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Precision neutrino oscillation physics with an intermediate baseline reactor neutrino experiment
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We discuss the physics potential of intermediateL;20–30 km baseline experiments at reactor facilities.
Assuming that the solar neutrino oscillation parametersDm(

2 andu( lie in the high LMA solution region, we
show that such an intermediate baseline reactor experiment can determine bothDm(

2 andu( with a remark-
ably high precision. We perform also a detailed study of the sensitivity of the indicated experiment toDmatm

2 ,

which drives the dominant atmosphericnm ( n̄m) oscillations, and tou—the neutrino mixing angle limited by
the data from the CHOOZ and Palo Verde experiments. Irrespective of the actual values ofDm(

2 , we find that
this experiment can improve the bounds on sin2u, and, if the value of sin2u is large enough, sin2u*0.02, the
energy resolution of the detector is sufficiently good and if the statistics is relatively high, it can determine with
extremely high precision the value ofDmatm

2 . We also explore the potential of the intermediate baseline reactor
neutrino experiment for determining the type of the neutrino mass spectrum, which can be with normal or
inverted hierarchy, assumingDm(

2 to lie in the high LMA solution region. We show that the conditions under
which the type of neutrino mass hierarchy can be determined are quite challenging, but are within the reach of
the experiment under discussion.
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e
vi
b

ot
o
n

he
tr

e
ts

ix
3

is
as

m-
D
o-
n

ion

eV
m-
mo-

st

t
ri-
I. INTRODUCTION

The experiments with solar, atmospheric and reactor n
trinos @1–6# have provided in recent years remarkable e
dence for the existence of neutrino oscillations driven
nonzero neutrino masses and neutrino mixing. The hyp
esis of solar neutrino oscillations, which in one variety
another were considered as the most natural explanatio
the solar neutrino deficit@1,2# since the late 1960s~see, e.g.,
@7–9#!, has received a convincing confirmation from t
measurement of the solar neutrino flux through the neu
current reaction on deuterium by the SNO experiment@3#.
The analysis of the solar neutrino data obtained by Hom
stake, SAGE, GALLEX/GNO, SK and SNO experimen
showed that the data favor the large mixing angle~LMA !
Mikheyev-Smirnov-Wolfenstein~MSW! solution with the
two-neutrino oscillation parameters—the solar neutrino m
ing angle and the mass squared difference, lying at 99.7
C.L. in the region@3,10#:

331025 eV2&Dm(
2 &3.531024 eV2, ~1!

0.21&sin2u(&0.47. ~2!

The first results of the KamLAND reactor experiment@6#
has confirmed, under the plausible assumption ofCPT in-
variance which we will suppose to hold throughout th
study, the LMA MSW solution, establishing it essentially
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a unique solution of the solar neutrino problem. The co
bined fits to the available solar neutrino and KamLAN
data, performed by several collaborations within the tw
neutrino mixing hypothesis, identify two distinct solutio
subregions within the LMA solution region@11–13#. Adding
the KamLAND data did not lead to a considerable reduct
of the interval of allowed values of sin2u( with respect to the
one quoted in Eq.~1!, while the best fit values ofDm(

2 in the
two sub-regions~labeled from now on low LMA and high
LMA ! are given by@12#

low LMA: Dm(
2 .7.231025 eV2, ~3!

high LMA: Dm(
2 .1.531024 eV2. ~4!

The observed Zenith angle dependence of the multi-G
m-like events in the Super-Kamiokande experiment una
biguously demonstrated the disappearance of the at
spheric nm ( n̄m) on distancesL*1000 km. The Super-
Kamiokande ~SK! atmospheric neutrino data is be
described, as is well known, in terms of dominantnm→nt

( n̄m→ n̄t) oscillations with ~almost! maximal mixing and
neutrino mass squared difference ofuDmatm

2 u>(1.425.0)
31023 eV2 ~99.73% C.L.! @4#. According to the more recen
combined analysis of the data from the SK and K2K expe
ments@14# one has at 99.73% C.L.:
©2003 The American Physical Society06-1
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1.531023 eV2&uDmatm
2 u&3.731023 eV2. ~5!

The neutrino oscillation description of the combined so
and atmospheric neutrino data requires the existence
three-neutrino mixing in the weak charged lepton curr
~see, e.g.,@15#!:

n lL5(
j 51

3

Ul j n j L . ~6!
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Heren lL , l 5e,m,t, are the three left-handed flavor neutrin
fields,n j L is the left-handed field of the neutrinon j having a
massmj and U is the Pontecorvo-Maki-Nakagawa-Saka
~PMNS! neutrino mixing matrix@16,17#. The PMNS mixing
matrix U can be parametrized by three angles,uatm, u( , and
u, and, depending on whether the massive neutrinosn j are
Dirac or Majorana particles—by one or threeCP-violating
phases@18,19#. In the standard parametrization of U~see,
e.g., @15#! the three mixing angles are denoted asu12, u13
andu23:
U5S Ue1 Ue2 Ue3

Um1 Um2 Um3

Ut1 Ut2 Ut3

D 5S c12c13 s12c13 s13e
2 id

2s12c232c12s23s13e
id c12c232s12s23s13e

id s23c13

s12s232c12c23s13e
id 2c12s232s12c23s13e

id c23c13
D , ~7!
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where we have used the usual notations,si j [sinuij , ci j
[cosuij , andd is the DiracCP-violation phase.1 If we iden-
tify the two independent neutrino mass squared differen
in this case,Dm21

2 andDm31
2 , with the neutrino mass square

differences which drive the solar and atmospheric neutr
oscillations,Dm(

2 5Dm21
2 .0, Dmatm

2 5Dm31
2 , one hasu12

5u( , u235uatm, andu135u.
The angleu is limited by the data from the CHOOZ an

Palo Verde experiments@21,22# which searched for evi-
dences for oscillations of reactorn̄e at ;1 km from the
source. No disappearance ofn̄e was observed. In a two
neutrino oscillation analysis performed in@21# a stringent
upper bound on the value ofu in the region ofuDm2u>1.5
31023 eV2 was obtained. A 3-n oscillation analysis of the
CHOOZ data2 @23# led to the conclusion that forDm(

2

&1024 eV2, the limits on sin2u practically coincide with
those derived in the 2-n oscillation analysis in@21#. A com-
bined 3-n oscillation analysis of the solar neutrino, CHOO
and the KamLAND data, performed under the assumption
Dm(

2 !uDmatm
2 u ~see, e.g.,@15,24#!, showed that@11#

sin2u,0.05, 99.73% C.L. ~8!

