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Preface

This compilation of articles represents a snapshot of our understanding
of neutrino oscillations after nearly a decade of discovery. Observation of
neutrino oscillations represents physics beyond the three massless neutrinos
of the Standard Model; it implies that neutrinos must have mass.

The neutrino mass discovery has been exclusively driven by experiment
since the Standard Model with massless neutrinos was written down in
1967. With the advantage of hindsight, it is clear that the first hints of
neutrino mass were apparent almost 40 years ago. Its origins reach back to
the Homestake Mine in South Dakota when Ray Davis and John Bahcall
first began to realize that there was a discrepancy between the predicted
and measured number of neutrinos coming from the Sun. Even from the
first run of that historic experiment, Ray Davis noted the discrepancy and
quipped to his colleague, “We are ready now, turn on the sun.1” Much work
went into understanding that anomaly, both experimental and theoretical,
but it wasn’t until the Germanium experiments GALLEX and SAGE also
registered fewer neutrinos than expected that the “solar neutrino anomaly”
really hit the headlines. In the mean time a number of experiments also
discovered neutrino anomalies in detectors designed to look for something
totally different: Proton decay. Proton decay was not observed, but careful
studies of the neutrino background to those experiments registered fewer
muon neutrinos than expected, pointing to a similar effect as that shown
by the solar anomaly.

Over the last decade, neutrino oscillations have emerged as the favored
explanation of the observed neutrino anomalies. Bruno Pontecorvo first
posited the idea of neutrino oscillation in 1957, whereby neutrinos could
transform into anti-neutrinos by means of mass eigenstate mixing. Using
the formalism of Ziro Maki, Masami Nakagawa and Shoichi Sakata, this
idea developed into a theory of flavor oscillations which could explain the
1R. Davis, Les Prix Nobel. The Nobel Prizes 2002, Editor Tore Frängsmyr, Nobel
Foundation, Stockholm, 2003
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experimentally observed discrepancies. While the originally proposed os-
cillation between neutrinos and anti-neutrinos has not been observed, most
of the present findings can indeed be explained by mixing among the three
neutrino flavor eigenstates, as described in the first chapter of this volume.

Departures from the Standard Model of three massless neutrinos have
now been observed in man-made sources of neutrinos. Developments of
accelerators such as the high power proton synchrotrons and the magnetic
horn devised by Simon Van Der Meer have enabled high power, well un-
derstood muon neutrino beams, which have been able to cut across the
neutrino production uncertainties which were associated with the exper-
iments using naturally occurring neutrinos. Having provided the source
for the first detection of the neutrino, nuclear reactors, with the improved
knowledge of all aspects of their operation, are now being used regularly
as copious sources of neutrinos. To be able to launch the final suite of
experiments which are described in this book, monumental dedication and
effort have been spent on developing and building the tools and techniques
to enable huge detectors with extremely low backgrounds in deep under-
ground laboratories. These developments have transformed the field from
one that observes anomalies, to one that makes precision measurements of
the physics behind the anomalies.

We have had to limit this book to articles describing results which have
provided major steps forward in understanding the neutrino puzzle. History
is also full of reports from experiments whose results were negative, or
inconclusive, or presented results that have been superseded. For these
many omissions we apologize. The experiments described here summarize
the current body of evidence for neutrino oscillations and indicate the gaps
in our knowledge. Each chapter describes a piece of the neutrino puzzle,
including past, present and future endeavors. The picture has become
much clearer in the past decade, but there are still pieces missing from
the puzzle. There is perhaps, still room for something rather unexpected.
Current experiments could be pointing to a difference between neutrinos
and anti-neutrinos at low energy. Precise measurements of the values of
the mixing parameters will hopefully provide insight into an underlying
symmetry of nature. Mixing between the 1 and 3 mass eigenstates could
lead to the observation of CP violation in the lepton sector, which could
have far reaching consequences for the field of cosmology. The search for
answers to these questions is leading to a proliferation of experiments, and
as the development of the neutrino mass story has taught us, there is always
scope for something unforeseen.
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Chapter 1

Neutrino Oscillation Phenomenology

Stephen J. Parke

Theoretical Physics Department, Fermi National Accelerator Laboratory,
P. O. Box 500, Batavia, IL 60510, USA

parke@fnal.gov

A summary of neutrino oscillation phenomenology is given within the
context of the neutrino mixing model (3 active flavors only) for both
the disappearance and appearance modes. Extensions of the model to
include one of more sterile neutrinos are discussed.

Contents

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 The νe Disappearance Channel . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Reactor Experiments at the Solar L/E . . . . . . . . . . . . . . . . . . 5

1.2.2 Reactor Experiments at the Atmospheric L/E . . . . . . . . . . . . . . 6
1.2.3 Solar Neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 The νµ Disappearance Channel . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 The νµ → νe Appearance Channel . . . . . . . . . . . . . . . . . . . . . . . . 11

1.5 Beyond the Neutrino Mixing Model . . . . . . . . . . . . . . . . . . . . . . . 13
1.6 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.1. Introduction

In the Standard Model the neutrinos, (νe, νµ, ντ ), are massless and interact
diagonally in flavor, as follows:

W+ → e+ + νe W− → e− + ν̄e Z → νe + ν̄e

W+ → µ+ + νµ W− → µ− + ν̄µ Z → νµ + ν̄µ (1.1)

W+ → τ+ + ντ W− → τ− + ν̄τ Z → ντ + ν̄τ .

Since they travel at the speed of light, their character cannot change from
production to detection because the mass eigenstates are the same as the

1
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flavor eigenstates. Therefore, in flavor terms, massless neutrinos are rela-
tively uninteresting compared to quarks.

As evidenced by the subsequent chapters of this volume, several ex-
periments have observed neutrino behavior not explained by the massless
neutrino described by the Standard Model. The observations of these ex-
periments can most simply be described by introducing the phenomenon
of neutrino flavor transitions. Such flavor transitions imply that neutrinos
must have mass. Thus, as in the quark sector, there is a mixing matrix
relating the flavor states with the mass eigenstates:

|να〉 = U∗
αj|νj〉, (1.2)

where να = (νe, νµ, ντ , . . . ), represent the flavor states and νj =
(ν1, ν2, ν3, . . . ) represent the mass eigenstates with mass mj . The mixing
matrix Uαj is usually called the MNSa mixing matrix.1

Neutrino oscillation experiments typically measure the probability of a
neutrino produced as flavor να to be detected as flavor νβ after traveling
some distance. If α = β, this probability is called the survival probability,
and for massive neutrinos this probability is given by

P (να → να) = P (ν̄α → ν̄α)

=

∣∣∣∣∣∣
∑

j

U∗
αje

−im2
jL/2EUαj

∣∣∣∣∣∣
2

. (1.3)

In words, this is the square of the sum of the amplitudes for the α flavor
neutrino to produce a mj mass state, times a propagator factor, times
the amplitude for the mj mass states to produce the α flavor neutrino.
Invariance under CPT forces the survival probability for neutrinos and
anti-neutrinos to be identical, in vacuum.

Except for the LSND anomaly, the subject of Chapter 7, all neutrino
data can be explained by the following neutrino model:

• 3 light (mi <1 eV) Neutrinos: only 2 independent ∆m2 (∆m2
ij =

m2
i − m2

j )
• Three active neutrino flavors (no steriles): νe, νµ, ντ

• Unitary Mixing Matrix: 3 angles (θ12, θ23, θ13), 1 Dirac phase (δ),
2 Majorana phases (α, β)

aAlso referred to as the PMNS matrix.
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where the MNS mixing matrix relating flavor to mass eigenstates, can be
written as

U =


 c13c12 c13s12 s13e

−iδ

−c23s12 − s13c12s23e
+iδ c23c12 − s13s12s23e

+iδ c13s23

s23s12 − s13c12c23e
+iδ −s23c12 − s13s12c23e

+iδ c13c23




×

 1

eiα

eiβ


 (1.4)

where sij = sin θij and cij = cos θij . This representation of the mixing
matrix can also be written in the factorized form:

U =


 1

c23 s23

−s23 c23




 c13 s13e

−iδ

1
−s13e

iδ c13




 c12 s12

−s12 c12

1




×

 1

eiα

eiβ


 (1.5)

In this form, the mixing matrix is decomposed into terms that can be asso-
ciated with different regimes of mixing that have been explored by different
classes of experiments. The (23) sector is identified with the atmospheric
∆m2

atm and the (12) sector is identified with the solar ∆m2�. The (13) sec-
tor is responsible for νe flavor transitions at the atmospheric scale, which
are so far unobserved. The Dirac phase, δ, allows for the possibility of CP
violation in the appearance modes.

As will be described in this volume, the current best fit values or limits
on these parameters areb

sin2 θ12 = 0.31 ± 0.03

sin2 θ23 = 0.50 ± 0.15

sin2 θ13 < 0.04

0 ≤ δ < 2π

and the mass splittings are approximately:

|∆m2
32| = 2.7 ± 0.4 × 10−3eV2 and ∆m2

21 = +8.0 ± 0.4 × 10−5eV2.

bSome experiments report their results in terms of sin2(2θ), others in terms of tan2 θ.
However, sin2 θ is used here, since each of the three sin2 θ’s approximately corresponds
to the fraction of a certain flavor in one of the mass eigenstates as follows: sin2 θ13 =
|Ue3|2 � 1, sin2 θ23 ≈ |Uµ3|2 and sin2 θ12 ≈ |Ue2|2.
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Oscillation experiments are only sensitive to the differences in masses
of the neutrinos. The mass of the lightest neutrino is unknown, but the
heaviest one should be lighter than about 1 eV. These mixing angles and
mass splittings are summarized in Fig. 1.1, which also shows the dependence
of the flavor fractions on the CP violating Dirac phase, δ. Since the masses
of the neutrinos are as yet unknown, there are two possible arrangements
of the mass differences that are consistent with the oscillation experiments.
These are called the “Normal Hierarchy” and the “Inverted Hierarchy”. The
Majorana phases, α and β are unobservable in oscillations since oscillations
depend on U∗

αiUβi, but they have observable, CP conserving effects, in
neutrinoless double beta decay. If the neutrinos are not Majorana particles,
but instead are Dirac particles, then neutrinoless double beta decay will not
be observed, and the Majorana phases in the MNS matrix are unobservable
and can be set to zero.

Fig. 1.1. Flavor content of the three neutrino mass eigenstates showing the dependence

on the cosine of the CP violating phase, δ. If CPT is conserved, the flavor content must
be the same for neutrinos and anti-neutrinos. This figure was adapted from Reference 3.

The unresolved questions within this model that can be addressed in
oscillation experiments are

• What is the size of |Ue3|2? i.e sin2 θ13 = ?
• Hierarchy: Is m2

3 > OR < m2
1? i.e. what is the sign of ∆m2

31?
• Is there CP violation? i.e. sin δ �= 0?
• Is |Uµ3|2 = |Uτ3|2? i.e. sin2 θ23 = 1

2?
If not, is |Uµ3|2 > or < |Uτ3|2? i.e. sin2 θ23 > or < 1

2?
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Other important questions include

• What is the mass of the lightest neutrino?
• Are Neutrinos Majorana or Dirac?
• Are there more than three neutrinos? Are there sterile neutrinos?
• Do exotic neutrinos interactions exist?

Neutrino oscillation experiments can not answer the first two questions,
though they may yet shed light on the final two.

The phenomenology of neutrino oscillations can simplify considerably
depending on the values of the parameters involved or on the value of the
ratio L/E, the distance traveled divided by the neutrino energy, associated
with a given experiment. The following sections discuss specific channels
studied by different experiments, the parameters to which they are sensitive,
and the approximations that hold in each case.

1.2. The νe Disappearance Channel

In the three flavor neutrino model the νe survival probability can be written
as

P (νe → νe) = 1 − 4|Ue3|2|Ue1|2 sin2 ∆31

− 4|Ue3|2|Ue2|2 sin2 ∆32

− 4|Ue2|2|Ue1|2 sin2 ∆21 (1.6)

where the kinematic phase is given by:

∆jk ≡ ∆m2
jkL

4�cE
= 1.2669 · · ·

(
∆m2

jk

eV 2

)(
L

km

)(
GeV

E

)
(1.7)

and the unitarity properties of the MNS matrix have been used. The sur-
vival probability given in Equation 1.6 is plotted as a function of L/E in
Figure 1.2.

1.2.1. Reactor Experiments at the Solar L/E

For experiments at the solar L/E (around 15 km/MeV) without the reso-
lution to resolve the atmospheric oscillations on top of the dominant solar
oscillation, such as KamLAND5 (See Chapter 4), Eq. 1.6 can be written as

P (ν̄e → ν̄e) = c4
13(1 − sin2 2θ12 sin2 ∆21) + s4

13. (1.8)
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L/E (km/MeV)

-110 1 10

) eν
→ eν

P
(

0

0.5

1

Atmospheric L/E

Solar L/E

Fig. 1.2. The νe survival probability as a function of L/E for the oscillation parameters
given in Section 1.1 and sin2 θ13 = 0.02.

Since s4
13 is known to be very small, < 10−3, the only effect of non-zero θ13

is a multiplicative reduction of the survival probability. To measure this
overall reduction requires precise knowledge of the neutrino flux from the
reactor(s). However, the solar parameters and in particular ∆m2

21 can be
measured with high precision in such an experiment.

1.2.2. Reactor Experiments at the Atmospheric L/E

For experiments at the atmospheric L/E (around 0.5 km/MeV), such as
CHOOZ,6 Palo Verde,7 Double-Chooz8 and Daya Bay (See Chapters 12
and 13), the survival probability, Eq. 1.6, can be written as

P (ν̄e → ν̄e) = 1 − sin2 2θ13 sin2 ∆ee + O(∆2
21) (1.9)

where ∆ee = ∆m2
eeL/4E, and ∆m2

ee is the effective atmospheric ∆m2 for
the νe oscillation channel,9 given by

∆m2
ee ≡ c2

12|∆m2
31| + s2

12|∆m2
32|. (1.10)

That is, the electron flavor weighted average of ∆m2
31 and ∆m2

32. The
experiments Double Chooz and Daya Bay are designed to measure or put
a limit on the size of sin2 θ13 significantly below the current limit of

sin2 θ13 < 0.04 (1.11)

at the best fit value for the atmospheric ∆m2.
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1.2.3. Solar Neutrinos

Solar neutrinos are somewhat more complicated because of the matter ef-
fects that the neutrinos experience from the production region until they
exit the sun. As the neutrino propagates in matter, the electron neutrino
plays a special role due to the forward scattering of the electron neutrino on
the electrons in the matter coming from W-boson exchange, i.e. the charged
current interactionc. This additional contribution to the Hamiltonian from
νe+e scattering is −√

2GF Ne, which appears only for the electron neutrino.
For ν̄e + e scattering the sign is flipped. GF is the Fermi constant and Ne

is the number density of electrons in matter. This implies that the matter
mass eigenstates are different than the vacuum mass eigenstates and that
the ∆m2 and mixing angle, θ, in matter are related to their vacuum values
as follows:

∆m2
N cos 2θN = ∆m2

0 cos 2θ0 − 2
√

2GF NeEν

∆m2
N sin 2θN = ∆m2

0 sin 2θ0. (1.12)

The subscript on ∆m2 and θ denotes the value of the number density of
electrons. For large values of the number density of electrons, the mixing
angle in matter, θN , approaches π/2. Thus, the higher neutrino mass state
becomes nearly completely νe. The minimum value of ∆m2

N occurs when
∆m2

0 cos 2θ0 = 2
√

2GF NeEν and θN = π/4. This point is known as the
Mikheyev-Smirnov resonance.

The matter effect is proportional to the energy of the neutrino. Since
the pp (7Be) have a mean energy of 0.2MeV (0.9MeV), these neutrinos are
little affected by the matter and undergo quasi-vacuum oscillations. The 8B
neutrinos, on the other hand, have a mean energy of 10MeV and because of
matter effects are produced and exit the sun mainly as a ν2 mass eigenstate
and therefore do not undergo vacuum oscillations.

The kinematic phase for solar neutrinos is

∆� =
∆m2

�L

4E
= 107±1. (1.13)

where ∆m2� = ∆m2
21. Therefore, the solar neutrinos are “effectively inco-

herent” when they reach the earth. Hence the νe survival probability is
given by

〈P (νe → νe)〉 = f1 cos2 θ� + f2 sin2 θ� (1.14)

where f1 + f2 = 1 and cos2 θ� + sin2 θ� = 1,

cInteractions via Z-bosons are the same for all flavors and therefore effect all neutrinos
equally.
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where f1 and f2 are the fraction of neutrinos that are ν1 and ν2 respec-
tively. The pp and 7Be solar neutrinos behave essentially as in vacuumd

and therefore f1 ≈ cos2 θ� = 0.69 and f2 ≈ sin2 θ� = 0.31, whereas the
mass eigenstate fraction for the 8B are substantially different, f2 ≈ 0.9 due
to Mikheyev-Smirnov-Wolfenstein10 matter effects (see Fig. 1.3).

In a two neutrino analysis, the day-time charged current to neutral
current ratio (CC/NC) of SNO (See Chapter 3), which is equivalent to the
day-time average νe survival probability, 〈Pee〉 = P (νe → νe), is given by

CC
NC

∣∣∣∣
day

= 〈Pee〉 = sin2 θ� + f1 cos 2θ�, (1.15)

where f1 and f2 = 1 − f1 are understood to be the ν1 and ν2 fractions,
respectively, averaged over the 8B neutrino energy spectrum weighted with
the charged current cross section. Therefore, the ν1 fraction (or how much
f2 differs from 100%) is given by

f1 =

(
CC
NC

∣∣
day

− sin2 θ�
)

cos 2θ�
=

(0.347 − 0.311)
0.378

≈ 10 %, (1.16)

where the central values of the recent SNO analysis11 have been used.
For solar neutrinos the matter effects on ∆m2 and θ are shown in

Fig. 1.3. As the electron number densitye times energy of the neutrinos
gets larger, the mixing angle approaches π/2 and the ∆m2 approaches
2
√

2GF NeEν . Therefore, a solar νe born in an environment with high
2
√

2GF NeEν is approximately born as a ν2 matter mass eigenstate.
Using the analytical analysis of the MSW effect given in Reference 12,

the mass eigenstate fractions are given by

f2 = 1 − f1 = 〈sin2 θN
� + Px cos 2θN

� 〉8B, (1.17)

where θN
� is the mixing angle defined at the νe production point and Px

is the probability of the neutrino to jump from one mass eigenstate to the
other during the Mikheyev-Smirnov (MS) resonance crossing. In the large
mixing angle region Px is zero to high precision. The average 〈· · · 〉8B is
over the electron density of the 8B νe production region in the center of
the Sun predicted by the Standard Solar Model and the energy spectrum
dIn vacuum, a νe has a ν1 fraction equal to cos2 θ� and a ν2 fraction equal to sin2 θ�.
Whereas the probability of finding a νe in a ν1 is cos2 θ�, for a ν2, the νe fraction is
sin2 θ�.
eNe = ρYe/Mn where Ye is the electron fraction, ρ is the density and Mn is the nucleon
mass.
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Fig. 1.3. The mass spectrum (top panel), the fraction of ν2’s produced, sin2 θN� ,
(middle panel) and the fractional flux (bottom panel) versus the product of the elec-
tron fraction, Ye, the matter density, ρ, and the neutrino energy, Eν , for the best
fit values ∆m2� = 8.0 × 10−5eV2 and sin2 θ� = 0.310. The vertical dashed lines
give the value of YeρEν which reproduces the average ν2 fractions, 91, 37 and 33%
for 8B, 7Be and pp respectively. This value of YeρEν = 0.89 kg cm−3 MeV, for
the 8B neutrinos, gives a production mixing angle equal to 73◦ and a production
∆m2

N = 13 × 10−5 eV2. The matter potential, A, is related to density factor, YeρEν ,

by A ≡ 2
√

2GF (Yeρ/Mn)Eν = 15.3 × 10−5eV2
(
Yeρ Eν/kg cm−3 MeV

)
. Reproduced

from Reference 13.

of 8B neutrinos weighted with SNO’s charged current cross section. Thus,
the 8B energy weighted average fraction of ν2’s observed by SNO is13

f2 = 〈sin2 θN
� 〉8B =

1
2

+
1
2

〈
(A − ∆m2� cos 2θ�)√

(∆m2� cos 2θ� − A)2 + (∆m2� sin 2θ�)2

〉
8B

= 91 ± 2% at the 95% CL, (1.18)



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

10 S. J. Parke

where A = 2
√

2GF (Yeρ/Mn)Eν . Hence, the 8B solar neutrinos are the
purest mass eigenstate neutrino beam known so far, and Super-K’s14,
famous picture of the sun taken with neutrinos is more than 80% ν2!

1.3. The νµ Disappearance Channel

In vacuum, the νµ survival probability is given by

P (νµ → νµ) = 1 − 4|Uµ3|2|Uµ1|2 sin2 ∆31

−4|Uµ3|2|Uµ2|2 sin2 ∆32

−4|Uµ2|2|Uµ1|2 sin2 ∆21. (1.19)

The νµ survival probability is plotted as a function of E at a fixed L in
Figure 1.4.

E (GeV)
1 2 3 4 5

)
P

(

0

0.5

1

Fig. 1.4. The νµ survival probability as a function of E for the oscillation parameters
given in Section 1.1 and L = 735 km.

For experiments at the atmospheric L/E (around 500 km/GeV), such
as K2K,15 MINOS,16 T2K17 and NOνA18 (See Chapters 5, 6, 10, and 11)
in νµ → νµ mode , Eq. 1.19, can be written as

P (νµ → νµ) = 1 − 4|Uµ3|2(1 − |Uµ3|2) sin2 ∆µµ + O(∆2
21) (1.20)

where |Uµ3|2 = c2
13s

2
23 and ∆µµ = ∆m2

µµL/4E. ∆m2
µµ is the effective
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atmospheric ∆m2 for the νµ disappearance channelf given by

∆m2
µµ ≡ |Uµ1|2|∆m2

31| + |Uµ2|2|∆m2
32|

(|Uµ1|2 + |Uµ2|2) , (1.21)

i.e. the muon flavor weighted average of ∆m2
31 and ∆m2

32. In the limit that
θ13 → 0

4|Uµ3|2(1 − |Uµ3|2) = sin2 2θ23 (1.22)

and ∆m2
µµ = s2

12|∆m2
31| + c2

12|∆m2
32|. (1.23)

The difference between ∆m2
µµ and |∆m2

32| is given by ±s2
12∆m2

21 which is
approximately a 1% shift whose sign depends on the hierarchy. This form
of the oscillation probability is used by Super-K (See Chapter 2) in their
two flavor analysis of atmospheric neutrinos.

1.4. The νµ → νe Appearance Channel

The most likely genuine three flavor effects to be first observed are long
baseline νµ → νe or one of its CP and T conjugate processes. That is, in
one of following transitions:

CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T � � T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

Processes across the diagonal are related by CPT. The first row will be
explored in very powerful conventional beams, called Superbeams. Such
beams are accessible with extensions of currently available technologies.
The second row could be explored using more exotic techniques involving
a Neutrino Factory or a Beta Beam, a pure beam of νe produced via the
beta decay of accelerated radioactive ions.
fThe difference between the two effective atmospheric ∆m2 is small and depends on the
hierarchy. ∆m2

ee − ∆m2
µµ = ±∆m2

21(cos 2θ12 − cos δ sin θ13 sin 2θ12 tan θ23) where the
+ (-) is for the normal (inverted) hierarchies.9
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In vacuum, the probability for νµ → νe is derived like so:19

P (νµ → νe) = | U∗
µ1e

−im2
1L/2EUe1 + U∗

µ2e
−im2

2L/2EUe2 + U∗
µ3e

−im2
3L/2EUe3 |2

= |2U∗
µ3Ue3 sin ∆31e

−i∆32 + 2U∗
µ2Ue2 sin ∆21|2

≈ |
√

Patme−i(∆32+δ) +
√

Psol|2 (1.24)

where the unitarity of the MNS matrix has been used, U∗
µ1Ue1 + U∗

µ2Ue2 +
U∗

µ3Ue3 = 0, and
√

Patm = sin θ23 sin 2θ13 sin∆31 and
√

Psol ≈
cos θ23 sin 2θ12 sin∆21. For anti-neutrinos δ must be replaced with −δ and
the interference term changes:

2
√

Patm

√
Psol cos(∆32 + δ) ⇒ 2

√
Patm

√
Psol cos(∆32 − δ).

Expanding cos(∆32 ± δ), one has a CP conserving part,

2
√

Patm

√
Psol cos∆32 cos δ (1.25)

and the CP violating part,

∓2
√

Patm

√
Psol sin∆32 sin δ, (1.26)

where - (+) sign is for neutrino (anti-neutrino). This allows for the possi-
bility that CP violation could be observed in the neutrino sector since it
allows for P (νµ → νe) �= P (ν̄µ → ν̄e).

In matter,
√

Patm and
√

Psol are modified as follows:
√

Patm ⇒ sin θ23 sin 2θ13
sin(∆31 − aL)
(∆31 − aL)

∆31

√
Psol ⇒ cos θ23 sin 2θ12

sin(aL)
(aL)

∆21, (1.27)

where a = ±GF Ne/
√

2 ≈ (4000 km)−1, and the sign is positive for neutri-
nos and negative for anti-neutrinos. This change follows since in both the
(31) and (21) sectors, the product {∆m2 sin 2θ} is approximately indepen-
dent of matter effects. Figure 1.5 shows the νe appearance probability as
a function of the distance for neutrinos and anti-neutrinos for both mass
orderings at an energy appropriate for T2K, E=0.6GeV. Fig. 1.6 shows
the νe appearance probability as a function of the neutrino energy at a
distance appropriate for NOνA, L=810km. In Figs. 1.7 and 1.8 the cor-
relation between the νe appearance oscillation probabilities for neutrinos
and antineutrinos are shown for both T2K, and NOνA. It is possible that
these two experiments will determine the mass ordering (normal or inverted
hierarchy, see Fig. 1.1), and observe CP violation in the neutrino sector.
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Fig. 1.5. The left panel shows the atmospheric and solar components of the νe appear-
ance probability for a neutrino energy of 0.6GeV for both neutrinos and anti-neutrinos
and both mass orderings as a function of the baseline. The dotted Patm curve is the
vacuum atmospheric appearance probability. Psol is independent of the hierarchy and
the same for neutrinos and anti-neutrinos. The T2K experiment will be performed at
approximately this energy at a distance of 295 km and, if constructed, T2KK will be
around 1000 km. The right panel shows the full appearance probability including the in-
terference term for δ = 3π/2. The appearance probabilities for δ = π/2 can be obtained
from these, by interchanging normal and inverted as well as neutrinos and anti-neutrinos.

1.5. Beyond the Neutrino Mixing Model

Except for the LSND anomaly20 (See Chapter 7), all neutrino flavor tran-
sitions observed so far can be explained using three massive neutrinos that
are orthogonal mixtures of the three neutrinos of given flavor. The LSND
anomaly is the observation of ν̄µ → ν̄e at an L/E of order 500m/GeV with
a transition probability of 0.2%. This suggested the possibility of one or
more additional neutrinos which have a squared mass splitting from the
active neutrinos of order 1 eV2. These additional light neutrinos cannot
have SU(2) × U(1) quantum numbers, otherwise their effects would have
been observed in other processes, e.g. the decay of Z-boson. Hence, they
are called sterile neutrinos. One additional sterile neutrino is marginally
compatible with all existing data in the 3+1 scenariog. The strongest con-
straints on this model come from νe and νµ disappearance experiments. The
disappearance of νe at the LSND L/E depends on the fraction, |Ue4|2, of
νe in the additional 4th-neutrino and similarly for νµ. The non-observation
gIn the 3+1 model the additional neutrino is split from the other neutrinos by order of
1 eV2.
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Fig. 1.6. The left panel shows the atmospheric and solar components of the νe ap-
pearance probability at a distance of 810 km for both neutrinos and anti-neutrinos and
both mass orderings as a function of the neutrino energy. The dotted Patm curve is the
vacuum atmospheric appearance probability. Psol is independent of the hierarchy and
the same for neutrinos and anti-neutrinos. The NOνA experiment will be performed at
this distance with an energy centered at 2GeV. If an experiment is mounted at the sec-
ond oscillation maximum at this distance the energy would be approximately 0.6GeV.
The right panel shows the full appearance probability including the interference term
for δ = 3π/2. The appearance probabilities for δ = π/2 can be obtained from these, by
interchanging normal and inverted as well as neutrinos for anti-neutrinos.

of disappearance of both νe and νµ implies that both |Ue4|2 and |Uµ4|2 are
small. In this 3+1 model, the LSND appearance of ν̄e from ν̄µ depends
on the product of these two small quantities, |Ue4|2|Uµ4|2. Thus, moderate
limits on the disappearance modes can severely constrain the appearance
mode. In a full analysis of both the disappearance and appearance chan-
nels, only a few small atolls are not excluded at high confidence level in
the {∆m2,sin2 2θ}LSND plane. The 2+2 scenarioh is strongly disfavored,
since both the solar and atmospheric oscillations are primarily due to active
neutrino oscillations. In this model one or both of these phenomena would
have to have a substantial sterile neutrino component.

What about the possibility of more than one sterile neutrino? With
two or more additional neutrinos the parameters can be chosen so as to be
compatible with all existing data, even with the recent non-observation by
MiniBooNE21 (See Chapter 8) of νµ → νe at the same L/E and sensitivity
as LSND.22 This can occur because of the possibility of CP violation at
hIn the 2+2 model the solar neutrino pair is split from the atmospheric neutrino pair by
order of 1 eV2.
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Fig. 1.7. The left and middle panels are the iso-probability contours for T2K as a % for
the neutrino (left) and anti-neutrino (middle) channels. The solid (blue) line is for the
normal hierarchy whereas the dashed (red) line is for the inverted hierarchy. The right
panel is the bi-probability plot showing the correlation between the two probabilities and
is reproduced from Reference 4. The matter effect is small but non-negligible for T2K.

Fig. 1.8. The left and middle panels are the iso-probability contours for NOνA as a %
for the neutrino (left) and anti-neutrino (middle) channels. The solid (blue) line is for the
normal hierarchy whereas the dashed (red) line is for the inverted hierarchy. The right
panel is the bi-probability plot showing the correlation between the two probabilities and
is reproduced from Reference 4. The matter effects, and hence the separation between
the hierarchies, is 3 times larger for NOνA than T2K primarily due to the fact NOνA
has three times the baseline as T2K. The difference in the matter effect between T2K
and NOνA can be used to untangle CP violation and the mass hierarchy.

the LSND L/E in models with two or more additional neutrinos. Let us
consider the 3+2 model in some detail. If we label the masses of the two
additional neutrinos m4 and m5 then following Eq. 1.24 gives

P (νµ → νe) = |2U∗
µ5Ue5 sin∆51e

−i∆54 + 2U∗
µ4Ue4 sin ∆41|2

= 4|Uµ5|2|Ue5|2 sin2 ∆51 + 4|Uµ4|2|Ue4|2 sin2 ∆41

+ 8|Uµ5||Ue5||Uµ4||Ue4|
× sin ∆51 sin ∆41 cos(∆54 + δ54) (1.28)
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where δ54 = ± arg(U∗
µ5Ue5Uµ4U

∗
e4). The positive sign is for νµ → νe whereas

the negative sign is for ν̄µ → ν̄e. At the LSND L/E the difference between
the masses, m1, m2 and m3 is too small to be relevant, so m1 has been
used as the common mass of these neutrinos, i.e. ∆51 ≈ ∆52 ≈ ∆53 and
∆41 ≈ ∆42 ≈ ∆43. The last term of Eq. 1.28 is the interference term
between the two amplitudes which can be constructive for ν̄µ → ν̄e and
destructive for νµ → νe, allowing for the possibility that

P (ν̄µ → ν̄e) > P (νµ → νe). (1.29)

This is a possible explanation of why LSND saw a signal in anti-neutrinos,
whereas MiniBooNE does not see a signal in neutrinos at approximately
the same sensitivity. The νe and νµ survival probabilities are given by

P (να → να) = P (ν̄α → ν̄α)

≈ 1 − 4|Uα5|2 sin2 ∆51 − 4|Uα4|2 sin2 ∆41

+O((|Uα4|2 + |Uα5|2)2) (1.30)

where να = νe or νµ. The spreading of the limit on the survival probabilities
between two distinct ∆m2, ∆m2

41 and ∆m2
51, reduces the severity of the

constraints on the appearance modes compared to the 3+1 models. An
improvement on the limit of both disappearance modes by a factor of

√
2

would improve the constraint on the appearance mode by a factor of 2 for
all values of the CP violating phase δ54.

1.6. Summary and Conclusion

A summary of neutrino oscillation phenomenology has been presented. The
oscillation probabilities in the disappearance channels for νe and νµ flavors
have been presented with the relevant approximations for the experiments
that will be discussed later in this volume. The appearance probability for
νµ → νe and ν̄µ → ν̄e has been discussed in some detail with particular
attention to the unresolved questions associated with the neutrino mass
hierarchy and CP violation. This channel is the most likely one to provide
the first observation of genuine three flavor effects.

Beyond the 3 flavor mixing model, the addition of one or more sterile
neutrinos has been discussed. In these models, there are additional L/E’s
for which oscillation phenomena can potentially be observed. If there is
more than one additional neutrino, CP violating effects can be important.
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The Super-Kamiokande Experiment
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Super-Kamiokande is a 50 kiloton water Cherenkov detector located at
the Kamioka Observatory of the Institute for Cosmic Ray Research,
University of Tokyo. It was designed to study neutrino oscillations and
carry out searches for the decay of the nucleon. The Super-Kamiokande
experiment began in 1996 and in the ensuing 10 years of running has
produced extremely important results in the fields of atmospheric and
solar neutrino oscillations. Furthermore, it has set stringent limits on the
decay of the nucleon and the existence of dark matter and astrophysical
sources of neutrinos. Perhaps most crucially, Super-Kamiokande was the
first to definitively show that neutrinos have mass and undergo flavor os-
cillations. This chapter will summarize the published scientific output of
the experiment with a particular emphasis on the atmospheric neutrino
results.
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2.1. Introduction and Physics Goals

The Super-K collaboration is the combination of two previous successful
collaborations. The first was the Kamiokande1,2 experiment which was
∗for the Super-Kamiokande collaboration

19



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

20 C. W. Walter

located in the same mine as Super-K and had a fiducial mass approximately
20 times smaller than Super-K. The second was the IMB experiment3,4

which was located in the Morton Salt mine in Ohio. Grand Unified models
such as SU(5)5 predicted that the proton would decay at a rate visible by
modest size detectors and both of these experiments were originally built to
search for nucleon decay into the mode favored by SU(5) which is p → e+π0.

Although neither of these experiments observed the decay of the proton,
they did measure a statistically significant anomaly in the expected back-
ground to the proton decay search from neutrino interactions on the water
in the tanks. One explanation for this effect was that some of the neutrinos
were oscillating into an unobservable flavor and thus giving less background
than expected. At the same time two detectors made of iron, the NUSEX6

and Frejus7 experiments, saw a result which was consistent with the expec-
tation but with much lower statistics. Super-Kamiokande was designed to
definitively determine whether or not oscillations were indeed taking place.

Additionally, by scaling up the size from previous detectors, Super-
Kamiokande offered new hope to finally observe the decay of the nucleon
and also to try to answer the crucial question of whether neutrinos produced
in the nuclear burning in the sun oscillated into non-detectable flavors on
their way to the earth. Previous generations of experiments had not seen
as many neutrinos from the sun as predicted by solar models. With a large
mass, good energy resolution, and the ability to point neutrinos back to
the sun in real-time, Super-Kamiokande was designed first of all to confirm
the effect with high statistics and then to determine what the parameters
of oscillation were.

2.2. The Super-Kamiokande Detector

Super-Kamiokande is a 50 kiloton water Cherenkov detector located at the
Kamioka Observatory of the Institute for Cosmic Ray Research, University
of Tokyo. Figure 2.1 shows a diagram of the Super-Kamiokande detector.
The detector is in the Mozumi mine of the Kamioka Mining Company in
Gifu prefecture, in the Japanese alps. Super-K consists of two concentric,
optically separated water Cherenkov detectors contained in a stainless steel
tank 42 meters high and 39.3 meters in diameter. The inner detector is
comprised of 11,146 Hamamatsu R3600 50 cm diameter photomultiplier
tubes, viewing a cylindrical volume of pure water 16.9 m in radius and
36.2 m high.
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Fig. 2.1. An overview of the Super-Kamiokande detector site, under Mt. Ikeno from
Ref. 8. The cutaway shows the inside lined with photomultiplier tubes comprising a
photo-cathode coverage of about 40%.

As described more fully in Ref. 8, the detector is calibrated in energy at
the 2% level over energies ranging from the MeV to the tens of GeV range.
This careful calibration is key to the successful extraction of physics. It
relies both on natural calibration sources such as the expected energy de-
posit of muons created by the cosmic rays and the decay of neutral pions
produced by neutrino interactions inside the Super-Kamiokande tank, and
on artificial sources including lasers, a Xenon light source, a linear acceler-
ator9 and a 16N source.10 Low energy radioactive backgrounds were also
carefully studied, a description of the measurement of radon concentrations
at Super-Kamiokande is given in Ref. 11.

Data from the detector is first collected by an on-line data acquisition
system and then, after a calibration step, passed into several streams of
reduction for the various analyses. Selection steps are performed to remove
the background from non-neutrino induced interactions. For example, the
outer detector region is used as a veto to reject cosmic-ray muons. Using
the time and charge information at each photo-tube, reconstruction algo-
rithms are applied to the data to determine a vertex for the Cherenkov
light and any rings associated with the particles of the interaction. Ad-
ditional likelihood-based algorithms are used to determine the properties
of the particles that generated the light including their type, momenta
and directions. These reconstructed physics quantities are then used for
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analysis. More detail about the acquisition and analysis reconstruction
techniques can be found in Refs. 8, 12 and 13.

The Super-Kamiokande running periods are divided into three parts.
The first, SK-I ran from 1996 to 2001. In November of 2001 an accident
destroyed many of the photo-tubes of Super-K and, after a year of rebuild-
ing the detector with half of the previous photo-tube density, SK-II ran for
approximately 800 days. In June of 2006 after restoring Super-Kamiokande
to its full photo-tube density, a period of running known as SK-III began.
During the SK-I and SK-II running periods Super-Kamiokande acted as
the target for the long-baseline K2K experiment (See Chapter 5). Starting
in 2009, Super-Kamiokande will once again be the target of an accelera-
tor produced neutrino beam when the T2K (See Chapter 10) experiment
begins.

2.3. Published Results from Super-Kamiokande

The published scientific output of the Super-Kamiokande experiment can
be roughly divided into four main categories:

(1) Studies of atmospheric neutrino oscillations
(2) Studies of solar neutrino oscillations
(3) Searches for the decay of the nucleon
(4) Searches for astrophysical sources of neutrinos

In the sections that follow, papers from all of these subjects will be
reviewed. Particular attention will be paid to the history of the published
papers in the atmospheric neutrino analysis.

2.3.1. Atmospheric Neutrino Oscillations

The sub-GeV R ratio14

In the previous results from the IMB and Kamiokande experiment it
was observed that the flavor ratio of neutrinos below 1 GeV did not agree
with expectation. If one took the results at face value, either there were
more electron neutrinos than expected or too few muon neutrinos. In order
to study the question experimentally a measurement was made of:

R ≡ (µ/e)DATA/(µ/e)MC , (2.1)

which served to cancel uncertainties in neutrino flux and cross-sections. In
Eqn. 2.1, (µ/e) means the ratio of the number of measured neutrino inter-
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actions which are inferred to have come from electron and muon neutrinos
respectively. The ratio is calculated separately for the reconstructed data
and Monte Carlo. If there is perfect agreement between data and expecta-
tion, the expected value of R is unity. In Super-Kamiokande, the measured
value of R was:

R = 0.61 ± 0.03(stat.) ± 0.05(sys.). (2.2)

This was a statistically significant result and the collaboration concluded
in Ref. 14:

“The first measurements of atmospheric neutrinos in the Super-
Kamiokande experiment have confirmed the existence of a smaller atmo-
spheric νµ/νe ratio than predicted. We obtained R = 0.61 ± 0.03(stat.) ±
0.05(sys.) for events in the sub-GeV range. The Super-Kamiokande detec-
tor has much greater fiducial mass and sensitivity than prior experiments.
Given the relative certainty in this result, statistical fluctuations can no
longer explain the deviation of R from unity.”

The multi-GeV R ratio15

The previous result relied on events which had visible energy less than
1.33 GeV deposited in the Super-K tank (so called sub-GeV events). Al-
though less numerous, multi-GeV events were also expected to oscillate and
had the extra advantage that at high-energy the outgoing lepton direction
closely followed the incoming neutrino direction. Since the neutrino oscilla-
tion probability is a function of both the distance traveled and the energy,
knowing the direction of the incoming neutrino allowed the separation of
neutrinos into bins of angular zenith. Based on the results of the previous
experiments, it was expected that neutrinos of a few GeV would need to
travel thousands of kilometers before they oscillated. Also, if muon neu-
trinos were oscillating into tau neutrinos, the vast majority of them would
not have the energy necessary to interact and produce a tau lepton. In this
case, the expectation was that there would be a deficit of muon interactions
coming from below.

From the data analyzed, the R ratio for the multi-GeV events was re-
ported in Ref. 15 to be:

R = 0.66 ± 0.06(stat.) ± 0.08(sys.). (2.3)

confirming the result seen in the sub-GeV sample. Crucially, the expected
zenith suppression was also seen.
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Evidence for oscillations16

In 1998, the paper “Evidence for oscillation of atmospheric neutrinos”
was published.16 In this paper, 535 days of data were analyzed and sub-
divided into sub-GeV and multi-GeV e-like and mu-like events. In this
data set, a strong suppression of upward going events from muon-neutrino
interactions was observed. This was quantified in terms of an asymmetry
defined as A = (U − D)/(U + D) where U is the number of upward-going
events (−1 < cosΘ < −0.2) and D is the number of downward-going events
(0.2 < cosΘ < 1). Due to the isotropic nature of the cosmic rays this asym-
metry is expected to be close to zero. For the electron-neutrino sample this
was found to be the case. For the muon-like events the asymmetry was
found to be:

A =
(U − D)
(U + D)

= −0.296± 0.048(stat.)± 0.01(sys.) (2.4)

which deviates from zero by more than 6 standard deviations. Figure 2.2,
taken from Ref. 16, shows this asymmetry as a function of momentum for
both the e-like and mu-like samples. The deficit of high energy upward-
going mu-like events is clearly seen.

A fit was performed over the oscillation parameter space to the νµ ↔ ντ

oscillation hypothesis. There were eight systematic uncertainty terms that
were allowed to vary within their known ranges. Fits were also performed
to the νµ ↔ νe hypothesis but the data did not fit this hypothesis well.
The data-samples and the results of the fit are shown in Fig. 2.3, which is
also from Ref. 16.

This analysis resulted in the first allowed region for atmospheric neu-
trino oscillations from Super-Kamiokande resulting in a somewhat lower
allowed region then was previously obtained from the Kamiokande collab-
oration. In this paper the conclusion was:

“Both the zenith angle distribution of µ-like events and the value of R

observed in this experiment significantly differ from the best predictions in
the absence of neutrino oscillations. While uncertainties in the flux predic-
tion, cross sections, and experimental biases are ruled out as explanations
of the observations, the present data are in good agreement with two-flavor
νµ ↔ ντ oscillations with sin2 2θ> 0.82 and 5×10−4 <∆m2< 6×10−3 eV2

at 90% confidence level. We conclude that the present data give evidence
for neutrino oscillations.”
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Figure and caption from Ref. 16.

Upward-going17 and Stopping18 muon samples
Also analyzed separately in Refs. 17 and 18 were upward through-going

and stopping muon samples. Muons are created by neutrino interactions
in the rock under the Super-K tank and then travel upward, either passing
through or stopping inside the detector. The through-going events were of
a higher energy than the events analyzed in Ref. 16 which were completely
contained inside the Super-K tank, and the stopping events were of com-
parable energy to the events previously considered in which the produced
muon escaped the tank. The reduction process for these events was some-
what more involved since it was more difficult to remove backgrounds from
entering downward-going muons.

In these two papers, the two sub-samples were fit to the oscillation hy-
pothesis as was their ratio as a function of zenith angle. It was found that
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they also gave results consistent with neutrino oscillations as presented in
Ref 16.

The East-West19 effect
In Ref 19 the east-west effect was seen in neutrinos for the first time.

This effect, first seen in cosmic ray showers, is a direct confirmation of the
mostly positively charged nature of the cosmic rays. Low-energy cosmic
rays are deflected by the Earth’s magnetic field distorting the measured
azimuthal spectra. By selecting a subset of events sensitive to the Earth’s
magnetic field, this effect was observed as shown in Fig. 2.4 taken from 19.

Fig. 2.4. Azimuthal angle distributions of e-like and µ-like events. The crosses represent
the data points, the histogram drawn by solid line (dashed-line) shows the prediction of
the Monte Carlo (based on the flux of two different flux models). Data are shown with
statistical errors. The Monte Carlo has 10 times more statistics than the data. The
Monte Carlo histogram is normalized to the total number of the real data. φ represents
the azimuthal angle. φ = 0, π/2, π and 3π/2 shows particles going to north, west, south,
and east, respectively. Figure and caption from Ref. 19.

While the previous analyses explored only zenith angle distortions
caused by oscillations, by confirming the expected azimuthal distortion it
was demonstrated that the geomagnetic effects on the production of GeV
energy neutrinos was well understood.
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Tests for non-standard oscillation models20

As more data was collected and the techniques were improved, much
effort was put into trying to test if any other explanation was as good as
the νµ ↔ ντ at explaining the observed data.

In Ref. 20 with over 1000 days of data, the fully and partially contained
events were fit together along with the upward-going muons and a multi-
ring sample which had been enriched with neutral-current interactions. In
νµ ↔ ντ oscillations, a simple disappearance of only the charged current
events would be expected since tau neutrinos would still have neutral cur-
rent interactions. On the other-hand, if the oscillations were to sterile
neutrinos, which have no interactions at all, two additional effects would
arise. First, there would also be a reduction in the neutral current sample.
Second, because of a difference in the forward scattering cross-sections in
the two cases, the normal charged current oscillations would be suppressed
at high energies. This suppression is known as the “matter effect.” A fit
was done to the data samples looking for these effects and they were not
seen. Instead, the data fit the standard νµ ↔ ντ hypothesis extremely
well and excluded oscillations into sterile neutrinos at greater than the 99%
confidence level.

Observation of the oscillation pattern21

In 2004 in Ref. 21 the standard oscillation hypothesis was given strong
confirmation by the observation of a sinusoidal form in the oscillation pat-
tern.

