w— 25 — 26)
XI(zs+ 27 —20) T’ (14 25 + 26) (=1 4+ w — 24 — 25 — 27)
xI(—e4+21+20—25 —26 — 27) (1 —e —w+ 24 + 25 + 26 + 27)
xI(14+e—21—20— 23+ 25+ 26+ 27) . (4.89)

There is again the factor I'(—2¢) in the denominator, so that the integral is
effectively sevenfold.

The evaluation of this integral in expansion in & was performed in [31].
The corresponding result has the same structure as (4.87). Here are its highest
poles, up to 1/&3,

(i7rd/26_”“‘3‘5)3 O ¢
. — 2: J
W(S,t, 1’...’1’ _1,6) —_— _W 57 I} (4.90)
i=0

"The N = 4 theory has attracted considerable interest because of its remarkably
simple structure and central role in the AdS/CFT correspondence. Very recent
results on checking the iteration structure in this theory with the help of Mellin—
Barnes representations have been obtained in [57].
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where
16 13 19, 1,
66—9,65— 6111m7 cy = 127r +21n:r
S . . 7.3 5. 9
c3 = §[L13 (—x) —Inz Liy (—x)]—i—ﬁln x—zln zln(l+ z)
157 5 241
—I—Wﬂ'Q Inx — 171'2 In(1+2z) — KC(?)) (4.91)
with ¢ = t/s.

4.7 More Loops

One can proceed in the same style even in higher loops. Let us illustrate this
point by considering

Example 4.13. The four-loop ladder massless on-shell diagram shown in
Fig. 4.13.

We start with the derivation of an appropriate MB representation for
general powers of the propagators. As before we use this general strategy
because it provides a lot of checks and gives the possibility to obtain MB
representations for various diagrams which result from the given diagram
when contracting some lines.

As in the previous example, we need an auxiliary MB representation for
the double box with two legs off shell but in a different situation (two left legs
rather than two upper legs off shell). It can easily be derived by the technique
described and takes the form

(i’ﬂ'd/2)2 (_1)(1
§=2,4,5,6,7 I'(a;)I'(4 — asser — 2¢)(—s)* 42

L A Al (=) (=ph)* (=pB)*
* (i) / 1] 7=) | =5
b

Ks(s,t;aq,...,a8,6) =
I1

—ioco —ioco
I'agser +6— 2+ 21+ 22 + 2z3) (a5 + z1) (a7 + 21 + 22 + 23)
I'(4 — 2 — aa3s + 21 + 22 + 23) (a1 — 22) (a3 — 23)I"(ag — 21)

b1 D3

3 4 8 11
D2 P4

Fig. 4.13. Four-loop ladder diagram
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xI'(a1938 +€—2—21 — 29 — 23+ 24 + 25 + 26) [ (as + 24 + 25 + 26)
XF(2—€—0,457—2’1 —Zg)F(Q—E—(L567—Z1 —ZQ)F(GS—21+Z4)
xI'(2 —&—ajog + 21+ 22 — 24 — 25)
XI'(2—¢— agsg + 21+ 23 — 24 — 26) - (4.92)
Then, similarly to the derivation of the multiple MB representation for
the triple box when we inserted the MB representation of the box with two
legs off shell into the MB representation of the on-shell double box, let us now

insert (4.92) instead. We come to the following tenfold MB representation of
the four-loop ladder diagram:

(iﬂd/2)2 (_1)(1(_8)8—(1—45
Hj=2,5,7,9,11,12,13 I'(a;)I'(4 = ag,11,12,13 — 2¢)

X(%ll)w/_j::o/ﬁoo jll:()[ldzj <E>Z7 I 1=

Tiee J=2,3,5,6,7,8,9

Q(S7t;a’17"'7a/13a5) =

I'(a12 + z1) L (ag + z7) (27 — z10) (210 — 24) I (24 — 21)
I'(a10 — 22) (as — 23)(ag — 25)(as — 26)I"(a1 — 28) (a3 — z9)
I'(2—ec—ag1112— 21 —23)'(2— ¢ —ag1213 — 21 — 22)
I'4—2e—asg10+ 21+ 20+ 23)[ (4 — 2 —aqg7+ 24 + 25 + 26)
o I'(ag 4+ 21 + 22 + 23) [ (a9,11,1213 + € — 2+ 21 + 22 + 23)
F(4 —2e—a123+ 28+ 29+ Z10)

X

xI'2—e—asq0+2s1+22—2za—25)[(2—e—ass+ 21+ 23— 24 — 26)
xI(as + 24+ 25 + 26)(as 810 +€ — 2 — 21 — 20 — 23 + 24 + 25 + 26)
xI(2—e—asr+2a+25 —28—210)[(2— € —a12+ 28+ 210 — 27)
XI['(2—€—agr+ 24+ 26 — 29 — 210) (2 — € — ag,3 + 29 + 210 — 27)
xI'(a123+€—2— 28 — 29 — 210 + 27) (a7 + 2z + 29 + 210)
xI(asg7+e—2— 24— 25 — 26 + 28 + 29 + 210) , (4.93)

where we separate indices in ag 11,12,13 = a9 + a11 +a12 +a13 etc. by commas
because they are now two-digit.

One can check this monster representation as before, using partial cases:
when we put the indices as, as, a7, ag, a1 to zero we reproduce a known
analytical result for the product of four one-loop propagator diagrams with
the indices (a1, as3), (a4, aq), (as, a19) and (a11, a1z). When we put the indices
a1, as, a4, Gg, as, 410, 411, a13 to zero we reproduce a known analytical result
for the four-loop water melon diagram with the indices as, as, a7, ag, a12 and
the external momentum square t.

Representation (4.93) contains a lot of information. Let us use it in or-
der to calculate the ‘N in O’ diagram® shown in Fig. 4.14 exactly in four

8This diagram was a challenge in the eighties in renormalization group calcula-
tions. In the first result on the five-loop S-function in the ¢* theory [61] (see [132]
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Fig. 4.14. The ‘N in O’ diagram

dimensions, i.e. at ¢ = 0. This is nothing but
N(qZ) = Q(S7t; 17 O? 1) 17 1707 17 0? 17 17 1707 170)

which is, of course, independent of ¢+ and proportional to 1/¢%. The limit
as, a1o — 0 is achieved as described above, due to four residues with respect
to some of the integration variables. Then one can simply set ag = ag = 0
and obtain

N(¢?) = (ir?)" = (4.94)

with the constant C' given by a finite fivefold MB integral. Three of these five
integrations can be performed explicitly with the help of tabulated formulae
of Appendix D, and one can obtain the following twofold MB integral:

1 +ico  p4ico dzd
C= W/ / L2 (21 4 20) T (1 — 21 — 22) T(22) D (—2)

Cico Joioe 22172
XI'(1 = 21)I"(21) [21(9(1 — 21) +¢(21) = P(1 — 21 — 22) — Y(21 + 22))
—29(Y(1 — 21 — 22) — P(—22) — P(22) + (21 + 22))]
X [1/)(21)2 = 29(21)(1 — 21 — 22) + 29(1 — 21 — 22)¢(21 + 22)
—(21 4+ 22)® =Y/ (21) + ¢/ (21 + 22)] ) (4.95)

where the poles at z; = 0 and 2z, = 0 are considered left so that one can
choose 0 < Rez1,Rezs < 1 with Rez; + Rezs < 1 for the integration contour.
One can check numerically, with a high accuracy, that the known result which
will be presented shortly is successfully reproduced.

The twofold MB integral (4.95) can be converted into a sum of two twofold
series of expressions consisting of nested sums (see Appendix C). The first
of them is obtained by taking residues at the points zo = 1,2,... and then
at z; = 1,2,.... The second of them is obtained by taking residues at the
points zo0 = 1 — 21 4+ ng with no = 1,2,... and then at z; = 1,2,.... Then
one can perform one of the summations using the package SUMMER [215] (see
also [153]) and arrive at the following onefold series:

for a corrected later version) the contribution of this diagram was treated numeri-
cally. The analytical value of this diagram was predicted and later proven in [131]
using a technique based on functional equations — see more details in Appendix F.
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5

cziz%, (4.96)

n=1j=1

where
cs.n = 5126 — 657 — 2785 , (4.97)
Can = 57281 /2 + 357 — 18515 + 125155 — 653 + 12¢(3) , (4.98)
can =m")5 —4n?S7 /3 — S}/2 — 285112 + 2051515 — 10S)3

—197%85 /6 — S285 4 3752 /2 + 45185 4+ 1184 + 651((3) , (4.99)
con =118 /10 + 7253 /6 — 251112 — 185113 — 1772S12/6 + 1651 513
411814 + 4728155 /3 — 25355 /3 4 651252 — 5157 — 13512
+19S93 — 7%S53/3 — 55753 + 259953/3 — 65154 — 4S5 — 212¢(3)/3
—357¢(3) — S2¢(3) + 14¢(5) , (4.100)
c1n = 617%/2520 — 1651113 + 72 S112/3 + 451 S113 + 145114 — 357,
+10S193 — 372515 — 551514 + 8515 + 37192/20 — 7°57 92 /6
+6811252 — S15128 + 1051355 — 57252 /6 + 5252 + 555 /3 — 852112
+51S212 — 351523 + 18554 + 10725, S3/3 + 25355 /3 — 451553
—7815253 + 1083 /3 — 728, /6 — 35S, — 3159554 — 95155 — 8055/3
—4812¢(3) 4+ 45152¢(3) + 14S53¢(3) — 9¢(3)? , (4.101)

and we omit the argument n— 1 in all the nested sums involved, i.e. S stands
for Si(n —1) etc.

Summation of the terms with 1/n%,...,1/n? can be performed with the
help of formulae (C.51)—(C.82) implemented in SUMMER [215]. The terms with
1/n are also successfully summed up by SUMMER, and we arrive at the well-
known result [131]:

1
2

4 441
N(¢*) = . —

(ir?) 2 (7). (4.102)

I cannot say that the derivation of this result outlined above is simpler
than that of [131]. Let me, however, stress that the present derivation involves
a lot of steps that are performed automatically, and a lot of other similar
results (e.g. for diagrams which can be obtained from the four-loop ladder
diagram by shrinking other lines to points) can be obtained quite similarly.

4.8 MB Representation versus Expansion by Regions

To expand a given Feynman integral in some limit, where certain masses
and/or kinematical invariants are large with respect to the rest of these para-
meters, one can successfully apply expansion by regions [28,192], as explained
in the book [186] in detail. An alternative technique for solving the problem
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of asymptotic expansion is provided by multiple MB representations. Let us
see how it works using some of our previous examples.

For Example 4.1, we have derived the MB representation (4.3). Let us use
it to expand such Feynman integrals in the two different limits, m?/q? — 0
and ¢%/m? — 0. Consider, for example, Fj1(2,1,4) represented by (4.4).

This is an integral over the variable z, with the ratio m?/q? present in
the form (m?/q¢?)?. The initial integration contour is at —1 < Rez < 0. Let
us observe that if we follow the procedure used to evaluate this integral,
i.e. close the integration contour to the right and pick up (minus) residues at
z=0,1,2,...,n,... we shall obtain terms of the asymptotic expansion in the
limit m? /¢ — 0. Indeed, one can prove that the remainder of this expansion
determined by picking up the (n + 1)-st residue is of order (m?)"*1. Thus we
obtain

-2 2 2 4
im — m m
Fia(2,154) = = {1 a } (4.103)
q
If we are interested in the opposite limit, ¢?/m? — 0, the natural idea is
to close the integration contour to the left and take residues at the points

z=—1,—2,... to obtain

52

ir 2 2\2
Fia(2 14) = = {1+2me+ (?)qn34 +} . (4.104)

Consider now Example 4.3, where IR and collinear divergences are present.
We can use MB representation (4.11) for expanding Feynman integrals with
various indices in the two different limits, t/s — 0 and s/t — 0. There is
again the typical dependence of the ratio of ¢ and s on z of the form (¢/s)*.
The procedure of using (4.11) to obtain an asymptotic expansion in the limit
t/s — 0 is standard: to shift the integration contour to the right. For the
integral with given indices a;, the points where it is necessary to take (mi-
nus) residues are given by the right poles of the gamma functions, in our
terminology: at 2 =0,1,2,... and at z = 2 — max{aj,a3} —as —as —e+n
with n = 0,1,2,.... For example, for F(s,t;d) = Fy3(s,t;1,1,1,1,d) repre-
sented by (4.12), these are the two series of residues at z = 0,1,2,... and
z=—1—¢e,—¢&,1—¢,... which reproduce the hard and collinear contributions,
respectively, to the asymptotic expansion within expansion by regions — see
Chap. 8 of [186]. We obtain

iﬂ.d/Z _A\2
Flstia) = g { N 4200 - (14 9) 4
()l (1 —¢)?

t
BT e {lns +2¢(1—¢) —(e) — 1+7E]

s
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+F(ez— 1)F(28—3 g (=) [lnz F (2 — ) — (e — 1) — g +E
PRACES (5)1;)(;2 — E)Qt} N (4.105)

To obtain the asymptotic expansion in the opposite limit, s/t — 0, one
shifts the integration contour to the left and takes residues at the left poles
at z = 2 — min{as,a4} —mand at 2z =2 —a—¢ —n withn =0,1,2,....
For F(s,t;d), these are the two series of residues at z = —1,—2,... and
z=-2—-—¢,-3—¢,—4 —¢,.... One can check that the resulting expansion
is nothing but (4.105) with the interchange s — ¢, — s — this should be the
case because of the symmetry of the initial integral.

In these two examples, terms of asymptotic expansions were obtained as
residues in onefold MB integrals. As a non-trivial example with a multiple MB
integration let us turn again to Example 4.8 of massless on-shell double boxes.
Let us evaluate the leading asymptotic behaviour of the K (s,t;1,...,1,0,¢)
in the Regge limit, t/s — 0, using representation (4.48).

The starting point of the evaluation of this quantity in expansion in £ was
the analysis of gluing of right and left poles which showed the way how the
poles in € are generated. Now, our starting point is to look at the integration
over the variable z; which enters as the power of the ratio ¢/s and try to
understand what right poles with respect to z; are. One source of such poles
is obvious: this is I'(—z1) corresponding to the hard part within expansion
by regions — see Chap. 8 of [186]. This part, however, starts only with order
(t/s)? which is subleading, as we will see shortly. Other sources are not visible
at once, similarly to the poles in €. However, the experience obtained in our
previous examples when analysing the singular behaviour in € shows how
the poles in z; appear after integrating over zo,z3 and z4. Let us use the
rule formulated in Sect. 4.2 and systematically applied in our examples and
analyse the integrand of (4.48) from the point of view of generating right
poles in z;. Apart from I'(—z1), there are only two gamma functions that
can generate a singularity of the type I'(... — 2z1):

I'-1—e—2—2) and I['(—1—€e—2 —23).

Indeed, the singularity of the type I'(—1 — & — z1) is generated, due to the
integration over zs, because of the presence of I'(—¢ + 22), and, due to the
integration over z3, because of the presence of I'(—e+z3). Thus, to reveal this
singularity, we can take a residue at the first pole of I'(—e+z2) or I'(—e+z23).

Therefore, we start with the same decomposition F' = Fy1+Fo+Fo1+Foo
as in Sect. 4.4. Now, in F1; represented by (4.49) and in Fj; represented by
(4.50), the function I'(—1—2e—z;) is already explicitly present. The term Fy
does not contribute now because it cannot generate the leading asymptotic
behaviour in the given limit.

To evaluate the leading asymptotics, let us, first, consider Fi; and take
(minus) residue at z; = —1 — 2¢ to obtain
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S o A T(Tt e+ a)(—4e — )

XTI (e 4 24)°T(24) [278 + Inx 4+ (—2¢) — (1 + 2¢) — h(—4e — 24)
+0(—2e —z4) + (1 —e — z4) + P(24)] - (4.106)

I'(l+2¢) 1 /+i°° (1 —e—24)(—2e — 24)?

Observe that this quantity is nothing but the contribution Fj1; that we have
met in Sect. 4.4. It was evaluated in expansion in € by taking residues at
z4 = 0 and z4 = ¢ and shifting the integration contour over z4.

Starting from Fp; and taking (minus) residue at z; = —1 — 2¢ we obtain
F(l 4 26) 1 +ioco +ioco .
for = _xl+25(27ri)2/ioo i dzodza I (—€ + 22)I (€ — 22)

" I'(e+4 z4) (=26 — 24) (1 — € — z4)
I'(—4e — 2z4)
o I'(zo+ za) [ (—e+ 20+ 24) [ (—€ — 22 — 24)
I(1+ 22+ 24) '

(4.107)

where the asterisk denotes, as in Appendix D, the opposite nature of the first
pole of I'(—e + z2). Now we observe that this is nothing but the contribution
Fo11 of Sect. 4.4, where it was explained how it can be evaluated in expansion
in e. Summing up results for F}1; and Fyp1 we reproduce the leading part of
(4.54), e.g. the terms of order 1/t modulo logarithms.

So, we see that the evaluation of the leading asymptotic behaviour in
the Regge limit, using MB representation, is a (simple) part of the global
evaluation. Observe that the evaluation of the triple box in Example 4.11
is also organized in such a way that the leading Regge asymptotics can be
extracted from this evaluation. On the other hand, it was also evaluated using
expansion by regions [188].

It is not clear in advance which way is simpler: expanding by MB rep-
resentation, or, by regions. My experience tells me that, usually, expanding
by regions is certainly preferable, but sometimes, it looks more convenient
to derive an appropriate MB representation and proceed as described in this
section. But I can imagine that, sometimes, this is just a matter of taste. In
complicated situations, the two strategies can successfully be combined. In
particular, extracting the leading asymptotic behaviour from a general MB
representation can show what kind of contributions one gets and will help
detecting all regions which contribute. For example, the calculation [31] of
the tennis court diagram of Fig. 4.12 provided a hint for finding a non-trivial
contribution within expansion by regions which was, in turn, used to check
the result. See also a recent paper [126], where both strategies to expand
Feynman integrals in the Sudakov limit were combined.

The asymptotic behaviour in various limits was evaluated with the help
of MB representation in many papers — see, e.g., [112] and a very recent
paper [71]. Recently, it was also suggested [95] to apply MB representation
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to expand Feynman integrals in various limits using the so-called converse
mapping theorem . It turns out, however, that all the examples the authors
present in this paper are trivial from the point of view of the introduction
of MB integrations (the formula (4.2) is used in all the cases) so that the
corresponding expansions can be obtained straightforwardly by the technique
described in this chapter. It is hardly believable that the method of [95] can
be applied in non-trivial situations :-(

4.9 Conclusion

Mellin integrals were used for the evaluation of Feynman integrals in various
ways. For example, in [210], the first analytical result for the massless double
box of Fig. 4.7 was obtained in the case where all the external legs are off-
shell so that this is a function depending on many variables, s,t and p? for
i = 1,2,3,4. Nevertheless it was possible to evaluate the double box for
all powers of the propagators equal to one exactly in four dimensions. The
following nice mathematical result was obtained®:

i7r2)2

.z, Cipi, paps, st) , (4.108)

F4‘7(S7 t7p%7p%7pg7p421> =
where

Cl1, 22, 23) = ~ (6[Lia(—pz) + Lia(—py)

A
Yir. . 1.9y . .
+31n - [Liz(—px) — Lis(—py)] + 3 In . [Lia(—px) + Lia(—py)]

1.5 9 w2 2 L,y Tt
+4ln (pz) In*(py) + 5 In(pz) In(py) + 13 In - + w0 ) (4.109)
A= MNz,y) =1 —z—y)? —4ay, (4.110)

2

p=p(x,y) = (4.111)

L—z—y+Az,y)’

and ¢ = x1 /23, y = x2/23.

Moreover, a similar analytical result was obtained [211] also for a general
off-shell h-loop ladder planar diagram, in particular, for the off-shell triple
box.1? In [212], an off-shell result for the non-planar two-loop three-point
diagram was also obtained using the MB representation. Other examples of

9In fact, due to conformal invariance, this is a function of three variables at
d = 4. This can be seen explicitly in this result.

10WWell, one can hardly expect that explicit analytical results can be obtained for
other (even double-box) Feynman integrals of this purely off-shell class, in particu-
lar, with a double power of some propagator, with some irreducible numerator, or
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results obtained by this technique are analytical expressions for n-point one-
loop massive Feynman integrals for general d [74].

Let me summarize the basic features that distinguish the technique of
MB representation presented in this chapter and oriented at the evaluation
in e-expansion from other approaches based on Mellin integrals.

— An appropriate multiple MB representation for a given class of integrals is
derived for general powers of the propagators and irreducible numerators.
In order to achieve the minimal number of MB integrations it is recom-
mended to derive an MB representation for a sub-loop integral, insert it
in the given integral over the loop momenta, etc.

— There is always the possibility to check multiple MB representations,
which are sometimes rather cumbersome, by using simple partial cases.

— Multiple MB integrals are very flexible for the resolution of the singular-
ities in €. This procedure reduces to shifting contours, in an appropriate
way, and taking corresponding residues.

— After the resolution of the singularities in £, at least some of the integra-
tions can be performed explicitly by tabulated formulae of Appendix D,
with results in terms of gamma and psi functions.

—  One can usually have an easy numerical control on finite (in £) MB in-
tegrals: in simple situations, when one uses MATHEMATICA, it is enough to
integrate from —bi to 451 along the imaginary axis to have a very good
accuracy. In complicated situations, with multiple finite MB integrals,
much more professional way is turn to a compact integration domain, by
Imz =In[y/(1 —y)], as it was done in [6,68].

—  When the integration in multiple MB integrals is hardly performed explic-
itly, one can convert them into multiple series and apply such packages
as SUMMER [215] and XSummer [153] for summation.

— Onefold MB integrals can be summed up by closing the integration con-
tour and summing up corresponding residues. Here one can apply sum-
mation formulae of Appendix C and/or SUMMER and XSummer.

— All the manipulations with MB integrals can be done on a computer. (For
example, I use MATHEMATICA for this.)

The technique of multiple MB representations is not always optimal. This
holds at least for non-planar double boxes with one leg off-shell. Although
first analytical results were obtained with its help [184, 185] the adequate
technique here turned out to be the method of differential equations which
will be studied in Chap. 7. On the other hand, massive on-shell double box

where one of the lines other than rungs is contracted to a point. The possibility to
obtain such a nice mathematical result for such a complicated object depending on
so many variables in the case of all indices equal to one was later understood by
making an interesting mathematical link with some problem of conformal quantum
mechanics — see [125].
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diagrams considered in this chapter provide an example of a situation where
an optimal way is to combine these two methods.

After the two strategies to resolve singularities of Feynman integrals in
were formulated it became clear that at least Strategy B could be formulated
algorithmically and implemented on a computer. Indeed, two algorithmic for-
mulations have appeared recently [6,68], and the algorithm of [68] has been
already implemented in Mathematica. So, now one can use it at the second
step of the method of this chapter and obtain, as an output, a sum of MB
integrals expanded up to a desired order in £. One can check this using any
example of this chapter. Moreover, the application of the Barnes lemmas is
also implemented within this algorithm. In addition, the possibility of nu-
merical integration is also implemented there. For example, for the tennis
court integral discussed above this numerical integration provides excellent
agreement!! with the analytic result of [31]. Numerous examples have shown
that the numerical integration implemented in the code of [68] provides rea-
sonable precision in Euclidean domains of kinematic variables. However, in
typically physical Minkowskian regions, there are problems with stability of
numerical integration — see [68].

Let me illustrate the power of the Czakon’s algorithm [68] combined with
the general strategy described in this chapter, using the example of the off-
shell planar double box diagram discussed in the beginning of this section.
Although the given integral is finite at d = 4, let us first consider it within
dimensional regularization. Derive an MB representation for general powers
of the propagators straightforwardly generalizing derivations of this chapter.
One obtains a tenfold MB representation after that. It can be checked as
described above. (See, e.g., ‘horizontal’ and ‘vertical’ checks for the tennis
court in Sect. 4.6.) Set all the indices to one. Formally, we obtain an expression
which is zero at € = 0 because of I'(—2¢) in the denominator. We anticipate,
however, that there should be gluing of poles of different nature which leads
to a non-zero result. So, a resolution of singularities in ¢ is needed. Apply
the Czakon’s code to perform this job. In the limit ¢ — 0, we obtain, after
a couple of seconds, just one fourfold MB integral. Using simple changes of
variables, it is easy to see that we have obtained quite straightforwardly just
the fourfold MB integral given by the formula (24) of [210] which arises in
the middle of the calculation of [210].

I believe that the Strategy A can be also automated. Alternatively, the two
strategies can be combined in order to achieve an optimization of calculations.
Anyway, it is clear that at least the code of [68] can be generalized in various
ways: more corollaries of the Barnes lemmas can be included, summation
of series, probably, with an interface with SUMMER can be installed, various

YT such algorithm existed in 2005, the authors of [31] would be satisfied by
this powerful check and would not calculate asymptotic behavior when s/t — 0 by
expansion by regions [28] :-)
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additional tricks, for example, used in the evaluation of triple boxes, can be
implemented.

To summarize, the method of MB representation is a powerful method
which has good chances to be developed and optimized further. It can even
happen that it will provide the first possibility to calculate any individual
Feynman integral, at the high level of complexity of modern calculations,
with a reasonable precision. This will be a very important option in situations
where the reduction to master integrals (see the next chapter) turns out to
be too complicated.

Problems

4.1. Evaluate

d?k
F(s,t;d :/ , 4.112
( ) (k2)2(k + p1)2(k + p1 + p2)?(k — p3)? ( )
at pz2 = 07 1= 1727374 and P4 = —p1 —Pp2 —PpP3 up to 51.
4.2. Derive an MB representation for
d?k d9
F()\,...
(A, A // —2v-k)M (—2v-1)*2
ddr
4.113
x / 7 TS G e - (1Y)
Evaluate F(2,2,1,2,2) up to e'.
4.3. Derive a onefold MB representation for
d?
F(A, X)) = 4.114
( 1, 2) /(—k‘2 +m2)>‘1[—(q—k‘)2—|—m2]>‘2 ( )
Evaluate F(1,1) in a Laurent expansion in ¢ up to V.
4.4. Derive a onefold MB representation for
d?k a4l ddr
FAisos X // B 2\ 2 2)\ 2 2)\
=20 - )M (=r2) 2 (=k2 4+ m?2) s (=12 + m?2)M
1
(4.115)

“ )2 (4 )+ m

4.5. Derive an MB representation for

d?kd4l
F(Aq,. .., 07 // —k2) ,\1 l2 ,\2[ (k — )]As[f(lfq)z]m

=D (—o ke (—u - D

(4.116)

where v - ¢ = 0.
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4.6. Evaluate K(1,...,1,—1) where K is given by (4.44) in a Laurent ex-
pansion in € up to &Y.

4.7. Evaluate the massless on-shell non-planar double box diagram shown in
Fig. 4.15 with all the indices equal to one in a Laurent expansion in € up to
the finite part.

Fig. 4.15. Non-planar double box



5 IBP and Reduction to Master Integrals

The next method in our list is based on integration by parts! (IBP) [66]
within dimensional regularization, i.e. property (2.39). The idea is to write
down various equations (2.39) for integrals of derivatives with respect to loop
momenta and use this set of relations between Feynman integrals in order to
solve the reduction problem, i.e. to find out how a general Feynman integral
of the given class can be expressed linearly in terms of some master integrals.
In contrast to the evaluation of the master integrals, which is performed,
at a sufficiently high level of complexity, in a Laurent expansion in ¢, the
reduction problem is usually? solved at general d, and the expansion in e
does not provide simplifications here.

The reduction can be stopped whenever one arrives at sufficiently simple
integrals. On the other hand, one could try to solve the reduction problem
in the ultimate mathematical sense, i.e. to reduce a given integral to true
irreducible integrals which cannot be reduced further.

To illustrate the procedure of solving IBP relations we shall begin in
Sect. 5.1 with very simple one-loop examples. Usually, we shall indeed stop
the reduction if we obtain integrals that can be expressed in terms of gamma
functions for general values of the parameter of dimensional regularization,
d. In Sect. 5.2, we shall proceed in two loops. We shall also study some
general tricks within the method of IBP such as the triangle rule and shifting
dimension. One of the two-loop examples, the reduction of massless on-shell
double boxes, will be considered separately in Sect. 5.3. We shall conclude in
Sect. 5.4 with brief bibliographic remarks and a description of attempts of
making systematic the procedure of solving IBP recurrence relations.

'For one loop, IBP was used in [123]. The crucial step — an appropriate modi-
fication of the integrand before differentiation, with an application at the two-loop
level (to massless propagator diagrams) — was taken in [66] and, in a coordinate-
space approach, in [213]. The case of three-loop massless propagators was treated
in [66].

2At the modern high level of complexity of calculations, an expansion in & can
be also desirable here. Then it happens natural to turn to a set of master integrals
whose coefficient functions are not singular at € = 0 — see a discussion of this idea
in [60].
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5.1 One-Loop Examples

The first example is very simple:

Example 5.1. One-loop vacuum massive Feynman integrals

d
F.1(a) =/ﬁ . (5.1)

In this chapter, we are concentrating on the dependence of Feynman inte-
grals on the powers of the propagators so that we will usually omit dependence
on dimension, masses and external momenta. Let us forget that we know the
explicit result (A.1) and try to exploit information following from IBP. Let
us use the IBP identity

/ddk— ke m2) =0, (5.2)

with (0/(0k))-k = (0/(0k,,))k,. To write down resulting quantities in terms
of integrals (5.1) we just replace k2 by (k% — m?) + m?. We obtain

(d—2a)F(a) — 2am*F(a+1)=0. (5.3)
This gives the following recurrence relation:

d—2a+2

Fla) = 50 —hme

Fla—1). (5.4)

We see that any Feynman integral with integer @ > 1 can be expressed
recursively in terms of one integral F'(1) = I; which we therefore consider as
a master integral. (Observe that all the integrals with non-positive integer
indices are zero since they are massless tadpoles.) This can be done explicitly

here:
(-1)*(1-d/2), 4
(a—1)I(m2)e-1 17

where (z), is the Pochhammer symbol and the only master integral is

F(a) =

(5.5)

I = —in?20(1 — d/2)(m?)¥2~1 (5.6)
As in Chap. 3 let us consider

Example 5.2. Massless one-loop propagator Feynman integrals

d?
Fss(a1,az) = / ERCEIEE (5.7)
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(As we have agreed, the dependence on ¢ and d is omitted.) For integer
powers of the propagators, these integrals are zero whenever one of the indices
is non-positive. Let us forget the explicit result (3.6) and try to apply the

IBP identity
9 1
d%— -k =0. 5.8
| 3 G (58)

We recognize different terms resulting from the differentiation as integrals
(5.7) and obtain the following relation

d—2a; —ay —a2T (17 —¢?) =0 (5.9)

which is understood as applied to the general integral F'(a, as) with the stan-
dard notation for increasing and lowering operators, e.g. 2717 F(ay,a3) =
F(a; — 1,a2 +1). We rewrite it as

a2¢*2" = as172% + 241 +ay — d (5.10)

and obtain the possibility to reduce the sum of the indices a1 + as. Explicitly,
applying (5.10) to the general integral and shifting the index ag, we have

1
(a2 — 1)g?
—(a2 = 1)F(a1 — 1,a2)] , (5.11)

F(CLl,CLg) = — [(d72a17a2+1)F(CL1,CL271)

Indeed, a1 + a2 on the right-hand side is less by one than on the left-hand
side. This relation can be applied, however, only when ay > 1. Suppose now
that az = 1. Then we use the symmetry property F(aj,a2) = F(az2,a1) and
apply (5.11) interchanging a; and as and setting as = 1:
d— ayp — 1
F(ay,1) = (a1 F(ay —1,1) . (5.12)

This relation enables us to reduce the index a; to one and we see that the
two relations (5.11) and (5.12) provide the possibility to express any integral
of the given family in terms of the only master integral Iy = F(1,1) given by
(3.8), i.e. F(a1,a2) = c(a1,az2)l1, and the corresponding coefficient function
c(a1,az) is constructed as a rational function of d.

Let us now complete the analysis for the example considered in the intro-
duction, i.e. once again consider our favourite example:

Example 5.3. One-loop propagator Feynman integrals (1.2) corresponding
to Fig. 1.1.

We stopped in Chap. 1 at the point where we were able to express any
integral (1.2) in terms of the master integral I; = F(1,1) and integrals with
as < 0 which can be evaluated for general d in terms of gamma functions by
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means of (A.3). So, for any given indices a1, as, we obtain, as a result of the
reduction,

F(ar,a2) = c1(ar,a) i+ Y c(in,i2)F (i, i) , (5.13)

i1>0,i2<0

where the sum is finite and ¢/(iy,i2) are rational functions of ¢?,m? and d.
Let us now try to understand what the true master integrals are. We want
to have really irreducible integrals, i.e. that cannot be expressed linearly in
terms of other integrals.

Suppose that as < 0, Then we can apply (1.11) to reduce a; to one. In
the case a; = 1, we use relation (1.11) multiplied by 27 to express the term
2m%a;1%27 in (1.13). Thus, we obtain the following relation

(d—ay —1)27 = (¢ — m?)?ax2™ + (¢* + m?)(d — 2az — 1) (5.14)

that can be used to increase the index as to zero or one starting from nega-
tive values. We come to the conclusion that there are two irreducible integrals
I, = F(1,1) given by (1.7) and I, = F(1,0) which equals the right-hand side
of (5.6), and any integral from our family can be expressed linearly in terms
of them. This reduction procedure to I; and Is can easily be implemented
on a computer. Observe that the integrals I; and Is cannot be linearly ex-
pressed through each other, with a coefficient which is a rational function of
d, because, at general d, I; is a non-trivial function of ¢ and m? while I, is
independent of ¢2. Explicitly, instead of relation (5.13), we now have

F(al,ag) = cl(al, ag)Il + 02(a1,a2)12 . (515)

Let us now come back to the point where our reduction was incomplete,
in the mathematical sense, and we had (5.13). Suppose that we made the
observation that all the integrals with nonpositive as are proportional to
F(1,0) with coefficients that are rational functions of d. Then we can write
down equation (5.15) immediately and say that the coefficient function at Iy
is obtained as

> i, in)Fin i) (5.16)

i1>0,i2<0

02(111,112) = F(l,O)

where the integrals on the right-hand side are evaluated by (A.3). This ra-
tio can be simplified using well-known properties of gamma functions. If we
proceed with Mathematica we can try to apply the command FullSimplify
at least for smaller values of the indices. Alternatively, one can recursively
apply identities for gamma functions of the form I'(a + re) reducing them to
I'(1+4 re). So, it looks like we can have the desired reduction (5.15) without
the second part of the described procedure. Let us however stress that this
result would obtained with the help of analytical information on the inte-
grals involved, while the second part of the reduction was done using only
algebraical IBP equations, without such additional analytical information.
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This was the last example in this chapter, where we solve the reduction
problem in the maximal way, i.e. in the sense of reduction to irreducible
integrals. In the rest of the examples, we shall not be so curious and will stop
the reduction whenever we arrive at sufficiently simple classes of integrals.
In Chap. 6, however, the reduction will be performed in the ultimate sense.
Some other approaches with this property will be characterized in Sect. 5.4.
and Appendix G.

The next example is again our old one.

Example 5.4. The triangle diagrams of Fig. 3.5 given by (3.23).

Writing down IBP relations with p; »-(9/(0k)) and (9/(9k)) -k we ob-
tain the following three equations:

az — a1 +a117 (37 +m?) — a2t (17 =37 + Q* —m?)

—a3z3T (17 —m?) =0, (5.17)
az —as + a2 (37 +m?) —a117(27 =37 + Q% —m?)

—a33T(27 —m?) =0, (5.18)
d—a; —as —2az — (@117 +a227) (37 +m?) — 2m?%a33T =0, (5.19)

where Q% = —¢* = —(p1 *P2)2-

Let us observe that the integrals (3.23) can be evaluated in terms
of gamma functions if at least one of the indices is non-positive. In the
case of a3 < 0 or az < 0, we can apply (A.6) and, in the case of a3 < 0,
we can apply (A.12). Let us now assume that all the indices are posi-
tive. Let us apply (5.17)—(5.19) to the general integral F'(ai,as,as3) and
solve the corresponding linear system of the three equations with respect
to F(a; + 1,a9,a3), F(ai,as + 1,a3) and F(ay,as,a3 + 1). We shall obtain
an expression of these quantities in terms of integrals with the sum of the
indices equal to a; + as + a3. Using the first part of this solution we obtain
a relation that expresses F'(a1,az,as) in terms of integrals with aq less by
one and can be used in the case a; > 1. Similarly, the second and the third
parts of the solution give the possibility to reduce as > 1 and a3 > 1 to one.
Therefore, we see that any given Feynman integral (3.23) can be reduced to
I = F(1,1,1) and a family of simple integrals which can be expressed in
terms of gamma functions. For example, we have

(d — 4)(2m? — Q?)
2m?(m? — Q?)

N 1
2m2(m? — @Q?)

—m?(F(0,1,2) + F(0,2,1) + F(1,0,2) + F(2,0,1))] , (5.20)

F(1,1,2) = I

[Q*(F(1,2,0) + F(2,1,0))

where all the integrals with an index equal to zero can be evaluated simply
by (A.4) and (A.7).
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Observe that the coefficient at I in (5.20) is proportional to . According
to [75], where the reduction in the massless case was performed and in the case
of general masses analysed, this is a general phenomenon, i.e. this property
holds for any F'(a1, as,as) with a1 +as +as > 3 in the case of general masses
my and indices. As a result, such integrals involve only elementary functions
(no polylogarithms) in the expansion in € up to the finite part — this was
noticed very much time ago [128].

Let us again consider the massless on-shell boxes which we analysed in
Examples 3.3 and 4.3. For convenience, we change the numbering of the lines
as compared with Chaps. 3 and 4.

Example 5.5. The massless on-shell box Feynman integrals of Fig. 5.1 with
p% =0, i =1,2,3,4 and general integer powers of the propagators.

Let us first observe that whenever one of the indices is non-positive, the
integrals can be evaluated in terms of gamma functions for general . In
particular, if some index is zero, e.g., a4 = 0, one can apply (A.28). Suppose
now that all the indices are positive. Starting from the IBP identity with the
operator (0/0k)-k acting on the integrand and choosing the loop momentum
k to be the momentum of each of the four lines, we obtain the following four
IBP relations:

sa11t = ay +2as +az +ay —d+ (ay17 +a33" +a44T)27 =0, (5.21)
522" =2ay +as +az+ay —d+ (a2 +a33" +as4M)1” =0, (5.22)
taz3t =a; +as +az +2a4 —d+ (a;17 + a2t +a337)4” =0, (5.23)
tasd™ = ay +ag+2a3 +ay —d+ (a117 + a2t +a447)37 =0, (5.24)

where s = (p; +p2)? and t = (p; + p3)? are Mandelstam variables, as above.
These equations can be used to reduce the indices a; to one. For example,
when (5.21) is applied to the general integral, we have, on the right hand
side, terms with a1 less by one, with the exception of one term corresponding
to a;1727. This term, however, decreases ao. Anyway, the sum of the indices
corresponding to the right-hand side of (5.21)—(5.24) is less by one than
corresponding to the left-hand side.

Therefore we come to the conclusion that any given Feynman integral
F5.5(a1,a9,a3,a4) can be expressed linearly in terms of the master integral

P1 P3

P2 P4

Fig. 5.1. Box diagram
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I = F55(1,1,1,1) and a family of integrals where some indices are non-
positive. We again stop reduction here and do not try to reduce various inte-
grals with non-positive indices to true master integrals. In Chap. 6, however,
we will see what these true master integrals are.

5.2 Two-Loop Examples

Let us now see how IBP relations can be used for the reduction of the massless
Feynman integrals corresponding to Fig. 3.10. We have already considered
these diagrams in Example 3.5 in Chap. 3.

Example 5.6. Two-loop massless propagator Feynman integrals (3.43) of
Fig. 3.10 with integer powers of the propagators.

Let us observe that if as = 0 the integrals over k and ! decouple and can
be evaluated in terms of gamma functions by use of (3.6):
2
Fsg(a1, a2, a3, a4,0) = (1)@ Faetastas (iﬂd/z)

G(a1,a2)G(as,aq)
(_q2)a1+a2+a3+a4+26—4 :

(5.25)

When some other index a; is zero, the integral becomes recursively one-
loop (see Sect. 3.2.1), i.e. it can be evaluated in terms of gamma functions
by successively applying the same one-loop formula, for example,

2
Fs6(a1,as,a3,0,a5) = (—1)@Heetastas (in/Q)

Gl(as,a5)G(az,a1 + a3 +¢—2)
X (_q2)a1+a2+a3+a5+2574

(5.26)

To solve the reduction problem for integrals (3.43) one can apply six IBP

relations corresponding to zero values of integrals of the operators %ku,

I
l#a%,n B%LZW kw%, q#a%“ and q#B%L acting on the integrand in (3.43). Taking
derivatives, using identities such as 2k-(k — 1) = k* + (k — 1) — 2, and
recognizing terms on the left-hand side as integrals (3.43), one arrives at the
relations f; =0 with ¢ = 1,2,...,6, where

f1 =d-— 2(11 — a2 — a5 — a22+ (17 - q2) - a55+ (17 - 37) 5 (527)
fo=as—a1—a;1" (37 —57) —ax2T (17 +47 -5~ — ¢

—as5T (17 —-37) (5.28)
fa=as—a; — a11+ (q2 — 2_) - a22+ (1_ — q2)
—as5T (17 =27 =37 +47) , (5.29)

and fy, f5, f¢ are obtained from fi, fa, f3 by the replacements {1 < 3,2 < 4}.



122 5 IBP and Reduction to Master Integrals

Suppose that all the indices are positive integers. Let us use the IBP
relation f; — fo = 0:

(a1 +az+2a5 —d) —a11T (37 —=57) —a2t (4~ —=57)=0. (5.30)

Equation (5.30) can be used as a recurrence relation for the given family of
integrals. Indeed, applying it to the general integral, we obtain

1
ay + a2 + 2a5 — d
X [a1 (F5.3(a1 + 1,a2,a3 — 1,a4,a5) — Fs.3(a1 + 1, a2,a3,a4,a5 — 1))
{12,304} . (5.31)

Fse(ay,az,a3,a4,a5) =

On the right-hand side, we encounter integrals where the sum as + a4 + a5
is less by one than that on the left-hand side. Thus, successive application of
this relation reduces any given integral to integrals with some index equal to
zero, where (5.25) and (5.26) can be used.