The precise upper limit in Eq.~8! is Dmatm
2 dependent. The

authors of@11# found the best-fit value of sin2u to lie in the
interval3 sin2u>(0.0020.01).

1We have not written explicitly the two possible MajoranaCP-
violation phases@18,19# which do not enter into the expressions f
the oscillation probabilities of interest@18,20#. We assume through
out this study 0<u12,u23,u13,p/2.

2In this caseDm25Dmatm
2 .

3The possibility of large sin2u.0.97, which is admitted by the
CHOOZ data alone, is incompatible with the neutrino oscillati
interpretation of the solar neutrino data~see, e.g.,@25#!.
s

o

f

Somewhat better limits on sin2u than the existing one can
be obtained in the MINOS experiment@26#. Various options
are being currently discussed~experiments with off-axis neu
trino beams, more precise reactor antineutrino and long b
line experiments, etc., see, e.g.,@27#! of how to improve by
at least an order of magnitude, i.e., to values of;0.005 or
smaller, the sensitivity to sin2u.

Let us note that the atmospheric neutrino and K2K d
do not allow one to determine the sign ofDmatm

2 . This im-
plies that if we identifyDmatm

2 with Dm31
2 in the case of

3-neutrino mixing, one can haveDm31
2 .0 or Dm31

2 ,0. The
two possibilities correspond to two different types of ne
trino mass spectrum: with normal hierarchy~NH!, m1,m2

,m3, and with inverted hierarchy~IH!, m3,m1,m2.
After the spectacular experimental progress made in

last two years or so in the studies of neutrino oscillatio
further understanding, in particular, of the structure of t
neutrino masses and mixing, of their origins and of the sta
of theCP-symmetry in the lepton sector requires a large a
challenging program of high precision measurements to
pursued in neutrino physics. One of the first goals of t
program is to improve the precision in the measuremen
the mass squared differences and mixing angles which c
trol the solar and the dominant atmospheric neutrino osc
tions: Dm(

2 , u( , andDmatm
2 , uatm . A step of fundamental

importance would be the detection and the studies of s
leading neutrino oscillation effects, if the latter are obse
able. This includes the measurement of, or getting m
stringent upper limit on, the value of the third and the on
small mixing angle in the PMNS matrixU, u (5u13), the
exploration of the possibleCP-violating effects and the de
termination of the type of the neutrino mass spectrum wh
can be with normal hierarchy~NH! or inverted hierarchy
~IH!. Among the further fundamental open questions, wh
cannot be answered by studying neutrino oscillations, but
progress in the studies of which requires a precise knowle
of the neutrino oscillation parameters, are~i! the nature—
6-2
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Dirac or Majorana—of the massive neutrinos,~ii ! the abso-
lute scale of neutrino masses,~iii ! the mechanism giving rise
to the neutrino masses and mixing,~iv! the possible relation
betweenCP violation in the lepton sector at low energies a
the generation of the baryon asymmetry of the Universe
the leptogenesis mechanism, and~v! lepton number violation
and its possible manifestation in charged lepton flavor v
lating decays, to name a few.

In the present article we explore the possibility of pe
forming a high precision measurement of some of
3-neutrino oscillation parameters in an intermediate base
L;20–30 km, reactor neutrino experiment. We first addr
the issue of precision determination of the solar neutr
oscillation parameters,Dm(

2 and u( . The KamLAND ex-
periment, as discussed by several authors@28#, has a remark-
able sensitivity toDm(

2 in the low LMA region. However,
the sensitivity of KamLAND to the value ofu( is not
found to be equally good. Even under the most optimis
conditions KamLAND is not expected to substantially r
duce the region of allowed values ofu( obtained from the
analysis of the solar neutrino data@29#. The best conditions
for precise determination ofu( is in a reactor experimenta
setup, where the baseline is tuned to a Survival Probab
MINimum ~SPMIN!.4 With a baseline of aboutL;160 km
andDm(

2 ;7.231025 eV2 or 1.531024 eV2, KamLAND is
essentially sensitive to a Survival Probability MAXimu
~SPMAX!. The sensitivity to SPMAX gives KamLAND the
ability to determineDm(

2 with a high precision through the
measurement of the distortion of the final statee1 spectrum,
providedDm(

2 ,231024 eV2. At the same time it reduce
KamLAND’s sensitivity to the solar neutrino mixing ang
@29#. As was shown in@29#, a 70 km baseline reactor exper
ment could determine the solar neutrino mixing angle sin2u(

(tan2u() to within 9.6 ~14!% at the 99% C.L. in the case o
the low LMA solution of the solar neutrino problem. Kam
LAND essentially looses sensitivity toDm(

2 for Dm(
2 *2

31024 eV2. Nevertheless, the more precise measuremen
the spectrum of the final statee1 in the KamLAND experi-
ment is expected to unambiguously determine whetherDm(

2

lies in the low LMA or high LMA region.
In this paper, following a previous suggestion and ana

sis in @30# ~see also@31#!, in the context of three neutrino
mixing, we discuss the physics potential of intermediateL
;20–30 km baseline experiments at reactor facilities.
show that such an intermediate baseline reactor experim
can determine bothDm(

