Proc Indian Natn Sci Acad, 70, A, No.1, January 2004, pp.63-69

© Printed in India.

L ONG BASELINE NEUTRINO OSCILLATION EXPERIMENTS

S UMA SANKAR
Department of Physics, [I'T Bombay, Powai, Mumbai 400 076 (India)

(Received 3 February 2003; Accepted 30 June 2003)

In this article, | discuss the physics motivations for long baseline neutrino experiments and the strategies that are
being used and planned at these experiments. | will also give a summary of the experiments that are running or being
constructed or have been approved. Very briefly, | will discuss some of the studies done for planning experiments in

far future.
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1 Introduction

The deficits observed in the solar’=> and atmos-
pheric®™8 neutrino measurements indicate that neu-
trinos have properties beyond those predicted by the
Standard Model. Neutrino oscillations provide the
simplest explanation of both the solar®* and atmo-
spheric neutrino'*? deficits. If this explanation is cor-
rect, it means that

e neutrinos are massive,
o their masses are non-degenerate,

e and they mix among themselves, as the quarks
do.

Recent experiments with reactor neutrinos® (ve) and
accelerator neutrinos** (v,,) also show deficits and
these deficits can also be explained in terms of neu-
trino oscillations, with values of parameters which ex-
plain solar and atmospheric neutrino deficits 417,
Hence the evidence for neutrino oscillations is very
strong but so far no experiment has unambiguously
observed the oscillatory behaviour predicted by neu-
trino oscillations.

For three active flavour neutrino oscillations, the
survival and oscillation probabilities depend on mass-
square differences and the elements of the neutrino
mixing matrix*® Uy, s. Only two of the mass-square
differences are independent and usually they are cho-
sen to be A,; = m3—m? and Ay, = m3—m2. In anal-
ogy to the CKM matrix, U,,\s can be parametrized

by three mixing angles and a phase. The following
parametrization is widely used because it leads to sim-
plified expressions for solar and atmospheric neutrino
analysis®®.

1 0 o0 Cg 0 s,e
Umns = (0 Co3 523) o 1 0
0 —s;3 Cy -s;3€° 0 Ci13
Cpr Sp O
X| =S ¢, O ..
0 0 1

where ¢;; = cos6,; and s;; =sin6,;. The phase, 9,
causes the oscillation (but not survival) probabilities
for neutrinos and anti-neutrinos to be different and
leads to CP violation in lepton sector. To measure this
CP violation, one needs data from both neutrino os-
cillations and anti-neutrino oscillations. The present
experiments constrain the neutrino parameters to be
in the range'* "2

Ay i4x107°—3x 107%eV?

tan?@,, : 0.25—0.85

Ayl 1—-5x 1073 eV?

sin26,5:0.8— 1.0

0<5<180°

sin26,, < 0.13 ..(2)

The values of these parameters indicate that the atmo-
spheric neutrino deficit is essentially due to v, — v;
oscillations, driven by A,,, and the solar neutrino
deficit is due to Ve — (v, + Vr)/+v/2, driven by A,;.
Note that the present experiments determine only the
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magnitude of A,, but not its sign. So the hierarchy in
neutrino masses is not yet known. The energy depen-
dent suppression observed in different solar neutrino
experiments is expected to be generated by the MSW
effect™ . This can occur only if A,, is positive.

2 Physics Mativation

The goals of long baseline neutrino experiments are to

1. explicitly observe the energy dependence in the
survival probability P(v, — v,,),

2. determine |Ag,| and sin?26,, as accurately as
possible,

3. measure the value of 8,5 or improve the upper
limit,
4. obtain evidence for the modification of v, — ve

oscillation probability due to matter effect and
determine the sign of A,, and

5. search for CP violation in the lepton sector.