Since the oscillation equation contains a sine function, in principle one
should be able to see a sinusoidal dip if the data is plotted as a function of
L/E. However, in the standard analyses, low resolution in reconstructed L
(distance from production) and E (neutrino energy) washes out the effect
when the data is plotted in these combinations of variables. In Ref. 21 a
subset of events were selected which had high resolution in these variables.
After plotting the observed suppression relative to the expectation as a
function of L/E, the tell-tale dip from oscillations was observed. Addition-
ally, by comparing the χ2 of the data to the standard oscillation scenario to
that of neutrino decay and decoherence, those other exotic hypothesis could
be rejected with high significance. Figure 2.5, demonstrating the effect, is
taken from Ref. 21.
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Fig. 2.5. Ratio of the data to the MC events without neutrino oscillation (points) as
a function of the reconstructed L/E together with the best-fit expectation for 2-flavor
νµ ↔ ντ oscillations (solid line). The error bars are statistical only. Also shown are the
best-fit expectation for neutrino decay (dashed line) and neutrino decoherence (dotted
line). Figure and caption from Ref. 21

Measurement of atmospheric neutrino parameters12

In 2005 all of the data from SK-I was refitted. This time the fit was
done jointly with all of the data including upward-going and multiple ring-
samples together. Ref. 12 describes this analysis in detail along with details
of the atmospheric neutrino Monte Carlo and reconstruction algorithms and
reduction.

Thirty-nine systematic uncertainties were accounted for in the fit, and
the best fit for νµ ↔ ντ oscillations with sin2 2θ = 1.00 and ∆m2 = 2.1 ×
10−3 eV2 was found. Figure 2.6, taken from Ref. 12, shows all of the data
samples and the results of the fit. Over 15,000 atmospheric neutrino events
were used in the analysis. In Fig. 2.7 the final allowed region is shown along
with the allowed region that is found by the L/E analysis from Ref. 21. Both
of these analyses give consistent results. The better constraint in sin2 2θ in
the zenith angle analysis is due to higher statistics in the sample, while the
better constraint in ∆m2 in the L/E analysis is due to finer binning in the
fit. Later, as yet unpublished analyses combine the best features of both
techniques to extract the maximum information.
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The best-fit expectation is corrected by the 39 systematic error terms, while the cor-
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Three Flavor Oscillations23

In Ref. 12 the data was fit assuming that there were only oscillations
between two flavors of neutrinos. However, we know there are three flavors
of neutrinos and one can write down a three-flavor mixing matrix with three
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mixing angles. Two that have been measured (θ12 and θ23) control solar
and atmospheric mixing respectively. However, the third as unmeasured
mixing angle θ13 would allow all three of these neutrinos to oscillate into
each other and produce a small amount of high energy electron neutrino
appearance in the upward going data of Super-K. The question of the value
of θ13 is particularly pressing since if it is extremely small or zero it will
not be possible to measure CP violation in the neutrino sector using the
oscillation technique.

In order to measure or constrain the value of θ13 using the Super-K data
set, a fit was performed using full three flavor oscillation probabilities, tak-
ing into account the resonance effects that can occur in the earth for such
oscillations. The data was binned so as to be maximally sensitive to up-
ward going electrons in the relevant energy regions. As detailed in Ref. 23
no evidence for non-zero θ13 was found. A plot showing the Super-K θ13

allowed region overlaid with the exclusion region for the CHOOZ reactor
experiment22 is shown in Fig. 2.8.

Search for tau lepton appearance24

None of the previous analyses explicitly searched for the appearance of
the tau lepton from oscillations. The number of tau leptons in the data
sample is expected to be small. Only on the order of 80 events with tau
leptons were expected to be produced in the fiducial volume of Super-
Kamiokande during the SK-I running period. In Ref. 24 an explicit search
for tau lepton appearance was undertaken.

This search relied on the fact that events containing heavy tau leptons
which decay hadronically, decay symmetrically with more pions in the final
state than the charged current deep-inelastic events which form the back-
ground to the search. A statistical separation of signal to background was
made using both a likelihood and a neural-network. The background was
normalized with downward going events, taking advantage of the fact that
the entire tau signal comes from below. Figure 2.9 from Ref. 24 shows the
results of the fit. This analysis measured a tau appearance signal which
was consistent with that expected from νµ ↔ ντ oscillations.

2.3.2. Solar Neutrino Oscillations

The neutrinos produced in the nuclear burning of the Sun are of lower en-
ergy than atmospheric neutrinos. Super-Kamiokande is sensitive mostly
to neutrinos from the 8B branch of the pp nuclear fusion chain in solar
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burning. At very low energies the experiment is dominated by radioac-
tive backgrounds. However, above approximately 4 MeV the detector can
pick-out the scattering of solar neutrinos off atomic electrons which make
Cherenkov light in the tank. The 8B and rarer HEP neutrinos have a
spectrum which ends near 20 MeV.

Unlike previous radio-chemical experiments which relied on extraction of
isotopes, Super-Kamiokande collects its data in real time and the electrons
which are scattered by neutrinos point in a direction that is correlated with
the Sun. Therefore, by plotting the direction between low energy events in
the tank and the Sun, one can pick out a peak containing solar neutrinos.
This is clearly demonstrated in Fig. 2.10, in which the cosine of the angle
between the events and the Sun is plotted.

The first solar neutrino results from Super-Kamiokande were presented
in 1998 in Ref. 25 and reported the measured flux from the first 300 days
of data. In this paper, only the measured rate was reported, and Super-
Kamiokande confirmed the deficit of neutrinos expected from the Sun. It
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Fig. 2.10. Angular distribution of solar neutrino event candidates. The shaded area in-
dicates the elastic scattering peak. The dotted area is the contribution from background
events. From Ref. 13.

was consistent with the previous Kamiokande measurement and reported
a flux which was 36% of the standard solar model of 1995. For this first
analysis, the energy threshold was set at 6.5 MeV which was later lowered.

The next two papers used 504 days of data and reported searches for
distinctive signs of neutrino oscillation. In Ref 26, a measurement was
made of the solar flux in the day and the night separately. During the day,
neutrinos from the sun travel down from above, traveling through very little
earth. In the night they travel from the other side of the Earth, and, during
some parts of the year actually travel through the outer core of the Earth.
This is relevant because, for some regions of oscillation space, a regeneration
of the original flux can happen inside high density materials. In this paper,
no statistically significant sign of this was seen, thereby excluding parts of
the oscillation space previously allowed by other experiments. At the same
time, an analysis of the measured energy spectrum shape was published in
Ref. 27 using the 504 day data set. It was found that a χ2 analysis gave a
probability of 4.6% for being in agreement with the standard solar model.

In 2001, with more than twice as much data, the analysis threshold was
lowered to 5 MeV and the systematics of the measurement were reduced due
to extensive calibrations and improvements in the analysis techniques. In
Ref. 28 a precise measurement of the solar flux was made. Additionally, the
spectrum was found to have no significant energy spectrum distortions, and
no statistically significant day-night effect was seen. The small but expected
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seasonal variation of the flux due to the eccentricity of the Earth’s orbit
was observed and new stringent limits on the flux of HEP neutrinos were
presented. The lack of spectral and zenith angle distortions placed strong
constraints on the oscillation solutions to the solar neutrino problem and in
Ref. 29 an oscillation analysis was performed using both the spectral and
flux information from Super-Kamiokande. The result of this analysis was
a preference for the Large Mixing Angle solution.

In 2002 an analysis including all 1496 days of SK-I was published.30

The lack of spectral distortion and daily variation in the flux strongly con-
strained the regions allowed for neutrino oscillation from other experiments,
leaving only the high-mass LMA and quasi-vacuum region allowed. If the
Super-K interaction rate and either the standard solar model prediction of
the 8B flux or the rates as measured by SNO were combined, the LMA
angle was uniquely allowed at high confidence level. This single allowed
region could uniquely explain the solar neutrino problem.

The full SK-I data set was also used to search for other exotic sig-
nals from the Sun. First was the search for anti-electron neutrinos in
Ref. 31. The motivation for this search was to exclude the possibility that
the electron-neutrinos from the sun are disappearing due to a spin-flavor-
precession where neutrinos with a large magnetic moment are transformed
into their anti-particles in the strong magnetic field of the sun. Unlike the
standard solar neutrino analysis the reaction here is inverse beta-decay off
protons in the nucleus. No signal was found and a limit was set at 0.8% of
the standard solar neutrino flux between 8-20 MeV.

Next, in Ref. 32, searches for periodicity in the solar neutrino data using
the Lomb test33 were performed. No significant statistical fluctuation was
found. Finally, in 2004 a search for the magnetic moment of the neutrino
was presented in Ref. 34. The SK data set was used to look for an en-
ergy distortion of the electron recoil spectrum. Using Super-Kamiokande’s
allowed oscillation parameters a limit of < 3.6 × 10−10µB was set. If the
constraints on oscillation parameters from other experiments were also in-
cluded then the limit was reduced to < 1.1 × 10−10µB.

In 2004, in Ref. 35, the full SK-I data set was once again analyzed but
this time with a maximum likelihood analysis applied to the zenith angle
dependence of the data. A dependence of the νe rate on solar zenith angle
is predicted, the size of which depends on the mixing parameters. This
results in a difference between the νe rate during the day compared to the
night owing to matter effects as the neutrinos traverse the earth. This new
analysis lowered the statistical uncertainty on the day/night (D/N) ratio by
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25% compared to the previous measurement. This was equivalent to adding
three years of live-time running using the previous method. Figure 2.11,
from Ref. 35, shows the data and best fit spectrum in the LMA region along
with the D/N asymmetry as a function of energy.
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Fig. 2.11. LMA Spectrum (top) and D/N Asymmetry (bottom). The predictions (solid
lines) are for tan2 θ = 0.55 and ∆m2 = 6.3 × 10−5eV2 with φ8B = 0.96×Standard
Solar Model [BP2000] and φhep = 3.6×Standard Solar Model. Each energy bin is fit
independently to the rate (top) and the day/night asymmetry (bottom). The gray
bands are the ±1σ ranges corresponding to the fitted value over the entire range 5-20
MeV: A = −1.8 ± 1.6%. Figure and caption from Ref. 35.

In 2005 a full detailed description of the SK-I solar neutrino analysis was
published in Ref. 13. This paper included descriptions of the simulation,
reconstruction and analysis techniques. In the large mixing angle region
the day-night asymmetry was found to be:

A =
(ΦD − ΦN)
1
2 (ΦD + ΦN )

= −1.7%± 1.6%(stat.)+1.3%
−1.2%(sys.) ± .04%(∆m2) (2.5)

which is statistically compatible with zero and is to be compared with the
expected asymmetry which ranges from -1.7% to 1.0%.

2.3.3. The Search for Proton Decay

Super-K has also set important limits on the decay of the nucleon. The
limits from Super-K have ruled out SU(5) and the minimal super-symmetric
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model. The published limits on p → e+π0 as predicted in SU(5) are found
in Ref. 36.

Many models of super-symmetry predict that the nucleon should decay
with strange quarks in the final state. The first 535 days of SK data were
analyzed to search for p → ν̄K+ and the limits were presented in Ref. 37.
In 2005 the full SK-I data set was employed to search for SUSY mediated
decays of the proton. In the analysis presented in Ref. 38 stringent limits
were set on p → ν̄K+, n → ν̄K0, p → µ+K0 and p → e+K0 modes.

A related search for SUSY generated physics is the search for neutral
Q-Balls as presented in Ref. 39. Q-balls are topological solitons predicted
in some SUSY models and interact as they pass through the Super-K tank
leaving a trail of pions in their wake. A search was carried out using 542
days of the SK-II data set. No evidence for Q-balls was found, and Super-K
finds the lowest limits in the world for Q-ball cross-sections below 200 mb.

2.3.4. The Search for Astrophysical Phenomenon

Super-Kamiokande has been used to search for several sources of neutrinos
from outside our solar system. Gamma Ray Bursters are among the most
luminous sources that have ever been observed in the universe. Super-K
performed a search for neutrinos that were in coincidence with the BATSE
detector located on NASA’s Compton Gamma Ray Observatory. The entire
Super-K data sample from 7 MeV to ∼100 TeV was compared with the
BATSE on-line catalog in the period of April 1996 to May of 2000. The
results were presented in Ref. 40, and no statistically significant signal was
found.

A supernova which occurred in the center of our galaxy would produce
on the order of 10,000 interactions inside the Super-Kamiokande tank, yield-
ing a rich sample of events for analysis. In the period of Super-K running
there has been no observed galactic supernova (though the Kamiokande
experiment did observe neutrinos from SN1987a41). A paper currently un-
der preparation for publication will set a limit on the rate of core col-
lapse supernovae out to 100 kiloparsecs using the SK-I and SK-II data
sets of ∼< 0.3/year. Although no core collapse was detected by Super-
Kamiokande, it is believed that the universe should be bathed in the relic
neutrinos of all of the supernovas that have exploded in the past. In Ref. 42
the SK-I data sample was examined for such events. There is a region of
energy between the endpoint of the solar neutrino spectrum and before the
decay electrons of cosmic ray muons where one can hope to see the small
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number of expected events. No excess over background was observed, set-
ting a limit just above the expected signal from many models.

The upward-going muons used for the atmospheric oscillation analysis
can also be used to search for high energy sources of neutrinos. The only
muons that come from below the tank are generated by neutrinos and
the neutrinos that produce them range from approximately 100 GeV to
100 TeV.

Fig. 2.12. Super-K 90% CL exclusion region in WIMP parameter space for a WIMP
with spin-dependent coupling along with corresponding 90 % CL exclusion limits from
UKDMC (dashed) and ELEGANT (dot-dashed). Figure and caption from Ref. 43.

In addition to looking for neutrinos from astrophysical objects there is
an expected neutrino signal from WIMP dark matter. Since WIMPs un-
dergo gravitational attraction, they are expected to gravitate around heavy
bodies such as the Earth and the Sun. If a WIMP and anti-WIMP annihi-
late near the center of one of these objects where they have accumulated,
they will decay into standard model particles, some of which decay into
neutrinos.

Therefore, if there is an excess signal of upward going neutrinos coming
from either the center of the Earth or the Sun it can be interpreted as a sig-
nal for dark matter. It is shown in Ref. 43 that the limit on spin-dependent
couplings inferred from the lack of an excess in the direction of the Sun
is on the order of 100 times more sensitive than comparable terrestrial di-
rect dark matter experiments. Figure 2.12, taken from Ref. 43, shows a
comparison of the Super-K limit with limits from other experiments.
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Additionally, several pure astronomical analyses have been performed
with Super-K using samples of both downward-going and upward-going
muons. In Ref. 44 the anisotropy of the primary cosmic ray flux with a
mean energy of 10 TeV was measured by studying the relative sidereal
variation of downward-going muons in the Super-K tank.

By using upward-going muons, searches were performed for sources of
high energy astrophysical neutrinos. In Ref. 45 the sample of upward-
going muons were used to search the sky for point sources and signatures
of a diffuse flux of neutrinos from the galactic plane. Additional time
correlated searches with some known sources were also performed. Above
1 TeV of muon energy, the flux of upward going muons from atmospheric
neutrinos becomes small enough to look for a diffuse flux of extremely high
energy neutrinos from astrophysical sources such as active galactic nuclei.
In Ref. 46 the outer detector of Super-K was used to measure the direction
of extremely high energy events. One event was found which was consistent
with the background expectation and limits were set on this flux.

2.4. Conclusions

This review of the published work of the Super-Kamiokande collaboration
has shown the depth and importance of the work that the experiment has
achieved. From astronomy and astrophysics, to tests of grand unified mod-
els, and to the observation of neutrino mass using neutrinos from the atmo-
sphere and the Sun, Super-K has had a major impact on particle physics.

It would be a mistake to take this snapshot of the published work of
Super-Kamiokande as its final word. There is a large data set from SK-
II which is currently being analyzed, and will soon be published. These
analyses will increase the precision of the parameters Super-Kamiokande
has already measured. In addition, the larger data set will allow analyses
for more subtle effects which have not yet been studied.

As one example of this, Fig. 2.13 shows the latest result of the atmo-
spheric oscillation analysis using the combined SK-I and SK-II data sets.
In addition to the increase in statistics, this analysis has improvements in
the binning and systematic errors. It should be noted that in this figure
the y-axis is plotted on a linear scale.

This analysis employed 380 bins and 70 systematic errors. The best fit
to the atmospheric oscillation parameters gives:

∆m2 = 2.5 × 10−3 eV 2 sin2 2θ = 1.00, (2.6)
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Fig. 2.13. Preliminary allowed region of atmospheric oscillation parameters using the
combined data sets of SKI and SK-II. The fit to the data employed 380 bins, 70 systematic
errors and had a Chi-squared probability of 18%. Note the use of the linear y-scale in
the figure.

Fig. 2.14. Picture of SK-III during filling and before the beginning of operations. Photo-
credit: Kamioka Observatory, ICRR(Institute for Cosmic Ray Research), The Univer-
sity of Tokyo.
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with the allowed region at 90% CL being equal to:

1.9 × 10−3 eV 2 < ∆m2 < 3.1 × 10−3 eV 2 sin2 2θ > 0.93. (2.7)

Since June of 2006 SK-III has been operational. Figure 2.14 is a picture
of SK-III during filling before operations commenced. Super-Kamiokande
will continue to collect data, wait for supernovae, and in 2009 will once
again become a target for an accelerator based neutrino beam.
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We present a review of the solar neutrino results of the Sudbury Neu-
trino Observatory, which unambiguously showed that neutrinos change
flavor between their production in the Sun, and observation on Earth.
We start with a description of the main properties of the detector and
how it was used to observe the different components of the solar neu-
trino flux. After this introduction we describe in more detail the three
phases of the experiment: the pure D2O phase, the salt phase, during
which the sensitivity to the total neutrino flux was enhanced, and the
NCD phase which used an added, independent detector system to inde-
pendently measure the total neutrino flux. We conclude by summarizing
the main results of this landmark experiment which ceased data-taking
in November 2006.

Contents

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 The SNO Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.2.1 Signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.2.2 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2.3 Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3 Analysis Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.3.1 Signal Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.4 Phase 1 D2O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.5 Phase 2 Salt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

∗For the SNO Collaboration as represented in the author lists quoted in Ref. 1.

45



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

46 S. J. M. Peeters and J. R. Wilson

3.6 Phase 3 Neutral Current Detection Array . . . . . . . . . . . . . . . . . . . 62
3.6.1 The Counter System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.6.2 The Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.6.3 The Installation of the NCD System . . . . . . . . . . . . . . . . . . . 64
3.6.4 Data-Taking Period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.1. Introduction

The Sudbury Neutrino Observatory (SNO) was first proposed by Herb Chen
in 1985 to provide direct evidence for solar neutrino flavor change.2 The
experiment was designed to observe non-electron neutrino flavors, allowing
a flavor-independent measurement of the total neutrino flux from the Sun.
The detector was an imaging Cherenkov detector using heavy water (D2O)
as both the interaction and detection medium.3 As all water Cherenkov
detectors, it was only sensitive to the 8B (and hep4) solar neutrinos. It was
located in INCO Ltd.’s Creighton Mine, near Sudbury, Canada, 2092meters
below sea level (6020meters water equivalent).

Solar neutrino flavor change is observed through comparison of the neu-
trino flux obtained from three different processes:

νx + e− → νx + e− (ES)

νe + d → p + p + e− (CC)

νx + d → p + n + νx (NC)

The first reaction, elastic scattering (ES) of electrons, has been used to
detect solar neutrinos in other water Cherenkov experiments (e.g. Super-
Kamiokande, see Chapter 2). It has the great advantage that the recoil
electron direction is strongly correlated with the direction of the incident
neutrino, and hence the direction to the Sun. It is sensitive to all neutrino
flavors. However, for electron neutrinos, the elastic scattering reaction has
both charged and neutral current components, making the cross sections
approximately 6.5 times larger for these reactions compared to muon or tau
neutrinos.

The νe − d charged current reaction (CC) only occurs for electron neu-
trinos, which interact with the loosely bound neutrons in deuterium. This
reaction provides exclusive sensitivity to electron neutrinos and has the ad-
vantage that the recoil electron spectrum is strongly correlated with the
incident neutrino energy. It can thus provide a measurement of the 8B
energy spectrum. The electron momentum only has a weak angular corre-
lation with the direction to the Sun.
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The third reaction, also unique to heavy water, is the νx − d neutral
current (NC) reaction, and is equally sensitive to all neutrino flavors. It
thus provides a direct measurement of the total active flux of 8B neutrinos
from the Sun. Like the CC reaction, the NC reaction has a cross section
nearly an order of magnitude larger than the ES reaction.

3.2. The SNO Detector

An artist’s impression of the SNO detector is shown in Fig. 3.1. One thou-
sand tons of heavy water were contained in a 12m diameter, transparent
acrylic vessel (AV). The Cherenkov light produced by neutrino interactions
and radioactive backgrounds was detected by an array of 9456 Hamamatsu
8-inch photomultiplier tubes (PMTs). Each PMT was surrounded by a
light concentrator, which increased the photocathode coverage to nearly
55%. The PMTs plus concentrators were supported by a stainless steel
support geodesic sphere (PSUP).

Over seven kilotons of light water surrounded the AV, shielding the
heavy water from external radioactive backgrounds: 1.7 kilotons between
the AV and the PSUP and 5.7 kilotons between the PSUP and the surround-
ing rock. The light water outside the PSUP was viewed by 91 outward-
facing 8-inch PMTs that were used for identification of cosmic-ray muons.

3.2.1. Signals

The SNO detector was designed to observe the Cherenkov light produced
by ultra-relativistic electrons. The threshold for the emission of Cherenkov
light is 0.767MeV, although in practice the analysis thresholds were set
much higher than this. The observed electrons produced light in a cone
around the direction of the particle at a characteristic angle of approxi-
mately 42 degrees.

Electrons with sufficient energy were produced in three ways. Firstly,
the ES and CC neutrino reactions produce energetic electrons directly. Sec-
ondly, gammas with enough energy are likely to Compton scatter, thus
producing an electron which produces Cherenkov light. Most importantly,
however, neutron capture produces high energy gamma-rays, which also
have a high probability to Compton scatter, and thus produce Cherenkov
light. The SNO experiment went through three different phases, each using
a different mechanism to detect the neutrons produced in the NC reaction,
as will be described in the corresponding sections.
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Fig. 3.1. The SNO detector. Reproduced from Reference 1.

A complex trigger algorithm, which could be satisfied by a number of
different criteria, was used to determine whether the SNO detector should
record an event.a An approximate definition is that if more than about
16 PMTs were hitb within approximately 93 ns the event was read out
(although the exact number also underwent small changes throughout the
course of the experiment). The PMT trigger rate varied through the three
phases of SNO, but the average was around 20Hz.
aThe peaked structure of the raw data at low NHIT in Fig. 3.2 is a consequence of the
multiple trigger algorithms.
bThe front-end electronics were set to fire on a quarter of a photoelectron of charge.
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The SNO detector recorded the following parameters of an event: the
position of the PMTs that were hit, the charges recorded in those PMTs,
and the arrival times of the PMT signals. From these parameters, the
following physics parameters were derived: event vertex position, direction,
energy and isotropy. The latter parameter quantifies the spread in PMT
positions, which was used to distinguish single electrons (or gammas) from
multi-electron events.

3.2.2. Calibration

The interpretation of SNO’s signals required the measurement and calibra-
tion of the detector components and response. The detector was equipped
with a versatile calibration system, able to deploy sources in both the light
and heavy water and maneuver them to various positions with a precision
of a few centimeters. Table 3.1 shows the list of sources used in the SNO
experiment. Besides these source calibrations, a number of electronics cal-
ibrations were performed on a regular basis. The extensive list of different
sources, which were deployed through most of the volume of the detector,
ensured a thorough understanding of the response of the detector for the
different physics events, for the entire volume used in the analysis, over a
large energy range, and for the entire data-taking period.

Table 3.1. Primary calibration sources.

Calibration source Details Calibration Ref.

Pulsed nitrogen laser 337, 369, 385, Optical & 5
420, 505, 619 nm timing calibration

16N 6.13 MeV γ-rays Energy & reconstruction 6
8Li β spectrum Energy & reconstruction 7
252Cf neutrons Neutron response 3
AmBe neutrons Neutron response
3H(p,γ)4He(“pT”) 19.8 MeV γ-rays Energy linearity 8
U,Th β − γ Backgrounds 3
88Y β − γ Backgrounds
In-situ 24Na activation β − γ Backgrounds
Dissolved 24Na β − γ Backgrounds
Dissolved 222Rn β − γ Backgrounds

The calibration data formed an important input to a detailed model of
the detector, which was used to perform Monte-Carlo simulations of events
and backgrounds.1 In order to fully understand the data, a complete and
accurate representation of the detector’s true response was required so the
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detector model described everything from the physics of neutrino inter-
actions and the propagation of particles and optical photons through the
detector media, to the behavior of the data acquisition system. The model
made full use of the information of the state of PMTs from the electronics
calibrations. The extensive calibration data were used to test the detector
model and also allowed us to understand how accurately each observable
parameter could be determined and assess the relevant systematic uncer-
tainties.

3.2.3. Backgrounds

The recorded events were not only from recoil electrons and gamma-rays
produced in association with neutrino interactions, but also included in-
strumental, radioactive, and cosmogenic backgrounds.

SNO’s great depth reduced the number of cosmic rays passing through
the detector to an extremely low rate — roughly three through-going muons
per hour within the PSUP enclosure. Nevertheless, cosmic-ray interactions
may have produced both radioactive nuclides and neutrons, so two data
selection criteria were developed to exclude these events. The first elim-
inated all events that occurred within 20 s of a tagged muon event. The
second, intended to remove neutrons from untagged muon events, removed
all events in a 250ms window following any event with a large number of
hit PMTs.

The most dangerous background to the NC measurement were neutrons
produced through photodisintegration of deuterons by low-energy radioac-
tivity. In particular, naturally occurring 232Th and 238U have gamma-rays
at the end of their decay chains that are above the 2.22MeV deuteron
binding energy. To reduce this background contribution the SNO detector
was built with very stringent radio-purity targets for all components and
uranium and thorium levels present in both the H2O and D2O were con-
tinually monitored using both ex-situ9,10 and in-situ techniques. This was
especially challenging for the D2O target, for which the radiopurity require-
ment was of order of 10−15 gram 232Th or 238U per gram D2O. Events due
to neutrons and low-energy radioactivity from the environment penetrating
the H2O shielding were taken into account in the analysis (see Sec. 3.3).

By far the highest rate of background events, however, was due to elec-
tronic pick-up, small discharges from within the PMTs and other instru-
mental effects. These did not involve Cherenkov light and therefore could
be rejected based on uncharacteristic timing, spatial or charge distributions
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of PMT hits. A series of cuts was designed to remove nearly all the back-
ground events without sacrificing a substantial number of signal events (see
Fig. 3.2). The remaining contamination was determined by a bifurcated
analysis.

Fig. 3.2. The reduction in the total number of events for the D2O phase, as a function
of the number of hit PMTs, for successive applications of the instrumental background
rejection criteria, or cuts. In the figure, 1MeV corresponds roughly to 8.5 hit PMTs.
Reproduced from, and for more details, see Reference 1.

3.3. Analysis Strategy

The main goal of the SNO analysis was to determine the relative sizes of
the three signals (CC, ES, and NC) and to compare their rates. We could
not separate the signals on an event-by-event basis; instead we ‘extracted’
the signals statistically using distributions of observable parameters that
showed different characteristics for each signal. These included the effective
kinetic energy, Teff ,c the angle between the event direction and the direction
to the Sun, cos θ�, and the volume weighted radial position, R3.d

cThe calculated equivalent kinetic energy of an electron.
dR3 = Rfit/RAV where Rfit is the event radius determined from the timing distribution

of PMT hits and RAV is the radius of the acrylic vessel.
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The detector model was used to perform Monte Carlo simulations of
all three neutrino interactions assuming Standard Solar Model (SSM)11

predictions for the flux and energies of 8B neutrinos. The major background
components were also simulated using this model. From these simulations,
binned Probability Density Functions (PDFs) were constructed in each of
the selected observable parameters.

3.3.1. Signal Extraction

Signal extraction involved an extended maximum likelihood fit to the data
with the binned PDFs (included in Fig. 3.3 and Fig. 3.4). By maximizing
a product of probabilities known as the likelihood function, the most likely
combination of signal components making up the data was obtained. The
likelihood function was parameterized to make efficient use of the informa-
tion available, and consequently, slightly different functions were used for
the different phases of the experiment. Using the D2O phase as an exam-
ple, the total number of neutrino events, ν, was expressed in the following
manner:

ν(Teff , R3, cos θ�) =
∑

i

Nifi(Teff , R3, cos θ�) (3.1)

where Ni is the number of events of each type i and fi is the probability
distribution for events of that type, normalized to unity. The sum is taken
over all signal types and over classes of background events for which PDFs
may be constructed.

The extended log likelihood then takes the form:

log L = −
∑

i

Ni +
∑

j

nj ln
(
ν(Teff , R3, cos θ�)

)
(3.2)

where j is the sum over all bins in the three signal extraction parameters
Teff ,R3, and cos θ�, and nj is the number of detected events in each bin.
The likelihood function was maximized over the free parameters, Ni, so
that the best fit point yielded the most likely number of events of each
signal type.

Ideally multi-dimensional PDFs would have been used to return the
probability that an event belonged to a given signal i given the values
of each observable. However, when a number of observable parameters
are used, this results in large multi-dimensional distributions which are
impractical to use and to produce with sufficient statistical sampling. For
this reason, the probability distributions, fi, were factorized into products
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of one, two- and three-dimensional PDFs (see Sec. 3.4 and Sec. 3.5 for more
details).

Statistical uncertainties for each fitted signal were obtained from the
fit directly, with 1σ uncertainties relating to the variation in a fit parame-
ter that caused the log-likelihood to decrease by 0.5. Other uncertainties,
caused by possible systematic differences between the data and simulated
events, such as energy scale and resolution, and angular and positional res-
olution, were also taken into account in the analysis. The magnitude of
all these systematic effects was determined by comparison of calibration
data and simulated calibration events. The effect of each systematic on the
fitted fluxes was then assessed by distorting the PDF observables by ±1σ

and repeating the fit. The change in each fit parameter with respect to the
fit with undistorted PDFs was taken as the 1σ uncertainty for each sys-
tematic. All the contributions to systematic uncertainty were then added
in quadrature.

3.3.1.1. Flux Calculations

The raw number of extracted events of each signal type, Ni, was con-
verted to a flux using the predicted number of events from the Monte Carlo
simulations:

Φi =
Ni

NMC
C. (3.3)

Here, Φi is the flux for signal i in units of 106 neutrinos cm−2 s−1, and
NMC is the number of Monte Carlo events of signal type i satisfying data-
selection criteria for a total simulated 8B flux of 106 cm−2 s−1. The factor C

accounts for small (of order 1%) differences between data and Monte Carlo,
such as livetime losses due to time-correlated cuts applied to the data and
corrections to the exact number of target electrons and deuterons.12

3.3.1.2. Spectrum Measurement

Since there is a correlation between the effective kinetic energy of an event
and the incoming neutrino energy for CC interactions, the energy PDFs
are model-dependent. Therefore, using energy PDFs derived from SSM
predictions in the signal extraction implicitly assumes that the spectrum of
electron neutrinos arriving at the detector is the same as that emitted by the
Sun. However, neutrino oscillations may manifest themselves as a change in
the shape of the electron neutrino energy spectrum, as well as a reduction
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in the electron neutrino flux. For this reason, an additional analysis was
performed on SNO data to extract an effective energy spectrum for the CC
events, the integral of which gave a model independent measure of the CC
flux.13

The spectrum analysis treated the number of CC events in each energy
bin as a separate parameter in the fit. Since the energy distribution of
NC events bears no information on the neutrino energy, Eν , the number of
NC events was still treated as a single fit parameter. Equation (3.1) then
becomes

ν(Teff , R3, cos θ�) =

∑
i

Nifi(Teff , R3, cos θ�) +
∑

j

(
Nbins∑
k=1

(
Njkfjk(R3, cos θ�)

))
(3.4)

where i is summed over signals with Eν-independent energy distributions
(i.e. NC, backgrounds), and j is summed over signals with Eν -dependent
energy distributions (i.e. CC). Njk is the number of events in energy bin k

for signal j and a separate PDF, fjk, was constructed for each energy bin
of signal j.

Systematic differences between data and simulated events can vary with
energy. For example, the chance of reconstructing an event vertex at the
wrong radius depends on the number of PMT hits in that event, and thus
on the event energy. Therefore, for the spectral analysis, energy dependent
systematic uncertainties were evaluated using calibration data at a range
of energies.

3.3.1.3. Day-Night Neutrino Flux Asymmetry

SNO was also in a position to test for possible MSW effects in the Earth.
This effect manifests itself as an asymmetry between day-time and night-
time fluxes of the CC and ES reactions measured in SNO. An asymmetry
could only occur in the NC flux if oscillations to sterile neutrinos were
induced. Therefore, the NC rate can be constrained to be the same through
day and night. This was achieved by fitting both day and night data sets
together, with one parameter describing the rate of NC events, but separate
parameters to describe the number of CC and ES events during the day
and the night. The asymmetry ratio is defined as

A =
N − D

(N + D)/2
(3.5)
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where N is the night time event rate and D is the day event rate. This ratio
has the advantage that many common systematic effects will cancel.

This measurement sounds simple but it can be complicated by variations
in the rate of background events, or changes in the PDF shapes between day
and night. There were a number of reasons for such systematic changes,
for example, the majority of work done in the underground laboratory
occurred during the day-time causing minor temperature variations and
changes to the lab power voltages, which had a slight effect on the energy
response of the detector. These, and many other effects, were considered
and careful checks were devised to assess the magnitude of any variations. A
solitary point of high background radioactivity on the acrylic vessel proved
particularly fortuitous for these studies. The origin of this so-called “hot-
spot” was uncertain, but the event rate was stable and provided an excellent
test for diurnal variations.

Due to the direction of incoming neutrinos, day-time and night-time
events were also likely to populate different detector regions. Therefore
rigorous checks for any anisotropies in the detector response were performed
using calibration data taken in a range of positions within the detector.14

3.4. Phase 1 D2O

The first phase of data taking commenced in November 1999 and continued
until June 2001. During this phase, which shall be referred to as the D2O
Phase, neutrons were detected through their capture on the deuterons
present in the heavy water. This capture occurred with about 30% effi-
ciency and produced a 6.25MeV gamma that subsequently Compton scat-
tered electrons to energies sufficient to produce Cherenkov radiation. Due
to the analysis threshold of an effective kinetic energy of 5 MeV, only ap-
proximetely half of these events are observed.

Figure 3.3 shows the three distributions used to separate the signals in
the D2O phase data, each scaled by the fitted number of events. Although
small correlations existed between these three parameters, the effects were
negligible and therefore, the probabilities were simply determined from the
product of the three sets of 1-dimensional PDFs. Plot (a) shows how the
observable cos θ� is strongly peaked away from the Sun for ES events, and
has a weak correlation for CC events. There is no correlation with the solar
direction for the NC reaction since the gamma from neutron capture bears
no information about the incoming neutrino.
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Fig. 3.3. Distribution of the D2O data in three observable parameters: (a) cos θ�,
(b) Radial variable R3 = (Rfit/RAV)3 (as in the caption of Figure 3.4) and (c) Ki-
netic energy, Teff . Also shown are the Monte Carlo predictions for CC, ES and NC
+ background neutron events scaled to the fit results, and the calculated spectrum of
beta-gamma background (Bkgd) events. The dashed lines represent the summed com-
ponents, and the bands in the lower plot show ±1σ statistical uncertainties from the
signal extraction fit. Reproduced from Reference 1.

The distributions of volume weighted event position, R3, shown in
Figure 3.3 (b), are normalized to the radius of the acrylic vessel. Since
the CC reaction only occurs on deuterons, it drops off at the acrylic vessel,
while the ES reaction occurs on any electron and is uniformly distributed
across the H2O region as well. The NC signal does not exhibit a uniform
distribution across the heavy water but decreases at higher radii. This is
because the thermal diffusion length for neutrons in D2O is long (∼120 cm)
and therefore neutrons produced nearer to the edge of the D2O volume
were likely to be captured on the hydrogen making up the acrylic vessel
and the water outside it.

Figure 3.3(c) shows the effective electron kinetic energy distribution,
Teff . For CC events, the strong correlation between the effective energy
and the incident neutrino energy produces a spectrum which resembles
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the initial 8B spectrum, while the recoil spectrum for the ES reaction is
much softer. The NC energy PDF indicates the resolution for observation
of the 6.25MeV gamma produced in every neutron capture and includes
neutrons from background events as well as NC signals. These background
contributions were evaluated independently and subtracted from the fit
result (see Ref. 1 for more details).

The beta-gamma background events clearly increase at radii approach-
ing the acrylic vessel, justifying the selection criteria of Rfit < 550 cm for
neutrino events. This background also increased sharply at low energies
so the criteria Teff > 5MeV was also applied. The small number of beta-
gamma background events remaining in the data set was determined from
detailed calibrations and calculations and subtracted in the fit.

The first published SNO analysis was actually performed above a thresh-
old of Teff = 6.75MeV on the first 241days of D2O data.15 Above this en-
ergy, the major components of the data were CC and ES events, since only
the tail of the neutron distribution could be seen. Assuming an undistorted
8B neutrino spectrum,16 fluxes of

φSNO
CC = 1.75 ± 0.07(stat.)+0.12

−0.11(syst.) ± 0.05(theor.)× 106 cm−2s−1

φSNO
ES = 2.39 ± 0.34(stat.)+0.16

−0.14(syst.) × 106 cm−2s−1

were obtained. However, since the statistics of the ES signal were fairly low,
the more precise measurement of the ES signal from Super-Kamiokande17

φSK
ES = 2.32 ± 0.03(stat.)+0.08

−0.07(syst.) × 106 cm−2s−1,

was used for comparison with the SNO CC measurement. The difference
between these two fluxes was 0.57 ± 0.17 × 106 cm−2s−1, violating the
hypothesis of no neutrino flavor change at the 3.3σ level – the first unam-
biguous demonstration of neutrino flavor change.

The final D2O data set, comprising 0.65 kiloton-years and a total of 2928
neutrino candidates, was analyzed above the 5MeV energy threshold for
the first neutral current flux measurement18 (For more details of the full
analysis see Ref. 1). The fits shown in Fig. 3.3 resulted in the following
neutrino fluxes, when the undistorted CC energy spectrum16 was assumed:

φCC = 1.76+0.06
−0.05(stat.)+0.09

−0.09(syst.) × 106 cm−2s−1

φES = 2.39+0.24
−0.23(stat.)+0.12

−0.12(syst.) × 106 cm−2s−1

φNC = 5.09+0.44
−0.43(stat.)+0.46

−0.43(syst.) × 106 cm−2s−1

The flux of neutrinos measured by φNC was in agreement with the predic-
tions of standard solar models and significantly larger than that measured
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by φCC . The non-electron neutrino component, derived from a fit assuming
both electron and non-electron active neutrino fluxes was

φν,τ = 3.41+0.45
−0.45(stat.)+0.48

−0.48(syst.) × 106 cm−2s−1.

This result violates a hypothesis of no other detected neutrino flavors at
the 5.3σ level, providing clear evidence for neutrino flavor change. Day-
night asymmetries were also determined from the D2O data, as shown in
Table 3.2. These data were analyzed in the context of two-flavor neutrino
oscillations to produce MSW exclusion plots and limits on neutrino flavor
mixing parameters. The results of a χ2 fit to SNO and other solar neutrino
experimental data was found to strongly favor the LMA-mixing scenario
(see Ref. 19 for more details).

Table 3.2. Day-night flux asymmetries determined from the D2O, salt
and combined SNO data sets (with statistical and systematic errors).

Asymmetry (%)

Signal SSM spectral shape Shape unconstrained

No constraint ANC = 0 ANC = 0

φD2O
CC +14.0 ± 6.3+1.5

−1.4 φe = +7.0 ± 4.9+1.3
−1.2 –

φD2O
ES −17.4 ± 19.5+2.4

−2.2 – –

φD2O
NC −20.4 ± 16.9+2.4

−2.5 – –

φsalt
CC −2.1 ± 6.3 ± 3.5 −1.5 ± 5.8 ± 2.7 −3.7 ± 6.3 ± 3.2

φsalt
ES +6.6 ± 19.8 ± 5.7 +7.0 ± 19.7 ± 5.4 +15.3 ± 19.8 ± 3.0

φsalt
NC +1.8 ± 7.9 ± 5.2 – –

3.5. Phase 2 Salt

In June 2001, two tonnes of NaCl were added to the D2O for the Salt Phase
of the experiment in which neutrons were detected through their capture
on chlorine nuclei. Neutron capture on chlorine not only occurs with a
higher efficiency than capture on deuterium (nearly a factor of three), it
also releases more energy so that the distribution of NC events can be
more easily distinguished from the low energy backgrounds. The 8.6MeV
released in each neutron capture is typically distributed among a number
of gammas, unlike capture on deuterium which releases a single gamma,
and thus results in a more isotropic distribution of Cherenkov light.

For this reason an additional parameter, β14, was introduced for signal
extraction purposes (see Ref. 12 for a full definition). This parameter is a
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measure of the isotropy, or uniformity of the distribution of triggered PMTs
in each event. A number of parameterizations of isotropy were considered,
but β14, a combination of Legendre polynomials of the angle between each
pair of PMT hits from the event vertex, was selected for its separation
power and simple parameterization. In the D2O phase, the CC and ES
events produced a single primary electron, and the NC events produced a
single gamma-ray, hence all three signals showed very similar distributions
in β14. However, in the salt-phase, isotropy was an effective separation
tool for neutron events as shown in Fig. 3.4(a). Again it was impossible to
distinguish between NC events and neutron backgrounds originating inside
the D2O so these contributions were evaluated separately and subtracted
from the fitted neutrons.

The higher capture efficiency on 35Cl also caused a larger background
from neutrons originating outside the detector. However, the shorter ther-
mal neutron diffusion length meant this background exhibited a character-
istic distribution in R3, which increased at higher radii and was used to sep-
arate the external neutron background statistically in the fit. Other back-
ground contributions, such as gamma-rays from the acrylic vessel, PMTs
and H2O are also shown in Fig. 3.4(c). These distributions were included in
the fit as well, although additional information from analyses in an energy
window below the neutrino-analysis threshold was used to constrain the
magnitude of these components.

Figure 3.4 also shows the predicted distributions in the other parame-
ters used to separate the signals in the salt data. Comparison with Fig. 3.3
shows that for the salt phase the mean energy for NC events was increased
and that the NC radial distribution became significantly flatter for salt-
data, due to the higher capture efficiency for neutrons. The cos θ� distri-
bution still provided good separation for ES events.

Simulation and calibration studies showed that the parameter β14 is cor-
related with Teff , and to a lesser extent with R3. Therefore, to avoid biases
in the signal extraction it was necessary to account for these correlations
with multi-dimensional PDFs:

fi(Teff , β14, R
3, cos θ�) = Pi(Teff , β14, R

3) · Pi(cos θ�|Teff , R3). (3.6)

Here the first factor is a 3-dimensional PDF, whilst the second is the condi-
tional PDF for cos θ� given Teff and R3 to account for the slight correlations
of cos θ�.

Another background contribution, specific to the salt phase arose from
the activation of Na to produce 24Na, which has a half-life of 15 hours.
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Fig. 3.4. Distribution of the salt data in four observable parameters: (a) β14, a measure
of event isotropy, (b) cos θ�, (c) Radial variable ρ = (Rfit/RAV )3 and (d) Kinetic Energy.
Also shown are the Monte Carlo predictions for CC, ES, neutron events (including the
NC signal) and External neutrons, scaled to the fit results. Additional background
contributions are also shown on the radial plot. Reproduced from Reference 12.

To avoid the backgrounds from 24Na, resulting from neutron activation
during calibration, a period of data following each calibration was removed
from the data set. However, events from 24Na were a useful additional
means of calibrating the detector, so at one point a strong neutron source
was introduced into the detector to activate the salt specifically for this
purpose.

As for the D2O phase, selection criteria were applied to the observable
parameters to minimize the systematic uncertainties associated with back-
grounds, especially low energy backgrounds external to the D2O. For the
salt-data, analysis cuts of R < 550 cm and Teff > 5.5MeV were applied.

The salt was removed from the SNO detector in October 2003 after 391
live days of salt data had been collected. Due to the additional separation
power of the isotropy parameter, signal extraction could be performed with-
out constraints on either the CC or ES energy distributions to test the shape
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of the CC spectrum. The resulting spectrum is shown in Fig. 3.5 compared
to the spectrum predicted for both the undistorted SSM and that expected
with LMA oscillations. The spectrum obtained was consistent with both
models. Since the difference between the two predicted spectra is most ap-
parent at low energies, future studies will focus on a low-energy-threshold
analysis of SNO data and the reduction of systematic uncertainties.

Fig. 3.5. CC spectrum extracted from the salt data set with statistical uncertainties
(points) compared to two predicted spectra: the undistorted SSM prediction and that
expected with LMA oscillations. The band on the undistorted prediction represents the
1σ uncertainty determined from detector systematic uncertainties. Reproduced from
Reference 12.

The energy-unconstrained fit resulted in the following fluxes for each
signal, with a noticeable improvement over the D2O phase for the precision
of the NC measurement.12,20

φCC = 1.68+0.06
−0.06(stat.)+0.08

−0.09(syst.) × 106 cm−2s−1

φES = 2.35+0.22
−0.22(stat.)+0.15

−0.15(syst.) × 106 cm−2s−1

φNC = 4.94+0.21
−0.21(stat.)+0.38

−0.34(syst.) × 106 cm−2s−1

More precise day-night asymmetries were also obtained as shown in
Table 3.2 for scenarios with the CC spectral shape both constrained and
unconstrained.
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Fig. 3.6. The layout of the NCD array in the heavy water. The numbers give the
NCD length in meters and the position of 4He counters are also indicated. The dotted
lines indicate the maximum AV radius and the radius of the neck. Reproduced from
Reference 21.

3.6. Phase 3 Neutral Current Detection Array

The third and final phase of SNO, the NCD phase, used a detector system
to measure the neutrons produced in the NC reaction independently of the
PMT array: the Neutral Current Detection array (NCD).

The NCD system consisted of an array of proportional counters made
from ultra-pure nickel and filled with 3He gas. Neutrons were observed
through ionization produced in the proportional counter due to the follow-
ing reaction:

3He + n → 3H + p + 764 keV. (3.7)

3.6.1. The Counter System

The layout of the array is shown in Fig. 3.6.21 Also shown in this figure
are the positions of four 4He counters used to check the understanding of
backgrounds in the NCDs. The proportional counters, 5 cm in diameter
and several meters long (consisting of 3 or 4 separate volumes), were dis-
tributed throughout the inner region of the SNO heavy water volume. This
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geometry was an optimization between the loss of Cherenkov light observed
by the PMT array and the neutron capture efficiency of the array. In this
configuration, the NCD array captured about 26% of the neutrons, with
nearly 100% detection efficiency. The D2O captured approximately 17% of
the neutrons, but the detection efficiency for neutron capture on D2O was
only about 50% of this because of the energy threshold restriction on the
Cherenkov light from the 6.25MeV gammas. Light from the Cherenkov
events in the centre of the detector was only attenuated by about 8% by
the array of NCDs.