2 and u( with a remarkably high
precisionif the solution of the solar neutrino problem is th
high LMA solution. We perform also a detailed study of th
sensitivity of the indicated experiment to the paramet
Dmatm

2 and sin2u. We show that if the energy resolution of th
detector is sufficiently good and if the statistics is relative
high, one can choose small enough energy bins so that
an experiment with an intermediate baseline of 20–30

4A detailed discussion of SPMAX and SPMIN as well
u( sensitivity of the current and future experiments can be fou
in @29# and we do not repeat it here.
11300
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can be sensitive to theDmatm
2 driven oscillations. We find

that this experiment can certainly improve the bounds
sin2u and if the value of sin2u is large enough, it can deter
mine with extremely high precision the value ofDmatm

2 .
We finally explore the potential of the intermediate bas

line reactor neutrino experiment for determining the type
the neutrino mass spectrum which can be with normal
inverted hierarchy. The knowledge of the neutrino mass
erarchy is of crucial importance, in particular, for modelin
of the neutrino mass matrix and understanding of the und
lying physics of neutrino mass generation. The type of
neutrino mass hierarchy has been also shown to be an im
tant ‘‘parameter’’ in a number of neutrino mixing and ne
trino oscillation observables, such as the effective Majora
mass in neutrinoless double-b decay@32#. The neutrino mass
hierarchy~or, e.g., the sign ofDmatm

2 ) can be determined in
very long baseline neutrino oscillation experiments at n
trino factories~see, e.g.,@33#!, and, e.g, using combined da
from the long baseline oscillation experiments JHF-SK a
NuMI with off-axis neutrino beams@34#. It was suggested in
@30# that the ‘‘interference’’ effects between theDm(

2 and
Dmatm

2 driven oscillations can be used in reactor experime
to answer the question about the neutrino mass hierarchy
show that the conditions under which the type of neutr
mass hierarchy can be determined are rather challenging
are not out of reach of the experiment under discussion, p
vided the solar neutrino oscillation parameters lie in t
high-LMA solution region.

II. THE THREE-GENERATION n̄E SURVIVAL
PROBABILITY

The expression for then̄e survival probability in the case
of 3 flavor neutrino mixing and neutrino mass spectrum w
normal hierarchy~NH! is given by5 @23,30,35#

PNH~ n̄e→ n̄e!5122 sin2u cos2uS 12cos
Dmatm

2 L

2En
D

2
1

2
cos4u sin22u(S 12cos

Dm(
2 L

2En
D

12 sin2u cos2usin2u(

3S cosS Dmatm
2 L

2En
2

Dm(
2 L

2En
D 2cos

Dmatm
2 L

2En
D ,

~9!

whereEn is the n̄e energy. If the neutrino mass spectrum
with inverted hierarchy~IH!, the n̄e survival probability can
be written in the form@23,30,35#

d

5The Earth matter effects are negligible for the values of the n

trino oscillation parameters (Dm(
2 andDmatm

2 ), n̄e energies and the
short baselineL.20–30 km we are interested in.
6-3
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PIH~ n̄e→ n̄e!5122 sin2u cos2uS 12cos
Dmatm

2 L

2En
D

2
1

2
cos4u sin22u(S 12cos

Dm(
2 L

2En
D

12 sin2u cos2u cos2u(

3S cosS Dmatm
2 L

2En
2

Dm(
2 L

2En
D 2cos

Dmatm
2 L

2En
D .

~10!

The n̄e survival probability does not depend either on t
angleuatm associated with the atmospheric neutrino osci
tions, nor on theCP violating phased in the PMNS matrix.

In the convention~we will call A! in which the neutrino
masses are not ordered in magnitude and the NH neu
mass spectrum corresponds tom1,m2,m3, while the IH
spectrum is associated with the orderingm3,m1,m2, it is
natural to choose

Dm(
2 5Dm21

2 .0, convention A. ~11!

We can identify furtherDmatm
2 with Dm31

2 in the case of NH
spectrum,

Dmatm
2 5Dm31

2 .0, NH spectrum~A!, ~12!

and withDm23
2 .0 if the spectrum is of the IH type,

Dmatm
2 5Dm23

2 .0, IH spectrum~A!. ~13!

In this convention the mixing angles in the standard para
etrization of the PMNS mixing matrixU are given by

u125u( , u235uatm, u135u, convention A.
~14!

One can also number~without loss of generality! the neu-
trinos with definite mass in vacuumn j in such a way that
their masses obeym1,m2,m3. In this alternative conven
tion ~we will denote as B! it is convenient to choose

Dmatm
2 5Dm31

2 .0, convention B. ~15!

In the case of NH neutrino mass spectrum we have

Dm(
2 5Dm21

2 .0, NH spectrum~B!, ~16!

and

u125u( , u235uatm, u135u, NH spectrum~B!,
~17!

whereu i j are the angles in the standard parametrization oU,
Eq. ~7!.

If the neutrino mass spectrum is with IH, one has in t
convention~see, e.g.,@32,36#!

Dm(
2 5Dm32

2 .0, IH spectrum~B!, ~18!

and
11300
-
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uUe2u5cosu(A12uUe1u2,

uUe3u5sinu(A12uUe1u2, IH spectrum~B!. ~19!

The mixing matrix element ofU constrained by the CHOOZ
and Palo Verde data is nowuUe1u2:

uUe1u25sin2u, IH spectrum~B!. ~20!

We would like to emphasize that Eqs.~9! and~10! are valid
in the two conventions for the ordering of the neutrin
masses discussed above.