In fact, in case one of the indices is negative, generalizations of the explicit
formulae (5.25) and (5.26) can be derived. To do this, one applies (A.12).
Therefore we come to the conclusion that any given integral (3.43) with
integer indices can be evaluated in terms of gamma functions for general
values of d. If we are not too curious we can stop our analysis at this point
and not bother about the minimal number of master integrals. We could
consider any integral with a non-positive index as a master integral because
they can be expressed explicitly in terms of gamma functions. Otherwise it
is necessary to continue to exploit IBP relations and obtain a solution of the
reduction problem in the strict sense, i.e. with a minimal family of the master
integrals. Usually, people are lazy and/or pragmatic in such situations and
indeed stop the reduction. In this particular example, we shall see, in Chap. 6,
what the true master integrals are. (See also Problem 5.4 in this chapter.)

For example, the integral with all indices equal to one, is evaluated by
means of (5.31) as follows:

F5.6(17 17 17 17 1) = % [F5.6(27 1707 17 1) - F5.6(27 17 17 1u 0)]
1 iﬂ.d/z 2

(iﬂ,d/2ef'yE5)2

= {6((3) + <71T; + 12((3)) €

7r4
+ (5 + (24— 7%)¢(3) + 424(5)) 52} +..., (5.32)

so that the well-known result [63,176] at order ° is again (as in Sect. 3.5)
reproduced.
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p1
aj

as
a

D2

Fig. 5.2. Triangle diagram with general integer indices

In this simple example, it was sufficient to use only one IBP relation which,
in fact, follows from an IBP identity for the triangle diagram of Fig. 5.2 with
general indices, m3 = 0 and general masses m; and ms. The general Feynman
integral for this graph is

dék
F(ai,az2,a3) = / [(k+p1)?— m%]al[(k, T p2)?— m%]“?(kQ)aa .

Let us write down the IBP identity with the operator (9/0k) - k acting on
the integrand of (5.33). Then we obtain the following ‘triangle’ rule:

1
d— a; —ag — 20,3
x [a11" (37 — (p} —m?)) + a2 (37 — (p3 —m3))] . (5.34)

(5.33)

1:

This identity can be applied to a triangle as a subgraph in a bigger graph.
Suppose that the external upper right line in Fig. 5.2 has the mass m; and
the external lower right line has the mass my but these are internal lines for
the bigger graph. Then the factors (p? —m?) and (p3 —m3) effectively reduce
the indices of the corresponding lines (with the momenta p; and ps2) by one.
For example, if we consider the triangle rule in the massless case and apply
it to the left triangle in Fig. 3.10 we shall obtain (5.30).

The triangle rule derived above is very well known. Let us derive another
triangle rule from it. Consider the case where (p; —p2)? = 0 and m; = my = 0.
Starting from the IBP identity with the operator (9/0k) - k acting on the
integrand and choosing the loop momentum % to be the momentum of each
of the three lines, we obtain the following three IBP relations:

d—2a; —ay —az —ap2™1” —az3T(17 —p3) =0, (5.35)
d—a; —2a3 — a3 —a;1727 —a33T(27 —p2) =0, (5.36)
d—ay —ag —2a3 — 17 (37 = p¥) — a2 (37 —p3) =0. (5.37)

We form the combination (5.35) times a;1" plus (5.36) times a22™ minus
(5.37) times a33™ and arrive at the following extra triangle relation:

(d — 2(13 — 2)(133+ = (d - 2@1 - 2(12 - 2)(a11+ + a22+) . (538)
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There was a subtle point when multiplying quantities like 37 and a3 which
have algebraic properties similar to creation and annihilation operators. For
example, the additional terms —2 in the brackets of (5.38) appear due to this
multiplication.

Consider now

Example 5.7. Planar two-loop massless vertex diagrams with p? = p3 = 0
and general integer powers of the propagators.

AE

D2

Fig. 5.3. Planar vertex diagram

The general scalar Feynman integral corresponding to Fig. 5.3 can be
written as

d4 (lg)_a7
F5.7(a17 ceey a7) - / (12 . 2p1.l)a1 (l2 _ 2p2'l)a2
y / d?
(k2 — 2p1 k)7 (k2 — 2po k) (k)5 [(k — 1)2]es

where k and [ are loop momenta of the box and triangle subgraphs, respec-
tively. There is one irreducible numerator, which cannot be expressed linearly
in terms of the factors in the denominator, chosen as [2. We are interested
only in non-positive values of ay.

As it was mentioned in Chap. 3, the evaluation of such Feynman integrals
by Feynman parameters is rather cumbersome. It turns out that using IBP
provides the possibility to reduce any integral of this family to very simple
integrals. As we will see shortly, any given integral can be expressed in terms
of gamma functions for general values of d.

We shall not, however, write down various IBP relations for (5.39). As it
was noticed in [140] it is enough to use just one tool, the triangle rule (5.34),
for the evaluation of these integrals. Suppose that all the indices aq,...,aq
are positive and a7 = 0. Let us apply (5.34) to the triangle subgraph, i.e.
with the lines (1,2, 6). We obtain

(5.39)
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1 e - -
1=dialia272a6 [a117 (67 —37) + a2 (67 —47)]  (5.40)

as acting on Fs 7(ay,...,as,0). Since the sum a1 + as + ag on the right-hand
side of the corresponding relation is less by one, it provides the possibility
to reduce one of the indices a4, as, ag to zero. In the case where ag = 0 the
Feynman integral factorizes and is evaluated by (A.7) and (A.28):

2
F5.7(a’17 <e.5 05, 07 0) = (_1)a1+---+a5 (iﬂ-d/2)

G(a1,a2)G3(as, as, as)
(7q2)a1+...+a5+2574

(5.41)

where the function Gj is defined as the coefficient of the right-hand side of
(A.28) at in?/2(—g?)~ M- A2 As—et2,

Suppose now that as or a4 is zero. Let it be a4 so that the line 4 is
reduced to a point. Then we apply (5.34) to the triangle subgraph, with the
lines (5,6, 3). We obtain

1

_ +a- + (3= _1-
1fd_%_a6_2a3 [as5737 4+ a6 (37 —17)] (5.42)

as acting on Fj 7(a1,as,as,0,as,a6,0). (There is one term less as compared
with (5.40) because of the on-shell condition p? = 0.) This relation provides
the possibility to reduce either a; or as to zero. In both cases, resulting
integrals become recursively one-loop and can be evaluated again by (A.7)
and (A.28). We have

2
F5_7(0,a2,a3,0,a5,a6,0) _ (71)a2+a3+a5+a6 (iﬁd/2>

» G(az,a6)G3(as, a2 + ag + € — 2, as)

(—q?)aztastastaste—4 (5.43)
2
F5.7(a1, a2,0,0,as, ag, O) = (_1)a1+a2+as+a6 (iﬂ'd/Q)
" G(as,a6)Gs(a1,a2,a5 + ag +€ —2)  (5.44)

(_q2)a1+a2+a5+ae+2574

Therefore, any integral with positive indices can be evaluated by this
procedure. For example, we reproduce the well-known result [109, 140, 160]
for F5,(1,...,1,0):

(ir?/2)2 171
Wg £G2(2a 2)G3(2+¢,1,1)

—G1(2,1) (iag(z, 1,1+¢)+Gs(1,1, 1))}

 (ir¥/2eee)2 (1 572 29¢(3)  3m*

(Q?)2+2e 124 T 9402 62 +32—|—O(€)) . (5.45)
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1 3
D1 p3

Y2 P4

(a) (b)

Fig. 5.4. (a) Box with a one-loop insertion. (b) Box with a diagonal

In fact, a similar reduction procedure can be developed for general Feyn-
man integrals with an irreducible numerator, i.e. for a7 < 0, and with general
integer indices (not only positive). This can be done by using generalizations
of the triangle rule to the case with a numerator. A general recursive proce-
dure for such integrals (and integrals with another off-shell external momen-
tum, p? # 0 instead of ¢* # 0) with general numerators was developed in [80],
with boundary integrals written in terms of terminating hypergeometric se-
ries of the unit argument. Another possibility in this situation is to get rid of
the numerator and negative indices using the technique of shifting dimension
which we will discuss shortly. Then we shall come back to this point.

We now turn, following [8], to the two classes of integrals already studied
in Chap. 4 which are partial cases of massless on-shell double boxes: the boxes
with a one-loop insertion and the boxes with a diagonal shown in Fig. 5.4.
For convenience, we again change the numbering of the lines: In Fig. 5.4a we
adjust it to that of Fig. 5.1 and, in Fig. 5.4b, to a new numbering for the
double box which will be studied in the next section.

So, the next is

Example 5.8. Reduction of boxes with a one-loop insertion.

Let us, first, assume that we are dealing with the boxes with a one-loop
insertion without numerator, Bsg(ai,...,a5) (In the given case, there are
two independent scalar products that cannot be linearly expressed in terms
of the denominators of the propagators.) In fact, the integration in the one-
loop insertion in Fig. 5.4a can be taken explicitly by (A.7) and, graphically,
this insertion can be replaced by a line with the index a4 + a5 + ¢ — 2 — see
Fig. 3.1. Therefore, the problem reduces to the boxes of Fig. 5.1 in the case
where the index of the line 4 is not integer. Still if one of the first three indices
is non-positive we obtain a quantity evaluated in terms of gamma functions
by (A.28). Suppose now that aj,as,a3 > 0. Then we can apply (5.21) and
(5.22) to reduce a; and as to one, as in the case of the box with integer
indices.

To take care of ag let us form the new relation as a;4™ times (5.23) minus
a33% times (5.24):
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(d — a1233)a33% = (d — a1244 — 2)asd™
+(a3 — a4)(a11+ + a22+) s (546)

where we keep our notation of Chap. 4, e.g. ai233 = a1 + a2 + 2a3 etc.

Observe now that (5.46) can be used to reduce the index a3 to one because
a11% and @227 in the last term can be replaced immediately according to
(5.21) and (5.22). Let us therefore assume that a; = az = a3 = 1. Now we
can apply (5.24), where the term with a33~ gives integrals expressed in terms
of gamma functions, to have control on a4 = aj + ¢ which has an amount
proportional to € because of the one-loop integration. For example, one can
shift afy to a}, = 0: this choice corresponds to Iy = Bsg(1,...,1).

In the case with numerators, one can get rid of them by shifting indices
and dimension [200], as outlined in Subsect. 3.2.3. Then the previous pro-
cedure provides the possibility to express any given box, with dimension d
shifted by a positive even number, in terms of the master box with a one loop
insertion I;(d 4 2n) in the same dimension and a family of simpler integrals
expressed in terms of gamma functions. To complete this reduction procedure
we need to know how to express these integrals in terms of I1(d). To do this,
let us apply the general relation for the operator that shifts dimension by —2,

ih
d”=—Ula,...,ar) , (5.47)
T ap—ialt
where U given by (2.25) is one of the two basic functions present in the alpha
representation (2.37). (The factors (—1)" and 1/7 come from the overall
coefficient in (2.37).) In particular, for Fig. 5.4a, this gives

1
d™ = = [a4a547 5" + (a117 4 022" + a33")(asd’ +a557)] . (5.48)
i

We have d~I;(d + 2) = I;(d). On the other hand, applying the right-hand
side of (5.48) to I1(d + 2) we obtain a linear combination of integrals in
dimension d 4+ 2 with shifted indices for which we can use the reduction
procedure described above. As a result, we obtain a desired linear relation of
the type

I(d) = A(d)I,(d +2) + B(d) ,

where A(d) is a rational function (of d, s and t) and B(d) comes from various
integrals with some zero indices and can be evaluated in terms of gamma
functions. Thus, any integral I;(d+2n) can be expressed recursively in terms
of the master integral I;(d) and a collection of simpler integrals. This com-
pletes our reduction procedure.

Let us remember about the vertex diagrams of Example 5.7 which we
considered without numerator. Now, we can get rid of any numerator as
described above and then apply our reduction procedure formulated for non-
negative indices. However, since the corresponding results are expressed in
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terms of gamma functions for general d, there is no problem to make any
shift d — d + 2n in them.

We shall consider the reduction of the boxes with a diagonal in the next
section.

5.3 Reduction of On-Shell Massless Double Boxes

Let us turn, following [194], to
Example 5.9. Reduction of on-shell massless double boxes.

Let us follow the strategy [200] characterized in Subsect. 3.2.3 that en-
ables us to express any integral with a numerator as a linear combination of
integrals with shifted indices and dimension d. So, let us deal with Fig. 5.5
and the corresponding Feynman integrals

d4k dd]
K ... d) =
(alv ,ar, ) // (k.2 + 2p1.k)al (k2 — 2p2~k)a2 (l2 + 2p1'l)a3
1
(5.49)

W =2 [0+ b1+ p0) e [ — Do (k2o

where all indices a; are non-negative. For convenience, we have changed the
routing of the external momenta as well as the numbering of the lines in order
to take into account the symmetry of the graph. (In Chap. 4, the numbering
was oriented at insertions of boxes into double boxes.)

Let us first analyse situations, where one of the indices is zero. For ag = 0,
we obtain a product of two triangles which can be evaluated by (A.28) in
terms of gamma functions. If a5 = 0 or a; = 0 we obtain planar vertex
diagrams analysed in Example 5.7. They are all evaluated in terms of gamma
functions. Consider now the four symmetrical cases, where one of the other
four indices is zero. Let it be ay4; graphically, this means that the line 4 is
contracted to a point — see Fig. 5.5. In this reduced graph, we can apply the
triangle rule (5.34) to the resulting triangle with the lines 5,6 and 3. After
that we reduce either a3 or a; to zero. Therefore, we arrive at a box with a
one-loop insertion, in the former case, or a box with a diagonal, in the latter
case — see Fig. 5.4. We conclude that, whenever one of the indices is zero,

p1 P3

P2 Pa
Fig. 5.5. Double box
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a given integral becomes a linear combination of the boxes with a one-loop
insertion or a diagonal, or integrals expressed in terms of gamma functions.
Let us call all these integrals boundary integrals. For the boxes with a one-
loop insertion, we already know how to perform the reduction further, due
to Example 5.8. Let us forget about this for a while and decide that all these
boundary integrals are simple enough to stop the reduction here (as this was
done in [194]).

To perform the reduction for a given double box with positive indices, let
us start from the IBP relation with %-(lﬁ — p2) which gives

8(11].Jr = &77+27 + a66+(27 — 47) + CL11+27 —d + a12967 - (550)

Three similar relations can be obtained from (5.50) by the two symmetry
transformations: (1 < 3,2 < 4,5 < 7) and (1 < 2,3 < 4):

3a22+ = (L77+1_ + a66+(1_ — 3_) + CL21_2+ —d+ a11267 - (551)
5a33+ = a55+47 + (166+ (47 — 27) + a33+47 —d + a34456 - (552)
50447 = as537 +a66T (37 —17) +aud4"37 —d + aszuse . (5.53)

These four relations can be used to reduce the indices a1, as, as, as to one.

To reduce as to one we shall need one more IBP relation which is the
difference of the relation obtained with %-k‘ times as5T and the relation
obtained with & -(k — [) times ag6™:

(d — A3455 — 2)0,55+ = (d — A3466 — 2)@66+ + (a5 — ag)(a33+ + a44+)
+asagl 3761 + agas2” 4767 . (5.54)

The symmetrical relation applied to reduce a7 to one is

(d — 1277 — 2)&77+ = (d — 1266 — 2)&66+ + (a7 — aG)(a11+ + (122+)
+a1a61T376" + asag2t4767 . (5.55)

Using the above recurrence relations we can bring the indices of the lines
1,2,3,4,5,7 all to one so that only ag can now be greater than one.
An appropriate relation for the reduction of ag is [194]

t(d —6— 2a6)(a6 + 1)a66++ =

t
—(d—5-— ag) (3d — 14 — 2a¢ + 2a6> ag6™
S

2
S
+ ot 2 tooay
+ (2 +7) | ~=(d—4—ag)(d — 5 — ag) +2-a36

— [2t(as + 1)ag6™ " + 2(d — 4 — ag)ag6™ | 3+}1—

+(d—6)7"d", (5.56)
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where d~ is the operator that shifts dimension by —2, as before. This relation
is valid only if it is applied to an integral with a; = ... =a5 =1 and a;y =1
(since some terms that are zero in this case are dropped out). The operator
d~ can be substituted explicitly using (5.47) with

U= (al + oo + a7)(a3 —+ oy + 045)
+ag(ag + as +ag + as + a5 + a7) (5.57)

so that

1
d =-— [(a11+ + (I22+ + a77+)(a33+ + a44+ + a55+)
T
+ a66T (a11" + a22" + a33% + asd” + as5% +a77T)] . (5.58)

The relation (5.56) can be derived as follows. Let us start with an inte-
gral with the numerator 2k-p,. Since 2k-py = k? — (k? — 2ps-k), such an
integral is the difference of integrals where ay or as is reduced by one. On
the other hand, we can express this integral with the numerator in terms of
integrals with shifted dimension and indices. Using an exponentiation of this
numerator, similarly to how this is done for polynomials in the propagators
(see (2.13)) and modifying the derivation of the alpha representation for the
scalar double box in this case, we see (similarly to (3.17)) that the insertion
of the numerator and shifting dimension by —2 can be described either by
the difference of the operators 7~ — 2~ times d~, or (up to a coefficient with
m) by the operator

s[a11% (a66" + asd® + as5") + azac316"| — tasagbT6™ . (5.59)

On the right-hand side of the so-obtained equation, we apply the reduction
formulae (5.50)—(5.55) to reduce indices increased by the operators in (5.59).
After some transformation, we then arrive at (5.56).

Observe that on the left-hand side of (5.56) there is 67, rather than 6.
This means that (5.56) enables us to reduce ag to 1 or 2. Thus, after the
application of the recurrence relations presented above, we reduce a given
integral, up to our boundary integrals, to a linear combination of the two
integrals, K;(d) = K(1,1,1,1,1,1,1,d) and K»(d) = K(1,1,1,1,1,2,1,d).
However, these integrals generally appear, in the course of the reduction, in
shifted dimensions so that we obtain the two families of integrals instead:
Ki(d,n) = K1(d + 2n) and K3(d,n) = Ks(d + 2n) with K;(d,0) = K;(d)
and Ks(d,0) = Ka(d). Of course, if we had results for general d for the master
integrals (even expressed in terms of gamma functions), there would be no
problem to shift the dimension in such analytical results. However, we are at
a rather high level of complexity and are able to obtain results (at least for
the master integrals) only in a Laurent expansion in €, where expansions of
the master integrals at d = 4 — 2¢ and, say, at d = 6 — 2¢, when € — 0, are
not related to each other.
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To derive appropriate relations for the reduction of K 2(d, n) to K 2(d,0),
one can use the same trick with shifting dimension [200] as above, i.e. to write
down equations Kj 2(d,n) = d~ K 2(d,n + 1) with d= given by (5.58) and
perform the reduction of the indices, which are increased after the action of
d—, using (5.50)—(5.56). Solving the resulting linear system of equations one
arrives at the following recurrence relations [194] which can be used to come
back to dimension d = 4 — 2¢ in the two master integrals:

Ki(d,n) = % [am (Kl(d, n—1)— fYxk, n))
—ag9 (Kg(d,n —1) — £, (d, n))] , (5.60)
Ko(d,n) = 5 [~am (Kaldin — 1) — (K (d,m))

tan (Ka(d,n — 1) — £P Ky (d, n))} , (5.61)

where operators f;d) are given by

2
@ = {(2+3+ +2T4t 4 216" - at6t +4TTT 4 3T7T)
S

4 2
+=(2%5T +51T6T +577T) — 7t(d —5)(3s+2t)(27 +771)
S S

2 2
R N R G — d— t(3d —14))3tet L 1~
tiZ6 st(d—g) oeld—9) 10 ) }
+%7*d* , (5.62)

2 4
£ = {5(2+3+ +2tat 3T p At T et ¢ (27 ettt

W(2+ +7T+267)5767 + ﬁ (i + 3+> THett
2(d—5)(d—T)
fSQt(d — 6)(d — 8) (5(3d — 20) + Qt(d _ 6)) (2+ I 7+)6+

2(d—5)(d—T)
22(d—38)
4 (5d—34 (3d—20)(2d—13) )
d—8( s T id—o) >3+6++}1
{3d206+_ d—7
d—6)°  s2d—3)

(3s(3d — 20) + 4¢t(2d — 13)) <2+ + 7t + d363+6+)

(3s(3d — 20) + 4t(2d — 13))} 77d~,  (5.63)

ail =

é(d —5)%(3s + 2t), (5.64)
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a1p = —%(4d —91) - %(3d —16), (5.65)

R ;e?c);(ds; 7) (8(2d5— 13) 6(3dt— 20)), (5.66)
az = % (332(3d — 16)(3d — 20) + 6st(5d* — 59d + 172)

+44%(d — 5)(d — 6)), (5.67)

A 16(s + t)(ds;(il)?’(cé)— 6)(d —17) (5.68)

Thus, we are already able to reduce any double box to the two master
integrals K;(d) and Ks5(d) and a family of our boundary integrals. For the
first master double box, K7 (d), we know the result given by (4.52) and (4.53),
in expansion in €, derived by MB representation in Chap. 4. To evaluate the
second master double box, Ka(d), let us use alpha representation (2.37),
where the function U is given by (5.57) and the second basic function (2.26)
by

V= [O[l@Q(OLg + a4 + Oé5) + 043044(011 —+ o + 057)
+ag(ar + az)(az + aq)] s + asasart , (5.69)
We exploit this very simple dependence of this function on t¢ to derive the

following two relations by differentiating in ¢ and implementing the factor
asagar /U by shifting indices and dimension:

d 1
ot Ld) = —~K(s,61,1,1,1,2,2.2.d+2),  (5.70)

%K(s,t; 1,1,1,1,1,2,1,d) = — = K(s,t;1,1,1,1,2,3,2,d + 2) . (5.71)
T

b 3

Then we apply the reduction procedure described above and express the right-
hand side of these equations in terms of the two master double boxes and a
family of our boundary integrals (around fifty terms in each case). In fact,
the boundary integrals are simple enough here: a simple procedure based on
the onefold MB representations (4.55) and (4.56) (see comments after these
formulae) implemented on a computer can provide their e-expansions up to
order ¢? which is necessary here because the boundary integrals sometimes
enter with coefficients involving 1/e2. Then we insert (4.53) into (5.70) and
use this equation to obtain a similar result for the second master double box.

(ie=7ee)?

KOLLLLL2Ld) = o

fa(t/s,€) (5.72)

with
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1

4 1 ) 5.,
fg(:c,e):g—475(1nx72)5—3+ (2111 x714lnxf§(7r +4)) =

2 11 1
+(ZmiPz+8n%z+ ( =n2+14 1nx—2—3ﬂ'2—@C(3) -
3 2 3 €
4 3 2 2 2 88
—gln z(lnz+1)—2(37° +4)In°z+ (10 + 97 —|—§§(3) Inz

29 4
+20 + 1272 — =t 4+ §§(3)

30
7 1 21 ,\ 1
+z {—53 + (8Inz — 33) 2 + <261n33+ 6 + 57 ) -
1
+5 (—321n® z — 4(21 + 267%) Ina + 180 + 20977 + 904c(3))}

+ [2Lis (—x) — 2InzLis (—7) — (In* 2 + 7%) In(1 + )] g

—4z [8 (Liz (—2) — InzLis (-2)) — 4 (In® 2 + 7%) In(1 + z)]
+4 (52,2(—.73) —1In 3;‘5172(—.13)) — 44Liy (—x)
+4(In(l4+2)+6lnz —2)Liz (—z) — (ln2 T+ 71'2) ln2(1 +x)

1
-2 <1n2x +2lnazln(l4+2z)—4lnz+ 30772> Liy (—x)
8. 3 2 10 2
+ gln z+4Iln I+§7T Inz + 47 —4¢3) | In(1 + z) . (5.73)

Proceeding in the same way with the second recurrence relation (5.71)
and inserting there our analytical results for the two master double boxes we
obtain the possibility to check these two results.

Although boxes with a one-loop insertion and a diagonal are simple quan-
tities one can reduce them further. In the former case, the reduction was
described in Example 5.8. Let us now do this for the latter case and consider,
following [8],

Example 5.10. Reduction of boxes with a diagonal shown in Fig. 5.4b.

We imply that we have already got rid of the numerators as before, by
shifting dimension and indices. Applying our auxiliary triangle rule (5.38) to
the triangles (3,5,6) and (2,7,6) in Fig. 5.4b we obtain

(d — 2a97 — 2)as2™ = (d — 2ag — 2)ag6™ — (d — 2az7 — 2)a; 7+, (5.74)
(d — 2(135 — 2)&55+ = (d - 2@6 - 2)@66+ - (d - 2@35 - 2)&33+ . (575)
These relations can be used to reduce as and as to one.

Then the following IBP relations derived in [8] (see also Problem 5.5) can
be used to reduce a3 and ary to one:
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s(d — 2a3s — 2)az83" = —(d — azse — 1)(3d — 2a223567)

+2(d — asse — 1)az2™ 7" + (d — 2a6 — 2)ag2 6",  (5.76)
t(d — 2&27 — 2)@77+ = —(d — ag67 — 1)(3d — 2&235567)

+2(d — ager — 1)az5 3% + (d — 2ag — 2)agh 61 . (5.77)

To reduce ag to one, the following relation valid for as = a3 = a5 = a7 =1
and derived in [8] can be used:

st(d — 2ag — 2)ag6" = —(s+1)(d — ag — 3)(3d — 2as — 10)
+2(d —ag — 3)(t27 7T +52777) + (d — 2a6 — 2)ag6™ (t27 +s77) . (5.78)

Finally, we have to express the master box with a diagonal, Bs 10(1,...,1,d+
2n), in the shifted dimension in terms of Bs 10(1,...,1,d) which is given by
(4.58) in expansion in e. This can be done by the same trick with shifting
dimension as above: we write down relation (5.47) for the box with a diagonal,
i.e. where the function U is given by

U= (ag+ar)(as+as) + aslas + ag + a5 + ar) , (5.79)

according to (2.25), and apply it to Bs.10(1,...,1,d). Then we proceed ex-
actly as in Example 5.8 and arrive at a desired recurrence relation.

The algorithm presented above enables us to reduce any massless double
box in terms of the two master integrals K7 and K», two master boxes with a
one-loop insertion and a diagonal and a family of integrals (two-loop planar
vertices and products of triangles) expressed in terms of gamma functions.
As was pointed out later [108] the choice of the second master integral Kj
as the integral with a dot on the sixth line brought complications in prac-
tical calculations because one obtained a linear combination of K; and Ky
with a coefficient involving 1/e, but the calculation of the master integrals
in one more order in € looked rather nasty.®> Two solutions of this problem
have appeared immediately. In [97], this very combination of the master in-
tegrals was indeed calculated using the method of differential equations (to
be studied in Chap. 7), while in [13] another choice of the master integrals
was made: instead of K(1,1,1,1,1,2,1,0), the authors have taken the inte-
gral K(1,1,1,1,1,1,1,—1) as the second complicated master integral. (See
its evaluation in Problem 4.6.) This was a more successful choice because,
according to the calculational experience, no negative powers of £ occur as
coefficients at these two new master integrals.

3Tt looked nasty at that time but now, in the time when three-loop calculations
for this class of diagrams are possible, the problem is not complicated — see, e.g.,
the evaluation of the planar on-shell massless double box in expansion in € up to
2 .
e in [31].
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5.4 Conclusion

When solving the problem of the reduction to master integrals, one tries to
use all possible IBP relations. For h-loop Feynman integrals over the loop
momenta k; depending on n independent external momenta p;, all possible
IBP relations with the operators p; - (0/0k;) and (0/0k;) - k; are used. For
example, for the double box Feynman integrals, this gives 10 IBP relations.
In addition to the IBP relations, one can use the so-called Lorentz-invariance
(LI) identities [98]. They follow from the fact that scalar Feynman integrals
are invariant under infinitesimal Lorentz transformations of the external mo-
menta, pi' — p!' + ekpY. For example, in the case of four-point Feynman
integrals (in particular, double boxes) with three independent external mo-
menta, this provides the following relation, in addition to 10 IBP relations:

3
0 0
v v, H _
D1Py — DP1P Pnpm —Pnwvap ) =0 5.80
0195 =917 Y- (b ~ gy (5.80

as well as the other two relations obtained by the cyclic permutations from
(5.80).

Well, if we turn to alpha or Feynman parameters, the Lorentz invariance
becomes manifest and the equations (5.80) trivially hold (in contrast to the
IBP relations), so that one might think that the LI equations follow from
the IBP relations. However, explicitly, this statement has not been proven.
Anyway, the LI identities can be certainly practically very useful. One can
consider them together with the IBP relations and not bother about whether
they are linear combinations of some IBP relations.

There are a lot of papers where reduction problems for various classes of
Feynman integrals were solved, in some way, with the help of IBP relations.
Here is a very short list of some of them, starting from the two-loop level.

Historically, IBP relations were first successfully applied in [66] to three-
loop massless propagators diagrams shown in Fig. 5.6. The corresponding
algorithm [110] called MINCER was implemented in FORM [214]. In [53,77,
94,111], the problem of reduction for two-loop on-shell diagrams was solved: in
[111], relevant recurrence relations were derived and used to find all necessary
integrals, and, in [53], a general algorithm implemented in the REDUCE [118]
package Recursor was constructed. The reduction in the three-loop case was

Fig. 5.6. Three-loop massless planar, non-planar and Mercedez—Benz propagator
diagrams
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developed in [145] and, completely, in [152] with an implementation in FORM
[214] (although no details of the reduction procedure were presented, as in
many other cases).

The reduction of two-loop bubble integrals with different masses was
solved in [82]. Three-loop vacuum diagrams with one mass were considered
in [14,53,199]. The corresponding computer package MATAD was developed
in [199].

The reduction problem for the massless on-shell double boxes in the non-
planar case (Fig. 4.9b where all lines are massless) was solved, using IBP and
LI relations, in [7] and, in the case of (simpler) pentabox diagrams, in [8]. The
general algorithm for the massless on-shell double boxes resulted in a series
of NNLO calculations of various scattering processes — see, e.g., [107] for a
review. The reduction of two- and three-loop propagator diagrams in HQET
was solved in [55,114]. A pedagogical introduction to recursion problems
oriented at HQET can be found in a recent review [115].

Unfortunately, the way how IBP relations are solved is not often ex-
plained. A typical example of such a situation is solving the reduction prob-
lem for two-loop vertex diagrams at threshold, ¢ = 4m?: two independent
algorithms were constructed [27,72] but never published.

The examples presented in this chapter and the papers cited above show
how IBP relations can be solved without systematization. In other words, if
it is necessary to solve a new problem, one can use the experience obtained
in these examples and then analyse the new situation with the hope to solve
somehow corresponding IBP relations. Still the complexity of unsolved cal-
culational problems requires a systematization in this field.

One might hope that a systematization can be achieved within the tech-
nique based on shifting dimension [200]. Typical tricks were described in
the previous section. Some prescriptions of this technique were presented
in [202,203]. Another example of its applications [177] is provided by the
calculation of Feynman integrals relevant to the two-loop quark potential
(to be considered within another technique in Chap. 6). It was also used to
solve the reduction problem for two-loop propagator integrals with arbitrary
masses [201] and obtain new results for the two-loop sunset diagram with
equal masses [205]. Anyway, this technique provides the possibility to get rid
of the numerators (which, of course, make the problem of the reduction more
complicated) from the beginning.

Another attempt of a systematization was initiated in [99,143,145]. It is
based on the observation that the total number of IBP and Lorentz invariance
equations grows faster than the number of independent Feynman integrals,
labelled by the powers of propagators and the powers of independent scalar
products in the numerators, when the total dimension of the denominator
and numerator in Feynman integrals associated with the given graph is in-
creased. Therefore this system of resulting equations sooner or later becomes
overdetermined, and one obtains the possibility of performing a reduction to
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master integrals. To be formal let us modify our notation for the Feynman
integrals a little bit. Consider now, as a general Feynman integral,

. B ; o HPLLH:
F(a1,...7aNl7b17...7bN2)— dkld khﬁ, (581)
EP By

instead of the dimensionally regularized version of (2.7). Now, we consider
all the indices a; and b; to be positive or zero, both in the denominator and
numerator. As before, all the quantities F; and H; are considered linear or
quadratic with respect to the loop momenta.

So, the idea [143,145] is to write all possible IBP and LI relations for
Feynman integrals (5.81) with a fixed N3 + N3 = N. Our experience tells
us that starting from some large N this will be an overdetermined linear
system of equations which will be solved successfully (using a computer, of
course). A breakthrough in the implementation of this idea came due to
the following two publications: the first practical successful implementation
was achieved for the reduction of massless double box diagrams with one
leg off-shell [99] (which was applied for NNLO calculations of the process
ete” — 3jets — see [156] for a review), and detailed prescriptions for the
implementation of this method in a general situation were presented in [143].
These two important works have resulted in a series of various calculations
at the two-loop level — see, e.g. [3,4,33,40,47,48,69,96,178].

The implementation of this method on a computer in non-trivial situa-
tions was hardly possible, say, ten years ago. Indeed, for example, in the case
of the double boxes with one leg off-shell, it was necessary [99] to solve linear
systems of dozens of thousands of equations for dozens of thousands of vari-
ables. It is not clear at the moment what the practical limits of applications of
this algorithm are, for example, whether it can be applied successfully to such
problems as the reduction of triple boxes or four-loop massless propagator
diagrams.

This method is rather pragmatic and is a kind of experimental mathe-
matics because its analysis from the mathematical point of view is absent. In
particular, it is not known which linear equations of the method are really
independent. It is not clear in advance which will be master integrals in a
given problem: this becomes clear after solving the corresponding system of
equations. The authors of [3,4,33,40,47,48,69,99,178] and some other authors
constructed various computer implementations of this method. Moreover, a
first public version? called AIR has recently appeared [9]. Now, to solve a new
reduction problem, one can try to adjust this general computer algorithm,
rather than solve IBP relations oneself. Well, if it turns out that this algo-
rithm does not work, for some reasons (e.g. the lack of time or computer
memory), then one could still try to solve the reduction problem in some
way. Two more options are described in the next chapter and Appendix G.

“However, modern ‘private’ versions are, presumably, more powerful that this
public version.
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The explicit and detailed recipes for solving overdetermined systems of
equations presented in [143] are more optimal than the simple Gauss elim-
ination. In fact, the Gauss elimination is present there, but only after the
initial system is ordered according to some criteria. Then different terms of
the equations are characterized by a relative weight of their complexity, and
the equations are solved starting from the most complicated terms.

Problems

5.1. Solve the reduction problem for the integrals

Fal,...,

( as)
d?k ddl
B // (—2q-k)a1 (k2 — m2)az(—2q-1)as (12 — m2)aa[(k — [)2]es (5.82)

5.2. Solve the reduction problem for the integrals

1
[—2(q-k +q-1) —y]os

5.3. Solve the reduction problem for the two-loop vacuum integrals with the
masses m, M and 0:

d?k d4l
Flon,..,as) = // (k2)* (=2q-k — y)o2 (12)%3(=2q-1 — y)*

(5.83)

dk d4l
F(a1,az,a3) = // 02 =) (2 = M2 7 ) (5.84)

5.4. Solve the reduction problem for Example 5.6 in the maximal way, i.e.
find an algorithm to express any integral corresponding to Fig. 3.10 with
given integer powers of the propagators as a linear combination of a minimal
number of master integrals.

5.5. Derive (5.76) and (5.77).



6 Reduction to Master Integrals
by Baikov’s Method

In the previous chapter, we solved IBP relations [66] in a non-systematic
way. Now we are going to do this systematically following Baikov’s method®
[16,20,21,193].

Our goal is to solve the reduction problem, i.e. to develop an algorithm
that would enable us to express any Feynman integral of a given family of
Feynman integrals which are labelled by powers of the propagators (indices)
as a linear combination of some master integrals. A characteristic feature of
this method is the reduction to a minimal number of master integrals.

In Sect. 6.1, the basic parametric representation which is an essential
ingredient of this method will be described. In Sect. 6.2, this representation
will be applied to formulate a strategy for identifying master integrals and
constructing the corresponding coefficient functions. As usual, we shall end
up, in Sects. 6.2 and 6.3, with a lot of instructive examples starting from
very simple ones. We shall continue to use mainly the examples considered in
the previous chapters. In conclusion, applications and open problems of the
method will be characterized.

6.1 Basic Parametric Representation

Suppose that we are dealing with a family

d%%; ... d%
0= [ [ G (61)
Ef .. EY
of h-loop dimensionally regularized Feynman integrals, where the factors in
the denominator are given by

ZAlk k+ZBZ ki+ D, , (6.2)

i>5>1

In [16], it was characterized as a ‘non-recursive’ solution of IBP recurrence
relations. As we will see shortly, solving some recurrence relations is necessary
within this method. However, these auxiliary recurrence relations are simpler than
the initial IBP recurrence relations for a given family of Feynman integrals.
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the a; are integer indices and underlined letters denote collections of variables,
ie.a = (ai,...,an), etc. So, the denominators are quadratic or linear with
respect to the loop momenta k;, i = 1,...,h. The functions B! are build
from some vectors. For the usual Feynman integrals, where the functions FE,
are of the form (2.8), these are the independent external momenta q1, ..., ¢,
sothat r =1,..., N = h(h+1)/2+ hn. For more general Feynman integrals,
for example, taken from NRQCD or HQET, these functions can be build also
from the heavy quark velocity, v, or other vectors.

Some of the factors in the denominator are associated with irreducible
numerators (which cannot be expressed linearly in terms of the given set of
the denominators), so that the corresponding indices a; are considered only
non-positive.

We are going to solve the reduction problem in a maximal way, i.e. to
be able to represent a given Feynman integral as a linear combination of a
minimal number of some true master (or, irreducible) integrals,

F(a) = Z ci(a)l; (6.3)

with the natural normalization conditions
ci(l;) = bi; (6.4)

which simply mean that any master integral cannot be expressed in terms of
other master integrals. In fact, the master integrals are integrals of the given
family, I; = F(a;), where a; = (a;1,...,a;ny) are some concrete sets of the
indices, and, by definition, ¢;(I;) = ¢;(a;1,...,a;n). In the approach under
consideration, the master integrals have indices a;, equal to one, or zero, or
a negative value.

Mathematically, if the reduction problem has been solved, we know a basis
in the linear space of the given Feynman integrals. Then we could turn to
some other basis. In particular, we could choose all the master integrals which
have only positive indices. Consider, for example, the propagator integrals
of Example 5.3 and choose, instead of I; = F(1,1) and I = F(1,0), say,
I = F(1,1) and I, = F(2,1), why not? Well, practically, this is an unnatural
choice. According to our experience of solving IBP relations and our standard
attempts to reduce complicated integrals to simpler integrals, we imply that
the master integrals must have as many non-positive indices as possible, so
that we always keep this hierarchy in mind. Therefore, when we say that a
given integral is irreducible, we omit the words to simpler integrals, in this
sense, i.e. that have more non-positive indices.

Our experience of solving IBP recurrence relations, in particular, the ex-
amples of Chap. 5, shows that the coefficient functions ¢;(a) are rational
functions of everything, i.e. of dimension, masses and external kinematical
invariants. This property is a useful postulate that can be used in the cal-
culation of the coefficient functions. Within the approach of [16,193], every
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coefficient function in (6.3) satisfies, by construction, the initial IBP rela-
tions for (6.1) so that these relations for the given Feynman integrals are
automatically satisfied.

Let us start with the case of vacuum Feynman integrals which are func-
tions of some masses and are defined by (6.1) with

E,= Y AUk kj—m?, (6.5)
h>i>j>1

withr=1,...,N=h(h+1)/2.
The IBP relations in the vacuum case originate from the following N
equations:

//ddklddkhéy?c(-Emkj‘Ea‘]\]) :0, ZZ] (66)
i 1 .- Ly

We proceed, in this general situation, like in multiple examples in the previ-
ous chapter, i.e. perform differentiation and then express the resulting scalar
products k; -k; in terms of the denominators £,. When we invert the relations
(6.5) we obtain a matrix which is inverse, in some sense, to the matrix A%.
So, we write down the IBP relations in the following form:

SOATAY (¢ 4 md) et = (d—h - 1)5/2, (6.7)

Ty
g

where AY = A for i = j, AY /2 for i > j and AJ%/2 for i < j. The matrix
A is defined as follows. Take the quadratic N x N matrix A, where the first
index is labelled by pairs (i,j) with ¢ > j, and the second index is r. The
corresponding inverse matrix (A™1)% (with i > j) satisfies

N
S A (AT = 560 (6.8)

r=1

Then A% is the symmetrical extension of (A~1)#¥ to all values i, j.
Moreover, the operators r™ and r™ in (6.7) are our usual operators that
increase and lower indices:

+
3
\‘Q
3
S~—

I

L) =F(.a+1,.00), (6.9a)

r F(...,ap,...)0=F(..,a, —1,...). (6.9b)
We extensively exploited these operators in Chap. 5 for various concrete
values of 7.

To construct the coefficient functions ¢;(a) in the vacuum case, the fol-
lowing basic representation [16] is applied:

dzq...dzyn d—h—1)/2
/.../M[P(x’)]( vz (6.10)
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where the parameters 2’ = (21, ...,2y) are obtained from z = (z1,...,2n)

by the shift 2 = z; + m?.

Integration over the parameters x; is understood in some way, with the
requirement that the IBP in this parametric integral is valid. In this case,
such objects satisfy the initial IBP relations (6.7). This property can be
verified straightforwardly if we take into account that the operator a,r™
is transformed into the differential operator d/0x, and the operator r~ is
transformed into the multiplication by x,..

Now, the basic polynomial P of z which enters (6.10) is [16]

N
P(z) = det (Z AY x) . (6.11)

* r=1
Here are simple practical prescriptions for evaluating the basic polynomials:

1. Solve the system

> AVki-kj=E, r=1,....N

i>5>1

with respect to k; - k;, © > j;
2. Replace E,. by z, on the right-hand side of this solution;
3. Extend this expression to all values of ¢ and j in the symmetrical way;
4. Take the determinant of this matrix to obtain P.