This configuration ensured that the NC signal was effectively separated
from the CC and ES measurement. This meant the systematic error of this
measurement is uncorrelated with the previous two phases, making it an
“independent” measurement to confirm the previous results from SNO.

The NCD array was read out by two separate systems. A fast shaper-
ADC system read out only the total charge deposited and a slower
digitizing-oscilloscope system measured the full signal shape after it crossed
a preset threshold.

3.6.2. The Backgrounds

Instrumental backgrounds in the NCDs, due to micro-discharges, noise, and
oscillatory noise, occurred at a rate of approximately 0.3Hz. These pulse
shapes were easily distinguished from physics events.

The internal background for the NCD phase was the same as in the
D2O phase: the neutrons produced in the D2O by the U- and Th-chain.
However, the NCD array could also have contained these elements, adding
to this background. In order to limit the photodisintegration neutron pro-
duction rate from the full NCD array to less than 2% of the NC production
rate, the NCD bodies had to contain less than 0.5µg of 232Th and less than
about 4µg of 238U in the entire array. To reach the required cleanliness,
the NCDs were designed and built by the SNO collaboration using low-
radioactivity materials, especially the bodies of the counters, which were
made of nickel, purified through a chemical-vapor deposition process. After
construction, the NCDs were transported to Sudbury and brought under-
ground as quickly as possible to maximize the amount of cool down of
cosmogenic activity, which could cause signals at similar energies to those
from neutron capture on 3He. This reduced the expected cosmogenic ac-
tivity to less than 10−6 events per day.
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Radioactivity in the counters themselves also caused a direct back-
ground: α-activity in the nickel walls of the counters could cause signals
similar to those from neutron-capture on 3He. 210Po, deposited by 222Rn
in the air,e which produces a 5.3MeV alpha, was particularly important in
this case. Only a small fraction of α-decays caused a signal in the energy re-
gion where the neutron peak occurred. In the final analysis, the distinctive
shape of the neutron-capture energy spectrum from the alpha background
will be used to extract the NC interaction rate. The additional information
available in the digitized pulses will also give an extra handle to separate the
signals from neutrons and those from alphas. External neutrons, produced
by photo-disintegration of deuterons by gammas originating from sources
external to the SNO D2O volume were only captured in a few percent of
the cases.

3.6.3. The Installation of the NCD System

Due to the physical limitations posed by the SNO cavern, only counter-
segments shorter than 5.5m could be lowered into the neck of the acrylic
vessel. The NCD strings had to be welded in the extremely clean envi-
ronment of the SNO underground laboratory. Next, a remotely-operated
submersible vehicle (ROV) was used to maneuver each string to a pre-
installed anchor point. After this, the NCD string was tested using an
AmBe neutron calibration source. The final step of installation was to se-
cure the high-voltage/signal cable. NCD deployment began in December,
2003 and the last string was deployed in February, 2004. Commissioning of
the NCD array proceeded until November, 2004.

3.6.4. Data-Taking Period

The successful data-taking period of the third phase of SNO continued un-
til November 2006. During this period, the calibration of the PMT array
continued in the same manner as in the previous phases. The calibration
of the NCD array was performed using a 252Cf source, and several AmBe
sources. Due to the complex geometry, and therefore very complex neutron
capture profile of the detector, a new calibration was devised. Based on
the successful use of 24Na events for calibration in the salt-phase, a small
quantity of activated brine was put in the center of the SNO detector and
compared to the 252Cf source. This technique gave a source of neutrons
eThe levels of 222Rn are considerably higher in the mine air than in air above ground.
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geometrically very similar to the NC-flux with an accurately known
strength. The analysis of the data taken during this phase is still ongo-
ing at the time of writing.

3.7. Conclusions

The SNO experiment has been extremely successful so far, having unam-
biguously proved solar neutrino flavor change and solved the long-standing
solar neutrino problem. Further results from the NCD phase, a combined
analysis of all three phases, and a spectral measurement for a low-energy
threshold can be expected in the future. The most precise flux measure-
ments so far, from the salt phase, are shown in Fig. 3.7 in terms of νe and
non-νe (φµτ ) fluxes.12 The bands showing the fluxes, with 1σ uncertain-
ties for each of the three signal types have different gradients due to the
different sensitivities to non-electron neutrinos. The diagonal NC band is
in good agreement with standard solar model22 predictions (dashed band)
and the intercept, for which 68%, 95% and 99% error contours are shown,
can be used for the best estimate of the φµτ flux which is clearly non-zero,
confirming the flavor change of solar neutrinos.

These results can be analyzed in terms of neutrino oscillations with the
CC/NC flux ratios placing strong constraints on the allowed values of θ12.
Other parameters, such as day-night asymmetry, have more sensitivity to
the value of ∆m2

12.23 Day-night analyses, performed on both the D2O and
salt data12,14,19 result in a combined day-night asymmetry in the electron
neutrino flux of

Ae = 0.037 ± 0.040 (3.8)

under the assumption of undistorted CC energy spectra and no NC asym-
metry. This result is consistent with no day-night effect and also with the
small effect predicted for LMA oscillations.

The flux, spectrum and day-night results obtained from both the D2O
and salt phases were used in a χ2 analysis of MSW parameter space, in
which ∆m2 and tan2 θ for two-flavor oscillations were free parameters (see
Ref. 12 for more details). The total 8B flux, φB , was also allowed to float
in this fit, which resulted in the best-fit parameters:

∆m2
12 = 5.0 × 10−5 eV2, tan2 θ12 = 0.45, and φB = 5.11 × 106 cm−2s−1.

These results favored the LMA mixing solution but did not exclude other
regions of MSW parameter space as shown in Fig. 3.8 (left). When data
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from other neutrino experiments, including Super Kamiokande’s solar neu-
trino zenith spectra and KamLAND’s (see Chapter 4) 766 ton-year data,24

were included in the χ2 analysis, all parameter space except the LMA-
mixing region was excluded as shown in Fig. 3.8 (right), and the allowed
mixing parameters were tightly constrained. Inclusion of the SNO data also
eliminated all solutions where tan2 θ > 1, thus setting the mass hierarchy
to be m2 > m1.

To obtain the results reviewed here, SNO had to overcome significant
technical difficulties. The creation of the large underground cavern, the
construction of the SNO acrylic vessel, and the creation of a very clean
environment and detector at 2 km depth in a operational nickel mine were
all unique technical challenges that had never been attempted on this scale
before. Furthermore, without the development of new, highly sensitive, low-
level radiation background measurements and novel calibration techniques,
the groundbreaking physics measurements presented here would have been
impossible.
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The discovery of flavor transformation in atmospheric, solar, and accel-
erator neutrinos has provided unambiguous evidence that neutrinos have
mass and mix flavors. Data obtained in the past decade have revolution-
ized our understanding of neutrinos and provided the first evidence of
physics beyond the Standard Model. In the long history of reactor neu-
trino physics, KamLAND has added to these recent discoveries the first
direct observation of reactor νe disappearance, the evidence of spectral
distortion as a signature of neutrino oscillation, and provided terrestrial
confirmation for neutrino oscillation as the solution to the solar neutrino
problem. With its long baseline of ∼175 km KamLAND makes the most
precise determination of the mass splitting ∆m2

12 and, together with
the solar neutrino experiments, has determined under the assumption of
CPT invariance the oscillation parameters to unprecedented precision:
∆m2 = 7.9+0.6

−0.5 × 10−5 eV2 and tan2θ = 0.40+0.10
−0.07 . Besides the mea-

surement of the reactor νe flux, KamLAND has also observed geological
antineutrinos from inside the Earth and set limits on the νe flux from
the Sun. By purifying its liquid scintillator target and reducing internal
detector backgrounds, KamLAND is preparing for the direct observation
of low-energy, 7Be solar neutrinos that may allow the first direct test of
the MSW mechanism of solar neutrino oscillation.
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4.1. Neutrino Physics at Reactors:
From the Discovery of νe to Nuclear Non-Proliferation

From the first direct observation of the antineutrino by Reines and Cowan in
19561 to the searches for neutrino oscillation at the Institut Laue-Langevin
(ILL), Goesgen, Bugey, Krasnoyarsk, Palo Verde, and CHOOZ,2–6 reactor
neutrino experiments have played a key role in the history of neutrino
physics. Experiments at reactors have placed the best laboratory limit
on the neutrino magnetic moment7 and provide the best limit on the yet
unknown neutrino mixing angle θ13.6 Reactor antineutrinos have also found
an application in recent efforts to remotely monitor the fuel composition
of nuclear reactors for non-proliferation purposes by measuring the time-
dependent variation of the νe flux and spectrum.10

The pure electron flavor content of the antineutrinos produced in the
β-decay products of the fission isotopes make nuclear reactors a desirable
source for neutrino studies. The Sun and nuclear reactors are two of the
few sources that provide pure flavor beams of neutrinos free of other con-
tamination. Reactor experiments use the electron antineutrinos resulting
from the decay of fission products. Solar neutrino experiments use the pure
νe flux from the Sun’s fusion reactions and β-decays. The vastly different
baselines and environments of reactor and solar experiments allow them to
probe both the propagation of neutrinos through vacuum and the neutrino
interaction with matter.

Nuclear power plants emit copious numbers of νe. They are produced
in the decay of the fission products inside the reactor.16 Fission products
are generally neutron rich nuclei that can undergo successive β-decays, each
yielding one νe. Each fission produces on average 6 νe’s with an accompa-
nying energy release of ∼200 MeV. A typical nuclear power plant operating
at 3 GW thermal output produces on average 7 × 1020 νe’s per second.
The intensity of the antineutrino flux from reactors and its flavor content
make it a unique laboratory for the study of neutrino properties. From
the energy release and the nuclear fuel composition of a reactor, the total
number of electron antineutrinos emitted from the nuclear reactor can be
predicted. Due to the small cross-section, antineutrinos leave the reactor
core isotropically. Knowing the total number of νe’s emitted from the core,
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we can predict the expected νe flux and interaction rate at any distance
from the reactor. Over time the nuclear fuel composition of reactors change
as neutron absorption and beta decay lead to nuclear transmutation. This
is taken into account in a detailed analysis of the νe flux calculation from
nuclear reactors. Four isotopes, 235U, 238U, 239Pu, 241Pu contribute more
than 99.9% to the total power generation of a reactor. Contributions from
other elements are usually ignored.16

Over the past five decades a series of reactor experiments with increasing
baselines have searched for electron antineutrino disappearance as a signa-
ture of neutrino oscillation. Detectors filled with liquid scintillator were
placed near nuclear plants at distances from tens of meters up to about one
kilometer to measure the flux of νe emitted from the nuclear reactor. For
all experiments up to a distance of 1 km from the reactor, the observed
reactor νe flux was found to be consistent with the expectations from no
oscillations. This ruled out νµ ↔ νe as an explanation for the atmospheric
neutrino anomaly.5,6

As early as 1967 Bruno Pontecorvo suggested that lepton flavor may
not be conserved and neutrinos might change flavor.8 Existence of neutrino
mass directly implies flavor transformation through oscillation. For reactor
antineutrinos created in the electron flavor state, the survival probability
is to a good approximation given by

P (νe → νe) � cos4 θ13

(
1 − sin2(2θ12) sin2 ∆m2

12L

4Eν

)
(4.1)

where L is the distance the neutrinos travel and Eν is the (anti)neutrino
energy. Reactor neutrinos typically have a mean energy of ∼4 MeV. Matter
effects that arise in the interaction of neutrinos with the electrons inside
matter29 are usually negligible for reactor neutrinos.

4.2. The KamLAND Detector

Following the observation of the zenith angle dependence of atmospheric
neutrinos in Super-Kamiokande11 (See Chapter 2) and the discovery of the
solar neutrino flavor transformation at SNO12 (See Chapter 3), the Kam-
LAND experiment started data taking in 2002 to make a measurement of
the integrated flux of νe’s from all nuclear power plants in Japan. The
KamLAND experiment is located at 36◦ 25’ 26” N, 137◦ 18’ 43” E, approx-
imately 1,000 m below the summit of Mt. Ikenoyama in the Gifu prefecture,
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Japan, with an average rock over burden of 2,700 m.w.e. It occupies the
site of the original Kamiokande experiment.

KamLAND is a high resolution liquid scintillator detector designed to
observe reactor antineutrinos from nuclear power plants in Japan. It con-
sists of 1 kton of ultra-pure liquid scintillator contained in a 13-m-diameter
spherical balloon made of 135-µm thick transparent nylon/EVOH compos-
ite film. The balloon is supported and constrained by a network of Kevlar
ropes. The liquid scintillator is a mixture of 80% dodecane, 20% pseu-
documene, and 1.52 g/l of PPO as a fluor. The balloon is housed in a
18m diameter stainless steel vessel inside a cavity filled with water. A
buffer region of dodecane and isoparaffin oils in between the balloon and
the stainless steel containment vessel shields the liquid scintillator target
from external radiation. Methods for water extraction and nitrogen bub-
bling were used to purify the liquid scintillator and buffer oil during the
filling of KamLAND.

Antineutrinos from the decays of fission products in a nuclear reactor
interact with the protons in the scintillator through the inverse beta reac-
tion νe+p → e++n with a 1.8 MeV energy threshold. The cross-section for
this inverse beta-decay process is well established17. The scintillation light
from the prompt e+ annihilation gives an estimate of the incident νe energy.
Neglecting the small neutron recoil, the positron energy and the νe energy
are related through Eνe

� Ee+ + 0.8 MeV, where Ee+ is the kinetic energy
of the positron plus the e+e− annihilation energy. Electron antineutrinos
are detected through the coincidence signature of positron annihilation fol-
lowed by neutron capture on protons. The mean neutron capture time is
typically 200 µsec. Neutron capture on protons produces a deuteron and a
2.2 MeV γ-ray. On average neutrons are captured within 9 cm. Some 1325
17-inch and 554 20-inch photomultipliers (PMT’s) mounted on the inside of
the 18-m steel containment vessel are used to detect the scintillation light
following the positron annihilation and neutron capture. The spatial and
temporal correlation of the prompt and delayed events is used to discrim-
inate events from radioactive backgrounds and other sources. A 3.2 kton
water Cherenkov detector surrounds the spherical containment vessel. It
shields the inner detector from γ-rays and neutrons from the surrounding
rock and, with an efficiency of over 92%, is used to identify muons entering
the detector. Figure 4.1 shows a cross-section of the KamLAND detector.
With this detector configuration KamLAND has a photocathode coverage
of 34%, including both the 17-inch and 20-inch PMT’s, with a combined
energy resolution of 6.2%/

√
E(MeV). The detector triggers when 200 of
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Fig. 4.1. Technical drawing of the KamLAND detector.13 Reproduced from Refer-
ence 14.

the 17-inch PMT’s register hits, which corresponds to about 0.7 MeV at
the detector center. The trigger efficiency close to 100%.

The principal contribution to the reactor νe flux measured by Kam-
LAND comes from 53 Japanese power reactors. The flux of νe from a
reactor a at distance L from KamLAND is approximately proportional to
the thermal power flux, Pth/4πL2, where Pth is the reactor thermal power.
Most reactors are located within a distance range of L = 175± 35 km from
KamLAND. Given this spread of distances and the relation between the
mass, the survival probability and the distance the neutrino travels, shown
in Eq. 4.1, KamLAND is most sensitive to neutrino oscillations correspond-
ing to a splitting of the neutrino mass eigenstates of ∼ 3× 10−5 eV2. This
provides KamLAND with good conditions to confirm the solar νe oscilla-
tion observed in SNO12 with terrestrial νe. The expected νe flux from the
Japanese reactors is calculated from the reactor operation data, including
thermal power generation, fuel burn up, exchange and enrichment records.
The expected flux is calculated using fission rates and νe spectra. The
νe contribution from Japanese research reactors and all reactors outside
Japan is 4.5%, and we assume that these reactors have the same average
fuel composition as the Japanese power reactors. The averaged relative
fissions yields for the first run period of the KamLAND experiment was
235U : 238U : 239Pu : 241Pu = 0.568 : 0.078 : 0.297 : 0.057.
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Fig. 4.2. Ratio of the measured to expected νe flux from reactor experiments. The solid
dot is the KamLAND measurement at a flux-weighted average distance. It falls into the
region of flux predictions (shaded) corresponding to the 95% CL region found in a global
analysis of the solar neutrino data. The dotted line is representative of a best-fit LMA
prediction. Reproduced from Reference 14.

4.2.1. Observation of Reactor Antineutrino Disappearance

KamLAND began data taking in early 2002. With an exposure of 162 ton-
yr corresponding to 145.1 days of data taking, KamLAND reported first
results.14 It measured 54 events compared to an expectation of 88.4 events.
The ratio of the number of observed νe candidate events minus backgrounds
to the expected number of νe events was found to be

Nobserved − Nbkgd

Nexpected
= 0.611± 0.085(stat.)± 0.041(syst.) (4.2)

This result demonstrated for the first time reactor νe disappearance at
the 99.95% confidence level and confirmed that the so-called large-mixing
angle (LMA) solution preferred by data from the solar neutrino experi-
ments is the solution to the solar neutrino problem. Figure 4.2 shows the
measurement of the reactor neutrino flux by KamLAND with 162 ton-yr
of exposure in 2002 along with past reactor νe flux measurements. The
shaded region of Fig. 4.2 indicates the range of flux predictions correspond-
ing to the 95% C.L. region found in a global analysis of the solar neutrino
data at that time. The dotted curve corresponds to and is representative
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of a best-fit LMA prediction. With this measurement KamLAND found
the first evidence for reactor νe disappearance at high confidence level and
confirmed with terrestrial neutrinos the oscillation solution preferred by a
global fit to all solar neutrino data.14

4.3. Spectral Distortion as a Signature of
Neutrino Oscillation

Two years after the discovery of reactor antineutrino disappearance, Kam-
LAND reported on a precision measurement of the reactor νe flux with
higher statistics.15 With 766 ton-year of exposure corresponding to a three-
fold increase in exposure and a 33% increase in the usable fiducial volume
over the first results, the experiment observed 258 νe candidate events com-
pared to the 365.2 events expected in the absence of oscillations. With this
exposure it became possible to make a detailed analysis of the prompt en-
ergy spectrum. The data increased the statistical significance for reactor νe

disappearance to 99.998% from the difference in the expected and observed
νe rate. Furthermore, a detailed analysis of the energy spectrum showed
that the observed shape of the prompt energy spectrum is inconsistent with
the expected spectral shape at 99.6% CL. Figure 4.3 shows the measured
prompt energy spectrum of νe above 2.6 MeV compared to expectations
and estimated backgrounds. We note that the measured spectrum is not
only suppressed, but its shape differs from the expected spectrum. Above
the analysis threshold the possible contributions from accidental and other
backgrounds is small. The energy-dependent distortion of the prompt en-
ergy spectrum is direct evidence of an energy-dependent νe disappearance
mechanism. The model of neutrino oscillation fits the data well. Together,
the observed νe rate difference and spectral distortion reject the hypothesis
of no oscillation at 99.999995% C.L.

Below the analysis threshold of 2.6MeV, backgrounds dominate the
prompt energy spectrum. Natural low-energy radioactive backgrounds in
the detector and its construction materials contribute to the uncorrelated
accidental background. One source of correlated backgrounds comes indi-
rectly from the α-decays of the radon daughter 210Po in the liquid scintilla-
tor. The 5.3 MeV α-particle is quenched below threshold but the secondary
reaction 13C(α, n)16O produces events above 2.6 MeV. Figure 4.3 shows the
contribution of this background to the observed prompt energy spectrum.
Also, geo-neutrinos from the decay chains of 238U and 232Th contribute to
the observed signal in the region between ∼1–3 MeV. Since much of the



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

78 K. M. Heeger

Fig. 4.3. Left panel: Prompt event energy spectrum of νe above 2.6 MeV observed
in KamLAND and associated background spectra. The shaded band indicates the sys-
tematic error in the best-fit reactor spectrum. The hatched-shaded region shows the
13C(α,n)16O background. The spectrum from accidentals is shown in grey and peaks
in the lowest energy bin. Spallation is only a very small contribution to the spectrum.

Right panel: Ratio of the observed νe spectrum to the expectation for no-oscillation
versus L0/E, where L0 is the flux-weighted average distance to the reactors. The curves
show the expectation for the best-fit oscillation, best-fit decay, and best-fit decoher-
ence models. The oscillation model matches the observed L0/E or spectral distortion
best.14,15

spectral distortion in the prompt energy spectrum of reactor νe’s is ex-
pected between 2–4.5MeV, efforts are underway to extend the KamLAND
analysis to lower energies. A lower analysis threshold will allow KamLAND
to perform a combined geo- and reactor neutrino analysis of the data set.
Possible improvements in the sensitivity of the neutrino oscillation param-
eters and in the geo-neutrino studies may be limited by the 13C(α, n)16O
background. Removal of this background requires the purification of the
liquid scintillator. Section 4.6 describes this goal of the KamLAND low-
background phase in more detail.

With the data collected from 2002–2004,15 the measurement of the νe

flux at KamLAND is systematics limited. The total uncertainty is 6.5%.
Table 4.1 summarizes the contributions to the systematic uncertainty. It
is dominated by the knowledge of the fiducial volume of the detector, the
energy scale near the threshold, and the knowledge of the thermal power
output from the reactors. The fiducial volume is established using a radial
cut on the reconstructed event position of R = 5.5m. The position and
energy reconstruction of events in the detector is checked with optical and
radioactive calibration sources deployed along the central, vertical axis of
the detector. Energy- and position-dependent reconstruction biases impact
the determination of the position vertex and the fiducial target volume.
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Table 4.1. Systematic uncertainties in KamLAND’s measurement
of the νe flux and spectrum.15

Fiducial volume 4.7% Reactor power 2.1%
Energy threshold 2.3% Fuel composition 1.0%
Efficiency of cuts 1.6% νe spectra16 2.5%
Livetime 0.06% Cross-section17 0.2%

Total systematic uncertainty 6.5%

Without source calibration data near the fiducial volume boundary and
throughout the detector volume, the current analysis of the KamLAND νe

data leaves room for improvement in the fiducial volume determination.
To reduce the fiducial volume uncertainty and to enable the calibration of
the detector response throughout the entire fiducial volume, the collabora-
tion developed a 4π calibration system. This system was commissioned in
2005–2006 and allows the placement of radioactive sources throughout the
detector. Energy and vertex reconstruction algorithms used in the Kam-
LAND analysis can be tested directly with the 4π calibration. This system
will be an invaluable tool in reducing the fiducial volume systematics and
fully understanding the detector response. An extensive calibration of the
detector was performed in 2006 and early 2007 and an improved analy-
sis of the reactor νe data with more statistics and reduced systematics is
underway.

Assuming CPT invariance, a global analysis of data from KamLAND
and the solar neutrino experiments is used to determine the oscillation
parameters ∆m2

12 and θ12. Together KamLAND and the solar neutrino ex-
periments reject all but the large-mixing angle MSW solution. The spectral
distortions observed in KamLAND are a unique signature of the energy-
dependent oscillation effect and yield a precise measurement of the mass
splitting ∆m2

12 between the eigenstates involved. The solar neutrino exper-
iments measure precisely the total amount of neutrino flavor transformation
and provide the best constraint on the mixing angle θ12. Figure 4.4 shows
the results of KamLAND’s measurement (shaded) overlaid with the results
of the solar neutrino experiments (black dashed lines) and the combined
contours derived from a global analysis of all experiments.
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Fig. 4.4. Left panel: Neutrino oscillation parameter regions from KamLAND an-
tineutrino data (shaded regions) and solar neutrino experiments (lines). Right panel:
Combined two-neutrino oscillation analysis of KamLAND and the observed solar neu-
trino fluxes under the assumption of CPT invariance. The best-fit parameters are
∆m2 = 7.9+0.6

−0.5 × 10−5 eV2 and tan2θ = 0.40+0.10
−0.07. Reproduced from Reference 15.

4.4. Toward a Precision Measurement of ∆m2
12 and θ12

With its long baseline KamLAND is uniquely positioned to provide the best
possible measurement of ∆m2

12 for the foreseeable future. To further re-
duce systematics and improve the precision of the reactor νe measurement,
KamLAND is taking steps to improve its detector calibration and reduce
the internal detector backgrounds. The 4π calibration system is the last
major upgrade to the KamLAND detector prior to the scintillator purifica-
tion and the low-background phase. It allows the calibration of the entire
detector volume away from the central z-axis with a variety of radioactive
sources and provides a direct test of the vertex and energy reconstruction
at radii out to R = 5.5 m near the fiducial volume boundary. An example
of a typical 4π calibration run is shown in Figure 4.5. Radioactive sources
(60Co, 68Ge, and AmBe) were moved around the entire detector volume to
map out the detector response in θ, φ, and r. It is found that the position
reconstruction in KamLAND is energy dependent which is likely an artifact
of the treatment of the optical response, in particular the speed of light and
attenuation length, in the different detector zones. With a thorough cali-
bration of the detector response and careful analysis of the 4π calibration
data, it is expected that the fiducial volume uncertainty can be reduced
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from 4.7% to 1–2%. With additional improvements in understanding the
energy scale, a total systematic uncertainty of about 3–4% may be achiev-
able. Key to the interpretation of the 4π calibration data is the precise
knowledge of the source position. The determination of the fiducial volume
at a radius of R = 5.5 m is directly related to the positioning accuracy of the
calibration system, or the precision of the relative position of calibration
sources throughout the fiducial volume.

Further improvements in the oscillation analysis will be gained from
the reduction of internal detector backgrounds, in particular the correlated
backgrounds from 13C(α, n)16O, and a lower analysis threshold. A new pu-
rification system for the liquid scintillator was constructed in the Kamioka
mine and started operation in spring 2007. Projections show that the sen-
sitivity of KamLAND to θ12 may reach similar precision to that obtained
in solar neutrino experiments (see Figure 4.5). A high-precision measure-
ment of both ∆m2

12 and θ12 with KamLAND together with the latest solar
neutrino result will make it possible to make a direct comparison of the os-
cillation parameters and test the CPT invariance of neutrinos by comparing
the measurement of θ12 with solar νe and reactor νe.

Fig. 4.5. Left panel: Reconstructed position of 60Co calibration data taken with the
4π calibration system throughout the entire fiducial volume. Right panel: Currently
allowed oscillation parameters from a global analysis of reactor+solar neutrino exper-
iments (shaded) and projected contours from KamLAND only (solid black lines) after
calibration with the 4π system. Improved calibration and better understanding of the
energy response and vertex reconstruction as a function of θ, φ, and r in the detector
will yield an improved measurement of ∆m2

12 and θ12.
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4.5. Other Neutrino Physics with KamLAND

The discovery of neutrino oscillation in the solar, atmospheric, and accel-
erator experiments and the observation of reactor νe disappearance with
KamLAND has led to a revolution in neutrino particle and astrophysics. In
particular, we have learned that the neutrino flavor and mass eigenstates
are related through UPMNS , the neutrino mixing matrix. The determina-
tion of the neutrino oscillation parameters, the mass splittings ∆m2

ij and
the mixing angle θij , have been of primary interest. However, neutrino os-
cillation also plays an important role in other aspects of neutrino physics to
which KamLAND has contributed. This section illustrates the relationship
among neutrino oscillation measurements, neutrino magnetic moments, and
neutrino mass measurements. For a discussion of KamLAND’s measure-
ment of geo-antineutrinos we refer the reader to References 23.

Antineutrinos from the Sun and Other Sources
The data from KamLAND and the solar neutrino experiments strongly

favor neutrino oscillation as the model to explain the solar neutrino prob-
lem. Assuming CPT invariance the observation of νe disappearance by
KamLAND combined with direct measurements of the solar neutrino flux
indicate that the oscillation parameters lie in the MSW LMA region.12,15

However, other flavor-changing mechanisms have not been excluded from
playing a sub-dominant role. For example, non-zero transition magnetic
moments19 can lead to a transformation of νe into νµ or ντ in the presence
of strong magnetic fields.19 These neutrinos can in turn evolve into νe via
flavor oscillation. Such a scenario is conceivable for neutrinos emitted from
the core of the Sun where strong magnetic fields are present and the fusion
reactions and beta-decays produce neutrinos in a pure electron flavor state.
As a result, if the neutrino magnetic moment is non-zero, νe from the Sun
can turn into νe when they pass through the intense magnetic fields in the
solar core. KamLAND was designed to study the flux of reactor νe’s but
can also be used to detect νe’s from other possible sources such as the Sun,
Weakly Interacting Massive Particle (WIMP) annihilation in the Sun and
the Earth, and relic supernova neutrinos.

The 8B solar neutrino spectrum extends up to ∼15 MeV, well beyond the
endpoint of the reactor spectrum at about 8.5 MeV. This allows KamLAND
to search for νe’s in the solar neutrino flux in an energy window largely free
of reactor νe events. Using the KamLAND liquid scintillator detector a
high-sensitivity search for νe’s from the Sun and other sources has been
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performed.20 The detector’s source independent sensitivity allows for the
measurement of νe fluxes independent of origin. For a detector exposure
of 0.28 kton-year, no candidate νe events were found in the energy range
of 8.3 < Eνe

< 14.8 MeV with an expected background of 1.1±0.4 events.
Assuming no other sources of νe than the Sun and the characteristic 8B νe

energy spectrum, the upper limit on the νe flux is Φνe
< 3.7×102 cm−2s−1

at 90% C.L. This limit can be interpreted corresponding to 2.8 × 10−4 of the
Standard Solar Model 8B νe flux in the framework of spin-flavor precession
and neutrino decay models18 and represents a factor of 30 improvement
over previous measurements. These results assume a non-oscillatory solar
νe flux. Assuming that the oscillation parameters for solar neutrinos fall
into the LMA region and MSW is the dominant mechanism for the flavor
transformation of neutrinos, one can derive a limit on the product of the
neutrino transition magnetic moment µ and the transverse component of
the magnetic field BT in the Sun at a radius of 0.05 R�.

µ

10−12µB

BT (0.05Rodot)
10 kG

< 1.3 × 103 (4.3)

For comparison, the current best limit on the neutrino magnetic moment
from the MUNU experiment is µνe

< 1.0 × 10−10µB at 90% C.L.7

Oscillation Parameters and Neutrino Mass Measurements
Precision measurements of the neutrino oscillation parameters are im-

portant ingredients to the determination of the neutrino mass and mass
spectrum as well as the analysis of data from future long-baseline acceler-
ator neutrino experiments. The most precise measurement of ∆m2

12 cur-
rently comes from KamLAND, and the global analysis of KamLAND and
solar neutrino data. Several proposals have been made to build a next-
generation reactor experiment for a more precise measurement of ∆m2

12

and sin2θ12.25 Such experiments would allow a determination of ∆m2
12

and sin2θ12 with uncertainties of approximately 1% and 10% at 3σ respec-
tively. The projected accuracies would be comparable to those that will be
reached in the measurement of the atmospheric neutrino oscillation param-
eters ∆m2

23 and sin2θ23 in long-baseline superbeam experiments.
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4.6. Test of MSW and Non-Standard Interactions in the
KamLAND Low-Background Phase

Four of the six parameters describing the oscillation of neutrinos have now
been measured but our understanding of the physics of massive neutrinos is
far from complete. The mixing angle θ13 and the CP-violating phase δCP

are yet unknown. Additional experiments are necessary to complete our
measurements of the neutrino mixing parameters and test predictions of this
new framework. The results of the solar neutrino experiments suggest that
mixing parameters are in a region where the matter-enhanced Mikheyev-
Smirnov-Wolfenstein (MSW) effect plays an important role in describing
solar neutrino oscillation.29 However, a specific signature of the MSW
effect has not yet been seen.26

Over the past thirty years a number of experiments have measured the
solar neutrino flux: from the pioneering experiment by Ray Davis for which
he was awarded the Nobel prize in 2002 to the recent discovery of solar neu-
trino flavor transformation at the Sudbury Neutrino Observatory.12 Solar
neutrino experiments to date have studied extensively the high-energy 8B
νe flux and made measurements of the total solar neutrino flux down to low
energies.

In the framework of neutrino oscillation, matter can strongly affect the
neutrino survival probability in regions of high density. MSW predicts that
the survival probability of solar neutrinos is higher at lower energies com-
pared to higher energies. Figure 4.6 shows the expected change in survival
probability as a function of energy from 0.1–20 MeV. The matter effect can
be tested by comparing the measured survival probability at higher ener-
gies to that at low energies. Super-Kamiokande and SNO have measured
the survival probabilities of solar 8B νe at higher energies in the matter-
dominated region. The measurements of the Chlorine and GALLEX solar
neutrino experiments combined with the predictions of the Standard Solar
Model find that the low-energy region is in agreement with the vacuum
dominated oscillations. The experimental uncertainties, however, are cur-
rently too large for a test of the MSW scenario. Furthermore, observation
of the sub-MeV mono-energetic 7Be solar neutrinos has only recently been
reported.30 A measurement of the 7Be or pp low-energy solar neutrino
fluxes with higher precision is needed to demonstrate the vacuum/matter
transition with solar neutrinos.

In early 2007 KamLAND concluded its first phase of operation. A new
underground distillation system started operation in spring 2007 to purify
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Fig. 4.6. Electron neutrino survival probability as a function of energy for different
oscillation solutions and non-standard interactions.28 Standard matter-enhanced MSW
oscillations follow the LMA-1 line. The shaded regions indicate the sensitivity of var-
ious experiments to different regions of the energy spectrum. Low-energy solar neu-

trino experiments (pp and 7Be) mostly measure the vacuum oscillation probability
while the oscillation of neutrinos above 5 MeV is dominated by matter-enhanced MSW
oscillation.29

the liquid scintillator in the KamLAND detector. This will enable Kam-
LAND to lower its analysis threshold for the measurement of reactor and
geo-νe’s and it may also allow it to detect solar 7Be νe through elastic scat-
tering. If the internal detector backgrounds of the KamLAND experiment
can be reduced sufficiently, low-energy solar 7Be neutrinos can be detected
through neutrino-elastic scattering νe + e− → νe + e−. The mono-energetic
7Be neutrinos with Eν = 862 keV will result in a Compton-like continuous
recoil spectrum with a maximum energy of Tmax = 665 keV. Calibration
of the fiducial volume and the energy scale at <1 MeV will be critical to
this measurement of elastic scattering rates. The signal event rate will be
of the order of 130 events/day for a volume of 408 tons. A prerequisite
for this measurement is the purification of the KamLAND scintillator and
reduction of internal detector backgrounds by factors of 105–106 in 85Kr,
29Ar, 210Bi, and 210Po over current values.

Neutrino masses and mixing are not the only mechanism to describe the
deficit of charged current neutrino interactions. They can also be generated
by a variety of forms of nonstandard neutrino interactions or properties.28

The search for non-standard interactions can be an important tool to con-
strain other neutrino properties such as magnetic moments and sterile ν,
and hence probe physics above the electroweak scale. Recent results from
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Fig. 4.7. Top panel: Current KamLAND singles spectrum. Bottom Panel: Expected

energy spectrum in KamLAND assuming a reduction of 210Pb, 85Kr and 40K by a factor
of 106 in the liquid scintillator. The signature of 7Be neutrinos will be a Compton-like
edge in the singles spectrum. The 7Be signal will be extracted from a combined fit to
the backgrounds and recoil spectrum. Reproduced from Reference 27.

KamLAND have ruled out a large number of these scenarios as a dominant
source for solar neutrino oscillation,15 but they may still contribute at the
sub-dominant level. A 5% measurement of the solar 7Be flux is the next
step in testing matter-enhanced neutrino oscillation26 and helping constrain
scenarios of non-standard neutrino interactions.

Figure 4.7 shows the expected energy spectrum in KamLAND after
purification of the liquid scintillator. The 7Be signal is extracted from a
combined fit to the backgrounds and recoil spectrum. The extraction of
this signal and the measurement of the 7Be signal will critically depend on
understanding the shape of the background spectra and the α/β separation.
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A low-energy calibration program with a variety of new calibration sources
will be important for this future phase of the experiment.

4.7. Summary and Conclusions

KamLAND has played a key role in the discovery of antineutrino oscilla-
tion. Designed to observe antineutrinos from nuclear power plants in Japan,
KamLAND has made the first observation of the disappearance of reactor
antineutrinos at a flux-weighted average distance of about 175 km from
reactors in Japan, found direct evidence for neutrino oscillation in spectral
distortions, and provides for the foreseeable future the best measurement
of ∆m2

12. A continued program of high-precision studies will allow Kam-
LAND to improve on its existing results and provide the most precise mea-
surements of ∆m2

12 and θ12 with reactor antineutrinos. KamLAND’s cur-
rent measurements are limited by systematics and internal detector back-
grounds. With improvements in detector calibration and through the re-
duction of internal backgrounds, KamLAND may be able to improve on its
measurement of ∆m2

12 by as much as a factor of two. It may also be able
to make a competitive measurement of the mixing angle θ12 and study the
spectral distortion of the reactor neutrino spectrum with greater precision
and at lower energies. The mass splitting ∆m2

12 is one of the key ingredients
in understanding the physics and spectrum of massive neutrinos. Together,
solar neutrino experiments and KamLAND provide unambiguous evidence
that neutrinos have mass and their flavors mix, and they provide the most
precise determination of the neutrino oscillation parameters ∆m2

12 and θ12

to date. The comparison of the measurement of θ12 with reactor νe’s at
KamLAND and with solar νe’s provides a test of CPT in the neutrino
sector.

Next-generation reactor antineutrino experiments such as Double Chooz
and Daya Bay (See Chapters 12 and 13) are now under construction to make
a precision measurement of the νe flux at short distances of 0.2–2 km to
search for and measure the yet unknown mixing angle θ13. Fifty years after
the discovery of the antineutrino, nuclear reactors still play an important
role in understanding the mysteries of neutrinos and may hold the clue
to understanding the phenomenology of lepton mixing and to opening the
path toward the study of CP violation in neutrinos.
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Chapter 5

K2K: KEK to Kamioka Long-Baseline Neutrino
Oscillation Experiment

R. Jeffrey Wilkes, for the K2K Collaboration∗

Dept. of Physics,
University of Washington,
Seattle, WA 98195 USA
wilkes@u.washington.edu

Evidence for neutrino mass was confirmed by K2K, the KEK to Kamioka
long-baseline neutrino oscillation experiment, with parameter estimates
consistent with atmospheric neutrino results from Super-Kamiokande.
A total of 112 beam-associated neutrino events were observed in Super-
Kamiokande, with 158 events expected in the absence of neutrino oscil-
lations. Furthermore, distortion of the neutrino energy spectrum consis-
tent with the oscillation prediction was observed. The probability that
the K2K data were due to random fluctuations assuming no neutrino
oscillations is 0.0015% . A 2-flavor oscillation analysis shows the allowed
region for mass difference and mixing angle to be consistent with the re-
sults from Super-Kamiokande. K2K provided a valuable opportunity to
prepare for current and future high-precision long-baseline experiments
such as T2K.
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5.1. Introduction

Using the arrival angle and energy distributions of atmospheric neutrinos,
Super-Kamiokande (SK, See Chapter 2) reported the characteristic disap-
pearance signature predicted for neutrino oscillations and measured the pa-
rameters of νµ−ντ oscillations in 1998, the first generally-accepted evidence
for neutrino mass, with results refined in later publications as additional
data were accumulated.1,2 The KEK to Kamioka long-baseline neutrino os-
cillation experiment (K2K)3,4 was organized several years earlier, to provide
a prompt test of early Kamiokande5 results using a man-made, high-purity
muon neutrino beam directed 250 km across Japan from the KEK par-
ticle accelerator lab toward SK. To reduce the time needed to stage the
experiment and begin data taking, K2K (formally, KEK E-362) made as
much use as possible of existing detector and beam line elements on hand
at KEK. Bending magnets were borrowed from SLAC for the beam line,
new horn magnets and monitors were constructed, and a new Scintillating
Fiber detector was developed and built. Most other detector elements were
recycled from previous experiments.

K2K was the first long-baseline neutrino experiment to take data, and
its results confirmed SK estimates of neutrino oscillation parameters,6,7

although limited statistics did not permit improvement of confidence limits.
In K2K, the near detector system, located 300 m downstream from

the proton target, was used to measure the direction, flux, composition,
and energy spectrum of the neutrino beam before it traveled through the
earth to SK, a 50 kt water Cherenkov neutrino detector, located 1000 m
underground.8 The near detector (ND) complex consisted of a 1 kt water
Cherenkov detector (1KT) and a fine grained detector system (FGD).

Previous sections have already discussed the basic physics of neutrino
oscillations, whose effects create both a deficit in the total number of events
observed at SK and a distortion of the measured energy spectrum compared
to that measured near the production point. In the energy range around
1 GeV, the dominant process is νµ − ντ oscillations, so a 2-flavor analysis
was appropriate. To study distortion of the energy spectrum, a subsam-
ple of events for which the incoming neutrino energy can be accurately
reconstructed was separately analyzed.

If the neutrino interaction observed is a charged-current (CC) quasi-
elastic (QE) event, the incoming neutrino energy can be accurately es-
timated with two-body kinematics using the observed momentum of the
muon, neglecting Fermi momentum in the target nucleus. In the K2K
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beam energy range, only the muon in this reaction is energetic enough to
produce Cherenkov light and be detected at SK, but observations of the
muon alone were adequate to reconstruct the energy for these events. One-
ring events (1R) identified as having a muon track were selected as a subset
with a high probability of being CC-QE. For these events, the energy of
the parent neutrino was estimated by

Erec
ν =

mnEµ − m2
µ/2

mn − Eµ + Pµ cos θµ

where mn, Eµ, mµ, Pµ, θµ are the nucleon mass, muon energy, the muon
mass, the muon momentum, and the scattering angle relative to the neu-
trino beam direction, respectively.

Fig. 5.1. Overview of K2K. The front detector (b) and Super-Kamiokande (c) were
located at 300 m and 250 km from the proton target (a).

5.2. Neutrino Beam

A schematic view of the KEK-PS and neutrino beam line is shown in
Fig. 5.1. The KEK 12 GeV proton synchrotron (KEK-PS) accelerator
beam was directed into the earth, aimed toward the SK site. The beam



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

94 R. J. Wilkes

line and all its components were aligned during construction with an accu-
racy of 0.1 mrad with respect to the required beam axis, which was defined
using GPS surveying techniques accurate to 0.01 mrad between the KEK
and Kamioka sites.9 Protons were extracted in a single turn into the neu-
trino beam line, in “spills” of duration 1.1 µs, each containing 9 buckets or
bunches of protons at 125 ns intervals.

Proton beam intensity was monitored by current transformers (CTs)
installed along the beam line. Beam intensities were typically about 5 ×
1012 protons per spill. In addition, segmented plate ionization chambers
(SPICs) were used to monitor and steer the beam, and to estimate beam
size and divergence, needed as an input to the K2K beam Monte Carlo
(MC) simulation.

An aluminum hadron production target was embedded in the first of
two horn magnets placed in the target station. The target diameter was
increased from 2 cm to 3 cm in November 1999 after an initial target failure.
The magnetic horns focused positively charged particles, mainly pions, into
a 200m long decay volume. The momenta of focused pions were ranged from
2−3 GeV/c, which corresponds to about 1.0–1.5 GeV energy for neutrinos
produced in the forward direction.

A pion monitor (PIMON) was temporarily inserted twice, just down-
stream of the horn magnets, to directly measure the momentum and an-
gular distributions of pions emerging from the horns. The PIMON system
also helped confirm the validity of the beam MC simulation, providing the
vector momentum for pions entering the decay volume after focusing by
the horn magnetic fields, although the PIMON was not sensitive to pions
below 2 GeV/c (corresponding to neutrinos below 1 GeV). Details of pion
monitor design and operation are given elsewhere.4

The decay volume was filled with helium at 1 atm to reduce pion ab-
sorption and minimize secondary interactions in the decay volume itself.
The beam dump, located at the end of the decay volume to absorb all par-
ticles except neutrinos, consisted of 3.5 m thick iron, 2 m thick concrete,
and a layer of earth about 60 m thick. Just downstream of the iron and
concrete shields, a muon monitor provided spill-by-spill measurements of
the neutrino beam aiming and intensity. A change in the beam direction
by 3 mrad would correspond to a change in the neutrino flux and spectrum
at SK of about 1%. Muon monitor data show that the beam direction
remained constant within about 1 mrad throughout K2K data taking.

In total, 1.049×1020 protons on target (POT) were delivered during the
entire time of K2K operation, including beam commissioning and tuning
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periods, of which about 90%, the equivalent of 0.922×1020 POT, was used
for physics data analysis.

K2K data taking occurred at intervals from June 1999 to November
2004, with several different beam line and detector arrangements, as listed
in Table 5.1. K2K-I refers to runs taken when the far detector was in
the SK-I configuration, and K2K-II refers to data taken with the SK-II
configuration. Near detector elements are described in Section 5.4.

Table 5.1. Beam and detector configurations for K2K running periods. SK-I had the
full complement of ID PMTs, SK-II had ∼ 53% fewer PMTs.

Horn Target
Run Dates Cur. (kA) Diam. (cm) SK config. ND

Ia 6/99 200 2 SK-I LG in place
Ib 11/99-7/01 250 3 SK-I LG in place
IIa 12/02-6/03 250 3 SK-II LG �→ 4-layer Scibar
IIb 10/03-2/04 250 3 SK-II Full SciBar in place
IIc 10/04-11/04 250 3 SK-II SciFi H2O �→ Al

5.3. Beam Simulation

A neutrino beam Monte Carlo (MC) simulation was required to estimate
neutrino beam properties from limited measurements made in the near de-
tectors. The beam line was simulated using GEANT10, and the tracks
of neutrinos were extrapolated to the near detector (ND) and Super-
Kamiokande (SK), allowing the fluxes and energy spectrum at these sites
to be estimated. Details of the K2K beam MC are given in Reference 4.

Figure 5.2 shows the energy spectra predicted by the K2K beam MC
for each type of neutrino at the ND and SK. About 97.3% of beam neu-
trinos at the ND and 97.9% at SK were muon neutrinos. The beam was
contaminated with a small proportion of other neutrino flavors: the ratios
were (νe/νµ) = 0.013, (νµ/νµ) = 0.015, (νe/νµ) = 1.8 × 10−4 at the ND,
and 0.009, 0.012, 2.2× 10−4 respectively, at SK. The validity of the beam
MC simulation was confirmed by data from both the HARP experiment at
CERN12 and PIMON measurements.

Because of the finite size of the K2K decay volume, and the location
of the near detectors, the far/near (F/N) flux ratio did not follow a sim-
ple 1/L2 law, with L the distance from the neutrino source, but had some
dependence on neutrino energy. The F/N flux ratio was estimated using
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Fig. 5.2. The energy spectrum for each type of neutrino at ND (left) and SK (right)
estimated by the beam MC simulation.

the K2K beam MC simulation. The dominant uncertainty in neutrino flux
prediction comes from the uncertainties in pion production by protons in
nuclear targets. The Cho-CERN compilation of production measurements
in proton-beryllium interactions13 was used as a reference model, supple-
mented by results provided by HARP, which measured π+ production by
12.9 GeV/c protons in a thin aluminum target.