A few comments are in order. Then̄e survival probability
depends only on the four continuous parametersDm(

2 ,
sin2u( , Dmatm

2 , sin2u, and on a single ‘‘discrete’’
parameter—the type of the neutrino mass spectrum—NH
IH. The terms in the second lines of Eq.~9! and Eq.~10! are
responsible for the dominant effects in the survival proba
ity for the intermediate baseline experiment under consid
ation in the case of the high LMA solution of the solar ne
trino problem. The study of the dominant oscillations c
thus constrain the solar neutrino oscillation paramete
While the terms in the first lines of Eq.~9! and Eq.~10! give
the subdominant, faster oscillations driven byDmatm

2 , the
terms in the last lines are responsible for the difference
tween the probabilities corresponding to the NH and IH n
trino mass spectra. The detection of this subleading osc
tory behavior would be an indication of the nonvanishing
the mixing angleu in the PMNS matrixU. It will also enable
the experiment under discussion to determineDmatm

2 with a
high precision. Finally, for sufficiently large values of sin2u it
should, in principle, be possible to distinguish the norm
from the inverted hierarchy spectrum. Let us stress that
difference of the survival probabilities for the NH and the I
spectra lies in the interference term: the existing solar n
trino and KamLAND data indicate thatu( is not maximal so
that sinu(Þcosu( .

One can rewrite the term in parenthesis in the last line
Eq. ~9! and Eq.~10! in the form

cosS Dmatm
2 L

2En
2

Dm(
2 L

2En
D 2cos

Dmatm
2 L

2En

52 sin
Dm(

2 L

4En
sinS Dmatm

2 L

2En
2

Dm(
2 L

4En
D . ~21!

Thus, it consists of an oscillating function, with approx
mately the same frequency as theDmatm

2 -driven oscillations,
modulated with a period which is twice the period of th
usualDm(

2 -driven oscillations. In particular, the amplitud
of this term is the maximal possible at values ofL/En where
the survival probability goes to itsDm(

2 -induced minima,
and vanishes at its local maxima.

III. THE EXPERIMENT

Antineutrinos from nuclear reactor sources are detec
through their inverseb-decay reaction with protons in th
detector. The visible energyEvis of the emitted positron is
6-4
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related to the energy of the incoming antineutrinoEn and to
the masses of the proton, neutron and positron as

Evis[En1me12~mn2mp!

.En20.78 MeV. ~22!

The Evis spectrum of detected events in the no oscillat
case, which takes into account the initial spectrum of
tineutrinos emitted by the reactor and the inverseb-decay
cross section, has a bell-shaped distribution, centere
aboutEvis;2.8 MeV. The total number of expected even
for the no oscillation case is given in Table I. We conside
single reactor plant with power of either 5 GW~achievable,
e.g., at Heilbronn, Germany@31#! or 25 GW ~achievable at
Kashiwazaki, Japan!, as the only relevant source of neutr
nos, neglecting the possible contaminations due to o
plants at larger distances. We also assume that the rea
have a 100% efficiency. It is trivial to adapt our results to
given reactor efficiency. We present our results as functio
the product of the exposure time and the active mass of
detector. We will assume for this product values in the ran
3–5 kT y and consider baselines 20–30 km. The total sta
tics depends onL5PM T, the product of the reactor powe
(P), the detector mass~M! and time of exposure (T), thus
we express our results in units of GWkTy. Since the neutr
flux decreases as the inverse square of the baseline le
the shorter baselines obviously have much more statis
than the longer ones. We assume a liquid scintillation de
tor similar to ones used in the other reactor experiments
CHOOZ and KamLAND. We assume 8.4831031 free pro-
tons per kton of detector mass as in KamLAND@6#. We use
an energy resolution ofs(E)/E55%/AE, E in MeV for
‘‘our’’ detector, assuming some improvement with respect
KamLAND, which reported as(E)/E57.5%/AE @6#.

In Table I we present the number of no oscillation eve
for two different visible energy thresholds of 1.0 MeV an
2.6 MeV. While at higher energies the spectrum is kno
with relatively high accuracy, at lower energies a possi
contamination from geophysical neutrinos and from the ti
variation of fuel composition is expected@37#. The Kam-
LAND experiment puts a conservative lower threshold
Evis.2.6 MeV @6# to avoid the error associated with the ge
physical neutrinos. However, since the reactor flux is
highest around 2.8 MeV, it is desirable to include these p

TABLE I. Number of events in the case of absence ofn̄e oscil-
lations for the different reactor experimental setups considere
this paper.

Power Threshold Baseline Exposure No os
P ~GW! Eth ~MeV! L ~km! T ~kTy! Events

5 1.0 20 3 14971
5 2.6 20 3 10585
5 1.0 30 3 6654
5 2.6 30 3 4704
25 1.0 20 3 74855
25 1.0 30 3 33269
11300
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of the energy spectrum to increase the statistical power of
experiment. We note from Table I that the number of o
served events goes up by a factor of 1.4 when the effec
threshold energyEth is lowered from 2.6 MeV to 1.0 MeV.
Further, with a larger energy window to be used in the d
analysis, and correspondingly a large interval inL/En , it is
possible, in principle, to reconstruct a larger number
Dmatm

2 -driven oscillation periods, and even to detect both
SPMIN and SPMAX connected to theDm(

2 -driven oscilla-
tions. The latter is crucial for the study of sub-leading effe
performed in the second part of this paper.

The ratio of the number of events expected from geoph
ics sources to the total number of antineutrinos detected
be estimated for a given experimental setup. In their fi
published data@6#, KamLAND estimated the number o
these spurious events to be 9, while the total data set c
tained 32 events with energy below the energy cutoff (Eth
52.6 MeV) and 54 above this threshold. For Kam
LAND this ratio therefore comes up to be about 30% bel
2.6 MeV. However, the number of background events due
the geophysical neutrinos is quite model dependent an
very good understanding and modeling~see, e.g.,@38#! of the
energy spectrum of these events would allow one to use
whole data sample in the range~1.0–7.2! MeV, by subtract-
ing the geophysics background from the observed ev
spectrum, with just an additional source of systematics in
analysis—the extent of the uncertainty depending on the
curacy of the knowledge of the geophysical neutrino ba
ground.