The neutrino beam for these experiments will be gen-
erated through a proton accelerator. The mean energy
of such a beam will be 1 GeV or more*#. Neu-
trino oscillations at such energies are insensitive to
the small values of A,, given above. Present and fu-
ture solar neutrino experiments and the reactor neu-
trino experiment KamLAND are expected to provide
the strongest limits on A, as well as tan? 8, . If A,
is near its upper limit, KamLAND is capable of ob-
serving the energy dependent suppression predicted
by neutrino oscillations®. All long-baseline studies
assume that these two neutrino parameters are pro-
vided by the above source.

As a first approximation, the small value of A, is
set equal to zero and one has

P(vy — Ve)
120 cin2 2 Agpl
= sin“ 0,55in“26,5sin 1.27? ..-(3)
P(vy = vy)
Ayl
= 1—cos*8,,5in?20,;sin? (1.27%)
—P(vy — ve), ...(4)

where A,, is in eV, the baseline length L is in km and
the neutrino energy E is in GeV. A plot of P(v, — v,,)

vs E, shown in Figure 1, depends essentially on |Ag,|
and 8,5, because 6, is very small. A detector capable
of measuring the event spectrum can not only observe
the energy dependence of P(v, — v,) but also de-
termine |A,,| (by the location of the minimum of the
spectrum) and sin226)23 (by the number of events at
the minimum) independently of each other. To deter-
mine these parameters accurately, one needs

1.27|Agy|L/E ~ 11/2 ...(5)

and high statistics. The next step is determining 6,5,
which can be done by measuring v, — Ve oscilla-
tions. From eq.3, we note that P(v, — Ve) is max-
imum at the energy given by eq.5. v, — Ve oscilla-
tions are also the method through which future ex-
periments will try to observe matter effects and CP
violation. To obtain the best v;, — Ve oscillation sig-
nal possible, the energy of the neutrino beam is to be
tuned to satisfy eq.5. Hence, in all the experiments,
present and future, the energy of the neutrino beam is
designed such that the flux is the largest around the
energy E, , = 2.54|A5,|L/ .

Neutrinos in a long baseline experiment pass
through earth’s crust and v, — Ve is modified by the
forward scattering by the electrons in matter, which
is parametrized by the Wolfenstein matter term# A =
2\/§GFNeE. Here Ne is the number density of elec-
trons, which is proportional to the density of matter
and E is the neutrino energy. The modified oscillation
probability is given by

m in2 in29AQM cin2 ALTZL
P™(vy, — Ve) =sin“ B,5sin“2673sin 1.27? .
...(6)

The matter modified mass-squared difference and
mixing angle in eq.6 are given by

AL = \/(As2 €0526,5 — A)2+ (A5,5in26,3)2,
. . A
sin263 = sinf;—2. ..(7)
A%

In the case of anti-electrons A is replaced by —A. For
A4, positive, the matter term leads to an increase of
neutrino oscillation probability and a decrease in the
anti-neutrino oscillation probability. For negative A,,
the situation is reversed. Hence, observing matter ef-
fects allows us to determine the sign of A5, and the
hierarchy in neutrino masses. For a baseline of about
250 km, the change due to the matter effect is about
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Fig. 1 Plot of P(v,, — v,) vs E for |Ag,| =3x 1073 eVZ and L = 295 km.

10%. This change increases to 25% if the baseline
is 730 km* 2, Both the phase & (CP violation) and
the term A (matter effects) lead to asymmetries be-
tween neutrino and anti-neutrino oscillation probabil-
ities. In general they can be disentangled because the
energy dependence of these two effects is different®.
However, it is possible to design experiments where,
in one configuration CP violation asymmetry is dom-
inant and, in another configuration matter term asym-
metry dominates.