Allowances for uncertainties in the proton-aluminum hadronic interac-
tion length, the overall charged and neutral kaon production normalization,
secondary hadronic interactions, such as absorption in the target and horns,
the horn magnetic fields were all included. The flux ratio uncertainty in-
tegrated over all neutrino energies was 2.0%. The predictions of F/N flux
ratio from Cho-CERN were consistent with those based on HARP results,
for all neutrino energies. The K2K-Ia period (see Table 5.1) differed from
the later configuration, so the F/N ratio for June 1999 was separately es-
timated, with the same methods. The F/N predictions for the two beam
configurations, integrated over all neutrino energies, differ by about 0.4%.
These independent predictions of the F/N ratio were consistent with each
other within their uncertainties, so the ratio predicted using HARP data
was employed for the oscillation analysis, since it has the most accurate
information on hadron production.
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5.4. The Near Detectors

A schematic view of the ND system is shown in Fig. 5.3. The ND included
two main detectors: a 1 kt water Cherenkov detector and a fine-grained
detector (FGD) system. The FGD in turn consisted of a scintillating-
fiber/water-target tracker (SciFi), and a muon range detector (MRD).
Between these, there was initially a lead-glass calorimeter (LG), which
was later replaced by a fully-active fine-segmented scintillator-bar tracker
(SciBar).

Fig. 5.3. Schematic view of K2K near detectors in K2K-II configuration. In K2K-I, the
Pb-glass calorimeter was in the place occupied by the SciBar detector shown here.

The 1KT detector in the ND was a miniature version of SK, with the
same neutrino interaction target and identical instrumentation. The pri-
mary role of the 1KT detector was to measure the neutrino interaction rate
and the energy spectrum. The 1KT detector also provided a high statistics
measurement of neutrino-water interactions. The cylindrical tank, 10.8 m
in diameter and 10.8 m in height, was filled with approximately 1000 tons of
ultra-pure water, and like SK, was optically separated into an inner detector
(ID) and outer detector (OD) by opaque black sheets and reflective white
sheets. The steel tank had previously been used in a calibration experiment
at KEK performed jointly by the Kamiokande and IMB collaborations, to
confirm particle identification efficiencies in water Cherenkov detectors.14
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The ID was a cylindrical volume with 8.6[m] diameter and height, viewed
by 680 50-cm diameter photomultiplier tubes (PMTs) facing inward to de-
tect Cherenkov light from neutrino events. The PMTs and their arrange-
ment were identical to those of SK-I, providing 40% photocathode coverage
on the inner surface of the ID. The fiducial volume used for selecting neu-
trino events in the 1KT was defined as a cylinder of diameter 4 m and
length 2 m, with its axis aligned with the beam direction, containing 25
tons of water. The OD covered the upstream third of the tank side wall
and the whole of the bottom wall, and was viewed by 68 20-cm diameter
PMTs, facing outward to veto incoming particles. The OD was also used
to trigger cosmic ray muon events for detector calibrations. To compen-
sate for the geomagnetic field, Helmholtz coils surrounded the water tank.
The water purification and recirculation system kept the electrical resis-
tance and temperature of the water constant, around 10MΩ-cm and 11oC
respectively.

The 1KT detector data acquisition system used the same front-end elec-
tronics modules used in the SK experiment,1 which automatically digitized
charge and timing information for each PMT with signal level over a thresh-
old equivalent to about 0.25 photoelectrons. The event trigger threshold
was about 40 PMT hits (roughly equivalent to the signal from a 6 MeV
electron) within a 200 ns time window during the 1.2 µsec beam spill gate,
which was distributed to all near detectors from the accelerator control
system. In addition, the pulse shape of the analog sum of all 680 PMTs
signals (PMTSUM) was recorded for every beam spill using a 500 MHz
flash analog-to-digital converter (FADC), allowing identification of multi-
ple interactions within a single spill gate. The number of interactions in
each spill was determined by counting peaks in PMTSUM above a threshold
equivalent to a 100 MeV electron signal.

The physics parameters of an event in the 1KT detector were deter-
mined using the same data reduction algorithms used in SK.1 First, the
vertex position of an event was estimated from PMT timing data. Given
the vertex estimate, the number of Cherenkov rings and their directions
were determined by a maximum-likelihood procedure, and each ring was
classified as e-like or µ-like, using its ring pattern and Cherenkov opening
angle. The particle ID algorithm used was the same as that used in SK,
which had been confirmed by a beam test at KEK14 before SK data taking
began in 1996. The vertex position for single-ring events was further re-
fined taking into account the particle ID, and the momentum of each ring
was determined from the Cherenkov light intensities. Fully contained (FC)
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neutrino events, which deposit all of their Cherenkov light within the inner
detector, were selected by requiring the maximum number of photoelec-
trons on a single PMT at the projected exit point of the most energetic
particle to be less than 200. Events above this threshold were identified as
partially contained (PC) events.

Resolutions and uncertainties for event parameters were estimated from
MC data processed by the data reduction algorithms. Vertex resolution
was about 12 − 15 cm for PC and FC single-ring events, while resolution
for multi-ring events was about 34 − 39 cm. The angular resolution for
single-ring CC-QE events was 1.05◦ for FC events and 0.84◦ for PC events.
An estimated 0.3% of muon neutrino CC quasi-elastic events with a single
ring were misidentified as e-like, while 3.3% of electron neutrino CC quasi-
elastic events with a single ring were misidentified as µ-like. The momentum
resolution for muons was estimated to be 2.0-2.5% over the full momentum
range of the 1KT.

Regular calibration procedures, described in Reference 7, kept the abso-
lute energy scale uncertainty within +3%/-4%, while the vertical/horizontal
asymmetry of the energy scale due to the detector was 1.7%. The energy
scale was stable within about 1% between 2000 and 2004. The accuracy
of vertex reconstruction was experimentally studied by special cosmic ray
muon data runs, taken by inserting a pipe with scintillating strips at each
end vertically into the tank. Cosmic ray muons going through the pipe em-
ulate the neutrino-induced muons whose vertex position was defined at the
bottom end of the pipe. These studies confirmed the resolution estimates
obtained from the Monte Carlo simulation.

The SciFi detector, which was used throughout K2K, had a total mass of
6 tons, with scintillating fiber tracking layers interleaved with water-target
layers. Details of the design and performance of the detector are described
in References 15 and 16. The SciFi detector, with capabilities complemen-
tary to the 1KT detector, was used to measure the neutrino spectrum, to
reconstruct charged particle tracks produced in neutrino interactions with
high resolution, to provide rates for quasi-elastic and inelastic interactions,
and was sensitive to higher energy events than the 1KT.

The SciFi detector consisted of 20 layers of 2.6m×2.6m tracking mod-
ules, placed 9 cm apart, each containing a double layer of sheets of 0.692mm
diameter scintillating fibers arranged in XY directions. Between the fiber
tracking modules, there were 19 layers of water target contained in extruded
aluminum tanks. The water level was monitored and remained constant
within 1% throughout the experiment, except for a few tanks which leaked
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following an earthquake. Measurements when the tanks were initially filled
and later drained, along with monitoring, allowed definition of the fiducial
mass of 5590 kg with 1% accuracy. During the last run, the water tanks
were drained and filled with an equal mass of aluminum rods.

The scintillating fibers were coupled to an image intensifier tube (IIT)
with CCD readout system. The relationship between the fibers and the
CCD coordinate system was calibrated periodically by illuminating fiducial
fibers with an electro-luminescent plate. In addition, cosmic rays were
used to monitor the gain of the system. Raw SciFi data consisted of hit
CCD pixel coordinates and their digitized signals. Clusters of hit pixels
were combined and matched to the location of specific scintillating fibers.
After cluster-finding, tracks were reconstructed using conventional fitting
techniques. The efficiency to find a track was also estimated using cosmic
ray muons, and was 70% for tracks with length of three layers, 87% for four
layers, and approached 100% for longer tracks.

Plastic scintillator hodoscopes surrounded the SciFi detector. One was
downstream of SciFi and gave track timing and position information and
also served as a preshower detector for the lead-glass calorimeter. Another
was upstream of SciFi and was used to veto muons and other particles
from the beam, primarily from neutrino interactions in the upstream 1KT
detector, but also from cosmic rays. A detailed description of the hodoscope
system can be found in Reference 17.

The LG calorimeter was located between SciFi and MRD during the
K2K-I run period. The purpose of the LG was to distinguish electrons from
muons by observing energy deposited by electromagnetic cascades. The LG
calorimeter had been constructed for the TOPAZ experiment18 and was
recycled for the K2K experiment. It contained 600 cells, each approximately
12 cm×12 cm×34 cm, viewed by a 3 inch diameter PMT. Nine selected LG
cells were calibrated prior to installation using a beam from the electron
synchrotron with energy range from 50MeV to 1.1GeV. The other LG cells
were calibrated relative to the standard cells by cosmic ray muons.

The SciBar detector19 replaced the LG after K2K-I to measure the neu-
trino energy spectrum and to study neutrino interactions with higher de-
tection efficiency for low momentum particles. The main part of the SciBar
detector consisted of an array of plastic scintillator bars produced at Fer-
milab,20 each with dimensions 1.3 cm thick, 2.5 cm wide, and 300 cm long.
In total, 14,848 scintillator strips were arranged in 64 layers, alternating
vertical and horizontal planes. The total weight of the detector was about
15 tons. The fiducial volume of SciBar was defined as an area 2.6m×2.6m
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around the beam axis, from the second to 53rd layer of scintillator bars,
containing a fiducial mass of 9.38 tons. Wavelength shifting fibers in the
center of each scintillator bar were bundled and coupled to the photocath-
odes of Hamamatsu 64-anode PMTs. Both charge and arrival time of the
PMT signals were recorded using custom-made electronics.21 Gain stabil-
ity was monitored with precision better than 1%. Cosmic ray data were
collected between beam spills to calibrate the multianode PMT gain and
scintillator light yield.

An electromagnetic calorimeter was located downstream of the tracker
section of SciBar to measure electron neutrino contamination in the beam
and neutral pion production in neutrino interactions. The calorimeter was
built from bars consisting a sandwich of lead and scintillating fibers, orig-
inally made for the spaghetti calorimeter of the CHORUS experiment at
CERN.22 Thirty-two bars formed a plane of vertical elements, followed by a
plane of 30 horizontal bars. The two planes, each 4 cm thick, cover an area
of 270 × 262 cm2 and 262 × 250 cm2, respectively. The tracking section of
SciBar was about 4 radiation lengths deep in the beam direction, and the
calorimeter added 11 radiation lengths. The energy resolution was about
14%/

√
E(GeV) as measured with a test beam.22

Charged particles were reconstructed by track-finding in each two-
dimensional projection (x-z and y-z), using a cellular automaton algo-
rithm.23 Track candidates in the two views were then combined, based
on matching of the track edges in the z direction plus timing information.
Reconstructed tracks were required to have minimum length of 8 cm, cor-
responding to 450MeV/c for protons. The reconstruction efficiency for an
isolated track longer than 10 cm was 99%.

The MRD24 was the final element of the near detector and had two
purposes. One was to monitor the stability of the neutrino beam direction,
profile, and energy spectrum by measuring the energy, angle, and produc-
tion point of muons produced in charged-current neutrino interactions in
its own iron layers. The other was to identify muons produced in the up-
stream detectors, and to measure their energy and angle in combination
with the other FGD elements, allowing estimation of the energy of the
incident neutrino.

The MRD consisted of 12 layers of iron absorber sandwiched between
13 sets of vertical and horizontal drift-tube layers. The 6632 drift tubes
used were made of aluminum channels with cross sectional dimensions
5 cm×7 cm, filled with P10 gas (Ar:CH4 = 490%:10%). The transverse
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dimensions of each layer were approximately 7.6m × 7.6m. The upstream
four iron layers were 10 cm thick, while the remaining eight plates were
20 cm thick. The total iron thickness of 2.00m stopped muons with energy
up to 2.8GeV. The total weight of iron was 864 tons and the total mass
of MRD including the aluminum drift tubes was 915 tons. A conventional
track finding algorithm was employed to reconstruct tracks from drift tube
hits, with track finding efficiency 66%, 95%, and 97.5% for tracks traversing
one, two, and three iron plates, respectively, rising to 99% for longer tracks.
The energy resolution of MRD was 0.12GeV for forward-going muons. The
track angular resolution was about 5◦ and the resolution of the vertex point
perpendicular to the beam direction was about 2 cm.

5.5. The Far Detector

The far detector for K2K was Super-Kamiokande, operated by the Insti-
tute for Cosmic Ray Research, University of Tokyo, a cylindrical water
Cherenkov detector, 41m tall and 39m in diameter, holding a total mass
of 50 kilotons of purified water. The water tank is optically separated into
concentric inner and outer detectors by opaque sheets attached to the sup-
port structure for the PMTs. The ID was viewed by 11,146 50-cm PMTs
facing inward, providing 40% photocathode coverage over the total ID sur-
face area, from June, 1999 to July, 2001. A cascade of PMT implosions in
late 2001 forced a temporary reduction in ID PMT coverage. From Decem-
ber, 2002 (SK-II and K2K-II), ID PMT coverage was reduced temporarily
to 5182 PMTs, each enclosed in a fiber reinforced plastic shell with acrylic
front cover, providing 19% photocathode area. The acrylic covers intro-
duced absorption and reflection factors of 3% and 1%, respectively, in the
relevant wavelength region. In the OD, 1885 outward-facing 20-cm PMTs
equipped with wavelength shifting plates were attached to the outer side
of the PMT support structure; the OD volume was also lined with reflec-
tive material to enhance light collection. The OD PMT complement was
restored fully for SK-II/K2K-II, and no protective covers were installed.

The SK fiducial volume was defined to be a cylinder whose surface was
2m inward from the ID PMT wall, providing a fiducial mass of 22.5 kilotons.
Details of the detector performance and systematic uncertainties in SK-I
have been given elsewhere.1,8 For SK-II, these quantities were estimated
using similar methods as used in SK-I. Momentum resolution for SK-II
was slightly worse than SK-I: 2.4% and 3.6% for 1 GeV/c muons in SK-I
and SK-II, respectively. However, vertex reconstruction, ring counting, and
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particle identification accuracies in SK-II were only slightly affected relative
to SK-I. The uncertainty in the energy scale was estimated to be 2.0% for
SK-I and 2.1% for SK-II.

Timing information was used to distinguish beam-induced neutrino
events from cosmic ray induced background events in the SK detector.
GPS data were used to synchronize clocks at SK and KEK. At both sites
a free running 50 MHz (32-bit) Local Time Counter (LTC) connected to
GPS receivers was used to time stamp an event trigger (at Super-K) or the
beam spill trigger (at KEK). Initially a quartz oscillator was used as the
LTC time base with good result; later, oscillator drift was further reduced
by using a rubidium clock. The LTC counters were synchronized using
the one pulse-per-second (1PPS) signal from the GPS system. In this way,
timestamps between sites were synchronized within approximately 50 ns,
after compensating for oscillator drift, transmission line delays and other
factors. The K2K GPS timing system was accurate well beyond the 200 ns
precision of a portable atomic clock, which was transported between sites
as a final check. This was confirmed by comparing a second, independent
GPS timing system at each site which gives the same result as the primary
system within 35 ns 99% of the time. Accuracy was sufficient to observe
the bunch substructure of the KEK beam in the SK neutrino data, and the
probability that a cosmic ray neutrino event was identified as beam induced
was negligible. The system was described more completely in Reference 25.

5.6. Neutrino Interaction Simulations

The neutrino interaction simulation program used in K2K (NEUT) plays
an important role both in estimating the expected number of neutrino in-
teractions and in deriving the energy spectrum of neutrinos from the data.
The Monte Carlo program simulates neutrino interactions with protons,
oxygen, carbon, and iron, the basic materials which make up the near and
far neutrino detectors. As described in more detail elsewhere,4 the program
includes effects of quasi-elastic scattering, single-meson production, coher-
ent production, and deep-inelastic scattering. For neutrino interactions in
oxygen or other nuclei, secondary interactions of produced particles within
the nucleus were also simulated.

The quasi-elastic and single-meson production models use a phenomeno-
logical parameter, the axial vector mass MA, which was estimated at
1.1 GeV, based on K2K’s own near detector data.6 The intranuclear in-
teractions of the mesons and nucleons produced in neutrino interactions in
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the carbon, oxygen, or iron nuclei were simulated with a cascade model,
and each of the particles was traced until it escaped from the nucleus. In-
tranuclear inelastic scattering, charge exchange, and absorption of produced
pions were simulated, and MC results were checked using existing data for
pion scattering on carbon and oxygen, and pion photoproduction.

Intranuclear rescattering of the recoil protons and neutrons produced in
neutrino interactions was also important, because proton tracks were used
to select quasi-elastic events in the SciFi and SciBar near detectors, allowing
kinematic estimation of the neutrino energy. Both elastic scattering and
pion production were tracked using the same code as for produced mesons.

5.7. Event Rates and Oscillation Analysis

Neutrino oscillations cause an apparent reduction in the number of muon
neutrino events and a distortion of the neutrino energy spectrum observed
at SK, compared to the values expected in the absence of oscillation. ND
measurements of the neutrino flux and spectrum before neutrinos had time
to significantly oscillate were extrapolated by the F/N flux ratio, to predict
the number of neutrino events and energy spectrum expected in SK for the
no-oscillations hypothesis.

The neutrino event rate at the ND represents the neutrino interaction
cross section folded into the neutrino beam flux. K2K used the event rate
at the 1KT detector as the standard for oscillation studies; since the 1KT
uses a water target and essentially the same hardware and software as SK,
many systematic effects in the predicted number of interactions at the near
and far site tend to cancel.

The fiducial volume (FV) of the 1KT was defined to provide an almost
pure neutrino sample, rejecting cosmic rays or beam-induced muons. Cos-
mic ray events usually occurred near the upper wall of the inner tank, but
some events contaminated the fiducial volume due to uncertainties in the
vertex reconstruction. A beam-off run of the 1KT showed that cosmic rays
in the fiducial volume were 1.0% of the neutrino event candidates. The
other important background source was beam-induced muons which had
not been tagged by the OD. The remaining event sample was scanned with
a visual event display and the fraction of beam-induced muons found was
0.5% . The total background fraction, including other minor effects, was
estimated to be 1.5% for runs starting in 2000, and 3.1% before 2000. From
the comparison of neutrino interactions in data and the MC simulation, we
estimate 3.0% systematic uncertainty on the fiducial volume.
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The energy scale uncertainty of the 1KT was estimated from cosmic ray
muons stopping inside of the detector, and the reconstructed mass of π0

from neutral current interactions. The absolute energy uncertainty of the
1KT was estimated to be 3% .

Events with an electron in the final state in the LG and SciBar data
were νe interaction candidates. “Electron-like” neutrino events essentially
came only from the νe component of the beam, since the νe fluxes were
orders of magnitude smaller. The measurement of e-like events validated
the prediction of the νe/νµ flux ratio at the near site from the beam MC
simulation. The data-MC comparison also involved the cross sections of
νe and νµ interactions, and the measurement was thus also an impor-
tant check of the MC simulation’s predictions of the number of νe inter-
actions in SK. From LG data, the νe/νµ interaction ratio was estimated
to be 1.6 ± 0.4(stat.)+0.8

−0.6(sys.)%. Similarly, data from the SciBar detec-
tor, which replaced the LG, produced an estimate for the interaction ratio
1.6± 0.3(stat.)±0.2(sys.)%. The two independent results are in agreement
with each other and the beam MC prediction of 1.3%. Consistency of LG
and SciBar results between themselves and with the MC predictions con-
firms the quality of the data and of the MC simulation. Since the ND
measurements were limited to a restricted energy region, K2K used the νe

values predicted by the MC simulation in the oscillation analysis.
The muon neutrino energy spectrum was measured at the ND with the

1KT, SciFi, and SciBar CC event samples. Neutrino energy was calculated
from the produced muon’s kinematic parameters, assuming a QE interac-
tion. Two-dimensional distributions of pµ vs θµ were used to determine
the neutrino energy spectrum. The observed spectrum was fit to the MC
expectation. Free parameters in the fit were the neutrino flux for eight
energy bins, and RnQE , the ratio of CC-non-QE events to CC-QE events.
Systematic uncertainties, such as nuclear effects, energy scale, track finding
efficiency, and other detector related systematics, were also incorporated
as adjustable parameters. The χ2 functions separately defined for each
sub-detector were summed to form a combined ND χ2 function. Finally,
a set of the fitted parameters was found by minimizing the χ2. The best-
fit values, their error sizes, and the correlations between them were used
as inputs to the oscillation analysis. Details of the fitting procedures are
given in Reference 4. All the fitted parameters for individual detectors were
in good agreement with one another within their errors, except for RnQE ,
which had best-fit values 0.76, 0.99 and 1.06 for the 1kT, SciFi and SciBar
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detectors, respectively. This discrepancy was treated as a systematic error,
and an uncertainty of 0.20 was assigned to RnQE .

Beam-induced neutrino event candidates in SK were selected by
first considering only events within a narrow time window around the
beam spill time, taking into account light-speed transit time from KEK.
Figure 5.4 shows the relative arrival time (∆T = 0 represents spill time
plus calculated delays) of events within the 1200 ns acceptance window; the
accuracy of time synchronization makes the beam bucket structure clearly
visible. (Outside this window, the nearest rejected event is over 100,000 ns
away.)

Fig. 5.4. Relative time distribution for fully contained SK events. The nine bunches in
the beam can be clearly seen.

Following the timing cuts, FC event candidates with their vertex in the
SK fiducial volume (FC-FV events) were selected using data-quality cuts
and reconstruction methods similar to those used in the SK atmospheric
neutrino reduction.1 The efficiency for these cuts was 77.2% for K2K-I
and 77.9% for K2K-II. The main inefficiency was due to NC interactions
which were cut by these criteria. In total, 112 beam-induced FC events
were observed in the SK fiducial volume, with 58 events reconstructed as
one-ring muon-like.

Figure 5.5 shows the integrated event rate as a function of integrated
POT at KEK. A Kolmogorov-Smirnov test confirmed the hypothesis that
the event rate was proportional to POT, with a probability of 79% for con-
sistency. The energy distribution of the events was compared to expectation
in several ways. Figure 5.6 shows the visible energy distribution, which was
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Fig. 5.5. Integral plot of event rate for interactions identified as beam-induced at SK
versus POT at KEK.

Fig. 5.6. Distribution of visible energy (total energy deposited in the ID) for all fully-
contained events in SK with their vertex in the fiducial volume. Closed circles are the
observed data, solid histogram is MC expectation for no neutrino oscillations, and dashed
histogram is MC expectation with best-fit parameters for neutrino oscillation.
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Fig. 5.7. Distribution of reconstructed energy (calculated from muon momentum as-
suming CC-QE kinematics) for 1-ring fully-contained muon-like events in SK with vertex
in the fiducial volume. Points with error bars are the observed data; the dashed histogram
is MC expectation for no neutrino oscillations, and the solid histogram is the expectation
for the best-fit oscillation parameters, both normalized to the total number of observed
events.

estimated from the energy deposited in the inner detector for all of the
FC-FV events. In this figure, the observed data are compared to MC ex-
pectation with and without oscillations. Figure 5.7 shows the distribution
for reconstructed energy Erec, which is calculated from measured muon
momentum assuming CC-QE kinematics, for the smaller sample of 1-ring
FC-FV muon-like events in SK, in comparison with expectation for no os-
cillations.

The systematic uncertainties for estimating the expected number of
neutrino events in SK (NSK), and the reconstructed neutrino energy in
SK (Erec) were evaluated using atmospheric neutrinos as a control sample.
The dominant uncertainty in NSK comes from vertex reconstruction, since
a systematic shift in or out of this volume will either over- or underestimate
the number of events expected.

The two-flavor neutrino oscillation analysis used the maximum-
likelihood method. The signature effects of neutrino oscillations are a re-
duction in the total number of observed muon neutrino events, and also a
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distortion in the neutrino energy spectrum. Thus, the likelihood function
was defined as the product of the likelihoods for the observed number of
events in the SK fiducial volume (Lnorm, taken to be Poisson-distributed)
and the shape of the Erec spectrum (Lshape). In addition, systematic uncer-
tainties were also treated as adjustable parameters in the likelihood func-
tion. They were included in a constraint likelihood term (Lsyst, assum-
ing Gaussian deviations), thus affecting the expected numbers of events.
Details of the likelihood functions and fitting procedures are given in
Reference 4.

The likelihood was maximized in terms of the two oscillation parameters,
∆m2, sin2 2θ, representing mass difference squared and mixing respectively.
One-hundred and twelve FC events were used in Lnorm, and 58 FC 1-ring
events were used for Lshape. The systematic parameters in the likelihood
function included the ND neutrino energy spectrum parameters, the F/N
flux ratio, the neutrino-nucleus cross section, efficiencies, the energy scale
of SK, and the overall normalization.

NSK was derived by extrapolating the measured number of interactions
in the 1KT using the ratio of the expected neutrino event rate per unit
mass. A correction factor for the different levels of electron neutrino con-
tamination in the neutrino beam at 1KT and SK was estimated to be 0.996
using the MC simulation. Details of the systematic error estimations are
given in Reference 4.

The number of FC events expected assuming no neutrino oscillation
was 158.1+9.2

−8.6. Dominant systematics included uncertainties in the fiducial-
volume in 1KT and SK (+4.9

−4.8%) and the F/N ratio (±2.9%).
The best-fit point within the physical region was found at (∆m2,

sin2 2θ) = (2.8× 10−3 eV2, 1.0). At the best-fit point, all fitted systematics
were within 1 standard deviation of their estimated values, and the expected
number of events was 107.2, in good agreement with the 112 events actually
observed. The reconstructed neutrino energy spectrum is shown in Fig. 5.7,
along with the expected distribution for the best-fit parameters, and the
expectation with no oscillations. Consistency between the observed and
the best-fit spectra was evaluated with a Kolmogorov-Smirnov (KS) test.
The KS probability for the best-fit parameters was 37% , compared to a
probability of 0.07% for no oscillations. The global maximum likelihood
occurred just outside the physical region, at (∆m2, sin2 2θ)=(2.6 × 10−3

eV2, 1.2).
The probability that the observations could be explained equally well

with either the no-oscillation or the oscillation hypotheses was determined
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Fig. 5.8. K2K allowed region in oscillation parameter space for 2-flavor combined fits,
with the SK atmospheric neutrino allowed region2 also shown. Dotted, solid, dashed,
and dash-dotted lines show the 68% , 90% , 99% C.L. allowed region contours for K2K,
and 90% C.L. allowed region from SK atmospheric neutrino results.

using the difference in log-likelihood between the no-oscillation value and
the (physical) best-fit point for oscillation. The relative likelihoods gave a
probability of only 0.0015%, corresponding to a 4.3σ fluctuation, for such
a difference. Using only the number of events, the probability was 0.06%,
while it was 0.42% using only the spectrum shape. We can safely conclude
that the existence of significant oscillation effects was confirmed by K2K.

The allowed region of oscillation parameters was similarly evaluated
based on relative likelihoods, with results shown in Fig. 5.8, where the SK
90% allowed region is also shown.2 Likelihood scans across the best-fit
point for each of the two parameters are shown in Fig. 5.9.

5.8. Summary and Conclusions

The K2K experiment was the first long-baseline neutrino experiment to
operate at a distance scale of hundreds of kilometers. The experiment was
organized, built, and began taking data a remarkably short time after con-
ception, a tribute to the foresight and hard work of many key collaborators.
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Fig. 5.9. Slices through the best-fit point in the K2K allowed region in oscillation
parameter space for 2-flavor combined fits. Left: log-likelihood profile for ∆m2 at
sin2(2θ) = 1.0. Right: log-likelihood profile for sin2(2θ) at ∆m2 = 2.8 × 10−3. Rel-
ative likelihoods for 68, 90 and 99% CLs are shown.

Data taken by K2K between June 1999 and November 2004 were used
to observe and measure the parameters of neutrino oscillation using an
accelerator neutrino beam which was first sampled by detectors located
approximately 300 meters from the proton target, and again by the Super-
Kamiokande detector, 250 km away. The near detector complex included a
1 kt water Cherenkov detector and a fine-grained tracking detector system.
The energy spectrum and flux normalization measured at the near detec-
tors were used to predict the signal expected at Super-K in the absence of
oscillation effects. A likelihood analysis based on the apparent disappear-
ance of neutrinos and distortion of the neutrino energy spectrum showed
the probability that the observations could explained by statistical fluctu-
ations, assuming no neutrino oscillation, was 0.0015% (thus, disfavored at
the 4.3σ level). K2K allowed regions confirmed neutrino oscillation param-
eters previously measured by the Super-Kamiokande collaboration using
atmospheric neutrinos. K2K provided a valuable opportunity to prepare
for future high-precision long-baseline experiments. The T2K experiment
will begin data-taking in late 2009, and is now being built at the new
JPARC accelerator complex in Japan. It has benefited greatly from the or-
ganizational experience, analysis tools, and detector techniques developed
by K2K.
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Chapter 6

MINOS
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This article describes the MINOS experiment and details the measure-
ment of νµ survival probability as a function of energy after the neu-
trinos have traveled 735 km. Based on an exposure of 1.27 × 1020 pro-
tons on target, MINOS observes 215 νµ CC events below 30 GeV with
an expectation of 336.0 ± 14.4 (stat + syst) events. The energy depen-
dence of the survival probability is consistent with the two-flavor neu-
trino oscillation hypothesis with |∆m2

32| = 2.74+0.44
−0.26 × 10−3 eV2/c4 and

sin2 (2θ23) > 0.87 (68% C.L.)
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6.1. Introduction

The Main Injector Neutrino Oscillation Search (MINOS) is a long base-
line neutrino experiment designed to measure the survival probability of
muon type neutrinos as a function of energy. MINOS uses two functionally
∗On behalf of the MINOS collaboration.1
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equivalent detectors to measure a beam of neutrinos at two different loca-
tions. The neutrino beam, produced in the NuMI (Neutrinos at the Main
Injector) facility,2 spans energies up to 120GeV, but the flux is strongly
peaked below 20GeV. The Near Detector, installed at Fermi National Ac-
celerator Laboratory (Fermilab), measures the beam energy spectrum and
composition close to the production point of the neutrinos, while the Far
Detector, installed in the Soudan Underground Laboratory in Northern
Minnesota, measures the energy spectrum and composition of the beam
after the neutrinos have propagated 735km. By comparing the energy
spectrum of charged current (CC) νµ interactions at each of the detector
sites, the probability of νµ survival is measured. Using the energy depen-
dence of the survival probability, MINOS can test the neutrino oscillation
hypothesis and extract values for the oscillation parameters, namely |∆m2

32|
and sin2 (2θ23). With a value of L/E on the order of 735km/GeV, MINOS
is sensitive to |∆m2

32| on the order of 10−3 eV2/c4.
Figure 6.1 illustrates the technique used in the MINOS measurement.

The left panel shows simulated νµ CC spectra in the Far Detector, both
the expected spectrum in the case of no oscillations and an example,
smoothed spectrum if oscillations occur with |∆m2

32|=3.35 × 10−3 eV2/c4

and sin2 (2θ23)=1. Oscillations distort the energy spectrum below 10GeV,
with maximal suppression of the νµ CC event rate occurring for neutrinos
of about 2 GeV. To the right, the ratio of the spectra with oscillations over
that without oscillations is shown. The energy at which the maximum sup-
pression of events is observed gives a measure of |∆m2

32| and the magnitude
of the suppression gives a measure of sin2 (2θ23). The energy dependence of
this ratio gives discrimination power between flavor oscillations and other
exotic phenomenon proposed to explain the anomalies observed in neutrino
experiments.

In this article we describe the neutrino beam and the MINOS detectors.
After detailing the event selection and data analysis, we summarize the
results derived from the first year of beam data collection, which were
originally published in Reference 3.

6.2. The NuMI Beam

To make the NuMI neutrino beam, protons, accelerated to 120GeV/c by
the Main Injector, impinge on a graphite target. In the collisions of protons
with the target nuclei, hadrons are produced, mainly pions and kaons. The
positively charged hadrons are focused into a beam using two magnetic,
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Fig. 6.1. To the left, simulated spectra expected in the Far Detector, both without
neutrino oscillations (solid line) and with oscillations with |∆m2

32|=3.35 × 10−3 eV2/c4

and sin2 (2θ23)=1 (points). Also shown is the expected NC contamination (dotted line).
To the right, the ratio of simulated oscillated over non oscillated spectra in the Far
detector. The energy at which maximum suppression occurs gives a measure of ∆m2,
the magnitude of the suppression gives a measure of sin2 (2θ), while the shape of the
energy dependence distinguishes oscillations from other hypotheses.

parabolic focusing horns.4 Once focused, the beam of hadrons travels down
a 675m long decay pipe, where the beam particles decay, primarily to µ

and νµ. At the end of the decay pipe, any remaining hadrons and muons
are ranged out in concrete absorber and rock, and the neutrinos travel
unhindered to the Near and Far Detectors. Ionization chambers are placed
upstream of the absorber and at three alcoves carved in the rock to monitor
the beam by measuring the flux of hadrons and muons.5 Figure 6.2 shows
a schematic of the NuMI beam line.

Fig. 6.2. Schematic of the NuMI beam line. Protons from the Main Injector come in
from the left side of the plot, the detectors, while not pictured, would be to the right of
the diagram. Reproduced from Reference 6.
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The focal length of a parabolic horn depends on the momentum of the
particle traversing the horn.7 In other words, the momentum of hadrons
focused by the horns, and therefore the energy spectrum of the neutrino
beam, is determined by the distance between the target and the magnetic
horns. If the distance between the target and horns is increased, the mean
energy of the resultant neutrino beam is increased. In NuMI, the distance
between the target and first horn can be remotely and continuously in-
creased up to 2.5m. Figure 6.3 shows simulated event spectra expected in
the Near Detector for three beam configurations with different distances
between the target and first horn. The peak energy of the resultant neu-
trino beam changes from 3 GeV to 10GeV. Based on the range of values
of |∆m2| indicated by Reference 8, MINOS achieves optimal sensitivity for
the oscillation parameter measurement by running with the target partially
inserted into the neck of the first horn. In this configuration, the neutrino
energy spectrum measured in the Near Detector is peaked below 6 GeV,
and the beam is made up of 92.9% νµ, with a 5.8% component of ν̄µ and
a 1.3% component of νe + ν̄e. Full advantage was taken of the flexibility
of the NuMI beam by collecting approximately 5 % of the first year of MI-
NOS beam exposure with different target positions and with different horn
currents, both to commission the beam line and to perform studies of the
systematic uncertainties associated with the beam.

6.3. The MINOS Detectors

The MINOS detectors are designed and constructed to perform identically
so that many systematic uncertainties in neutrino interaction physics and
detector response cancel. Both detectors are tracking-sampling calorime-
ters.9 Steel plates, 2.54 cm thick, are used as the absorber material, while
the active layers of each detector are made up of 1 cm thick plastic scintil-
lator strips.10 The strips are 4.1 cm wide and are arranged side-by-side to
form planes. Scintillator planes are mounted on the steel planes, and suc-
cessive scintillator planes are rotated 90◦ with respect to the previous plane
to allow tracking in three dimensions. Each scintillator strip has a wave-
length shifting (WLS) fiber embedded along its length. Light produced by
a particle traversing the scintillator strip is captured by the WLS fiber then
transported to a multi-anode photomultiplier tube (PMT). Normally inci-
dent, minimum ionizing particles produce ∼6-7photoelectrons in a PMT
in each of the detectors. Both detectors are magnetized to allow for the
measurement of muon momentum via curvature as well as to separate νµ
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Fig. 6.3. Simulated event spectra expected at the Near Detector for three different
separation distances between the target and first horn. The spectrum labeled “LE”
gives the optimal sensitivity to the oscillation parameter measurement and is achieved
when the target is partially inserted into the first horn. The spectrum labeled “ME”
results when the distance between the target and first horn is increased to 100 cm, while
the spectrum labeled “HE” results when the distance between target and first horn is
increased to 250 cm.

interactions from νµ interactions.11 Pictures of both detectors are shown
in Figure 6.4 along with a schematic illustrating one detector layer.

Differences in the operating environment between the detector sites and
cost considerations dictate differences in the details of the detector con-
struction. The 0.98 kton Near Detector is located on-site at Fermilab, 1 km
from the target. Installed near the neutrino source, the data rate in the
Near Detector demands a readout electronics system that is capable of con-
tinuously recording signals without dead time throughout the ∼10µs beam
spill. This requirement is met using a system of electronics designed around
the Charge to Current Encoder (QIE) chip.12 The Near Detector consists
of 282 irregular 4x6m2 octagonal planes. The full area is covered with ac-
tive material in only every fifth plane; the other planes are instrumented in
a smaller area surrounding the beam spot. The Near Detector consists of
two logical units. The front section, made up of 121planes, has every plane
instrumented, while the back section has one active plane for every five
absorber planes. Throughout the detector, the active planes are readout
from one end, with each strip coupled to one pixel of a Hamamatsu M64
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Fig. 6.4. The MINOS detectors. Top left shows the MINOS Near Detector at the time
of installation of the last detector plane. Bottom left shows the MINOS Far Detector.
The right picture shows a schematic of one layer of the detectors. Detector photos
courtesy of Fermilab Visual Media Services, schematic courtesy of M. Proga.

PMT13 via a WLS fiber. The Near Detector geometry and structure arises
from the optimization of hadronic shower containment weighed against the
cost of front end readout. Furthermore, both the shape of the planes and
the placement of the Near Detector magnetic field inducing coil are chosen
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so that the beam interactions will occur in a region of the Near Detector
with a similar magnetic field strength as that in the Far Detector.

The 5.4 kton Far Detector is located in the Soudan Underground Labo-
ratory in Northern Minnesota, 705m underground and 735 km away from
the NuMI target. At this point the neutrino beam is much larger than
the detector and so the neutrino events are evenly distributed across and
throughout the Far Detector. The magnetic field is a toroidal field pro-
duced by a coil running through the center of the detector with an average
value of 1.3T. The current polarity is chosen so that negative muon tracks
produced in νµ interactions are focused toward the center. The Far Detec-
tor has 484 planes, each one a 8m wide regular octagon. Every plane in
the Far Detector is fully instrumented and the active planes are read out
from both ends of the strip. The electronics are based on the Viking VA
chip produced by IDE AS.12 As a cost saving measure, eight WLS fibers
from strips in the same plane, but separated by about 1 m, are coupled to a
single pixel of a PMT. The coupling pattern of the strips is different at each
end to resolve ambiguities in the strip to pixel mapping. The PMTs used
in the Far Detector are Hamamatsu M16, which are operationally similar
to the Near Detector PMTs, but have fewer pixels per tube.14 The Far
Detector has been taking cosmic ray and atmospheric neutrino data since
installation began in 2001.15–17 The full detector has been taking data since
2003.

6.4. Calibration

The MINOS technique of comparing energy spectra between two detectors
separated by hundreds of kilometers requires a calibration procedure capa-
ble of ensuring the relative energy scale between the two detectors matches
to 2%. The tools used to achieve a precise relative calibration are an LED
based light-injection (LI) system18 and cosmic rays. Each detector is cal-
ibrated in a multi-stage process that converts raw charge collected from a
PMT to a fully calibrated unit that can be compared between the detec-
tors. First, LED generated light is distributed via WLS fibers to all PMT
channels, allowing the determination of PMT gain and the tracking of gain
drift over time. Next, the energy deposited by through-going cosmic muons
is used to normalize the light output of each individual scintillator strip.
Finally, a standard candle that is common to the two detectors is defined
using stopping muons. This unit is based on the average light produced by
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a muon with energy between 0.5–1GeV crossing one scintillator plane at
normal incidence.19

The overall energy scale for single hadron and electron interactions in
the detectors is determined using a dedicated Calibration Detector (CalDet)
exposed to test beam particles ranging from 0.2–10GeV. Using this detec-
tor, MINOS confirms the efficacy of the relative calibration procedure.20

Moreover, the CalDet provides a standard against which the detector sim-
ulation is tested. The simulation is found to reproduce the hadronic and
electromagnetic response of the detector to single particle interactions to
4% and 2% respectively. The hadronic energy resolution is measured to
be 56%/

√
E ⊕ 2%21 and the electromagnetic energy resolution is measured

to be 24.4%/
√

E ⊕ 4.1%/E.22 Finally, the CalDet data provides a char-
acterization of event topology, and demonstrates that the Near and Far
electronics systems perform identically.23

6.5. Event Selection

MINOS classifies neutrino interactions based on the topology of the event.
Since the neutrino flavor can only be identified if the neutrino undergoes
a CC interaction, cuts are placed on the neutrino event sample to select
CC νµ interactions and to reject neutral current (NC) interactions. CC νµ

interactions are characterized by the presence of a track associated with
the muon produced in the neutrino interaction. Often a cluster of hits near
the interaction vertex can be identified as the result of the accompanying
hadronic shower. NC interactions, on the other hand, are composed of
only the hadronic shower and are best characterized by the absence of a
muon track. CC νe interactions are also shower-like events without tracks,
however such events are in general smaller, the energy deposition is more
dense, and the shape is more regular than most NC events. In particular,
in events where most of the neutrino energy is transferred to the electron,
the longitudinal energy deposition profile is consistent with that of an elec-
tromagnetic shower. Figure 6.5 shows characteristic (simulated) events for
each of the three types of interactions that MINOS attempts to classify.
The events shown in Figure 6.5 all have similar reconstructed energy. The
reconstructed energy of a shower is determined by the calorimetric response
of the detector. The energy of a muon is determined either by range of the
track in the detector, or by the curvature of the track in the magnetic field.
The total energy of the νµ CC interaction is reconstructed as the sum of
the muon energy plus the energy of the hadronic shower.
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To select events for the νµ disappearance measurement, a series of cuts
are applied to select well reconstructed νµ CC events and to reject NC
and νe CC events. These require the event to be in time with the beam
and have a single reconstructed track. Events are required to have the
interaction vertex within the fiducial volume, which encompasses 72.9% of
the Far Detector total mass and 4.5% of the Near Detector total mass.
Further cuts require the track to have a negative charge to select νµ rather
than νµ and have a reconstructed energy less than 30GeV. Both these
cuts are applied to suppress events originating from π− and K± decays
and thus reduce systematic errors arising from beam modeling. Cosmic
ray background is further suppressed in the Far Detector by requiring the
track to point to within 53◦ of the beam axis. Finally, a likelihood-based
event selection parameter is constructed to separate CC interactions from
NC interactions. Three low-level shape variables are used in the event
selection parameter: the event length, the fraction of event pulse height
that is associated with the track, and the pulse height associated with the
track in each plane. These three variables, and the resulting event selection
parameter distribution are shown in Figure 6.6 for both data and Monte
Carlo in the Near Detector. The value of the cut that is placed on the
event selection parameter differs between the detectors to achieve similar
sample purities of ∼98% in each of the detectors. After the cut on the event
selection parameter, the resulting efficiency for selecting νµ CC events below
30GeV interacting in the fiducial volume is 74% in the Far Detector and
67% in the Near.3
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Fig. 6.6. The variables included in the CC event selection parameter. Top left shows

the event length, measured in planes, top right shows the fraction of the event pulse
height contained in the track, lower left shows the track pulse height per plane, while
the bottom right shows the resulting log-likelihood based event selection parameter.
Data and Monte Carlo are shown along with the distributions expected from νµ CC and
NC events.

6.6. Near Detector Data and Monte Carlo

The high statistics data samples collected in the Near Detector are used to
verify the basic operations of both the detector and the beam and to provide
a benchmark against which beam and detector Monte Carlo are tested. The
MINOS Monte Carlo proceeds via a number of different steps. First, the
production of hadrons in the collisions of protons in the NuMI target is
simulated using FLUKA0524. The resultant hadrons are then transported
through the focusing system and decayed into neutrinos using a GEANT325

simulation that includes models of the horns, decay pipe and other beam
line material. The simulation of the interaction of these neutrinos in the
detector is based on the NEUGEN326 neutrino event generator. Finally,
the detector response is simulated using GEANT3 with GCALOR27 used
to model hadronic interactions in the detector. Comparisons of many low
level quantities between data and Monte Carlo show that the important
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features of both detector and beam are well modeled in the simulation.
More importantly, comparisons of the energy spectrum below 5GeV in the
standard beam configuration show that data and Monte Carlo agree to
around 15%, which is adequate agreement for a two detector oscillation
experiment, since the Near Detector data is used to directly predict the Far
Detector spectrum in the absence of oscillations.

Above 10GeV the Monte Carlo disagrees with the data by about 40%,
and the magnitude and energy dependence of the data versus Monte Carlo
discrepancy changes depending on the beam configuration. These facts
suggest that the simulation of the neutrino flux, rather than neutrino inter-
action or detector mis-modeling, is the primary cause of the discrepancy.
The simulation of the neutrino flux depends on the underlying simulation of
hadron production by the collisions of protons in the target, and presently,
these models are poorly constrained at MINOS energies and for thick tar-
gets. However, by smoothly distorting the relative number and type of
hadrons produced as a function of longitudinal and transverse momentum,
better agreement between data and Monte Carlo can be achieved in the
Near Detector energy spectra. Figure 6.7 shows the reconstructed energy
spectrum of selected νµ CC interactions in the Near Detector for three dif-
ferent beam configurations. Data are shown compared to both the nominal
Monte Carlo and also to the tuned Monte Carlo. After the tuning proce-
dure, the simulated energy spectrum better represents the data, not only
for the three configurations shown in Figure 6.7, but also for three other
configurations not shown.

Accurate prediction of the event energy spectrum at the Near Detector
is not strictly necessary in a two detector experiment. In MINOS, the Near
Detector data are directly used to predict the event energy spectrum in
the Far Detector without oscillations. However, the ability to tune the
simulation to reproduce the data in several different beam configurations
builds confidence in the simulation and ultimately reduces systematic errors
in the measurement of the oscillation parameters.

6.7. Predicting the Far Detector Spectrum

Neutrinos are produced by the decay in flight of pions and kaons along
the length of the decay pipe. In the lab frame, the energy of the resul-
tant neutrino depends on the angle at which the neutrino emerges with re-
spect to the direction of travel of the original hadron parent. For neutrinos
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Fig. 6.7. Energy spectra of νµ CC selected events in the Near Detector for data, nominal
Monte Carlo and Monte Carlo after hadron production tuning. Three out of 6 different
beam configurations used to tune the Monte Carlo are shown. The spectra shown are
produced when the target is located 10 cm (left), 100 cm (middle), 250 cm (right) from the
first horn. The lower graphs show the ratio of data to Monte Carlo for each configuration
before and after the tuning. Reproduced from Reference 3.

originating from pion decay, the energy of the neutrino goes as:

Eν ≈ 0.43
Eπ

1 + γ2θ2
ν

(6.1)

where Eπ is the energy of the parent pion, γ is the dilation factor of the
pion, and θν is the angle between the direction of travel of the neutrino
and the parent pion in the lab frame. Since the Near and Far Detectors
are at different distances from the decay pipe, the angular distribution
of neutrinos that interact in each of the detectors differ, and the energy
spectrum measured in the Near Detector is not precisely the same as the
energy spectrum expected at the Far Detector in the case of no oscillations.