The wholee1-energy spectrum could also be used in
very high statistics experiment with a sufficiently powerf
reactor source. The contamination of the data sample f
geophysical neutrino background at low energies is prop
tional to the active mass of the detector. Thus, decrease in
detector volume compensated with an increase in the rea
antineutrino flux, results in a reduction of the fraction
events due to this background. We can determine the flu
n̄e from a reactor in the absence of oscillations as a funct
of the distance traveled and of the power of the source:

F[
P

L2
. ~23!

For KamLAND, summing over all the reactors which co
tribute ~see for instance@39# for a complete listing!, one gets

FKam.331023 GW/km2. ~24!

As a comparison, using three possible choices for the
(L/km,P/GW) as (30,5), (20,5) and (20,24), one gets f
F values that are bigger by a factor of 1.5, 4 and 20, resp
tively. Accordingly, the fraction of background events fro
the geophysical neutrinos can be reduced by this factor,
consequence of the larger flux. In particular, for the last ca
the geophysical neutrinos contribution would be at the p
cent level even for a 1 kiloton detector like KamLAND and
could be safely accounted for. For lower fluxes and la
detectors, either a very accurate subtraction procedure n
to be applied, or it would be necessary to keep the cutof

in
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FIG. 1. The observede1-energy spectrum~in
0.1 MeV bins! for the 20 km~right panel! and 30
km ~left panel! experiment with reactor power 5
GW and exposure of 3 kTy~15 GWkTy!. The
dotted black lines in the top panels give the num
ber of events in the absence of oscillations. T

solid lines give the events forn̄e oscillations with
Dm(

2 51.531024 eV2, sin2u(50.3, andDmatm
2

52.531023 eV2. The solid gray line corre-
sponds to the spectrum for sin2u50.0, while the
solid black line shows the spectrum for sin2u
50.03. The bottom panels show the correspon

ing ratio of events in the cases ofn̄e oscillations
and of absence of oscillations for the two valu

of sin2u. The event spectra in the case ofn̄e os-
cillations are for neutrino mass spectrum wi
normal hierarchy.
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the low energy part of the spectrum as in KamLAND. In th
paper we neglect throughout the contribution coming fr
geophysical neutrinos—we either put an energy threshol
2.6 MeV, or when we lowerEth to 1.0 MeV we assume tha
either they can be accounted for, or they can be safely
glected.

Backgrounds may also result from radioactive impurit
and from cosmic ray interactions. However, these can
effectively suppressed in realistic experiments@31# and we
completely neglect backgrounds in this paper.

In presence of neutrino oscillation, the detected ene
spectrum at a distanceL from the reactor is obtained b
convoluting the survival probability given by Eq.~9! or Eq.
~10! with the spectrum obtained with no oscillation. Th
leads to a suppression of the number of detected events
to a distortion of the energy spectrum itself, whose dep
dence on the parameters entering the survival probabil
may be used to extract them through ax2 fit of the data.

The optimal distance in order to resolve the first minimu
~SPMIN! of the survival probability, and extract with goo
accuracy a measurement ofDm(

2 and sin2u( , according to
Eq. ~9! and Eq.~10!, is given by6

L* [
2pEn

Dm(
2

, ~25!

so that its choice depends on the actual value ofDm(
2 and on

the typical energy involved. IfEn is at the peak of the spec

6This distance is also the optimal one for enhancing the effec
the interference term in the survival probability distinguishing t
NH and IH spectrum cases, as seen from Eq.~21!, because for these
values ofL/En the modulation of the beating-like term is maxima
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trum ~3.5–4 MeV!, this choice implies a maximal depletio
of the total number of events. We will consider always t
case in which a relatively large statistics is accumulated
that the main source of information is the differential ener
spectrum of detected events. In this case a large window
different energies can be used to determineL* . However, as
long as the baseline of the experiment is large enough
include the first oscillation minimum~SPMIN! in the interval
of energies used for the measurements, preferably in the
of the energy spectrum with highest statistics, the experim
is expected to display a good sensitivity to the solar neutr
oscillation parameters.

We show in Fig. 1 the spectrum of observed events
two specific baselines of 20 km and 30 km for reactor pow
of 5 GW and 3 kTy exposure. We note that the 30 km e
periment has much less events than the 20 km experim
The solid lines in the bottom panels show that the SPMIN
the 30 km experiment comes around 2.8 MeV, where the
is the highest. For the 20 km experiment the SPMIN com
at around 1.6 MeV. Correspondingly, if the lower ener
cutoff is set toEth52.6 MeV ~shown by the dashed lines i
Fig. 1!, the 20 km experiment would miss the SPMIN
Therefore for the 20 km experiment, theEth has to be low-
ered to below 1.6 MeV if the value ofDm(

2 happens to be
1.531024 eV2. For higher values ofDm(

2 , the SPMIN will
shift to higher energies and the threshold could be ta
higher: forDm(

2 52.531024 eV2, for instance, SPMIN is at
Evis53.2 (5.3) MeV forL520 (30) km.

Figure 1 also shows the ‘‘subdominant’’ oscillation effec
dependent onDmatm

2 and sin2u, imprinted on the large domi-
nant oscillation wave driven by the solar neutrino oscillati
parameters. The experiment could be expected to have
sitivity to the parametersDmatm

2 and sin2u, driving the sub-
dominant oscillations, if the energy resolution of the detec

f

6-6



e
r
os
o

c

ffe

a

in
t t

gy
-

, a
o

tly
t

io
n

y
al
h
er

al
v

s
sis

a

ex-
mp-

edi-
dis-

e
a-
We
es,

he

he

in-

y

of
ex-
ea-
e
r-

rge
bil-

he

the

PRECISION NEUTRINO OSCILLATION PHYSICS WITH . . . PHYSICAL REVIEW D68, 113006 ~2003!
would be good enough to enable a large statistics experim
like the one we consider here, to break the total numbe
events into fine energy bins. In particular, to resolve the
cillatory behavior one needs bins much smaller than the
cillation period