In fact, the basic polynomial is defined up to a normalization factor in-
dependent of the variables x;. This will be clear when constructing the coef-
ficient functions which will be themselves normalized at some point.

For general Feynman integrals, the problem can be reduced to the vacuum
case [16,20]. If there is one external momentum, ¢, so that we are dealing with
a family of propagator-type integrals, one involves into the game coefficients
of the Taylor expansion of F(a) in ¢?,

0o
F(q2§a1,...,a]v) ~ Z (q2 —m?\,ﬂ)“"’“_lF(al,...,aN,aN_H) .

an+1=1

(6.12)

It turns out [16,20] that the so defined objects F(aq,...,an,an+1) (with
some overall rescaling factor which is not important in the examples in this
chapter) satisfy vacuum IBP relations.

To formulate a prescription for corresponding basis polynomials in the
non-vacuum case, we need first to present a preliminary discussion of con-
structing master integrals. To identify candidates for master integrals in a
first approximation, we shall analyse integrals where the indices correspond-
ing to irreducible numerators are set to zero and other indices are either zero
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or one. Let F(g;) with a;; = 1 or 0 be a candidate to be considered as a
master integral.

Let us remember the examples of Chap. 5, where the reduction always
goes down: our experience tells us that a master integral I, = F(a;) =
F(as1,...,Qir,...,a;N) never appears in the decomposition of a given Feyn-
man integral in terms of master integrals

Fla)=...+ci(at, ..y ar,...;an); + ...
if a, < 0 and a;- > 0. Therefore, we come to the natural condition for the
coefficient function ¢;(a) of F(a;): if a; = 1 then ¢;(a1,...,ar,...,an) =0
for a, <0.

This condition can be realized easily [16] in an automatic way by treating
the integration over z; as a Cauchy integral around the origin in the complex
x;-plane,

1w /...[P@)](d—h*)/? . (6.13)

211 e
Z;

According to the Cauchy theorem, this expression reduces to the Taylor ex-
pansion of order a; — 1 of the integrand in x; so that it becomes a linear
combination of terms

/ / P T % (6.14)

T,
jiai;<0 7

where z = (d — h —1)/2, and P;(z) is obtained from P(z) by setting to zero
all the variables z; with j such that a;; = 1. We shall use n; instead of a; for
powers of x; in auxiliary parametric integrals. Observe that the parameter
ng in such integrals plays the role of the shift of the dimension.

Suppose that we are not interested in higher terms of the Taylor expansion
in powers of (¢ —m3 ;) in (6.12), i.e. we need just the value at ¢*> = m3, .,
i.e. the term with ay4+; = 1. Then the integration over xy4; should be un-
derstood in the sense of Cauchy integration so that, effectively, zn 41 is set to
zero. So, if If’(xl, ..., TN, TN+1) Is the basic polynomial for the corresponding
vacuum problem, then the basic polynomial for the initial propagator-type
problem is obtained as

P(z) = P(zq,...,25) = P(z1,...,25,0) . (6.15)

In the case of n independent external momenta ¢1,...,q,, one includes
into the procedure all the terms of the formal Taylor expansions in the scalar
products g; - g; . One is usually interested only in the value at some g; - ¢; and
not in the derivatives at these points. (Otherwise, it would be necessary to
deal with a generalization of (6.12), where the initial Feynman integrals are
rescaled by the Gram determinant det(p; - p;) which is raised to the power
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(h+n+1—d)/2 - see [16,20].) Then the transition to the vacuum problem,
which effectively increases the number of loops, h — h+n, can be performed
as follows:

1. Introduce a complete set of invariants by considering, in addition to k;-k;,
i > j and k; - g5, also invariants generated by the external momenta, i.e.
the scalar products ¢; - q;, ¢ > j. Let p; = k;,i=1,...,hand p; = ¢q;,1 =
h+1,...,h + n so that the total number of the kinematical invariants
becomes N = (h+n)(h+n+1)/2.

2. Introduce, in some way, the corresponding new propagators.

3. Solve the system

Z Aijpi-pj:ET, r=1,...,N

i>j>1

with respect to p; - p;.
4. Evaluate the basic polynomial P for such a vacuum problem.
5. Obtain P(z) = P(z1,...,zn5) = P(z1,...,25,0,...,0).

Let us stress that this strategy is applicable not only to usual Feynman
integrals with quadratic denominators but also for more general Feynman
integrals with the denominators (6.2): one treats additional vectors, like the
quark velocity, on the same footing as the true external momenta and con-
siders Feynman integrals as functions of various scalar products. We shall see
how this is done in the examples below.

Observe that the method under consideration is based only on the IBP
relations so that the LI identities discussed in Sect. 5.4 are not used at all.

6.2 Constructing Coefficient Functions.
Simple Examples

Now, we want to apply the basic parametric representation for two closely
related purposes:

— identifying master integrals,
— constructing the corresponding coefficient functions.

According to the discussion above, let us consider integrals where the
indices corresponding to irreducible numerators are set to zero and other
indices are either zero or one. Let I; = F(a;) = F(ai1,...,pr,...,a;n). For
indices equal to one, we understand the corresponding integration over z; in
the basic parametric representation (6.10) in the Cauchy sense. This leads to
a Taylor expansion of order a; — 1 of the integrand in x; and gives a linear
combination of (6.14).

Let us try to understand whether a given candidate can be considered as
a master integral. Suppose that P; = 0. Then there is no other way as to
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consider the coefficient function equal to zero. Therefore, this integral cannot
be a master integral and has to be recognized as a reducible integral within
the reduction problem.

Let us assume a weaker condition: the parametric integral involves an
integral without scale which we put, by definition, to zero. Then, again, we
cannot, construct the coefficient function in a non-trivial way so that the cor-
responding integral is considered reducible. Let us stress that such a scaleless
integral can appear not only immediately but also after some preliminary
non-trivial integrations.

After such analysis, we obtain a preliminary list of master integrals. Some-
times one has to consider master integrals which differ from F(a,;) by some
indices a;; < 0. The number of such additional master integrals is connected
with the degree of the polynomial P; with respect to some of the para-
meters x;.

Let us now turn to examples and see how the basic parametric represen-
tation enables us to solve the reduction problem. Many examples will be the
same as in Chap. 5, in particular, the first one.

Example 6.1. One-loop vacuum massive Feynman integrals given by the
right-hand side of (5.1).

We have one propagator with the denominator £ = k? — m? and one

kinematical invariant k2. The equation E = k? is solved as k? = E. Therefore,
the resulting basic polynomial is P(z) = x and the polynomial that enters
(6.10) is P(2’) = x + m?. There is one master integral I = Fg.1(1) given by
the right-hand side of (5.6). According to (6.10) the corresponding coefficient
function is

1
c(a) ~ / ;Lf(x +m?)d=2/2 = — 7{ d—x(x +m?)=2/2 - (6.16)

2mi e
At a = 1 we have

1 fde

oo - (x+m2)(d72)/2 _ (:L,+m2)(d72)/2

_ (mQ)(d72)/2 )

=0

To satisfy the normalization condition ¢(1) = 1 we normalize the coefficient
function:

2y(2-d)/2 [ ¢
o(a) = % % o+ m2y-2r2

LB () ]

(6.17)

=0

for a = 1,2,.... So, we have Fg1(a) = c(a)l1, in agreement with (5.5) and
the explicit result (A.1).
As in Chaps. 3 and 5 let us consider
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Example 6.2. Massless one-loop propagator Feynman integrals given by the
right-hand side of (5.7).

The transition to the corresponding vacuum problem reduces to adding
a new propagator, 1/(¢?> — m?)%, with an effective mass m. The effective
number of loops that is involved in the exponent in (6.10) is h = 2. We want to
consider the value of our diagram at some general point and are not interested
in higher terms of the Taylor expansion in ¢2. Therefore, we consider only the
value az = 1 so that, according to our agreements, the integration contour for
the corresponding variable x3 is taken as a Cauchy contour around the origin,
and x3 is set to zero. Thus, using (6.15), we obtain the basic polynomial

P(x1,72) = (¢%)? — 2¢% (1 + w2) + (w1 — 12)? . (6.18)
The only possible candidate for a master integral is

2 —d/2)I%(d/2 — 1)
I(d-2) '

I = Fs0(1,1) = ind/z(fqz)d/HF( (6.19)

because integrals with one non-positive index are zero. The corresponding
coeflicient function is

()"
@ —1)l(ag —1)!

x < 0 )all (;@)Ml [P(ay, 25)] 4372 , (6.20)

or
1 xZ; =0

61(a1,a2) = (

where the normalization condition ¢4 (1,1) = 1 was immediately implemented.
One can check that this result is in agreement with what we had in Exam-
ple 5.2 when explicitly solving recurrence relations.

Let us now turn to

Example 6.3. One-loop diagram for the heavy quark static potential shown
in Fig. 6.1.

The corresponding general Feynman integral is

d?k
Foa(ar, az,as) = / (k) [(k — q)?] (v-k + i0)*s ’

with v-¢g = 0.

In addition to k2, ¢-k and v-k, we consider ¢2,v-¢q and v? as external
kinematical invariants so that the effective loop number is i = 3. The choice
of additional propagators is arbitrary. We choose the following extended set
of the denominators:

(6.21)

Ey =k Ey=(k—q)? E3=kwv+?
Ey=v% Bs=¢% Eg=(¢+v)?. (6.22)
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1

Fig. 6.1. One-loop diagram for the heavy quark static potential. A wavy line
denotes a propagator for the static source

The basic polynomial is given by the determinant of the matrix

1 ($1—$2+l‘5)/2 T3 — T4
(Il — X9 + 1‘5)/2 T5 (7174 — 5 + 1’6)/2 . (623)
T3 — X4 (—x4 — x5 + x6)/2 T4

The variables x; are then shifted by the corresponding effective masses, x3 —
3+ 02 24 — 14 + 0% 25 — 25 + ¢%, 26 — 6 + (¢ + )%

We are not interested in higher order Taylor coefficients of the additional
kinematical invariants so that, effectively, we set x4 = x5 = ¢ = 0. Thus, we
obtain

P(x1,22,73) = (¢*)%0* +v? (21 — x2)2 + 24° [vz (1 +22) — 23512),] ,

Observe that integrals (6.21) are zero whenever a; or ay are non-positive.
After analysing various integrals with the indices 1 and 0 and corresponding
reduced polynomials we see that the coefficient functions can be constructed
non-trivially for the following two integrals which can be evaluated by (A.27)
and which we consider as master:

I, = Fs3(1,1,1)
)R TG /2 — A2 3/2)
v I'(d-3) ’
2 d/2)I(d)2 — 1)
T(d—2) '

(6.24)

r
I, = Fg3(1,1,0) = in¥?(—¢?)¥/?72 ( (6.25)
The coefficient function c; is simply calculated without integration. For the
coefficient function cq, we need the following integrals:

g1(ks, ) = dzs xl;* (a2 — x%)a ) (6.26)
—a
Here k3 is an integer but o depends on d. This integral can be interpreted in
the sense of the principal value, with

ova+k/2+1/2 I'(k/2 +1/2)"(a +1)
f
(a®) Tla k2 +32) or even k (6.27)
0 for odd k

g1k, ) =
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Let us imply that these and similar integrals below are understood as con-
vergent integrals in an appropriate domain of analytical parameters, such as
a in (6.27), with analytic continuation to the whole complex plane of o on
the right-hand side.

We obtain the following decomposition of the general integral of the given
class:

Fs3(a1,az,a3) = c1(a1, az, a3)l1 + c2(a1, a2, a3)ls . (6.28)

One can check that this procedure is in agreement with the explicit result
(A.27) evaluated in Sect. 3.1.
Let us now consider again

Example 6.4. Two-loop massless propagator Feynman integrals of Fig. 3.10
with integer powers of the propagators given by the right-hand side of (3.43).

The transition to vacuum integrals is similar to Example 6.2. Now we
have h = 3.
The basic polynomial can be obtained straightforwardly:

P(a:l, - ,135) = —X1T2x3 + x%zg + 1:293?), + x%u — T1T2T4
—X1X3%L4 — L2X3X4 + xlxi + X1T3T5 — T2X3T5
—21 2485 + TaxaTs + ¢ [—T172 + Toxs + 2124
—T3T4 + T1T5 + T2X5 + T35 + T4Ts — x%} + (QQ)Q% .

(6.29)

After analysing various candidates with the indices 1 and 0 we conclude
that the corresponding integrals (6.14) with reduced polynomials P; can be
interpreted non-trivially only in the following three cases two of which are
symmetrical to each other:

Fs4(1,1,1,1,0) =I; , F54(0,1,1,0,1) = F5.4(1,0,0,1,1) =I5 .

Thus, we qualify them as master integrals. The values of these integrals can
be obtained from (5.25) and (5.26), respectively:

aaT(2—4d/2)%2r(d/2 —1)*

I = (ir¥?)?(—¢?) (a2 : (6.30)
_ _ 3
I = (/22— gy G F(‘;)dp/éd/ 23) i (6.31)

The corresponding coefficient functions are constructed using the values
of the following integrals that appear in (6.14). For ¢y, we use

q2
ga(a, ) = / des 22 (¢ — 25)°
0

_ ( 2)a+ﬂ+1 I'la+1)I'(B+1)
4 T(a+3+2)

(6.32)
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For ¢y, we use

g3(a1, a4, 8 / / dry dzg 28 25 (¢* + 21 + x4)ﬁ

B ortag+p+2 I'(ar + DIMN(as + DIM(—a1 —aq — —2)
= (¢%) I'(-p3)

The decomposition of an arbitrary integral is

. (6.33)

Foa(a1,az,a3,a4,a5) = c1(ay, az,as, as,a5)l
+ [ea(ay, ag, a3, aq, as) + ca(ag, a1, aq,a3,a5)] o . (6.34)
One can check that this algorithm provides the same results for the coefficient

functions as the algorithm described in the solution of Problem 5.4.
We again consider

Example 6.5. Two-loop massless vertex Feynman integrals (5.39) of Fig. 5.3
with integer powers of the propagators.

This is also a relatively simple example which can be treated almost like
the previous examples. We shall deal with the following extended set of the
denominators of the propagators:

Ey=101=2l'pi+p], By=1>-2lps+p3,
E3=k*—2k-pi+p}, Ei=k>—2kpr+p3,
Es=k*, Eg=k>—-2k-14+12, E,=1?, (6.35)
Eg=pi, E9=pi-p2, Eiwo=p3. (6.36)
The basic polynomial is straightforwardly evaluated, as a determinant
of the corresponding 4 x 4-matrix (6.11). The effective number of loops to
be used in (6.10) is h = 4. Since we are not interested in higher terms of
expansion in the external kinematical invariants® p?, p3 and p; -ps, as usual,

the parameters zg,r9 and x19 are set to zero, and we obtain the following
basic polynomial, according to the last rule in Sect. 6.1:

P(z) = 2523 — 22120374 + 2525 + 4Q% 11 1075 — 2Q* 07375
+2x1m2x3:10 — 21‘%2331:5 — 2Q2m1x4x5 — 2x%x4xr + 2212920475
+(Q2) —i— 2Q2x1m5 + x1x5 + 2Q2x2w5 — 2x1x2x5 + CUQZ%
+2Q25€2I31‘6 + 2Q T1X4T6 — 2(Q ) IT5Xe — 2Q T1X5T6 — 2Q21’21‘5[E6
+(Q?)2x2 — 2Q%wowsxy — 2xoxiwy — 2Q%w 1 w427 + 4Q% 237477
4221 T3T4T7 + 2ToXT3TATT — 2x1xix7 — 2(Q2)2x5x7 —2Q%z w527
—2Q%zox527 — 2Q% w3257 — 20123527 + 2TaT3x5LT — 2QTaT5TT

2Observe that this is a formal expansion for p} and p3 and a Taylor expansion
for p1-pa.
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+23}1$4$5Z‘7 — 21‘2%‘4335.737 - 2(@2)2336567 — 2Q2$31‘65€7 — 2Q2$4Z‘6$7
+4Q% 567 + (Q1)%22 + 2Q% 2322 + r222 4 2Q% 2422
—2x3w403 + 2502 (6.37)

where Q? = —(p; — p2)? as before.

After a straightforward analysis of candidates we identify the following
set of the master integrals: F(1,1,0,0,1,1,0) = I, F(1,1,1,1,0,0,0) = I,
and F(0,1,1,0,0,1,0) = F(1,0,0,1,0,1,0) = I5.

To construct the coefficient function ¢; we have to deal with integrals
(6.14), where the reduced polynomial is

Py (23,24, 27) = 27 [((Q*)* + (x5 — 24)°
+2Q2 (1‘3 + .’1?4))31‘7 + 4Q2$3$4] . (638)
One can observe that in the cases, where ny < 0 (ng < 0) in the corresponding

integral (6.14), one can straightforwardly integrate over x4 (z3) and then over
x3 (z4) and x7, using

ga(a B) = /OOO do 2 (z + a)

— gotB+l I'l+a)l(—a—p-1)
I'(=p)
Suppose now that nz,ng > 0 in (6.14). Then we can use a trick based

on the following integration formula obtained by IBP in a one-parametric
integral:

(6.39)

/ 4wy By
0

Y

B (z—n')B * dx 1
S z-—n-n'—v+1), x”+v(Ax+B) - (6.40)

Applying it to the integration over z7 we can reduce either n3 or ny to zero
because here B = 4Q%x3x4.

The coefficient function ¢, can easily be constructed because the corre-
sponding integral (6.14) over x7 can be evaluated by means of the following
explicit formula

g5(k, a1, as) :/ dxwk(x—xl)al(xg — )

k

_ E .T]f_T(.TQ _ ml)a1+a2+r+1
r=0

K I'l4+a)l(14+a+7)
(k—=n)lrl T'log+as+7r+2)

(6.41)

and then over x5 and xg by means of (6.39).
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A similar procedure, without tricks, can be developed for the coefficient
function ¢3. If I3 = F(0,1,1,0,0,1,0), this is achieved by integrating over x7
(which always can be done because ny < 0), and then over x5, z1 and z4.
For the second copy of I3, the coefficient function is symmetrically obtained.

Let us again turn to our favourite example which illustrates all the basic
methods.

Example 6.6. One-loop propagator Feynman integrals (1.2) corresponding
to Fig. 1.1.

The transition to the corresponding vacuum problem reduces to adding
a new propagator, 1/(g? — ). We again consider these integrals at general
¢ and are not interested in derivatives so that, effectively, the corresponding
index will be az3 = 1 and the corresponding variable x3 is set to zero. The
resulting basic polynomial is

P(z1,22) = — (21 — 20 + m?)? — ¢*(¢* — 2m? — 2(z1 + z2)) . (6.42)

Of course, at m = 0 it coincides with the polynomial (6.18) for Example 6.2.

There are two master integrals Fge(l,1) = I; given by (1.5) and
Fs.6(1,0) = I, given by the right-hand side of (5.6). We want to construct the
corresponding coefficient function with the normalization conditions (6.4), i.e.

c1(1,1)=1, ¢1(1,00=0, c2(1,1)=0, c2(1,0)=1.

The coefficient function of I; is simply obtained similar to the massless
case

d—3
(q2 _mg)( )
a1 — 1)l(az — 1)!

« (2 "o a2_1[P(x1 15))( 43/ . (6.43)
8951 8$2 ’

Ii:()

01(a17a2) = (

For the coefficient function co(a1, az) of I, we obtain linear combinations
of one-parametric integrals

d _3)/9—
fn1,nz) = / - [Pa(a) e (6.44)
where
Py(z) = P(21,2)|,, o = az® + fz +7 (6.45)

with o = —1, 8 = 2(m? + ¢%),7 = —(m* — ¢*)*.
Consider first the case as < 0. Then n; is always non-positive here, and
f(n1,n2) can be understood as an integral between the roots

2(1,2) — (mZF \/q»z)z
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of the quadratic polynomial P5(z), using (6.41).

The evaluation at a; = 1 and as = 0 provides a normalization factor to
satisfy the normalization condition c2(1,0) = 1, and we obtain the following
expression for ca(aq,as) at ag < 0:

. o B rd-1)
(a1, a2) = c3(ar, a2) = 44-2(m2¢q2)([d=2)/2((d — 1)/2)?

xi JE— —_—
(a1 — 1)! 1 % \ Oxy

1120

In the case ay > 0, the integrals f(n1,ns) appear also with n; > 0. When
taken seriously they can be evaluated in terms of a Gauss hypergeometric
function. Instead of doing this, let us apply IBP to our parametric integrals
f(n1,n2). This gives the relation

(d—3)/2 —nq
n1—1
x(2af(ny —2,n0+ 1)+ Bf(ng — 1,ne + 1)) (6.47)

f(nlunQ) =

which can be used to reduce n; to one or zero. Moreover, the identity

P2(d—3)/2—’n2 — P2(d—3)/2—n2—1p2
leads to the relation
1
f(1,ng) = 5 (f(L,n2 — 1) —af(=1,n2) — Bf(0,n2)) (6.48)

which can be used to reduce ny to zero.

This means that we can express any f(ni,ns) as a linear combination of
an auziliary master integral f(1,0) and integrals f(n1,n2) with n; < 0 which
can be evaluated in terms of gamma functions. We believe that the coefficient
functions are rational functions of everything. The only chance to satisfy this
property here is to construct ca(a1,az) as a linear combination of ¢§(ay,as)
and the first coefficient function ¢ (ay, as):

ca(ar, as) = S(ar,as) + Aci(ay,az) . (6.49)
The constant A is determined by the normalization condition cg(1,1) = 0:
A=—c5(1,1). (6.50)

After this, the dependence on f(1,0) drops out and c2(aj,as) indeed turns
out to be a rational function.

Observe that integrating over some real domain, in particular between the
roots of a quadratic polynomial when constructing coefficient functions, with
a subsequent normalization, is in fact equivalent to solving IBP relations for
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our auxiliary parametric integrals. If there is such a possibility to understand
a given parametric integral it is reasonable to use it. If there is no such possi-
bility, e.g. one meets a polynomial of the third degree, or, an integration over
one of the z-variables leads to inconvenient integrals over the rest variables,
then there is no other way as to treat the auxiliary parametric integrals in
a pure algebraic way by solving the corresponding IBP relations. We shall
meet such situations in the examples below. As to the example above, the
situation with as < 0 could be treated algebraically, by IBP in the initial
two-parametric integral, but integrating over xo has simplified the situation.

6.3 General Recipes. Complicated Examples

Let us extend what was done in the previous example to the general situation.
After a preliminary analysis, with the help of (6.10), we obtain a preliminary
list of candidates for the master integrals. Let us define the relation of partial
ordering of the master integrals as follows:

F(a;) < F(ay) if a1; < ag; forall j,

and the strict inequality holds at least for one index.

The master integrals can be grouped into families characterized by their
maximal integrals. Let us start from the master integrals which have most
non-negative indices. Usually, the corresponding parametric integral for the
coefficient function can be understood in such a way that it results in inte-
grations in terms of gamma functions.

Consider now a situation with two master integrals with F'(a,) < F(a,),
and suppose that we already know c;. If as; = 1 we have also a;; = 1. To
construct an algorithm for the coefficient function cs(a) we start with the
case of negative indices a; for those indices j where a;; = 1 since in this case
we have c¢;(a) = 0. Experience shows that the integrations for cs(a) result
in ratios of gamma functions which in particular can be used to satisfy the
normalization ca(ay) = 1.

In a next step one considers the case a; > 0. Then the corresponding
parametric representation usually leads to integrals which cannot be evalu-
ated in terms of gamma functions. (See the previous example.) Thus at first
sight it looks hopeless to achieve that the coefficient functions have to be
rational functions of d. The way out is to look for an expression for the co-
efficient function co(a) which is a linear combination of ¢1(a) and the basic
parametric representation for cp(a) denoted by c9(a)

ca(a) = S(a) + Acy(a) . (6.51)

The constant A is determined by the normalization condition cz(a;) = 0
which gives
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A= —c(ay). (6.52)

Then IBP is applied to the parametric integrals and the corresponding
relations are used to express any given parametric integral in terms of aux-
iliary (parametric) master integrals and expressions which are straightfor-
wardly evaluated in terms of gamma functions. The dependence on the new
auxiliary master integrals has to drop out® in order to provide a rational
dependence of the coefficient functions on d.

In fact, this strategy can be generalized to the case of several master
integrals with more complicated hierarchies. Let us proceed with examples,
where we shall meet such situations. These will be mainly our old examples
considered in Chaps. 3-5.

Example 6.7. Feynman integrals (3.23) corresponding to the triangle dia-
gram of Fig. 3.5.

Almost all the steps can straightforwardly be performed, as above. The
basic polynomial is

P(z1,29,23) = (71 — 23) (22 — 73) — Q%13
—m?(Q* + x1 + o — 223) + m* | (6.53)

where again Q% = —(p; — p2)? with p? = p2 = 0.

We obtain the following list of the master integrals: F'(1,1,1) = I,
F(1,1,0) = I, and F(0,0,1) = Is. When testing various candidates to be
master integrals we consider, in particular, F(1,0,1) with the corresponding
reduced polynomial Pj o 1(z2) = m? — Q% — x, linearly dependent on x5. Let
us try to understand the corresponding integrals (6.14)

Jom? = @2 e S22 (6:54)

2

in a non-trivial way. (Here we have z = (d — 4)/2 = —¢ because the effective
number of loops is h = 3.) We do not consider the Cauchy integration around
the origin in the complex plane because this choice corresponds to the value
as = 1 in the master integral so that we are looking for other options. We
cannot integrate from xo = 0 because we have integer negative powers of x,.
Still it looks like there is a chance to obtain a new non-trivial understanding
of the integral by choosing to integrate from —oo to m? — Q? Here we suppose
that m? — Q2 < 0 in order to have no singularity in the integration domain.
However, this choice brings nothing new! One can check that, after the nor-
malization by the equation ¢ 91(1,0,1) = 1, one obtains the same expression
as in the case of the Cauchy integration corresponding to other values of the

3This cancellation serves as a good check of the algorithm, similarly to cancella-
tions of spurious poles in € on the right-hand side of various asymptotic expansions
in momenta and/or masses [28].
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index as. Therefore, we conclude that we cannot interpret (6.54) in a new
non-trivial way so that the integral F'(1,0,1) is not a master integral.

A more general recipe is that, whenever we obtain in a linear dependence
of a reduced polynomial in (6.14) on some variable, we shall usually* conclude
that this cannot be a master integral.

The coefficient function of I; can be constructed trivially because it does
not involve integration. The coefficient function of I3, with the corresponding
polynomial P, = (m? + z3)(m? — Q2 + x3), is also simple (at least simpler
than in Example 6.6). If ng < 0 in the corresponding integral (6.14), we can
integrate between the roots of this polynomial using (6.41). In the case of
n3 > 0, one can use the IBP relation with respect to x3 in order to reduce
n3 to one and the relation following from the identity Py~ "¢ = Py "' P,
to adjust the dimension.

For the coefficient function of I, we obtain integrals (6.14) with

Py(x1,22) = 2109 — m2(Q% + 21 + x2) + m* .

If one of the indices n; and no in this integral is non-positive the integra-
tion over the corresponding variable, e.g. over x5, can be performed but one
obtains a power of (m? — 1) not regularized by z. So, in this situation, it
is necessary to proceed in a pure algebraic way and solve the correspond-
ing IBP relations, together with the relation that follows from the identity
P;~™ = pz="a=1 Py in order to reduce any given integral to auxiliary master
integrals.

There is, however, one more option®: to use the package AIR [9] based
on the algorithm of [143] and designed to solve genuine IBP relations for
Feynman integrals as discussed in the end of the previous chapter. It turns out
that this program can be applied to the auziliary IBP relations for integrals
(6.14). As a result of this procedure, an algorithm for ¢3 can be constructed.
In particular, we obtain

1

F(1,1,2) = 2 (m? — Q)

[;(d —4)(2m?* - QH I,

2—-d
d—3)I I 6.55
Hd-Dh+ 5 h] (6.55)
in agreement with (5.20), where several integrals expressed in terms of gamma
functions were involved on the right-hand side.

Let us again consider massless on-shell boxes which we have already
analysed in Examples 3.3, 4.3 and 5.4.

4Well, up to some pathological situations, where one has chances to obtain a new
meaning for such integrals by considering the integration over z; in the sense of a
distribution with respect to the variables on which coefficients of the corresponding
linear polynomial depend.

5Thanks to J. Piclum who implemented the corresponding algorithm on a com-
puter, also for the Example 6.10 below.
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Example 6.8. The massless on-shell box Feynman integrals of Fig. 5.1 with
p? =0, i =1,2,3,4 and general integer powers of the propagators.

The basic polynomial is now

P(x1, 72,73, 04) = 8212 + 1*(11 — 12)? — 25t (21 + 22)
+5% (x5 — 14)% — 25%t (23 + 24)
—2st[22122 + 2x324 — (21 + T2) (23 + 24)] . (6.56)

The effective number of loops to be used in (6.10) is now h = 4. Using the
strategy formulated above, we reveal the following three master integrals:
F(1,1,1,1) = I and F(1,1,0,0) = F(0,0,1,1) = I5. The coefficient function
of I; can be constructed trivially. In the case of I (the first of the two
symmetric variants), the integration in the corresponding integral (6.14) over
x4 and then over x3 can be performed in terms of gamma functions if ny < 0,
and, in the opposite order, in the case of ng < 0. One can then proceed
similarly to Example 6.6 by introducing an auxiliary parametric integral and
using IBP relations to reduce n3 or n4 to one or zero. Then, to define the
coefficient function cs, one involves a linear combination with the coefficient
function ¢; so that the dependence on this auxiliary integral drops out.
Now we turn to a massive generalization of this example.

Example 6.9. The on-shell boxes with two massive and two massless lines
2

shown in Fig. 6.2, with p? = ... = p2 = m?.

As in Example 6.8, we have changed the numbering of the lines with
respect to Chap. 4.

The procedure is again straightforward. One can identify the master inte-
gral with four lines, F'(1,1,1,1) = I;, two symmetrical master integrals with
three lines, F'(1,0,1,1) = I, F(0,1,1,1) = I3, two master integrals with
two lines, F(1,1,0,0) = I3, F(0,0,1,1) = I35 and two symmetrical master
integrals with one line, F'(1,0,0,0) = I, F(0,1,0,0) = I2. These master
integrals are graphically shown in Fig. 6.3. We have the following hierarchy
relations: I41,I42 < I31 < I and I35 < 1217122 < I;.

The coefficient function c¢; is trivial. The coefficient function cy; can be
constructed, using (6.14), first in the case of ny < 0, where it can be obtained

P1

]
P

1
3 4
1

- — - — - - - 4

P2 y2

Fig. 6.2. On-shell box with two massive and two massless lines. The solid lines
denote massive, the dotted lines massless particles
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Fig. 6.3. Master integrals for Fig. 6.2

by an explicit integration. Then, for ny > 0, one applies IBP to these auxiliary
integrals, introduces an auxiliary master integral and mixes such a solution
with Cy.

To construct the coefficient function of I3;, one uses a straightforward
integration in the case n; < 0 and general no and, similarly, for no, < 0 and
general n;. In the case of ny 2 > 0, one can apply auxiliary IBP relations
with the introduction of an auxiliary master integral for n; = no = 1 which
is cancelled when mixing the so constructed coefficient function with ¢;.

In the cases of the master integrals I3y, I41 and I4o, we have a tower of
three hierarchical master integrals. Still the case of I35 is quite similar to
I31 and does not provide complications. To construct the coefficient function
of 145 one uses a straightforward integration over xi, 3,4 in the case of
ny < 0,n3 <0, and over x1, x4, 3 in the case of n; < 0,n4 < 0. In the case
of ny <0,n34 > 0, one integrates over z; and uses, for resulting integrals over
x3 and x4, auxiliary recurrence relations, with an introduction of a master
integral for ng = ny = 1 which cancels when mixing with the coefficient
function cg9. Quite similarly, one can explicitly integrate over x3 or x4 when
ng < 0 or/and ny < 0 and reduce resulting integrals. Finally, in the case of
n1,3,4 > 0, one solves corresponding auxiliary IBP relations and introduces a
master integral for ny = n3 = ng = 1 which cancels when mixing with the
coefficient function ¢;.

Here is an example of the reduction of massive boxes to the master inte-
grals:

d-5 (d—4)(4m? —t) d—3
4m? — sIl + 2m2(4m2 — s)t > m2(4m?2 — s)t
(d—4)(d—2)
2(d — 5)ym*(4m? — s)t

F(2,1,1,1) = I3y

Iy . (6.57)

We shall consider another example with a tower of three hierarchical mas-
ter integrals in the next section.
The last example in this section is

Example 6.10. Sunset diagrams of Fig. 3.13 with one zero mass and two
equal non-zero masses at a general value of the external momentum squared.
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We are dealing with the following family of integrals:

dkdl (2g-k)—**(2q-1) "
F .
s10la // — m2 a1 12 m2)az[(q — k- Z)Q]as ’ (6.58)

where a = (a1, az, a3, a4, as) with az 4 < 0.

The strategy presented above reveals the following preliminary list of the
master integrals: F/(1,1,0,0,1) = I; and F(1,1,0,0,0) = I5.

The coefficient function cs can be constructed using the strategy described
above: for ns < 0, an integration in terms of gamma functions is used and,
for ns > 0, a simple recursion is applied. It turns out that one can use the
package AIR [9] to solve the recurrence relations for the auxiliary parametric
integrals (6.14) corresponding to ¢,

_n, dxsd
f(n37n47nd) = // [Pl(x33x4)]z ¢ 3 2544 ) (659)
.7/'3 .’E4

where z = (d —4)/2 = — and

Py (z3,74) = m?*(z3 + 74 — 2¢°)*
—(23 — ¢*) (24 — ¢*)(v3 + 24 — ¢°) . (6.60)

Remember that we have n3, ns < 0 so that we can perform a useful change of
variables, x3 4 = 23 4 +¢? and deal with integrals in these variables where the
basic polynomial looks simpler. When solving the corresponding IBP relations
(together with the relation following from the identity Pf~"¢ = Pf~ "' p)
it is useful to apply Euler’s theorem to the factor [Py(x3,24)]" " which is
a homogeneous functions of the four variables, 3,24, ¢, m? (although it is
clear that the resulting relation is nothing but a special combination of the
IBP relations). A general solution to these relations is determined by the two
auxiliary master integrals, f(0,0,0) and f(—1,0,0). Therefore, it is necessary
to introduce an extra master integral, I; = F(1,1,—1,0,1).

As a result, an algorithm for the evaluation of all the three coefficient
functions, ¢1, ¢; and cs, can be constructed. The dependence on the auxiliary
master integrals drops out in expressions for the coefficient functions. We
have, in particular,

1

F@Jﬂﬁ@):—?@?tESKw—3mﬁ—u—2m%h
(d I + = u )V (6.61)

F(2,1,—-1,0,1) = 2 s [ (2(d=3)m* + (d—1)¢°) I

am? — g2
+3(d—2)I + (d - 2)I5] . (6.62)
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1

F(2,1,0,-1,1) = ey e

[(4(d = 3)ym* — (d —2)(¢*)*) I
%(d —2)¢*I — (d —2)(2m?* — AL . (6.63)

Let us consider, following [193], a more complicated example in a separate
section.

6.4 Two-Loop Feynman Integrals
for the Heavy Quark Static Potential

Example 6.11. Two-loop Feynman integrals for the heavy quark static po-
tential corresponding to Fig. 6.4.

The numbering of the lines in Fig. 6.4 is changed as compared with
Fig. 3.10 in order to take into account the symmetry. There are two classes
of such Feynman integrals which we denote A and B:

d?kd9l
FA(“>//(k2)m(l2)az[(k—q)Z]GB[(l—q)Q}‘“[(k—l)?]“S
1

.64
a ( ‘l)a7 I (66 )
d?kddl

(v-k)as (v
Fpla) = // (E2)e (12)e2[(k — q)?]=[(l — q)*]*4[(k — 1)?]s
1
X

(o Ryl — D] ° (069
where v-q = 0.

The Feynman integrals necessary for the evaluation of the two-loop quark
static potential were calculated in [169]. In [177], a procedure for the evalu-
ation of arbitrary integrals (6.64) and (6.65) was developed, using the tech-
nique of shifting dimension [200] discussed in Chap. 5. However, not all the

Fig. 6.4. Feynman diagrams corresponding to case A and case B. Wavy lines
denote propagators for the static source
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necessary relations were published. Another version of partial calculation of
integrals (6.64) and (6.65) was used in [134] for the evaluation of 1/m correc-
tions to the two-loop quark static potential. In this algorithm, IBP was used
without systematization, as in Chap. 5, and the reduction always stopped at
integrals expressed in terms of gamma functions so that a lot of boundary
integrals, sometimes involving up to fourfold finite summations, entered the
reduction. Now, we are going to apply the method of this chapter to these
integrals. We will, therefore, obtain a minimal set of master integrals.
The basic polynomials are straightforwardly obtained:
Pa(xy,...,27) = —[zoxg — Tag + (—1 + x3)27)?
+v?{xiry + x3(23 + xo(v3 — T4 — T5) + T47T5)
—x1[w2 (w3 + 4 — 25) + 24 (W3 — T4 + 5)]}
+(q*)?[vPs — (w6 — 27)%] + ¢ {v?[(23 + 4 — x5)25
+x2(z3 — T4 + 25) + 71 (—23 + T4 + T5)]
+2[x2x6(—x6 + $7) + $4$6(—Ji6 + 1‘7)
+a7(z126 + X326 — 20576 — T1X7 — T3T7)]} (6.66)
Pg(z1,...,27) = Pa(x1, 22, X3, 24, T5, T6, Tg — T7) - (6.67)

The two cases A and B are considered separately.

Case A.

The application of the procedures described above to case A leads to
the following families of master integrals which are shown in Fig. 6.5. As
far as the notation is concerned the first index labels the different master
integrals. In case the master integrals are equal we introduce a second index
for further specification. If I; is a master integral with indices 1 and 0 then

GO~ 00 00~ <00

3

Family A4:

Family Al:

[61

Fig. 6.5. Feynman diagrams corresponding to the master integrals of case A. In
addition to g1, there is also a master integral 1 containing an irreducible numer-
ator
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we shall denote by I; the master integral which differs from I; by one index
—1 instead of 0.

— Family Al consists of the four master integrals with the hierarchy I; >
{121,122} > Igl

Fu(1,1,1,1,0,1,1),

121 - FA(l 1,1,1,0,0,1),

122 = FA(l 1,1,1,0,1,0),

F4(1,1,1,1,0,0,0).

— Family A2 consists of the four master integrals with the hierarchy I5; >
{Ir1,Is1} > ILus:

Isy = Fa(1,0,0,1,1,1,1),
Iy = Fu(1,0,0,1,1,0,1),
Isy = Fa(1,0,0,1,1,1,0),
Iy = F(1,0,0,1,1,0,0).

— Family A3 is symmetrical to Family A2 with respect to the transformation
1+ 2,3 4,6 < 7.1t contains the master integrals I5s, I72, Igo and Iys.
— Family A4 contains the master integrals

161 = FA(07 1a07 17 17 170)a
j61 = FA(Ov 1307 ]-, ]-7 ]-7 _1) .

— Family A5 is symmetrical to Family A4 with respect to the transformation
1+ 2,3 4,6 < 7.1t contains the master integrals Igo and Igo.

As has already become clear from the examples discussed so far, one ex-
pects the appearance of complicated expressions for the coefficient functions
of simplest master integrals. Indeed, in the case of the coefficient function
c1, six out of seven indices can be treated with the help of differentiations
and the remaining one-dimensional integral can be understood in the sense
of integration (6.32).

The situation is similar for coo (and co1 which can be obtained by exploit-
ing the symmetry) where the remaining two-fold integration over xz7 and x5
can be understood with the help of the integrals (6.41) and (6.27).

To construct c3 we have to understand, in some way, three integrations,
over xs, Tg, T7. In case one of the indices ns, ng or ny is less or equal to zero
one can use various combinations of the auxiliary integrals g; (i = 1,...,4)
listed above. Thereby it is advantageous to perform the integration corre-
sponding to the negative index first. If, on the contrary, ns, ng and n; are
positive an immediate integration seems not to be possible. However, from the
corresponding three-parametric integral representation it is simple to derive
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recurrence relations which shift at least one of the indices to zero, eventually
at the cost of increasing the dimension ngy. The latter does not constitute
a problem since the whole formulation of our procedure is in d dimensions.
Thus, also in this case the integration can be performed in terms of gamma
functions. In principle one could be forced to introduce three auxiliary mas-
ter integrals and build the proper linear combinations with ¢, ¢o1 and cos.
However, it turns out that the corresponding constants in such combinations
are zero.

For the coefficient function cs1, only two non-trivial integrations over o
and z3 are involved which can be performed with the help of (6.33).

For cg1, one can use the symmetry:

081(a17a27a37a47a57a67a7) = C71(a4,a37a2,a1,a5,a7,a6) .

The most complicated coefficient function is certainly c4; since there are
four non-trivial integrations over xo, x3, ¢ and x7 left. If ng or n; are less
than or equal to zero the integrations can be performed in terms of gamma
functions with the help of the formulae provided above. However, for ng > 1
and n7 > 1 this is not possible. In this case, the idea is to use IBP in order
to reduce the four-parametric auxiliary integrals

pfhaus dzo dzs dze dar
(n27 ns,ne, nv, nd

77,2 ns, .ne . N7
Ty X3 Tg X7

X [Py (22, 3,26, 7)) " (6.68)

(with z = (d — h —1)/2 = (d — 5)/2) to the auxiliary master integral
Ifl’aux(l, 1,1,1,0). Here P,; is obtained from P4 by setting z7, x4 and z5
to zero.

Observe that the corresponding recurrence procedure is significantly sim-
pler than the original one which involves seven denominators. Furthermore,
if during the recursion either ng or n; becomes negative the corresponding
expressions can immediately be expressed in terms of gamma functions. The
five IBP relations which are useful for the reduction to I fl’aux(l, 1,1,1,0)
can be obtained by either differentiating the integrand with respect to x;
(i = 2,3,6,7) or by writing down the identity P;; " = P§; "¢ Py, and in-
serting the explicit result for the last factor. The proper combination of these
relations leads to new ones which allow the following steps to be performed
in an automatic way:

1. Reduce ng and ny to one.

Reduce nsy,ng > 0 to no,ng < 0.