The ratio of the Far event energy spectrum per unit fiducial mass di-
vided by the Near as a function of energy (F/N) provides a convenient way
of characterizing the differences between the Near and Far spectra. Quali-
tatively, if the neutrinos emanated from a point source, the F/N ratio would
be a constant function of energy and equal to the ratio of the distances from
the source squared. The Far Detector is far enough away that the beam does
approximate a point source. On the other hand, the Near Detector is closer
to the decay pipe and the neutrinos appear to emanate from a line source,
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thus the F/N ratio does have an energy dependence.7 Quantitatively, the
shape of the F/N ratio depends on the details of the beam geometry and
requires a full simulation to accurately predict. Figure 6.8 shows the pre-
diction for the MINOS F/N ratio as a function of neutrino energy. The
prediction of the event energy spectra at either the Near or Far detector
depends on proton targeting, hadron production, hadron focusing, as well
as neutrino interaction and detector modeling. However, the prediction of
the ratio of F/N is robust against uncertainties in all these effects. Once
the Near Detector event energy spectrum is measured, the Far Detector
spectrum in the case of no oscillations can be predicted confidently.
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Fig. 6.8. The simulated F/N ratio of νµ CC selected events as a function of energy.

MINOS has developed several different techniques for extrapolating the
Near Detector data to the Far Detector. The simplest method uses the
F/N ratio multiplied bin-by-bin by the Near Detector measured spectrum
to provide a prediction of the Far Detector spectrum in the case of no
oscillations. A more sophisticated method uses a two-dimensional matrix
to relate the energy of a neutrino in the Near detector to the energy that
neutrino would have if it had arisen from a decay directed at the Far De-
tector28. Instead of multiplying the measured Near Detector spectrum by
a one-dimensional ratio, the Near Detector data is multiplied by a matrix
to produce a Far Detector prediction. Figure 6.9 shows a graphical repre-
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Fig. 6.9. Top panel shows the matrix used to extrapolate the Near spectrum to the far.
Bottom left panel shows a simulated Near spectrum, while the bottom right panel shows
the resultant Far spectrum obtained by multiplying by the matrix. The shaded areas
show that events at a discrete energy in the Near Detector imply a range of energies in
the Far.

sentation of the matrix used to do the extrapolation as well as the result of
applying the matrix to a simulated Near Detector spectrum. The shaded
areas highlight the fact that observation of events at a discrete energy in
the Near Detector implies that events will be seen over a range of energies
in the Far Detector. Both the F/N and matrix extrapolations directly use
the Near Detector measured spectrum to predict the Far Detector spec-
trum. The full neutrino interaction and detector simulation is only used to
make lower order corrections for efficiency, purity and detector resolution.
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The results quoted by MINOS are based on the Far Detector prediction
obtained using the matrix extrapolation.

MINOS also employs two additional extrapolation methods that involve
modifying physics parameters to match the Monte Carlo to the data in the
Near Detector, then use the tuned Monte Carlo to predict the Far Detector
spectrum. Figure 6.10 compares the Far Detector predicted spectrum for
the four different techniques of Near Detector data extrapolation. Each of
the methods to extrapolate the Near Detector data have different degrees
of sensitivity to different sources of systematic error, however the predic-
tions from each of the methods agree to within 5% below 30GeV, and the
differences among the methods are much smaller than the statistical errors
associated with the current data set.

6.8. Systematics

The small variation in the predicted Far Detector spectrum among the
different extrapolation methods hints that the two detector approach min-
imizes the effects of systematic uncertainties. Direct evaluation of the sys-
tematic errors bears out that conclusion. The effects of different systematic
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Table 6.1. Summary of the main systematic uncertainties and the error
induced on the oscillation parameters.

Shift in ∆m2

Preliminary Uncertainty (10−3eV2) Shift in sin2(2θ)

Near/Far normalization ±4% 0.050 0.005
Absolute hadronic energy scale ±11% 0.060 0.048

NC contamination ± 50% 0.090 0.050
All other systematic uncertainties 0.044 0.011

Total Sytematic 0.13 0.07
Statistical Error 0.36 0.12

uncertainties are studied by modifying the Monte Carlo to include the effect
of a systematic error, then performing an oscillation fit to the energy spec-
trum obtained from the modified Monte Carlo. The effect of the uncertainty
is expressed as the size of the shift between the fitted and input values of
the oscillation parameters. It is found that three uncertainties dominate.
First, the uncertainty in the relative fiducial masses between the detectors,
the uncertainty in the event selection efficiency and the uncertainty in the
proton on target counting contribute to a 4% uncertainty in the Far Detec-
tor predicted event rate. Second, a combination of calibration uncertainties
and the uncertainty associated with intra-nuclear re-scattering give rise to
a 11% systematic error on the hadronic energy scale. Finally, by varying
the NC contribution to the event selection parameter distribution in differ-
ent bins of neutrino energy to improve the data/Monte Carlo agreement,
the level of neutral current contamination in the event sample is estimated
to be uncertain at the 50% level. Table 6.1 lists the error these effects in-
duce on the values of the fitted parameters. Added in quadrature, the total
systematic error is ±0.13 on ∆m2 and ±0.07 on sin2(2θ), which is smaller
than the statistical errors expected from this data set.

6.9. Results

In total, 215 νµ CC events are observed with energy less than 30GeV in the
Far Detector, when 336.0±14.4 (stat + syst) events are expected. Assuming
the deficit of νµ CC events is due to neutrino oscillations, a fit is performed
to extract the oscillation parameters using the two flavor approximation for
the survival probability:

P (νµ → νµ) = 1 − sin2 (2θ) sin2

(
1.27∆m2 L

E

)
(6.2)
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where L =735km, E is the neutrino energy in GeV, and ∆m2 is measured in
eV2/c4. Figure 6.11 shows the measured Far Detector event reconstructed
energy spectrum compared to the predictions of two extrapolation methods
in the case of no oscillations as well as the spectrum resulting from the best
fit. The best fit spectrum is determined by minimizing χ2, where:

χ2 =
nbins∑
i=1

(2 (ei − oi) + 2oi ln(oi/ei)) +
nsys∑
j=1

∆s2
j

σ2
sj

(6.3)

where oi is the observed and ei is the expected number of events in energy
bin i. The ∆s2

j/σ2
sj

terms are penalty terms for nuisance parameters asso-
ciated with the three largest systematic uncertainties. Figure 6.12 shows
the resulting confidence intervals, along with the contours from previous
experiments.8,29,30 When sin2 (2θ) is required to be in the physical region,
the oscillation parameters obtained from the fit are:3

|∆m2
32| = 2.74+0.44

−0.26 (stat + syst) × 10−3 eV2/c4

sin2 (2θ32) > 0.87 (68%C.L. stat + syst)

with a fit probability of 8.9%. At the 90% confidence level,

(2.31 < |∆m2
32| < 3.43)× 10−3 eV2/c4

sin2 (2θ23) > 0.78.
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Fig. 6.12. Confidence intervals for the fit, including systematic errors. Also shown are
contours from previous experiments.8,29,30 Reproduced from Reference 3.

At the best fit value, the Monte Carlo predicts 0.76 CC ντ events in the
final Far Detector data sample. If sin2 (2θ) is not constrained to be in the
physical region, the minimum χ2 is reduced by 0.2 units and the best fit
parameters are:

|∆m2
32| = 2.72 × 10−3 eV2/c4

sin2 (2θ32) = 1.01

6.10. Outlook

At the time of writing, MINOS is nearing the end of the second year of
beam operations. While this paper concentrates on the νµ disappearance
measurement, work progresses on other analysis. First, MINOS will study
the event rate and energy distribution of NC events in the Far Detector
relative to the Near. While the NC distribution should not be distorted
by standard neutrino flavor oscillations, non-standard phenomena like os-
cillations into νsterile would change the NC spectrum. Next, since both
detectors are magnetized, MINOS will compare the propagation of νµ and
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νµ. CPT violation can be probed by comparing the oscillatory behavior
of the neutrino and anti-neutrino, and furthermore transitions from νµ to
νµ can be investigated. Additionally, MINOS is conducting a search for
νe appearance in the Far Detector. Such an observation would be the first
evidence of the sub-dominant oscillation mode of νµ → νe. Finally, improve-
ments in both the intensity of the NuMI beam and the MINOS analysis
promise increasingly precise measurements of |∆m2

32| and sin2 (2θ23) over
the coming years.
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Chapter 7

The LSND and KARMEN Neutrino Oscillation
Experiments

W. C. Louis

Los Alamos National Laboratory, Physics Division,
Los Alamos, New Mexico

Employing an 800 MeV, high-intensity proton beam, the LSND experi-
ment performed a sensitive search for neutrino oscillations and obtained
evidence for ν̄µ → ν̄e oscillations with ∆m2 > 0.2 eV2. Although the
KARMEN experiment observed no such evidence, a joint analysis of the
two experiments shows that the data sets are compatible with oscilla-
tions occurring either in a band from 0.2 to 1 eV2 or in a region around
7 eV2.
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7.1. Introduction

The LSND1 experiment was designed to search for ν̄µ → ν̄e oscillations
with high sensitivity and to measure νC cross sections. A photograph of
the inside of the detector tank is shown in Fig. 7.1. The main charac-
teristics of the LSND experiment are given in Table 7.1. LSND had the

135
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advantage of a very high proton intensity, a large detector mass, and good
particle identification. Also shown in Table 7.1 are the main characteristics
of the KARMEN experiment, which had a lower duty factor than LSND
and excellent energy resolution. An important difference between the ex-
periments is that the LSND neutrino distance was 30m, compared to 17.7m
for KARMEN, so that a combined analysis provides a more sensitive search
for neutrino oscillations. Both experiments made use of a high-intensity,
800MeV proton beam that interacted in an absorber to produce a large
number of pions. Most of the pions produced are π+, which almost all
decay. The π− are mainly absorbed and only a small fraction decay to µ−,
which in turn are largely captured. Therefore, almost all of the neutrinos
produced arise from π+ → µ+νµ and µ+ → e+ν̄µνe decays, where most
of the decays (> 95%) are at rest and only a small fraction (< 5%) are in
flight. After six years of data collection, the LSND experiment obtained
evidence for neutrino oscillations in the mass range ∆m2 > 0.2 eV2, as
shown in Fig. 7.2. Although this evidence was not confirmed by the KAR-
MEN experiment, a joint analysis of the two experiments3 reveals regions
of compatibility in a band from 0.2 to 1 eV2 and in a region around 7 eV2.

Table 7.1. The main characteristics of the LSND and KARMEN
experiments.

Property LSND KARMEN

Proton Energy 798 MeV 800 MeV
Proton Intensity 1000 µA 200 µA

Protons on Target 28,896 C 9425 C
Duty Factor 6 × 10−2 1 × 10−5

Total Mass 167 t 56 t
Neutrino Distance 30 m 17.7 m

Particle Identification YES NO
Energy Resolution at 50 MeV 6.6% 1.6%

Events for 100% ν̄µ → ν̄e Transmutation 33,300 14,000

7.2. LSND

7.2.1. Description of the Experiment

The LSND experiment4 was designed to search for ν̄µ → ν̄e oscillations
from µ+ decay-at-rest (DAR) with high sensitivity. The LANSCE acceler-
ator was an intense source of low energy neutrinos produced with a proton
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Fig. 7.1. A photograph of the inside of the LSND detector tank.

current of 1mA at 798MeV kinetic energy. For the 1993–1995 running
period the production target consisted of a 30 cm long water target (20 cm
in 1993) followed by a water-cooled Cu beam dump, while for the 1996–
1998 running period the production target was reconfigured with the wa-
ter target replaced by a close-packed, high-Z target. The resulting DAR
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Fig. 7.2. The (sin2 2θ,∆m2) oscillation parameter fit for the entire LSND data sample,
20 < Ee < 200 MeV. The inner and outer regions correspond to 90% and 99% CL
allowed regions, while the curves are 90% CL limits from the Bugey reactor experiment
and the KARMEN experiment at ISIS.

neutrino fluxes are well understood because almost all detectable neutri-
nos arise from π+ or µ+ decay; π− and µ− that stop are readily captured
in the Fe of the shielding and Cu of the beam stop.5 The production of
kaons or heavier mesons is negligible at these proton energies. The ν̄e flux
is calculated to be only ∼ 8 × 10−4 times as large as the ν̄µ flux in the
20 < Eν < 52.8 MeV energy range, so that the observation of a ν̄e event
rate significantly above the calculated background would be evidence for
ν̄µ → ν̄e oscillations. Figure 7.3 shows the neutrino energy spectra from
π+ and µ+ DAR.
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Fig. 7.3. The neutrino energy spectra from π+ and µ+ DAR.
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Fig. 7.4. A schematic drawing of the LSND detector.

The LSND detector4 consisted of an approximately cylindrical tank
8.3m long by 5.7m in diameter. A schematic drawing of the detector is
shown in Fig. 7.4. The center of the detector was 30m from the neutrino
source. On the inside surface of the tank, 1220 8-inch Hamamatsu PMTs
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covered 25% of the area with photocathode. The tank was filled with 167 t
of liquid scintillator consisting of mineral oil and 0.031g/l of b-PBD. This
low scintillator concentration allows the detection of both Cherenkov light
and scintillation light and yields an attenuation length of more than 20m
for wavelengths greater than 400nm.6 A typical 45MeV electron created
in the detector produced a total of ∼ 1500 photoelectrons, of which ∼ 280
photoelectrons were in the Cherenkov cone. PMT time and pulse-height
signals were used to reconstruct the track with an average RMS position
resolution of ∼14 cm, an angular resolution of ∼12 ◦ , and an energy resolu-
tion of ∼ 7% at the Michel endpoint of 52.8MeV. The Cherenkov cone for
relativistic particles and the time distribution of the light, which is broader
for non-relativistic particles,4 gave excellent separation between electrons
and particles below Cherenkov threshold. Identification of neutrons was
accomplished through the detection of the 2.2 MeV γ from neutron capture
on a free proton. The veto shield enclosed the detector on all sides except
the bottom. Additional counters were placed below the veto shield after
the 1993 run to reduce cosmic-ray background entering through the bottom
support structure. The main veto shield7 consisted of a 15 cm layer of liquid
scintillator in an external tank and 15 cm of lead shot in an internal tank.
This combination of active and passive shielding tagged cosmic-ray muons
that stopped in the lead shot. A veto inefficiency < 10−5 was achieved for
incident charged particles.

7.2.2. Event Selection

To select events from ν̄µ → ν̄e oscillations, it is necessary to identify the ν̄µ

which arise from µ+ DAR in the beam stop and the ν̄e which are identified
through the reaction ν̄ep → e+n. The goal of the event selection is to re-
duce the cosmic-ray background to as low a level as possible, while retaining
a high efficiency for these neutrino-induced electron events. The selection
criteria and corresponding efficiencies are shown in Table 7.2. The energy
range 20 < E < 200MeV is chosen so as to accept both DAR ν̄µ → ν̄e

and decay-in-flight (DIF) νµ → νe oscillation candidates. The energy re-
gion 20 < Ee < 60MeV is required for the ν̄µ → ν̄e oscillation search and
60 < Ee < 200MeV for the νµ → νe oscillation search. Below 20MeV
there are large backgrounds from the β decay of 12B created by the cap-
ture of stopped cosmic-ray µ− on 12C. Above 200MeV the beam-related
backgrounds from π+ → e+νe are large compared to any likely oscilla-
tion signal. Events with a previous activity within 12µs, a future activity
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Fig. 7.5. The particle identification, χ′
PID, distribution for events with Rγ > 10 and

20 < Ee < 60MeV. The shaded region shows the expected distribution from a combina-
tion of neutrino background plus neutrino oscillations at low ∆m2. Oscillation candidate
events are required to satisfy the requirement −1.5 < χ′

PID < 0.5. Reproduced from
Reference 1.

within 8µs, or a bottom veto counter hit are rejected in order to eliminate
cosmic-ray muon events. To further minimize cosmic-ray background, a
tight electron particle identification is applied, −1.5 < χ′

PID < 0.5, where
the allowed range is chosen by maximizing the selection efficiency divided by
the square root of the beam-off background with a correlated neutron. The
χ′

PID parameter, shown in Fig. 7.5, depends on a product of χ parameters
defined in Reference 4. Briefly, χr and χa are the quantities minimized for
the determination of the event position and direction, and χt is the fraction
of PMT hits that occur more than 12 ns after the fitted event time. The
dependence of the χ parameters on energy and position for Michel electrons
was studied, and a correction was developed that made χ′

PID independent
of energy or position. Additionally, no veto hit is allowed within 30 ns of the
trigger time and the reconstructed electron vertex is required to be inside
a volume 35 cm from the faces of the photomultiplier tubes. Finally, the
number of associated γs with Rγ > 10 (Rγ is discussed below) is required to
be < 2 (< 1) for events < 60 (> 60) MeV in order to reject neutron-induced
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Table 7.2. The LSND average efficiencies
for electrons in the fiducial volume with en-
ergies in the range 20 < Ee < 60 MeV.

Criteria Efficiency

Electron Reduction

Veto Hits < 4 0.98 ± 0.01
Loose Electron PID 0.96 ± 0.01
Cosmic Muon Cut 0.92 ± 0.01

Electron Selection

∆tpast > 12µs 0.96 ± 0.01

∆tfuture > 8µs 0.99 ± 0.01

−1.5 < χ′
PID < 0.5 0.84 ± 0.01

0.3 < χold
tot < 0.65 (1993 only) 0.98 ± 0.01

∆tbest
veto > 30ns 0.97 ± 0.01

D > 35 cm 0.88 ± 0.02

Nγ < 1, E > 60 1.00
Nγ < 2, E < 60 1.00

Dead time

DAQ & Tape Dead time 0.96 ± 0.02
Veto Dead time 0.76 ± 0.02

Total 0.42 ± 0.03

events, which tend to have many associated γs. In addition to the electron
reduction and selection efficiencies, Table 7.2 also shows the efficiencies due
to the data acquisition (DAQ) and veto dead time. The total efficiency for
electrons in the fiducial volume with energies in the range 20< Ee <60MeV
is 0.42 ± 0.03.

Correlated 2.2MeV γ’s from neutron capture are distinguished from ac-
cidental γ’s from radioactivity by use of the likelihood ratio, Rγ , which is
defined to be the likelihood that the γ is correlated divided by the likeli-
hood that the γ is accidental. Rγ depends on three quantities: the number
of hit PMTs associated with the γ (the multiplicity is proportional to the γ

energy), the distance between the reconstructed γ position and positron po-
sition, and the time interval between the γ and the positron (neutrons have
a capture time in mineral oil of 186µs, while the accidental γ are uniform
in time). Figure 7.6 shows these distributions, which are obtained from fits
to the data, for both correlated 2.2MeV γ’s (solid curves) and accidental
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Fig. 7.6. Distributions for correlated 2.2MeV γ (solid curves) and accidental γ (dashed
curves) from LSND. The top plot shows the distance between the reconstructed γ position
and positron position, ∆r, the middle plot shows the time interval between the γ and
positron, ∆t, and the bottom plot shows the number of hit PMTs associated with the
γ, Nhits. Reproduced from Reference 1.

γ’s (dashed curves). To determine Rγ , the product of probabilities for the
correlated distributions is formed and divided by the product of probabil-
ities for the uncorrelated distributions. The accidental γ efficiencies are
measured from the laser-induced calibration events, while the correlated γ

efficiencies are determined from the MC simulation of the experiment. Sim-
ilar results for the correlated γ efficiencies are obtained from the cosmic-ray
neutron events, whose high energies give them a slightly broader position
distribution. The systematic uncertainty of these efficiencies is estimated
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Table 7.3. The LSND estimated number of events in the
20 < Ee < 60 MeV energy range due to 100% ν̄µ → ν̄e

transmutation and to the two beam-related backgrounds
with neutrons, µ− DAR in the beam stop followed by
ν̄ep → e+n scattering in the detector and π− DIF in
the beam stop followed by ν̄µp → µ+n scattering. The
events must satisfy the electron selection criteria, but no
correlated γ requirement is imposed.

Neutrino Source Reaction Number of Events

µ+ DAR 100% ν̄µ → ν̄e 33300 ± 3300

µ− DAR ν̄ep → e+n 19.5 ± 3.9

π− DIF ν̄µp → µ+n 10.5 ± 4.6

to be ±7% of their values. For Rγ > 10, the correlated and accidental
efficiencies are 0.39 and 0.003, respectively.

7.2.3. Neutrino Oscillation Signal and Background

Reactions

The primary oscillation search in LSND is for ν̄µ → ν̄e oscillations, where
the ν̄µ arise from µ+ DAR in the beam stop and the ν̄e are identified
through the reaction ν̄ep → e+n. This reaction allows a two-fold signature
of a positron with a 52.8 MeV endpoint and a correlated 2.2MeV γ from
neutron capture on a free proton. There are only two significant neutrino
backgrounds with a positron/electron and a correlated neutron. The first
background is from µ− DAR in the beam stop followed by ν̄ep → e+n

scattering in the detector. This background is highly suppressed due to the
requirements that a π− be produced, the π− DIF, and the µ− DAR prior to
capture. The second background is from π− DIF in the beam stop followed
by ν̄µp → µ+n scattering in the detector. (Additional contributions are
from ν̄µC → µ+nX and νµC → µ−nX scattering.) This background will
mimic the oscillation reaction if the µ+ is sufficiently low in energy that
it is below the threshold of 18 hit PMTs, corresponding to Eµ < 4 MeV.
Table 7.3 shows the estimated number of events in the 20 < Ee < 60 MeV
energy range satisfying the electron selection criteria for 100% ν̄µ → ν̄e

transmutation and for the two beam-related backgrounds with neutrons.
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Table 7.4. Numbers of LSND beam-on events that satisfy the selection criteria
for the primary ν̄µ → ν̄e oscillation search with Rγ > 1, Rγ > 10, and Rγ > 100.
Also shown are the beam-off background, the estimated neutrino background,
and the excess of events that is consistent with neutrino oscillations.

Selection Beam-On Events Beam-Off BG ν BG Event Excess

Rγ > 1 205 106.8 ± 2.5 39.2 ± 3.1 59.0 ± 14.5 ± 3.1
Rγ > 10 86 36.9 ± 1.5 16.9 ± 2.3 32.2 ± 9.4 ± 2.3
Rγ > 100 27 8.3 ± 0.7 5.4 ± 1.0 13.3 ± 5.2 ± 1.0

Fig. 7.7. (Left) The LSND Rγ distribution for events that satisfy the selection criteria
for the primary ν̄µ → ν̄e oscillation search. (Right) The LSND energy distribution
for events with Rγ > 10. The shaded region shows the expected distribution from a
combination of neutrino background plus neutrino oscillations at low ∆m2. Reproduced

from Reference 1.

7.2.4. Neutrino Oscillation Results

Table 7.4 shows the statistics for events that satisfy the selection criteria for
the primary ν̄µ → ν̄e oscillation search. An excess of events is observed over
that expected from beam-off and neutrino background that is consistent
with neutrino oscillations. A χ2 fit to the Rγ distribution, as shown in the
left of Fig. 7.7, gives fc = 0.0567± 0.0108 (χ2 = 10.7/9 DOF), which leads
to a beam on-off excess of 117.9 ± 22.4 events with a correlated neutron.
Subtracting the neutrino background from µ− DAR followed by ν̄ep → e+n

scattering (19.5±3.9 events) and π− DIF followed by ν̄µp → µ+n scattering
(10.5± 4.6 events)8 leads to a total excess of 87.9± 22.4± 6.0 events. This
excess corresponds to an oscillation probability of (0.264±0.067±0.045)%,
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Fig. 7.8. (Left) The LSND spatial distributions for events with Rγ > 10 and 20 <
Ee < 60 MeV. The shaded region shows the expected distribution from a combination of
neutrino background plus neutrino oscillations at low ∆m2. (Right) The LSND Lν/Eν

distribution for events with Rγ > 10 and 20 < Ee < 60 MeV, where Lν is the distance
traveled by the neutrino in meters and Eν is the neutrino energy in MeV. The data
agree well with the expectation from neutrino background and neutrino oscillations at
low ∆m2. Reproduced from Reference 1.

where the first error is statistical and the second error is the systematic
error arising from uncertainties in the backgrounds, neutrino flux (7%), e+

efficiency (7%), and γ efficiency (7%).
A clean sample of oscillation candidate events can be obtained by re-

quiring Rγ > 10, where as shown in Table 7.4, the beam on-off excess is
49.1±9.4 events while the estimated neutrino background is only 16.9±2.3
events. The right of Fig. 7.7 displays the energy distribution of events with
Rγ > 10. The shaded regions show the combination of neutrino background
plus neutrino oscillations at low ∆m2. The data agree well with the oscilla-
tion hypothesis. The left panel of Fig. 7.8 shows the spatial distribution for
events with Rγ > 10 and 20 < Ee < 60 MeV, where z is along the axis of
the tank (and approximately along the beam direction), y is vertical, and
x is transverse. The shaded region shows the expected distribution from
a combination of neutrino background plus neutrino oscillations. Finally,
the right panel of Fig. 7.8 shows the Lν/Eν distribution for events with
Rγ > 10 and 20 < Ee < 60 MeV, where Lν is the distance traveled by
the neutrino in meters and Eν is the neutrino energy in MeV determined
from the measured positron energy and angle with respect to the neutrino
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beam. The data agree well with the expectation from neutrino background
plus neutrino oscillations at low ∆m2 (χ2 = 4.9/8 D.O.F.) or high ∆m2

(χ2 = 5.8/8 D.O.F.).
The (sin2 2θ, ∆m2) likelihood (L) fitter is applied to beam-on events in

the final oscillation sample and calculates a likelihood in the (sin2 2θ, ∆m2)
plane in order to extract the favored oscillation parameters. The L product
in the (sin2 2θ, ∆m2) plane is formed over the individual beam-on events
that pass the oscillation cuts. This three-dimensional contour is sliced to
arrive finally at the LSND allowed oscillation region. The beam-related
backgrounds are determined from Monte Carlo (MC) event samples for each
individual background contribution. The MC contains the trigger simula-
tion and generally very well reproduces the tank response to all particles
of interest. Agreement between the data and MC is excellent.

The (sin2 2θ, ∆m2) oscillation parameter fit for the entire data sample,
20 < Ee < 200 MeV, is shown in Fig. 7.2. The fit includes both ν̄µ → ν̄e

and νµ → νe oscillations, as well as all known neutrino backgrounds. The
inner and outer regions correspond to 90% and 99% CL allowed regions,
while the curves are 90% CL limits from the Bugey reactor experiment10

and the KARMEN experiment at ISIS2. The most favored allowed region is
the band from 0.2–2.0 eV2, although a region around 7 eV2 is also possible.

7.3. KARMEN

7.3.1. Description of the Experiment

The KARMEN experiment11 made use of the ISIS rapid-cycling syn-
chrotron, which accelerates protons up to 800 MeV at an intensity of
200µA. The protons are extracted from the synchrotron at a frequency
of 50Hz as a double pulse consisting of two 100ns pulses separated by
325ns. The two bursts, therefore, occur within 600ns and lead to an over-
all duty factor of about 10−5. After extraction, the protons interact in
a water-cooled Ta-D2O target, producing about (0.0448 ± 0.0030) π+ per
incident proton.5 Because the beam spill is shorter than the muon lifetime,
the νµ from π+ decay can be clearly separated from the ν̄µ and νe from
µ+ decay. The ν̄e/ν̄µ background is estimated to be 6.4 × 10−4,5 slightly
smaller than for LSND.

The KARMEN detector, as shown in Fig. 7.9, is a segmented, liquid
scintillator calorimeter with 608 modules and a total mass of 56 t. The
liquid scintillator is made of paraffin oil (75% vol.), pseudocumene (25%
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Fig. 7.9. A schematic drawing of the KARMEN detector.

vol.), and PMP (2 g/l). The modules are read-out by pairs of 3-inch PMTs
and are enclosed by a tank with outside dimensions 3.53m x 3.20m x 5.96m.
Excellent energy resolution is obtained for electrons produced inside the
detector and can be parametrized by σE = 11.5%/

√
E(MeV). Gadolinium-

coated paper was inserted between the modules for the detection of thermal
neutrons. The detector is enclosed by a multilayer active veto system and
7000 t of steel shielding and is located 17.7m from the neutrino source at
an angle of 100 ◦ to the incident proton beam direction.

7.3.2. Event Selection

KARMEN searches for ν̄µ → ν̄e oscillations in the same way as in LSND
by looking for the reaction ν̄ep → e+n, which gives a two-fold signature
of a e+ followed by one or more γ from neutron capture. The neutrino
oscillation event selection and corresponding efficiencies are summarized in
Table 7.5. For the e+ candidate it is required that there be no previous
activity in the detector and veto, that the e+ occur from 0.6µs to 10.6µs
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Table 7.5. The KARMEN event selec-
tion and corresponding efficiencies for the
ν̄µ → ν̄e oscillation search.

Event Selection Efficiency

e+ no previous activity 0.709
e+ 0.6 < tpr < 300µs 0.840
e+ 16 < Epr < 50 MeV 0.775

(n, γ) 5 < ∆t < 300µs
(n, γ) Edel < 8.0 MeV 0.416
(n, γ) Vc = 1.3m3

Table 7.6. The KARMEN estimated number of events
in the 16 < Ee < 50 MeV energy range due to 100%
ν̄µ → ν̄e transmutation and to the four backgrounds
with apparent neutrons.

Process Number of Events

100% ν̄µ → ν̄e 5826 ± 534
Cosmic-induced Background 3.9 ± 0.2

Charged-current Coincidences 5.1 ± 0.2
νe-induced Random Coincidences 4.8 ± 0.3

Intrinsic ν̄e Background 2.0 ± 0.2

after the beam spill, and that the e+ energy be in the range from 16MeV
to 50MeV. For the γ candidate it is required that the γ occur from 5µs to
300µs after the e+, that the γ have an energy less than 8.0MeV, and that
the γ be reconstructed within a coincidence volume of 1.3m3. The total
efficiency for the two-fold signature is estimated to be 0.192 ± 0.0145.

7.3.3. Neutrino Oscillation Signal and Background

Reactions

Table 7.6 shows the estimated number of events in the 16 < Ee < 50 MeV
energy range for 100% ν̄µ → ν̄e transmutation. Also shown are the num-
ber of events for the four backgrounds with apparent neutrons. The first
background is the cosmic-induced background, which is well measured
from data collected with the beam off. The second background is due to
νeC → e−Ngs, where the Ngs β decay to 12Cgs mimics the γ from neutron
capture. The third background is due to normal νeC → e−N∗ inclusive
interactions with an accidental γ coincidence. The final background is due
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Fig. 7.10. The energy, time, and spatial distributions for the events observed by the
KARMEN experiment: (a) time of prompt events, (b) energy of prompt events, (c) time
difference between prompt and delayed events, (d) energy of delayed events, (e) spatial
correlation, and (f) distance to target of prompt events. The 15 oscillation candidate
events are in good agreement with the background expectation of 15.8 events (solid line).
Reproduced from Reference 3.

to the intrinsic ν̄e contamination in the beam from µ− DAR. The total
background is estimated to be 15.8 ± 0.5 events.

7.3.4. Neutrino Oscillation Results

KARMEN observes 15 events that pass the selection criteria discussed
above, which is consistent with the estimated background of 15.8 ± 0.5
events. The energy, time, and spatial distributions for the 15 events are
shown in Fig. 7.10. Also shown are the shapes of the expected backgrounds,
which are in good agreement with the data. A maximum likelihood fit to
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the data is performed2 to obtain the 90% C.L. limits, as shown in Fig. 7.2.
The LSND oscillation region with ∆m2 > 10 eV2 is ruled-out by the KAR-
MEN data; however, the regions < 2 eV2 and around 7 eV2 are compatible
with the LSND oscillation evidence.

7.4. Joint Analysis of LSND and KARMEN Data

A joint analysis of the LSND and KARMEN experiments has been per-
formed3 that is based on a frequentist approach following the suggestions
of Reference 12. For both experiments, the data are analyzed with a max-
imum likelihood analysis followed by the extraction of confidence levels in
a unified approach. The two experiments are found to be incompatible at
a level of combined confidence of 36%. For the cases of statistical compat-
ibility, Fig. 7.11 shows the combined LSND and KARMEN log-likelihood
function in terms of sin2 2θ and ∆m2. The maximum log-likelihood func-
tion occurs at sin2 2θ = 1 and ∆m2 = 0.05 eV2, which is 21.5 units of
log-likelihood above the no oscillation hypothesis. Figure 7.12 shows the
confidence regions of the oscillation parameters for the combined likelihood
analysis, assuming statistical compatibility of LSND and KARMEN. By
combining the two experiments, the solutions with ∆m2 > 10 eV2 are ex-
cluded, and there remain essentially two solutions: one with ∆m2 < 1 eV2

and the other with ∆m2 ∼ 7 eV2.
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Fig. 7.11. The combined LSND and KARMEN log-likelihood function in terms of
sin2 2θ and ∆m2. Reproduced from Reference 3.
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Fig. 7.12. The confidence regions of the oscillation parameters for the combined likeli-
hood analysis, assuming statistical compatibility of LSND and KARMEN. Reproduced
from Reference 3.

7.5. Conclusions

The LSND experiment has observed evidence for ν̄µ → ν̄e oscillations in the
∆m2 > 0.2 eV2 region, while a joint analysis of the LSND and KARMEN
experiments reveals compatible neutrino oscillation regions in a band from
0.2 to 1 eV2 and in a region around 7 eV2. The confirmation of ν oscillations
in this ∆m2 region would have a huge impact on astrophysics, as well as
particle and nuclear physics. The MiniBooNE experiment at Fermilab13

is designed to provide a definitive test of the LSND evidence for neutrino
oscillations and is reported in the next section.
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Chapter 8
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MiniBooNE, the Mini Booster Neutrino Experiment, was built to test
the evidence of neutrino oscillations from the LSND experiment. It did
this by searching for νe appearance in a νµ beam with a neutrino baseline
and energy roughly 10 times those of LSND. This makes MiniBooNE sen-
sitive to similar regions of oscillation phase space as LSND, but with very
different systematic uncertainties. With two largely independent analy-
ses, MiniBooNE observed no significant excess of νe events above back-
ground for reconstructed neutrino energies above 475 MeV. The data
are consistent with no oscillations within a two neutrino appearance-
only oscillation model.
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8.1. Introduction

MiniBooNE was motivated by the result from the Liquid Scintillator Neu-
trino Detector (LSND) experiment1 in the mid 1990’s, which presented

155
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evidence for ν̄µ → ν̄e oscillations at the ∆m2 ∼ 1 eV2 scale, as detailed in
the previous chapter. The 3.8σ excess of electron anti-neutrino candidates
seen by LSND would correspond to a ν̄µ → ν̄e oscillation probability of
0.26 ± 0.08%. While the KARMEN experiment observed no evidence for
neutrino oscillations,2 a joint analysis3 showed compatibility at 64% CL.
Solar-neutrino4–8 and reactor-antineutrino experiments9 have convincing
evidence for neutrino oscillations, but at two very different ∆m2 scales to
that indicated by the LSND result. This necessitates the introduction of
one or more new neutrino states (which must be sterile16) or other exten-
sions to the Standard Model.

MiniBooNE was built with a baseline and a neutrino energy spectrum
roughly 10 times that of LSND. This enabled the experiment to be sensitive
to roughly the same oscillation phase space, because L/E was the same as
that of LSND, but to have very different systematics, as the neutrino energy
was much higher.

8.2. The Experiment

MiniBooNE has been taking data since 2002. The experiment runs the
8 GeV protons from the Fermilab Booster into a 71-cm-long Beryllium
target. The proton beam typically has 4 × 1012 protons per ∼ 1.6 µs
beam spill at a rate of 4 Hz. The number of protons on target per spill is
measured by two toroids in the beam line. The target is located inside a
focusing horn, which produces a toroidal magnetic field that is pulsed in
time with the beam at a peak current of 174 kA. Positively charged pions
and kaons, focused by the horn, pass through a 60-cm-diameter collimator
and can decay in a 50-m-long tunnel filled with air at atmospheric pressure.
A schematic of the experiment is shown in Fig. 8.1.

To ensure stable, well-targeted beam at full horn current, it is required
that the two monitoring toroids agree to within 5%, the estimated trans-
verse containment of the beam in the target be greater than 95%, and the
measured horn current be within 3% of its nominal value. The event time
at the detector must be consistent with the beam delivery time (both de-
termined by GPS), and the event must pass a number of data integrity
checks. The beam quality requirements reject 0.7% of the events, while the
detector time and quality requirements remove a further 1.8%, with the
remaining data corresponding to (5.58 ± 0.12) × 1020 protons on target.

The center of the detector is 541 m from the front of the beryllium target
and 1.9 m above the center of the neutrino beam. The detector, which is a



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

MiniBooNE 157

Fig. 8.1. Schematic of the MiniBooNE experiment, not to scale. 8 GeV protons from
the booster hit a Beryllium target and the resulting mesons are focused by a magnetic
horn and allowed to decay in a 50 m long air filled region. The beam then passes through
about 541 m of dirt before reaching the MiniBooNE detector as a pure neutrino beam.

spherical tank of inner radius 610 cm filled with 800 tons of pure mineral
oil (CH2), is covered with a 3m dirt over-burden. Neutrino interactions in
the oil produce charged particles which emit both directional Cherenkov
light and isotropic scintillation light. The detector is separated into two
regions by an optical barrier, the inner volume has a radius of 575 cm and
the outer volume is 35 cm thick. The optical barrier supports 1280 equally-
spaced, inward-facing, 8-inch photomultiplier tubes (PMTs), providing 10%
photocathode coverage. An additional 240 tubes are mounted in the outer
volume, which acts as a veto shield, detecting particles entering or leaving
the detector. Approximately 98% of the PMTs worked well throughout the
data taking period.

The experiment triggers on every beam spill, with all PMT hits recorded
for a 19.2 µs window beginning 4.4 µs before the spill. The longer recording
period after the spill is designed to maximize the chance of catching the elec-
tron that results from the 2.2 µs decay of the muon. Other triggers include
a random trigger for beam-unrelated measurements, a laser-calibration trig-
ger, cosmic-muon triggers, and a trigger to record neutrino-induced events
from the nearby NuMI beam line18. PMT hit thresholds are ∼ 0.1 pho-
toelectrons (PE); the single-PE time resolutions achieved by this system
are ∼ 1.7 ns and ∼ 1.2 ns for the two types of PMTs present in the array.
Optical fibers are run from a laser to a dispersion flask inside the tank and
provide light flashes at a continuous 3.33 Hz to determine PMT gains and
time offsets. A muon hodoscope above the tank enables cosmic muons to
be accurately tracked into the detector. These muons are used to calibrate
and check reconstruction algorithms.



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

158 S. J. Brice

8.3. The Monte Carlo Simulation and Predicted Event Rates

Detailed Monte Carlo simulations of the beam and detector are used to
estimate the flux and the detector efficiencies. The Booster neutrino beam
flux at the detector is modeled using a GEANT4-based simulation20 of the
beam line geometry. The flux prediction makes use of inputs both external
and internal to MiniBooNE. The most important external input is me-
son production data for proton-beryllium hadronic interactions for proton
beam momenta in the ∼10GeV/c range, as the neutrino flux arises from
secondary meson production. Pion and kaon production in the target is
parametrized21 based on a global fit to proton-beryllium particle produc-
tion data.22 The kaon flux has been cross-checked with high-energy events
above 1250 MeV. These high energy events have a large contribution from
neutrinos originating from kaon decay. In addition, an off-axis muon spec-
trometer was used that viewed the secondary beam line from an angle of 7◦.
The muons produced at these large angles tend to come from kaon decays.
The kaon production rate inferred from this spectrometer data is consis-
tent with the predictions of the beam simulation. The νµ energy spectrum
peaks at 700 MeV and extends to approximately 3000 MeV.

Neutrino interaction cross sections and event kinematics are simulated
using the NUANCE Monte Carlo event generator.23 NUANCE simulates
the possible neutrino processes including quasi-elastic scattering, resonant
production, coherent single pion production, and deep inelastic scattering.
Several modifications were made to NUANCE based on fits to MiniBooNE
νµ data.24 These included the adjustment of the axial form factor of the
nucleon for quasi-elastic scattering, the Pauli blocking model and coher-
ent pion production cross sections. In addition, some of the final state
interaction model processes were also tuned to reproduce external data.

Outgoing particles from neutrino interactions in the detector are simu-
lated using a GEANT3-based simulation.28 The simulation includes sub-
sequent interactions and decays of the particles. The optical and near-UV
photons from Cherenkov radiation and scintillation by the particles are
simulated and individually tracked, including scattering, fluorescence, and
reflections. This optical model has been tuned to match small-sample mea-
surements of transmission, fluorescence, and scattering. Muon decay elec-
trons are used to calibrate both the light propagation in the detector and
the energy scale. The amount of scintillation light is constrained from neu-
tral current elastic scattering events where the outgoing particles produce
little or no Cherenkov light. The charge and time response of the elec-
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tronics is simulated, and from this point onward, data and MC are treated
identically by the analysis programs.

Integrated over the neutrino flux, interactions in MiniBooNE are mostly
charged-current quasi-elastic (CCQE) scattering (39%), neutral-current
(NC) elastic scattering (16%), charged-current (CC) single pion production
(29%), and NC single pion production (12%). Multi-pion and deep-inelastic
scattering contributions are < 5%.

8.4. The Neutrino Cuts

PMT charge and time information in the 19.2 µs trigger window are used to
reconstruct neutrino interactions and identify the product particles. This
time window is defined as an “event” and is divided into “sub-events,”
collections of PMT hits clustered in time within ∼ 100 ns. A νµ CCQE
event with a muon stopping within the tank may have two sub-events:
the first sub-event from particles produced at the neutrino interaction, the
second from the muon decay to an electron. A νe CCQE event has a single
sub-event.

With four simple cuts an extremely pure sample of neutrino events can
be obtained from the MiniBooNE data with good efficiency. Events with
exactly one sub-event (as expected for νe CCQE events) are selected. By
requiring that the sub-event has fewer than 6 hits in the veto and more
than 200 hits in the main tank (above the muon-decay electron endpoint),
entering cosmic-ray muons and their associated decay electrons are elimi-
nated. The average time of hits in the sub-event is required to be within
the beam time window of 4–7 µs. These cuts yield a cosmic ray rejection
of greater than 1000:1.

8.5. The Electron Neutrino Candidate Cuts

The neutrino cuts of Sec. 8.4 yield a dataset of pure neutrino interactions
removing essentially all non-neutrino backgrounds. It remains to reduce
this dataset down to one as pure in electron neutrino interactions as possi-
ble. In coarse terms the task amounts to distinguishing νe induced electrons
from muons and π0s from CCQE and NCπ0 νµ interactions respectively.
Muons have long straight tracks in MiniBooNE and the resulting Cherenkov
ring has a crisp outer edge and an interior filled in by the muon travel dis-
tance. Electrons shower and have shorter tracks with Cherenkov rings that
are fuzzy. A π0 will have two electron-like rings from the two decay γs (see
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Table 8.1. The observed number of νe CCQE candidate
events and the efficiency for νµ → νe CCQE oscillation events
after each cut is applied sequentially.

Selection #Events νe CCQE Efficiency

Cosmic Ray Cuts 109,590 100%
Fiducial Volume Cuts 68,143 55.2 ± 1.9%

PID Cuts 2037 30.6 ± 1.4%

475 < EQE
ν < 1250 MeV 380 20.3 ± 0.9%

Fig. 8.2). To effect this separation the events surviving the neutrino cuts are
reconstructed under four hypotheses: a single electron-like Cherenkov ring,
a single muon-like ring, two photon-like rings with unconstrained kinemat-
ics, and two photon-like rings with Mγγ = mπ0 . The reconstruction uses a
detailed model of extended-track light production and propagation in the
tank to predict the charge and time of hits on each PMT. Event param-
eters are varied to maximize the likelihood of the observed hits, yielding
the vertex position and time of the event and the direction, energy, and,
for photons, the conversion distance of the ring(s). For νe events, the event
vertex, direction, and energy are reconstructed on average with resolutions
of 22 cm, 2.8◦, and 11%, respectively, while NC π0 events are reconstructed
with a π0 mass resolution of 20 MeV/c2.

The final analysis cuts are designed to isolate a sample of νe-induced
events that are primarily CCQE. It is required that the electron-hypothesis
event vertex and muon-hypothesis track endpoint occur at radii < 500 cm
and < 488 cm, respectively, to ensure good event reconstruction and ef-
ficiency for possible muon decay electrons. The visible energy has a cut
Evis > 140 MeV. Particle identification (PID) cuts are then applied to re-
ject muon and π0 events. These are Evis-dependent cuts on log(Le/Lµ),
log(Le/Lπ0), and Mγγ, where Le, Lµ, and Lπ0 are the likelihoods for each
event maximized under the electron 1-ring, muon 1-ring, and fixed-mass
2-ring fits, and Mγγ is from the unconstrained two-ring fit. These also
enhance the fraction of CCQE events among the surviving electron candi-
dates. Table 8.1 shows the observed number of νe CCQE candidate events
and the efficiency for νµ → νe CCQE oscillation events after each cut is
applied sequentially. A total of 380 data events remains after the complete
selection.

MiniBooNE also developed a second set of cuts that used a different
set of reconstruction programs, PID algorithms, and fitting and normaliza-
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Fig. 8.2. In coarse terms the task of particle ID in MiniBooNE amounts to separating
the clean, filled in Cherenkov rings from muons (top) from the fuzzy rings of electrons
(middle) from the pair of fuzzy rings of a π0 event (bottom).

tion processes. The reconstruction used a simpler model of light emission
and propagation. The PID used 172 quantities such as charge and time
likelihoods in angular bins, Mγγ, and likelihood ratios (electron/pion and
electron/muon) as inputs to a boosted decision tree algorithm33 that is
trained on sets of simulated signal events and background events with a
cascade-training technique.34 The two analyses are very complementary,
with the second having a better signal-to-background ratio as the boosted
decision tree squeezed out more PID information from the events, but the
first having less sensitivity to systematic errors from detector properties
as the extra information obtained by the boosted decision tree came with
larger systematic uncertainties. These different strengths resulted in very
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Table 8.2. The estimated number of events with
systematic error in the 475 < EQE

ν < 1250 MeV en-
ergy range from all of the significant backgrounds,
together with the estimated number of signal events
for 0.26% νµ → νe transmutation, after the com-
plete event selection.

Process Number of Events

νµ CCQE 10 ± 2
νµe → νµe 7 ± 2

Miscellaneous νµ Events 13 ± 5
NC π0 62 ± 10

NC ∆ → Nγ 20 ± 4
NC Coherent & Radiative γ < 1

Dirt Events 17 ± 3
νe from µ Decay 132 ± 10

νe from K+ Decay 71 ± 26
νe from K0

L Decay 23 ± 7
νe from π Decay 3 ± 1
Total Background 358 ± 35
0.26% νµ → νe 163 ± 21

similar oscillation sensitivities and, when unblinded, yielded the expected
overlap of events and very similar oscillation fit results. Based on the pre-
dicted sensitivities before the data was unblinded, the first analysis was
chosen for the oscillation result, with the second serving as a powerful
cross-check.