DE!DE* [
4pEn

2

Dm2L
, ~26!

whereDm2 is the relevant neutrino mass squared differen
driving the oscillations. This implies that for a givenL,
higher energy resolution and smaller bins are required
order to resolve effects due to a larger mass squared di
ence. As a numerical example,

Dm(
2 51.531024 eV2⇒DE(

* 57.1 MeV,

Dmatm
2 52.731023 eV2⇒DEatm* 50.4 MeV,

for energies at the peak of the spectrum (En53.6 MeV) and
at the distanceL530 km. It is clear that energy bins with
width of 0.425 MeV~as in KamLAND! allow a good recon-
struction of the spectral distortion due toDm(

2 -driven oscil-
lations, but would average out completely the sublead
Dmatm

2 effects. Using as a guide rule the assumption tha
resolve an oscillation one needsDEvis&DE* /4, the recon-
struction ofDmatm

2 -driven oscillations requires to use ener
bins having width of;0.1 MeV. The use of shorter dis
tances can soften this problem, as Eq.~26! indicates. How-
ever, with an energy resolution ofs(E)/E55%/AE, it
should be possible to have bins of the size of 0.1 MeV
least as long as the energy is not very large. We will sh
that with bins of 0.1 MeV width, andL520 km, one can
improve on the CHOOZ limit for sin2u, and if sin2u is found
to be large enough to be detectable in this experiment,Dmatm

2

can be determined with a very high precision.
With an experimental setup which allows a sufficien

small bin size and large enough statistics to measure
subdominant oscillations, one can hope to gain informat
about the neutrino mass hierarchy using the last interfere
terms in Eq.~9! and Eq.~10!.

Finally, one has to take into account the presence of s
tematic errors both in the determination of the flux norm
ization and in the energy calibration of the detector. T
KamLAND collaboration estimated a total systematic unc
tainty of about 6.42% in their first published analysis@6#.
The bulk of this error comes from uncertainty in the over
flux normalization. The use of a near detector can impro
this flux normalization error to as low as 0.8%@31#. The
error on energy calibration could be taken as 0.5%@41#. We
use a total systematic uncertainty of 2%, and we discus
detail the effect of varying this uncertainty in the analy
which follows.

IV. PRECISION NEUTRINO OSCILLATION PHYSICS:
DM (

2 AND sin22u( IN THE HIGH LMA REGION

In this section we study quantitatively the precision me
surements of the solar neutrino oscillation parametersDm(

2
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and sin2u( , possible in the intermediate baseline reactor
periment discussed in the previous section under the assu
tion thatDm(

2 lies in the high LMA region. We simulate the
‘‘data’’ at certain plausible values ofDm(

2 and sin2u( and
obtain allowed regions in the parameter space from a d
catedx2 analysis. For the errors we assume a Gaussian
tribution and define ourx2 as

x25(
i , j

~Ni
data2Ni

theory!~s i j
2 !21~Nj

data2Nj
theory!,

~27!

whereNi
a (a5data,theory) is the number of events in th

i th bin, s i j
2 is the covariant error matrix containing the st

tistical and systematic errors and the sum is over all bins.
compare the sensitivities obtained for two possible baselin
20 km and 30 km. To quantify the sensitivity we define t
relative precisionpa for a certain parametera at a given C.L.
as

pa5
amax2amin

amax1amin
, ~28!

whereamax (amin) are the maximal~minimal! allowed value
of a found at the chosen C.L. We check quantitatively t
impact of~1! the energy thresholdEth , ~2! bin sizeDE and
~3! systematic uncertainties. We also study the impact of
creasing the statistics by a factor of 5.

As has been noted earlier in the context of KamLAND
@40#, the sensitivity to sin2u( can be reduced considerably b
the uncertainty in the parameter sin2u. We therefore analyze
first the impact this uncertainty can have on the precision
sin2u( determination in the intermediate baseline reactor
periment of interest. Since the baseline is optimized to m
sure predominantly theDm(

2 -driven oscillations, we assum
that theDmatm

2 -driven oscillations are averaged out. This co
responds to the realistic case of using a sufficiently la
e1-energy bin size. The expression for the survival proba
ity would then reduce to

Pee'cos4uS 12sin22u(sin2
Dm(

2 L

4En
D , ~29!

where we have neglected the term;sin4u. Therefore the
uncertainty in sin2u essentially brings up to a;10% uncer-
tainty in the n̄e survival probability. Since the factor cos4u
can only reduce the survival probability, it does not affect t
upper limit on the allowed range of sin2u( . However, it can
have an effect on the lower limit on sin2u( reducing it fur-
ther, and thus can worsen, in principle, the precision of
experiment. Using Eq.~29! we get approximately for the
additional error on sin22u( due to the uncertainty in the
value of sin2u
6-7
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FIG. 2. Simulated two parameter fit of th
e1-energy spectrum in theDm(

2 2sin2u( plane.
We assume sin2u50, sin2u(50.3 and vary the
value of Dm(

2 . We compare results atL
520 km andL530 km, with the lower cutoff on
the energy spectrum atEth52.6 MeV and at
Eth51.0 MeV. The energy bin size is chosen
DE50.425 MeV, systematic uncertainties a
taken as 2% and the statistics correspond to
GWkTy. Shown are the 90%, 95%, 99% an
99.73% (3s) C.L. contours.
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d~sin22u(!'
2DPeesin2u

sin2
Dm(

2 L

4En

12
S 12sin22u(sin2

Dm(
2 L

4En
DD~sin2u!

sin2
Dm(

2 L

4En

,

~30!

whereDPee andD(sin2u) are the uncertainties in the dete
mination of the survival probability and sin2u, respectively.
We work in a scenario in which one would use the SPMIN
order to determine sin22u( . In the SPMIN region one ha
sin2(Dm(

2 L/4En);1 and therefore

d~sin22u(!'2DPeesin2u12 cos22u(D~sin2u!. ~31!