Use IBP recurrence relations to obtain ny = ns.
Reduce ny =n3 <0 to ny =ng =0.

Adjust the dimension, i.e. reduce ng to zero.

A simple relation transforms I™"(0,0,1,1,0) to IT4™(1,1,1,1,0).

Gl b
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At this point one constructs the final coefficient function ¢4 by consider-
ing the linear combination with ¢s1, ¢71 and cg1. Since ca1(a71) = ca1(ag;) =
0, we are left with

ca1(a) = 621(@ - 621@51)051(@) ) (6.69)
where
1 4(d—3)(3d —14)(3d — 10)(3d — 8)
q3v? (d —4)%(3d — 13)(3d — 11)
(d—5)*
(3d — 13)(3d — 11)

021 (%1) = -

+ (¢®)217™™(1,1,1,1,0) .

In this combination the auxiliary master integral Iﬁ’aux(l, 1,1,1,0) can-

cels and ¢41(n) turns out to be a rational function in d.

The master integral Ig; forms a family by its own. However, as the poly-
nomial Py is quadratic in x7 and thus the corresponding recurrence relation
shifts n7 only in steps of two, it is necessary to introduce in addition the
master integral Is1 where a; = —1. The very calculation of the coefficient
function is identical for Is; and Ig;. For ng < 0, it can be done in terms of
gamma functions with the integration order x3, x1, 7. On the other hand,
for ng > 0, a simple one-step relation reduces n3 to zero.

Let us now turn to

Case B.

As one can see from (6.67) the basic polynomial is quite similar to the
one of case A which can be used while computing the coefficient functions.
However, the symmetry can only be exploited if ny < 0 as for ny > 0 the
factor (xg — x7) would appear in the denominator.

Altogether there are four families which, however, show a more compli-
cated structure than in case A — see Fig. 6.6. More precisely one has

— Family Bl. There are twelve master integrals which obey the hierarchies
IB > {IB Iy} > I3 and IP > 1P > {Ig;, Is;} (i = 3,4,5,6) and are given
by

IB = Fp(1,1,1,1,0,1,1),
IP = Fp(1,1,1,1,0,0,1),
Iy = Fp(1,1,1,1,0,1,0),
Iy = Fp(1,1,1,1,0,0,0),
Iss = Fp(1,1,1,0,0,0,1),
Iss = Fp(1,1,0,1,0,0,1),
Iss = F(1,0,1,1,0,0,1),
Iss = F(0,1,1,1,0,0,1).

There are four master integrals with ag = —1:
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@mm

Family B1:
Iy Iy
Ie3
Family B2: U U
Iy Igy I Iy
Family B3: @ {I @
I53 Ig3 Izy Iy
Family B4:
Iz
Fig. 6.6. Feynman diagrams corresponding to the master integrals of case B. In ad-
dition to Is; (¢ = 3,...,7) there are also master integrals Is; containing irreducible
numerators
j63 = FB(17 17 170307 _17 1) )
j64 = FB(]-7 ]-aOv 1707 _]-7 1) )
j65 = FB(1707 17 170a 717 1) )
1_66 = FB(07 17 17 17 Oa _17 1)

— Family B2. There are four master integrals which obey the following hi-
erarchy: Iy > {182;181} > I with

F5(1,0,0,1,1,1,1
182 = FB(l 0,0,1,1,0,1
(
(

)

Is; = F5(1,0,0,1,1,1,0
L1 = F5(1,0,0,1,1,0,0).

b

T ~— ~—

— Family B3. Similarly to Family B2, there are four master integrals obeying
the hierarchy Is3 > {1837172} > 45 with

I53 = FB(0717170713131)7
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183 = FB(0717170a1a031)7
172 = FB(0717170a17150)7
I = Fp(0,1,1,0,1,0,0).

— Family B4 consists of the two master integrals

IG7 = FB(0717071713130)7
1_67 = FB(071707 1a la 1, _1) :

It is similar to the Families A4 and A5 of case A.

The construction of the coefficient functions ¢, cZ and cyo of the fam-

ily B1 proceeds along the same lines as in case A. In the case of c3, we have to
deal with integrals I ™" (ns, ng, n7, ng) which are defined similarly to (6.68).
There is a slight complication as, in contrast to case A, ¢3(a;) # 0. As a con-
sequence an auxiliary master integral, Io"*"*(0,1,1,0), has to be introduced
which is only cancelled after considering the proper linear combination with
¢1. The reduction to Jf’a“"(o, 1,1,0) is straightforward.

Family B1 has four more members, I3, Ig4, Ig5 and Igg, which belong to
the four hierarchies I¥ > IP > Ig; (i = 3,4,5,6). Thus, in order to obtain
the coefficient functions cg; one has to consider the linear combination

coi = cg; — coilar et (a) — cgi(ay’)ey (a) - (6.70)
Let us in the following restrict the discussion to cg3 since the results for the
other three coefficients can be obtained by exploiting the symmetry. The
corresponding auxiliary integrals are given by an integral representation of
the form

_n, drgdrsdz
0 z—n 4 5 6
Qs ~ /.../[P63($47$571'6)] ¢ W , (6.71)
with
Ps3 = (q2)2v2x5 + ¢ (x4x5 — :E2) — 4q2x5x§ — xix% . (6.72)

For ny < 0, where we have ¢ (n) = c¢f(n) = 0, the integrals in (6.71) can
be taken analytically in the order x4, x5, xg using (6.41) for z4, the formula
(6.41) for x5 and (6.27) extended to non-integer ks for zg.

Let ny > 0. Then we need to introduce two auxiliary master integrals,
15%(1,0,0,0) and I;™>(1,0,1,0). The reduction of the auxiliary para-
metric integrals (6.71) can be performed as follows:

1. Reduce ny4 to one.

2. Reduce ns to zero.

3. The reduction of ng can only be performed in steps of two. Thus one ends
up with ng = 0 or ng = —1.
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4. Adjust the dimension, i.e. reduce ng to zero.

The corresponding recurrence relations are derived easily from (6.72). It
is interesting to note that in (6.70) the master integral I.*"*(1,0,1,0) is
cancelled from ¢ and I2*"(1,0,0,0) from ¢F. Observe that, due to the
structure of the reduced polynomial (6.72), in addition to Is3 also a master
integral with ng = —1, Ig3, has to be introduced which, however, has the
same coefficient function as Ig3. Observe also that, for cg3 and cg5, the master
integrals I and I are needed, while for cgs and cgg, the integrals I and fﬁB
are necessary.

Families B2, B3 and B4 are similar to the families A2, A3 and A4, re-
spectively, so that the corresponding coefficient functions are similarly con-
structed.

The procedure described above was implemented in a MATHEMATICA pack-
age [193].

Let us now list all occurring master integrals in both cases A and B.
They have been obtained with the help of the program package developed for
the calculation performed in [134] where IBP recurrence relations have been
‘nonsystematically’ solved.

o (i9/2)* & 1'(5/2 — d/2)*(d/2 — 3/2)*

= Q2+45v2 F(d _ 3)2
L (ir9/2)* /7 (2 — d/2)(5/2 — d/2)I'(d/2 — 1)2T(d/2 — 3/2)?
T Qi T(d—3)d—-2) ’
a2 T2 — dj2)2(d/2 — 1)t
IB* <17Td/2) Q4EF(d_2)2 )
() s T3 = DI(d/2 — 1)
I4——(17rd/> Q! T'(3d/2-3) )

2 2,—27EE 9 7
__ (id/2 e A . 2 2
I (m ) O [ % 44 ( 24 + 57 )5—1—0(5 )} ,

Iy = (i) VRO
v

29=20(3 —d)I(7/2 — d)I'(d/2 — 1)I'(d — 5/2)?
X (2 —d/2)I(2d—5) ’

2 d—2 N2 _ 92
f6:_(i7rd/2) ﬁQ2_452 I'(3—d)*r(d/2—1)rd-2)

T(3/2—d/2)I(2d —4) )
I = (iwd/2)2 VI UHE

[(7/2 — d)I(d/2 — 1)2I(d)2 — 3/2)1(d — 5/2)
X I(d—2)(3d/2 —4) ’

I8:I7a
Iy =I5,
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1
IB=_1
)
B _ d/2 2 20— 27EE
2 = Q1+4€1}

X [—41n2+5 (gw2 —16In2 —41n? 2) +O(€2)] ,

j(SB :7176’
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where Q = y/—¢q2. The fact that Is = Iy and I; = I3 can be seen immediately
by a simple change of the loop momenta. Since I; = Ig, we have in both
cases one master integral less. So, in case A, we have eight master integrals,
I,...,I; and Ig, and, in case B, ten master integrals I, ..., Ir, Iy, [P IP
and I£, Only two of the master integrals are not known in terms of gamma
functions. Their results are given in expansion in € up to e'. For example, they
can be evaluated by the method of MB representation described in Chap. 4.

(For the corresponding MB representation, see Problem 4.5.)
Here are some examples of results for the coefficient functions:

Fa(2,2,1,1,1,1,1) = e1l1 + c3I3 + (ca1 + ca2) s + (c51 + ¢52) 15
+(C61 +062)j6
(in?/2)? ( 2,4, 16 368 ,

= v
with
~ 2(d—5)(d —4) ~ 8(d—5)(d —3)?
S N ¢
~ —3(d—3)(3d — 16)(3d — 14)(3d — 10)(3d — 8)
T 2T 0V (d — 8)(d — 7)(d — 6)2(d — 4)2¢1002
x (5d® — 93d* + 588d — 1264) ,
~ —3(3d —17)(3d — 13)(3d — 11)
N U TR Vo,
—32(2d — 13)(2d — 11)(2d — 9)(2d — 7)(2d — 5)
C61 = Cp2 = .

(d—=9)(d—=T7)(d—6)(d - 4)g'%?

Fp(2,2,1,1,1,1,1) = c1 I + 315 + (ca1 + cao) Iy + cs315

+(co3 + ce5)I6 + (coa + co6 + 067)f63 + cgly
s _d)2 2
(im/2) < 1 4 8 368 ,

- Q8+45U2

with

£+§W*§+45 - 8¢(3) + ())»

3€+3 +9+E +4¢(3) + (s)),
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s 2(d—5)(d—4) —4(d—5)(d — 3)?
a=—"7"5 > 8= 84,2
q (d—4)qv
cun — 3(d—3)(3d — 16)(3d — 14)(3d — 10)(3d — 8)
1T (A= 9)(d—8)(d—T7)(d - 6)°(d — 4)%¢"00?
x(7d* — 117d* + 654d — 1232)
ry — —6(d — 3)(3d — 16)(3d — 14)(3d — 10)(3d — 8)
P A= 9)(d=8)(d = T)(d—6)(d — 4)2g"00?
x(d* — 12d* + 33d + 16),

~ —3(3d —17)(3d — 13)(3d — 11)
o8 = (d—9)(d—T)¢® ’

o 4(2d — 7)(2d — 5)
€08 =0T TS 0)(d - 7)(d - 6)(d — 4)g 1002

x (15d* — 304d> + 2240d> — 7093d + 8118) ,
4(2d — 7)(2d — 5)(d? — 17d + 55)

Ce5 = Ce6 = (@ 7)(d— g0 ’
. —32(2d - 13)(2d — 11)(2d — 9)(2d — 7)(2d — 5)
Ce7 = (d—9)(d—T7)(d—6)(d— 4)q'0v2 .

—3(3d — 17)(3d — 13)(3d — 11)
(d—9)(d—"T7)¢* '

Cg =
Fa(1,1,2,1,1,-1,1) = ¢33 + (ca1 + ca2) L4 + co21s

ird/2 ?
- (Q4+4Z (—1 +3 o) +0<e>) ,

2e 2
2(d — 3) _ —3(3d — 10)(3d — 8)(d? — 5d + 2)
BT A—Dg M 2[d—6)(d_5)(d—42F
3(d — 5)(d — 2)(3d — 10)(3d — 8)
o 2(d— 6)(d — 4)%¢° ’
4(2d — 9)(2d — 7)(2d — 5)
€62 = (d—5)(d— 4)¢°
Fp(1,1,2,1,1,—1,1) = c3l3 + (ca1 + ca2)Is + (ce3 + co5)1s

+(cea + 066)j63

2?1
_ (Q4+4Z <_2€ o 0(5)) ,
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~ (d—5)(d—3) ~ —3(3d — 10)(3d — 8)(d® — 9d + 22)
BT T A—6)gt M T 2d—62d-5)(d—4)¢
~3(3d — 10)(3d — 8)(d? — 11d + 26)
= 2(d — 6)2(d — 4)¢° ’
~(2d —11)(2d — 7)(2d — 5)
T d—6)(d—5)¢5
—(2d — 7)(2d — 5) (2d — 7)2(2d — 5)

A=) d—5) T T ([d—6)(d-5)
_ —(2d —T7)(2d - 5)(4d — 19)
T - 6)(d—5)

6.5 Conclusion

The method presented in this chapter provides the possibility to solve the
‘global’ reduction problem for a given family of Feynman integrals by solving
several ‘local’ reduction problems for coefficient functions of the master inte-
grals. Such auxiliary reduction problems are simpler that the initial problem
because they involve less variables (indices). When solving local reduction
problems, the natural way is to interpret corresponding auxiliary parametric
integrals (6.10) in the sense of repeated integrations over some regions. It
might seem that this procedure is similar to evaluating Feynman integrals
in terms of gamma functions for general d, instead of ‘honestly’ solving cor-
responding IBP relations to the very end (see the discussion in the end of
Example 5.3). There is however an essential difference: when integrals (6.10)
are treated and evaluated in some way, no additional analytic information is
used, in contrast to the second case where Feynman integrals are evaluated,
e.g., by formulae of Appendix A.

Suppose that we do not want to solve the reduction problem but only
want to know whether a given Feynman integral of some family is irreducible
or not. However, to answer this question, it is reasonable to start to solve
the reduction problem by the method under consideration. Suppose that
the given integral has the indices for ‘true’ denominators equal to one, i.e.
a1 = ... = a; = 1 and the indices corresponding to ‘true’ numerators equal
to zero, i.e. aj41 = ... = ay = 0. Then we can test this integral as a
candidate to be a master integral, as it was explained in this chapter, and
analyse the corresponding reduced polynomial P, which can be obtained,
from the basic polynomial (6.11) associated with the given family, by setting
x1 =0,...,2; = 0. If we can understand the resulting integral (6.14) over the
rest of the a-variables, 241, ...,2y, (corresponding to the numerators) in a
non-trivial way, we make the conclusion that the given integral is irreducible.
In this case, one obtains the corresponding coefficient function ¢;(ay,...,an)
that satisfies the following properties: c¢i(a1,...,an) = 0 if there is such
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i = 1,...,0 that a; < 0, and ¢1(1,...,1,0,...,0) = 1, where the first [
arguments are equal to one. The existence of such a solution of the IBP
relations was crucial [17] in obtaining a sufficient condition that shows the
irreducibility of a given integral.

As an illustration, consider the Feynman integral evaluated in Exam-
ples 3.7 and 4.7. It belongs to the family of Feynman integrals corresponding
to Fig. 3.14 given by (3.58). Let us choose the numerator as (2k - 1)~%7. The
basic polynomial can straightforwardly be evaluated. The reduced polynomial
for the given integral is then

Pi(er) = (@2 — w7)%a3 . (6.73)

Then the corresponding integral can be understood naturally using (6.32)
and we obtain a solution of the IBP relations which shows that the given
integral is irreducible.

However, if we are dealing with an integral which has some zero indices
corresponding to ‘true’ denominators and if we want to know if it is irre-
ducible, we have to perform more steps in solving the whole reduction prob-
lem. On the other hand, it can be very important to test the irreducibility
of a given Feynman integral without following the strategy described in this
chapter, in particular, within another branch of the present method based on
an expansion at large d which is somehow introduced when constructing the
coefficient function of the master integrals starting from (6.10). (Some de-
tails of this branch can be found in [18].) For this purpose, another sufficient
condition that can show the irreducibility of any given integral was suggested
in [18]. It is based on an analysis of stable points of the basic polynomial P.

Let us observe that since a given problem of solving IBP relations is
always reduced, in the present method, to the corresponding problem for
vacuum Feynman integrals, it turns out that different initial problems can
have the same vacuum ‘image’. As it was demonstrated in [20], this property
can be used when a solution of some reduction problem is known and another
reduction problem has the same vacuum image with it. For example, solving
IBP relations for the two-loop massless vertex diagrams (of Fig. 5.3, Fig. 3.14
and the Mercedez—Benz type) can be reduced to solving IBP relations for
the three-loop propagator diagrams that was done in [66] and implemented
in [110].

The method of this chapter has a feature opposite to the method of shift-
ing dimension [200] discussed in Chap. 5. Indeed, the first point in the latter
is to get rid of numerators, with the primary idea to simplify the situation.
In contrast to this, the numerators play a crucial role in the present method:
each irreducible numerator results in an integration over the corresponding -
variable in the basic parametric representation. One more difference of these
two methods is that master integrals with indices a; > 1 usually appear in a
reduction with shifting dimension, while there are no such master integrals
in the present method. (The same feature holds for the modern realization of
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the method of differential equations to be discussed in the next chapter.) On
the other hand, shifting dimension is also an intrinsic feature of the present
method because the dimension d enters the basic representation in a very
simple way and it is necessary to put the shift of dimension under control
when solving the auxiliary IBP relations.

The method of this chapter was successfully applied, due to the reduction
presented in Sect. 6.3, in [135], where various two-loop diagrams associated
with the two-loop quark static potential were necessary. It was recently also
applied in [133] to solve the reduction problem for a class of two-loop Feynman
integrals at threshold. A breakthrough in another direction — the evaluation
of general four-loop propagator diagrams (i.e. one loop above [66]) was also
achieved with its help [19], within expansion at large d.

This method is now at the level of experimental mathematics, as well
as many other techniques discussed in this book. One tries to follow the
prescriptions formulated in this chapter and, hopefully, arrives at a solution of
a given reduction problem. One always believes in the rational dependence of
the coeflicient functions on everything, and this is one of possible consistency
checks. The validity of the reduction so obtained can be checked by explicit
evaluation of various Feynman integrals of the given class. On the other
hand, one can check that the initial IBP equations are satisfied for the so
constructed coefficient functions. Anyway, after successful checks, one can
conclude that the obtained solution of the IBP relations is valid and apply it
for practical purposes.

I hope, however, that this method can be put on a solid mathematical
ground and, moreover, some interesting mathematics is behind it.

Problems
6.1. Solve the reduction problem for the two-loop vacuum integrals with the

masses m, M and 0 defined by (5.84) in the sense of reducing any given
integral to a minimal number of master integrals.

6.2. Construct the reduction procedure for Example 6.8 and apply it to the
integrals F'(1,1,1,2), F(1,1,0,2) and F(1,0,1,2).

Fig. 6.7. Three-loop non-planar propagator diagram
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6.3. Find out whether the massless Feynman integral corresponding to
Fig. 6.7 with all powers of the propagators equal to one and the numera-
tor equal to one is irreducible.



7 Evaluation by Differential Equations

The method of differential equations (DE) suggested in [137] and developed
in [173] and later works (see references below) is a method of evaluating
individual Feynman integrals. We have agreed that, at the present level of
complexity of unsolved important problems, it looks unavoidable to decom-
pose the problem of evaluating Feynman integrals of a given family into the
reduction to some master integrals and the problem of evaluating these mas-
ter integrals. Thus, this basic method is oriented at the evaluation of the
master integrals. Moreover, in contrast to other methods of evaluating indi-
vidual Feynman integrals, it is assumed within this method that a solution
of the reduction problem is already known.

The idea is to take some derivatives of a given master integral with respect
to kinematical invariants and masses. Then the result of this differentiation
is written in terms of Feynman integrals of the given family and, according to
the known reduction, in terms of the master integrals. Therefore, one obtains
a system of differential equations for the master integrals which can be solved
with appropriate boundary conditions.

To illustrate basic recipes of this method we shall consider only four ex-
amples. The fact is that, for complicated examples, all the calculations can
be done only on a computer and intermediate formulae usually happen to be
very cumbersome.

We shall consider typical one-loop examples in Sect. 7.1 and a two-loop
characteristic example in Sect. 7.2. The status of the method, i.e. its perspec-
tives and open problems will be discussed in Sect. 7.3. together with a brief
review of its applications.

7.1 One-Loop Examples

Of course, we start with our favourite example.
Example 7.1. One-loop propagator diagram corresponding to Fig. 1.1.

After solving the corresponding reduction problem in Chaps. 5 and 6, we
know that there are two master integrals, F(1,1) = I; and F(1,0) = Is.
The second one is a simple one-scale integral given by the right-hand side of
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(5.6). We have started to evaluate I; in Chap. 1, by differentiating in m? and
arrived at the equation (1.21) for f(m?) = F(1,1). To be very pedantic, let
us rewrite it in terms of our true master integrals,

1 1—¢

O m) = |0 -l

om? m2 —gq

although this does not make an essential difference here.
Let us turn to the new function by f(m?) = ir%?(m?)~°y(m?). We obtain
the following differential equation for it:
m2(1 —¢) — eq? I'(e)
Yy - 22 _ g2y YT T 2 (7.2)
m?(m? — ¢?) m? —q
It can be solved by the method of the variation of the constant. The general

solution to the corresponding homogeneous equation, with a zero on the
right-hand side of (7.2), is

y(m?) = C(m? — ¢*)' =% (m*) 7. (7.3)

Then we make C' = C(m?) dependent on m?, solve this equation and obtain

. _2e ™ deae
f(mQ) _ lﬂ_d/Q(mQ _ q2)1 2 _F(E)/O # + Cl s (74)

where the constant C; can be determined from the boundary value f(0) which
is a massless one-loop diagram evaluated by means of (A.7). This gives

f(m?) = fiwd/Q(mz — A7)
m? dr z—¢ B F(l _ 6)2
X [/0 (z— )22 TI(2- 26)((]2)18] . (7.5)

If we turn to expansion in ¢ and take terms up to €° into account we shall
reproduce (1.7).
The next example is also an old one.

Example 7.2. The triangle diagram of Fig. 3.5.

The reduction problem was solved in Examples 5.4 and 6.7. The only
master integral that is not expressed in terms of gamma functions for general
dis F(1,1,1) = I; = f(m?). We have already calculated it in Examples 3.2
and 4.2. Let us now do this by DE. As in the previous example, we take the
derivative 67?12 f(m?) and obtain F(1,1,2) for which we apply the relation
(6.55), according to our reduction procedure. Let us again, as above, confine
ourselves to the evaluation up to the finite part in €. Then the first term on
the right-hand side of (6.55) is irrelevant because it is proportional to €. So,
we obtain, at € = 0,
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. 9 ln(m2/Q2)

f(m*) =in 2 (mZ = Q)

0
Ere) (7.6)
Thus, the evaluation of I1; at d = 4 reduces to taking an integral of the right-
hand side of (7.6). The boundary condition is simple: this function vanishes
in the large mass limit. This can be seen, for example, by examining this
behaviour using the MB representation (4.7) as explained in Sect. 4.8. (To
do this, one takes a residue at the point z = —1.) Consequently, the known
result (3.25) is once again reproduced.

If one needs to evaluate I at general €, or obtain higher terms of expansion
in € by DE, one can start from (6.55) and solve the so-obtained differential
equation, applying the method of the variation of the constant quite similarly
to Example 7.1.

Let us now turn, following [47], to

Example 7.3. The on-shell box diagram with two massive and two massless
2

lines shown in Fig. 6.2, with p? = ... = p3 = m?%.
These are functions of the three variables s, ¢ and m?. The following com-
binations arise naturally in the problem:

RV Y-S oy S -
T VA —stv—s T VamE—t+v—t '

We again assume that we know a solution of the corresponding reduction
problem. It was briefly described in Example 6.9. The reduction based on the
algorithm of [99,143, 145] which was discussed in Sect. 5.4 also leads [47] to
the same family of the master integrals shown in Fig. 6.3: Iy = F'(1,1,1,1),
I, = F(1,0,1,1) = F(0,1,1,1), Iy = F(1,1,0,0), Is; = F(0,0,1,1) and
I, = F(1,0,0,0) = F(0,1,0,0), where I and I, are present in two copies.

Suppose that we want to evaluate I; by DE. Therefore, we assume that
all the master integrals with the number of lines less than four are already
known. The integrals I, and I3o are given by (2.45) and (3.8). The value of the
master integral Is; = F(1,1,0,0) is very well-known and can be obtained by
various methods. To be self-consistent, let us observe that one can apply MB
representation (4.28), set a; = as = 1,a3 = 0 and evaluate this integral by
closing the integration contour and summing up the resulting series. Within

the method of DE, it is important to present this and later results in terms
of the variables (7.7):

. ”?;ZT [i 422 (; - 11x> HO(:U)} +0@E).  (78)

Here and in subsequent formulae, usual logarithms and polylogarithms are
written in terms of HPL [175] — see Appendix B. Moreover, it is necessary
to rewrite the quantity ¢ in (3.8) in terms of these variables, i.e. make the

xT
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substitution ¢ — t — —(1—y)?/(m?y) in the factor (—¢?)¢ and then expand
it in €.

Finally, we need I which can be obtained using (4.29) at a1 = as = a4 =1
and evaluating this integral by closing the integration contour to the right.
In [47], this result was obtained by DE. It is also naturally written in terms
of the variables (7.7):

P2

17T 1 1 2 5
b= [1 ty 1_y] [37T + Hoo(y) +2Hoa(y)| +0(e) . (7.9)

Observe that higher terms of this and other expansions in € can be found
in [47].

The starting point is to take derivatives in s or ¢t and write them down
as linear combinations of integrals of the given class. In order to do this, one
observes that taking derivatives in the external momenta reduces to taking
derivatives in s and t:

6
0 ds, 0
P = pia o 7.10
Op; ; Op; Osy (7.10)
where s; = pf, i = 1,2,3,4, are invariants with the on-shell condition,

s; = m?, and s5 = s, s = t. This linear system of six equations can easily
be solved, i.e. the derivatives 9/30s, can be expressed linearly in terms of the
derivatives p;-0/0p; with i,7 = 1,2,3 — see [47]. One can use here the follow-
ing expressions [69] which are equivalent to that of [47] due to the on-shell
conditions:

0 1 9
“9s 2 [p1+p2_4mz_s_t(292 +p3)]-8p2, (7.11)
b5 =3 T2 -7 —. 12

o 2 [pl TP —s—t(p2+p3)] Ops (7.12)

So, we take partial derivatives of Iy = f(s,t) with respect to s and ¢, using
(7.11) and (7.12), and obtain, on the right-hand side, a linear combination of
integrals corresponding to Fig. 6.2. Every integral can be written in terms of
the master integrals, according to the reduction procedure, and we obtain

of 1/1 d—5 d—4
85__2<5+4m25_4m25t)f+91’ (7.13)
of 1(d-6 d—4

6t_2( t —’—417’L25t>f—~_g27 (7.14)

where

gl__(d_4)[ 1 4m2 —t . 1 )]Iz

am2s  Am2t(4m? —s) | t(4m? —s —t
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2(d — 3) 1 1 1
+ t l(llm2 —9)? + t(am? —s)  t(Am2? —s — t)] In

d—3 |1 n 1 I
2m? —t|s  4m2—s|
d—2 1 n 1 1
(4m2 — )2 t(dm? —s) t(dm? —s—1t)

m2t

114 . (7.15)

_d-af1. 1 ;
92 = Am2 —s |t  4Am2—s—t| 2

ey 1, 1,
(Am2 —s)2 |t  Aam2—s—t| "

d—2 1 1
— - Iy . 7.16
m?2(4m? — s)? lt+4m2—s—t] : (7.16)

It is sufficient to use one of the two equations to evaluate f(s,t). Let it
be (7.13). Then (7.14) can be used for a non-trivial check. One needs also
a boundary condition when solving (7.13): it can be obtained using the fact
that the function f(s,t) is regular at s = 0. Multiplying (7.13) by s and
taking the limit s — 0 one obtains

d_4I +d—3
om? 2 m2t

£(0,8) = — Iss . (7.17)

Equation (7.13) can be solved in a Laurent expansion in ¢,

f(s,t) = Z fi(s,t)el . (7.18)

j=—1
As a result, one obtains a set of nested differential equations from (7.13),

dfj_l(l 1

g+4m2—5

ds 5 ) fj + hj s (719)

where the functions h; involve, in addition to the corresponding term of the
expansion of the function g;, a piece coming from f;_;. These equations can
be solved by the method of the variation of the constant.

The homogeneous equation corresponding to (7.19), which is the same for
all f;, takes the following form in the new variable x given by (7.7):

<d_1+ LI >f<0>(x):o, (7.20)

de z 1+x2 11—z

with the solution
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fO (@) =

v
1-z)1+x)"
Then the solution of the j-th differential equation in (7.19) can be written

(7.21)

as o
f(g) (j))] , (7.22)

where A; is a constant which can be fixed by imposing the boundary condition
(7.17) expanded in €.

Observe that the combinations of the kinematical invariants involved on
the right-hand side of (7.13) and (7.15) and, therefore, present in h; can be
represented as

fil,y) = () [Aj +/dx

1 2 1
4m2—S=m2%, 4m2—8—t=m2(x+y)m(y+xy). (7.23)

After that the integration in (7.22), order by order in €, becomes straight-
forward. All the quantities are prepared in such a form that the integration
is taken in terms of HPL of the next level, also of the arguments x and y.
So, one arrives at (4.27). However, keeping in mind that this very master
integral can be needed when evaluating other master integrals in two loops,

also by the method of DE, it is reasonable to present it in the same form as
its ingredients were presented:

ird/2e=7ee [ 1 1 1 1
I = (m2>2+a |:1+.Z‘_ 1_$:| |:1_y_ (1_y)2 Ho(x)

Further terms of this expansion in € can be found in [47].

7.2 Two-Loop Example

We turn again to Feynman integrals considered in Examples 4.10 and 6.10.

Example 7.4. Sunset diagram of Fig. 3.13 with one zero mass and two equal
non-zero masses at a general value of the external momentum squared.

The general Feynman integral of this class is given by (6.58), so that there
are two irreducible numerators in the problem. According to Example 6.10,
we know a solution of the reduction problem, and that there are three master
integrals, I; = F(1,1,0,0,1), I; = F(1,1,—1,0,1) and I, = F(1,1,0,0,0).
The last of them is the square of the massive tadpole given by the right-hand
side of (2.45). Let us now evaluate I; and I; by DE. For convenience, let us
use, instead of I, the integral with a; = as = a5 = 1 and the numerator
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equal to the product of the momenta (flowing in the same direction) of the
massless and one of the massive lines,

- 1 _
1125((]2[1—]1—_[2) . (725)

We start with taking derivatives. We use the homogeneity of the integrals
I, and I; with respect to ¢°> and m?2, with the help of Euler’s theorem, set
¢®> = s and obtain

57(5) = (L= 29)(5) ~ 557(5) (7.26)
ST(3) = 20— ) () — g J(5) (7.27)

where f(s) = I; and f(s) = I;, and we have already put m? = 1 after differ-
entiating with respect to the mass which results in indices equal to 2 instead
of 1 on one of the massive lines. We apply (6.61)—(6.63) to these integrals with
the indices equal to two in order to obtain only the master integrals on the
right-hand side. Therefore, we arrive at the following differential equations
for the functions f(s) and f(s):

SI'(5) = —— [(35 — 2 — 4e(s — 1)) £(5)

s—4
+4(e — 1)(h(s) + 3 f(s))} , (7.28)
$F(9) = 5 = 1) [(s) — 5£(5) +276)] (7.29)

where h originates from I5.
As in the previous example, it is convenient to turn to the new variable
x given by (7.7), or, vice versa,

(1-=)
= 7.30
5=t (7.30)
Then we obtain the following equations:

F'@) = sy (8= 4+ 3% 41— 2 +4%) f (@)

—4(5—1)x(h(z)+3f(x))] , (7.31)
F'@) = g =gy (e~ D+ )
x (g;—1)2f(x)+x(h(m)+zf(x))} . (7.32)

The second function f(z) can be eliminated from this system in order to
obtain a separate equation for the first one:
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(3e(z — 1)? + 62 — 2)

" /
) + S T @)
(2e —1)(2z + (1 — 4z + 2?)) 2(e — 1)2
———h(z)=0. .
+ e Fl@) + 2o hle) =0 (739
Then we turn to solving this equation in expansion in €, as in the previous
examples,
_o(x _1(z

f(x):f;f)+f1€()+fo(x)+.... (7.34)

As usual, we need a general solution of the corresponding homogeneous equa-
tion at € = 0:

23z —1) 2

@) — sl @) = 0. (7.35)

fw) + x(zx —1)2

Two independent solutions are

_ 1—x+4 22

$1(z) = ECEE (7.36)
(f)g(x) _ 430(1 —x+ xz)HO(i)@j_l 1+)27:E —3x2 — g3+t | (7.37)

with the Wronskian .
(z+1) (7.38)

w(zx) = m

The solutions are presented in a form similar to the previous example, in
terms of HPL.
The equation for f_5 has the inhomogeneous term

2
r_o(x) = T (7.39)
Its solution is written as
Foalo) = |or = [ a2 g, 0)
+ [02 + /dx W] oa(x) , (7.40)

where ¢y and ¢, are integration constants. We obtain

1
w1 e - ot a) —a) — (1= Tr 4 307 +a° —a')

+dez(1 — 2 + 2?)Ho(2)] . (7.41)

foa(z) =

The integration constants are evaluated from the regular behaviour of the
solution at * — 0 so that 1/xz and /r in the asymptotic expansion of (7.41)
are forbidden. This gives the values ¢; = 1 and ¢ = 0, with
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foo(z)=1. (7.42)
The inhomogeneous term for fi(x) is
1 — 8z + 22
_ =——. A4
r 1($) 1’2(33— 1)2 (7 3)

Proceeding in a similar way we obtain the following solution:

1
foi(z) = m

—2co(1 = Tz +32° + 2 — 2") + 2(4cy — V)a(1 —x + 2®)Ho(z)] . (7.44)

[1— 6z — 2% —22° + 2¢12(1 — 2 + 2?)

The regularity condition at x = 0 gives ¢; = 13/4 and ¢; = 1/4, with

1+ 10z + 22
_ = 74
foalw) = (7.45)
Finally, for fy, we have the inhomogeneous term
3 —9x +2(48 Nx? — 923 + 324
ro(z) = — T+ 248+ ) vk (7.46)

6a3(x —1)2

Similarly, we obtain the following solution:

fo(z) = m [(z — 1)(39 + 66 + 4m°x + 3927)

+12(1 — 4z + 42® — 2*)Ho(z) — 48z(1 — 2 + 2®)Hoo(z)] . (7.47)

The second function

f= T fola) + ... . (7.48)

foal@) | fal@)
£ £

can be now obtained in a pure algebraic way, with the following results:

B 2
foal) =112,
f~71($) _ _1 + 11582—2;[21@-3 + 74 |
Folz) = Wl—w [ (x — 1) (2% — 11)a(1 + 22)
+13(1 + 2*) + 442%) — 4 (1 — 92(1 — 2°)(1 — = + 2°) — 2°) Hy(z)
+242(1 — 22 + 42® — 22° + 2*)Ho o(2)] . (7.49)

The corresponding result for the master integral I; can be obtained easily
from (7.42), (7.44), (7.47) and (7.49), using (7.25). It can be evaluated also
using the onefold MB representation (4.76) (with another choice of the nu-
merator). These results are in agreement with [79,92], where another choice
of the master integrals was used (with higher powers of the propagators,
instead of integrals with numerators).
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7.3 Conclusion

At first sight, the method of DE cannot be applied to integrals dependent on
one scale since the dependence on the only scale parameter is trivial and can
be obtained immediately by power counting. However, one can introduce, for
a one-scale integral, an additional scale parameter, apply the corresponding
differential equation, get the boundary condition at a different, more suitable
point and then return to the single scale value. An example of this strategy
can be found in [15].

I admit that it might seem, from the previous examples®, that the method
of DE is not optimal. In particular, the results for Example 7.4 can be, prob-
ably, derived by MB representation in a simpler way. However, the method of
DE is indeed very powerful and, in some situations, the very best one. An im-
portant feature of the strategy outlined above is that it can straightforwardly
be generalized to more complicated classes of multiloop Feynman integrals,
with a computer implementation of all the steps. The method of DE, cou-
pled with solving the reduction problem by use of IBP and LI relations by
means of the algorithm of [99,143,145], has become, by now, a powerful in-
dustry for obtaining results for various phenomenologically important classes
of Feynman integrals — see, e.g., [3,4,33,40,47,48,98,178]. The method of DE
was also successfully applied [58,174] for the analytical evaluation of various
(generalized) sunset diagrams.?

However, the first impressive example of this technique was evaluating
master integrals by DE for the massless double boxes with one leg off-shell,
p? # 0, p3 = p2 = p7 = 0, performed in [99]. Another important feature of
the method of DE is that it provides a natural solution in the situation where
results obtained can be hardly expressible in terms of known special functions
of mathematical physics. The very form of results obtained when applying
DE, by means of iterative integrations, naturally leads, in such a situation,
to the idea to introduce new functions which would be adequate to express
the results for the given class of the integrals. This is how two-dimensional
HPL (2dHPL) [99], new special functions of mathematical physics introduced
and studied by physicists, have appeared. They are natural generalizations
of HPL to the case of functions of two variables. To define them [99] one
uses, instead of the functions (B.10), the following set of functions of the two
variables z and y labelled by the four indices 0, —1, —y and —1/y:

!'Simple instructive examples can be found also in the review [2].

2For generalized sunset diagrams (i.e. with an arbitrary number of lines between
two external vertices), a successful alternative technique is based on the coordinate
space representation, where any such diagram is just a product of the propagators in
coordinate space given by a Bessel function — see (2.17). Then, in order to go back to
momentum space, it is necessary to evaluate a one-dimensional (but complicated)
integral of this product of the Bessel functions with one more Bessel function —
see [113] and references therein.
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o(033) =+, g(—Lia) = 1o glmwa) = ——. (750
9(-1/y;2) = —— Jrll/y : (7.51)

Then 2dHPLs are defined as the set of functions generated by repeated inte-
grations with these functions similarly to (B.9).

Some basic properties of these new functions were studied and packages
for the numerical evaluation were provided [100,101]. These are 2dHPL that
have turned out to be adequate functions to express results for the double
boxes with one leg off shell [99].

This strategy of inventing new special functions, in situations where one
fails to express results in terms of the known functions®, has already become
standard. In 2004, at least two types of new functions were introduced: gen-
eralized HPL in [4] which were necessary to evaluate some two-loop massive
Feynman diagrams and some generalized 2dHPL [40] which were necessary
to evaluate two-loop massless diagrams with three off-shell legs.

Pragmatically, the introduction of new functions is just a way to para-
meterize the results obtained. Then one has at least a definite procedure for
the numerical evaluation of any of the calculated integrals with a reasonable
accuracy. Mathematically, if one introduces a new class of functions, there is
an implicit obligation to describe their properties and present procedures for
their numerical evaluation.

Of course, it is natural to try to represent results in known functions. Ob-
serve that, in the above examples where the new functions were introduced,
at least some of the new functions can be expressed in terms of the standard
special functions. Consider, for example, the generalized HPL of various types
which were defined in [4] similarly to the HPL, with other basic functions, in
particular 1/1/t(t + 4). Observe that the new generalized HPL

r dt
H(—r,—1;2) = / —_— 7.52
S A (752
equals
1. . 1 2
ngQ (_yS) — L12 (—y) + 5 1112 Yy — ﬁ 5 (753)

where y = (V4 +z — x)/ (V4 + x — V).

For more complicated generalized HPL, similar representations can hardly
be found. Still nobody has proven a no go theorem for this situation. More-
over, it is not clear how to take into account all possible choices of special
combinations of the initial variables such as the y(z) above. Anyway, physi-
cists are naturally impatient to report on their results and apply them for
the evaluation of physical quantities, so that, I hope, mathematicians will

30f course, we already consider HPL and 2dHPL as known functions.
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not blame them for this, keeping in mind that the mathematicians them-
selves seem not to bother about these interesting mathematical problems at
the moment.

Let us now remember about the evaluation of the massive on-shell QED-
type double boxes of Figs. (4.9) and (4.10). Two of our four examples were
in fact oriented at this problem: its one-loop prototype and the sunset dia-
grams that can be obtained from the massive double boxes — see Sect. 4.5.
In [69], it was reported about the solution of the reduction problem, by an
authors’ implementation of the algorithm of [99, 143, 145]. The number of
master integrals is 22 in the first planar case, 35 in the second planar case,
and 47 in the non-planar case. The diagrams with three reduced lines and
some of the diagrams with two reduced lines have been calculated by DE [69].
When applying the method of DE to diagrams with six and seven lines, one
encounters differential equations of third order and higher. In this situation,
the natural way is to combine the method of DR with the method of MB
representation — see [70]. In the planar case, explicit results for the master
integrals were obtained in the leading power of the expansion in the limit
m — 0 [71] using the strategy of MB representation (as outlined in Sect. 4.8)
and the code of [68]. Hopefully, the problem of the evaluation of the massive
on-shell double boxes will be completely solved® in the nearest future, as well
as other phenomenologically important calculational problems at least at the
two-loop level.

Problems

7.1. Evaluate the master integral

ddk 4
I =F(1,1,1) = // PG (7.54)

by differential equations using the solution of the reduction problem obtained
in Problem 6.1.

7.2. Evaluate the master integral I; = F/(1,1,1,1) in Example 6.8, in a Lau-
rent expansion up to €', by differential equations using the reduction obtained
in Problem 6.2.