8.6. The Predicted Backgrounds

Table 8.2 shows the estimated number of events with reconstructed neutrino
energy, EQE

ν , between 475 MeV and 1250 MeV after the complete event
selection from all of the significant backgrounds, where EQE

ν is determined
from the reconstructed lepton energy and angle with respect to the known
neutrino direction. The background estimate includes antineutrino events,
which represent < 2% of the total. Also shown is the estimated number of
νe CCQE signal events for the LSND central expectation of 0.26% νµ → νe

transmutation. The small fraction of νe from µ, K, and π decay in the
beamline gives a background that is indistinguishable from oscillations ex-
cept for the energy spectrum. CC νµ events are distinguished from νe events
by the distinct patterns of Cherenkov and scintillation light for muons and
electrons, as well as by the observation of a delayed electron from the muon
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decay, which is observed > 80% of the time from νµ CCQE events. NC
π0 events with only a single electromagnetic shower reconstructed are the
main νµ-induced background, followed by radiative ∆ decays giving a single
photon, and then neutrino interactions in the dirt surrounding the detec-
tor, which can mimic a signal if a single photon, mostly from π0 decay,
penetrates the veto and converts in the fiducial volume.

8.7. Using MiniBooNE Data to Constrain the Simulation

Measurements outside the signal region are used to constrain all of the
major νµ-induced backgrounds. The inclusive CC background is verified
by comparing data to MC for events with two sub-events, where the second
sub-event has < 200 tank hits and is consistent with a muon-decay electron.
As the probability for µ− capture in the oil is 8%, there is an order of
magnitude more CC inclusive scattering events with two subevents than
with only one subevent, so that this background is well checked. These
data events are also modified by moving the hits of the second subevent
earlier in time to model early, inseparable decays which can look more like
an electron.

To determine the NC π0 background, π0 rates are measured in bins of
momentum by counting events in the γγ mass peak. The MC simulation
is used to correct the production rate for inefficiency, background and res-
olution (corrections are ∼ 10%). To match the data angular distribution,
the π0 candidates are fit to MC templates (in mass and angle) for resonant
and coherent production (generated using the model of Rein and Sehgal27)
as well as a template for non-π0 background events. The fitted parameters
are used to reweight π0 from the MC, and to constrain the ∆ → Nγ rate,
which has a branching ratio at the peak of the ∆ resonance of 0.56%. The
π0 measurement is particularly powerful as it avoids the sizeable uncertain-
ties in the νµ flux and the NC π0 cross-section. Instead the rate of NC π0

interactions is measured and used to correct the Monte Carlo predicted rate
with no need to split that rate into a flux times a cross-section. NC coher-
ent γ background30 and NC radiative γ background31 are both estimated
to be negligible. The background from interactions in the dirt surrounding
the detector is measured from a sample of inward-pointing events inside the
tank at high radius.

A sample of ∼105 candidate νµ CCQE events is obtained by requiring a
µ-decay electron with a reconstructed vertex consistent with the estimated
endpoint of the parent muon’s track (60% efficiency). The observed rate of
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these νµ CCQE events is used to correct the MC predictions for νe signal
events, νµ CC backgrounds, and νe from µ backgrounds (which share their
π parentage with the νµ CCQE events). These constraints increase the
event normalization by 32% and greatly reduce the rate uncertainties on
these three components of the final analysis sample.

8.8. Systematic Error Handling

The sources of systematic error in the measurement divide into three cat-
egories: uncertainties in the neutrino fluxes, uncertainties in the neutrino
cross sections, and uncertainties in the modeling of the detector. Table 8.3
lists the individual sources of uncertainty within these three groups and
describes how the errors were set. These groups of errors are taken to be in-
dependent, and, for each, an individual error matrix is formed that includes
the full correlation among the systematic parameters. This is mapped to a
matrix describing the correlated errors in predicted background plus possi-
ble signal in eight νe EQE

ν bins. The final covariance matrix for all sources of
uncertainty (statistical and systematic) is the sum of the individual error
matrices. The signal extraction is performed by computing the χ2 com-
paring data to predicted background plus a (sin2(2θ), ∆m2)-determined
contribution from νµ → νe two-neutrino oscillations in the eight EQE

ν bins
and minimizing with respect to these two oscillation parameters across their
physical range.

8.9. Results

The analysis used a blind technique where the region around any signal
(∼5000 events) was kept blind with all other events (several 100,000) be-
ing fully open for study. The analysis involved a good deal of tuning of
the simulation as well as very exacting requirements on the particle ID.
The blind analysis technique enabled the simulation to be tuned without
any risk of biasing the events passing the particle ID. Once the tuning
and analysis cuts were frozen, a signal-blind test of data-MC agreement in
the signal region was performed. The full two-neutrino oscillation fit was
done in the range 300 < EQE

ν < 3000 MeV and, with no information on
the fit parameters revealed, the sum of predicted background and simu-
lated best-fit signal was compared to data in several variables, returning
only the χ2. While agreement was good in most of the comparisons, the
Evis spectrum had a χ2 probability of only 1%. This triggered further
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Table 8.3. A summary of the low level quantities whose uncertainties were propagated to form the full systematic
error of the analysis. The first column describes the category of systematic, the second column how many parameters
are actually varied in each low level quantity. The third column give a brief description of the low level quantity, and

the fourth column gives a quick indication of how the values and uncertainties on the low level quantities were set.

Category # Pars Description How Uncertainty is Set

8 3-momentum distribution of π+ from the target Fits to E910 and HARP data21,22

8 3-momentum distribution of π− from the target Fits to π− production data
9 3-momentum distribution of K0 from the target Fits to K0 production data

Neutrino 7 3-momentum distribution of K+ from the target Fits to K+ production data
Fluxes 1 Horn current Variation in current measurement

1 Skin depth model of current in horn inner conductor Variation in horn parameters
3 Nucleon cross-sections in the beam Analysis of past nucleon data
3 Pion cross-sections in the beam Analysis of past pion data

2 Binding energy and Fermi momentum in 12C model Electron scattering experiments
Neutrino 7 CCQE neutrino cross-section Fits to MiniBooNE νµ CCQE data
Cross- 7 non-CCQE neutrino cross-section Previous neutrino experiments

Sections 2 Cross-sections for π± on 12C Analysis of pion cross-section data
9 Momentum dependent corrections to the π0 rate MiniBooNE π0 measurement
1 Rate of dirt events Fits to MiniBooNE data samples

Detector 40 Optical model of light in MiniBooNE Calibration & oil measurements
Model 2 Variations in the MiniBooNE electronics response Calibrations of the electronics
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investigation of the backgrounds, focusing on the lowest energies where νµ-
induced backgrounds, some of which are difficult to model, are large. As
part of this study, one more piece of information from the signal region was
released: unsigned bin-by-bin fractional discrepancies in the Evis spectrum.
While ambiguous, these reinforced suspicions about the low-energy region.
Though no specific problems with the background estimates were known,
it was found that raising the minimum EQE

ν of the fit region to 475 MeV
greatly reduced a number of backgrounds with little impact on the fit’s
sensitivity to oscillations. Thus the oscillation fits were performed in the
energy range 475 < EQE

ν < 3000 MeV.
Candidate νe events are shown in the top plot of Fig. 8.3 as a function

of EQE
ν . The vertical dashed line indicates the minimum EQE

ν used in the
two-neutrino oscillation analysis. There is no significant excess of events
(22 ± 19 ± 35 events) for 475 < EQE

ν < 1250 MeV; however, an excess of
events (96 ± 17 ± 20 events) is observed below 475 MeV. This low-energy
excess cannot be explained by a two-neutrino oscillation model, and its
source is under investigation. The dashed histogram in Fig. 8.3 shows
the predicted spectrum when the best-fit two-neutrino oscillation signal is
added to the predicted background. The bottom panel of the figure shows
background-subtracted data with the best-fit two-neutrino oscillation and
two oscillation points from the favored LSND region. The oscillation fit in
the 475 < EQE

ν < 3000 MeV energy range yields a χ2 probability of 93%
for the null hypothesis, and a probability of 99% for the (sin2 2θ = 10−3,
∆m2 = 4 eV2) best-fit point.

With no evidence for a signal in the energy range 475 < EQE
ν < 3000

MeV, a single-sided raster scan to a two neutrino appearance-only oscil-
lation model is used to find the 90% CL limit corresponding to ∆χ2 =
χ2

limit −χ2
bestfit = 1.64. The top plot in Fig. 8.4 shows that the LSND 90%

CL allowed region is excluded at the 90% CL. A joint analysis as a function
of ∆m2, using a combined χ2 of the best fit values and errors for LSND and
MiniBooNE, excludes at 98% CL two-neutrino appearance oscillations as
an explanation of the LSND anomaly. The bottom plot of Fig. 8.4 shows
limits from the KARMEN2 and Bugey32 experiments.

8.10. Conclusion

In summary, while there is a presently unexplained discrepancy with data
lying above background at low energy, there is excellent agreement between
data and prediction in the oscillation analysis region. If the oscillations
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Fig. 8.3. The top plot shows the number of candidate νe events as a function of EQE
ν .

The points represent the data with statistical errors, while the histogram is the expected
background with systematic errors from all sources. The vertical dashed line indicates
the threshold used in the two-neutrino oscillation analysis. Also shown are the best-fit
oscillation spectrum (dashed histogram) and the background contributions from νµ and
νe events. The bottom plot shows the number of events with the predicted background
subtracted as a function of EQE

ν , where the points represent the data with total errors
and the two histograms correspond to LSND solutions at high and low ∆m2. Reproduced
from Reference 35.

of neutrinos and antineutrinos are the same, the first MiniBooNE result
excludes two neutrino appearance-only oscillations as an explanation of the
LSND anomaly at 98% CL.
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Fig. 8.4. The top plot shows the MiniBooNE 90% CL limit (thick solid curve) and

sensitivity (dashed curve) for events with 475 < EQE
ν < 3000 MeV within a two neutrino

oscillation model. Also shown is the limit from the boosted decision tree analysis (thin

solid curve) for events with 300 < EQE
ν < 3000 MeV. The bottom plot shows the limits

from the KARMEN2 and Bugey32 experiments. The MiniBooNE and Bugey curves are
1-sided upper limits on sin2 2θ corresponding to ∆χ2 = 1.64, while the KARMEN curve
is a “unified approach” 2D contour. The shaded areas show the 90% and 99% CL allowed
regions from the LSND experiment. Reproduced from Reference 35.
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8.11. Future Plans

The νe appearance measurement was always MiniBooNE’s main purpose,
but such a large dataset of neutrino interactions (far larger than any pre-
vious experiment at these energies) enables several other important mea-
surements to also be made. MiniBooNE is currently working on detailed
studies of the νµ CCQE and Neutral Current π0 cross-sections. Better un-
derstanding of these processes will lead to reduced cross-section systematic
errors in future oscillation searches. The collaboration also plans publica-
tions on the Neutral Current elastic scattering process and the Charged
Current π+ and π0 production channels. With about 200,000 νµ CCQE
events passing the cuts, the MiniBooNE collaboration also plans to conduct
a search for νµ disappearance. This is a tricky measurement without a near
detector, but the investment that the collaboration has made in a precise
understanding of the beam, cross-section, and detector systematics should
enable a sensitive result.

The data for the νe appearance analysis presented here was taken be-
tween 2002 and late 2005. In January 2006 the horn polarity was switched
and, since that time, the beam line has been running in anti-neutrino mode.
At the time of writing about 1.7×1020 protons on target have been delivered
in this mode (to be compared with the 5.7×1020 pot delivered and passing
quality cuts in neutrino mode). This anti-neutrino dataset is being ana-
lyzed with a view to measuring a series of anti-neutrino cross-sections and
to performing both a νµ disappearance measurement and a νe appearance
search. This latter is particularly interesting as the LSND measurement
was of νe. It is possible there may be CP violation in the lepton sector,
in which case the oscillations of νµ into νe may not be the same as those
of νµ into νe. To make a νe appearance measurement that is sensitive to
the LSND region of oscillation parameter space will probably need several
times the anti-neutrino running than has been currently accumulated as
the rate of interactions is about 4 times lower than in neutrino mode, but
the collaboration is considering this possibility.
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The OPERA experiment is designed to investigate νµ → ντ oscillations
in the atmospheric neutrino sector by searching directly for ντ appear-
ance with the CNGS high energy neutrino beam. This challenging goal
requires tracking capabilities with µm accuracy and sophisticated kine-
matic reconstruction, both implemented at the kton target mass scale.
This is made possible by the modular concept of the Emulsion Cloud
Chambers integrated in a hybrid detector. Given its good electron iden-
tification capabilities, OPERA can also look for sub-leading νµ ↔ νe os-
cillations. The construction of the experiment has required many years
of R&D, test-beam measurements and large engineering efforts. OPERA
will start the exposure to the CNGS beam of the ECC bricks composing
its target during the fall 2007. The experiment is then foreseen to run
for 5 years.
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9.1. Introduction

The OPERA (Oscillation Project with Emulsion Tracking Apparatus) ex-
periment aims at the direct observation of ντ appearance from νµ → ντ

oscillations in the CNGS long-baseline beam from the CERN SPS to the
Gran Sasso underground laboratory (LNGS)1. This observation would clar-
ify unambiguously the nature of the oscillation mode in the atmospheric
neutrino sector. OPERA can also search for the sub-leading νµ ↔ νe oscil-
lation, which is governed by the still unknown θ13 parameter.

To be sensitive to the oscillation parameters indicated by the muon neu-
trino deficit in the Super-Kamiokande data (∆m2 = 1.9 − 3.1 × 10−3 eV2,
90% C.L., full mixing,2 see Chapter 2) and confirmed by the K2K3 (Chap-
ter 5) and MINOS4 (Chapter 6) experiments, the CNGS beam is charac-
terized by a baseline of 730 km from the neutrino source to the LNGS lab-
oratory, combined with an energy spectrum optimized for ντ appearance.
This tuning was performed by matching the neutrino spectrum to the con-
volution of the ντ Charged Current (CC) cross-section with the νµ → ντ

oscillation probability, to obtain the maximum number of ντ CC interac-
tions at LNGS. The average CNGS νµ energy is about 17GeV. CNGS is
supposed to run for 5 years, delivering 4.5×1019 protons on target per year.

The past CERN generation of short-baseline neutrino oscillation exper-
iments (CHORUS and NOMAD5,6), performed about 10 years ago on the
WANF beam, developed the two distinct approaches to detecting ντ ap-
pearance via the ντ CC interaction followed by the tau decay. NOMAD
developed the kinematical method, which exploits the missing transverse
momentum due to the presence of neutrino(s) in the tau decay and its an-
gular correlations, in the transverse plane, with the direction of the visible
tau daughter particle(s) and the direction of the hadronic system resulting
from the recoiling quarks. More generally, the 3D isolation of the visible
decay daughters of the tau with respect to the hadronic system was ex-
ploited. This technique requires hermetic detectors with good energy and
momentum resolution, and it has been pursued by the ICARUS7 collab-
oration. The background comes mainly from mis-reconstructed neutrino
interactions. The electronic decay channel of the tau is the one with best
sensitivity since its main background is due to CC interactions of the νe

originally present in the beam, which in a standard high energy neutrino
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beam (like WANF or CNGS) is about 100 times smaller than the νµ CC
sample. The program concerning the ICARUS detector on the CNGS beam
is limited to the first 600 tons prototype built in 2002. Its installation at
LNGS should be completed by the end of 2007.

OPERA, like CHORUS, is instead based on the direct detection of the
decay of the tau lepton produced by ντ CC interactions. Its decay topology
is characterized by the “kink”, a sharp deviation (>20mrad) from the di-
rection of the original tau lepton, typically occurring after a path of about
1mm, due to its decay to charged particle + neutrino(s). The decay mode
to 3 charged particles + neutrino relies on the reconstruction of the tau
decay vertex. A major background to the topological detection comes from
the decay of charmed particles, which are produced in ordinary νµ (νe) CC
interactions and have similar decay topologies as the tau. The identifica-
tion, with high efficiency, of the primary lepton from the neutrino interac-
tion that also produces the charmed particle allows the suppression of this
background. The reconstruction of the tau decay topology requires very
high spatial resolution, which can be provided by a target of nuclear emul-
sion sheets. Nuclear emulsions have the unique tridimensional resolution
which allows the direct observation of short-lived particle decays and the
discrimination between decays and nuclear interactions. Past experiments,
like CHORUS, were based on a hybrid set-up where nuclear emulsions were
used as an active target. The analysis of nuclear emulsions was fully au-
tomated, but the final step of the analysis chain included validation by an
experienced physicist who visually inspected the result obtained from the
automatic scanning.

Both approaches for ντ identification require sophisticated detectors.
At a long-baseline this search is even more challenging. Given the neutrino
oscillation probability, the ντ CC interaction cross-section and the neu-
trino fluxes obtainable at large distances from the source, such a detector
must combine the massive targets needed to obtain significant event rates
with very accurate topological or kinematical event reconstruction. In the
OPERA case this implies a massive (about 1.8 kton) neutrino target and
µm resolution tracking to reconstruct the tau decay topology. It was un-
feasible, given the cost, to build such a target just with nuclear emulsions.
Another concept, the Emulsion Cloud Chamber (ECC) detector had to be
adopted in order to achieve the needed target mass. The impressive scan-
ning power achieved in the last decade together with the ECC technique
made it possible to achieve the same discrimination between decays and nu-
clear interactions without the need for manual scanning; the idea consists
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of profiting from the intrinsic emulsion resolution to make a full kinematical
reconstruction of the event and its topology and therefore achieve a very
high signal to background ratio.

The ECC, exploited in the year 2000 by the DONUT collaboration
for ντ detection in a beam-dump experiment,9 combines the high-precision
tracking capabilities of nuclear emulsions and the large target mass provided
by lead or iron plates in a sandwich-like cell. More precisely, in OPERA,
the basic ECC module (brick) is made up of 57 12.7 × 10.2 cm2 emulsion
films interleaved with 56 lead sheets (1 mm thickness). Each film is actually
made up of two 42 µm emulsion layers separated by a 205 µm thick plastic
base. The OPERA design is completely modular and allows for real-time
analysis of neutrino interactions. The target is built up with 206,336 bricks
(8.3Kg each).

Fig. 9.1. Schematic view of a tau decay reconstructed in a ECC brick.

The brick is a complete standalone detector. It allows for neutrino ver-
tex and tau decay topology reconstruction with µm accuracy, as shown
in Fig. 9.1. It can also be considered a finely segmented electromagnetic
calorimeter (its thickness is equivalent to 10 X0), providing for electron and
gamma identification and their energy reconstruction. The momentum of
charged particles can be reconstructed by measuring their multiple scatter-
ing through the lead plates. Together with the calorimetric measurement
of electromagnetic showers, the reconstruction of the kinematics of the in-
teraction is achieved. These measurements are generally limited to the hit
brick and the one immediately downstream. In addition, particle identifi-
cation (muons, pions, protons) can be provided by measuring the specific
ionization of tracks close to their stopping points. However, the brick is
a passive detector which cannot provide a trigger for the neutrino interac-
tion, and it is too small to contain muons. Therefore, the bricks have to



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

The OPERA Experiment in the CNGS Beam 177

be integrated in a hybrid detector design and the tasks related to trigger-
ing, tracking and event localization, muon identification and their charge
and momentum measurement have to be performed by external electronic
detectors.

The bricks are arranged in two target sections, each one instrumented
with scintillator planes called “Target Trackers” (TT). The TT provide a
trigger for neutrino interactions, localize the particular brick in which the
neutrino interacted and perform initial muon tracking within the target.
The brick localization is the first step for finding the event location within
the emulsions. The electronic trackers provide predictions for the positions
of the particle tracks in the vertex brick with a position resolution of the
order of 1 cm and an angular accuracy (on the muon tracks) of about 20
mrad. Muon identification and charge measurement are needed for the
study of the muonic tau decay channel and, in general, are fundamental
handles for the suppression of the background coming from the decay of
charmed particles, which are mostly produced via νµ CC interactions. The
identification of the primary muon in these events with more than 95%
efficiency, allows for the suppression of this background. For this purpose
each target section is followed by a large, finely segmented muon spectrom-
eter which, together with the TT, contributes to the muon identification
by range and allows for muon momentum and charge measurement.

9.2. The OPERA Detector

OPERA has brought the technology of the hybrid ECC system to an un-
precedented scale. The amount of nuclear emulsions produced for this ex-
periment exceeds by forty times that of CHORUS, with an overall target
mass of O(106) kg. Such a leap in scale poses several technological chal-
lenges. First, the ECC production and installation chain had to be fully
automated. Second, engineering and mass production of the electronic
detectors was required, since a surface of about 10,000m2 had to be in-
strumented. Finally, intense research and development was required to
improve emulsion development and emulsion scanning to cope with the
rate of neutrino interactions in the target. All of this involved the special
development of scanning microscopes, the automation of brick production
and handling, emulsion processing and chemical development chains. The
solution adopted in the design of OPERA optimizes the ECC modularity
to match the resolution of the electronic detectors and the surfaces that
can be reasonably scanned by automatic microscopes, (see Sec. 9.3).



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

178 D. Autiero et al.

The thickness of the lead (1 mm) is a compromise between the need to
sample as often as possible the path of the outgoing tau and the amount
of emulsion that can be produced and scanned at a reasonable cost. The
choice of lead as the target material follows similar constraints: at a fixed
thickness, dense materials are highly desirable since larger target masses
can be obtained with the same amount of emulsion. Among the various
candidate materials (lead, iron, tungsten etc.), lead provides a reasonable
compromise between density, cost per unit mass and ease of production
and machining. Moreover, it has a rather small radiation length, which
enhances momentum reconstruction from multiple scattering and electro-
magnetic (EM) shower containment (see Sec. 9.3).

A minimum ionizing particle crossing the film perpendicularly creates
two short tracks (“micro-tracks”) in the two emulsion layers. The presence
of the plastic base is crucial to screen the background from α and β decays in
lead. Still, the combinatorial background for the association of two micro-
tracks highly depends on the lead radioactivity, especially β decays from
210Po. OPERA makes use of commercial lead doped with Calcium, whose
β activity does not exceed 30 Bq/kg. Each brick is made of the above-
mentioned stack of lead and emulsion films, its container, and a doublet
of emulsion films enclosed in a thin plastic box. This additional doublet
“Changeable Sheet” (CS) is glued to the container and plays a crucial role
in the scanning strategy of OPERA, as will be explained later.

Cloning this basic unit to reach a 1.8 kton size target has been a ma-
jor engineering challenge. The bricks are produced underground at LNGS
using five “piling” stations. These stations are located in a dark room and
fed with emulsions and lead sheets by an automatic system. The piling sta-
tions build the emulsion-lead “pile” and fix it with a plastic and aluminum
container just after the pile is produced. Later on, an anthropomorphic
robot wraps an aluminum tape around the pile to guarantee light tight-
ness. Finally, these bricks are moved outside the dark room by rollers and
reach an assembly line where the CS is glued, the identifying number of
the brick is printed and the brick itself is inserted into a large temporary
container (“drum”) that will be transported to the OPERA experimental
area. This large automatic system is called the “Brick Assembly Machine”
(BAM) and is currently operating. Completion of the brick production is
expected in 2008.

OPERA is located in one of the three large experimental halls of Gran
Sasso (Hall C). When the drums reach this area, they are positioned into
a loading station, and another robot, the “Brick Manipulation System”
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(BMS), puts the bricks into their final containers with a precision of about
1 mm. Such containers (“walls”) are made of thin stainless steel vertical
bands welded to light horizontal trays and have been designed to minimize
the amount of passive material in the target area. Each wall contains 3328
bricks and it is followed by two planes (one per view) of electronic detectors.
The choice of segmented plastic scintillators as real time detectors has been
mainly driven by the results obtained from the MINOS experiment.8 The
OPERA TT plastic scintillators are made of polystyrene bars doped with
p-Terphenyl (2%) and POPOP (0.02%), co-extruded with a TiO2 reflec-
tive coating. The visible light produced by the passage of charged particles
through the bars is transported to photomultipliers by WLS fibers. Multi-
anode PMT’s are located at both sides of a group of 64 bars. This detector
option has several advantages. First of all, large surfaces of segmented plas-
tic scintillators can be built at relatively low costs while retaining cm-scale
granularities. In OPERA, each bar has a pitch of 2.6 cm and a thickness
of 1 cm, but it extends up to 6.86m. At least 6 photoelectrons per side of
scintillator strip are collected after the passage of a minimum ionizing par-
ticle. Moreover, the TT provide an analog signal proportional to the energy
deposited in the bar. This information can be exploited to trigger τ → e or
νe quasi-elastic events, where the only signature is the development of an
EM shower in the brick up to the TT. Two-dimensional information is ob-
tained by installing pairs of orthogonal scintillator planes. Each brick wall
is followed by a TT doublet. 31 wall+TT planes constitute the OPERA
instrumented target. In fact, the whole apparatus consists of two adjacent
“Super-modules”, each made of an instrumented target (5900 m2 of TT
planes in total) followed by a large magnetic spectrometer, as shown in
Fig. 9.2

As mentioned in Sec. 9.1, a magnetic spectrometer is used to measure
the momentum and charge of penetrating tracks (mainly muons) and to
estimate the energy of the hadronic component that punches through the
target area. The OPERA magnets are made up of two large iron arms of
rectangular cross section (8.7 × 8.2 m2) separated by a 1.2m gap. Two
chambers of drift tubes, called “High precision trackers” (PT), have been
installed in front of each arm and in the gap (six chambers per magnet)
with the aim of measuring the horizontal deflection of charged particles in
the magnetized iron. The arms are made up of twelve, 5 cm thick iron
layers interleaved with planes of Bakelite Resistive Plate Chambers (RPC).
They are connected through massive return yokes running above and be-
low the arms. The two coils that magnetize the iron are wound along the
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Fig. 9.2. Fish-eye view of the OPERA detector.

Fig. 9.3. Automated emulsion scanning system.

yokes. The advantage of this configuration is that the magnetic field along
the arm is extremely uniform (variations along the height never exceed 5%
with a mean value of 1.52 T) and always parallel to the vertical direction.
Hence, 1-dimensional trackers can be exploited to determine the particle
momentum. The only disadvantage with respect to the more traditional
toroidal configuration is the presence of relatively large dead zones (return
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yokes), where the field is highly non-uniform. Their presence is immaterial
in OPERA as far as the instrumented arms exceed the size of the target
area and the geometrical acceptance for outgoing tracks. Momentum mea-
surement in OPERA is dominated by Multiple Scattering (MS) in iron, the
resolution of the tracker is negligible in the energy range of interest for the
ντ appearance analysis. In fact, the PT have been designed to achieve a
single-tube resolution of 300 µm. In this case, the momentum resolution in a
single spectrometer is MS-dominated below 30 GeV (∆p/p ∼ 20%) and the
charge reconstruction efficiency for muons crossing the whole spectrometer
exceeds 99.5%. The OPERA PT are 8m tall, 38mm diameter cylindrical
drift tubes and are assembled in stations made up of four staggered lay-
ers. At the time of writing, 10 out of 12 stations have been installed and
commissioned at LNGS.

As already noted, the arms of the magnets are also instrumented with
RPCs (1525 m2 per magnet). Therefore, for stopping muons the spectrom-
eters can measure the momentum from range with a resolution of about
30 MeV, and the RPCs also perform hadronic calorimetry. The RPCs
are operated with an Ar/C2H2F4/i-C4H10/SF6=75.4/20.0/4.0/0.6 gas mix-
ture, and the signals are readout by horizontal and vertical strips of ∼3 cm
pitch. The same technology has been used for additional RPCs located in
front of the first two chambers of the spectrometer whose strips are inclined
by 45◦ with respect to the vertical axis to disentangle the left-right ambi-
guity of the drift tubes. Finally, glass RPCs have been installed in front of
the first OPERA wall to veto incoming charged particles produced before
the target area of the first super-module.

Trigger rates in OPERA are completely dominated by cosmic ray par-
ticles and are rather small since the minimum rock coverage in Hall C is
3200kg/cm2 and the rate of cosmic muons is ∼1muon/h/m2. For this rea-
son, the OPERA data acquisition system (DAQ) has been built as a stan-
dard Ethernet network whose nodes are Linux-based CPU’s embedded in
the front end boards which are self-triggering and take data asynchronously.
A clock distribution system, connected with the LNGS GPS unit, sends a
synchronization signal to all the DAQ nodes which can time-stamp the hits
from the front-end electronics of the different sub-detectors with 10 ns rel-
ative accuracy. The signal from the TT constitutes the building block of
the trigger and brick extraction strategy during the CNGS data taking. An
interaction in one of the bricks produces outgoing charged tracks crossing
one or more TT doublets. The corresponding scintillator hits are recorded.
Offline, the hits are time ordered and an absolute UTC time is attributed
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to the event. The correlation with the CNGS beam spill is then performed,
with an accuracy of about 100 ns, by combining the event time information
from the OPERA raw data database with the UTC time of the SPS proton
extractions, recorded in the CNGS database.

Selected data are post-processed by the offline reconstruction programs,
and the hit pattern is exploited in a highly non-trivial manner. The com-
bination of a wall probability map generated with a neural network and
the tracking information from the muon and the hadronic shower is used to
determine the brick where the primary vertex occurred. This brick finding
procedure provides a probability map for the occurrence of the primary ver-
tex in a given ECC. The bricks with the largest probability are extracted
from the target by the BMS on a daily basis and the corresponding change-
able sheets are detached, developed and scanned according to the procedure
described in Sec. 9.3. The CS provide a first confirmation of the presence
of the neutrino interaction and initialize the scanning analysis of the brick.
About 30 bricks will be extracted from the target (1800 emulsion foils) each
day. The total emulsion surface to be measured corresponds to a few thou-
sand square meters in 5 years. In order to cope with the real-time analysis
of neutrino interactions, high speed automatic scanning microscopes had to
be developed in Europe and in Japan, improving respectively by a factor
20 and 60 the scanning speed achieved in CHORUS.

Most of the analysis chain was validated in the first CNGS run in August
2006.13 This crucial technical run was conducted with electronic detectors
only (TT and RPC: at that time, bricks were not yet available and the
drift tubes were still under installation). Neutrino interactions were mainly
produced in the rock surrounding OPERA and in the iron of the magnets
(990 t per magnet). During the run, the CNGS integrated 7.6×1017 pot in
∼10 days of operation at reduced intensity, and 319 time-correlated events
were observed, in agreement with expectations. A first test of consistency
between the TT predictions and the emulsion data has also been accom-
plished: 300 CS were installed in one wall of the first super-module and
the TT predictions were tested by scanning the CS doublets hit by muons
during exposure to CNGS.

9.3. ECC Analysis

Automatic scanning systems are a key element of the OPERA experiment
and they can be considered to be its DAQ sub-system generating the largest
data-volume. The development of this system and its associated analysis
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tools started with CHORUS. This technique was then successfully used by
DONUT, where new analysis methods were developed by using fully digi-
tized information from the automatic scanning systems.10 New automatic
scanning systems for OPERA were developed in both Europe and Japan.
The required scanning load for OPERA is much larger than in CHORUS
and DONUT because of the poorer resolution of the TT in pointing back
to the neutrino interaction point. A photograph of one of the scanning
systems developed for OPERA is shown in Fig. 9.3.

An automatic scanning system provides five track parameters and qual-
ity information for each track. These parameters are the X,Y and Z starting
coordinates, measured with µm accuracy, and the slopes in the XZ and YZ
projections with about 7mrad accuracy for a 42µm thick emulsion layer.
By using the tracking information from both sides of an emulsion layer
(base-track) an angular resolution of a few mrad is achieved at high speed
read-out.

The basic principle of automatic scanning is the same for both European
and Japanese systems. Both systems have a computer controlled X,Y and Z
microscope stage and a high speed CMOS camera to take microscopic emul-
sion images. Emulsion films record charged particle trajectories with 0.6µm
diameter silver grains. Minimum ionizing tracks produce about 35 grains in
100µm thick emulsion (15 grains in the 42µm thick OPERA films). Both
systems take multiple tomographic images of each emulsion layer to recon-
struct a track from the silver grains along its trajectory. Reconstructed
tracks are provided with full 3D position and slope vector informations.

Once neutrino events are triggered and reconstructed by the TT, the
emulsion scanning procedure starts with the CS analysis. The CS can be
seen as an interface emulsion film from the TT to the brick. The TT pro-
vides the event localization over the full volume of OPERA . It identifies
the wall containing the vertex and then the hit brick in that wall, by re-
stricting the surface by a factor of 25 cm2/64 m2 = 4 × 10−5. Then the CS
allows for a further localization of the tracks at microscopic level. The CS
scanning is the heaviest task in the emulsion analysis. In CHORUS and
DONUT, the electronic detectors pointing accuracy was a few 100µm, com-
pared to a few cm in OPERA, where a single track in a few ten cm2 area
has to be localized at microscopic level. The level of background tracks
in the CS is therefore a very important aspect. OPERA films have the
new feature of controlled fading (so called refresh capability).12 The CS
refreshing is performed underground at LNGS in order to erase all tracks
accumulated during transportation from Japan to LNGS. In order to sup-
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press background tracks, coincidences are required by using a doublet of
OPERA films as the CS (four emulsion layers). Given the brick thickness,
the accuracy of the predictions given by TT on the CS is affected by multi-
ple scattering and by electromagnetic and hadronic showers. In the case of
νµ CC events, the prediction accuracy for a muon track is well within 5 cm.
However, in the case of NC like events, single track reconstruction in the
TT is quite difficult. A better estimation can be obtained by projecting the
center of the shower on the CS with about 10 cm accuracy. The scanning
load needed for the CS analysis is then 25 cm2 × 4 layers and 100 cm2 × 4
layers for CC like and NC like events, respectively.

The CS scanning was tested during the CNGS 2006 August run.13 Nine
muons produced by neutrino interactions in the rock surrounding the de-
tector crossed the CS. Five muon tracks predicted by TT were found by
scanning the emulsion films. The reasons for the inefficiency can be traced
back to the tight cuts applied in this preliminary analysis and the significant
decrease of the fiducial volume. In fact, the dead space between adjacent
emulsion films was about 10% and the scanning was only performed up to
3mm from the film edge, bringing the overall dead space to 20%. However,
the test proved the capability in passing from the cm scale of the electronic
tracker resolution to the µm resolution of nuclear emulsions. The CS anal-
ysis procedure was demonstrated with both the European and Japanese
systems.

Once tracks are tagged on the CS, the event location reconstruction pro-
ceeds as per the CHORUS and DONUT experiments. The tracks found on
CS will be traced back to the neutrino interaction vertex. The main differ-
ence with respect to the CHORUS and DONUT experiments consists of the
number of events accumulated in a single emulsion module. In the case of
OPERA, there is only one neutrino interaction in the brick. Since the bricks
must be disassembled before development, a very important step is the fast
alignment procedure of the films. A first alignment of the films in a brick is
performed by X-ray marking, after the brick extraction from the detector.
The X-ray marks provide an alignment accuracy better than 100µm, which
is smaller than the microscope field of view. For finer alignment(µm level),
needed for vertex analysis and kinematical analysis (momentum measure-
ment), the brick is exposed to cosmic rays after the extraction from the
target before being disassembled for development.

The vertex analysis and kinematical analysis procedures were also well
established in CHORUS14,15 and DONUT.9,10 During the vertex analysis
all the tracks recorded on the emulsion films around the neutrino interaction
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point are read out by the automatic scanning system and globally recon-
structed by the offline software. In this analysis, decay of taus produced
by ντ CC interactions will be tagged. Once decay candidates are found
in the vertex analysis, the kinematical analysis of the event is performed.
The kinematical analysis is needed to increase the signal to background
separation. It consists of invariant mass reconstruction and the transverse
momentum measurement of the decay. These analyses provide electron and
gamma identification and energy measurement through the induced shower
measurement, momentum measurement for charged particles through the
multiple Coulomb scattering detection (see below) and pion-muon sepa-
ration. Other kinematical analyses such as the π0 detection and energy
measurement and the τ → ρ detection are related to this. In the following
we show the principles and the results already achieved in several test-beam
experiments.

The cumulative effect of multiple scattering for a particle traversing
a given thickness of material can be represented by an approximatively
Gaussian distribution of the scattering angle in a plane with the RMS, θ0,
inversely proportional to the momentum of the particle. One can measure
θ0 by simply taking the difference between the angles in two consecutive
emulsion films. This method is called the “angular method”. A resolution,
δθ, of about 2 to 3mrad can be routinely obtained.16 The RMS of the
measured scattering angles, θ2

M , is the quadratic sum of the scattering
signal θS and of the measurement error δθ: θ2

M = θ2
S + δθ2. With this

method θS = θ0. The error on θS when N independent measurements are
performed is:

δθS

θS
=

1√
1 − (δθ/θM )2

1√
N

. (9.1)

Using Nfilm emulsion films, this method provides N = (Nfilm − 1)× 2,
since each of the two projections provides a set of independent measure-
ments. One can obtain a δp/p ∼ 10% with a brick of about 50 emulsion
films. The momentum resolution experimentally achieved with this method
with an angular resolution of 3 mrad for 2, 3 and 4 GeV negative pions im-
pinging on a 3 X0 ECC (17 emulsion films)16 is respectively 28%, 35%, and
36%. A different method, the so-called “position method”, can also be used
for the momentum measurement and it is especially suitable for higher mo-
menta. Details of this method and of the achieved results can be found in
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Ref. 20. In the DONUT experiment a systematic momentum measurement
for all tracks from neutrino interaction events was performed.17

A typical example of electrons identified in a ECC brick is shown in
Fig. 9.4. The identification is done by means of both the multiple scatter-
ing before the shower starts and the number of electrons when the shower
develops. In particular, the distinctive energy loss rate of electrons be-
fore interaction is used to discriminate between electrons and hadrons: the
energy is practically unchanged for hadrons while it is decreasing for elec-
trons while traversing the brick. Two approaches are possible, either a χ2

corresponding to the two possible interpretations (hadrons or electrons) is
built and it is used as a separator,23 or a Neural Network is built with the
aim of assigning a probability to each particle of being either an electron
or a pion.24 ECCs have been exposed to electron and pion beams with
the aim of measuring the electron to pion separation. Results show that,
depending on the requirements of the analysis, it is possible to achieve ei-
ther high electron identification efficiency (more than 80%) or small pion
mis-identification (smaller than 1%).

By counting the number of segments associated with an electromagnetic
shower and by fitting both the longitudinal and transverse shower profile it
is also possible to measure the energy of the electrons. Monte Carlo studies
show that a 20% energy resolution can be achieved.

Fig. 9.4. xz projection (left) and yz projection (right) of a reconstructed shower gen-
erated by a 6 GeV electron interacting in the ∼3.3 X0 ECC exposed at DESY. Each
segment corresponds to a base-track associated with the reconstructed electromagnetic
shower.

Particle identification by observing the energy losses close to the stop-
ping point is a well established technique.19 In this regime, the energy loss
rate is given by a constant (k) divided by the square of the speed of the
particle (β2 = (v/c)2): I = dE/dx = k/β2. Since E = Mβ2/2, where
M is the mass of the particle, one can get M = (2/k)I2x. Therefore the
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particle mass can be extracted by measuring I at a distance x from the
stopping position. The error on the mass has a contribution from δx and
another one from δI, which is the leading one when the particle stops in a
brick. The grain measurement amounts to about (30 ± √

30)/100µm. By
measuring only one emulsion sheet one can get about 18% resolution on
the ionization measurement. Test experiments have been performed in or-
der to measure the proton, pion and muon identification by means of this
method. Although their mass is quite similar, it is still possible to sepa-
rate muons from pions. If 10 emulsion films are crossed after entering into
the non-relativistic regime, a mass resolution δM/M � 2δI/I = 0.12 is
achievable which means a δM = 16 MeV for a pion. This mass resolution
allows the separation between muons and pions. ECC exposures have been
performed in the pure and low energy muon and pion beams available at
the Paul Scherrer Institut (PSI). The preliminary results are encouraging:
about 30% µID efficiency with a few percent π mis-identification. Results
on the proton to pion separation can be found in Ref. 18. Pion and proton
separation greater than 3 sigma was achieved at momentum of 1.2GeV/c
by detecting the 14% difference in ionization energy loss.

A complete test experiment was performed at Fermilab in 2005-2006,
T952 (PEANUT). The old DONUT scintillating fiber tracker was brought
to the MINOS Near Detector Hall to expose opera bricks to the NuMI
neutrino beam. X-ray mark alignment tests, event location tests by trace
back, and vertex analysis tests are ongoing for 6000 neutrino interactions
in 85 bricks. Most of the analysis tools were tested with the PEANUT
experiment, apart from the CS analysis.

9.4. Physics Performance: νµ → ντ Search

The τ decay channels investigated by OPERA (e, µ, single- and multi-
prong decays) cover all the decay modes. They are classified in “long” and
“short” decays. Short decays correspond to the cases where the τ decays in
the same lead plate where the neutrino interaction occurred. In this case τ

candidates are selected on the basis of the impact parameter (IP) of the τ

daughter track with respect to the interaction vertex (IP > 5-20 µm). For
long decays the τ does not decay in the same lead plate and its track can
be reconstructed in one film. The τ candidate events are selected either on
the basis of the existence of a kink angle between the τ and the daughter
tracks (θkink > 20 mrad) or on the presence of a secondary multi-prong
vertex along the τ track.



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

188 D. Autiero et al.

For the candidates satisfying the topological criteria discussed above,
the signal to background ratio can be improved by applying a kinematical
analysis. Since for short decay candidates the main background comes
from charm production, a lower cut at 2 GeV on the invariant mass of the
hadronic system, as computed from the momenta measured in the ECC,
is imposed. This cut reduces the background by more than a factor 1000,
while retaining about 15% of the signal.

For long decay candidates it is worthwhile considering leptonic, single-
prong and multi-prong decays separately. For leptonic decays, soft cuts on
the daughter momentum, a lower one to minimize the effect of the particle
mis-identification (p > 1 GeV) and an upper one (p < 15 GeV) to suppress
the beam related background, and a cut on the measured transverse mo-
mentum (pT ) at the decay vertex are enough to reduce the background to a
reasonable level. The applied cut at the decay vertex is pT > 100 MeV and
pT > 250 MeV for the electronic and muonic decay channel, respectively.

For the single-prong decay the kinematical analysis is more complicated.
The main background for this channel originates from the reinteraction of
primary hadrons without any visible recoil at the interaction vertex. In or-
der to keep the background for this channel as low as possible, kinematical
cuts are applied both at the decay and at the primary vertex. The kine-
matical analysis is qualitatively similar to that of the electronic and muonic
channels. However, the cut applied on the pT is harder (pT > 300 MeV if
a γ is attached to the decay vertex, pT > 600 MeV if nota). The daughter
particle is required to have a momentum larger than 2 GeV. The kinemat-
ical analysis at the primary vertex uses the missing transverse momentum,
pmiss

T , and the angle in the transverse plane, φ, between the parent track
and the shower direction. Due to the unobserved outgoing neutrino, pmiss

T

is expected to be large in NC interactions. Conversely, it is expected to be
small in CC interactions. For τ candidates the measured pmiss

T is required
to be lower than 1 GeV. The φ angle is expected to peak at π, because
the τ and the hadronic shower are back-to-back in the transverse plane.
Conversely, in NC interactions the hadron mimicking a τ → h decay is
produced inside the hadronic shower. Therefore, φ peaks near 0. For τ

candidates the φ angle is required to be larger than π/2.
aThis choice originates from the fact that the fraction of secondary vertexes in νµNC
events with an attached γ is very small. Furthermore, by reconstructing the γ the
measured pT increases, hence the τ detection efficiency increases at constant background.
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For the multi-prong decay channel the main background is given by
decays of charmed particles while the hadronic reinteraction background
is not a major issue. Indeed, the probability for a hadron to undergo a
multi-prong interaction is much smaller (1-2 order of magnitudes) than
for single-prong interactions. The signal to background ratio is enhanced
by performing a kinematical analysis mainly based on pmiss

T , the invariant
mass of the hadronic system and the total energy of the event.

The total ντ appearance efficiency including the branching ratios of all
channels amounts to 12.5%. The background is due to the following sources:

• prompt ντ production in the primary proton target and in the beam
dump;

• background from π0 and prompt electrons;
• production and decay of charmed particles;
• large angle muon scattering;
• hadronic reinteractions.

The first two backgrounds are very small, while the the others contribute
equally to the overall expected background. One of the main backgrounds
for all channels of the OPERA experiment is the charm production induced
by neutrinos22 when the primary (typically low energy) muon is not iden-
tified. Therefore, the key issue is to achieve a high efficiency for muon
identification (see Sec. 9.2). By using a combined analysis of the electronic
detectors and of the ECC bricks, it is possible to achieve a muon identi-
fication efficiency of about 95%. However, the other handle in identifying
low momentum muons and, consequently, reducing the charm background
exploits the different energy loss of pions and muons at the end of their
range (see Sec. 9.3).

Presently, the main background for the muonic channel is the large
angle scattering of muons off 1mm lead. Data measuring the rate of the
process are sparse. Furthermore, there is about a one order of magnitude
discrepancy between the predicted rate with GEANT3 and an analytical
calculation21 that gives a lower rate (background). To have an experimental
determination of this background, a dedicated measurement of large angle
scattering of 9 GeV muons in lead plates was performed. The measured
rate (pT > 250 MeV) for 2 mm lead is (0.6+0.7

−0.6) × 10−5, based on one
observed event. This has to be compared with the predicted rate of 0.2 ×
10−5 from the analytical calculation. Unfortunately, this measurement was
not conclusive. Therefore, an exposure with a silicon tracker telescope
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and a pure µ beam has been performed. The analysis is still in progress,
but the expected background measured with an empty target is of the
order of 10−6 and it will allow the measurement with the needed accuracy.
Conservatively, for OPERA background calculations we assumed a rate of
1 × 10−5.

An important source of background for both the hadronic and muonic
channels is due to reinteractions of hadrons produced in νµ NC and in
νµ CC without any visible activity at the interaction vertex. Hadronic
reinteractions constitute a background for the hadronic channel if they oc-
cur in νµ NC events or in νµ CC events with the muon not identified.
The expected background rate from hadronic reinteractions in the hadronic
channel is about 4×10−6. However, hadron reinteractions also constitute a
large source of background for the muonic τ decay channel. This contami-
nation can arise in νµ NC events because a hadron can be misidentified as a
muon, or in νµ CC events if a genuine µ identified in the electronic detector
is mismatched to a hadron track in the emulsions. Because the kinemat-
ical analysis in the muonic channel is very loose (no kinematical analysis
at the primary vertex, pT > 250 MeV at the decay vertex) the expected
background rate from hadronic reinteractions in the hadronic channel is
about 7 × 10−6. The prong multiplicity and angular distribution in pion
interactions on lead nuclei below 10 GeV are poorly known. In order to ac-
curately measure this background, exposures of a brick to pion beams from
1 to 6 GeV have been carried out and the analysis is in progress (foreseen
precision ∼ 10%).