The longer the baseline, the higher should be the
energy of the neutrino beam to satisfy the constraint
of eq.5. The neutrino beam is expected to be gen-
erated by conventional means: That is by trapping
and focussing positively charged mesons in proton-
nucleus interactions and letting them decay in a long
decay pipe. The resultant beam consists of mostly
vys with very small admixture of ve (< 1%) and even
smaller admixtures of v, and ve®*. These exper-
iments use v, beams rather than v, beams for two
reasons. Charge conservation dictates that more posi-
tively charged mesons should be produced in proton-
nucleus collisions. Also the cross section for v—N in-
teractions is much larger than that for v—N interac-
tions. Hence a much larger event sample can be ob-
tained by using a neutrino beam. In the cases where
CP violation in the neutrino sector is proposed to be
studied, there must, of course, be a v, beam also,

which can be obtained by trapping negatively charged
mesons produced in proton-nucleus collisions. Data
from v, and v, beams can also provide evidence for
matter effects and determine the sign of A,,, provided
the baseline is long enough?. However, these physics
objectives can also be realized using v, data alone
if we have data from one moderate baseline experi-
ment and one long baseline experiment® or from only
one long baseline experiment with wide band neutrino
beam?®.

As mentioned earlier, for an accurate determina-
tion of neutrino parameters, we need very large event
rates. The event rate, of course, is a product of the
neutrino flux and its interaction cross section with the
detector material. The v,-N interaction cross sec-
tion increases with energy. Also it is easier to collect
mesons of higher energy and collimate them to pro-
duce beams of very high fluxes® 3. So it would seem
that high energy beams are more advantageous com-
pared to low energy beams. That, however, is not true
because an experiment with higher energy must have a
longer baseline to satisfy eq.5. The advantage gained
by higher energy is nullified because the neutrino flux
falls off as 1/L.2 and hence, roughly, as 1/E? at the de-
tector location. In the long baseline experiments run-
ning or being constructed, the length is determined by
locations of existing facilities and the energies of the
beams are correspondingly tuned so that eq.5 is satis-
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fied.

The dectectors in long baseline experiments must
satisfy certain basic requirements. They should be ca-
pable identifying both electrons and muons with high
efficiency. They also should be capable of measur-
ing the energies of all final state particles so that the
energy of the initial neutrino energy can be deter-
mined accurately. Good background separation ca-
pability and low cost are other considerations. Wa-
ter Cerenkov detectors are particularly suitable for
these experiments because they have nearly 100% ef-
ficiency in identifying muons and electrons®. If these
experiments have baselines of about 250 — 300 km,
there are additional advantanges. For |A,,| in the
range given by atmospheric neutrino problem, En/2
for such baselines is about 0.5 — 1.5 GeV. At these
energies, charged current (CC) quasi-elastic scatter-
ing is the dominant v—N interaction and the incident
neutrino energy can be measured very accurately by
measuring the charged lepton energy and the scatter-
ing angle. The neutral current (NC) process v, N —
Vi,eN m°, which gives rise to a significant background
to Ve interaction signal, is quite small and can be ve-
toed, because the energy of the m° is small and both
the photons from its decay can be reconstructed®.
Hence these experiments have the best sensitivity to
Vi — Ve oOscillations and they have the additional ad-
vantage in observing CP violation. As mentioned ear-
lier, matter effects can mimic CP violation but they
are small (about 12%) if the baseline is about 300
km. Hence, such experiments are more suitable for
measuring CP violation than experiments with longer
baselines. | will discuss other types of detectors in
conjuction with the corresponding experiments.

3 LongBasdine Experiments

In this section, | discuss the various long baseline ex-
periments that are running or being constructed, their
detector capabilities and physics reach.