4For some of the practical applications, the asymptotic behaviour of Feynman
integrals contributing to Bhabha scattering in the leading order of m? might be
sufficient. In this approximation, it became possible [167] to avoid evaluating four-
point Feynman integrals at a non-zero mass, by taking into account the evaluation
of two-loop vertex diagrams [46].
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A.1 Table of Integrals

Each Feynman integral presented here can be evaluated straightforwardly by
use of alpha or Feynman parameters. Results are presented for the ‘Euclidean’
dependence, —k2, of the denominators, which is more natural when the pow-
ers of propagators are general complex numbers. As usual, —k? is understood
in the sense of —k2 — i0, etc. Moreover, denominators with a linear depen-
dence on k are also understood in this sense, e.g. 2p-k — 2p- k —i0, although
sometimes this i0 dependence is explicitly indicated to avoid misunderstand-
ing.

d'k g TN +e—2) 1
v s d)2
/ (—k2 +m2)A o () (m2)Are—2 (A1)
kv, k%en . F(/\7n+€,2) (71)ngoz1...a2n
dp M- R d)2 s
/d R ey T Ty (pomez 0 (A2)

where g1--®2n = g1z | g%n-10m 4 (with (2n—1)!! terms in the sum) is
a combination symmetrical with respect to the permutation of any pair of in-
dices. If the number of monomials in the numerator is odd, the corresponding
integral is zero.
21-k)%n
(—k2 +m?2)A
I'A=n+e—-2) (1%

T (=1)"(2n - 1) (N (m2)A—n+e—2 (A.3)
/ A%k
(—k2 + m2)M (—k2)2
4T+ X +e=2T(=Xs —+2) )
— ird/2 1 2
ir (A2 —¢) (M2 iFrate—2 (A.4)
ko k%en
d
/d k(_k2+m2))‘1(—k2)/\2
2 CD” e, Tt Ao —nt eI (n—Aa—c+2) (A.5)

on s T (n — & + 2)(m2)~ e —nte—2
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QLR
[ @k s = L en - D
M +Xa—n+e—2)(n— X —e+2)(1*)"
I(M)T(n — e + 2)(m2) M FAa—nte—2 . (A.6)
/ d?k
(=E2)M [=(q = k)]
. d)2 Ir2—e—M)I'2—e—X2) I'(M+X+e—2) AT

PA)T(A)T(4— X — dg —2e) (—g2)Mitrete—2

Let k(@1-on) — ko1 kon 4 be traceless with respect to any pair of
indices, i.e. ga;a,k(*1*") = 0 - see (A.43b) below. Then

ddk k(al...an) _ iﬂ.d/Q AT()\I, /\2; n)q(al...an)
(k)M [=(q — k)?]P2 (—g?)hthetem2 7

(A.8)

where

Ar(Ar, o )_F()\1+)\2+E—2)F(n+2—€—/\1)F(2—g_)\2)
T 1,A2;M) = F()\l)F(AZ)F(4+n7)\17)\2725) .
(A.9)

For pure monomials, the corresponding formula has one more finite sum-
mation:

kv kon
d%%
/ (—=k2)M[—(q — k)]
(/2 [n/2]

1 —2r aq...«a
T C ez > ANT(M»Azmn)y(qu{[g]r[q]" aryeten
r=0

(A.10)
where
ANt (A1, A2; T, n)
M+ +e—2—-rIn+2—c—M—1r)['2——A2+71)
F()\l)F(/\Q)F(4 +n—A — Ay — 28) ’
(A.11)

and {[g]"[g]""?"}*+%n is symmetric in its indices and is composed of the
metric tensor and the vector q.

/ 4 (20-k)" _ ir?/2
(kM [=(g = k)PP (—g?)hthete?
[n/2]
X Z Ant (A1, Ags i)

r=0

n!

g (@) e (A12)
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/ d?
(—k2)M (—k2 + 2p-k)>

—iﬂ'd/2F(>\1+)\2+5_2)F(_2)\1_)\2_25—’_4) 1
N T(M2) (=X — Ao — 2 +4) (p2)MiHrete=2 "
(A.13)
k(al"'o‘") p(al'“an)
d s d)2 .
/d k(—k2)kl(—k2 Fopkye "Br (M, Aaim) (P2 i Fhate—2
(A.14)
where
M 4+Xe4+e—2)I'(-2M\ — Ao +n—2+4)
Br(A\1, A\a;n) = Al
T Azin) T (=M — Xo +n— 2 +4) (A-15)
a1 Qan s d/2
4k ko k _ im
(—k2)M (—k2 + 2p-k)>2 (p2) 1 Frate—2
[n/2] (—1)"
X Z By (A1, Ags n)7(PQ)T{[g]r[P]n_gT}m"'a" , (A.16)
r=0
where
Bnr (A1, Ag;m,n)
_ I'M+Xdt+e—2—r)(-2\1 —Xo+n—2c+4) (A7)

T)T (=M — Ag + 71— 26 +4)

/ 4k (20-k)" _ ir?/2
(—kQ))‘l(—k2 + 2p~k)>‘2 - (q2)/\1+>\2+672
[n/2] ol
x Y Bxr(An, Ags, n)(f1)rm(p%r(ﬁ)r(gp.z)n*% . (A.18)
~ ! !
Let p-¢ = 0. Then
/ddk (pk)bl(qk)bQ
(RPN k2P
. _d/2 [(b14b2)/2] bilbo!
- (_lz)lfm Do A dair by 4 ba) = ()

r=0
min{r,[b1/2]} (p_l)bl—er (q-l)b2_2r+2rl (pQ)rl (q2)r—r1

!(7” — T1)!(b1 — 2T1)!(b2 — 27“ =+ 2’/‘1)! ' (Alg)

X

ri=max{0,r—[b2/2]} "
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and

(p-k)" (q-k)"
/ddk(_kg)xl(_kﬂ + 2q k)

_ . d)2 (p*)"/? B v wib ba) . (A
- ()M Hhate—2=b1/2-b; pa (A1, A2; 01, 02) , (A.20)

for even by (and are equal to zero for odd by), where

Bpg(A1, A2; b1, bo)

b1 /2+[b2/2]
(=" b1!bs!
= B A1, A1, b by) . (A.21
Zb:/z 4r (by/2)!(r — b1 /2)! NT(As Az b+ ba) - ( )
=01

dk
/ (—k2 +m2)M(2p-k)>
B ir?/2 I'(X2/2)T (A1 + A2/2 + € —2)
(p2)A2/2(m2)A+X2/2+e=2 2 (AT (A2)

L(A.22)

(1yeeyain)
/ddk k
(—k2 + m2) 1 (2p-k)r2
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(A.23)
/ d?k
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. d)2 _ B
_ iT I'M4+X4+e—=2)2N + Xy +2c—4) (A24)
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(A.25)

/ddk Lo, . ,om) i
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p(@tean) (2= X 4+ n—e)l(2\ + Ay —n + 26 — 4)
G (M) () :
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X
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A.1 Table of Integrals 189

Let v-¢ = 0. Then

dék
| e
_ iﬂ'd/QF(_)\l —A3/2—e+2) (X2 —A3/2—€e+2)
T(h — o — g —2: 1 4)
" (M + X+ X3/24+e—2)"(A\3/2)
2 ()T (Ma) T (Ng)(—g2) M Trehs /22 (y2)%s/2

(A.27)

Let p? = p3 =0, ¢ = p1 — p2. Then

d?k
/ (TR £ 2py TP (2 & 2o k) (<)%
. d/gp(_)\l —A3—e+2)(—=da— X3 —e+2)
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(A.28)
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(A.29)

/ dk

(2])1 'k)/\l (—k'Q + 2p2-kz)>‘2(—k2 + mQ)/\S

a2 T2 =AM Ae+ A3 +e=2)I(=Ag —e+2)
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dk
| e cE T R T
_ iﬂ'd/QF(/\Q — M) TP+ Ads3+e—2I'(-A— N —e+2)
OIS — M — 21 2)
1
QQ))\1+)\4(m2)>\2+>\3+€—2 ?

T (A.31)
/ dik
(2p1-k + m2) 1 (2py -k + m2)Ne (—k2)ha
_; d/QF()\l +A3+€—2)F(A2—|—/\3+g—2)[’(_A3_€_|_2)
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L (A.32)

Let pf =0, p3 = —m?, ¢ =p1 — p2. Then
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/ ddk . d/QF()\2+)\3+672)
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Let P2 = M2, p> =0, (P —p)? =0. Then
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Let pi =0, p3 = m?, Q* = 2p;-pa. Then
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The following integrals are related to two-loop diagrams:
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d9k ddl
// (k)M [=(k + D22 (m? = 12)%s
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This is the (inverse) Fourier transformation of (—¢? — i0)~* in d dimen-

sions:
1 el ir(d/2 — \) 1
a’ = . A.42

(27r)d / q(_qz _ Z’o)/\ 4/\71-11/2['()\) (—22 + iO)d/Q—/\ ( )

A.2 Some Useful Formulae

To traceless expressions and back:

1 [N/2] 1

BN = —
NI ;) 27 (d/2+ N — 2r),

(B2 {[g)r RV 20 e

(A.43a)

1 (NV/2] 1

Nt ; 27(2— N —d/2),

k(al...aN) (kQ)r{[g]r[k]N—Qr}al...aN ,

(A.43b)

where {[g]"[k]V ~2"}*12N ig defined after (A.11) and (a),, is the Pochhammer
symbol (B.2)
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Furthermore,
[N/2]
k)N =" an, (k)" () (k-p) V72, (A.44)
r=0
[N/2]
(kp)™ = 3" by, (K" ()" (kop)¥ 2", (A.45)
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2N ((d—2)/2)y
where (k . p)(N) = k(alu.aN)p(almaN) and

|
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Summation formulae:
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In particular,
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where k1-ks =0, N =m + n, and
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r1=max{0,r—[b2/2]}
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where p-¢ = 0 and n = by + bs.

(k)™ (ko)™ (k3)' ™™™ x gd]

- Z Z Z a(l7m7n7j1aj25.j3)
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X (k) (k) ()2 g () 2
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a 7m)n7.7 7] 7] = . . .
PO (m = ) /2N (0 = 52) /21— m — n — j3) /2)!
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where 6(n) =1 for n > 0 and #(n) = 0 otherwise.

(A.53)
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The Gauss hypergeometric function [89] is defined by the series

= (@),

oF(a,b;¢;2) = Z ! , (B.1)
n=0 ne
where
(@) =T'(x+n)/I'(z) (B.2)

is the Pochhammer symbol. This power series has the radius of convergence
equal to one. It is analytically continued to the whole complex plane, with a
cut, usually chosen as [1,00). The analytic continuation to values of z where
|z] > 1 is given by

— 1
7@(—2')_“ o Fy (a, l—c+a;l—b+a; )
—a) z
1
7(—2)_1’ a3 <b71 —c+b;1—a+ b > . (B.3)
z
Another formula for the analytic continuation is

oF1(a,b;c2) = (1 —2)"% o Fy (a, c—b;c 21> . (B.4)

This is a useful parametric representation:

I'(c) ' b—1 —b—1 -
Fi(a,b;c;2) = ———— d 1—x)° 1-— . (B.
2F1(a,b;¢; 2) F(b)F(c—b)/O za’ (1 —x) (1—zz) (B.5)
MB representations for the Gauss hypergeometric function can be found in
Sect. D.3.

The polylogarithms [148] and generalized (Nielsen) polylogarithms [86,
136] are defined by

Li, (2) = Z—Z (B.6)
n=1
(=1 Dty
N (a—1)!/0 t—l/zdt (B-7)
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and
Sa,b (Z) =

—1)atb=1 rlypa=lyinb(1 — ot
(=1) /n (=2 gy (B.8)

(a —1)!b! t
where a and b are positive integers.

The harmonic polylogarithms [175] Hg, a,,....a,(z) (also denoted by
H(ay,az,...,a,;2)) (HPL), with a; = 1,0, —1, are defined recursively by

Hop oy () = / () Hay o (1) dt (B.9)

where
falo) = o fole) = (B.10)
Hyii(z) =FIn(1F2), Ho(z)=lnz, (B.11)

and at least one of the indices a; is non-zero. For all a; = 0, one has
H(],() _____ ()(.’ﬁ) = ﬁ ln"x . (Bl?)

Up to level 4, HPL with the indices 0 and 1 can be expressed in terms of
usual polylogarithms [175]:

Hy(z) =lnzx, (B.13)
Hy(z) = ln(l -z, (B.14)
Hyo(x) = ln x, (B.15)
H071(J}) = LIQ( ) 5 (B16)
Hio(z) = lnxln(l —z)—Liy (2) , (B.17)
Hyj(z) = = 1In®(1 — ), (B.18)
HO,O O(SU) = %1113 x , (Blg)
Hop(z) = Liz (z) , (B.20)
HO,l,O(x) = —2L13 ( ) + hll‘LlQ ( ) 5 (BQI)
Hoa,1(z) = Si2(2) , (B.22)
Hipo(z) = f% In(1 — ) In*x — Inx Liy (x) + Liz (x) , (B.23)
Hl,O 1(1‘) = —251,2( ) 11’1(1 - .T,)ng ( ) 5 (B24)
Hi10(z) = S12(x) +In(l — z) Lig () + = Inz In*(1 — 2) (B.25)
Hipo(z) = _% (1 —x) (B.26)
Hop00(x) = 7 In'z, (B.27)
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Ho,0,1(2) = Lia (z) , (B.28)
Hopoa.0(x) = InzLis (z) — 3Liy (2) | (B.29)
Hop11(z) = Saa(z), (B.30)
Hooto0(x) = %m 2 Tis (2) — 2Ina Lis () + 3Lis (x) | (B.31)
Ho104(x) = ~2532(2) + 5Lis (2)° | (B.32)
Hos10(¢) = Iz S1.(z) = 3Lia (2)° (B.3)
Ho1a(x) = Si3(x), (B.34)
Hi00(x) = —é In®z In(1 — z) — %m? x Liy ()

+InzLis () — Liy (z) , (B.35)
Hy0,04(2) = — 5Tz (2)° ~ In(1 — 2)Lis (7) (B.36)
Hip1,0(z) =2In(1 —z)Liz (z) — Inz In(1 — 2)Lis (z) — 2Inx S12(x)

+%L12 (z)? + 2S9.2(x) , (B.37)
Hig11(z) = —In(1 — 2)S »(x) — 351.5(x) , (B.38)

Hi100(z) = ian T 1n2(1 —z) — In(1 — z)Li3 (x)
+Inz In(1 — z)Lis () + Inz Sy 2(x) — S2.2(z) (B.39)
1

Hyijpp01(z) = 3 In*(1 — 2)Liz (z) + 2In(1 — 2)S12(z) + 351 3(x) , (B.40)

Hii10(z) = fé Inz In®(1 —z) — %1112(1 —x) Lig (z)
—In(1 —2)S12(x) — S13(2) (B.41)

(1 - ). (B.42)

Hiq1() = o

Analytic properties of HPL (and 2dHPL) which allow to continue them
to any domain are described in [101]. A Mathematica package dealing with
HPL is presented in [149]. The HPL are partial cases of the so-called Z- and
S-sums which are defined similarly to the nested sums (see Appendix C) but
with the factor 27 — see, e.g., [154]. The set of Z- or S-sums can be equipped
with an operation of multiplication in such a way that they (as well as HPL)
form a Hopf algebra — see, e.g., [42,175].
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Nested sums are defined as follows [215]:

$i(n) = Z]i Sy =3 U 1)

=1 =
n S . n S m .
Siki(n) = Z “.E]) , Sikim(n) = Z M .i(j) ) (C.2)
= =

etc. Properties and algorithms for the nested sums (also for negative indices
which are defined with (—1)7) are presented in [215]. In particular, for positive
indices, we have

Sjk(n) + Sk,j(n) = 8;(n)Sk(n) + Sj4x(n) . (C.3)

The nested sums are closely connected with multiple (-values — see, e.g.,
[42,50,154,218] and the reviews [115,219].

The sums with one index are connected with the v function (the loga-
rithmical derivative of the gamma function) as

P(n) =Si(n—1) - ., (C.4)
PE(n) = (—1)*E! (Sgy1(n—1) = C(k+1)) , k=1,2,..., (C.5)

where ((z) is the Riemann zeta function

()= ni : (C.6)

All the summation formulae of this Appendix, apart from the inverse
binomial series!, are implemented in the package called SUMMER [215] which
is written in FORM [214]. This powerful package was successfully used in non-
trivial calculations — see, e.g., [155,157,158]. There is also another package
operating with the nested sums [217].

!The authors of SUMMER are planning to include the inverse binomial series into
this package.
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Nested sums are closely connected with expansions of hypergeometric
series in its parameters — see, e.g., [78,79, 154]. For example, the expan-
sion of the Gauss hypergeometric function o Fy (1 4 aje, 1 + age; 3/2 + be; 2)
is connected with inverse binomial series [79]. A classification of functions ap-
pearing in Laurent expansions of the Gauss hypergeometric function around
integer and half-integer values of its parameters was presented in [129].
A Mathematica package for expanding hypergeometric functions around
integer-valued parameters was developed in [124]. A similar FORM package
called XSummer is presented in [153].

C.1 Some Number Series

These are series up to level 6 with at least 1/n? dependence:

> =, ©s8)
isl(n—l)QZC(iﬂ, (C.9)

f:l = = 79% , (C.10)
nilsl(n—%; - %40 (C.11)
isl(n—1)2732 = %, (C.12)
252(71—1);2 - % (C.13)

i =), (C.14)
i Sy (n — 1)i4 =20(5) — ”2%(3) : (C.15)
isz(n - 1)% = ”242(3) - 114;5) , (C.16)
A 1)2% _ ”2%(3) - %(5) , (C.17)
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= 1 96 2¢(3
7;53(71—1)712:2()—71- 3( ) (C.18)
o 2
Y Si(n - 1)3% S %(3) + 152(5) : (C.19)
n=1
S S1(n —1)Sa(n — 1)% = %(5) - ”2%(3) : (C.20)
n=1
&0 2
3 Sualn 1) =0c5) - P (o)
n=1
> 5= 9%5 , (C.22)
n=1
= | )
;Sl(n —D)— = e~ T (C.23)
> 6
Z Sa(n — 1)% = ,42;;35 +¢(3)%, (C.24)
n=1
> 1 370
D Siln =1’ = = —s — 3%, (C.25)
- L (B
;S;;(n—l)E——ngO-‘r 5 (C.26)
> 1 50
> Siln—1) 5 = e —(C3)° (C.27)
n=1
> 1 6170
> 1 5976
D Saln—1)° =5 = s~ C(3)%, (C.29)
n=1
. 51 11xS )
;Sl(n—l) == T XG)?, (C.30)
- 1 1217° 2
;sl(n—nsQ(n_uﬁ =~ m30 T X G, (C.31)
> 1 418
> Sia(n—1)— = 226”80 —¢(3)%, (C.32)
n=1

> 1 1677%  3¢(3)?
> Si(n—1)Ss(n — D) = 30~ (2 ) , (C.33)

n=1
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i Tl—l SQ’I’L—I)

n=1
Z Sl (n — 1)812(’/1,
n=1

LB e,
Lo

1) = T3y,
L

(C.34)

(C.35)

(C.36)

(C.37)

Series up to level 6 with the factor 1/n where the convergence is provided

by other factors:

> ¢ (n+ 1)%
n=1
> v+ D)Si(n)

=<3,

Tt
360 ’

71_4

180
m2¢(3)
3 )

_ 512¢(3)
6

2712¢(3)

3

= —7m((3) +12((5)

276
=105 " 12¢(3)*,

(C.38)

(C.39)

(C.40)

(C.41)

(C.42)

(C.43)

(C.44)

(C.45)

(C.46)

(C.47)

(C.48)
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> 51 2697
1 S = 4
nz:: (DS = 5680 (C.49)
> 1 61xS
= —2¢(3)2. )
}Z: (n+ Dy (n+1) - = oees —2(3) (C.50)

Series of level 7 with at least 1/n? dependence:

f:l =), (C.51)

A 1) = 30(7) - ”2%(5) - ”4553) , (C.52)

g:lsg(n . 1)% — _11¢(7) + 5”264(5) + ”42553) : (C.53)

i Si(n =1 — = =((1) + ”%6(5) - Tiég’) : (C.54)

i Sy(n — 1)% — 17¢(7) — @ , (C.55)

glsl(n - 1)3% - 112%(7) + ﬂ2é(5> - 117;;%(3) : (C.56)
nf:lsl(n S 1)Sy(n — 1)i4 _ 61%” _ ”Qé“) ity (C.57)
ZSu o % 141;(7) B 5w2§(5) B 7r42gi3) 7 (C58)
lem 1) = —18¢(7) + 5”25(5) + ”4553) : (C.59)
isw(n _ 1)% _ —73i(7) + 5”25 O ”452(3) , (C.60)
isl(n 1) Sy(n — 1)i3 _ —852(7) + ””1224(5) + ”4§2(3) . (el
n= i 0 1)? L 1348(7) - 57725(5) N 117:;%(3) 7 (C.62)

1 113¢(7)  Tr¢(5)  w((3)
BT 12 T (C.63)
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M8

S1

1

e 3

i
1

Si(

NE

3
Il
-

Si(

NEEINGE

3

NER

S1(

n=1

oo

Summation Formulae

1
1(n—1)%(n —1)— = -

1
J— 47 e
E 5112(71— 1)$ = —

—_

n=1

(n—1)Sy(n — 1)% =

1
Sl (n — 1)513(71 — 1)ﬁ =

1
2

n—1)Sa(n —1)2

1
n

—_

Sl(n — 1)2512(71 — 1)ﬁ =

n—1)3S(n — 1)i2 -

oo
Z n—l — =

—_

—_

Z Sl(’ﬂ — 1)5112(71 — 1)*2 =

n=1

>

n—l——

Z Sia(n — 1)% =

1
—=

\MS

n—153 n—l)

1
2_21523(71— 1)ﬁ = —

77¢(7)  w¢(5) | Tw*((3)
s 3 T 60
109¢(7)  572¢(5)  37m*¢(3)
s 6 180
61¢(7) | 572¢(5) , 7*¢(3)
1 T 1 T
173¢(7)  37%¢(5) 7*¢(3)
6 4 60
61¢(7)  37%¢(5) , 7¢(3)
1 2 ‘T3 o
301¢(7)  3w¢(5)  w*((3)
%6 4 15
77¢(7) | 137%¢(5)  7*((3)
6 T 12 30
423¢(7)  7w¢(5)  377*((3)
16 6 360
307¢(7)  5r2C(5)  137%¢(3)
16 12 180
1855¢(7)  1972¢(5)
16 4
117¢(3)
30
73¢(7)  37*C(5) 7'¢C(3)
4 4 30
21%¢(5)  m'¢(3)
10((7)_ 3 - 45 )
141¢(7)  1972¢(5)  7*¢(3)
s 12 360 °
19¢(7) | 57°¢(5) Tn*((3)
6 T 12 T 180
131¢(7)  4n%¢(5)  77*¢(3)
6 T3 T 1s0

)

)

(C.64)

(C.65)

(C.66)

(C.67)

(C.68)

(C.69)

(C.70)

(C.71)

(C.72)

(C.73)

(C.74)

(C.75)

(C.76)

(C.77)

(C.78)
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= 1 1Ig(7) | 573¢(5)  197¢(3)
; SQ(H — I)Slg(n — 1)TL2 = — 16 + 3 — 360 R (079)
> 1 113¢(7)  w%¢(5)
5113(71 - 1)* = - 5 (CSO)
7; n? 16 2
— 1 169¢(7 2¢(5) T3
> Sl — 1) 1 = 10 TEB)TTEE) )
n=1
= L L S _Tr¢(3)
;51112(71 1)@ =3 m¢(5) R0 (C.82)
C.2 Power Series of Levels 3 and 4
in Terms of Polylogarithms
The formulae of this section can be found in [93].
S Saln - 1)% — 98,5(2) — In(1 — 2)Lis (2) | (C.83)
n=1

> Sin— 1)2% = —2815(2) —In(1 — 2)Liy (2) — %ln?’(l —2), (C.84)
n=1

oo n

> Sifn - D5 = Sia(2) | (C.85)
Hi sz = Liz (2) , (C.86)
nisg(n - 1)% = —%Lig (2)? —In(1 — 2)Liz (2) , (C.87)
nil Sya(n — 1)% =35,3(2) — In(1 — 2)Li3 (2) — %Li2 (z)?

+% In?(1 — 2)Lig (2) 4 21In(1 — 2)S1 2(2) , (C.88)

> Si(n—1)8y(n —1) S —%Lig (2)” +In(1 = 2)(S1.2(2) — Liz (2))

n=1

z
n

+% In?(1 — 2)Lis (2) , (C.89)
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> 2" 1 3
Z (n—1)7>=— = 5 Liz (2)> + 51112(1 — 2)Lis (2)

+1n(1 — 2)(381 2(2) — Lis (2)) + iln‘l(l —a),(C90)
Z Sy(n—1 i; — 28,,(2) + %LiQ (2)? (C.1)
Z Si(n—1)272 = 28, 4(2) — 255.2(2) + %Lig =2, (C92)
i Si(n — 1)%2 = 552(2) , (C.93)
i = Li(2) (C.94)

C.3 Inverse Binomial Power Series up to Level 4

The formulae of this section (as well as other similar formulae) can be found
in [79]. See a table of formulae for the corresponding number series in [130].

Let
Vi
T Vi—z+yV—z
Then
=1 oz 1—y
P Iny, C.95
2w T Ty (99
=1 1. 5
o E (C.96)
2n )
2
> n
1 =z . ) )
Z (Qn)ﬁ =2Li3 (y) — 2InyLis (y) —In"yIn(1 —y)
n=1 n
1
*5 Iy —2((3), (C.97)

o0 1 Z’n, .
Z 2\ pd 453,2(y) — 4Lis (y) — 4512(y) Iny

+4Li3 (y) In(1 — y) + 2Li3 (y) Iny — 4Liz (y) Iny In(1 — y)

1
—ln2y1n2(1—y)—&—glnsyln(l—,)—ﬂln Y

—41n(1 —y)¢(3) +2Iny ¢(3) + 3¢(4) , (C.98)
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=1 oz 1—y
> o Siln—1) = —

n=1 ( n ) n 1 + Yy

X {—mg (—y) —2InyIn(l +y) + ;1n2y—§(2)] , (C.99)
=1 2 1-— ,
nZ::l (27?) %Sl(n —1)2 = ﬁ {85172(—;1;) —4Li3 (—y)

+8Lig (—y) In(1 4+ y) +41n*(1 + y) Iny — 2In(1 + y) In®y

+é In®y +4¢(2) In(1 +y) — 2¢(2) Iny — 4{(3)} , (C.100)
S _ 1—y 3
; (25);52(n—1)_—6(1+y) Iy, (C.101)
— 1 =z" 1y
; &) —5Sn—1) = 'y, (C.102)

01 gm l—yrl 4 . 2 .
Z 5 ;Sg(n—l): m[ﬂln y + 6Liy (y) + In” y Lis (y)

~2((3)Iny — 4lny Lia (y) — 6¢(4)] .

S

p 1—yrl 4 1,
2 S =18 —1) = — Y23 yIn(1 +y) — —1
(%) nSl(n )S2(n —1) 1—|—y{3 n”yIn(l +y) oq Y

1 . . .
+5¢(2) %y + Iy Lis (—y) + In*y Liz (y) + ((3) Iny — 4Iny Lis (—y)

—41InyLis (y) + C(4) + 8Lis (—y) + 6Lig (y)} : (C.103)
> (%) = S1(n — 1) = 4Lig (—y) — 2Liz (~y) Iny
_é %y + 3¢(3) + ((2) Iny , (C.104)
) (21”) 251 —1)? = ~8515(~y) Iny + 4Lis (~y) Iny
n=1 n
—2Liy (—y) In? y + 4Liy (—y)* — i In" y + 4¢(2)Liz (—y)
+¢(2)In* y +4¢(3) Iny + gc(4) , (C.105)
; (2}) 2—351(71 —1)=4H_10,01(-y) + S2.2(y%)

—4S52(y) — 4S2,2(—y) — 6Li4 (—y) — 2Li4 (y) +4S12(~y) Iny
+4512(y) Iny — 251 2 (y2) Iny + 4Li3 (—y) In(1 — g)
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+2Lis (—y) Iny + 2Li3 (y) Iny — Lis (y) In®y
1 1
—4Lis (—y) InyIn(1l — y) — 3 In®yIn(1 —y) + 21 In*y

F20(2)Liz (y) — 50(2) by +20(2) Iny In(1 ~ y)

+6¢(3)In(1l —y) — 3¢(3)Iny — 4¢(4) , (C.106)
>~ oy o S0 = 17 = 1[5, ) 1+ ) 4881(-0)

42485 5(—y) — 12¢(2) In*(1 + y) — 241n*(1 + y)Liy (—y)

+24¢(3) In(1 + y) + 241In(1 4 y)Lis (—y) — 8InyIn*(1 + )

+12¢(2) InyIn(1 +y) + 61n* yIn*(1 + y) — In® yIn(1 + y)
1 3 .

5 "y = 502 In*y + 310y Lis (—y)

+1In®y Lig (y) — 5¢(3) Iny — 12Iny Liz (—y) — 4Iny Lis (y)

+gc(4) +12Lig (—y) + 6Liy (y)] . (C.107)

C.4 Power Series of Levels 5 and 6 in Terms of HPL

X _n
z

> 5 =Hoo001(2), (C.108)
n=1

o Zn

Z Si(n—1) i Hop011(2), (C.109)
n=1

oo Zn

Z Sa(n—1) 5= Ho0,1,0,1(2) , (C.110)
n=1

oo Zn

Z Si(n—1)* 5= Ho0,1,01(2) +2Ho0,1,1,1(2) , (C.111)
n=1

o0 Zn

Z S3(n—1) o Ho1,00,1(2) , (C.112)
n=1

oo Zn

Z Si(n— 1) ol Ho,1,00,1(2) +3Ho,1,0,1,1(2)

n=1

+3Ho,1,1,0,1(2) +6Ho,1,1,1,1(2) 5 (C.113)

oo Zn
Z Si(n—1)Sz(n—1) 2= Ho1,0,0,1(2) + Ho1,0,1,1(2)

n=1

+Hp1,1,0,1(2), (C.114)
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o n
z
Z Si2(n —1) = Ho1,001(2) + Ho,1,01(2) (C.115)
n=1
o Zn
Z Sa(n —1) P Hi0,00,1(2), (C.116)
n=1
oo Z,'.L
Z Siz(n —1) Pl Hi0,0,01(2) + Hi1,00,1(2) , (C.117)
n=1
oo Zn
Si(n—1)S3(n —1) oo Hi0,0,0,1(2) + Hi001,1(2)
n=1
+H11001(2) (C.118)
Z’I’L
Sa(n —1)? P Hi0,0,0,1(2) +2H101,0,1(2) , (C.119)

n

2
S1(n —1)S12(n — 1) P Hi1,0,0,01(2) + Hi00,1,1(2)

1 11

3
Il
-

+H1,0,1,0,1(Z) + 2H171,0,0,1(2’) + H171,07171(2’) + 2H1 1.1 071(2) y (0120)

Z Sl (n — 1)2S2(’I’L - 1)

n=1

Zn
= H10001(2) +2H1,0,01.1(2)

sy ds

+2H1,0,1,0,1(2) +2H1,0,1,1,1(2) + 2H1,1,0,0,1(2)
+2H1,1,0,1,1(2) + 2H1,1,1,0,1(2) , (C.121)

n

> z
Z Si(n—1)* P Hi0,001(2) +4H10,01,1(2) +6H101,01(2)
n=1

+12H1,01,1,1(2) +4H11,0,0,1(2) +12H1101,1(2)
+12H111,01(2) +24H111,1,1(2) (C.122)

oo n

z
Z Sii2(n—1) = Hi1,0,0,0,1(2) + Hi,0,1,01(2) + Hi,1,00,1(2)

n=1

+Hi110:1(2), (C.123)
oo Zn
Z — = Ho,0,000,1(2) , (C.124)
n=1 n
oo Zn
Z Si(n—1) 5= Ho,0,0,0,1,1(2) (C.125)
n=1
oo Zn
Z Sa(n—1) i Ho0,0,1,0,1(2) , (C.126)
n=1
o0 Zn
Z Si(n—1)? i Ho,0,0,1,01(2) +2Ho0,0,1,1.1(2) , (C.127)
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ZTL
S3(n—1) 5= Ho,0,1,00,1(2)

hE

3
Il
-

Zn
Si(n—1)3 5= Ho,0,1,0,01(2) +3Ho,0,1,0,1,1(2)

NE

3
Il
—

+3Hp,0,1,1,01(2) +6Ho0,1,111(%) ,

sy dy sdlydydy

oo Zn‘
> Si(n—1)S3(n—1) -5 = H001001(2) + Hop,1,011(2)

n=1

+Ho,01,1,0,1(2) ,

e n
z
Z S12(n —1) 5= Ho,0,1,00,1(2) + Ho0,1,1,01(2)

n=1

oo n

z
Z Si(n —1) ol Ho,1,0,0,0,1(2)

n=1
oo Zn
Y Sun-1) 3 = Ho1,0001(2) + Ho1,1,000(2) ,

n

o0
z
Z Si(n—1)S3(n—1) 7= Ho,1,0,0,0,1(2) + Ho,1,0,0,1,1(2)
+Hop1,1,0,0,1(2) ,

oo Zn
D Sa(n—1) 3 = Ho1,0001(2) +2Ho10101(2) ,
n=1

o Zn
> Si(n—1)S12(n—1) 3 = Ho1,000.1(2) + Ho1,001,1(2)
n=1

+Ho,1,01,0,1(2) +2Ho,1,1,0,0,1(2)
+Ho1,101,1(2) +2Ho1,11,01(2) ,

oo

> Si(n—1)*Sy(n — 1)

n=1

Zn
2= Ho1,0,0,01(2) +2Ho1,0,0,1,1(2)

+2Hy1,01,01(2) +2Ho,1,01,1,1(%2) +2Ho,1,1,0,01(2)

sdydy sy dy

+2Ho 1,1,01,1(2) +2Ho 1,1,1,0,1(2) ,

syl sy dyds

oo Zn
> Siln—1)! -3 = Ho10001(2) + 4Ho,1,00.1,1(2)
n=1

+6H0o,1,0,1,01(2) +12Ho1,0,1,1,1(%) +4Ho,1,1,0,0,1(2)

+12Ho1,1,0,1,1(2) + 12Ho1,1,1,0,1(2) +24Ho1,1,1,1,1(2)

o0 n

z
) Siia(n—1) 3 = Ho1,000.1(2) + Ho1,01.01(2)
n=1

+Ho.1,1,0,0,1(2) + Ho,1,1,1,0,1(2) ,

(C.128)

(C.129)

(C.130)

(C.131)

(C.132)

(C.133)

(C.134)

(C.135)

(C.136)

(C.137)

(C.138)

(C.139)



C.4 Power Series of Levels 5 and 6 in Terms of HPL

n

z
Si(n—1)S4(n—1) = H10,0001(2) + Hi100071,1(2)

hE

3
Il
-

+Hi11,0,0,0,1(2),

oo zn
> Si(n—1)Siz(n—1) = = Hi00001(2) + H1,00011(2)
n=1 n
+H1,0,1,00,1(2) +2H1,1,00,0,1(2)
+H11,001,1(2) +2H11,1,00,1(2) ,

n

o0
z
Z (n—1)2S3(n — 1) — = H100001(2) +2H1,000,1.1(2)

+H1,0,0,1,0,1(2) + 2H1,0,0,1,1,1(2) + H1,0,1,0,0,1(2)
+2H1,1,000,1(2) +2H1,1,0,01,1(2) +2H1,1,1,001(2) ,

oo n

> Si(n—1)Sz(n —1)?

n=1

z
P H10,0,0,01(2) + Hi1,0,0,0,1,1(2)
+2H1,0,0,1,01(%
+2H1,0,1,1,0,1(%

sy dy

+2H10,1,0,0,1(2) +2H1,0,1,0,1,1(2)
+ Hi1,1,0,0,0,1(2) +2H1,1,01,01(2) ,

n

)
)

z

oo

Z Sl (n — 1)2512(71 — 1)

n=1

= H1,0,0,0,0,1(2) +2H1,0,0,0,1,1(2)

n

~—

+2H10,0,1,1,1(2

syt

+2H10,0,1,0,1(2
+3H1,0,1,1,0,1

( (2) +3H1,0,1,0,0,1(2
+2H1,0,1,0,1,1( 1,1,0,1(

( (

( (

(2)
+3H1,1,0,0,0,1(2)
(2)
(2)

+2H110,1,1,1
+6H11,1,1,0,1(2) ,

~—

z z z

+4H11,0,01,1(2) +4H1,1,0,1,01
+6H1,1,1,001(2) +4H11,1,01,1(2

7777777777

z

~—

z z

~— — ~— —

sy dy
77777

= H1,0,0,0,01(2) +3H1,0,0,0,1,1(2)

||M8
)
|
=
.8'3
)
|
=
SRS

+4H1 9,0,1,0,1(2
+6H1,0,1,0,1,1(2

(2) + 6H1,0,0,1,1,1(2) +4H1,0,1,00,1(2)

(
+3H1,1,0,0,0,1(2

(

(

sdydy

+6H1,0,11,01(2) +6H1,0111,1(2)

sy dsdy

(2)
(2)
,,,,, (2) +6H1,1,0,1,0,1(2)
(2)
(2)

11111

+6H1,1,0,1,1,1
+6H11,1,0,1,1(2

syt

z z

+6H1,1,1,00,1
+6H1,1,1,1,0,1(2) ,

sdlytyds

vvvvv

_|_
D

E

=

o

o

—

-

’I’L
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(C.140)

(C.141)

(C.142)

(C.143)

(C.144)

(C.145)

oo
Z (n=1)° = = H1,0,0,0,0,1(2) + 5H1,0,0,0,1,1(2) + 10H1,0,0,1,0,1 ()

+20H10,0,1,1,1(2) + 10H1,0,1,0,0,1(2) + 30H1,0,1,0,1,1(%)

sy ds

+30H1,0,1,1,0,1(%) +60H1,0,1,1,1,1(2) + 5H1,1,0,0,0,1(2)

sty

+20H1,1,1,0,0,1(2) +60H1.1,1,01,1(2

sdydy sdydy

+60H1,1,1,1,01(2) +120H 1 11,1,1,1(2)

(2) (2)

(2) (2)
+20H1,1,0,0,1,1(2) +30H1,1,0,1,0,1(2) + 60H1,1,0,1,1,1(2)

(2) (2)

(2)

(C.146)



212 C Summation Formulae

n

oo
z
Z (n = 1)S112(n = 1) — = H1,00,001(2) + H1,0001,1(2)

+H1,0,0,1,0,1(2) + 2H1,0,1,0,0,1(2) + H1,0,1,0,1,1(2)
+2H1,0,1,1,01(2) +2H1,1,0,001(2) + H1,1,0,01,1(%)
+2H11,01,01(2) +3H1,1,1,001(2)

+H111,01,1(2) +3H11,1,1,01(2) (C.147)
S Z

Z S5(n —1) o= Hi0,0,00,1(2) , (C.148)

o »
Z S14(n —1) P Hi0,0,0,01(2) + H11,0,001(2) , (C.149)

n=1
Z (n—1)S3(n — 1) — = Hi,0,0,00,1(2) + H1,00,1,0,1(2)

+H101001(2) (C.150)

Z'n,
S23(n — 1) —= = Hi,0,000.1(2) + Hi0,1001(2) (C.151)

n

z
Si2(n —1)S2(n — 1) = Hi0,0,0,0,1(2) +2H100,1,0,1(2)

1 11

3
I
-

+H1,01,001(2) + H1,011,01(2)
+H11,000,1(2) +2H1,1,01,01(2) , (C.152)
Zn
Z S113(n — 1) = H1,0,000,1(2) + H1,0,1,0,0,1(2)
+H1,1,0,00,1(2) + H1,1,1,00,1(2) , (C.153)

o n
z
> Sara(n—1) = Hi0,0001(2) + Hi0,01.01(2)

+H1,0,1,001(2) + Hi,01,1,01(2) , (C.154)

S|%

= H1,0,0,0,0,1(2) + H1,0,0,1,0,1(2) + H1,0,1,0,0,1(2)

> Sina(n—1)
n=1

+H10,1,1,01(2
+H11,1,001(2

sy ds

+ H1,1,0,00,1(2) + Hi1,1,0,1,01(2)
+Hi111,01(2) . (C.155)

sy dsdy

—_— —



D Table of MB Integrals

D.1 MB Integrals with Four Gamma Functions

This is the first Barnes lemma:

+ioco
% dz T + 2)T (0 + )T (s — 2) (A — 2)
™ J_ico
_ PG4 M)A+ A) (g + A3) (A2 + M) (D.1)
(M + A2+ A3+ M) T

Results for integrals with (A + 2),... are obtained from (D.1) by dif-
ferentiating with respect to A1, .... Second derivatives give, in a similar way,
results for integrals with products of two different functions ¥ (\; + z) and
with the combinations ¥’ (\; & 2) + ¥(\; & 2)2.

Various corollaries can be derived from (D.1). For example,

+ioco
% AT+ I e+ T (= AT - 2)
=M = A2) (A2 4+ A3) [ (A — A2) — (A1 + A3)] , (D-2)
1 —+ico
3 dzI'(M 4+ 2) T (Ao + 2) T (=g — 2) (A3 — 2)

—ico

=T (M = A2) (A2 + A3) [W(A2 + A3) — (A1 + A3)] . (D.3)

The asterisk is used to indicate that the first pole of the corresponding gamma
function is of the opposite nature, i.e. the first pole of I'(A2 + 2) in (D.2) is
considered right and the first pole of I'(—A2 — z) in (D.3) is considered left.