It is also planned to measure the background in the OPERA experiment
itself. Indeed, once the primary neutrino interaction is reconstructed, it will
be possible to search for decay-like topologies away from the tau decay ver-
tex. This will give a direct, Monte Carlo independent, background measure-
ment. Similarly, Monte Carlo efficiencies for the decay detection and the
kinematical analysis can also be validated on the data. By searching for all
charm decay topologies (both neutral and charged) when the primary muon
is correctly identified and attached to the primary vertex, one can check the
decay detection efficiency. The expected number of charm events produced
in the target can be extrapolated from the CHORUS measurements25 with
an accuracy in the 10-20% range. Therefore, the decay detection efficiency
for each decay topology can be checked with such an accuracy. In order
to check the reliability of the kinematical analysis based on Monte Carlo
simulation (Fermi motion and nuclear re-interactions strongly affect the
kinematics at the interaction vertex), the complete emulsion analysis (full
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kinematical reconstruction) is planned to be performed for a minimum bias
sample of about 1000 neutrino interactions. All the measurements discussed
above will provide a solid cross-check for the OPERA results.

The total background is estimated to be 1 event. However, recent
achievements in the pattern and track reconstruction algorithm allowed
a higher muon identification efficiency and a reduction of the probability
to mismatch a genuine µ identified in the electronic detector with a hadron
track in the emulsions. Consequently the total background should be re-
duced by about 10%. Furthermore, a preliminary analysis has shown that
low energy muons can be identified in the bricks, using the dE/dx measure-
ment in the emulsions (grain density) as a function of the particle range.
Applying this idea reduces the estimated background from 1 to 0.8 without
changing the signal efficiency (see Table 9.1).

Table 9.1. Summary of the OPERA signal and background for different
values of ∆m2 at full mixing.

1.9×10−3eV2 2.4×10−3eV2 3.0×10−3eV2 Back.

8.0 12.8 19.9 1.0
+back.reduction 8.0 12.8 19.9 0.8

The OPERA discovery potential is shown in Fig. 9.5. It gives the proba-
bility of observing a number of events larger than a background fluctuation
with 4 σ equivalent probability in a 5 year run. The continuous and the
dashed lines correspond to the first and the second row of Table 9.1, respec-
tively. The latest 90% C.L. Super-Kamiokande allowed region based on the
L/E analysis is reported for comparison. From this plot one may conclude
that in the worst case (lowest allowed ∆m2) there is a ∼ 70% probability
to observe νµ → ντ oscillations with a 4σ significance. In case no signal
is observed, the OPERA experiment will be able to exclude the 99% C.L.
Super-Kamiokande plus K2K allowed region with a C.L. of 99%, as shown
in the bottom panel of Fig. 9.5.

9.5. Search for νµ ↔ νe Appearance

In addition to the dominant νµ → ντ oscillation, it is possible that a sub-
leading transition involving νe also occurs at the atmospheric scale. This
oscillation is driven by the mixing angle, θ13, which is constrained by the
CHOOZ experiment to be small (sin2(2θ13) <0.14).27
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Fig. 9.5. (Top) OPERA νµ → ντ oscillation discovery potential. Dashed line corre-
sponds to the improvements expected with additional background reduction. (Bottom)
OPERA νµ → ντ exclusion plot computed at 99%, 95% and 90% C.L.

Having excellent electron identification capabilities, OPERA has esti-
mated its sensitivity for νµ ↔ νe appearance with the CNGS beam. The
analysis principle is based on a search for an excess of νe CC events at low
neutrino energies. The main background comes from the νe contamination
in the beam. The νµ ↔ νe analysis looks for neutrino interactions with
a candidate electron from the primary vertex with an energy greater than
1 GeV (this cut reduces the soft γ component) and a visible event energy
smaller than 20 GeV (this cut reduces the prompt νe component of the
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background). Moreover, a cut on the number of grains associated with the
track of the candidate electron is also applied. The latter has a strong
impact on the reduction of the background from νµ CC and νµ NC events
and allows for a softer cut on the electron energy. Finally, a cut on the
missing pT of the event is applied (pT < 1.5 GeV) to further reduce NC
contaminations and suppress τ → e background.

The overall efficiency including brick finding, vertex finding, trigger effi-
ciencies and the fiducial volume cuts, is shown in Table 9.2 and is indicated
with ξ. The final efficiencies (ε) for both the signal and the background
channels are shown in the second row of Table 9.2.

Table 9.2. Signal and background efficiencies for the νµ ↔ νe oscillation
search with OPERA. Notice that the τ → e efficiency includes the τ → eνν̄
branching ratio.

νeCC signal τ → e νµCC → νµNC νµNC νeCC beam

ξ 0.53 0.53 0.52 0.48 0.53
ε 0.31 0.032 0.34 × 10−4 7.0 × 10−4 0.082

If we assume that both νµ → ντ and νµ ↔ νe oscillations occur simul-
taneously with oscillation parameters |∆m2

32| = 2.5 × 10−3 eV2, θ23 = 45◦

and θ13 ∈ [3◦, 9◦], the expected number of signal and background events
in OPERA is given in Table 9.3. The rates are normalized to 5 years data
taking and assume the nominal intensity of the CNGS beam.

Table 9.3. Expected number of signal and background events for OPERA assum-
ing 5 years data taking with the nominal CNGS beam and oscillation parameters
|∆m2

32| = 2.5 × 10−3 eV2, θ23 = 45◦ and θ13 ∈ [3◦, 9◦].

θ13 sin2 2θ13 νeCC signal τ → e νµCC → νµNC νµNC νeCC beam

9◦ 0.095 9.3 4.5 1.0 5.2 18
8◦ 0.076 7.4 4.5 1.0 5.2 18
7◦ 0.058 5.8 4.6 1.0 5.2 18
5◦ 0.030 3.0 4.6 1.0 5.2 18
3◦ 0.011 1.2 4.7 1.0 5.2 18

An increase in sensitivity to νµ ↔ νe oscillations can be obtained by
fitting the kinematical distributions of the selected events. The νµ ↔ νe

events are balanced, while νµ → ντ show a sizable transverse momen-
tum due to the presence of two neutrinos in the final state. The trans-
verse missing momentum is a handle to disentangle νµ ↔ νe and νµ → ντ
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Fig. 9.6. OPERA sensitivity to the parameter θ13 at 90% C.L. in a three family mixing
scenario, in the presence of νµ ↔ ντ oscillations with θ23 = 45◦. The sensitivity with
the higher intensity CNGS beam is also given.

oscillations. The visible energy and the missing transverse momentum are
combined into a binned χ2-fit, in which the three oscillation parameters are
allowed to vary. By fitting simultaneously the Evis, Ee, pmiss

T distributions,
one can obtain the sensitivity represented by the exclusion plot shown in
Fig. 9.6 under the assumption θ23 = 45◦. A comprehensive analysis of the
sensitivity achievable in searching for θ13 with the present CNGS beam by
the OPERA experiment has been presented in Ref. 26.
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The T2K experiment is a future long-baseline experiment designed to
study neutrino oscillations in the atmospheric neutrino regime. Using
an off-axis neutrino beam created at the J-PARC accelerator facility be-
ing built in Tokai, Japan, T2K will use the massive Super Kamiokande
detector and an array of near detectors to precisely measure the pa-
rameters involved in νµ disappearance, and more importantly, look for
evidence of νe appearance in a νµ beam.
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10.1. The Goals of T2K

The experiments described in the preceding chapters have established a
case for neutrino oscillations which appears compelling. The goal of exper-
imentalists is now to explore this phenomenon further. Of the 8 effective
∗On behalf of the T2K collaboration.
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parameters which control oscillations (the 3 angles of the MNS matrix,
the two independent mass-squared differences, the signs of these two mass
differences, and the CP-violating phase) we have so far only determined
5. The next priority must be to determine the remaining 3 (the value of
θ13, the sign of ∆m2

32, and δ). The main target, of course, is δ, as this
would give a window into CP violation in the neutrino sector, which may
hold the answer to the question of where the matter in the universe comes
from, one of the greatest mysteries in fundamental physics today. Sadly,
there does not seem to be any model-independent connection between the
δ phase measurable in experiments and the CP violating phases controlling
the leptogenesis which would generate the matter excess, however a mea-
surement of a non-zero δ would still demonstrate directly that CP violation
does take place in the neutrino sector, an important step in establishing
the credibility of leptogenesis (and provide a useful constraint on models).
Since the effects of δ in oscillations always appear multiplied by sin2 (2θ13),
finding a non-zero value for θ13 is a critical step in the campaign to measure
δ. However, one should not forget that we are not just filling out tables of
numbers for the sake of completeness, but are trying to understand the un-
derlying physics which generates neutrino mixing. Right now we know that
of the three neutrino mixing angles, two are “large”, and one is “small”,
but the uncertainties are still large, and in fact, within existing errors, the
three numbers look like three random numbers in the allowed range and
carry little useful information about the underlying physics. However if
the errors could be reduced, we might find that we were seeing “special”
numbers, i.e., a θ13 very close to zero or θ23 very close to maximal, which
could point to an underlying symmetry that a more fundamental theory
must explain. This suggests a two-fold measurement program to better
determine the already observed quantities and to get first measurements
of the unknown ones. The measurement of θ13 is critical to both of these
efforts.

The T2K experiment is designed to be a major step forward on both
fronts. The proposal takes advantage of the juxtaposition of two facilities
which would be available in Japan–the Super Kamiokande detector, which
already has a distinguished record of neutrino measurements (as discussed
in Chapter 2), and the J-PARC accelerator under construction in Tokai, on
the east coast of Japan. The basic idea is the same as most long-baseline
neutrino oscillation experiments such as the K2K1, MINOS2 and NOνA
experiments discussed in other chapters (See Chapters 5, 6 and 11), and
indeed as most accelerator neutrino experiments dating back to the first
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neutrino horn at CERN in the early 1960’s.3 Specifically in the T2K pro-
posal, the proton beam from the main synchrotron at J-PARC will impinge
on a target to produce intense bursts of pions. These pions are collected
and focused forward by a magnet system consisting of 3 “horns” (selecting
one charge, usually positive, in the process) into a decay volume. The re-
sulting pion decays produce beams of νµ and muons, and the decay volume
length is adjusted so that most of the pions, but as few of the muons as pos-
sible, decay before they reach the beam dump at the end. The properties
of the resulting neutrino beam are measured by a system of near detectors
at J-PARC, and the beam then propagates underground nearly across the
width of Japan before reaching the Super Kamiokande detector (see Fig-
ure 2.14). The Super Kamiokande detector consists of an enormous right
circular cylinder (40m in diameter and 40m high) filled with ultra-pure
water in which are suspended 11,000 photomultipliers which, despite their
large size (50 cm diameter), are sensitive enough to detect single photons.4

Surviving νµ, and any νe they have oscillated into, can undergo charged-
current quasi-elastic (CCQE) interactions with the nuclei in the water and
produce charged muons and electrons which retain most of the energy of
the incoming neutrinos (the beam energy at T2K is too low for ντ produced
by oscillations to undergo CCQE interactions, as it is below threshold for τ

production). The resulting muons and electrons are relativistic and there-
fore cause the water to emit Cherenkov radiation, which is detected by the
phototubes. The total amount of light produced gives a measurement of
the particle’s energy, while the positions and times of hits in the phototubes
allow its position and direction to be reconstructed. Furthermore, muons
tend to travel in fairly straight tracks, while electrons scatter and shower
in the water, producing distinct hit patterns which can, with quite high
accuracy, distinguish muons from electrons and hence νµ from νe.

While this scheme takes advantage of existing facilities, in fact the prop-
erties of both the accelerator and the detector are very well matched to the
needs of a next-generation oscillation experiment. The distance between
these two facilities (295 km) is such that the peak of the oscillation for the
atmospheric neutrino oscillation would occur at ∼600MeV, close to the en-
ergy at which the νµ charged-current quasi-elastic (CCQE) scattering cross
section peaks as a fraction of the total cross-section. At these energies neu-
trino interactions are relatively simple, with few particles in the final state.
Such final states are well-reconstructed in water Cherenkov detectors like
Super Kamiokande, allowing advantage to be taken of its huge size (50 kton
total mass). The J-PARC facility is designed to reach the highest average
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beam power of any pulsed proton beam, which is another critical parame-
ter for maximizing the event rate, and hence sensitivity, in a long-baseline
neutrino experiment.

10.2. Critical Issues for T2K Oscillation Measurements

T2K will make two related measurements of oscillations of the νµ beam
aimed at the two different measurement programs discussed above. The
first of these will look at the disappearance of the νµ beam by observing
muons from CCQE reactions from the surviving beam. For the parame-
ters of T2K, this oscillation is absolutely dominated by the atmospheric
oscillation, and therefore its measurement will allow the accurate determi-
nation of the values of sin2 (2θ23) and ∆m2

32. The critical issues for this
measurement are:

• The energy spectrum of the νµ beam before any oscillations take place
must be accurately known. Oscillations produce a “dip” in the en-
ergy spectrum (see Figure 10.1), and in principle the depth of this dip
directly determines sin2 (2θ23) and its position in energy determines
∆m2

32. However this dip is superposed on a spectrum which (for rea-
sons which will be discussed shortly) is quite strongly peaked in energy,
so this spectrum before oscillations must be known with considerable
precision before the actual properties of the dip can be inferred from
the observed spectrum after oscillations.

• A second problem is also shown in Figure 10.1, which is that the
events reconstructed as CCQE muons in Super Kamiokande are not
purely from CCQE interactions, but may arise from other, more com-
plex, interactions. There may be other particles in these events which
are missed, either because they are neutral and therefore do not emit
Cherenkov radiation or because they are below Cherenkov threshold
(and, occasionally, pions are mistaken for muons). Most of these events
are rejected during analysis, but a few sneak through and produce a
non-CCQE background where the energy of the reconstructed “muon”
does not give the correct reconstructed neutrino energy. The effect of
this is to fill in and shift the dip in the spectrum, so the effects of
non-CCQE events must be well understood before reliable oscillation
parameters can be extracted from the data.

• Part of the problem of understanding these non-CCQE backgrounds is
that exclusive cross-sections (the probabilities of each specific type of
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interaction, a charged-current interaction with the production of one
additional pion from the vertex, called CC1π, for instance) for neutrino
interactions in this energy range are very poorly known, so it is difficult
to predict from simulations the exact nature of the CCQE background.

• As the position of the dip in energy gives the value of ∆m2
32, the energy

calibration of all detectors (in particular Super Kamiokande) must be
well understood.

Fig. 10.1. (Left) The simulated reconstructed neutrino energy distribution including
oscillations with (sin2 (2θ23),∆m2

32) = (1.0, 2.7× 10−3 eV2). The solid histogram shows
the expected spectrum at Super Kamiokande, after oscillations, but without statistical
fluctuations. The points with error bars show a typical spectrum that can be expected
from a nominal run. The hatched area shows the non-CCQE component. (Right) The
ratio of the expected reconstructed neutrino energy distribution with oscillations to the
no-oscillation prediction. Note that the dip is clearly visible in the right plot, but in the
left plot it would be obscured by the sharp peak of the underlying neutrino spectrum.

The second T2K oscillation measurement is to look for appearance of νe

in the νµ beam. If θ13 = 0 ◦, then the νµ would oscillate to ντ and we would
see no νe in the beam (ignoring a tiny contribution from the oscillations that
produce the solar neutrino deficit, which are negligible at the energy and
baseline of T2K). However if θ13 �= 0 ◦, there is a sub-dominant oscillation
that does produce νe in the beam, and hence an observation of these νe

(via the observation of the electrons produced by their CCQE interactions)
would allow a measurement of θ13. The issues here are (see Figure 10.2):

• Even before oscillations, there is a small contamination of νe in the
νµ beam which arises primarily from the decay of K’s produced at the
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Fig. 10.2. Energy spectrum of candidate electron appearance events for the oscillation
parameters shown. The points with error bars show the spectrum from the expected
signal plus background, the light grey histogram shows the background from the νµ

(mostly from NC created π0), while the black histogram shows the total background
including the intrinsic contamination of the beam.

same time as the π′s, and from the decay of the µ′s before they can be
stopped. This contamination must be accurately determined so that
its effects can be subtracted when looking for νe from oscillations.

• Any flavor neutrino, oscillated or not, can interact with the target via
neutral current interactions. One of the products of these interactions
are neutral pions. These π0’s decay immediately into two gamma rays,
which shower within the detector. If the decay is highly asymmetric,
and one of the gamma rays has very low energy, it might be missed,
resulting in detection of a single gamma ray shower which looks very
much like the single electron seen in CCQE events. This produces a
background to the νe oscillation search, and therefore it is necessary to
understand in detail the production of these π0’s and to minimize their
number by eliminating any neutrinos from the beam which are not near
the oscillation maximum (which contribute to this background, but not
to the signal).

• Sensitivity to the smallest values of θ13 is primarily limited by statistics
and by systematic uncertainties in determining the above backgrounds.
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Fig. 10.3. The overall layout of the T2K beam line. The proton beam is extracted in a
single turn and bent inside the 50 GeV ring where it hits a pion production target. The
resulting pions are focused into a decay volume to produce the neutrino beam.

We therefore need the most intense beam possible, and need to quantify
the backgrounds as precisely as possible.

The combination of these issues has strongly driven the design of the
T2K experiment, resulting in decisions to adopt an off-axis geometry (with,
of course, the highest proton intensity available) and a complicated suite
of near detectors at J-PARC to understand the beam and its interactions
in detail before it has time to oscillate. We will now discuss these design
decisions in more detail.

10.3. The Beam Line and Off-Axis Geometry

The layout of the T2K beam line and 280m detectors (described below)
at the J-PARC site is shown in Figure 10.3. Due to space constraints
on the J-PARC site, the proton beam line for the T2K beam has to be
bent in a tight radius inside the 50GeV ring. This requires the use of
dual-function (dipole and quadrupole) superconducting magnets that are
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currently under construction at KEK. Once the proton beam is pointing
in the right direction, which in addition to the beam line itself requires
a complicated system of monitors to determine the position and direction
of the beam at each point, the next step is to collide it with the pion
production target. This target is a 90 cm long graphite rod cooled by high-
pressure He gas flow. To maximize the pion collection efficiency, the target
is located inside the first horn magnet. The target/horn system is the
most technically challenging part of the beam line design project. If a
single pulse of the 0.75MW beam hits a solid iron block it would raise the
internal temperature of the block to 1100 ◦ C and produce stresses exceeding
the tensile strength of the material. The target must survive such pulses
every 3.64 seconds for roughly 1/3 of the year without failing, and it must
have very little material around it so that the pions can escape and be
efficiently collected, and it must not interfere with the horn magnet which
surrounds it. Additionally, the targets and horns will become very heavily
activated within a very short time of the beginning of operation, so any
maintenance/repair activities will have to be conducted remotely, and any
damaged/discarded targets will have to be stored as high-level waste.

The pions exit the horns into a ∼110m long He-filled decay volume
where the neutrinos are produced. At the end of this decay volume is the
beam dump, where any remaining pions, the lower energy muons from the
pion decays, and the remaining proton beam are stopped (this amounts to
about 1/4 of the total initial proton beam power). This beam dump is also
an engineering challenge, as it will also become highly active and cannot
be altered or replaced once the beam begins operation. It is therefore
being designed to handle the largest power planned for future upgrades of
the J-PARC/T2K facility, which is 4MW average beam power. Behind
the dump is a set of detectors to measure the position and direction of
muons from the high-energy tail of the beam. Looking at these muons will
enable the operators to monitor on a spill-by-spill basis the position and
direction of the beam, insuring that it is aimed properly with respect to
Super Kamiokande.

A key element of the design of the T2K facility is that the neutrino
beam is very carefully pointed so that the beam axis actually misses
Super Kamiokande. Doing so, perhaps surprisingly, results in a consid-
erable improvement in the quality of the beam for the νe appearance ex-
periment. This improvement arises from the kinematics of π decay, which
give an enhancement in the neutrino flux produced over a very narrow
range of energies depending on the exact off-axis angle (see Figure 10.4). If



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

The T2K Experiment 205

Fig. 10.4. Neutrino spectrum for various off-axis angles in degrees.

the angle is carefully selected, this narrow peak can be put exactly on the
oscillation maximum at the far detector. This has three major advantages
over a conventional on-axis beam. Firstly, the off-axis neutrino flux at the
desired energy (the oscillation maximum) is actually higher than on-axis.
Secondly, there are fewer high-energy neutrinos, which do not contribute to
the appearance signal but do contribute to its backgrounds, in particular
through the neutral-current production of π0’s. Thirdly, the background
due to the intrinsic contamination of the beam by νe is actually less at the
off-axis position due to the different kinematics of the decays that lead to
νe.

The off-axis position therefore looks like a free lunch–there are all ad-
vantages and no disadvantages. However the very kinematics that give a
useful selection in energy mean that the characteristics of the beam change
rapidly with angle. If a detector is near enough to the beam that the
neutrino source does not appear point like, that detector sees a different
neutrino spectrum than if it were far away. This fact contributes to con-
flicting requirements for near detectors. On the one hand we need to make
detailed measurements of the properties of neutrino interactions, including
relatively rare interactions which may provide backgrounds to the appear-
ance measurement. This requires high rates, which means we need to put
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our detector as close as possible to the source of neutrinos. However very
high rates rule out the detector technology (water Cherenkov) which is used
for the far detector, and placing the detector near the pion beam creates
the difference between the near and far neutrino spectra mentioned above.
These conflicting requirements have pushed T2K toward an array of near
detectors which will be built in phases. The first phase will be a set of near
detectors 280m from the target which will be completed at about the same
time as the beam line (the distance of 280m selected to maximize the rates
and keep the detector on the J-PARC site). Later, a second near detector
complex will hopefully be added approximately 2 km from the target, with
advantages which will be discussed below.

10.4. The 280m Detectors

The 280m detector complex will contain two detectors, the on axis de-
tector, INGRID, and the off-axis detector. The purpose of the former is
to determine the neutrino beam profile and direction, while the latter will
measure the beam spectrum, make measurements of neutrino interactions,
and determine the intrinsic νe contamination of the beam. A measurement
of the energy spectrum at 280m must be corrected for the differences in the
near and far spectra mentioned above before it can be used to predict the
spectrum at Super Kamiokande in the absence of oscillations, and this cor-
rection requires a precise simulation of the beam. One of the key inputs to
such a simulation is the knowledge of cross-sections for hadron production
when the proton beam hits the target. Current knowledge is insufficiently
precise and the resulting systematic would limit the eventual sensitivity of
the T2K disappearance measurement. A new experiment at CERN (NA61)
will be done to better measure these hadron production cross sections, and
so in some sense NA61 constitutes another “near detector” for T2K in that
it is critical to the determination of the beam properties before oscillation.

10.4.1. INGRID

The INGRID detector consists of an array of iron-scintillator tracking mod-
ules (see Figure 10.5). Each module is roughly a 1 m cube consisting of ten
1x1m2 plates of 10 cm thick iron separated by layers of plastic scintilla-
tor strips. A wave-length shifting optical fiber is embedded in each strip,
which captures the light and channels it out to a photosensor on the end of
the strip (the photosensors will be discussed below). The modules are de-
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Fig. 10.5. The INGRID on-axis neutrino detector configuration. Each green box is a
roughly 1m3 iron-scintillator tracking detector as described in the text. The cross is
centered on the beam direction, with the signals in the detectors allowing the beam
profile and direction to be precisely determined.

signed to have extremely high efficiency for the detection of CCQE muons
(> 99%), where each muon will appear as a line of hit strips in different
planes. The relative muon rates in the different modules will be used to
reconstruct the beam profile and direction, where the goal is to measure
the direction to 0.06 ◦ each day.

10.4.2. The 280m Off-Axis Detector–ND280

The ND280 detector will sit on the line between the mean pion decay po-
sition in the beam and Super Kamiokande, where it gives the best ap-
proximation of the beam distribution as seen at Super Kamiokande. A
schematic view of the detector is shown in Figure 10.6. It is surrounded by
the UA1/NOMAD magnet (kindly donated to the experiment by CERN),
which provides the 0.2T magnetic field used to determine the momentum
of CCQE muons. The central part of the detector consists of two sections
with different capabilities:

(1) The Pi-Zero Detector, or P0D, sits at the upstream end of ND280, and
is optimized for measuring the rate of neutral current π0 production.
The P0D consists of tracking planes composed of scintillating bars al-
ternating with lead foil. Inactive layers of water in sections of the P0D
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Fig. 10.6. The 280m Off-Axis detector layout (exploded view). The various detector
elements are described in the text. The magnet yoke has been omitted from the side
nearer the viewer so that the other elements are visible. The thin slots in the yokes in
which the SMRD scintillators are inserted are visible.

provide a target for measuring interactions on oxygen, which can be
identified by doing measurements with and without the water present.

(2) Tracker: Downstream of the P0D is a tracking detector optimized for
measuring the momenta of charged particles, particularly muons and pi-
ons produced by CC interactions, and for measuring the νe background
in the beam. The tracker consists of two detector technologies: Time
Projection Chambers (TPCs) and Fine Grained Detectors (FGDs):

• Time Projection Chambers: Three TPCs will measure the 3-
momenta of muons produced by charged current interactions in
the detector, and will provide the most accurate measurement
of the neutrino energy spectrum. The 3D tracking and dE/dx
measurements in the TPC will also determine the sign of charged
particles and identify muons, pions, and electrons.
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• Fine Grained Detectors: Two FGD modules, placed after the first
and second TPCs, consist of layers of finely segmented scintillat-
ing tracker bars. The FGDs provide the target mass for neutrino
interactions that will be measured by the TPCs, and also measure
the direction and ranges of recoil protons produced by CC inter-
actions in the FGDs, giving clean identification of CCQE and CC
non-QE interactions. One FGD module will consist entirely of
plastic scintillator, while the second will consist of plastic scintil-
lator and water to allow the separate determination of exclusive
neutrino cross-sections on carbon and on water.

These inner detectors will be surrounded by an electromagnetic
calorimeter, or ECAL, which will consist of alternating layers of scintil-
lating bars and Pb sheets. The purpose of the ECAL is to reconstruct any
electromagnetic energy produced by events generated in the inner detec-
tors (or, in the case of the P0D, any electromagnetic energy leaking out
of the side from events near the edge of the detector). This will allow a
measurement of the π0 created in neutrino interactions, a critical input to
determining the background these particles create in Super Kamiokande
(and their effect on the CCQE/non-CCQE ratio), and also assist in deter-
mining the intrinsic νe contamination of the beam.

At most accelerator fixed-target experiments the particles of interest
go primarily forward, i.e., continue in the beam direction. However at
the peak of the oscillation energy for T2K the muons produced in CCQE
interactions actually occur primarily at large angles to the beam. Some
of these muons penetrate all the way through the inner detectors and the
ECAL and hit the magnet. In order to get a clean measurement of these
events we will partially instrument the magnet yokes with scintillator bars
(which have slots built in for this purpose, as the magnet was used as the
hadronic calorimeter by the UA1 experiment) to produce the Side Muon
Range Detector, or SMRD.

10.5. Super Kamiokande

The Super-K detector has been successfully operated for atmospheric and
solar neutrinos since 19964 (as described in Chapter 2). In the energy range
of interest the detector has a well-understood response to electrons, muons,
and pions, and will be further studied and optimized as T2K continues. The
accident in November 2001 has been widely reported, however the detector
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has now been completely rebuilt (with modifications to prevent the accident
from reoccurring) and is once again in operation. For T2K there will be,
however, a significant modification. The Super Kamiokande collaboration
are building new, dead-time free DAQ electronics which will be deployed
on the experiment at the beginning of 2008, allowing a full year to become
familiar with the new mode of operation before the beginning of the T2K
beam.

As mentioned above, the high effective granularity of the Super
Kamiokande detector allows the accurate measurement of the energy, po-
sition, and direction of charged particles in the few MeV to the few GeV
energy range, and the pattern of hit phototubes also allows electrons to be
distinguished from heavier particles like muons or pions. For T2K it is also
critical to distinguish π0’s from electrons, which is possible because π0’s
decay to two gammas which leave two rings in the detector. This fails if
the decay is highly asymmetric and one of the gammas produces too few
hits to be identified as a second ring, however this happens rarely (and
since the decay kinematics are known, the number of events with missed
rings can be accurately estimated from the number of well-reconstructed
events). Figure 10.7 (page 212) illustrates this, showing the hit patterns
from typical muon, electron, and π0 events.

Table 10.1. The number of events selected by the νe appearance analysis,
as predicted by NEUT Monte Carlo for 5 × 1021 POT exposure. For the
calculation of oscillated νe, ∆m2

32=2.5 × 10−3 eV2 and sin2 (2θ13) = 0.1
(just below the current limit) are assumed.

νµ CC νµ NC beam νe νe CC signal

Fully Contained
Evis ≥ 100MeV 2215 847 184 243
1 ring e-like, no decay-e 12 156 71 187
0.35 ≤ Erec.

ν ≤ 0.85GeV 1.8 47 21 146
e/π0 separations 0.7 9 13 103

Table 10.1 shows how well this separation should work in practice (based
on simulations). The top line shows the number of events at nominal lumi-
nosity from 4 categories of neutrino interactions: CC and NC events from
the remaining νµ, events from the intrinsic νe in the beam, and the signal
events from νe produced by oscillations. Each succeeding line shows the
number of events surviving after cuts are applied to the data. The first cut
selects those events which have a single reconstructed track that looks like
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an electron track (and the absence of a delayed event from the subsequent
decay of a muon produced in the interaction). This cut almost eliminates
the CC νµ events. The direction of the neutrino is known, and under the
assumption of a CCQE event, the direction along with the measured en-
ergy of the recoil charged lepton allows the energy of the neutrino to be
reconstructed (this is the major advantage of using CCQE events as the
dominant signal category). The next cut is on this reconstructed energy
(the oscillated neutrinos will all be near the oscillation maximum, while
background events have a much broader energy distribution). The final cut
looks for any sign of a second ring in the event, and rejects such events as
potential π0 events. The bottom line shows that the overwhelming major-
ity of the background events can be rejected at the cost of a 42% efficiency
for signal events. It may seem surprising that these cuts are so effective at
distinguishing intrinsic νe from νe produced by oscillations, but the former
are mostly at higher energy than the latter and hence fail the first two cuts.

10.6. Sensitivity of the First Phase of T2K

From the above table the two main issues for sensitivity of the appearance
analysis are clear. Firstly, the number of events is small, and therefore
everything must be done to increase the integrated beam power (and the
efficiency of the analysis). Secondly, as the value sin2 (2θ13) is reduced
below the current limit, the background becomes a significant fraction of the
total event rate so systematic uncertainties in estimating the background
become significant. The disappearance measurement, on the other hand,
is mostly about systematics, particularly the energy scale and the shape
and normalization of the non-CCQE background. Based on an analysis
of simulated data from the T2K beam and estimates of the near detector
performance, we believe that we will be able to achieve the following targets
for systematic uncertainties:

• Uncertainty below 10% in the number of appearance backgrounds.
• νµ event rate normalization uncertainty less than 5%.
• Width of the νµ spectrum known to better than 10%.
• Linear distortion of the νµ spectrum known to better than 20%.
• Energy scale understood at the 2% level.
• CCQE/non-CCQE event ratio known to better than 5-10%.

Assuming these are achieved, and assuming a run equivalent to 5 ×
1021 protons on target at the nominal main ring beam energy of 50GeV,
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Fig. 10.7. Hit patterns for three event types in Super Kamiokande. On the far left is a
muon, showing the clearly defined ring structure. In the middle is an electron, showing
the fuzzier ring caused by showering. The far right event is from a π0, and a second
ring can be seen on the right edge of the main ring. Each colored square indicates a
hit photomultiplier, with the size of the square showing the amount of charge in the
phototube and the color the relative timing.

Fig. 10.8. Sensitivity limit for detecting electron neutrino appearance as a function of
other oscillation parameters. Note the variation in sensitivity with CP phase, which is
bad (as it lessens the sensitivity to θ13 for some values of δ), however also good, as it
shows that for θ13 within the sensitivity range of T2K there are effects due to δ that
could be demonstrated by an upgraded experiment.
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Fig. 10.9. Ratio of the near detector spectra to the Super Kamiokande spectrum in the
absence of oscillations for the 280 m (Left) and 2 km (Right) detector positions.

which corresponds to five years of running (at 100 days per year) at the
nominal accelerator power of 750kW, we expect the appearance sensitivity
shown in Figure 10.8. The precision for the disappearance analysis depends
on the actual values of the mass difference and mixing angle, but should
approach a few percent for both parameters. How long it actually takes
to get to this statistical precision is a bit hard to say. The accelerator will
turn on in April 2009 at lower power (a limit of 100kW in the first year)
and lower energy (30GeV, however the neutrino flux is almost independent
of the beam energy, it depends primarily on the beam power). Plans are in
place to increase this power even beyond the nominal value of 750kW over
the first five years of accelerator running, which will allow us to compensate
to some extent for the lower initial beam power. Hopefully it will not take
longer than the assumed 5 years of running to reach the nominal statistical
sensitivity.

10.7. The 2 km Detectors

Two aspects of the combination of the 280m and Super Kamiokande de-
tectors are less than ideal. First, there is the difference between the near
and far neutrino spectra mentioned above (see Figure 10.9), which particu-
larly complicates the disappearance analysis. Second, the detector medium
and technology are different for the near and far detector, so some sys-
tematics are harder to cancel out from the two measurements. For these
reasons the collaboration is actively pursuing a plan to build a second set
of near detectors 2 km from the target. This would allow the construction
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of a small water Cherenkov detector with smaller phototubes than Super
Kamiokande (so that the solid angle subtended by a phototube is about
the same in both detectors, which makes analysis of the hit patterns of the
events very similar in the two cases), with additional detectors to measure
the muon spectrum and other details of neutrino interactions.

The 2 km detectors would allow T2K to improve the systematic uncer-
tainties by about a factor of two for some of the key parameters, allowing
it to gain benefit from improvements in the beam power for another fac-
tor of two in integrated flux. Perhaps more important than that would
be the confidence that the 2 km detectors would give in the reliability of
the results. The goals of the T2K experiment are extremely challenging,
and the 2 km detectors would give T2K the opportunity to confirm their
results to the community in a very convincing fashion. The 280m detec-
tors, coupled with the NA61 experiment and the beam simulations, can be
used to predict the results expected at 2 km. Given the great similarity in
the detectors and beam spectra at 2 km and Super Kamiokande, any sig-
nificant difference in their measurements of neutrino events must be due to
oscillations, greatly reducing the chance of experimental error and thereby
increasing the confidence in the conclusions.

10.8. The Further Future

The longer-term plans for the J-PARC facility call for an increase in the
beam power to 4 MW, which (assuming that we can modify our target to
survive a beam of that power) would allow T2K to explore still smaller
values of sin2 (2θ13) or (if the value of sin2 (2θ13) turns out to be favorable,
i.e., not too far below the current limit) to search for CP violation. In order
to do the latter, however, we will need a detector even bigger than Super
Kamiokande. This has led to the proposal to build the Hyper Kamiokande
experiment, which would consist of two 450kton water Cherenkov detectors
(see Figure 10.10). A variant on this idea would be to place one of the two
450kton modules at Kamioka, the other in South Korea where the T2K
neutrino beam re-emerges from under the earth. The resulting observations
of the beam at three locations (including the near detector measurements)
would allow the disentangling of the effects of CP-violation and matter
effects in the oscillations.
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Fig. 10.10. Schematic of one module of the Hyper Kamiokande detector.
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The NOνA experiment is a future second-generation experiment on Fer-
milab’s NuMI beam line. It is optimized for the detection of νµ → νe

oscillations and it seeks to improve the sensitivity for the study of this
reaction by approximately an order of magnitude from that of the first-
generation MINOS experiment. The unique characteristic of the NOνA
experiment is its long baseline, which allows it access to matter effects
that can be used to determine the ordering of the neutrino mass states.
The experiment has two detectors, both located 14.5 mrad off the axis of
the NuMI beam line. The Near Detector is located on the Fermilab site
approximately 1 km from the NuMI target. The Far Detector is located
810 km from Fermilab, near Ash River, Minnesota. Both detectors are
totally-active, tracking liquid scintillator calorimeters with transverse
segmentation of 4 cm and longitudinal segmentation of 0.15 radiation
lengths. The NOνA project includes improvements to the Fermilab ac-
celerator complex and the NuMI beam line to allow 700 kW of beam
power. A further project is expected to increase the beam power to
1.2 MW.
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11.1. Introduction

Measurement of the presently unknown parameters of neutrino oscillations,
the mixing angle θ13, the sign of ∆m2

32, and the CP-violating phase δ, will
require studies of oscillations in the atmospheric domain. The NOνA ex-
periment will attempt to study these oscillations with approximately an
order of magnitude better sensitivity than that of the presently running
MINOS experiment (See Chapter 6). NOνA has been optimized to have
maximum sensitivity to the sign of ∆m2

32, that is, whether the doublet of
mass eigenstates responsible for the solar neutrino oscillation length lies
higher or lower than the third mass eigenstate. This quantity can only be
determined through the measurement of matter effects, the coherent for-
ward scattering of neutrinos off the electrons in the earth. Of the presently
planned experiments, NOνA is the only one with a sufficiently long baseline
to have sensitivity to these effects.

The order of magnitude increase of sensitivity over that of the MINOS
experiment is obtained through four features of the NOνA experiment:

(1) The siting of the experiment off the beam axis. This increases the neu-
trino flux near the oscillation maximum and reduces the backgrounds.

(2) The optimization of the detector for the identification of νe charged
current events by decreasing the longitudinal segmentation from 1.5
radiation lengths to 0.15 radiation lengths.

(3) The increase in the mass of the detector by a factor of 3.33.
(4) The increase in the NuMI beam power by a factor of 6 over its present

value.

11.2. Detector Siting

The NOνA Far Detector will be located 11.8 km off the NuMI beam
axis, 810 km from the NuMI target, off the Ash River Trail in northern
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Minnesota. The Ash River Trail is the most northern road in the United
States near the NuMI beam line. The reason for siting the experiment off
the center of the beam line is due to a feature of relativistic kinematics. A
pion of energy E produces a neutrino at laboratory angle θ with energy Eν

according to the formula:

Eν =
0.43E

1 + E2θ2/m2
π

. (11.1)

Thus, while in an on-axis beam the energy of the neutrino is proportional
to pion energy, in an off-axis beam the energy of the neutrino is less depen-
dent on the pion energy and depends largely on the off-axis angle, yielding
a narrow-band beam. This is illustrated in Figures 11.1 and 11.2. An
off-axis beam provides more flux in the region of the oscillation than the
corresponding on-axis beam. It also suppresses backgrounds since higher-
energy neutral current events, which can be confused with lower energy νe

charged current events, are largely absent.
The reason for siting the Far Detector as far from Fermilab as practical

is to enhance the matter effects, which allow the mass ordering of neutrino

Fig. 11.1. Neutrino energy versus pion energy for different laboratory angles.
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Fig. 11.2. Beam spectra for off-axis, “medium energy tune” NuMI beams with different
off-axis angles. The dots show the on-axis beam and the shaded region shows the NOνA
beam. The insert on the bottom shows the relative νµ → νe oscillation probability as a
function of energy.

states to be determined. The off-axis angle was also chosen to maximize
sensitivity to the mass ordering. Maximum sensitivity to the measurement
of sin2 (2θ13) occurs at a slightly lower off-axis angle.

11.3. The Far Detector

11.3.1. Structure and Assembly

The NOνA detectors can be described as being totally active, tracking, liq-
uid scintillator calorimeters. The basic cell of the Far Detector is a column
or row of liquid scintillator with approximate transverse dimensions 4 cm
by 15.7m and longitudinal dimension 6 cm, encased in a highly-reflective
polyvinyl chloride (PVC) container. A module of 32 cells is constructed
from two 16-cell extrusions glued together and fitted with appropriate end
pieces. Twelve modules make up a plane, and the planes alternate in having
their long dimension horizontal and vertical. The planes are grouped into
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Fig. 11.3. A cartoon of the NOνA Far Detector. The first plane is cut away to show
the alternating planes of horizontal and vertical modules. Note the figure in the lower
right corner for scale.

31-plane blocks. Our present plan (as of April 2007) is to build 38 blocks,
a total of 1178 planes, corresponding to 18 kT. This mass could expand to
as much as 20kT if we have excess contingency. A cartoon of the detector
is shown in Figure 11.3

The Far Detector is assembled by gluing a block of 31 planes together
on a flat horizontal table and then hydraulically pivoting the block to a
vertical position. Five blocks are placed next to each other to form a
superblock. There is a small gap between the superblocks to allow for
a bulging near the bottom of the detector due to the hydraulic pressure.
After the full detector is assembled and filled with scintillator, it is encased
by “bookends” to prevent creep of the PVC modules. Note that the Far
Detector is filled with scintillator as it is being constructed, so that data
taking can begin before the entire detector is completed.

11.3.2. Enclosure

The Far Detector enclosure will be largely below grade to provide full sec-
ondary containment of the liquid scintillator. Simulations have shown that
the photon component of the cosmic-ray background is the only part that
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can be misidentified as νe charged-current events to a significant extent. To
reduce this background to an insignificant level, the roof of the enclosure
will be composed of a combination of normal concrete and barite-enhanced
concrete to form a twelve radiation length overburden.

11.3.3. Readout

Light is extracted from each Far Detector cell by a U-shaped 0.7mm
wavelength-shifting fiber, the ends of which terminate on a pixel of a 32-
pixel avalanche photodiode (APD), which is mounted on the module. The
APD is custom-made for the NOνA experiment by the Hamamatsu Cor-
poration to optimize the match to the two fiber ends per pixel.

Light from the far end of the cell is preferentially attenuated at the
lower wavelengths, so that the peak of the spectrum is at about 540 nm.
The use of APDs is crucial for the experiment since they have a quantum
efficiency of approximately 85% at this wavelength compared to 10% for a
photomultiplier with a bialkali photocathode.

The system is designed to produce a minimum of 20 photoelectrons from
the far end of the cell for the passage of a minimum ionizing particle at
normal incidence. The APD is run at a gain of 100, so low noise is required
for efficient operation. The APD is cooled to -15◦ C by a thermoelectric
cooler to reduce the thermal noise of the APD to an acceptable limit.

The output of the APD is sent to a custom application-specific inte-
grated circuit (ASIC), which consists of a low-noise amplifier and shapers.
The electronic noise will be equivalent to 2.3 photoelectrons.

The front-end electronics runs in continuous digitization mode at 2 MHz.
The output of the ASIC is multiplexed to an external analog-to-digital con-
verter (ADC) running at 16MHz. Its output is sent to a field-programmable
gate array (FPGA), which performs multiple correlated sampling to reduce
noise and increase time resolution.

11.3.4. Data Acquisition

The data acquisition system (DAQ) receives GPS time-stamped, pedestal
subtracted, and zero-suppressed data from the FPGAs and buffers it for up
to 20 seconds while awaiting a beam spill time message from Fermilab via
Internet. All data within a 30µs window around the 11µs beam spill will
be recorded for offline analysis.
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11.3.5. Data Quality

Figure 11.4 shows a simulation of a 2GeV electron and a 2GeV muon
track the NOνA Far Detector. The muon appears as a straight minimum
ionizing track while the electron appears as a fuzzy track with the typical
longitudinal and transverse electromagnetic shower profile.

Fig. 11.4. x and y views of a 2 GeV electron track (left, top and bottom panels) and a
2 GeV muon track (right, top and bottom panels) in the NOνA Far Detector. The color
scale indicates the relative pulse height of the energy depositions.

11.4. Near Detector

The NOνA Near Detector will be located on the same off-axis angle as the
Far Detector in a cavern off the MINOS Near Detector hall, about one km
from the NuMI target. The NOνA Near Detector is identical to the Far
Detector, except that it is considerably smaller. Its transverse dimensions
are two 32-cell modules wide and three modules high. It has 200 planes,
which are logically divided as follows: six planes for a veto of particles
coming from the front cavern wall, 108 planes for the fiducial region, 76
planes for shower containment, and 10 planes for a muon catcher. The
muon catcher has 10-cm iron plates inserted in front of each of the active
planes. The fiducial volume is logically further defined as having transverse
dimensions of 1.17m by 2.45m, leaving a 70 cm border on all sides for event
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containment. The mass of the fiducial volume is 20T; the total active mass
of the Near Detector is 129T and the total mass is 212T. Figure 11.5 shows
a drawing of the Near Detector.

Fig. 11.5. The NOνA Near Detector. From left to right, the drawing shows the veto
region, the fiducial region, with the fiducial volume shown in darker shading, the event
containment region, and the muon catcher.

There will be multiple neutrino events in the Near Detector in each 11µs
beam pulse. These events must be disentangled using temporal and spatial
information. In order to obtain more temporal precision, the Near Detector
electronics will run with a sampling time of 125 ns, compared to the 500ns
in the Far Detector, with a corresponding reduction in the shaping time.

11.5. NuMI Beam Upgrades

Fermilab will take advantage of the parts of the accelerator complex that
will become available due to the termination of the Tevatron Collider pro-
gram at the end of 2009 to upgrade the beam power in the NuMI beam line.
This will occur in two steps. The first step will increase the beam power to
700kW. This step is part of the NOνA project and is referred to simply as
Accelerator and NuMI Upgrades (ANU). The second step will increase the
beam power to 1.2MW and is referred to as Super NuMI (SNuMI).
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11.5.1. Accelerator and NuMI Upgrades

Currently the NuMI beam line runs by extracting bunches of protons from
the 8GeV Booster at 15Hz into the Main Injector, then accelerating, or
ramping, the particles in the Main Injector to 120GeV, then extracting the
beam. Using a technique of manipulating the Booster batches within the
Main Injector ring, called slip-stacking, a maximum of 11 Booster batches
can be inserted into the Main Injector. The Main Injector must sit at 8 GeV
for 11/15 = 0.733 s in this mode to allow it to be loaded with the Booster
batches.

The key to increasing the power of the NuMI beam is to overlap the Main
Injector loading time with its ramping time. This can be done after the
termination of the Tevatron Collider program by slip stacking 12 Booster
bunches into the Recycler, an 8GeV permanent-magnet ring in the Main
Injector tunnel. The stored Recycler beam can then be loaded into the
Main Injector. Combined with decreasing the Main Injector ramp time to
1.33 s, this will yield a beam power of 700kW.

11.5.2. Super NuMI

A further gain in beam power can be obtained by using the Accumulator
ring in the Antiproton Source. Three Booster batches will be stacked into
the Accumulator and then transferred to the Recycler. This will be done
six times for a total of 18 Booster batches, which will be then loaded into
the Main Injector. With a small increase in the number of protons in each
Booster batch, a beam power of 1.2MW can be achieved.