K2K

K2K is the only long baseline experiment
presently running. The neutrino beam from KEK is
directed to the Super-Kamiokande water Cerenkov de-
tector 250 km away. The fiducial volume of the detec-
tor is about 22.5 ktons. The neutrino beam is pro-
duced by a 12 GeV proton beam and and consists of
98% v,;s with a mean energy of 1.3 GeV. The exper-

iment also contains a near detector 300 meters from
the neutrino beam source which measures the flux of
neutrinos at very short distance and hence the flux
of neutrinos without oscillation. The near detector
is designed such that its systematics are very simi-
lar to those of Super-Kamiokande. The main moti-
vation of this experiment is to observe neutrino os-
cillations in v, disappearance mode, that is, to mea-
sure P(v, — vy) as a function of energy. They ex-
pect to take data for an integrated flux which corre-
sponds to 10%° protons on target (POT). So far, data
with half of this flux has been collected and the re-
sults are presented in ref.[14].The expected number
of events in the case of no oscillations can be calcu-
lated by scaling the flux measured by the near detec-
tor. They expected to observe 80+ 6 muon events but
have observed only 44. For 29 of the 44 events they
were able to reconstruct the energy of the neutrino.
The shape of the energy distribution is in agreement
with neutrino oscillation hypothesis with the best fit
point at |Ag,| = 2.8 x 1073 eV? and sin®260,, = 1.
Since the statistics are small, it is not possible to con-
strain the neutrino parameters strongly. At 90% C.L.,
the constraints are |A,,| : 0.001 eV? — 0.1 eV? and
5in?26,5 > 0.4. The probability that no oscillation hy-
pothesis can explain the shape of the energy distribu-
tion is about 1%. In principle, K2K is also sensitive to
Vi — Ve oscillations. However, due to low statistics,
it cannot improve the CHOOZ limit on sin?26),5.

MINOS

In MINOS experiment, a neutrino beam from Fer-
milab will be directed at a detector in Soudan mine
735 km away. The neutrino beam is generated by im-
pinging 120 GeV protons on a graphite target. The
horn focussing system has been designed such that
the mean energy of the beam can be varied between
3-18 GeV*, During the first run, MINOS is expected
to run in the low energy configuration (with energies
in the range 1-6 GeV) so as to satisfy the condition
of eq.5. The beam intensity is 3.8 x 10%° POT. The
Ve component of the beam is expected to be less than
1%. The MINOS experiment also has a near detec-
tor to measure the neutrino flux without oscillations
and it is designed to have the same systematics as the
far detector. The detectors consist of magnetized steel
layers interspersed with scintillator strips. The mass
of the far detector is 5.4 kton. This detector has both
good muon detection efficiency and good calorimetry.
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It detects v, CC events by looking for high energy
muons. It also measures the total energy of both CC
and NC events. The main physics goals are to observe
the oscillatory behaviour in the energy distribution of
muon events and an accurate determination of |A,|
and sin®26.,,. Since it can observe NC events also, it
is capable of measuring the total active flavour neu-
trino flux at the far detector and obtain limits on v,
oscillations into sterile flavours, much as SNO has de-
termined limits on ve oscillations into sterile flavours®.
Data taking is expected to start in December 2004 and
with 10 kton-year of data, MINOS expects to deter-
mine |A| and sin?26,, to 10% accuracy.

MINOS can also search for v, — Ve oscillations
which occur due to non-zero value of 8;5. The back-
ground due to ve component of the beam is known
from the near detector data. However, NC events from
high energy neutrinos form a substantial background
to the electron signal in the detector and severely limit
the sensitivity. With 10 kton-year of data, they expect
to improve the CHOOZ limit on sin226)13 by a factor
of 2. Itis found that the intensity of the neutrino beam
is sharply peaked at low energies at locations which
are a few degrees off the beam axis. There are efforts
to construct an experiment at an off-axis site to im-
prove the sensitivity to v, — Ve oscillations®.