These are four formulae with the psi function with the same condition as
in (D.2):

o | dz (M 4+ 2) T (Mg + 2) (= X2 — 2) (A3 — 2)b(A1 + 2)

=T'(M — ) (A2+ A3) [0 (A1 — A2)? — (A1 — A2)Y (A1 + As)
—l—’(//()\l - /\2) — wl(/\l + )\3)] R (D.4)
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1 —+ioco

27

§ dz (M 4+ 2) T (Ao + 2) (=X — 2)T’' (A3 — 2)(Aa + 2)

= 370w = M) 0 4+ 25) [ = Xa)” — 9 + A
+2¢(A1 = A2) (Ve — P(A2 + A3)) — 20(A1 4+ A3) (ve — ¥ (A2 + A3))
' (A1 = A2) + ¢ (A + A3)] (D.5)

+ico
2%1 dz (A + 2)I7 (A2 + 2) (= A2 = 2) (A3 — 2)¥ (=2 — 2)

_ % D = A) T (g + As) [0 — A2)? + 2980(A1 + As)

+p(A + A3)? = 20(A1 — A2)(ve + (A1 + A3))
' (A = A2) =¥ (M +A3)] (D.6)

+ioco
! [ As T 0w+ I e+ AT (2 — AT = 200 —2)
=T (A — A) (A2 + A3) [W(A1 — A2) (A2 + As3)
=M1+ A3)Y(A2 + Az) — o' (A1 + A3)] (D.7)

2rri

These are four formulae with the psi function with the same condition as
in (D.3):

1 “+ioco
o dz (M 4+ 2)T'(Aa + 2) T (=X — 2) ' (A5 — 2)p(A1 + 2)
—ioco

=—T(\ —22)T' (A2 + A3)
X [(A1 = A2) (WA + A3) — (A2 + A3)) + ¢ (M + Ag)] . (D.8)

+ioco
2% dz T (M + 2) T (s + 2) T (<o — )T (As — 2)b(Aa + 2)

_ %p(xl — )+ As) [ + As) — ¥(ha + As))?
+2’VE(’1/J()\1 + )\3) — 1/1()\2 + )\3)) — 'LZJI()\l + )\3) + w/()\g + )\3)} s (Dg)

“+ioco
2% de (A1 + 2) T (g + 2) T (=g — 2)T(A3 — 2)th(=Ag — 2)

_ %r(xl )T (A2 + As)
X [2(0(M1 — A2) = vE)(W(A2 + Az) — (A1 + Az))
FO(A1+ A3)% = (A2 + A3)® — ¥ (A1 + A3) — ¢ (A2 + A3)] , (D.10)
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1 “+ioco
ol dz (A + 2)T (Mo + 2) T (= Ao — 2) (A3 — 2)(A3 — 2)

=T\ = A2)T (A2 4+ A3) [0(A2 + A3)? = (A1 + A3)p(he + As)
=" (A1 + A3) + 9 (A2 + A3)] (D.11)

This is an example with the gluing of two poles:

1 “+ico
o dzI'(M 4+ 2) T (A + 2) T (=1 = X2 — 2) (A3 — 2)
™ —ioco

ZF()\l—)\2—1)F()\2+)\3)[1—)\1+)\2
FA+ A3 =@M+ A3 = 1) = (A2 +A3))] ,  (D.12)

where the first two poles of I'(—1— Xy —z),i.e. 2 = =Xy and z = =Xy —1, are
considered left, with the corresponding change in notation. Here it is implied
that Ay + A\ # 1.
In the case Ay + A3 = 1, we have
1 “+ico
ool dzl(1 =X+ 2) (Ao +2) (=1 =Xy — 2) (M — 2)

= (A1 + X0 — DI+ M) (=A — Xo) . (D.13)

Here is one more example of such an integral:

o dzI(1 =XM1+ 2) Ao+ 2) (=1 = Xo — 2)'(\1 — 2)
T J —ico

= I + M) (= A1 — \o)
5 [(A1 + M) (W (=A1 — A2) — (1 + A+ A2)) — 1] . (D.14)

Furthermore, we have

5 dz I (M +2) TN+ 2) T (=da — 2)(=\1 — 2)
T J_ico

=T(AM =)' (A2 — A1) 296 + (M1 — A2) + (A2 — A1)] , (D.15)
where the poles z = —\; and z = — A5 are right. These are four more formulae

with these conditions:

+ioco
% o dz I (M A+ )T (A + 2) 0 (Ao — 2) (= A1 — 2)P(M + 2)
— _ip(h — M)l (A2 — A1) [29% 4+ 7% — 4(A1 — A2)Y(A2 — Ar)

+4yg (A2 — A1) — 20(A1 — A2)) — 4 (A — A2)? — 49 (A — Aa2)
+20 (A2 = A1)? +2¢" (A2 = A1) (D.16)
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—+ioco
% . dz (M +2) T (A + 2)T(=Aa — 2) (=X — 2)(Ag + 2)
= —%F(/\l — )\Q)F(/\Q — )\1) [2’7]% + 71'2 + 21/)(/\1 — )\2)2
+49(A1 = A2)(vE — (A2 — A1) — 8yEY (A2 — A1) — 4 (A2 — A1)?
+2¢' (M1 — X2) — 4 (A2 — A1)] (D.17)
1 +ioco
o | dz I (A1 + 2) I (A2 + 2) I (=A2 — 2) (= A1 — 2)Y(=A2 — 2)
— —iF(Al —X) (X2 — A1) [29% 4+ 72 — 20(A1 — No)?
=M1 = A2) (e + (A2 — A1) — 20" (M — A2)] (D.18)
1 +ioco
o | dz I*(A +2) T (Ao + 2) T (=Xa — 2) (=X — 2)(=A1 — 2)
= 73[1()\1 — )\2)F(>\2 — )\1) [2’)/]?3 + ’/T2 — 2’(1)()\2 — )\1)2
—4(yE 4+ (A1 = X)) — A1) — 20" (A2 — A1) - (D.19)

There are similar formulae with different understanding of the nature of
the poles:
— dzI'(M +2) T (Ao + 2) T (=Xa — 2) T (=M — 2)

2 o

=2\ = A2) (A2 = A1) [ye + (A — A2)] . (D.20)

where the pole z = —\; is left and the pole and z = — A5 is right, and

1 +ioco
o dzI™* (M +2)T'( Ao+ 2) " (=X — 2) (=M — 2)
mi

where the pole z = —\; is right and the pole and z = — )5 is left. These are
four more formulae with these conditions:
1 “+ico
o dz (M +2) T A+ 2) T (= A2 — 2) (=M1 — 2)p(A1 + 2)
1
— _Zr(xl —X2) (A2 = A1) [29% + 7 + dye (A2 — A1) + 20(Ag — A1)?
=8(A1 = A2)(ve + (A2 — A1) 4+ 20" (N2 — A1) (D.22)
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“+ioco
% o dz I (M A+ 2) D (A + 2) T (Ao — 2) (= A1 — 2)P(Xe + 2)
= —iF(/\l — )\Q)F(/\Q — )\1) [2’)/]%3 + - 4’}/Ew(/\2 — )\1)
=69 (A2 — A1)? — 60" (A2 — A1)] (D.23)
1 +ioco
oe [ AT Ou A0 + )T (e = AT - 2~ 2)
= —if()\l - )\Q)F()\Q - )\1) [2’}/]% + 7'('2 + 47Ew()\2 - )\1) + 2’(/J(/\2 — )\1)2
—8Y(A — A2) (7 + (A2 — A1) + 29" (A2 — M) (D.24)
1 +ioco
o dz I (M +2) T (A2 + 2) (A2 — 2) (=M1 — 2)p(—A1 — 2)

= —if()\l — X))l (X2 — A1) [298 + 7% — dyep (A2 — A1)
—60(A2 — A1)? — 69 (A2 — A1)] (D.25)

Furthermore, we have

1 “+ioco
— dz (M 4+ 2) T (Aa + 2) T (=g — 2) T (=X — 2)
21 o
= F()\l — )\Q)F()\Q — )\1) [2’)/13 + ’l/J()\l — )\2) + ’l/J()\Q — )\1)] 5 (D26)
where the poles z = —\; and z = — g are left. These are four more formulae

with these conditions:

“+ioco
% eI + 2O + )0 (<X — )T (—h — 2%(A + 2)
— _iF(Al — X))l (X2 — A1) [298 4+ 72 — 20(A1 — No)?
=4 (M = X2)(ve + (A2 — A1) = 24" (M = A)], (D.27)
1 “+ico
ool dzI'(M +2) T (Aa+2) T (Ao — 2) T (=1 — 2)v( A2 + 2)

- _ir(xl =)l (X2 — A1) [298 + 7% — A(yE + YA — X)) (A2 — A1)
—20(Ae = M) = 20" (M2 = M)] (D.28)
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1 +ioco
— dzT'(M 4+ 2) T (Mg + 2) T (=Aa — )T (=M1 — 2)(—Xa — 2)
27Tl —ico
1

= _ZF(/\l — )\Q)F(/\Q — )\1) [2’)/]%3 + T — 4’(/)(/\1 — )\2)2
+4’}/Ew(/\2 — )\1) + 21/)()\2 — )\1)2 — 4w(/\1 — )\2)(2’}/]3 + ¢()\2 — )\1))

4" (A1 = A2) +2¢" (A2 = A1) (D.29)
1 +ioco
o | dzT'(M 4+ 2)T (Mg + 2) T (=Aa — 2) T (=1 — 2)(=A1 — 2)
1

- —EF(/\l —X) (A2 = A1) [29% 4+ 72 + 20(A1 — Ao)?
+4p(A1 = A2)(vE — P(A2 — A1) — 8veY (A2 — A1)

—4p(A2 — A1)? + 20" (A1 — A2) — 4 (A2 — A1)] (D.30)
We also have
1 “+ico
o dz (M + 2)T* (Mg + 2) T (=g — 2)?
™ —ioco
= —I'(A = )Y (M — A2) (D.31)
where the pole z = —\y is right. These are three more formulae with this
condition:
1 ico * 2
ool dzI'(M + 2) T (Ao + 2) (=)Ao — 2)“Y(A1 + 2)
=T\ = X2) [b(A1 = A2)P" (A — A2) + ¥ (A1 — A2)] ,  (D.32)
1 “+ico
o | dz T'(A 4 2)T* (A2 + 2) (=X — 2)%0 (Mg + 2)
= F()\l - )\Q)Qp/()\l - )\2) [Q’YE + Qﬁ()\l - )\2)] R (D33)
1 oo * 2
o/ dz (M 4+ 2) T (Ao + 2) (= A2 — 2)“Y(=A2 — 2)

= ST 0w =) 29 (0 — o) — (M~ X)) - (D34)

We also have

1 +ioco
— dz (M + 2)T (Mg 4 2)T* (=g — 2)?
2 oo

_ iF(Al —a2) [+ 2098 + (O — A2))? — 20 (A — A)] L (D.35)
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where the pole z = —\g is left,

1 —+ioco
— dz (M + 2)2T* (=M — 2)T (N2 — 2)
27Tl —ioco

= —T'(A1 + )0 (A1 + A2) (D.36)

where the pole z = —\; is left, and

Gy dz I (M1 + Z)2F(f>\1 —2) (Mg — 2)
Tl

—ico

= iF(Al +X2) [2(vE + (A1 4+ A2))? + 7° = 2¢' (A1 + A2)] , (D.37)

where the pole z = —\; is right. These are three more formulae with this
condition:
eyl dz T*(M\ + 2)°T(=M\ — 2)T (Mg — 2)Y (A + 2)
]. G 7r2
= T+ o) P(Al +X2)% + 30 (A1 + Aa) (1//@1 +X2) =7+ 6>
—27p — e + 61 (A1 + A2) — 4¢(3) — 24" (A1 + A2)] (D.38)
5 dzT*(A\ + 2)2T(=A1 — 2)T (Mg — 2)¢(=A1 — 2)
Tl J —ico
1
= —EF(M + A2) [12981 (A1 + A2)® + 20(A1 + Ag)?
2
+39 (A1 + A2) (mﬁ + % —2¢'(\ + Az))

+2(495 + 27pm — 678y (A1 + A2) +8((3) + ¢ (A + A2))] . (D.39)

“+ico
% e O+ 2P0 (=M — 2T — )0 — 2)
= if(/\l + )\2) [4’)/]31/)(/\1 + )\2)2 + 21/)()\1 + /\2)3 + 4’}/}31/},()\1 + )\2)
+1[1()\1 + /\2)(2’}% + 2 + 21[}’()\1 + )\2)) — 21/)”()\1 + /\2)] . (D40)

In some situations, it is possible to evaluate MB integrals with higher
derivatives of the v function. Here are some examples:
1 +ico ) )
o dz (A + 2)°T'(Aa — 2)* (M + 2)
(A + Ao)*

= T 0 2000 22) = 9200 + X)), (DAD)
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1 —+ioco
o | dz (M + 2)2T (Mg — 2)%% (A1 + 2)?
M+ 2)? 9
= TR0+ 0) [41(A1 + A2)® — 4(A1 4+ A2)(2(A1 + A2))
FP(2(A1 + A2))? — ' 20\ + A2))] (D.42)
1 —+ioco
om | 42 F(A+2)°T (A — 2)*¢0' (A1 + 2)
o, a2t
1 +ioco
5 dz (M 4 2)2T(Ng — 2)20 (M1 + 2)v (g — 2)
(A4 20! 5
= 7[‘(2()\1 n )\2)) [4w(>\1 + /\2) 4¢(A1 + /\Q)w(Q(A1 + )\2))
FP2A1 +X2))2 + P (M + ) = (2001 + X2))] . (D.44)
1 +ico
o | dz D'(A + 2)°T'(A2 — 2)* (A1 + 2)%1(Xa — 2)
. ()\1 + )\2 B 2
71_‘( ()\1 o [81!) )\1 + )\2 12¢(A1 + )\2) 1!)(2()\1 + /\2))

F20(A1 4+ A2) (B (2(M1 + A2))? + 20" (A1 + A2) = 3¢ (2(M1 + X2)))
+(2(A1 + A2))(3 1//( (A1 +A2)) = 2¢" (A1 + A2))
—h(2(A1 + X2))® — 9" (2(A1 + A2))] (D.45)

“+ico
! dz (M + 2)2T (Mg — 2)%' (M + 2)v (A2 — 2)

21 i

_ I'(A+ A )4 ,
= m [4p (A1 + A2)d" (A1 + A2)

—20(2(A1 + X))t (A1 4+ A2) + 4" (A + X2)] . (D.46)

D.2 MB Integrals with Six Gamma Functions

This is the second Barnes lemma:

1 +ioco & F()\l + Z)F(/\2 4+ Z)F()\?, + Z)F()\4 — Z)F()\S — Z)
oo F(>\6 + Z)

2mi
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I(A1 4 M) (Mg 4 M) T (As + M) T (A + As)
I(A1+ X2 + Mg+ A5) T (A1 + Az + Mg+ As)
" TN+ 25) (A3 + Xs)
F(/\2+)\3+>\4+)\5) ’

where \g = A1 + Ao + A3 + Ag + 5.
Here is a collection of its corollaries:

L[ g T4 O 90 0y ==

(D.47)

d
omi )i (A5 + 2)

F(A = A3) (A — A3) (A3 + M)
— M Ao — A3+ A
T'(A1+ X2 — A3 + Aq) [+ A2 = A + M)

—H/)()\g + )\4) — 1/1()\1 + /\4) — U)()\Q + )\4)] R (D48)

where A5 = A1 + A2 + A4 and the pole z = —\3 is considered left,

), ¥ T +2)

- F(/\Bl 4+ Ao — )\z _|_)\4?; [1/)(/\1 - )\3) +1/)(/\2 _ )\3)

=M+ M) —P(Aa+ M) (D.49)

1 /+ioo F(/\l + Z)F()\Q 4 Z)F*()\S + z)[‘(—)\g — Z)F()\AL — Z)

where A5 = A1 + A2 + A4 and the pole z = — A3 is considered right,

d
omi o T+ 2)

_ T+ 23) T (A2 + As)
F()q + A2+ 2X3)

where Ay = A1 + A2 + A3 and the pole z = A3 is considered right,

L /+ioo F(Al + Z)F()\Q + Z)F*(—)\g + Z)F()\?) - 2)2

[ (A 4+ A3) +4" (A2 +23)] ., (D.50)

1 [T DO\ +2)T* (Mo + 2)2T(=Xg — 2) (A3 — 2)

), ¥ T'(u+2)
o F()\l — )\Q)F()\Q + )\3) 7T2
= 30 + Ng) 5 + (vg —¥(A1 — A2) + (A1 + A3)

(A2 +A3))% + ' (A1 — A2) + ' (A1 + A3) — ' (A2 +A3)] ,  (D.51)
where Ay = A1 + A2 + A3 and the pole z = — )5 is considered right,

1 [T £ P +2)0 00 + 2)20* (=g — 2) (A3 — 2)
—ioco F(All + Z)
_ TOu =) (A2 + A3)

where Ay = A1 + A2 + A3 and the pole z = — )5 is considered left.

2mi

[W'(AL+A3) =" (A2 +A3)] ,  (D.52)
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The integrals (D.47) can be evaluated recursively in the case where the
difference Ag — (A1 + A2 + Az + Ay + A5) is a positive integer. In particular,
we have

1 [T P\ +2) T (Mo +2)T (Mg 4 2) (A — 2)[(—2)

dz
—ico F()\5 + Z)
B (C(1+ A2+ A3+ X)) LT (A) T (A3) (A2 + Ag)
N F(l—)\l —)\3—)\4)F(1—|—)\1+)\2+/\4)F()\1+)\3+)\4)
X [F(l + )\2)F(1 — A1 — A3 — )\4)F()\1 + )\4)F()\3 + )\4)
—T'M) (=21 = A3 = 2)T(1T+ M+ 2)T 1+ A3+ X)), (D.53)

27

Where )\5 = Al +)\2+)\3+>\4+17 and

1 [He & M+ 2)T A+ 2) T (A3 4+ 2)T'(Ay — 2)T'(—2)

—ioo I'(As + 2)

_ (L2 + A2 + A3 + X)) " T (M) (A3) I (A2 + Aa)

(1= A = A3 = A)T(2+ A+ A+ A) T (M + Az + Ag)
) [D(24+ M) (1 = A1 — A3 — AT+ M) (Mg + M)
=201+ A2) (=M1 = A3 = M) (1 4+ A+ M) L(1+ A3+ Ag)
FTO)T(=1 = Ay = A3 = A)T2+ M+ M2+ A3+ Ay)] ,  (D.54)

27i

where \s = A1 + Ao + A3 + Mg + 2.
Here are more corollaries of the second Barnes lemma:
1 +ioo 4z
~ M +2)T A+ 2) (A3 —2) (Mg — 2)

% —ioco
T2 =AM = A) (= Ao = A3) (i + A — DI (A2 + A3)
(1= )1 =)

X (D= A)D(1 = Aa) = T(2 = A — As — M) [(Ag)] . (D.55)

where A1 + Ao + A3 + Ay = 2, and the pole at z = 0 is considered left,

1 Hoe g,
7 F()\l + Z)F(/\2 + Z)F()\g — Z)F()\4 — Z)

2m ) o
= T2 = M — Aa — A3)(Ns)
T2 M = A) (1= Ao — M)At + Ag — DI (Aa + A3)
i T =)0 (1= o)
X [P = M) = X0) = T2 = A — d = A)(A)] ,  (D.56)

where A1 + Ao + A3 + Ay = 2, and the pole at z = 0 is considered right,

L O+ T D= (-A — 2)
27 J oo I'A+1+42)
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L e P A 2)
2mi J oo 2
= ST (120 +$(3) + 200
FIMWA) = (=) = ¢'(N) + ' (=N))] (D.57)
where the nature of the poles at z = 0 and z = —\ is indicated by asterisks,

according to our conventions,

LT TP T (=) (A — 2)
271 oo I'A+1+2)

+ioco =
_ _% CL (A +2)I* ()T (=2) (A — 2) = %FWF (=)

—ioco

<[+ v s -2 (v -T)] L ooy

11 PO 220 (2) T (—=2) (=X — 2)

27 | i dz IrA+1+2)
1 [T dz . .
=5l 5 A+ 2)I" () (—2) " (=X — 2)
= 3TN 20 +v00) -2 (v - )] 039)

We also have

1 [T dz
o pe) M+ 2) (A +2) (A3 —2) (A — 2)

1:(05 A= AT (1 = Ao = A3)D(2 = A1 — g — Ag) T (As)
T2 - )1 )
XF()\l + )\3 — 1)F()\2 + )\3) [1 + ()\1 — 1)(¢(2 — )\1) + w(l — )\2)

(2= X1 — A2 —A3) —9(A3))] (D.60)

where A1 + Ao + A3 + Ay = 2, and the pole at z = 0 is considered left,

1 Fioo 4z

2mi 22

. M +2)0( Ao+ 2)T (A3 — 2) (Mg — 2)
=1'(2= XM — A2 = A3)I"(A3) [ (M) I (A2) (¥ (M) + ¥ (A2)
—(2 = A1 — A2 — A3) —¥(X3))
r2—X =) (1 =X =X3)I’'(A1 + A3 — 1)I'(Aa + A3)
" INCESHTATEY
X [L+ (A = D@2 = M) + (1 = A2)
P2 =X — A2 = A3) —¥(\3))]] (D.61)
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where A1 + Ao + A3 + Ay = 2, and the pole at z = 0 is considered right,

e o Ou )T — )T (s — 2)
omi ) 2t 2 2 !
1
== _WF()\I - )\Q)F(AQ - )\1) [2)\1 - )\2
17\2

FA (AL + A2)(vE + (A1 — A2)) — Ar(A1 — Ag)
X((=A1) = p(=A2) + (A2 = A1) —¥(1 = A1+ X2))] ,  (D.62)

where the pole at z = 0 is left and the nature of the first poles of the gamma
functions is shown by asterisks,

1 [ de . N
— — F()\l + Z)F()\Q + Z)F (—>\2 — Z)F (—/\1 — Z)
21 J e ®
_ 1
YY)

—A1A2(A1 + A2) e + A (A1 — A2) A2 (W(—=A1) — (—A2))

—AA2(A2th( A1 — A2) + AMp(Aa — A1) (D.63)

I(A1 = X2) T (A2 — A1) [AT = Aida + A3

where the pole at z = 0 is left,

1 +ioco dZ . .
g | ST A e DT (=de = T (<3 =2
1
= WF(/\l — )\Q)F(/\g — )\1) [2()\% + A2 — )\%)
1712

FALAT + A3) (P (A1 — A2) +E)
—A (AT = A3 ((=A1) — (=A2) + P(=A1 + X2) — (1 — A1 + X))
—AT A2 (A1 = A) (@' (A1) — ¥/ (= X2)] (D.64)

where the pole at z = 0 is left,

1 [T dz . .
Tm i 27 F()\l + Z)F()\Q + Z)F (7)\2 — Z)F (7)\1 — Z)
1
=353 I(A1 = A2) T (A2 — A1) [(A1 4 A2)(2A7 = 3A1 22 + 2A3)
17'2

—MA2(AT + M) vE + A A (AT — AD)Y (=)
—MAS (AL — A2) = (=A2)) = A A2 (1h(=A2) + (A2 — A1)
FAIN (W (A1) — ¢ (= X2)) = ATAS (W' (=M1) — ¥/ (=A2))] ,  (D.65)

where the pole at z = 0 is left,

+ioco P
% 92 PNt )P (=) T (=X — 2)
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= — o TV [12 = 602 + 6(=X) + ¥(3)
FXH (2 = 69" (=A) = 3N (" (=A) + 2¢(3))] (D.66)
where the pole at z = 0 is left,
1 [ted
il 75 PO ) () D(—2) (= A — 2)
= L TOVT(3) [~12 4 6A 2y + Y(-) + (A)) — N — 68/(~3))
N (p(=X) = (V) + (B(=X) = P(N)? = 20" (=X) = 9" (N)
F3(W(=A) = (V)@ (=) +¢'(N) = 6¢(3))] , (D.67)
where the pole at z = 0 is right,
1 +ico d
il 7”2 DA+ 2)2T% (= — 2)?2
= —6—}\4 [6+X2(7% — 60/ (=) + 12X%¢(3)] , (D.68)
where the pole at z = 0 is left,
“+ico d
% a L P+ 220 (<A - 2)?
= o5 124 X — 6 (0) 3@ (N~ 2 @)] . (D69)
where the pole at z = 0 is left,
1 “+ioco d
o z—jF(A+1+z)2F(7Afz)2

=20 (L+ NI (=A)*(@(=A) =91+ X)) =¢"(=)),  (D.70)
where the pole at z = 0 is right.

D.3 The Gauss Hypergeometric Function
and MB Integrals

The Gauss hypergeometric function can be defined in terms of MB integrals:

2F1(a,b;c;x)

I 1 e Pla+2)0(b+ 2)(—2) -
~ I'(a)I(b) 2i /400 I(c+2) (—z)*dz (D.71)
_ I'(c)

T(a)(b)(c —a)T(c —b)

Lo I'a+2)I'(b+2)I'(c—a—b—2)I(-2)(1—x)*dz. (D.72)

2'ITI —ico
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Combining these two formulae with (B.4) gives the following useful for-
mula (which is often applied when evaluating Feynman integrals — see,

e.g. [74]):

1 +ioco
5 I'la4+2)I'(b+2)I'(c—2z)[(—z)z*dz
Us —ioco

Hee plg 42 2 (—=z

(x—1)*dz. (D.73)



E Analysis of Convergence
and Sector Decompositions

In this appendix, the analysis of convergence of Feynman integrals based on
the alpha representation is briefly described. The UV divergences come from
the region of small values of the a-parameters in (2.37), while the off-shell
IR divergences arise from the integration over large «;. To reveal these diver-
gences, the integration region is divided into so-called ‘sectors’, where new
integration variables are introduced, with the goal to obtain a factorization
of the integrand. Then the analysis of convergence reduces to power counting
in one-dimensional integrals.

However, this mathematical analysis of convergence is restricted to the
cases where the external momenta are Euclidean. Generalizations of these
results connected with the analysis of convergence and dimensional regular-
ization to Feynman integrals at a mass shell or at a threshold are not known.
On the other hand, it turns out that, in these important cases, one can in-
troduce some practical sector decompositions and corresponding sectors [37]
that give the possibility to have control on the convergence and, in particu-
lar, provide a powerful method of evaluating Feynman integrals in situations
with strong UV, IR and collinear divergences. The corresponding algorithm
is described in Sect. E.2.

E.1 Analysis of Convergence

We obtain the alpha representation of an analytically and dimensionally reg-
ularized Feynman integral corresponding to a graph I starting from the
alpha representation (2.37) and substituting the powers of propagators a; by
a; + A; with general complex numbers ;. For simplicity, let us assume the
scalar case and that the powers of propagators are equal to one. (If a; > 1,
one can represent such a line by a sequence of g lines.) In this case the alpha
representation takes a simpler form

5!

F(qv m; d7 A)

- / " da [ oXt(a) 2 exp (iwq,a)/wa)—izm%al) L (E)
l l
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where the functions I and V are given by (2.25) and (2.26), and from now
on we omit the coeflicient

(—1)Leim(E Mi+h(1=d/2)/2hd/2 HF(’\l +1),
l

which is irrelevant to the analysis of convergence. In this appendix (as in
Chap. 6), families of variables are denoted by underlined letters, i.e. ¢ =
(qlv"’vqn)ﬂ m = (m17~~~7mL)7 A= ()\la'“u)‘L)? a = (alwuvaL)? etc.,
with da = day ... day. Let us also assume here and later that the limit of
integration refers to all of the integration variables involved.

The alpha parameters have dimension —2 in mass units. By making the
change of variables oy — p~2a;, where p is a massive parameter, we can
transform to dimensionless alpha parameters. For simplicity, let us take p =1
in this appendix. To separate the analysis of the UV and IR convergence as
much as possible let us decompose the integration from 0 to oo over each
alpha parameter into two regions: from 0 to 1 and from 1 to co. The inte-
gral (E.1) is then divided into 27 pieces, each of which is determined by a
decomposition of the set of lines £ of the given graph into two subsets, L,
and Lg, corresponding to the integrations over the UV region (from 0 to 1)
and the IR region (from 1 to co), respectively. For a given piece generated by
a subset L, let us change the variables «; for I € Lg according to a; = 1/4;.
The corresponding integral then takes the form

1
Fﬁ(‘@m; d,\) :/ dadp H al/\l H @ﬂlfsu(g’@—d/z

0 1Ly IeLp

xexp | iV(q,, B)/U(a, B) — i Z mia; —1i Z m?/3 | . (E.2)

€L leLg

For brevity, the new functions 4 and V are denoted by the same letters,
although they are now of the form

U(Qag) = H Bi u(g)‘alﬂl/ﬁz,leﬁg

leLg
=2 |\ Il e | II &) (E3)
TeTt \leL \T leLgnT

<
=
I
=
I

¢,a,0 Hﬁl V(Qag)’alﬂ/,@l,lez:ﬁ
leLg

S I « I 5@ (E.4)

TeT? \IeL \T leLsNT
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Remember that +¢” is the sum of the external momenta that flow into one
of the connectivity components of a 2-tree T'.

For a given piece Fﬁ", let us change the numbering of the lines in such
a way that the UV lines (i.e. those with oy < 1) have smaller numbers.
Thus we perform integration in the domain 0 < ¢ < 1, 1 <[ < I and
0<B3 <1, I+1<1<L,wherel=|L,|. If S is a finite set, we denote by
|S| the number of its elements.

As we shall see, the analysis of UV and IR convergence is now decoupled.
To analyse the UV convergence let us divide the domain of integration over o
into sectors. In the following, we shall use sectors of two types associated with
nests and forests, respectively. The sectors connected with nests of subgraphs,
(i.e. that v C 4" or 4/ C « for any pair of the subgraphs of any nest; let us
call them N-sectors) [120] are defined by

ar <...<aq (E.5)

and similar inequalities obtained by permutations. Without loss of generality,
let us consider only the sector (E.5). Let us then change the integration
variables according to

a=1;...%;. (EG)

The new (N-sector) variables ¢; are expressed in terms of «; by

B Qg ifl<l:
tl_{al =1 (E.7)

The corresponding Jacobian equals Htiil.

The decomposition of the IR integration, over f;, is performed in a quite
similar way. The following are the corresponding analogues of N-sectors and
sector variables:

Br>...> B, (E8)

ﬁl =Ti41---Tl (EQ)
BB ifl>T+1

Tl_{ﬁm fl=T11" (E.10)

and the corresponding Jacobian is [] TlLfl.
So, the initial integral is eventually divided into (L + 1)! sectors

ar1) <. < Qe (f) <1< Qr(i41) < Q) (E.11)

which are labelled by permutations 7 of the numbers 1,..., L and the num-
ber [. As we have stated, we consider only the contribution of the identical
permutation, i.e. 7(l) =1,1=1, ..., L.

Although these sectors provide a resolution of the singularities of the
integrand, they can turn out to be too rough for analysing convergence. A
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more sophisticated set of sectors corresponds to the maximal UV and IR
forests. A set f of 1PI subgraphs and single lines with non-coincident end
points is called a UV forest [51,170,198] if the following conditions hold: (z)
for any pair 7,7 € f, we have either v C v/, v/ C v or L(yN~') = 0;
(i) if 4t,...,4" € f and L(y* N A7) = 0 for any pair from this family,
the subgraph U;y" is one-vertez-reducible (i.e. can be made disconnected by
deleting a vertex).

Let F be a mazimal UV forest (i.e. there are no UV forests that include
F) of a given graph I'. An element v € F is called trivial if it consists of
a single line and is not a loop line. Any maximal UV forest has h(I") non-
trivial and L — h(I") trivial elements. Let us define the mapping o : F — L
such that o(y) € L(v) and o(v) € L(7') for any v C v, 7' € F. Its inverse
o~ 1 uniquely determines the minimal element o~1(I) of the UV forest F that
contains the line [. Let us denote by «, the minimal element of F that strictly
includes the given element ~.

For a given maximal UV forest F, let us define the corresponding sector
(F-sector) as

Dr ={alay <ty <1, leyeF} . (E.12)

The intersection of two different F-sectors has zero measure and the union of
all the sectors gives the whole integration domain of the UV alpha parameters
(i.e. o < 1) (see [51,170,182,198]). For a given F-sector, let us introduce
new variables labelled by the elements of F,

a= [ t. (E.13)

yEF: ley
where the corresponding Jacobian is [ - tf% =1 The inverse formula is
o Qo(y)/Qo(vy) if v is not maximal . (E.14)
v Qg (v) if v is maximal

Consider, for example, the two-loop self-energy diagram of Fig. 3.10 and
the following maximal UV forest F consisting of ' = {1}, v2 = {2}, 7* =
{3}, v* = {1,2,5}, 7° = I'. The mapping o is o(y}) = 1, o(7?) =
2, o(v®) =3, o(y*) =5, 0(75) = 4. The sector associated with this maximal
UV forest is given by Dr = {a12 < a5 < a4, as < aq} and the sector vari-
ables are t,1 = oy /a5, ty2 = ag/as, tys = az/ayg, tya = as/oy, tys = ay.

The IR F-sectors and variables are introduced in a quite analogous way.
New variables 7, are associated with maximal IR forests composed of IR-
irreducible subgraphs — see [182]. (A subgraph « of I is called IR irreducible
[65,182] if the reduced graph I'/¥ is one-vertex-irreducible. (As in Chap. 2,
I'/~ is obtained from I' by reducing every connectivity component of v to
a point.) The UV and IR maximal forests F, and Fg, composed of lines
L, and Lg, respectively, are then combined in pairs to generate ‘generalized
maximal forests’, with corresponding variables {t,, 7y }, v € Fqo, v € Fg. As
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a result, the initial integration domain is divided into F'-sectors associated
with generalized maximal forests.

In each of the N- or F-sectors, the function (E.3) takes a factorized form
in the new variables [51,170, 182,198, 222]:

] L
U= Ht;l(’n) H TlL—l-‘rl—h(F/’Yzfl) [1+ Px(t,7)]  (E.15)
=1

I=I+1
| IT e | | IT =o0rem ) n+ ey, (B16)
YEFa YEFB

where Py and Prp are non-negative polynomials, ~; denotes the subgraph
consisting of the lines {1,...,1}, and again 5 = I'\y. The factorization of the
function (E.4) in the N-sector variables is of the form

r L
h(m L—l4+1—h(I'/~y_ -1
V= Htl(%) H 7 (I'/ 1)(TT+1---Tl0)
=1 I=I+1
x {(qT“)2 + Py(g, LI)} , (E.17)

where [y denotes the number such that all the external vertices belong to the
same connectivity component of the subgraphs ~y; for [ > . In the Euclidean

domain, where
2
<Z qi> <0 (E.18)

iel

for any subset I of external lines, we have (qT")2 <0 and Py(q,t,7) <0.
These factorization formulae are proven by constructing an appropriate
tree or a 2-tree. In particular, in the case of pure a-variables, one uses the

formula
H o) = H t2(7)+0(7ﬂT)—0(7) , (E.19)
leL\T YEFa

where T is a tree or 2-tree and ¢(7y) is the number of connectivity components
of 7, so that the factorization reduces to constructing a (2-)tree that provides
the minimal value of the non-negative quantity ¢(yNT) —¢(7). In particular,
the unity term in the square brackets in (E.15) corresponds to the tree which
is constructed as follows: one considers the lines [ = 1,2,... consecutively
and includes the given line in the tree if a loop is not generated. In (E.16),
the minimal power of the sector variables is achieved for the tree which is
composed of all trivial elements of the given maximal UV-forest F.

The 2-tree Tj that gives ¢7, in (E.17) is constructed by a similar procedure
with the additional requirement that a line is not included when it could
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connect all the external vertices of the graph. The factorization in the F-
sector variables is a little bit more complicated (see [182]); instead of the
contribution of the 2-tree Ty, there is a sum of contributions from some
family of 2-trees.

These formulae provide a factorization of the integrand of the alpha rep-
resentation and make manifest the analysis of the UV and IR convergence.
The contribution of the N-sector (E.11) takes the form

, 1 J
F}@m;d,&):/ dtdr | [[ 00 a0eletn i
0 =1

L
H Tl/\(%')—h(F/“ﬂ—l)6+[(W(F)—w(“f{)+1)/2]—1

X

1=1+1

2
e—2 .ar, +P0(Q7LI) _1
X[]."‘PN(LI)] exp <1IC[)—|—PJN(tT) (Tl’+1...7’lo)

J L

—iy o mia(t) —i Yy mi/p(o) | (B.20)
=1 1=T+1

where

A =N, (E.21)

ley

and, in addition to -y;, we have introduced the notation v, = I"\;_; for the
subgraph composed of the lines {l,1 4+ 1,..., L}. The general case | < Iy is
assumed. The square brackets in the exponents denote the integer parts of
numbers, and h(y) and w(7), as before, denote the number of loops and the
UV degree of divergence, respectively. This factorization is given here for a
general graph. In the scalar case, on which we are concentrating, the degrees
of divergence are even numbers so that one can avoid the need to take those
integer parts.

The structure of the factorized representation in the F-sector variables is
similar, where the product of powers of the sector variables now takes the
form

H ti(v)-&-h('y)e—[w(v)/?]—l

Y€Fa
% H 7-é\(’v)—h(1“/W)E+[(««J(I“)—w(w)+1)/2]—1 . (E.22)
vE€Fs

So the factorized N-sector integrals take the same form as the F-sector in-
tegrals if we let the UV subgraph v be any graph of type 7; and the IR
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subgraph v be any graph of type 7/, no matter whether they are UV/IR
irreducible. Therefore, to analyse the UV and IR convergence, the F-sectors
are certainly preferable because it suffices to check convergence in a smaller
family of integrals.

The analysis of convergence has therefore been reduced to counting powers
in products of one-dimensional integrals over the sector variables. Note that
(IR) convergence in the variables 7; is guaranteed if 7, ' is present in the ex-
ponent. This property can be explained by the fact that the one-dimensional
integral fooo dr e_im2/77>‘¢>(7), with an infinitely differentiable function ¢ and
a sufficient decrease at infinity, is well defined even at arbitrary values of
ReA < —2 (where it is, strictly speaking, divergent): this is true both in
the sense of the analytic continuation from the domain ReA > —1 and in
the sense of the limit § — +0 with m? — m? —i§ (with identical resulting
prescriptions in both these variants). In particular, such integrals are well
defined for the integer values A = —1, -2, ...

Thus we have IR convergence when either the subgraph ~/ (or just )
has at least one non-zero mass or its completion v;_; (or 7) does not have
all the external vertices in the same connectivity component. Therefore it is
sufficient to check the IR convergence for the other IR~irreducible subgraphs.
The domain of the regularization parameters A; and € where these sector
integrals are convergent is determined by the inequalities

Re A(7) + h(y)Ree > [w(v)/2] , (E.23a)
ReA(y) — h(I'/7)Ree < [(w(I') —w(y) +1)/2], (E.23b)

which correspond, respectively, to UV-irreducible subgraphs and massless IR-
irreducible subgraphs whose completions % contain all the external vertices
in the same connectivity component.

It turns out that this domain is non-empty for any graph without massless
detachable subgraphs, i.e. massless subgraphs with zero external momenta.
This statement can be proven [198] by observing that the parameters

1
A = (2-¢) <1+5—:§ZI:)—1, (E.24)
where T}! is the set of trees containing the line [, satisfy (E.23a) and (E.23b)
for sufficiently small § > 0. (As before, |...| is the number of elements in
the corresponding finite set.) Here again the scalar case is assumed. The gen-
eralization to a general diagram is straightforward: one adds n;/2 to the
right-hand side of (E.24), where n; is the degree of the polynomial in the
numerator of the lth propagator.

In order to see that the Feynman integral can be continued from the
above domain of mutual convergence to the whole hypercomplex plane of the
variables (), €) let us use the well-known property of the integrals

F(\) = /0 T da () . (E.25)
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(In distributional language, this is the analytic property of the distribution
x); — see [103].) Indeed, the integral (E.25) with an infinitely differentiable
function ¢ which has a compact support (or, a fast decrease at large values
of z — see details in [103]) is absolutely convergent for all complex values of
A with Re A > —1 so that it defines an analytic function of A in this domain.
This function can be continued analytically to the whole complex plane of A
with simple poles at A = —1, -2, .... To perform the analytical continuation
to the domain Re A > —2 one decomposes the integral (E.25) into the two
integrals, from 0 to 1 and from 1 to oo, and uses an appropriate subtraction
in the first of them, i.e. represents ¢(z) in (E.25) as (¢(x) — ¢(0)) + ¢(0) and
takes the integral with the second term explicitly to obtain

1 0o
F(\) = / dz 2 (¢p(x) — $(0)) + 20 + / dz 2 é(z) . (E.26)
The first integral on the right-hand side is now absolutely convergent at
Re A > —2 so that we obtain, from (E.26), an explicit analytic continuation
of the function F'(A\) to this domain. We also see that this function has a
simple pole at A = —1 with the residue ¢(0).}
This procedure can naturally be generalized for the analytic continuation
to the whole complex plane. To do this, one makes more subtractions?:

n

1 n ¢(j)(0) i ¢(j)(0)

- A
+/1 dz z*¢(z) . (E.27)

Let us come back to our sector integrals. It follows from the factorizations
(E.20), when they are written for all the sectors, that the Feynman integral
can be continued from the above domain of mutual convergence to the whole
hypercomplex plane of the variables (), €) as a meromorphic function, with

In distributional language, this means that the functional azi has the pole at
A = —1 with the residue §(z). By the way, in the domain —2 < Re\ < —1, the
value $(0)/(A+1) can be rewritten as —¢(0) [, dz . After we combine it with the
last integral in (E.26) we obtain the following compact expression for the analytic
continuation of (E.25) to this band: F(\) = [;° dza*(¢(x) — ¢(0)). However, in
our case of factorized expressions resulting from sector integrals, this is not relevant
because we are dealing with finite regions of integration.

2With the help of this procedure, the analytic continuation of (E.25) to the
band —n — 1 < Re A < —n — 1 takes the form [103]:

oo LN C)) .
F(\) :/o dz 2 {qﬁ(w)—z d (O)x] .

4!
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series of UV and IR poles. It is also clear that, in the case where there is no
non-empty mutual-convergence domain, the contribution from any sector can
be made convergent by choosing the absolute values of the real parts of the
UV/IR analytic-regularization parameters to be sufficiently large (positive
and negative for [ < [ and [ > [, respectively). The analytic regularization can
then be switched off, by analytic continuation, and one obtains [64] a dimen-
sionally regularized Feynman integral as the sum of its sector contributions,
which were defined in their own initial analyticity domains using the auxil-
iary analytic regularization. Therefore, we obtain a definition of dimensional
regularization for any Feynman integral at Euclidean external momenta.

E.2 Practical Sector Decompositions

The sector decompositions of the previous section are simpler than the sectors
of [198]. However, if we want to apply sectors for the numerical evaluation
of Feynman integrals the initial decomposition of the integration domain
over every alpha parameter in the two regions is not optimal at all because
we obtain 2% pieces from the beginning. So, the natural idea is to apply
the sectors of [198]. Presumably, this procedure can be implemented on a
computer, but no such examples are known.