Thus, in this SPMIN scenario, the first term gives an ex
contribution of about 2DPeesin2u to the allowed range of
sin22u(. Since, as we will see in the present section, in
experiment under consideration the allowed range ofDPee
&0.1 even under the most conservative conditions, this t
gives an extra contribution to the allowed range which
&0.01. The second term is independent of the precision
given experiment~i.e., on DPee) and depends only on th
best-fit value of cos22u( and on the error in sin2u. For the
current 3s error in sin2u of 0.05 and best-fit cos22u( of 0.16,
this would give an increase of only 0.018. The suppressio
this term is mainly due to the presence of the factor cos22u(

which is a relatively small number for the current best
solution. Thus, even though the uncertainty in sin2u brings a
10% uncertainty in the value ofPee, it increases the allowed
range of sin22u( only by &(2 –3)%, if oneuses the SPMIN
region for the sin22u( determination.
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The error in the measured value of sin22u( due to the
uncertainty in the value of sin2u is considerably larger in an
experiment like KamLAND, which is sensitive primarily t

the region of the maximum of then̄e survival probability7

~SPMAX!. In this case the oscillatory term sin2(Dm(
2 L/4En)

Þ1 and can be quite small, so that the extra contribution
the uncertainty in sin22u( , given roughly by Eq.~30!, would
be rather large. The first term in the expression in the rig
hand side of Eq.~30! becomes relatively large due to th
presence of the oscillatory term in the denominator and
second term becomes even larger due to the presence o
same term both in the denominator and in the numera
Thus, for KamLAND the impact of the uncertainty in sin2u
on sin2u( determination is essentially related to the fact th
theDm(

2 -dependent oscillatory term for KamLAND is rela
tively small, resulting in rather big contributions from bo
terms in Eq.~30!. This explains the relatively large effect o
the sin2u uncertainty on the sin22u( determination noticed in
@40#. We assert that to reduce the impact of the sin2u uncer-
tainty on the determination of sin2u( , one needs to ‘‘tune’’
the experiment to the SPMIN. This observation gives furth
credence to our statement that the best experimental setu
determining the solar neutrino mixing angle with high pre
sion is a reactor experiment sensitive to the SPMIN.

In Figs. 2 and 3 we show the regions of allowed values
Dm(

2 and sin2u( , obtained with ‘‘data’’ simulated at various
values of Dm(

2 .1.031024 eV2 and sin2u(50.3. We as-
sume a statistics corresponding to an exposure of 15 GW
(5GW33kTy) @31#, bin sizeDE50.425 MeV and plausible
systematic uncertainty of 2%. Figure 2 shows the allow
regions obtained for sin2u50, corresponding to the case o
2-neutrinoDm(

2 - driven oscillations. In Fig. 3 we display th

7This is valid both forDm(
2 ;7.231025 eV2 and forDm(

2 ;1.5
31024 eV2.
6-8
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FIG. 3. The same as in Fig. 2 but for sin2u
allowed to vary freely within its 99.73% C.L. al
lowed range, sin2u,0.05.
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corresponding allowed regions in a complete 3-neutrino m
ing scheme with sin2u allowed to vary freely within the
99.73% C.L. allowed range, sin2u,0.05. As a comparison o
the two figures indicates, the effect of keeping sin2u free, on
the allowed ranges of the solar neutrino oscillation para
eters in general, and on sin2u( in particular, is rather small
This is compatible with the conclusions of the analysis p
sented above. Since the effect of keeping sin2u free is small,
in the rest of this section we neglect the uncertainty due
sin2u on the precision of theDm(

2 and sin2u( determination.
In Fig. 2 we compare the precision obtained on the so

neutrino oscillation parameters for two intermediate ba
lines of 20 km and 30 km, with and without imposing th
low energy cutoff of 2.6 MeV.8 For the baseline ofL
530 km, depending on the ‘‘true’’ values of the paramete
at 99% C.L. a precision respectively of~6–7!% and~3–6!%
is possible to achieve for sin2u( and Dm(

2 even with Eth

52.6 MeV. These errors reduce only slightly to~5–6!% and
;2%, respectively, when the threshold is lowered to
MeV, owing mainly to the fact that the statistics increas
but also to the fact that the SPMIN is fully used in the me
surement.

For theL520 km experiment on the other hand, the p
cision for bothDm(

2 and sin2u( ~and especially for sin2u()
is relatively low if the effective threshold ofEth52.6 MeV
is applied, and ifDm(

2 51.531024 eV2. As discussed in the
previous section, for larger values ofDm(

2 which produce
the SPMIN atEvis.2.6 MeV, it is still possible to reach
high precision in the determination of sin2u( andDm(

2 even
with the cutoff ofEth52.6 MeV. These values are somewh
disfavored by the current data@11–13#. If the threshold is

8For all the cases we get two solutions in sin2u( , the real one and
a ‘‘fake’’ one on the ‘‘dark side’’ (sin2u(.0.5). This fake ‘‘dark-
side’’ solutions are ruled out by the solar neutrino data. Nonethe
we show them in our plots for the sake of completeness.
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lowered to 1.0 MeV, the experiment can ‘‘see’’ the full SP
MIN even for Dm(

2 51.531024 eV2 and the sensitivity to
bothDm(

2 and sin2u( becomes remarkable. TheDm(
2 can be

determined with a;2% precision, while the sin2u( would
be known to within;(3 –4)%, at the 99%C.L. With Eth
51.0 MeV even though bothL520 km and L530 km
baseline experiments would be sensitive to SPMIN, the p
cision of the shorter baseline experiment is higher, owing
the larger statistics expected.

We have studied the effect of using smaller bins in t
e1-energy spectrum. As explained in the previous secti
there is no substantial improvement in the precision of the
to the solar neutrino oscillation parametersDm(

2 and sin2u(

with this strategy. The binning energy used by KamLAN
(DE50.425 MeV) is already sufficient and one does n
need to use smaller bins. However, we will see in the n
sections that a better energy resolution could allow for
extraction of other information embedded in the subdom
nant oscillations.