11.6. Physics Capabilities

NOνA’s physics capabilities for νµ → νe oscillations are based on a full
simulation including generated raw data in the Far Detector, reconstruc-
tion, and event type identification through an artificial neural net. The
capabilities are calculated for the 1.2MW beam with 3 years each of neu-
trino and antineutrino running assuming 44weeks/year . However, based
on experience with the NuMI beam, a derating factor of 0.61 is applied to
give an average beam power of 730kW. The derating factor is a product of
three factors: accelerator uptime (0.85), accelerator average to peak power
(0.90), and NuMI uptime (0.80).
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Fig. 11.6. Three standard deviation sensitivity to sin2 (2θ13)�= 0 as a function of the
CP-violating phase δ and the sign of ∆m2

32 for a six-year run as described in the text.

11.6.1. νµ → νe Oscillations

Figure 11.6 shows the three standard deviation sensitivity to sin2 (2θ13),
i.e., an observation of νµ → νe oscillations three standard deviations above
the small contribution from the solar-length oscillation term. The sensi-
tivities are plotted as a function of the CP-violating phase δ and the mass
ordering. Running both neutrinos and antineutrinos reduces the sensitivity
on these two parameters for this measurement. The three standard devia-
tion sensitivities are approximately an order of magnitude beyond the 90%
confidence level set by the CHOOZ reactor experiment of sin2 (2θ13) < 0.13
at
∣∣∆m2

32

∣∣ = 0.0027 eV2.2,3

Figure 11.7 shows the 95% confidence level sensitivity to the mass or-
dering, i.e., the sign of ∆m2

32, as a function of δ. Because of the inherent
ambiguity between true CP violation and the apparent CP violation caused
by matter effects in the earth, NOνA data alone can only determine the
mass ordering for about half the possible values of δ, those in which the
two effects go in the same direction. For the other values of δ a third mea-
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Fig. 11.7. 95% confidence level sensitivity to the sign of ∆m2
32 as a function of the

CP-violating phase δ for a six-year run as described in the text.

surement is required, either of the second oscillation maximum at the same
baseline or the first oscillation maximum at a different baseline. In princi-
ple, a combination of NOνA and T2K data (see Chapter 10) would do this,
but for the first phase of both these experiments, the mass ordering in this
region can only be resolved if sin2 (2θ13) is near the CHOOZ limit.

Figure 11.8 shows an example of the kind of information NOνA will be
able to obtain on the CP-violating phase δ. The figure shows the one, two,
and three standard deviation contours for a test point at sin2 (2θ13) = 0.06,
δ = 3π/2, and normal mass ordering. The mass ordering is resolved for this
point, but if it were not, then there would also be contours for the alterna-
tive ordering. Since the relative size of the CP-induced asymmetry between
neutrinos and antineutrinos grows as the inverse of θ13, the resolution in δ

is almost independent of θ13.
If the dominant atmospheric oscillation is not maximal, it is interesting

to determine whether θ23 is greater than or less than π/4, which measures
whether νe oscillates more strongly to νµ or ντ . This can be done most
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Fig. 11.8. One, two, and three standard deviation contours in δ and sin2 (2θ13) for the
starred point.

easily by comparing the results of the NOνA experiment with a reactor
experiment, such as Daya Bay (see Chapter 13), since a reactor experi-
ment will measure the oscillation of νe into the sum of νµ and ντ while an
accelerator experiment will measure the oscillation of νµ into νe.

Figure 11.9 shows the region of sin2 (2θ23)− sin2 (2θ13) parameter space
for which this measurement can be made at the 95% confidence level assum-
ing that a reactor experiment can reach a one standard deviation precision
of 0.005 on sin2 (2θ13). The limits are functions of δ, the mass ordering,
and the sign of cos 2θ23; the values in Figure 11.9 are averages over the
parameter space.

11.6.2. νµ Disappearance

Although the primary NOνA physics goal is the study of νµ → νe oscil-
lations, NOνA will also be able to make significant measurements of the
dominant mode oscillation parameters, sin2 (2θ23) and ∆m2

32.
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Fig. 11.9. The sin2 (2θ23) − sin2 (2θ13) regions to the right of the curves are those in
which the sign of cos 2θ23 can be resolved at the 95% confidence level by a comparison
of data from NOνA and a reactor experiment that can achieve a one standard deviation
sensitivity of 0.005 in sin2 (2θ13). The regions are sensitive to δ, the mass ordering, and
the sign of cos 2θ23; the curves represent an average over the parameter space.

It appears that the best way to meet these requirements is to limit
the analysis to totally contained quasi-elastic events, i.e., those events in
which the geometrical pattern of energy deposition is consistent with the
presence of only an energetic muon and a possible recoil proton. So far we
have only performed a preliminary study of how well NOνA can use these
events to measure sin2 (2θ23) and ∆m2

32 using a parametric representation
of the energy. This procedure is justified by the nature of these events,
which are extremely clean. The calculated one and two standard deviation
contours are displayed in Figure 11.10 for assumed values of sin2 (2θ23) of
0.95, 0.98, and 1.00. The energy resolution has been assumed to be 2%,
but the contours do not change markedly as one increases the resolution to
4%. Note that the precision of the sin2 (2θ23) measurement increases as the
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Fig. 11.10. One and two standard deviation contours for a simultaneous measurement
of
∣∣∆m2

32

∣∣ and sin2 (2θ23) for a six-year run at 1.2MW beam power equally divided
between neutrinos and antineutrinos. The three input values are indicated by a star and
the best fit for each is indicated by a plus sign.

value approaches unity. For maximal mixing, the error on the measurement
of sin2 (2θ23) is less than 0.002.

11.7. Schedule

The NOνA Far Detector is modular and can begin taking data as soon as
a significant part is installed. Assuming a project start in October 2007,
as envisioned in the President’s FY2008 budget request, we expect this to
happen by January 2012.
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Double Chooz is an experiment to search for the electron neutrino com-
ponent of the third neutrino mass eigenstate (i.e., a non-vanishing θ13

mixing angle) by measuring reactor antineutrino disappearance over a
1 km baseline. The experiment uses infrastructure at the site of the
previous CHOOZ experiment, and is designed to measure the quantity
sin2 2θ13 to a precision of better than ±0.02; if θ13 is small, then an
upper limit of 0.03 (90% CL) will be established on sin2 2θ13.
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12.1. Introduction

Double Chooz is an experiment, currently under construction, which will
consist of two liquid scintillator antineutrino detectors located ∼270 m and
∼1 km from the reactor cores at the CHOOZ nuclear power station in the
Ardennes region of northern France. This is the same site which hosted
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the previous most sensitive θ13 experiment at this baseline, CHOOZ. The
use of two detectors constructed to be as nearly identical as possible is
the primary distinguishing characteristic of Double Chooz. By comparing
the electron antineutrino flux at the two detectors, Double Chooz will be
remarkably sensitive to transformation of electron antineutrinos into other
neutrino flavors: up to 5 times more sensitive than CHOOZ. In particular,
Double Chooz is designed to detect oscillations arising from a third mass
eigenstate component of the electron antineutrino, whose amplitude is set
by the magnitude of the Ue3 element of the PMNS matrix, |Ue3| = sin θ13.

The reactor antineutrinos are detected through the charged current in-
teraction of antineutrinos with free protons, ν̄e + p → e+ + n, commonly
referred to as inverse beta decay. The signature of non-zero θ13 is the “dis-
appearance” of some reactor antineutrinos over a distance of order 1 km.

In the sections below, we first review the scientific goals and historical
context of the Double Chooz experiment. We then describe the experimen-
tal site, the detectors currently under construction, and the measurement
to be made. We conclude by discussing connections with other experiments.

12.2. Scientific Goals

There is now convincing evidence for flavor conversion of atmospheric, so-
lar, reactor and accelerator neutrinos2–8 (See Chapters 2, 3, 4, 5 and 6).
Thus, neutrinos do have mass, and neutrino oscillation is the most promis-
ing scenario to explain the data. Reactor neutrino experiments measure
the survival probability P (ν̄e → ν̄e) of the ν̄e emitted by nuclear power
stations at a given distance (L). This disappearance probability does not
depend on the Dirac CP phase δ. Furthermore, thanks to the combina-
tion of the MeV range neutrino energies (E) and the short baselines (less
than a thousand kilometers) the modification of the oscillation probability
induced by the coherent forward scattering from matter electrons (the so-
called matter effect) can be neglected to first approximation. If neutrino
masses satisfy m1 < m2 < m3 (so-called “Normal Hierarchy”), the survival
probability can be written:

1 − P (ν̄e → ν̄e) = 4 sin2 θ13 cos2 θ13 sin2 ∆m2
31L

4E
+

cos4 θ13 sin2(2θ12) sin2 ∆m2
21L

4E
−

2 sin2 θ13 cos2 θ13 sin2 θ12

(
cos

(∆m2
31 − ∆m2

21)L
2E

− cos
∆m2

31L

2E

)
. (12.1)
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The first two terms of the right hand side of Equation 12.1 are, respectively,
the atmospheric (∆m2

31 = ∆m2
atm) and solar driven (∆m2

21 = ∆m2�) oscil-
lations, while the third term is an interference between both contributions.9

We note here that θ13 is the mixing angle that couples the electron field to
the heaviest neutrino field (in the normal hierarchy). If ∆m2

� << ∆m2
atm

and/or θ13 is small enough, the solar driven and the atmospheric driven neu-
trino oscillations decouple. The mixing is then radically simplified, leading
to the two neutrino mixing formula:

1 − P (ν̄e → ν̄e) = sin2 2θij sin2

(
1.27

∆m2
ij[eV

2]L[m]
Eν̄e [MeV ]

)
. (12.2)

For the reactor neutrino oscillations we can consider two extreme cases:
∆m2

ij = ∆m2
21 and θij ∼ θ� if the baseline considered exceeds a few tens

of kilometers, and ∆m2
ij = ∆m2

31 and θij = θ13 if it is does not exceed a
few kilometers. The latter is the case of Double Chooz.

Considering only the three known families, the neutrino mixing matrix
is parametrized by three mixing angles. The angle θ12 has been measured
to be large, sin2(2θ12) ∼ 0.8, by the combination of the solar neutrino ex-
periments and KamLAND6 (See Chapters 2, 3, and 4). The angle θ23 has
been measured to be close to maximum, sin2(2θ23) > 0.9, by atmospheric
neutrino experiments2 as well as the long baseline accelerator neutrino ex-
periments K2K7 and MINOS8 (See Chapters 2, 5, and 6). However, we only
have an upper limit to the mixing angle θ13, given mainly by the CHOOZ
experiment, sin2(2θ13) < 0.2. The large values of both θ12 and θ23 indi-
cate a significant difference between leptonic and quark mixing, whereas
the smallness of θ13 testifies to the peculiarity of the neutrino sector. The
value of θ13 is not only of fundamental interest to understand leptonic mix-
ing, but it is also necessary to plan for the future experimental program in
neutrino physics, since CP-violating effects are scaled by sin2 θ13.

New accelerator neutrino beams coupled with off-axis detectors, will
search for a νe appearance signal (See Chapters 10 and 11). The observa-
tion of a νe excess in an almost pure νµ neutrino beam would be evidence
for a non-vanishing θ13. But on the top of the statistical and systematic
uncertainties, correlations and degeneracies between θ13, θ12, sign(∆m2

31),
and the CP-violating δ phase degrade the accessible knowledge on θ13.10

Both reactor and accelerator programs will provide complementary results
to better constrain the last undetermined parameters.
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12.3. Historical Context

The CHOOZ experiment was located in the Ardennes region of France,
1050 m away from the double unit Chooz nuclear reactors (PWR, 8.4 Gi-
gawatt Thermal Power, or GWth). The detector was housed in an un-
derground laboratory below a 100 m rock overburden, or 300 m of water
equivalent (mwe), providing, for the first time at a reactor, a strong reduc-
tion of the cosmic ray induced backgrounds. The homogeneous detector
was filled by a 5 ton Gd-doped liquid scintillator target, surrounded by a
thick active (scintillating) buffer and a muon veto. The external tank was
surrounded by an additional layer of low radioactivity sand. This com-
position of shielding moderates neutrons induced by muons outside of the
detector as well as the γ’s produced by the rocks. Since the two Chooz
reactors were commissioned after the start of the experiment, there was a
unique opportunity to perform an in-situ background measurement.

The Palo Verde experiment was located in an underground bunker under
12 meters of rock (32 mwe), 750 and 890 meters away from a 3-unit nuclear
power station (11.6 GWth) in the Arizona desert. The low overburden
required the use of a segmented detector to reduce the background. It
was composed of 66, 9 meter acrylic cells filled with a Gd-doped liquid
scintillator, surrounded by 1 meter of water shielding and an efficient liquid
scintillator muon veto.

Neither CHOOZ nor Palo Verde observed any evidence of neutrino os-
cillation. The results could be presented as the energy averaged ratio (R)
between ν̄e detected and expected with RCHOOZ = 1.01 ± 2.8% (stat.) ±
2.7% (syst.) and RPaloV erde = 1.01±2.4% (stat.)±5.1% (syst.). Both ex-
periments excluded any ν̄e → ν̄x oscillation driven by ∆m2

atm ∼ 10−3 eV 2,
except for small mixing. Assuming the conservation of CPT, they excluded
the νµ → νe oscillation solution in the Kamiokande experiment.2 The
CHOOZ experiment still provides the world’s best constraint on the θ13

mixing angle : sin2(2θ13) < 0.14, at ∆m2
atm = 2.5 × 10−3 eV 2.16

12.4. Laboratory and Detectors

12.4.1. The Chooz Nuclear Power Station

Both of the Double Chooz experimental halls and related support buildings
are sited within the boundaries of the Chooz nuclear power station, which is
operated by Électricité de France (EDF). Access to the site is provided cour-



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

Double Chooz 237

tesy of EDF, and is generally available during customary working hours,
with access at other times available by special arrangement. Remote oper-
ability is planned for most subsystems of the experiment. Two 4.27 GWth
reactor cores are operated at this site. Each has operated since 2001 with
a cumulative load factor exceeding 75%,19 including 60 days of planned
shutdown per year per core for refueling and maintenance.20

Double Chooz is re-using the same underground tunnel previously used
for the completed CHOOZ experiment. This location is approximately
1000 m from the reactor cores, and is covered by 300 mwe of 2.8 g/cm3

rock overburden. This location is known as the far experimental hall. A
pit 7 meters deep and 7 meters in diameter housed the CHOOZ detector;
the old detector, tank, and low-activity sand have been removed, making
way for the far detector and its shielding to be installed.

The collaboration is currently investigating two possible locations to
host the near detector: the first at the bottom of a 40 m deep shaft, 300 m
away from the nuclear cores (80 mwe overburden), and the second 400 m
away from the cores, at the end of a 150 m long tunnel (110 mwe overbur-
den). A final decision awaits the completion of on-going borehole studies.

12.4.2. The Detectors

The Double Chooz detector is shown schematically in Fig. 12.1. The same
design is used for the central detectors at the near and far site. In this
design, a target of Gd loaded liquid scintillator is contained within an
acrylic vessel. Antineutrinos interact with free protons in the target to
form neutrons, which produce gamma rays when they capture on Gd, and
positrons. A layer of unloaded liquid scintillator surrounds the target to
improve the neutron capture detection efficiency and to reduce system-
atic errors associated with neutron diffusion in and out of the target. A
layer of non-scintillating oil provides shielding against external radioactiv-
ity. Phototubes in the oil buffer detect light emitted by the scintillator. A
3-mm-thick stainless steel tank contains the buffer oil, provides support for
the photomultiplier tubes, and provides a barrier against light, gasses, and
liquids from outside the central detector.

The liquid scintillator for the target uses a mixture of phenyl-xylyl-
ethane (PXE) and dodecane as its base, plus wavelength shifter and a
soluble Gd complex, with a Gd concentration of 1.00 g/L. The gamma
catcher scintillator uses a mixture of PXE, dodecane, and mineral oil, with
wavelength shifter but without the Gd complex, to match the density and
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Fig. 12.1. Cutaway rendering of the Double Chooz detector. Figure produced by
CEA/DSM/DAPNIA/SIS.

light yield of the Gd-loaded target scintillator. The yield matching is based
on a detailed model of the scintillation and self-quenching mechanisms.21

The non-scintillating buffer liquid is a mixture of dodecane and mineral
oil, matched in density to the other liquids. The target density of all liq-
uids is 0.800 g/mL. A summary of detector liquid composition is given in
Table 12.1.

Table 12.1. Liquids in the central detector.

Volume
Region (m3) Design content

Target 10.3 20 v% PXE + 80 v% dodecane +
waveshifter + Gd complex

Gamma catcher 22.6 5 v% PXE + 60 v% dodecane +
35 v% mineral oil + waveshifter

Buffer 114.2 43 v% dodecane + 57 v% mineral oil

The detector design includes a “veto” region filled with liquid scintil-
lator surrounding the central detector, as shown in Fig. 12.1. This region
is optically and mechanically separated from the central detector by the
stainless steel tank containing the central detector, and is contained within
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a 10 mm thick steel tank which isolates it from the exterior environment.
Phototubes detect light from muons and high energy particle interactions
in the veto scintillator. Note that this “veto detector” will not be used to
veto any triggers at the hardware or DAQ level, but rather the data from
the “veto” will be acquired and stored along with inner detector data, to
be used for removing muon-related backgrounds in later analysis.

The Double Chooz detector design includes a 150 mm thick layer of
demagnetized, low radioactivity steel surrounding the inner veto, shielding
the detector against radioactivity from the surrounding rock. The steel
shield is composed of many long bars of steel, and covers the bottom, sides,
and top, as seen in Fig. 12.1. This steel replaces the low activity sand used
in CHOOZ, and allows the Double Chooz detectors to be larger than the
CHOOZ detector.

An outer muon detector is to be placed above and extend beyond the
inner detectors and steel shielding. This detector subsystem is to consist
of layers of MINOS-style scintillator bars. Data from this system will allow
direct measurement of the efficiency of the inner veto and central detector
for grazing muons, improve the tracking resolution of muons, and enable
the study of muon-induced backgrounds from muons that miss the inner
veto detector.

The primary Double Chooz readout is based on 8-channel, 8-bit,
500 MS/s digitizer modules, co-developed by the Laboratoire Astropar-
ticule et Cosmologie (APC) and Costruzioni Apparecchiature Elettroniche
Nucleari (CAEN) corporation, now commercially available as the CAEN
V1721. These modules continuously digitize and record to an internal ring
buffer of ring buffers (1024 buffers, 1024 samples each); each ring buffer is
available for readout upon receipt of a signal from the trigger system.

For maximum control of detector efficiency, the trigger system is de-
signed to give a trigger to the digitizers (“level 1 trigger”) on every energy
deposit of more than 0.5 MeV in the inner detector or 5 MeV in the in-
ner veto. The low-level readout software will implement a second level of
trigger logic (“level 2 triggers”) which will determine whether to save the
entire waveform of each phototube (such as delayed coincidences, possible
antineutrino candidates) or only charge and time information from each
phototube (such as muon crossings and isolated single events).

Muon crossing events deposit orders of magnitude more energy and
occur in the near detector at a rate orders of magnitude higher than other
events. Therefore, a second set of electronics is being provided to directly
digitize and save the time and charge of every muon event. This scheme
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will be implemented for both the near and far detectors to preserve the
identical nature of the two detector systems.

The inner veto uses the same electronics as the central detector, while
the outer muon tracker will have its own readout, synchronized to the main
electronics by a common time stamp and master clock.

Careful monitoring and control of the internal and external environ-
ments of the detectors is essential to maintaining the low systematic errors
required for the experiment. To minimize fluctuations in the number of
protons in the fiducial volume and to avoid excessive pressure on the thin
acrylic vessels, it is necessary to monitor both the level of liquid in the chim-
ney and the temperature of the inner detector liquid. To maintain stability
in photomultiplier tube gain and efficiency, it is necessary to monitor the
magnetic field in the inner detector, the photomultiplier high voltages, and
the temperatures and voltages in the readout electronics. Monitoring of
the external environment of the detectors, such as experimental hall tem-
peratures, atmospheric pressure, radon level, power mains, and so on, also
serves to eliminate potential sources of systematic error. These data will
be collected by a variety of hardware systems, such as the popular low-cost
Maxim/Dallas “1-Wire” network devices. Monitor data will be stored in
a database designed to accommodate up to 5 years of monitor data with
rapid random access through Structured Query Language (SQL). Software
data sources, such as run conditions and data rates, will also be recorded
in the database in real time.

The calibration of the detectors will be performed using a variety of
sources and deployment systems designed to measure the energy scales and
efficiencies of the detectors. Although some details are subject to improve-
ment as of this writing, the system will certainly include deployment of
gamma and neutron sources along the axis of symmetry of each detector,
on-axis and peripheral laser and/or LED flashers, calibration using neu-
trons and 12B from cosmic ray spallation, and (subject to final technical
review) off-axis calibration using wires in small guide tubes attached to the
acrylic vessels and/or full-volume calibration using an articulated arm.

The energy scales for positrons and neutron capture gammas will be
calibrated primarily using the gamma sources. Uniformity of detector re-
sponse will be established using the off-axis and full-volume sources. Based
on detailed simulations including uncertainties in scintillator quenching and
optical parameters, the maximum uncertainty on the absolute energy scales
will be less than 1%; the relative uncertainty between detector energy scales
will be substantially less.
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Detector efficiencies will be calibrated to better than 0.5%, including
neutron capture efficiency, gamma containment efficiency, dead time of var-
ious kinds, and all energy and time event selection cuts. The calibration
program is designed to achieve this goal in the absolute sense for each
detector, and to surpass it in the relative sense: the absolute efficiency
uncertainty in each detector will be less than 0.5%, and the relative uncer-
tainty will also be less than 0.5% (not 0.7%) due to cancellation of common
systematic errors. Systematic errors are discussed further in the next sec-
tion.

12.5. Measurement of Antineutrino Flux
and the Mixing Angle θ13

Like most reactor neutrino experiments, Double Chooz detects antineutri-
nos using the charged current interaction of antineutrinos with free protons:
ν̄e + p → e+ + n. This produces a characteristic delayed coincidence sig-
nature of a “prompt” energy deposit, arising primarily from e+ energy loss
and annihilation plus a small contribution from neutron kinetic energy loss,
followed by a “delayed” energy deposit, arising from gamma rays emitted
by neutron radiative capture on a nucleus. The total prompt energy de-
posit is equal to the energy of the antineutrino minus the difference in the
neutron and proton mass, Eprompt = Eν̄ −mn +mp = Eν̄ −0.8 MeV. With
a gadolinium concentration of 1.00 g/L in the central target, most of the
neutron captures will be on gadolinium, causing a delayed energy deposit
of approximately 8 MeV shared among several gamma rays.

The inner detector electronics will digitize every energy deposit of more
than 0.5 MeV in the inner detector, storing full information for all delayed
coincidences and for a fraction of isolated single energy deposits, as well as
summary information for all energy deposits. Using a time window of 100 µs
(to select delayed coincidences) will limit backgrounds while maintaining
a high efficiency and low systematic efficiency uncertainty for antineutrino
events. Table 12.2 summarizes the expected antineutrino event rates and
efficiencies in the two detectors.

Backgrounds for the experiment arise from many sources. Some arise
from random coincidences of uncorrelated positron-like and neutron-like
signals, so-called “accidental” backgrounds. The accidental background
rate can be estimated quite accurately by measuring a fraction of the en-
ergy deposits which do not occur in temporal proximity to any other energy
deposit. More difficult are correlated positron-like and neutron-like signals,
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Table 12.2. Antineutrino event rates and efficiencies.

Near detector Far detector

Distance from West reactor (m) 290a 1, 114.6 ± 0.1
Distance from East reactor (m) 260a 998.1 ± 0.1
Detector efficiency 80% 80%
Dead-time efficiency 70%b 97%
Reactor efficiency 78% 78%
Rate without efficiency (d−1) 1012b 68.8
Rate w. detector & dead-time efficiency (d−1) 566b 53.4
Integrated rate (y−1) 161, 260b 15, 200

a Near detector distances quoted from preliminary design; actual near detector
distance will be 300 or 400 m. (See text.)
b Actual near detector dead-time, rate, and integrated rate will vary depending
on final near site selection.

Table 12.3. Backgrounds.

Detector Site Background

Accidental Correlated

Materials PMTs Fast n 9Li

CHOOZ Far Rate (d−1) 0.42 ± 0.05 1.01 ± 0.04 ± 0.1
bkg/ν 1.6% 4%

systematics 0.2% 0.4%

Double Chooz Far Rate (d−1) 0.5 ± 0.3 1.5 ± 0.8 0.2 ± 0.2 1.4 ± 0.5
(69 ν/d) bkg/ν 0.7% 2.2% 0.2% 1.4%

systematics <0.1% <0.1% 0.2% 0.7%

Double Chooz Near Rate (d−1) 5 ± 3 17 ± 9 1.3 ± 1.3 9 ± 5
(1012 ν/d) bkg/ν 0.5% 1.7% 0.13% 0.9%

systematics <0.1% <0.1% <0.1% 0.5%

which arise primarily from cosmic ray interactions. Cosmic rays outside the
detector may produce one or more energetic neutrons, which may travel into
the detector, deposit energy in a positron-like event, and subsequently cap-
ture. Cosmic rays passing through the detector may produce relatively long-
lived beta-delayed-neutron emitting isotopes, in particular 9Li, which later
emit an electron and a neutron in coincidence, closely mimicking the an-
tineutrino signal. The inner and outer veto systems and the inner detector
muon electronics are all designed to address these correlated backgrounds.
Table 12.3 summarizes the expected background rates and uncertainties
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Table 12.4. Systematic errors.

CHOOZ Double Chooz

Reactor Solid Angle — 0.06%

Free H in target Volume 0.3% 0.2%
Fiducial Volume 0.2% negligible

Density negligible
H/C 0.8% negligible

Electronics Dead Time — negligible

Positron Escape 0.1% negligible
Energy Cut 0.8% negligible

Neutron Escape 1.0% negligible
Capture (% Gd) 0.85% 0.3%

Energy Cut 0.4% 0.2%

Antineutrino Coincidence Time Cut 0.4% 0.1%
Distance Cut 0.3% not used

Single neutron 0.5% not used

Total 1.5% 0.5%

after tagging and measurement of these backgrounds. These estimates are
based on data from the CHOOZ experiment as well as simulation.18

Table 12.4 summarizes the systematic uncertainties in the measurement
of the antineutrino flux. We are able to obtain somewhat lower absolute
systematic uncertainties than CHOOZ, allowing for an improvement on the
current best limit even using only the far detector. However, the greatest
improvement over previous reactor neutrino experiments is obtained using
the cancellation of common systematics between the near and far detectors.

Because of the schedule of construction at the site, the Double Chooz
experiment will proceed in two phases. In the first phase, only the far
detector will be available. Double Chooz will be able to rapidly improve
on the CHOOZ result in this phase due to a larger target volume and more
stable reactor operation with respect to the earlier experiment. The second
phase will commence after construction of the near detector. The sensitivity
as a function of time under this scenario is shown in Fig. 12.2.
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Fig. 12.2. The sin2(2θ13) sensitivity limit (90%CL) of Double Chooz assuming the real
value of θ13 is zero and the near detector is built 1.5 years after the far detector.18

12.6. Connection with Other Experiments

Several sites are currently being considered for a new reactor experiment
to search for θ13:17 Angra dos Reis (Angra, Brazil), Chooz (Double Chooz,
France, and possibly Triple Chooz), Daya Bay (Daya Bay, China), Kashi-
wazaki (KASKA, Japan) and Yonggwang (RENO, Korea). All these ex-
periments may be classified in two generations. The first aims to probe the
value of sin2(2θ13) to 0.02 – 03, and the second to track sin2(2θ13) down
to 0.01 (90 % C.L.). The first phase concerns Double Chooz, RENO, and
possibly Daya Bay (with its phase I). This phase should end by 2013. An-
gra, Daya Bay (nominal setup with 8 detectors), KASKA and possibly
Triple Chooz are focusing on the second phase. For these second gener-
ation experiments, a significant R&D effort is required since the effective
Gd-scintillator mass will be increased by, at least, one order of magnitude,
and systematics, as well as background uncertainties, have to be further
reduced with respect to the first phase experiments.

The Daya Bay experiment is the focus of Chapter 13. The RENO ex-
periment23, another promising phase II reactor experiment, will be located
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close to the Yonggwang nuclear power plant in Korea, about 400 km south-
east of Seoul. The power plant is a complex of six reactors, each of them
producing a thermal power of 2.73 GW, providing 16.4 GWth. These six re-
actors are equally distributed on a straight segment spanning 1.5 km. The
average cumulative duty factors for the reactors are all above 80%. The
near and far detectors will be located 150 m and 1,500 m away from the
center of the reactor row, and will be shielded by a 88 m hill (230 m.w.e)
and a 260 m “mountain” (675 m.w.e) respectively. Two neutrino laborato-
ries have to be excavated and equipped in order to host the detectors. They
will be located at the edge of two tunnels having a length of 100 m and
600 m for the near and far detector, respectively. With identical systematic
errors as for Double Chooz, RENO could obtain a final sensitivity after
3 years of data taking of sin2(2θ13) = 0.021 at 90 % C.L.24

12.7. Connection with Non-Proliferation

As the verification authority of the Treaty on the Non-Proliferation of Nu-
clear Weapons (NPT), the International Atomic Energy Agency (IAEA)
uses many different tools to inspect civil nuclear installations and related
facilities under safeguard agreements in more than 140 states. Looking for
innovative methods, the IAEA has asked member states to study the feasi-
bility of using antineutrino detection methods to provide practical safeguard
tools for selected applications.

The Double Chooz experiment is in a good position to evaluate many
aspects of the use of antineutrino detection to monitor nuclear power sta-
tions. Indeed, without any extra experimental effort, the near detector of
the Double Chooz experiment will provide a very large dataset of detected
antineutrinos with remarkable energy calibration and flux normalization
precision. The precise energy spectrum recorded at a given time will be
correlated to the fuel composition and to the thermal power provided by
the reactor operators. It is expected that individual components due to fis-
sile elements (235U, 239Pu) could be extracted with some modest precision.

The IAEA recommends the study of specific safeguard scenarios; the
small magnitude of the antineutrino signature of such scenarios requires
careful feasibility studies, the details of which are beyond the scope of this
article. Further discussion of this subject may be found in Refs. 27 and 25.



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

246 G. A. Horton-Smith and T. Lasserre

12.8. Conclusion

Double Chooz is now (May 2007) completing the final technical reviews
prior to the start of its construction phase. The “far” detector will be
installed in the existing underground laboratory starting in late 2007 or
early 2008. The nearly identical “near” detector will be constructed in a
new neutrino laboratory that will be excavated 300 or 400 m from the cores.
The Double Chooz experiment will substantially improve our knowledge of
θ13, first using the far detector alone, and then using the far and near
detectors, ultimately achieving a 90% CL sensitivity of 0.03 on sin2 2θ13.
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Daya Bay is a reactor neutrino oscillation experiment designed to deter-
mine the least-known neutrino mixing angle θ13 with a sensitivity of 0.01
or better in sin2 2θ13 at the 90% confidence level, an improvement over
the current limit by more than one order of magnitude. The goal will
be accomplished in a three-year run by measuring the relative rates and
energy spectra of reactor electron antineutrinos with multiple detectors
positioned at different baselines.

Contents

13.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
13.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
13.3 Design of Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

13.3.1 Experimental Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
13.3.2 Antineutrino Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
13.3.3 Muon System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

13.4 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
13.5 Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
13.6 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
13.7 Status and Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259

249



December 4, 2007 19:14 World Scientific Review Volume - 9in x 6in reviewbook

250 K. B. Luk and Y. Wang

13.1. Introduction

Recently there has been intense interest in measuring the value of the neu-
trino mixing angle θ13, which determines the contribution of the mass eigen-
state ν3 to the weak eigenstate νe. Unlike the other two mixing angles, θ13

known to be small, less than ∼ 10◦.1 Besides being an important ingredient
for mapping out the neutrino mixing matrix that will guide the building
of theoretical models for physics beyond the standard model, the value of
θ13 has significant implications for measuring the CP-violating phase δCP.
If sin2 2θ13, the amplitude of the sub-dominant oscillation, is greater than
0.01, the design of future CP-violation experiments in the neutrino sector is
within present capabilities;2 otherwise, new experimental approaches and
accelerator technologies will be required. It is thus highly desirable to mea-
sure sin22θ13 to the level of 0.01, which is the primary goal of the Daya Bay
reactor antineutrino experiment. A comprehensive discussion of the Daya
Bay experiment can be found in Ref. 3.

13.2. Methodology

An operating nuclear reactor is a copious source of low-energy electron
antineutrinos that come from the beta decays of radioisotopes. These un-
stable isotopes are created in the fission processes involving primarily 235U,
238U, 239Pu, and 241Pu in the reactor core. The antineutrino can be de-
tected with a liquid scintillator detector via its inverse beta-decay reaction
νe+p → e++n that has a threshold of 1.8 MeV. Typically, a 3 GWth reactor
generates about 1.5 × 1020 νe

′s per second, with energy between 1.8MeV
and 8MeV. As the fuel is consumed, the mix of radioisotopes changes,
leading to a time-dependent energy distribution for the antineutrinos.

In a reactor-based antineutrino experiment the measured quantity is the
survival probability for ν̄e → ν̄e which is given by

Psur ≈ 1 − sin2 2θ13 sin2

(
∆m2

31L
4E

)

− cos4 θ13 sin2 2θ12 sin2

(
∆m2

21L
4E

)
. (13.1)

At the first oscillation maximum due to θ13, occurring at L ≈ 1.8 km
with E integrated from 1.8 MeV to 8 MeV, the size of the θ12 term is about
25% of the θ13 term for ∆m2

31 = 2.5 ×10−3eV2 and sin2 2θ13 = 0.01. Yet,
the θ12 term uncertainty leads to a systematic error of <0.005 for sin2 2θ13.
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Fig. 13.1. Differential energy distribution of reactor antineutrinos, total cross section of
the inverse beta-decay reaction, and the number of detected antineutrinos as a function
of the antineutrino energy.

The value of sin2 2θ13 can be extracted by comparing the observed an-
tineutrino rate and energy spectrum with the predictions with no oscilla-
tion. The number of detected antineutrinos, Ndet, shown in Fig. 13.1, is
given by

Ndet =
Np

4πL2

∫
ε(E)σ(E)PsurS(E)dE (13.2)

where Np is the number of free protons in the target, ε(E) is the detection
efficiency, σ(E) is the total cross section of the inverse beta-decay reaction,
and S(E) is the differential antineutrino energy distribution at the reactor.
In practice, in order to measure sin2 2θ13 precisely, all systematic uncer-
tainties must be minimized. This criterion can be achieved by placing two
detectors at two different locations.4 In this case, the value of sin2 2θ13

can be extracted from the ratio of the numbers of detected events in the
two detectors. For events with energy between E and E+dE detected at a
distance Lf (far detector) and at a baseline Ln (near detector) the ratio is

Nf

Nn
=
(

Np,f

Np,n

)(
Ln

Lf

)2(
εf
εn

)[
Psur(E, Lf)
Psur(E, Ln)

]
. (13.3)

The remaining systematic uncertainties are the relative errors in the number
of the protons, the detection efficiency, and the distances from the reactor.
These relative errors can be determined more precisely than the individual
absolute values.
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Another important consideration is the reduction of background. Since
the signal rate is low, it is desirable to conduct the experiment underground
to reduce cosmic-ray induced background.

13.3. Design of Experiment

The design involves optimizing baselines, choosing the detector technology
and geometry, and optimizing the shielding of the detectors.

13.3.1. Experimental Layout

The Daya Bay experiment will be set up at the Daya Bay nuclear power
complex which is about 45 km east of Shenzhen City in China. There are
three nuclear power plants in this complex: Daya Bay, Ling Ao, and Ling
Ao II, which is under construction and will be operational by 2010–2011.
Each plant has twin reactors such that each core can generate 2.9 GWth

during normal operation. The Ling Ao cores are about 1.1 km east of the
Daya Bay cores, and about 400 m west of the Ling Ao II cores. There are
mountain ranges to the north which provide the required overburden.

We plan to build one far and two near sites. One near site is primarily
for housing detectors for monitoring the Daya Bay cores and the other is
for the four Ling Ao cores. In optimizing the baselines, the event rate,
oscillation probability, overburden, background and estimated systematic
uncertainties are taken into account. Cross-contribution of events from the
other cores is also included. A carefully optimized layout for the experiment
is shown in Fig. 13.2. The Daya Bay near site with a vertical overburden of
98 m (255 m.w.e.) is located at 363 m from the center of the Daya Bay cores
whereas the Ling Ao near hall with an overburden of 112 m (291 m.w.e) is
481 m from the Ling Ao cores, and 526 m from the Ling Ao II cores. The
distances from the far site, which has an overburden of 350 m (910 m.w.e),
to the midpoint of the Daya Bay cores and to the Ling Ao–Ling Ao II cores
are 1985 m and 1615 m respectively.

The experimental halls are connected with three horizontal tunnels fan-
ning out near the mid site. The Daya Bay near site is accessed from the
entrance portal with a 292m long, 9.6%-grade access tunnel. The construc-
tion tunnel is used for removing debris during excavation. The antineutrino
detectors will be assembled in the surface assembly building near the en-
trance and be filled with scintillator and buffer oil in the underground filling
hall.
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Fig. 13.2. Layout of tunnels and underground experimental halls.

13.3.2. Antineutrino Detectors

We intend to build eight identical antineutrino detectors. Four of them will
be deployed to the far site, and each near hall will receive two. Having
at least two detectors at each site permits internal consistency checks. In
addition, smaller detectors intercept fewer cosmic-ray muons, resulting in
less cosmogenic background and less dead time.

As shown in the top panel of Fig. 13.3, each detector consists of three
vertical concentric cylinders. The 3.1m tall and 3.1m diameter innermost
vessel filled with 20 tonnes of Gd (0.1% by weight) loaded Linear Alkyl
Benzene (LAB) based liquid scintillator is the antineutrino target which is
embedded inside an acrylic vessel filled with unloaded LAB-based liquid
scintillator. This approximately 40-cm-thick zone between the two acrylic
tanks, called the gamma-catcher, is used to capture the gamma rays from
the antineutrino events that leak out of the target. This arrangement sub-
stantially reduces the systematic uncertainties in the fiducial volume, a
positron energy cut near threshold, and a possible position cut. The out-
ermost zone between the steel tank and the outer acrylic tank, filled with
mineral oil, shields against external gamma rays entering the active scin-
tillator volume. A total of 192 20-cm photomultiplier tubes (PMTs) ar-
ranged in eight horizontal rings are installed along the inner surface of the
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Fig. 13.3. (Top) A cross section of the antineutrino detector. (Bottom) The cross
section of the experimental hall.

5m tall and 5 m diameter steel tank. The effective photocathode coverage
is increased to about 12% by placing optical reflectors at the top and the
bottom of the gamma-catcher. Simulations indicate this will yield about
105 detected photoelectrons per MeV, and an energy resolution of about
12%/

√
E.
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The antineutrino detectors are enclosed by at least 2.5 m of purified
water in a pool as shown in the bottom of Fig. 13.3. The gamma rays
and spallation neutrons emerging from the surrounding granite walls are
attenuated by 105 and one order of magnitude respectively.

13.3.3. Muon System

Since the majority of the background is induced by cosmic-ray muons in-
teracting with materials in the vicinity of, and inside the detector, each
experimental hall will be instrumented with a muon system that consists
of Resistive Plate Chambers (RPCs) placed above a radon-shielded cover
of the water pool which is also used as a Cherenkov counter. This kind of
redundancy allows the detectors to determine the efficiency of each other.

As shown in Fig. 13.3, the water pool is optically isolated into inner
and outer sections with Tyvek films. The inner partitions are populated
with 20 cm PMTs facing the antineutrino detectors. For the 1m thick
outer sections, the PMTs are offset and are facing each other. The density
of PMTs provides about 0.8% photocathode coverage for both sections.
Assuming a singles rate of 50 kHz per PMT and limiting the dead time of
the random coincidence to <1%, the efficiency of the inner Cherenkov in
identifying a muon is better than 98% when the multiplicity of hit PMTs
is ≥12. Using the same criterion for the random rate, the efficiency of
the outer Cherenkov with a minimal hit-PMT multiplicity of 13 is close to
99%. The inefficiency in both Cherenkov counters is due to corner-clipping
muons that have a short path length in the water.

The RPCs will be made of a new kind of phenolic paper laminate de-
veloped at IHEP, Beijing. Each RPC having either x or y readout strips
operates in the streamer mode with a noise rate of 1.6 kHz/m2. The ex-
pected efficiency of the RPC is about 98% at 8 kV for a threshold of 150
mV. Four RPCs, electrically shielded from one another to avoid cross talk,
are combined to form a module such that each module will provide two x
and two y measurements of a muon. By requiring three out of the four
RPCs to have hits, the tracking efficiency of a module is calculated to be
about 99%.

The total efficiency of the muon system in identifying a muon is expected
to be about 99.5%. We shall measure this efficiency to a precision of 0.25%.
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13.4. Background

There are two classes of background: uncorrelated and correlated back-
ground. The uncorrelated background is the accidental coincidence of a
gamma ray and a low-energy spallation neutron, where the gamma ray
comes from natural radioactivity in the near-by materials. Correlated back-
ground can be due to a fast neutron that has interacted with a proton before
it is captured, or the beta-neutron decay of 8He and 9Li produced by a muon
reacting with a carbon nucleus in the antineutrino detector.

Using a modified Gaisser parametrization3 for cosmic-ray muons at the
surface, a three-dimensional profile of the Daya Bay site, and the MUSIC
package5 to transport the muons through the mountain, the muon intensity
at each underground hall can be estimated. Based on the layout shown in
Fig. 13.3, the natural radioactivity of materials, and the efficiency of tagging
muons, the amount of background is then estimated and summarized in
Tab. 13.1.

Table 13.1. Signal and background rates for each detector.

Daya Bay Near Ling Ao Near Far Hall

Radioactivity (Hz) <50 <50 <50
Muon rate (Hz) 36 22 1.2

νe Signal (events/day) 930 760 90
Accidental/Signal (%) <0.2 <0.2 <0.1
Fast neutron/Signal (%) 0.1 0.1 0.1
8He+9Li/Signal (%) 0.3 0.2 0.2

13.5. Systematic Uncertainties

Besides background, the other two major sources of systematic uncertainty
stem from our understanding of the reactor and the detector. For Daya
Bay, with multiple cores and several baselines, the systematic uncertainty
due to reactor power is related to the difference in the fractions of events
contributed by a given reactor to the near and far detectors.3 Based on
the baselines given in Sec. 13.3.1 and event rates shown in Tab. 13.1, a 2%
uncertainty in the thermal power for each core leads to a reactor systematic
uncertainty of 0.1% for six cores.

The relative uncertainty in the number of protons appearing in Eq. 13.3
can be controlled by building the detectors with tight tolerances. Mixing
and filling of liquids will be done with a pair of near and far detectors
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together to ensure they have the same chemical composition. During filling,
high-precision mass flow meters and load cells will be used to make sure
the two detectors received equal amounts of liquid scintillator.

To reduce the uncertainty of the energy scale in the analysis, each de-
tector will be stringently calibrated. The presence of spallation neutrons
and cosmogenic radioisotopes allows continuous calibration. With auto-
matic systems on top of the steel tank, radioactive sources and LEDs will
be remotely deployed along the vertical axes of the target and the gamma-
catcher volumes for routine calibration. Comprehensive calibration of the
entire target volume will be carried out with sources using a manual system
during commissioning.

Table 13.2 summarizes the estimated systematic uncertainties that have
been investigated. The total systematic uncertainty is 0.38% per detector.

Table 13.2. Summary of systematic uncertainties.

Source Uncertainty (%)

Energy cuts 0.2
Time cuts 0.1
H/Gd ratio 0.1
n multiplicity 0.05
Trigger 0.01
Live time <0.01

Total detector-related uncertainty 0.38

Number of protons 0.3

Reactor power and location (6 cores) 0.126

13.6. Sensitivity

The sensitivity in sin2 2θ13 depends on the number of observed antineutrino
events, systematic uncertainties, and the amount of background to be sub-
tracted. The systematic uncertainties can be classified into correlated and
uncorrelated uncertainties. Based on the layout shown in Fig. 13.2, the
sensitivity is obtained by minimizing a χ2 function with pull terms that
account for the correlated uncertainties:

χ
2
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γ
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where A sums over the antineutrino detectors, i sums over energy bins,
and γ = {αc, αr, βi, εD, εA

d , ηA
f , ηA

n , ηA
s } is a set of minimization parameters

that are used to introduce the different sources of systematic uncertainties.
Their corresponding uncertainties are reactor correlated error σc ≈ 2%,
reactor uncorrelated error σr ≈ 2%, uncertainty in the antineutrino pro-
duction spectrum σshp ≈ 2%, detector correlated uncertainty σD ≈ 2%,
detector uncorrelated uncertainty σd = 0.38%, uncertainty in the number
of fast neutrons σA

f , uncertainty in the accidental background σA
n and un-

certainty in the 8He/9Li background σA
s . The last three uncertainties are

derived from Tab. 13.1. The term TA
i is the expected number of events in

the i-th energy bin in detector A, and MA
i is the corresponding observed

number of antineutrino events. The terms FA
i , NA

i , SA
i are the number of

fast neutron, accidental, and 8He/9Li events, respectively. For each energy
bin, the variance comes from TA

i and a bin-to-bin systematic uncertainty
σb2b. For each point in the oscillation space, the χ2 function is minimized
with respect to the set of parameters γ.

The efficiencies used to calculate TA
i are 0.78 for neutron detection, and

0.98 for positron detection. The live time of each site related to vetoing
muons is taken to be 0.95 for both the near and far detectors. The remaining
live time of the experiment and the reactors is 0.82. For ∆m2

31 = 2.5 ×
10−3 eV2, the expected sensitivity in sin2 2θ13 as a function of run time is
shown to the left in Fig. 13.4.

We plan to collect over 300,000 antineutrino events at the far site in
a three-year run. The dependence of sin2 2θ13 on ∆m2

31 in this case is
depicted to the right in Fig. 13.4. Daya Bay can reach and exceed the goal
of determining sin2 2θ13 with a sensitivity of 0.01 at the 90% confidence
level.

13.7. Status and Plan

The Daya Bay experiment was initiated in 2003. Since then it has grown
into an international effort with over one hundred collaborators from China,
the United States of America, Czech Republic, Hong Kong, Russia, and
Taiwan.

In parallel to the design and fabrication of the apparatus, construction of
the tunnels, experimental halls and the surface assembly building will begin
in the summer of 2007. Operation of the first two detectors in the Daya
Bay near hall is scheduled to take place in early 2009. This will provide an
opportunity for studying background and systematic issues prior to data
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Fig. 13.4. To the left, the sensitivity in sin2 2θ13 verses run time (with ∆m2
31 = 2.5 ×

10−3 eV2). To the right, the sensitivity in sin2 2θ13 against ∆m2
31 for a 3-year run.

taking with all eight detectors in place in the summer of 2010. A three-year
run reaching the designed sensitivity will be completed in 2013.
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