The bad news is that, although the sector decompositions discussed
above can successfully be used for proving theorems on renormalization
[120,195,222] and on asymptotic expansions in limits of momenta and masses
typical of Euclidean space (see [181,182] and Appendix B of [186]), they are
not sufficient for resolving the singularities of the integrand in the case of
Feynman integrals on a mass shell or at a threshold. Let us consider again
Example 3.3 of Sect. 3.3, with the basic functions & and V given by (3.27),
and try to apply the N-sectors to resolve the singularities of the alpha integral
in the region of large «;. To do this, let us turn to the variables §; = 1/,
as in the previous section, where we obtain the functions

U(B) = B1B285 + B18284 + B1 8304 + B23354 (E.28)

V(B) = tB284+ P15 . (E.29)

Consider now the N-sector fy < (1 < O3 < 4 and introduce the variables
(E.10), i.e. by means of the relations

B2 =TiToT3Ts, B1=ToT3Ta, [3=T3Ta, Ba=T4. (E.30)

In these sector variables, the function (E.28) factorizes, in a suitable way,
according to (E.15), but the function (E.29) does not:

V(1) = ToT3Ti (571 +173) . (E.31)

Such a phenomenon would never happen for Feynman integrals considered
at Euclidean external momenta — see the general result (E.17).
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So, we do not have a nice factorization property similar to (E.17) for
the contribution of the sector under consideration. In order to perform the
analysis of convergence, the factor s + t73 raised to some power dependent
on ¢ has to be further factorized. The natural idea here is to perform a
next sector decomposition, using N-sectors, then proceed further if we do
not immediately succeed, etc. However, this procedure looks awful from the
practical point of view: to have L! contributions at the first step, then (L!)? at
the second step is a very bad idea if we think of a computer implementation.

Still the idea to introduce, recursively, more and more sectors has turned
out to be quite successful and easily implemented in practice. A suitable
algorithm based on sector decompositions for resolving singularities of general
Feynman integrals, in particular, considered on a mass-shell or at a threshold,
possibly, with severe UV, IR and collinear divergences, was developed in [37].
On the one hand, this algorithm makes the analysis of the singularities in
€ possible for any given Feynman integral. On the other hand, it gives a
powerful universal numerical method for evaluating Feynman integrals.

The starting point of the algorithm of [37] is representation (3.36), where
the sum of all the parameters «; is implied in the -function. It is supposed
that all the kinematical invariants and the masses have the same sign, i.e. if
there is a non-zero mass, all the invariants are non-positive. Then one intro-
duces the following primary sectors 4; labelled by the number [ = 1,..., L:

o <aq, l#£i=1,2,...,L (E.32)

and turns, in a given sector A;, to the variables

ti:{ai/al ifi#£1 . (E.33)

(6% ife=1

Then the integration over t; is taken due to the §-function, and one obtains
the integral

Y L—(h+1)d/2

1
o \i#l ti=1

Here we used the fact that the functions ¢ and V are homogeneous functions
of the alpha parameters with the homogeneity degrees h and h + 1, respec-
tively. The goal of the introduction of the sector decompositions is to obtain
a perfect factorization, i.e. of the form (E.15) for ¢ and of the form (E.17) for
—V+Ud, m%al, where, instead of (qTO)Q, there is some positive combination
of the kinematical invariants and masses.

So, if the perfect factorization is not achieved, for the contribution of the
given sector 4A;, the next natural step is to introduce a second decomposition
in a similar way, i.e. over L — 1 sectors Ay;,

ti<t;, i=1,2,...,L, i#jl, j#I. (E.35)
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and new variables ¢; similarly to (E.33). One may hope that sooner or later
a perfect factorization will be achieved. If this is the case, one obtains a sum
of parametric integrals, over some sector variables ¢;, where the singularities
are factorized, i.e. the integrand is a product of ¢; raised to some powers
Ai = n; + h;e, with integer n; and h; # 0, and the two functions (also
raised to similar powers) which result from U and V and are positive in the
integration region.

In such a ‘perfect’ situation, the analysis of convergence reduces to count-
ing powers of the variables ¢;. This reminds again, as in the end of the previous
section, the analysis of the distribution a:ﬁ‘r — see [103]. Explicitly, we have
integrations over sector variables (of some level of iterations) of the form

1
— / dt t" =g (t) (E.36)
0

where t is one of the sector variables, n and h # 0 are integer numbers and
¢(t) is a function with ¢(0) # 0 which involves similar factorized integrations
over the rest of the sector variables. If n > 0, the integration over ¢ does not
generate poles in €. Suppose that n is negative. The procedure outlined in
the end of the previous section suggests a similar subtraction:

G(e) = /O 1dtt"+h5 qs(t)—ii ¢(j?(0)t-7'

=

—n—1
¢(J) (0)
+ Z Jln+he+j+1) (E:37)

After performing such manipulations with integrations over all the sector
variables t; with n; < 0 one obtains a linear combination of integrals where
one can perform an expansion in a Laurent series in €. This provides the
possibility to formulate an algorithm for the numerical evaluation of any
term of expansion of the given Feynman integral in ¢.

Numerous practical calculations have shown [37] that this algorithm works
for complicated Feynman integrals with multiple IR and collinear divergences.
For example, analytical results for double and triple boxes [13,184,185,187,
189,191, 206] were numerically confirmed by means of this algorithm.

Once again, this is a method with experimental mathematics. It is not
guaranteed, as in a mathematical theorem, that the process of the recur-
sive introduction of the sector decompositions described above will stop at
some point with a perfect factorization. Moreover, practical calculations have
shown that one has to avoid possible closed loops in the algorithm. How-
ever, this is the only working general algorithm at the moment, applicable
at any loop order, with applications restricted only by the computer time.
One may hope that the algorithm can be generalized to the cases without
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restrictions on the signs of the kinematical invariants and the masses. Ob-
serve, however, that another important generalization, to the case of phase-
space integrals, was already developed and successfully applied in practice
in [12,38,102,119,151].



F A Brief Review of Some Other Methods

In this appendix, some methods which were not considered in Chaps. 3-7 are
briefly reviewed. The method based on dispersion relations was successfully
used from the early days of quantum field theory. The Gegenbauer Polyno-
mial z-Space Technique [63], the method of gluing [66] and the method based
on star-triangle uniqueness relations [85,131,213] are methods for evaluating
massless diagrams. The method of IR rearrangement [216], also in a gener-
alized version based on the R*-operation [65,182], is a method oriented at
renormalization-group calculations.

The recently developed method of difference equations [143] is also briefly
described. It is not analytical, although based on non-trivial mathematical
analysis. It enables us to obtain numerical results with extremely high pre-
cision, with hundreds of digits. Finally, some methods which could be char-
acterized as based on experimental mathematics are discussed. In particular,
this is the integer relation algorithm called PSLQ [90] which provides the
possibility to obtain a result for a given one-scale Feynman integral, when
we strongly suspect that it is a linear combination of some transcendental
numbers with rational coefficients, provided we know the result numerically
with a high accuracy.

F.1 Dispersion Integrals

A given propagator scalar Feynman integral can be written as

9 1 [ AF(s)
F(q)—2m/so ds =3 (F.1)
where the discontinuity AF(s) = 2ilm(F (s + i0)) is given, according to
Cutkosky rules, by a sum over cuts in a given channel of integrals, where the
propagators i/(k?* — m? +10) in the cut are replaced by 27i0(ko)d(k* — m?),
while the propagators to the left of the cut stay the same, and the prop-
agators to the right of the cut change the causal prescription and become
—i/(k* — m? —i0).

Let us again consider our favourite example of Fig. 1.1, with the indices
equal to one. This time, let us include al the necessary factors of i from each
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propagator and the factor —i corresponding to the definition of the Feynman
integral with i on the right-hand side of (2.3). We have

AF(g?) = 4n? / A%k 0(ko )5 (K — m®)0(g0 — ko)Sl(q — )2

972 q0 2 2\ 2
LQd—l/ drrd=2§ (CIO m ) 2
qo 0 2q0

9d—d - (d+3)/2 (42 _ yp2)d—3
==_T @ —m)y (F.2)
r(d-1)/2) (g7
where X; = X for X > 0 and Xy = 0 otherwise, as usual. We have chosen
q = (qo,0) and introduced (d — 1)-dimensional spherical coordinates with the
surface of the unit sphere in d dimensions equal to

27Td/2
= —_—— F.
1= T/ (F.3)
For d = 4, this gives
2 3(42 _ 02
AF(s) = @ —mx (F.4)

q
Integrating from the threshold so = m? in the dispersion integral (F.1)
(where a subtraction is needed) leads to the finite part of (1.7) (where the
factors of i mentioned above were dropped) up to a renormalization constant.
In this calculation, a phase-space integral corresponding to a two-particle
cut with the masses m and 0 was evaluated. The evaluation of three- and four-
particle phase-space integrals is much more complicated. Although we have
less integrations in integrals corresponding to cuts, because of the d-functions,
resulting integrals are still rather nasty so that the evaluation of Feynman
integrals via their imaginary part by means of Cutkosky rules (see [160] for
a typical example) was successful only up to some complexity level. On the
other hand, the phase-space integrals are needed for the calculation of the
real radiation. It has turned out that the development of methods of eval-
uating Feynman integrals resulted in similar techniques for the phase-space
integrals. Now, one applies, for the evaluation of the phase-space integrals,
the strategy of the reduction to master integrals, using IBP, and DE applied
for the evaluation of the master integrals — see, e.g., [10,11]. Moreover, the
technique of the sector decompositions of [37] (see Sect. E.2) is also applica-
ble here and was successfully applied in NNLO calculations — see references
in the end of Appendix E.

F.2 Gegenbauer Polynomial x-Space Technique

The Gegenbauer polynomial z-space technique (GPXT) [63] is based on the
SO(d) symmetry of Euclidean Feynman integrals. According to (A.42), the
dimensionally regularized scalar massless propagator in coordinate space is
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1 e~17q -
Dp(ry —x9) = (2m)? /ddq 2 47rd/2[(x(1 _2)2}1_5 . (F.5)

= 22 + 2. It can be expanded in Gegenbauer polynomials [89] as

where 2

1 1

(1 = 22)2* (max{|a], |za]})*

" ,ic’? (31-3) (Inin{|x1|,|a:2|}>n/2 . (F.6)

max{|z1], [z2]}

where |z| = V22, A =1 —¢ and # = z/|z|. The polynomials C; are orthog-
onal on the unit sphere [89]:

A

mdn,mcg (&1-23) . (F.7)

/df;gcg (&1-29) ON (Zo-i3) =
The normalization is such that [ dZ = 1. So, the strategy of GPXT is to turn
to coordinate space, represent each propagator by (F.6), evaluate integrals
over angles by (F.7) and sum up resulting multiple series.

First results for non-trivial multiloop diagrams within dimensional regu-
larization were obtained by GPXT: for example, the value of the non-planar
diagram (see the second diagram of Fig. 5.6 with all the powers of the prop-
agators equal to one), with the famous result proportional to 20¢(5) [63].

The GPXT as well as the method of gluing (see below) were crucial in
many important analytical calculations, for example, of the three-loop ratio
R(s) in QCD [62] and the five-loop S-function in the ¢* theory [61]. More
details on the GPXT can be found in the review [139].See also [25] where the
application of GPXT is reduced systematically to the evaluation of nested
sums (see Appendix C).

F.3 Gluing

The dependence of an h-loop dimensionally regularized scalar propagator
massless Feynman integral corresponding to a graph I' on the external mo-
mentum can easily be found by power counting;:

Fr(gd) = (in?)" Op(e)(@?)> (F.5)

where w is the degree of divergence given by (2.10) and Cr(¢) is a meromor-
phic function which is finite at € = 0 if the integral is convergent, both in the
UV and IR sense. (Of course, there are no collinear divergences in propagator
integrals.)

It turns out that the values Cr(0) are the same for graphs connected by
some transformations based on gluing. The gluing can be of two types: by
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Fig. F.1. The graph I" obtained by gluing of vertices

vertices and by lines. Let I' be a graph with two external vertices. Let us
denote by I" the graph obtained from it by identifying these vertices, and
by I' the graph obtained from it by adding a new line which connects them.
Then the following properties hold [66]:

—  Gluing by wvertices. Let us suppose that two UV- and IR-convergent
graphs, I'1 and I5, have degrees of divergence w; = wy = —4 and that I
and I are the same. Then Cp, (0) = Cp, (0).

—  Gluing by lines. Let us suppose that two UV- and IR-convergent graphs,
I'y and I, have degrees of divergence w; = wy = —2 and that I, and I
are the same. Then Cr, (0) = Cr,(0).

For example, the first and the second diagrams in Fig. 5.6 with all the
indices equal to one produce the same graph after the gluing the external
vertices. It is shown in Fig. F.1. Therefore, one could obtain the value of
the more complicated non-planar diagram (proportional to 20{(5)) from a
simpler planar diagram [66].

The method of gluing was successfully applied in the combination with
GPXT - see the references above.

F.4 Star-Triangle Relations

The method based on star-triangle uniqueness relations can be applied to
massless diagrams. As in the case of GPXT, the coordinate space language
is used, where the propagators have the form 1/(z%)* up to a coefficient
depending on € — see, e.g., (F.5).

The basic uniqueness relation [85,213] connects diagrams with different
numbers of loops. It is graphically shown in Fig. F.2, where A\, = d/2 — \;
and
rd/2-x)

I'(\) (E9)

v(A1, Ao, Ag) = 72 ]

This equation holds when the vertex on the left-hand side is unique, i.e.
A1+A2+A3 = d. The triangle on the right-hand side, with Aj +X5+X; = d/2, is
also called unique. Remember that, in coordinate space, the triangle diagram
does not involve integration and is just a product of the three propagators,

(21 — 22)2) 2 [(w2 — @3)2] "M (25 — 21)%] 72,
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A1

Ay A3 = v(\, A2, A3) X

Fig. F.2. Uniqueness equation

while the star diagram is an integral over the coordinate corresponding to
the central vertex.

The relation (F.9) can be used to simplify a given diagram. Almost unique
relations introduced in [209], with A\ + As + A3 = d — 1, can be also useful.
Sometimes one introduces an auxiliary analytic regularization, to satisfy (al-
most) unique relations, which can be switched off in the end of the calculation.
For example, using (almost) unique relations, the general ladder massless
scalar propagator diagram with an arbitrary number of loops, h, with all the
indices a; equal to one (see the first diagram of Fig. 5.6 and imagine a general
number of rungs), was evaluated [26] with a result proportional to {(2h —1).

Another example of applications of the uniqueness relations is the eval-
uation of the diagram of Fig. 4.14 where they were coupled with functional
equations [131]. In this calculation, the initial problem was reduced to the
problem of expansion of the propagator diagram of Fig. 3.10 with the indices
a1 =...=as4 =1, ,a5 = 1+ X in a Taylor series in A up to A\*. This dia-
gram, at various indices, was investigated in many papers starting from the
old result for all indices equal to one [176] which was later reproduced [63] by
GPXT, an analytical result for this diagram with general values of the indices
a; and ay and other integer indices [63], an analysis of this diagram from the
group-theoretical point of view [52], an extension of the previous results with
the help of GPXT [138], etc. As a more recent paper, with updated references
to the previous works, let us cite [34], where the expansion of this diagram
at indices a; = n; + h;e, with integer h;, in € was further studied.

F.5 IR Rearrangement and R*

The method of IR rearrangement is a special method for the evaluation of
UV counterterms which are necessary to perform renormalization. The coun-
terterms are introduced into the Lagrangian, i.e. the dependence of the bare
parameters (coupling constants, masses, etc.) of a given theory on a regu-
larization parameter (e.g., d within dimensional regularization) is adjusted
in such a way that the renormalized physical quantities become finite when
the regularization is removed. The renormalization can be described at the
diagrammatic level, i.e. the renormalized Feynman integrals can be obtained
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by applying the so-called R-operation which removes the UV divergence from
individual Feynman integrals. Thus, for any R-operation, the quantity RF
is UV finite at d = 4.

As is well known, the requirement for the R-operation to be implemented
by inserting counterterms into the Lagrangian leads to the following structure
[44]:

RFr= Y A(n)...A(y;))Fr =R Fr+ A(I') Fr, (F.10)

Y15--575

where A(7y) is the corresponding counterterm operation, and the sum is over
all sets {71,...,7;} of disjoint UV-divergent 1PI subgraphs, with A() = 1.
The ‘incomplete’ R-operation R’, by definition, includes all the counterterms
except the overall counterterm A(I"). For example, if a graph is primitively
divergent, i.e. does not have divergent subgraphs, the R-operation is of the
form RFr = [1+ A(I)] Fr.

The action of the counterterm operations is described by

A(y) Fr = Frjyo Py, (F.11)

where Fr/., is the Feynman integral corresponding to the reduced graph I'/,
and the right-hand side of (F.11) denotes the Feynman integral that differs
from F'r/, by insertion of the polynomial P, in the external momenta and
internal masses of 7 into the vertex v, to which the subgraph v was reduced.
The degree of each P, equals the degree of divergence w(7). It is implied that
a UV regularization is present in (F.10) and (F.11) because these quantities
are UV-divergent. The coefficients of the polynomial P, are connected in a
straightforward manner with the counterterms of the Lagrangian.
A specific choice of the counterterm operations for the set of the graphs of
a given theory defines a renormalization scheme. In the framework of dimen-
sional renormalization, i.e. renormalization schemes based on dimensional
regularization, the polynomials P, have coefficients that are linear combi-
nations of pure poles in ¢ = (4 — d)/2. In the minimal subtraction (MS)
scheme [121], these polynomials are defined recursively by equations of the
form
P, = A(y)F, = -K.R'F, (F.12)

for the graphs 7 of the given theory. Here K. is the operator that picks up
the pole part of the Laurent series in . The modified MS scheme [23] (MS)
is obtained from the MS scheme by the replacement u? — p2e?®/(4m) for
the massive parameter of dimensional regularization that enters through the
factors of ;%€ per loop.

If I is a logarithmically divergent diagram the corresponding counterterm
is just a constant. To simplify its calculation it is tempting to put to zero
the masses and external momenta. This is, however, a dangerous procedure
because it can generate IR divergences. Consider, for example, the two-loop
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q

(a) (b) (c)

Fig. F.3. (a) A two-loop graph contributing to the mass renormalization. (b) A
possible IR rearrangement. (c) A three-loop graph contributing to the S-function

graph of Fig. F.3a. It contributes to the mass renormalization in the ¢* theory.
To evaluate the corresponding counterterm it is necessary to compute R’ F,
according to (F.12). Here R’ = 1+ Ay, where 4 is the counterterm operation
for the logarithmically divergent subgraph of Fig. F.3a. We consider each of
the two resulting terms separately. The last term is simple. The first one is
just the pole part of the given diagram. If we put the mass to zero we shall
obtain an IR divergence. There is another option which is safe: we put the
mass to zero and let the external momentum ¢ flow in another way through
the graph: from the bottom vertex, rather than from the right vertex — see
Fig. F.3b. Then the resulting Feynman integral is IR-convergent and, at the
same time, much simpler because it is now recursively one-loop and can be
evaluated in terms of gamma functions.

This is a simple example of the trick called IR rearrangement and invented
in [216]. In a general situation, one tries to put as many masses and external
momenta to zero as possible and, probably, let the external momentum flow
through the graph in such a way that the resulting diagram is IR-convergent
and simple for calculation. Consider now the three-loop graph of Fig. F.3c
contributing to the A-function in the ¢* theory. It is also logarithmically
divergent. When calculating its counterterm, it is dangerous to put the masses
to zero and let the external momentum flow from the bottom to the top
vertex, because we run into IR divergences either due to the left or the right
pair of the lines. Still there is a possibility not to generate IR divergences:
to put the masses of the central loop and the external momentum to zero.
The resulting three-loop Feynman integral is evaluated in terms of gamma
functions, first, by integrating the massless subintegral by (A.7) and then by
(A.38).

At a sufficiently high level, such a safe IR rearrangement is not always
possible. However, there is a way to put as many masses and momenta to
zero and still have control on IR divergences. Formally, we have

P,=-K.R"F,(q), (F.13)

where it is implied that all the masses are put to zero, and one external
momentum is chosen to flow through the diagram in an appropriate way.
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(Another version is to put all the external momenta to zero and leave one
Nnon-zero mass.)

The operation R* removes not only UV but also (off-shell) IR divergences
in a similar way [65], i.e. by a formula which generalizes (F.10). Now, it
includes IR counterterms A(v) which are defined in a full analogy to the
UV counterterms A(v). They are defined for subgraphs irreducible in the
IR sense, with the IR degree of divergence given by (2.18). Now, they are
local in momentum space. For example, the IR counterterm corresponding
to the logarithmically divergent (in the IR sense, i.e. with the IR degree
of divergence @(vy) = 0) factor 1/(k?)? for the two lower lines in Fig. F.3a
(when they are massless) is proportional to §(?(k)/e. More details on the
R*-operation can be found in [182]. So, according to (F.13), one can safely
put to zero all the momenta and masses but one, in a way which is the
simplest for the calculation, at the cost of generating IR divergences which
should be removed with the help of IR counterterms. Finally, the problem
of the evaluation of the UV counterterms for graphs with positive degrees of
divergence can be reduced, by differentiating in momenta and masses, to the
case w = 0.

The R*-operation was successfully applied in renormalization group cal-
culations — see, e.g., [61].

F.6 Difference Equations

A new method based on difference equations has recently appeared. Basic
prescriptions of this method can be found in [143] and an informal intro-
duction in [144]. Tt is analytical in nature but is used to obtain numerical
results with extremely high precision. The starting point of this approach is
to choose a propagator, in an arbitrary way, treat its power, n, as the basic
integer variable and fix other powers of the propagators (typically, equal to
one). Then the general Feynman integral (5.81) of a given family is written
as

H
1

where H is a numerator. After combining various IBP relations, one can
obtain a difference equation for F'(n):

co(n)F(n)+ca(n)Fn+1)+...+cn)F(n+r)=G(n), (F.15)

where the right-hand side contains Feynman integrals Fy, Fs,... which have
one or more denominators Es, Fs, ... less with respect to (F.14). These inte-
grals are treated in a similar way, by means of equations of the type (F.15) so
that one obtains a triangular system of difference equations. This system is
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solved, starting from the simplest integrals that have the minimum number
of denominators, with the help of an Ansatz in the form of a factorial series,

oo
byn!
" F.1
u;]“(n—K—&-H-l)’ (F.16)

where the values of parameters p,b; and K are obtained from these values
for the factorial series corresponding to the right-hand side of (F.15).

This method was successfully applied, with a precision of several dozens
up to hundreds of digits, to the calculation of various multiloop Feynman
integrals [142,143].

Observe that, although this method is numerical, it requires serious math-
ematical efforts. The same feature holds for any modern method of numerical
evaluation. One can say that the boarder between analytical and numerical
methods becomes rather vague at the moment. Remember about new results
obtained in terms of new functions discussed in the end of Chap. 7 — in a
narrow sense, these new functions can be regarded as tools to obtain numeri-
cal results at various points. Another numerical method based on non-trivial
mathematical analysis was described in Sect. E.2. For completeness, here
are some references to modern methods of numerical evaluation of Feynman
integrals: [105, 163, 164]. Observe that such methods are often called semi-
analytical.

Sometimes it is claimed that sooner or later we shall achieve the limit in
the process of analytical evaluation of Feynman integrals so that we shall be
forced to proceed only numerically (see, e.g., [163]). However, the dramatic
progress in the field of analytical evaluation of Feynman integrals shows that
we have not yet exhausted our abilities. So, the natural strategy is to combine
available analytical and numerical methods in an appropriate way.

F.7 Experimental Mathematics and PSLQ

When evaluating Feynman integrals, various tricks are used. One usually does
not bother about mathematical proofs of the tricks, partially, because of the
pragmatical orientation and strong competition and, partially, because, now,
there are a lot of possibilities to check obtained results, both in the physical
and mathematical way.

An example of such ‘experimental mathematics’ suggested in [93] was
described in Sect. 4.5, where it was supposed that the nth coefficient of the
Taylor series ¢, of a piece of the result for the master massive double box is
a linear combination of the 15 functions (4.62)—(4.65) of the variable n. Then
the possibility to evaluate the first 15 coeflicients ci,ca,...,c15 was used
and the corresponding linear system for unknown coefficients in the given
linear combination was solved. At this point, a pure mathematician could
say that there is no mathematical proof of this procedure and its validity
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is not guaranteed at all even after we (successfully) check it by calculating
more terms of the Taylor expansion, starting from the 16th and comparing
it with what we have from the obtained solution. Still I believe that this
pure mathematician will believe in the result when he/she looks at some
details of the calculation. Indeed, suppose that we forget about just one
of the functions in (4.62)—(4.65) and follow our procedure. Then we indeed
obtain a different solution of our system of 14 equations but it blows up and
looks so ugly, in terms of rational numbers with hundreds of digits in the
numerator and denominator, that this pure mathematician will say that our
previous solution, with nice rational numbers, is true and there is no need
for mathematical proofs.

Of course, an important point here is to understand what we can expect
in the result. Another example is given by taking a sum when going from
(4.95) to (4.96) when evaluating the diagram of Fig. 4.14. Instead of using
SUMMER [215], we can suppose that the general term of the Taylor series
(4.96) is a linear combination, with unknown coefficients, of (4.62)—(4.65)
and similar terms up to level 7. (For example, at level 7, one can use the
structures with a 1/n? dependence present on the left-hand side of (C.51)—
(C.82).) Then one obtains a system of 63 linear equations for these coefficients
and solves it using information about the first 63 terms which can be obtained
from the two-fold series following from (4.95).

There are a lot of other elements of experimental mathematics in dealing
with Feynman integrals. Indeed, we never hesitate to change the order of in-
tegration over alpha and Feynman parameters and over MB parameters, it is
not known in advance which IBP equations within the algorithm formulated
in [143] are really independent, there is no mathematical justification of the
prescriptions of Chap. 6, etc. One more example of experimental mathemat-
ics! is provided by the so-called PSLQ algorithm [90]. It can be applied when
we evaluate a one-scale Feynman integral in expansion in €. Let us suppose
that, in a given order of expansion in ¢, we understand which transcendental
numbers can appear in the result and that we can obtain the result numeri-
cally with a high accuracy. For example, in the finite part of the e-expansion
in two loops we can expect at least x;—1 = ((¢) with ¢ = 2,3,4 or, equiva-
lently, 21 = 7%, 29 = ((3) and w3 = 7*. Then the PSLQ algorithm could be
of use. In this particular example, it gives the possibility to estimate whether
or not a given number, x can be expressed linearly as x = c1x1 + coxs + c3x3
with rational coefficients c;.

The PSLQ is an example of an ‘integer relation algorithm’. If z1, 2, -+, x,
are some real numbers, it gives the possibility to find the n integers ¢; such
that ciz1 +coxo+- - -+ ¢z, = 0 or provide bounds within which this relation
is impossible. (In the above situation, we consider our numerical result as x4,
in addition to the z;, i = 1,2,3.) More formally, suppose that z; are given

!The very term ‘experimental mathematics’ can be found on the web page
where, in particular, the PSLQ algorithm is described [223].
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with the precision of v decimal digits. Then we have an integer relation with
the norm bound N if
lcrzy + ... Fepzn| <€, (F.17)

provided that max|c;| < N, where £ >0 is a small number of order 107%. With
a given accuracy v, a detection threshold € and a norm bound N as an input,
the PSLQ algorithm enables us to find out whether the relation (F.17) exists
or not at some confidence level (see details in [90]).

The PSLQ algorithm has been successfully applied in the evaluation of
various single-scale Feynman integrals — see, e.g., [22,54,91,130]. The expe-
rience obtained in these calculations shows that one needs around ten digits
for each independent transcendental number.



G Applying Grobner Bases to Solve
IBP Relations

One more approach to solve reduction problems for Feynman integrals is
based on the theory of Grobner bases [56] that have arisen naturally when
characterizing the structure of ideals of polynomial rings. The first attempt
to apply this theory to Feynman integrals was made! in [202,204], where IBP
relations were reduced to differential equations. To do this, one assumes that
there is a non-zero mass for each line. The typical combination a;i*, where
iTis a shift operator, is naturally transformed into the operator of differentia-
tion in the corresponding mass. Then one can apply some standard algorithms
for constructing corresponding Grébner bases for differential equations. An-
other attempt was made in [104] where Janet bases were used.

In this appendix, an approach [180] based on constructing Grébner bases
for polynomials of shift operators is presented. In the next section, Grobner
bases and Buchberger algorithm (as a tool to construct Grobner bases) in
the classical problem of characterizing the structure of ideals of polynomial
rings are briefly described. In Sect. F.2, we turn to the approach of [180].
The notion of Grobner bases is modified, within this approach, in various
respects. Examples of applying this approach to solve reduction problems for
some families of Feynman integrals are presented in Sect. F.3.

G.1 Grobner Bases for Ideals of Polynomials

The notion of Grébner bases was invented by Buchberger [56] when he con-
structed an algorithm to answer certain questions on the structure of ideals
of polynomial rings.

! As an application of the method of [202], the solution of the reduction problem
for two-loop self-energy diagrams with five general masses was obtained in [204],
with an agreement with an earlier solution [201]. Moreover, the solution of the
reduction problem for massless two-loop off-shell vertex diagrams (which was first
obtained in [40] within Laporta’s algorithm [143,145]) was reproduced in [127].
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Let A = C[z1,...,7,] be the commutative ring? of polynomials of n
variables x1,...,x, over C and Z C A be an ideal®. A classical problem? is
to construct an algorithm that shows whether a given element g € A is a
member of Z or not. A finite set of polynomials in Z is said to be a basis
of 7 if any element of 7 can be represented as a linear combination of its
elements, where the coefficients are some elements of A. Let us fix a basis
{f1, f2y--, fx} of Z. The problem is to find out whether there are polynomials
r1,...,75 € Asuch that g =r1f1 + ... + ¢ fr.

Let n = 1. In this case any ideal is generated by one element f = ag +
a1z + asx® + ... + a;,x™. Now if we want to find out whether an element
g = by + b1z + byx® + ... + bia! can be represented as rf we first check if
I > m. If this property holds, we replace g with g — (b;/a,,)z'~™f, ‘killing’
the leading term of g. This procedure is nothing but the well-known division
of polynomials with a remainder. It is repeated until the degree of a ‘current’
polynomial obtained from g becomes less than m. It is clear that the resulting
polynomial (the remainder) is equal to zero if and only if g can be represented
as rf.

Now let n > 1. Let us consider an algorithm that will answer this problem
for some bases of the ideal. (We will see later that this problem can be solved
if we have a so-called Grébner basis at hand.) To describe it, one needs the
notion of an ordering of monomials cz’l ... z'» where ¢ € C and the notion of
the leading term (an analogue of the intuitive one in the case n = 1). In the

simplest variant of the lezicographical ordering, a set (i1, .. .,4,) is said to be
higher than a set (j1,...,Jn) if there is I < n such that i; = j1, ia = jo, ...,
iy—1 = ji—1 and 4; > j;. The ordering is denoted as (i1,...,%n) = (j1,- ., Jn)-

We shall also say that the corresponding monomial czi' ... zi is higher than
the monomial ¢/z7" ... xir.

One can introduce various orderings, for example, the degree-lexicographi-
cal ordering, where (i1,...,in) > (J1,- -, Jn) i D i > D Ji, O D ix = D i
and (i1,...,%n) > (j1,...,Jn) in the sense of the lexicographical ordering.
The only two axioms that the ordering has to satisfy are that 1 is the only
minimal element under this ordering and that if f; = fo then gf; = gfs for
any g.

An ordering can be defined by an ordered set of n linearly independent
combinations

2A ring is a set with two operations: multiplication and addition. Associativity
and distributivity are usually implied.

3A non-empty subset Z of a ring R is called a left (right) ideal if (i) for any
a,b € Z one has a+ b € Z and (ii) for any a € Z,c € Rone has ca € Z (ac € T
respectively). In the case of commutative rings there is no difference between left
and right ideals.

4A closely related problem is to find out whether any solution of the equation
g(z1,...,mn) = 0is also a solution of the system of the equations f;(z1,...,zs) =0,
i=1,...,k.
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> Cuir, k=1,....n (G.1)
=1

and, therefore, by an n x n matrix C' with a non-zero determinant and non-
negative elements. When defining the corresponding ordering of two given
monomials, one compares, first, (G.1) for k = 1, then for k = 2, etc. We have
Cri = dy for the lexicographical ordering, while for the degree-lexicographical
ordering, the corresponding matrix has 1 in the first row and Cy; = dr—1,
for k = 2,...,n. For the reverse degree-lexicographical ordering, we have
Cyxi = 1 for k < [ and 0 otherwise. Other variants of the (reverse) degree-
lexicographical are obtained from these two by permutations of the numbers
{1,...,n}. In practice, an ordering is often characterized by a matrix con-
sisting of ones and zeros.

Let us fix an ordering. The leading term (under this ordering) of a poly-
nomial

i i
P(x1,...,xq) = E Ciyoin T T

is the non-zero monomial c;o o xll(l] . a:;; such that the degree (i, ...,i%)
is higher than the degrees of other monomials in P. Let us denote it by P.
We have P = P + }5, where P is the sum of the remaining terms.

Let us return to the problem formulated above. Suppose that the leading
term of a given polynomial g is divisible by the leading term or some polyno-
mial of the basis, i.e. § = in where @ is a monomial. Let g1 = g — Qf;. It is
clear that the leading term of g; is lower than the leading term of g and that
g1 € Z if and only if g € Z. One can go further and proceed with g; as with
g, using the same f; or some other element f; of the initial basis, and obtain
similarly gs, g3, . ... The procedure is repeated until one obtains g; = 0 or an
element g; such that g; is not divisible by any leading term fl We will say
that g is reduced to ¢; modulo the basis {fi, fo, ..., fx}-

A basis {f1, fo,..., fx} is called a Grébner basis of the given ideal 7 if
any polynomial g € 7 is reduced by the described procedure to zero for any
sequence of reductions. If we have a Grébner basis we obtain an algorithm
to verify whether an element g € A is a member of Z. There are many other
questions on the structure of the ideal that can be answered constructively
if one has a Grobner basis — see [56].

Generally a basis is not a Grobner basis. Let g; = x1 and go = 1+ 23 and
let Z be generated by g1 and go. It is easy to verify that {g1, g2} is a Grobner
basis of Z. Now let f1 = x122 and fo = ga. The set {f1, fo} is again a basis
of Z (indeed, f1 = z2g1 and g1 = —x2f1 + x1 f2). However, {f1, fo} is not a
Grobner basis because the element x1 € Z cannot be reduced to zero modulo
{fla f2}

On the other hand, for any given initial basis {f1, f2,..., fr} of the ideal
7 one can construct a Grobner basis starting from it and using the so-called
Buchberger algorithm that consists of the following steps.
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Suppose that fl = wq; and fj = wgq; where w,¢; and ¢; are monomials
and w is not a constant. Define the so-called S-polynomial

S(fis i) = fig; — [3 - (G.2)

Reduce this polynomial modulo the set { f;} as described above. If one obtains
a non-zero polynomial by this reduction, add it to the initial basis as the
element fj41. Consider then the S-polynomials for other pairs of elements
(including the new element) with fl’ = wgq, and fj’ = w'q;; for some non-
constant w’ and reduce them modulo the ‘current’ basis. If there is nothing
to do according to this procedure one obtains a Grobner basis. It has been
proven by Buchberger [56] that such a procedure stops after a finite number
of steps.

In the above example, with the initial basis {f; = @122, fo = 1 + 23},
one obtains S(f1, f2) = —x1 which cannot be reduced so that we include it
into the given basis as f3 = x; (the sign is, of course, irrelevant). Then we
calculate S(f1, f3) and obtain a zero result. The elements fo and f3 do not
have a non-constant common divisor, so that the algorithm stops here and
we obtain a Grébner basis {f1, f2, f3}. (Then one can observe that f; can be
removed from the basis which can defined just by the two elements, {f2, f3}.)

Buchberger algorithm can take much computer time to construct a
Grobner basis, but once it has been constructed, one can use the reduction
procedure which works generally much faster.

To conclude, a reliable criterion that shows whether a given element of
the ring belongs to the given ideal or not can be obtained by constructing a
Grobner basis. To do this, one chooses an ordering and applies Buchberger
algorithm. This reduction procedure, modulo the so constructed Groébner
basis, applied to a given element g gives a representation for it as a linear
combination of the elements g; plus a ‘remainder’ which is a sum of monomials
that are not divisible by leading terms of the elements of the basis. Let us
consider an element g that is a monomial. Reducing it modulo Grobner basis
we obtain

N
a an __ i in
g=a .. .z = E rig; + E Ciy,oin @] o X, (G.3)
i=1

where the second sum runs over a finite set of multi-indices and the corre-
sponding monomials are not divisible by leading terms of g;. Since {¢1,...,9n}
is a Grobner basis, the second sum is absent if and only if g € Z. If g does
not belong to Z, the second sum is non-zero, and the part of g belonging to
7 is ‘completely included’ in the first sum.

In the next section, when dealing with Feynman integrals and operators
which shift indices, we shall arrive at a relation similar to (G.3).
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G.2 Constructing Grobner-Type Bases
for IBP Relations

Let F(ay,...,ay) be a family of dimensionally regularized Feynman integrals
labelled by the indices ag, ..., a,. The corresponding IBP relations discussed
in Chapters 5 and 6 can be written as

Z CiF((ll + bi,h BN 7% + bl,n) = O, (G4)

where b; ; are integers, ¢; are polynomials in the indices a;, dimension d,
masses m; and kinematic invariants. These relations can be written in terms
of shift operators it and i~ given by (6.9b). Let us turn from the ‘physical’
shift operators i* to ‘mathematical’ shift operators, Y;. (The physical nota-
tion can be sometimes ambiguous: for example, it is not immediately clear
whether the operators are applied to a function of the indices, or to some of
its values.) We shall also use capital letters for operators of multiplication by
the indices. Explicitly, let us consider the following operators which act on
the function F(ay,...,a,) of integer arguments:

(Yz ~F)(a1,a2,...,an) = F(al,... ,Ai—1,0; + 1,ai+1,.. .,an), (G5)
(A; - F)(ay,a2,...,an) = a;F(ay,a9,...,a,).

The shift operators have inverse elements, Yfl.
Let us consider the algebra generated by the elements Y;, Yi_1 and A;
with the following relations:

YiY; =YY, Aidj = AjA;, YiA; =AY +6,;Y5 (G.6)

The left-hand sides of IBP relations (G.4) can be represented as elements of
this algebra, i.e. as polynomials® in the operators Yiil and A;. Let us denote
these polynomials by f1,..., fx. We have

fi-FZOOI(fi-F>(a,1,...,CLn):0 (G?)

for all 7. Let us denote by 7 the left ideal generated by the elements f1,..., fn.
(We shall omit the word ‘left’ below.) We will call Z the ideal of the IBP
relations. Obviously, (G.7) holds for any element f of this ideal. Let us stress
that we can multiply the elements of this ideal by the operators YijEl from
the left.

As discussed in Chaps. 5 and 6, to solve IBP relations is to express the
value of F' at an arbitrary point (a1, ag,...,a,) in terms of the values of F
in a few specially chosen points, i.e. master integrals. This problem can be
solved similarly to the algebraic problem described in Sect. G.1. For example,
let us consider the case, where all the indices a; are positive. Then we have

5Strictly speaking, the word ‘polynomial’ is usually applied only in the case of
commutative variables.
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F(ay,ag,...,a,) = (Y7L v~ F)(1,1,...,1). (G.8)

In this case it is reasonable to turn to a basis of the ideal Z which does
not involve operators Yfl. To do this, it is sufficient to multiply (of course,
from the left) the operators f; by sufficiently large powers of the operators
Y; (taking into account commutation relations (G.6)). Let us assume that we
are dealing with such f; which do not involve operators Yi_l.

Let us now recall the solution of the algebraic problem discussed in the
previous section and let us observe that the situation is quite similar: in-
stead of polynomials in the variables 1, ..., z,, we have ‘polynomials’ in the
shift operators Y7,...,Y,. Of course, we have now a more complicated sit-
uation because we are dealing with polynomials in Y; whose coefficients are
polynomials in the operators A; which do not commute with Y;. Still let us
concentrate ourselves, in a first approximation, at the operators Y;.

Quite similarly to the problem discussed in the previous section, where
we had the relation (G.3) with a Grobner basis at hand, the natural idea
is to construct a Grobner basis {g1,...,gn'} starting from the initial basis
{f1,.-., fn} Indeed, it is known that this can be done similarly to the above
case: one introduces an ordering and the notion of the leading term that
define the reduction modulo a basis, then one can apply a generalization
of the Buchberger algorithm to this case and construct a Grdébner basis.
The motivation for doing this is the same: this is the Groébner basis that
characterizes the given ideal in the ‘best’ way. After the reduction, one obtains
a relation similar to (G.3),

N
Ylar1 D Z""igi + Zcil,-u,z‘nyfrl LY (G.9)
i=1

where the indices were shifted by one for convenience and the second sum
goes over a finite set of the multi-indices i1, ..., %,.

Let us apply this relation in (G.8) and use the fact that the operators of
the ideal of IBP relations give zero when applied to F. We obtain

Flay,...,an) =Y ciy iy Flin,... i) . (G.10)
The integrals which are present on the right-hand sides of such relations
written for various a1, ..., a, are naturally recognized as master integrals.

However, any implementation of this similarity with the classical algebraic
problem using a generalization of classical Buchberger algorithm, meets a
number of difficulties. First of all, the straightforward generalizations turn
out to be absolutely impractical because the corresponding routines require
huge amounts of memory even for examples with small numbers of indices.
For example, not so straightforward strategy where Janet bases were used
gave the possibility [104] to solve a simple reduction problem with two indices
(see Example G.1 below) but failed, for these very reasons, for examples with
n=3.
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The next point where this problem becomes much more complicated is
that one has to consider not only positive values of the indices a; but also non-
positive values. Mathematically, it is natural to believe that if the problem
can be solved for positive indices, with the help of constructing a Grébner
basis, then this knowledge of the ‘evolution’ in this region can be used to
obtain results for any indices, by extending the evolution. However, this idea
turns out to be rather naive when applied to our physical problems.

Another complication is the presence of the variables a; as non-commuta-
tive operators A;. The coeflicients at monomials in the shift operators, Y;, can
vanish at some points, and this also has to be taken into account. Therefore,
we shall deal not with relations like (G.9) but with analogous relations where
the monomial on the left-hand side is multiplied by some polynomial in the
operators A;. In fact, it is possible to transform elements of the ideal Z into
the so-called proper form [180] where the operators A; are placed to the left
of the operators Y;. For convenience, such form is always implied.