ICARUS and OPERA

ICARUS and OPERA are two neutrino experi-
ments being planned in the Gran Sasso Underground
Laboratory. The neutrino beam will be produced by
the interactions of 400 GeV protons extracted from
SPS at CERN, 735 km away. These neutrinos have
very high energy with a mean of 18 GeV which makes
them suitable for the detection of v;s produced by the
oscillations of v,,s*. An intensity of about 4.5 x 10°
POT is envisaged. With the oscillation parameters
given in eq.2, the number of v, CC interactions at
Gran Sasso is about 2600/kton/year and the number
of ts produced will be 15/kton/year. The experiments
are expected to start in 2006. The great challenge for
these experiments is to isolate and efficiently identify
the ts from the huge number of v, CC events. The
OPERA experiment will use a detector made of nu-
clear emulsions and will detect the T by reconstructing
the primary neutrino interaction vertex and the kink
produced by 1 decay. The decay channels investi-
gated are T decaying into an electron or a muon or
one charged hadron. The background in these chan-

nels is small enough that OPERA expects to discover
unambiguous evidence for v, — v; oscillations in 5
years of data taking.

ICARUS detector is based on the principles of
very good particle identification and of reconstruct-
ing event kinematics with enough precision to select
interesting events. It relies on the possibility to do
3 dimensional imaging of events in a time projection
chamber filled with liquid argon. The whole detector
consists of multiple modules of 300 tons, with typical
size4m x 4 m x 20 m. The final detector is expected
to have a size of 3000 tons. ICARUS will search for
v; production by looking for T — v eve. The Ve com-
ponent of the neutrino beam gives rise to a large back-
ground for this process via the deep inelastic scatter-
ing veN — eX. But the signal events have a large
missing energy due to final state neutrinos whereas
the background events have much less missing energy.
Hence a cut on missing energy provides a clean sam-
ple of v; — v.eve events and can confirm v, — v;
oscillations in 5 years of data taking. Because of its
excellent electron identification capability and energy
measurement ICARUS is sensitive to v, — Ve osCil-
lations also. The main background here comes from
the ve component of the beam. With 5 years of data,
ICARUS can improve the limit on sin®26, , by a factor
of 2 compared to the CHOOZ limit.

JHF-Kamioka

This experiment is a high statistics version of
the K2K experiment. A very high intensity narrow
band neutrino beam, produced by the High Intensity
Proton Accelerator (HIPA) at the Japanese Hadron
Facility (JHF), will be directed towards the Super-
Kamiokande detector 295 km away®*. In the first
phase, the intensity of the beam is about 102X POT
per year. To achieve the best results, the direction
of the beam will be designed such that the Super-
Kamiokande detector will be 2° off-axis. Such a beam
will have a sharp peak in neutrino spectrum at 0.7
GeV, which is En/2 for this baseline length. The
Ve contamination is expected to be about 1%. This
experiment also has a near detector to measure the
neutrino flux and neutrino spectrum without oscilla-
tion. With 5 years of data taking, the experiment ex-
pects to measure |A,,| to an accuracy of 104 eVv?
and sin?26,, to an accuracy of 1%. For the same pe-
riod of running, it can discover v, — Ve oscillations
if sin226)13 > 0.02 or, in the case of no signal, set an
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upper limit of 0.006. By measuring the rate of the NC
reaction vN — 1°vN, the experiment also expects to
constrain the probability of v,, oscillating into a sterile
neutrino.

In the second phase of the experiment, a 5-fold
increase in the flux is envisaged. In addition, a 1
megaton fiducial volume Hyper-Kamiokande water
Cerenkov detector is also being planned. With these
increases in the flux and detector size, the event rates
will go up by a factor of 200 and the experiment will
observe v, — Ve oscillations for values of sin?26,5 >
0.002 or will set an upper limit sin22913 <4x107%in
two years of data taking. With six years of additional
data using v, beam, the experiment can measure CP
violation in the neutrino sector if & > 20°. In addition,
this experiment can also improve the limit on proton
lifetime to 3 x 10%* year with 20 mton-years of expo-
sure.

Very Long Baseline Experiments

Recently two studies were conducted to explore the
possibility of measuring very small values of 8,5 and
observe evidence for matter effects using very long
baselines. The first proposal is an extension of the
JHF-Kamioka and is mainly directed towards deter-
mining the sign of A,,. In this proposal the neutrino
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