Still let us imagine a situation where one can apply Buchberger algorithm
to construct a generalization of Grobner basis for solving a reduction problem
in the case of positive indices. Then simple examples show that the number
of the master integrals associated with this region can be greater than the
number of the ‘true’ master integrals obtained by some method.

These complications lead to the natural idea to change the strategy based
on Grobner bases, and these are the most essential modifications introduced
in [180].

For a given family of Feynman integrals, F'(aq,...,a,), the whole region
for each integer variable a; is decomposed into the region of positive in-
dices and the region of negative indices. So, the whole region of multi-indices
ai,...,a, is decomposed into 2" regions o, called® sectors” and labelled by
subsets v C {1,...,n}:

o, ={(a1,...,an):a; >0 if i€v, a, <0 if i &v}. (G.11)

The intersection of any two different sectors is an empty set, and the union
of all the sectors gives the whole region of the indices a;.

According to the above analysis, in the sector oy, . .} where all a; are
positive, the operators Y; are naturally considered as basic operators. Quite
similarly, in a given sector o, it is natural to consider the operators Y; for
i € v and Yi_1 for other ¢ as basic operators.

Another important point in extending Buchberger algorithm to the case
of IBP relations, is taking into account boundary conditions, i.e. specify the
sectors where the Feynman integrals of the given family are equal to zero.

5The same word is used in this book to denote regions in the space of a-
parameters. Hopefully, this does not cause misunderstanding.

"Such a decomposition is typical when solving IBP relations ‘by hand’. It is
also present in the Laporta’s algorithm [99,143,145] (using the word topology) and
Baikov’s method (see Chapter 6).
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Such sectors are called trivial. In particular, the sector oy, i.e. where all the
indices are nonpositive, is always trivial. In fact, a sector should have at least
h non-negative indices (where h is the number of loops) to be non-trivial.

According to the strategy suggested in [180], one has to construct some-
thing similar to a Grobner basis for each non-trivial sector ¢,. The basic
operations for constructing it are the same as in the classical Buchberger
algorithm, i.e. calculating S-polynomials and reducing them modulo current
basis, with a chosen ordering. However, the goal is to construct a so-called
sector basis [180] (s-basis). In contrast to a Grobner basis, it provides the
possibility of a reduction to master integrals and integrals whose indices lie
in lower sectors, i.e. o, for v/ C v. In fact, this point of the strategy is
based on multiple examples of solving IBP relations by hand (see examples
in Chapter 5), where one tries to reduce indices to zero and thereby turns to
a reduction problem with one more non-positive index.

It turns out that, within this strategy, one would construct a true Grébner
basis only in the case of the sector oy but this is not necessary because this
sector is always trivial. In all other cases, this is not a true Groébner basis
because the goal of the reduction is achieved once an index is reduced to zero
and the corresponding element ‘falls’ into a lower sector.

After constructing s-bases for all non-trivial sectors one obtains a recur-
sive (with respect to the sectors) procedure to evaluate F(ay,...,a,) at any
point. Eventually any given integral is reduced to the master integrals. Details
of this algorithm of constructing s-bases can be found in [179].

G.3 Examples

Let us illustrate some points of the algorithm outlined in the previous section
by considering our ‘standard’ example:

Example G.1. One-loop propagator Feynman integrals (1.2) corresponding
to Fig. 1.1.

The corresponding IBP relations (1.11) and (1.12) generate the following
elements:

fi =d—241 — Ay —2m2 A1 Y1 — mPAoYs + P AoYs — AYoY !
fo=As— A1 —mPAYs — P A1YT — mPASYs + P ArYs
— ALY YT+ A Y (G.12)

Since the integrals are zero for a; < 0, we have to consider the two sectors,
0{1,2} and 0{1}-

Using the lexicographical ordering, the s-basis consisting of the following
two elements for the sector oy 93 was constructed [180]:
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g1 =Y + A1YE +3Y1Ys — dY1Ys + A1 Y1 Ys 4+ 245V, Vs + m?Y Y,
—PYYs + mPALYPYs — P AYEY:
g1z = =3V Yo +dY1 Yy — 2A,Y1Ys — AY1Ys — 2m2Y Yo — 2m% A VYo
—YE — AYF — mPYV1YE + PV YE — mP ALY YR 4 P ALY Y
For the sector oy}, the following s-basis was obtained:
go1 = 1= Ay +m?Y1 — @Y1 — mPAsY1 + P AY) — V1Y, 4 dY Y,
241V, — AV, - omPY Y, - 2mP A YRY,
go2 = —2m? + 2m2 Ay — 2m*Y] + 2m3¢?Y1 + 2mi ALY — 2mPP ALYy
=2V, AV, 4 2mP VY, 4+ 22 Y 4+ 2mP A Y Y, !
—m2AY Y5 — ALY Y, 2mAY Y, 4 2mPPY Y, !
+2mt A YEY, 4 2mP P A YEY, - av Yy 2
+2A4, 1Y, 2 4+ AV Y, 2.

The reduction based on the two constructed s-sectors reveals two master
integrals, F'(1,1) and F(1,0), in accordance with results obtained in Chaps. 5
and 6.

Reduction problems for other examples of Chaps. 5 and 6 can be also
solved using the algorithm of [179,180], in particular, two-loop massless prop-
agator Feynman integrals of Fig. 3.10 considered in Example 6.4 and Prob-
lem 5.4 — see [180]. Here the same conclusion about three master integrals
two of which are equal to each other due to the symmetry is obtained.

A non-trivial example with seven indices was considered in [180].

Example G.2. Two-loop Feynman integrals corresponding to Fig. 6.4 with
the index of the middle line a5 + ¢

Such integrals are obtained from the corresponding two-loop diagrams
with integer indices by inserting a one-loop diagram into the central line.
Indeed, the integration over the loop-momentum of the insertion can be per-
formed explicitly, by means of (3.6), and one obtains, up to a factor expressed
in terms of gamma functions, Feynman integrals of the first graph of Fig. 6.4,
where the index of the central line is a5 + & = a5 + (4 — d) /2 with integer as.

The integrals are symmetrical:

F(ay,a2,a3,a4,as,a6,a7) = F(az, a1, a4, a3, as, ag, ay)
= F(as,a4,a1,az,as5,a7,ag) .
They are equal to zero, if ay,a3 < 0, or as,aq4 < 0, or aj,as,a6 < 0, or
as, aq, a7 < 0.
Within the algorithm of [179, 180], s-bases correspond to the follow-
ing sectors: 0{1,2,3,4,5,6,7}» 0{2,3,4,5,6,7}> 0{1,2,3,4,5,7}> 0{3,4,5,6,7}» 0{2,3,5,6,7}>
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0(2,3,4,5,7}> 0{2,3,4,5,6}> 0{1,2,3,4,5)> 0{2,3,4,5}» 0{2,3,5,6) and other sectors ob-
tained by the symmetry transformations.

The following master integrals were revealed within this algorithm: I; =
F(1,1,1,1,0,1,1),Isy = F(1,1,1,1,0,0,1), Is» = F(1,1,1,1,0,1,0),I5 =
F(1,1,1,1,0,0,0). We have Iy = I15 = I because of the symmetry.
We also obtain Is; = F(1,0,0,1,1,1,1),Iry = F(1,0,0,1,1,0,1),Is; =
F(1,0,0,1,1,1,0),14; = F(1,0,0,1,1,0,0). We have I;; = Ig; = I7 because
of the symmetry. Moreover, we have other copies, 52, I72, Is2, 142, of this last
family of the master integrals which are obtained by the symmetry trans-
formation (1 « 2,3 « 4). We also obtain Is; = F(0,0,1,1,1,1,0), [ =
F(0,0,1,1,1,2,0) as well as the corresponding symmetrical family.

The values of these master integrals obtained by the method of MB repre-
sentation can be found in [180]. Here are some examples of the corresponding
reduction to these master integrals:
2Q%v? - 8(d —3)(2d — 7)(11d — 46)
— Is — 313 —

3d —10 (d—4)2(3d — 14)Q*

4(3d — 11)(7d — 30)v? 7
(d—4)(3d — 14)(3d — 10)Q% ' °”
3d—14

2092
4(d — 3)(d — 2)(2d — 7)(3d — 10)(9d — 40)
(d—5)(d — 4)(2d — 11)(3d — 16)(3d — 14)Q50v2 *
3(d —4)(4d — 17)(4d — 15) 16(3d — 13)(3d — 11) =
2(d—5)(2d — 11)Q5 ° (2d — 11)(3d — 16)(3d — 14)Q5 6
It has turned out that this algorithm can certainly work for higher-

dimensional problems. In [117], it was applied to two-loop calculations within
HQET [116,150, 161].

F(1,1,1,1,1,1,-1) =

1,

F(2,1,1,1,1,1,1) = — L

Example G.3. Feynman integrals corresponding to the HQET graph shown
in Fig. G.1.

These integrals depend on nine indices, and ag corresponds to the irre-
ducible numerator so that one always has ag < 0:

Fig. G.1. Three-loop HQET diagram. Dotted lines denote heavy-quark propaga-
tors and wavy lines massless propagators
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d?k d?l
Flaa,. // —2v-k)0(=20-1)%2 (—k?)3 (—12) 24 [ (k — 1)?]7
(2U~r) as ddy
X/(—7“2+m2)“6[—(/€+7")2—|—m2]“7[—(l+7“)2+m2]“8 - (G1)

Here v is the HQET quark velocity with v? = 1.

The integrals are symmetric with respect to (1 <> 2,3 < 4,7 < 8); they
vanish if one of the following sets of lines has non-positive indices: {5, 7},
{5,8}, {6,7}, {6,8}, {7,8}, {3,4,6}.

The algorithm of [179,180] has revealed the following family of the master
integrals:

= F(1,1,0,1,1,1,1,0,0), I, = F(1,1,1,1,0,0,1,1,0),
= F(1,1,0,0,0,1,1,1,0),

=F(0,1,1,0,1,1,0,1,0), I, = F(~1,1,1,0,1,1,0,1,0),
= F(0,0,0,1,1,1,1,0,0), I = F(0,1,0,0,0,1,1,1,0),
= £(0,1,0,0,1,1,1,0,0), I, = F(0,2,0,0,1,1,1,0,0),
= F(0,0,0,0,0,1,1,1,0).

These are some examples of reduction to these master integrals:

3(d—4)(3d —10)  3(d—4)(3d - 10)

P, 1,0) =~ 8(d—5)(2d—9) ' 16(d—5)(2d—9) >
( BEd-10)(3d—8) 3(d—2)(3d—11)3d—10)3d—8) -
5)(3d — 13)(3d — 11) °  64(d —5)(2d — 9)(2d — 7)(3d — 13) " *
N (d 9(d-2)(3d—-10)(3d=8) . 3(3d-10)(3d-8)
64(d—5)(2d—9)(2d — 7)(3d —13) " 32(d—5)(2d—9)(2d—17) "’
F(,...,1,—-1) = 3(d—3)3d —11) I

16(d — 5)(d — 4)(2d — 9)
(d—2)(2d - 7)(2d —5) 3(2d—7)*(2d —5)(3d — 11)(3d — 7)

8(d—3)(2d — 9)(3d — 13) " ° 256(d — 4)2(d — 3)(2d — 9) I

G.4 Perspectives

First results have shown that the algorithm of [179,180] works successfully at
the level of modern calculations. Still to perform more sophisticated calcu-
lations, further modifications and optimizations are needed. One of possible
ways to improve the algorithm is to combine its basic points with that of
algorithms based on Janet bases [104]. On the other hand, there are various
open practical and mathematical problems connected with the algorithm. In
particular, it is desirable to know in advance which orderings are optimal for
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a given sector, what is the order of CPU time needed for the construction of
the corresponding s-basis, and whether the algorithm will work at all. Hope-
fully, these problems will be solved in the future and this algorithm, in an
updated form, will be applied to solving reduction problems for important
families of Feynman integrals.
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Problems of Chapter 3

3.1 Change the integration variables by [ = r — k, then integrate over k
using (A.7) and over r using (A.4). The result is given by (A.39).

3.2 Change the integration variables by [ = r — k, then integrate over k and
r using (A.7). The result is

iﬂ'd/2 F(Q—8—)\1)F(2—€—)\2)F(2—8—)\3)
F()\l)F(Ag)F(Ag;)F(G — )\1 — )\2 — )\3 — 35)
F()\1+)\2+)\3+2€74)
(_q2))\1+/\2+>\3+36—6

(S.1)

3.3 Apply partial fractions to write down the integrand as a linear combi-
nation of terms 1/(k? — m?)%, with m = mj, mz and m = 0. The zero-mass
terms are zero, while the rest of the terms can be evaluated by (A.1) with
the following result

as2 [ ()77 + (2m3 — 3m3)(m3) "¢

—im (3 —m3)? I'e—1)
+ %2)_7;5 rel . (52

3.4 Apply (3.24) to obtain

F35(q*,m*;2,1,1,d)

. 1 1-& &1dés
. 2
=ir" (2 + E)/o dé /o (@266 +m2(1 — & — &)]PTe

The integration over &y gives

- 1 gdg 575 Q2 —1—¢ _5 2\—1—¢
—in?r(1 +€)/0 (1—&)tte ( )QQf _m(Q,m ) .

The UV pole in £ comes from the integration over £ ~ 1 due to (1—&)~17=.
To make it manifest one can subtract the rest of the integrand at & = 1.
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The subtraction term can be evaluated easily for general d. The subtracted
integrand can be integrated straightforwardly in expansion in €. Eventually,
one arrives at

14z
€

Fs9(q?,m?2,1,1,d) = in¥/2e ™72 (m?)* [ Iz

5(Lig(x)+;1n2x+lnx (1 — o) — (1+x)12>+0(52)} ,

where x = Q%/m?.

3.5 Using alpha or Feynman parameters (in particular, one can start from
(3.5)) one can obtain

1 dé-
ird/2
F(g)/o Q% &)+ m?

where Q% = —¢2. Then one can proceed as described after (3.54) and intro-
duce the new variable z by (3.55) to obtain

225 1
17rd/2f /
V1—z(x+u)F

where u = 4m?/Q?. Then one can expand in € and integrate with the follow-
ing result:

2e
iﬂd/2F(5)e_7E5(;2)€ {1 —nu—VITu In ﬁﬂiwi . (8.3)
=—

3.6 Use alpha parameters, then integrate over ay, then turn to Feynman
parameters and choose the delta function § (a; + g — 1), integrate over as
and then over the last variable. The result is

d?k d%
// —k2 + m2) (=12 + m2)2[—(k + )2V [<20- (k + )]
( d/2)2 M +23+M/24e—=2)T(Aa+ A3+ M/24e—2)T"(\y/2)
2F()\1)F()\2)F()\4)(m2)>‘1+>‘2+/\3+)‘4/2+25 4(112))‘4/2
F(Q—E—)\g—>\4/2)F(>\1+>\2+>\3+)\4/2+26—4)
IF2—e—=X/2)T (A1 + X2 +2X3+ Mg +2e—4)

(S.4)

3.7 Apply (A.7) to integrate over r and then (A.38) to integrate over the
rest loop momenta.

3.8 Apply (A.25) to integrate over r and then (A.40) to integrate over the
rest loop momenta.

3.9 Use alpha parameters to obtain
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AH3e—3,3d/2 - Ly
F(A,...,x5) = / / H dal) (asagas)

X exp {—i [v“’ (ai - a—% - W) +m?(az +aq + 045)} } . (S.5)

Oy Qs (%]

3.10 Starting from (S.5), one can introduce the new variables a; = n¢, ag =
n(1-=¢), integrate over 7, introduce the new variables ag = ' (1—-§;—&2), aq =
n'&1, a5 = '€ and integrate over 1’ to obtain

(ir9/2)* (1 + 3¢)
2(U2)2(m2)1+38

1 1 1-&;
deg(1 - d dés(1— & — &)° 1+e
X/o € &( 5)/0 51/0 (1 -6 —&)° (L&)
X [6L1-& &)+ (1-6°6(1-& — &) +&&]

Then one can introduce new variables, &, = (1 — &)t and obtain an integral
over £,&1 and ¢ which is finite at ¢ = 0. The integration over £; is straight-
forward. It gives an integral over £ and ¢ with a spurious singularity at £ = ¢
which is in fact absent due to a numerator. Then one can use the symmetry
of the integral and write it as twice the integral at z < t¢. Eventually, one
arrives at the following result

F(2,2,1,2,2) =

. o3
F(2,2,1,2,2) = (1(]127;2)7712 (ﬂ — 4 O(s)> . (S.6)

Problems of Chapter 4

4.1 Apply (4.11) at a1 = 2,a2 = a3 = a4 = 1 and obtain (4.18). As was
mentioned in the end of Sect. 4.2, the poles in € are generated by the product
I'(1+2)?I'(—=1—¢e—2)['(=2 — £ — 2). Take the residues at z = —2 — ¢ and
z = —1—¢ (with the minus sign), turn to the contour parallel to the imaginary
axis at —1 < Re < 0 and expand the integrand in €. The resulting integral
is evaluated by closing the integration contour to the right and summing up
residues. This is the result:
ind/2e—mE ,
Fis(s,;2,1,1,1,d) = fan > cila)el, (S.7)
j=-2

2
c_o=4, c_1:—2lnx+8+;, (S.8)

4 2
00:—41nx—%—;(1nx—1) (S.9)
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¢1 = 2 (Liz (—z) — Inz Liy (—x))

1 2 4 2
+§ln3z + —72 Inz — (7 + 1n? z)In(l+z) — 3 g(3> — —8;:

1 2 '/T2

— {1 —2lnz—-2— — S.10
+33 <n x nx 5 > (S5.10)

and = t/s.

4.2 Apply (4.2) to the last two factors in the integrand. Evaluate the two
resulting integrals over k and [ by (A.25) and the resulting integral over r by
(A.22) to obtain

(in/2)°

- 4y/m(m2)M2/2+ X345 +3e=6 (y2) M2 /2 [T ' (\;)

F(Ar,... )

“+ioco “+ico
Xﬁ\/_iw /_ioo d21d2’2 F()\12/2+>\345+3€—6+21+22)
TO/2+M+e—2+42)T(A/2+4 A5 +6— 2+ 23)
(M2 —T7)/24 s + 26 + 21 + 22)
XF((/\l —3)/2+)\4+5+21)F((/\2—3)/2+)\5+5+22)
xI'2—=da—e—2) (2= X5 —e—22) [ (—21)[(—22) . (S5.11)

To evaluate F'(2,2,1,2,2) use (S.11). The resulting twofold MB integral
can be expanded immediately in € because there is no gluing of poles of
different nature when € — 0. Them one can close the integration contours
over z1; and 25 to the right and obtain a double series. Its summation gives
the following result:

ir/2e=ee ™ 1 =2
F(2,2,1,2,2) = W (18 -3 je + 0(62)> . (S.12)
4.3 Straightforwardly replacing both propagators by (4.2) one obtains two
MB integrations (one of which can be then, presumably, performed by the
first Barnes lemma (D.1)). One can, however, immediately obtain a onefold
MB representation introducing alpha or Feynman parameters and separating
two terms in the resulting expression m? — ¢2¢(1 — €). This gives

ird/2 1 +ioco _q2 z
PO = e | 4 () T2
XF()\1+Z)F(>\2+Z)F()\1 +>\2+€—2+2)
(A 4+ A2+ 22) '

(S.13)

As was mentioned in Sect.4.3 a similar result (up to a change of the integra-
tion variable) can be obtained from (4.29).

To evaluate F'(1,1), apply (S.13). The poles in ¢ in the resulting integral
are generated by the product I'(e 4+ z)I'(—z). Take the residue at z = —¢
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and shift the contour to —1 < Re < 0. The expanded integral is evaluated by
closing the integration contour to the right and summing up series of poles,
with the result (S.3).

4.4 One can start from representing the subintegral over { by (S.13) and
then apply (A.41) to obtain the following onefold MB representation:

_ (in/2)° LA /2) (%)
= 210 TODT(2 — A1/ — 2) (2 T ssn 632
Xi +ioco & F()\4 + Z)F()\G + z)F(—z)F()\l/Q + Ao3gs + 26 — 4 — z)
27 —ico F(/\46 + 22)F(>\12235 + 2e —4 — 22’)
XT(2=A /2=y —e+2)(\ag+6—2+2)

XT'(A1/24+ Aoz +e—2—2) (M /2+ X5 +e—2—2). (S.14)

F(A,... )

4.5 As in the case of double box diagrams, the optimal way is to intro-
duce MB integrations loop by loop. First, one can derive straightforwardly
a threefold MB representation for the subloop integral over [ using alpha or
Feynman parameters and separating terms with ¢2, k2, ¢ -k and v - k. Then
one takes the final integral over k by (A.27) and obtains [180]

(iﬂd/2)2 2>\771(v2)7>\67/2
N [li—s.a57 TN (4 — Azasy — 26)(Q?)Mr2sas 4426+ 67 /2
y ; /+i°O e dzledegp()\m?AS + Xe7/2+ 26 — 4 + z3)
(27i)3 I'(A — z1) (A2 — 22)
XF()\s + 21+ 23)1(Aa + 22+ 23) ' (A3as + A7 /2 4+ — 2+ 21 + 20 + 23)
F(>\345 +/\67/2—|—€— 3/2—|—21 + 22 +23)
" T'(A345 +A7/2 4+ —3/2+4 21 + 20 + 23)[(—21)(—22) ' (—23)
I'(8 — Aag7 — 2A345 — de — 21 — 29 — 223)
XI'(4 — A3as — Ae7/2 — 26 — 29 — 23) (2 — Aga5 — € — 21 — 20 — 23)
XI'(4—2X34 — As7 — 26 — 21 — 290 — 223)
XT(4 — Aasas — Ne7/2 — 26 — 21 — 23) . (S.15)

F(Al,"';A7)

—ioco —ioco

4.6 As was first noticed in [13], straightforward application of (4.46) leads
to a spurious singularity in the corresponding fourfold MB integral, due to
the product

I'l+z1+204+25+24) (=1 — 29 — 23 — 24)['(—21) ,

which can be cured by introducing an auxiliary analytic regularization. Then
the singularities in the MB integrals are first resolved with respect to the
parameter of analytic regularization and then with respect to €. The resolu-
tion of the singularities within Strategy B was done in [13]. Here is a brief
description of how this can be done within Strategy A.
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Let us introduce a regularization by a5 = 1+ A. A singularity at A = 0 is
generated by the product

I'l4+z1+z20+234+ 24 + NI (=1 — 20 — 25 — z4)[(—21) .

Let us decompose the given integral as K = K1) + K where K1) denotes
minus residue at z4 = —1 — zp — 23 given by a threefold MB integral and K (©)
is the fourfold MB integral where the first pole of I'(—1 — 2o — 25 — z4) is left.
Observe that after the residue at z4 = —1 — 25 — 23 was taken, the ‘dangerous’
product I'(1 + 21 + 290 + 23 + 24 + A\)I'(—21) becomes I'(z1 + A\)I'(—z1) and
stays as the source of the singularity at A = 0. However, the factor I'(—z1)
is cancelled, at z4 = —1 — 25 — 23, by the factor I'(—1 — 21 — 22 — 23 — 24)
of the denominator. So we can just set A = 0 in K1), After a useful change
of variables, zo — 29 — 1,23 — 23 — 1,27 — 21 + 1 one obtains an integral
where key gamma functions responsible for the generation of poles in ¢ are
(=1 —¢€—2 —2)and I'(—1 — & — z; — z3). One obtains K1) = Kﬁ) +
K(()P + K%) + Ké(l)), with Kéi) = K%), where the index 1 denotes a residue
and 0 shifting the contour, similarly to what we had for the double box (4.48).
Resulting integrals are evaluated also in a similar way.

In the contribution K(® one can set immediately A = 0 and apply the
identity I'(1+ 21 + 22+ 23+ 24)[(—21 — 20 — 23 —24) = —['(2+ 21 + 22 +
23+ 24)(—1— 21 — 29 — 23 — 24) for the simplification of the integrand. Then
one decomposes the resulting integral taking residues at the first poles of the
same gamma functions, I'(—1 —e — 21 — 22) and I'(—1 —e — 21 — 23), as in
the case of K1), Eventually, one arrives at the following result [13]:

. 2
K(s,t;l,...,l,—l,e)—wf(i;@) , (S.16)
where
9 2lnz  Tr?
flae)=1a-—= ~32
+ |8 (Lis (—z) — Inz Lis (—x)) + gln3 x
—4(n? 4+ In?2)In(1 4 z) + %WQ Inxz — 16¢(3) é
+20(S2.2(—z) —Inx Sy 2(—x)) — 28Liy (—x)
+8Ina Liz (—x) + 201In(1 + z)Lis (—x)
+61n% 2 Liy (—z) — 20In 2 In(1 + 2)Lis (—z) — %ﬂ-ZLiQ (—x)

4 1
—§1n4a: + 3611131‘ In(1+z) — 5%z In*(1 + z)

2
E?TQ In’z + 26m

Inz In(1+z) — 572 In*(1 + z)

+28¢(3)Inz —20¢(3) In(1 + x) — %7;4 +O(e) . (5.17)
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4.7 One can derive the alpha representation and then introduce four MB in-
tegrations in a straightforward way — see [206]. (Alternatively, one can intro-
duce Feynman parameters for pairs of lines incident to right external vertices
in Fig. 4.15 and then integrate explicitly over one loop momentum, similarly
to what was done in Chap. 3 in the case of the non-planar two-loop massless
vertex diagram of Fig. 3.14.) In contrast to the planar case, the non-planar
double boxes have a nontrivial imaginary part for any real Mandelstam vari-
ables s and t. To simplify the situation it is natural to evaluate the non-planar
double box in the (non-physical) region s < 0, < 0,u = (p1; + p4)? < 0 and
consider all the three variables s,¢,u as independent, without implying the
physical condition s+t +wu = 0. (In fact, if we impose this condition we shall
not simplify the evaluation at all.) After a result is obtained, one can switch
to physical values of the Mandelstam variables by analytic continuation.

Separating the terms with s,¢ and u in the alpha representation, one can
arrive at the following MB representation [206]:

— (in/2)” [(—¢)?
(—8)312e (=1 — 3e)I'(—2e)

N(s,t;1,...,1,0,¢e) = F(x,y,¢e), (S.18)

where x =1t/s, y = u/s and

1 “+ico +ico
F(:Cay75) = (27Ti)4 / / leywzdw1dw2dzld22

XF(2+€+w1 +wg + 21 + 22) (34 26 + w1 +wa + 21 + 29)
T(2 4wy +wy + 21 + 22)2

XxI(1+wr + 21) (1 +wy + 29) (1 + wa + 21) (1 + wa + 22)

xI'(=2 —2e —wy —we — 21)'(—2 — 26 — w1 — wg — 29)

XI'(1 4wy + wa) [ (—wy) ' (—wa)(—21)(—22) . (5.19)

The resolution of the singularities in € by Strategy B was done in [206] (where
this strategy was suggested). Here are some instructions to do this within
Strategy A.

It turns out that the key gamma functions responsible for the generation
of poles in € are

I'(-2—2e—w; —wy—2z) and I'(—2 — 2 —wy —we — 22).

Therefore the primary decomposition needed to resolve the singularity struc-
ture in e is F' = Fy1+F19+Fo1+Fpo where 1 in the first (second) place denotes
minus residue at z; = —2—2e —w; —ws (respectively, zo = —2—2¢ —w; —ws)
and 0 stands for changing the nature of the first pole of the corresponding
gamma function.

For F}g, one can integrate over z; and zo due to the first Barnes lemma
(D.1). For Fig, the natural way is to take care of the resulting gamma func-
tions I'(—1 —2e —wy) and I'(—1 — 2 —wy). For Fy; = Fip, one can take care
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of the first pole of I'(—¢ + z1). Eventually, one arrives at the result obtained
in [206].

Problems of Chapter 5

5.1 The integrals with non-positive as, a4 or as turn out to be recursively
one-loop and can be evaluated easily in terms of gamma functions by means
of (A.22), (A.23), (A.25) and (A.26). The boundary integral with a; = ag =0
can be evaluated by means of (A.38) and more general integrals with a;,as <
0 by a tensor reduction and (A.38).

Suppose now that all the indices are positive. The difference of IBP rela-
tions corresponding to the operators 9/0k-k and 1-0/0k gives the following
recurrence relation:

d—ay —as—2a5+a;1787 +ax2"(4~ —57)=0 (S.20)

as well as symmetrical relation. Use it to reduce either az or a4 or as to zero.
In the last two cases, we obtain an expression in terms of gamma functions.
If az = 0 we use the symmetrical relation and reduce either ay or a5 to zero.
So, we obtain a solution of the reduction problem in the ‘minimal’ sense,
i.e. we arrive at an algorithm which reduces any given integral to a linear
combinations of integrals expressed in terms of gamma functions.

5.2 If we want to reduce any integral to integrals expressed in terms of
gamma functions for general € there is no need to apply IBP. Using the
identity

1= i [(—2¢-k = 2q-1 —y) — (—2¢-k —y) — (—2q-1 — y)]

reduces one of initial positive values as, a4, as to zero. Then (A.26) is applied,
with the results in terms of gamma functions.

5.3 One obtains the following IBP relations corresponding to the operators
0/0k-k and 1-0/0k:

d—2a; —az —2m*a; 1" —a33t (1™ —27 +m? - M?*) =0, (S.21)
a; — az — CL11+(3_ —27—m?— MQ)
+az3T(17 =27 +m?* -~ M?*) =0. (S.22)

Two more relations are obtained by the replacements 1 < 2,m? < M?2.
The given integrals are zero if a; < 0 or ag < 0. If ag < 0, they can
be evaluated in terms of gamma functions by (A.1) and (A.3). Suppose that
az > 0. Use the sum of (S.21) and (S.22) to express the term (m? —M?)a;17.
This relation provides the possibility to reduce a; to one. The corresponding
symmetrical relation reduces as to one. If a; = as = 1, apply (S.21) to express
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the term proportional to az3™. This relation makes it possible to reduce a3
to one or zero so that we come to the conclusion that any integral can be
reduced to I; = F'(1,1,1) and integrals with az < 0 which can be evaluated
in terms of gamma functions.

5.4 If all the indices are positive one can apply (5.30) to reduce one of the
indices as, a4, a5 to zero. Similarly, the corresponding symmetric relation can
be used to reduce either a1, as or as to zero. Therefore, we have to consider
further reduction in the case as < 0 (and positive ay,...,as) and the two
symmetric cases a1,a4 < 0 (and positive ag, az) and asz,a3 < 0 (and positive
ai,ay).

If a5 < 0, use (5.27) to express g2a»22" in terms of other operators. This
relation can be applied to reduce the index as to one. Similarly, the relation
(5.27) can be applied to reduce a4 to one, the relation f; — f3 = 0 to reduce
a1 to one, and the relation f; — fg = 0 to reduce a3 to one. To reveal the
evolution in a5 at a1 = ... = ag = 1 use (5.30), where the terms with 3~ and
4~ can be dropped and the terms with 175~ and 275~ can be identified.
Then one can use the f; — f3 = 0 to express the operator 1+ and insert it
into the previous relation. As a result one can obtain the relation

q2d—2a5—4

1l=- =" -
2 d—a573

5T, (S.23)
which can be used to increase the index a5 to zero. Therefore, in the case a5 <
0 all the integrals are proportional to the master integral I = F54(1,1,1,1,0)
with coefficients which are rational functions of d.

In the case a1, a4 < 0, one can proceed as follows. Take the two equations

1 [(fitfa—fs—fo) = (@ —47)(fa—f5)] =0 (S.24)
4 [(h+f)— (@ -17)(h—f)] =0, (S.25)

(where such undesirable terms as 13" are absent) which are linear in the
operators 1~ and 4~ up to terms with 27,3~ and 57, and solve this system
with respect to the pure terms 1~ and 4~. The resulting relations give the
possibility to increase the indices a; and a4 to zero.

To reduce az and a3 to one take the combination a33% (f1— f2)+a22 (f1+
f1— f3— fo) and express ¢?aza32 37 in terms of 2+,3% and 2375, Using
the symmetry with respect to as < as write down a similar identity with a
symmetrical right-hand side. Since these two right-hand sides are equal use
this equation to obtain the following simple relation:

(2@2 —d+ 2)(122+ = (2@3 —d—+ 2)&33+ . (826)

Insert this relation into the previous relation for ¢?asa3273%. As a result we
obtain the following two relations which can be used for the desired evolution
of ay and a3 at a; = a4 = 0:
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(2(12 + 2(13 + 4a5 — 3d)(a2 —+ as —+ ]. — d)

2 o+ _ +r-
2t — 2757, (S.27
7 %2 20,2+2—d +a2 ( )
2 + (2a2+2a3+4a5—3d)(a2+a3+1—d) e
3t = 375 . (S5.28
¢ as 2a3 +2 —d +as (5:28)

Finally, if a; = a4 = 0 and as = a3 = 1, write down the relation f1—f3 =0
as well as a previous relation used to increase the index a4 to zero. Multiply
this second relation by 5 and use the so-obtained two relations to exclude
the term 4= 5%. As a result we obtain the relation

(2 + a5 — d)(2a5 +6— 3d)
(24 2a5 — d)g?

as5t = (S.29)

which can be used, at a; = a4 = 0,as = a3 = 1, to reduce the index as to
one.

We see that in the case a;,a4 < 0 all the integrals are proportional to
the master integral Is = F56(0,1,1,0,1) with coefficients which are rational
functions of d.

Therefore any given integral Fs g(a1, as, as, as,as) can be represented, ac-
cording to the above reduction procedure, as a linear combination of the mas-
ter integrals I; and I5 the second of which appears also as F54(1,0,0,1,1).

5.5 One can proceed as follows.® Add (5.50) multiplied by (a33* + a557)
and (5.50)+(5.52) multiplied by ag6™ (so that the terms with 4= drop out).
Observe that the terms without ag6™ cancel. Divide by ag and then multiply
the resulting relation by 6~ (do not forget to shift explicit factors of ag).
Obtain (5.76). The relation (5.77) is symmetrical.

Problems of Chapter 6

6.1 The basic polynomial can be obtained straightforwardly:

P(x1,20,23) = (M?* —m?*)? + 22 + 22 + x% —2(z1x9 + T123 + T2T3)
—2(M? —m?)(z1 — x2) — 2(M? +m?*)x3 . (S.30)

Let us recall the boundary conditions: F'(a1,as,a3) = 0if a; < 0or/and ag <
0 so that we shall always understand the integration over x; and x5 in the
basic parametric integral (6.10) as Cauchy integrals. The natural candidates
to be master integrals are I; = F(1,1,1) and I = F(1,1,0). The basic
polynomial equals (M2 —m?)? at 71 = 29 = 23 = 0 so that the corresponding
coefficient function can be constructed using (6.10) and interpreting all the
integrations in the Cauchy sense.

8T asked the authors of [8] to explain how they had derived (5.76) and (5.77) but
they failed to remember details :-), so that this solution presumably differs from
their derivation.
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For I, the corresponding reduced polynomial is

P, = P| (M? —m?*)? —2(M? +m?)x3 + 23 . (S.31)

xr1=x25=0 =
In fact, the situation is similar to Example 6.6. First, one can construct
an algorithm for non-positive values of az choosing the integration over s
between the roots of this quadratic polynomial. For the case az > 0, one treats
integrals over x3 algebraically, uses the corresponding IBP relations and the
relation corresponding to the identity P»/P, = 1. These relations are solved
in the same way, with an introduction of an auxiliary master integral. Then
the second coeflicient function is defined using relations similar to (6.49) and
(6.50). In such a combination, the dependence on the auxiliary parametric
master integral drops out and ¢z (a1, az, ag) turns out to be a rational function.

For example, one obtains the following reduction to the master integrals
Il and IQS

d—3 d—2

F(2,1,1) = — I
(2,1,1) M2 —m2 1—’_277”L2(M2—mQ)

I, (S.32)

6.2 The reduction procedure is constructed according to the instructions in
Example 6.8. These are the results:

O R (= e
4(d — 3)

(d— 6)s2

I, (S.33)

d—3)

2
F(1,1,0,2) = I, F(1,0,1,2) = (ﬁ Iy, (S.34)

where I = F(1,1,1,1) and

_ . ap L1 -e? _ . ap LEI(1—e)?
I, = in% T2 —20(=s) Iy = in?/ T2 —20(=1) - (5.35)

6.3 Let us choose the numerator as (2(k+1)-(r+1))~*°. The basic polynomial
is evaluated straightforwardly. The reduced polynomial for the given integral

1S

Pi(w9) = (¢° — w0)*xj . (S.36)

The corresponding integral over xg can be understood naturally using (6.32)
and we obtain a solution of the IBP relations which shows that the given
integral is irreducible.

In fact, the irreducibility of this integral corresponds to the irreducibil-
ity of the integral Fig. 3.14 which was discussed in Sect. 6.5 because these
two family of integrals have the same ‘vacuum image’, as discussed also in
Sect. 6.5.
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Problems of Chapter 7

7.1 Take the derivative in m? and apply (S.32):

ol 1—2¢ 1—¢
om? 2.1,1) M? —m? 1—I—mz(MQ—mQ) 20 (8.37)
where
2
I, = F(1,1,0) = (mdﬂ) I(e — 1)2(m?) s (M?)L—= . (S.38)

This differential equation can be solved by the method of the variation of the
constant. The general solution to the corresponding homogeneous equation
is
2
(in"/2)" car? - m?)=2. (S.39)
From (S.37), one obtains the following simple equation for C(m?):

C'(m?) = —I'(e = D)I(e)(M*) =5 (M? —m?) "2 (m?)~¢ . (S.40)

For the boundary condition, one can take the point m? = 0 and relate the
corresponding constant to the value of the integral F'(1,1,1) with the masses
M, 0 and 0 that can be evaluated by (A.39). Eventually, the following result
is obtained in expansion in &:

2 l—=z 3 1
— (3 d/2 2\1—2¢ e _ -
L (m ) (M?) { 502 + (2(1+x) mlnw) 5

2

7
+§(1 +xz)+ %(S—x) —3zlnz—(1—2)ln(l —2)Inz

+%xln2 x— (1 —a)Lig (z) + O(s)} , (5.41)

where z = m?/M?.

7.2 Take the derivative of

d?k
L = f(s,t) = / S.42
1= Js0) k2(k +p1)?(k + p1 + p2)?(k — p3)? (5.42)
in ¢ using (7.12) in the massless case, i.e.
o 1 t 0
=== — N 4
5 = % [pl trst 2 tps) g (S.43)

and express the integrals obtained as a linear combination of the integrals
corresponding to Fig. 5.1. Apply the reduction to the master integrals I,
I and I3 obtained in Example 6.8 and Problem 6.2 to obtain the following
differential equation:
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of 1+e¢ €
é)t( : +5+t>f+g, (844)
where 21— 2)
— €

The differential equation can be solved, in a Laurent expansion in €, by
the method of the variation of the constant. The expansion in ¢ starts from
1/e%:

fls,t)= > fi(s,t)e . (S.46)

Jj=-2

This is the corresponding set of nested differential equations:

; 1
% =7 (fj + Sj—tfj_l) +95 5 (5.47)
where g; comes the e-expansion of (S.45). The general solution to the corre-
sponding homogeneous equation is C'/t. The procedure of solving recursively
the differential equations for f_o, f_1,... is straightforward. For a boundary
condition, one can take the point ¢t = 0 which is, however, singular. Still such
choice is possible with the qualification that one takes the leading power as-
ymptotic behaviour, with all the logarithms, up to lno(t/ s), rather than the
‘true’ value at ¢ = 0. This asymptotic behaviour can be found using either
expansion by regions (see Chapter 8 of [186]) or expansion using MB repre-
sentation (as explained in Sect. 4.8). Anyway, it is given by (4.13). Eventually,
one obtains (4.17).
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List of Symbols

A% — matrix which defines denomina-
tors of the propagators

a; — power of a propagator (index)

ci(a1,...,an) — coefficient function of
a master integral I;

Dyp - propagator in coordinate space

Dp,Dr,; — propagator in momentum
space

d — space-time dimension

E, — denominator of propagator

Fr — Feynman integral

2F1(a,b; ¢; z) — Gauss hypergeometric
function

G (A1, A2) — function in one-loop
massless integration formula

guv — metric tensor

Hg, as,....a,, (x) — harmonic polyloga-
rithm (HPL)

h — number of loops

I, — master integral

k — loop momentum

L — number of lines

Liq (2) — polylogarithm

[ — loop momentum

m — mass

P(z1,...,xNn) — basic polynomial

p — external or internal momentum

Q? = —¢® — Euclidean external
momentum squared

q — external momentum

Sa,b(z) — generalized polylogarithm

Sj, Sjk,. .

.— nested sums

s = (p1 + p2)? — Mandelstam variable

T — tree, 2-tree, pseudotree

t=(p1+ pg,)2 — Mandelstam variable

t; — sector variable

U — function in the alpha representation

u=(p1 —l—p4)2 — Mandelstam variable

u; — auxiliary parameter

V' — number of vertices

V — function in the alpha representation

w — variable in MB integrals

x — coordinate

x; — variable in the basic parametric
representation

Z; — polynomial in propagator

2, z; — variable in MB integrals

«a; — alpha parameter

B = 1/ou — inverse alpha parameter

I" — graph

I'(z) — gamma function (first Euler
integral)

~ — subgraph

e = 0.577216... — Euler’s constant

0(z) — delta function

e = (4 — d)/2 — parameter of
dimensional regularization

¢(z) — Riemann zeta function

A\ — parameter of analytic regularization

&, & — Feynman parameter

T7; — sector variable

W(x) = I'"(2)/T'(z) — logarithmical
derivative of the gamma function

w — degree of UV divergence
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Feynman parameters 43
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regularization 21
analytic 22
dimensional 22,24
Pauli-Villars 22

Riemann zeta function 199
right poles 58

second Barnes lemma 220
sectors 229

shifting dimension 36, 127
subgraph

detachable 25

divergent 15
one-particle-irreducible (1PI)
one-vertex-reducible 230

tadpole 25,29
tree 12

two-dimensional HPL (2dHPL)

uniqueness relations 242

35

15

182



	front-matter
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	back-matter