One of the crucial issues in these types of experiment
thought to be the control of the systematic error. Indeed
large systematic uncertainty on the energy spectrum co
threaten to wash out the possibility of extracting any info
mation from the data. In Fig. 4 we show the impact of t
systematic uncertainty on the expected precision. The p
show the allowed areas obtained assuming 1% and 3%
tematic uncertainties and can be compared with the lo
panels in Fig. 2, where the systematic uncertainty is take
2%. By comparing the relative precision on the paramet
we note that while the precision onDm(

2 remains essentially
unaffected by the exact value of the systematic uncertain
the latter does not exceed;4%, the precision of sin2u( may
show a very mild dependence, the error in sin2u( obviously
decreasing with the reduction in the systematic error. Ho
ever, the impact is not large~see also@29# where the perfor-
mance of KamLAND is studied under assumption of vario
anticipated systematic errors!. This implies that, at least fo

ss
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FIG. 4. The same as the lower panels in Fig
but showing the effect of varying the systemat
error.
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reasonably small values of the systematic uncertainties, t
impact on the precision of the parameter determination
only marginal. This result is essentially due to the fact t
we are assuming rather large statistics, allowing for a g
reconstruction of the oscillatory pattern in the energy sp
trum. Similar conclusions were recently drawn in the cont
of a short baseline experiment at nuclear reactorsL
51.7 km) in @41#.

By contrast, the precision ofDm(
2 and sin2u( measure-

ment can be increased if we increase the statistics, say 5
This could be done using a reactor complex of total pow
comparable to the Kashiwazaki site~24.3 GW! and a large
enough detector. We note that the error in the statistical
termination of bothDm(

2 and sin2u( would go down below
the percent level. With this statistics even the effect of
systematic uncertainty on the precision determination of
parameters is expected to be low and one can achieve
markable accuracy.

V. PRECISION PHYSICS FROM DM atm
2 -DRIVEN

„SUBDOMINANT … OSCILLATIONS

In this section we will consider the setup where the e
periment could be sensitive to theDmatm

2 -driven subdomi-
nant oscillations. As discussed in Sec. III, one has to
relatively small energy bins in order to observe these os
lation effects. We first consider the potential of the interm
diate baseline reactor experiment of interest in improving
bound on sin2u. We next assume that sin2u is sufficiently
large and can therefore lead to observableDmatm

2 -driven os-
cillations and investigate under what conditions one can
these ‘‘fast’’ oscillations to determineDmatm

2 with a high pre-
cision. Finally, we study the possibility of achieving what
probably a most ambitious goal—to get information on t
neutrino mass hierarchy by observing the reactorn̄e oscilla-
tions at intermediate baselines.
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A. Improving the limit on sin 2u

We investigate in what follows the impact of several e
perimental conditions on the achievable sensitivity on sin2u.
We show in Fig. 5 the sin2u sensitivity obtainable in a 15
GWkTy statistics experiment. We generate the ‘‘data’’
sin2u50 and at each value of sin2u we plot the difference
between thex2 function obtained at that value of sin2u and
the xmin

2 , which obviously comes at sin2u50. We define the
3s and 90% C.L. limit levels asDx259 and 2.71, respec
tively, corresponding to a one parameter fit.

The sensitivity to sin2u increases substantially if the bas
line L is reduced. It follows from Eq.~25! that the best sen
sitivity to sin2u is achieved forL5 few km @41,42#. The
intermediate baselines we are considering are not optim
for the measurement ofu. The sensitivity to sin2u of the
experiment under discussion is worse than that of the exp
ment proposed recently in@41,42# with a distance of 1.7 km.
Still, the experiment withL520 km, would allow to put an
upper bound of

sin2u,0.021~0.012!, ~32!

at the 3s ~90%! C.L. ~Fig. 5, top left panel!, which is a
noticeable improvement over the current 3s bound of sin2u
,0.05.

Rather relevant for the sensitivity to sin2u, in addition to
the distanceL, is the width of the final statee1 energy bins.
As could be expected, the smaller bins give a better sens
ity to the value of sin2u. Bins with width of 0.1 MeV give a
50% improvement in sensitivity compared to the case of
width of 0.425 MeV. Another relevant factor is the presen
of a low energy cutoff in the part of the spectrum used in
fit: the sensitivity improves with the inclusion of the lowe
energy data by, e.g., changing the cutoff energy from
MeV to 1.0 MeV. Finally, the last panel in Fig. 5 illustrate
the effect of the systematic uncertainties on the sensitivity
sin2u. As discussed in detail in the previous section, the s
6-10
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FIG. 5. Study of the sensitivity to sin2u.
Shown are theDx2 obtained as a function o
sin2u, when fitting a simulated ‘‘data’’ set gener
ated for sin2u50, Dmatm

2 52.531023 eV2,
Dmatm

2 51.531024 eV2 and sin2u(50.3. For a
particular value of sin2u, the other parameters ar
allowed to vary freely in the fit. The two horizon
tal lines correspond to 3s and 90% C.L., respec-
tively. We assume a total exposure ofL
515 GWkTy, and explore the impact of th
baseline (L), width of energy bins (DE), the sys-
tematic uncertainties and the application of
low-energy cutoff (Eth) on the sin2u sensitivity.
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tematic error in the sin2u measurement has a small but no
negligible effect—the limit improving marginally with the
reduction of the error.

We show in Fig. 6 the sin2u sensitivity when the statistic
are increased by a factor of five: we consider statistics c
responding to 75 GWkTy. Clearly, the increase in statis
improves the sin2u sensitivity and at 3s ~90% C.L.! limit for
the L520 baseline case reads~Fig. 6, top left panel!

sin2u,0.01 ~0.0055!. ~33!

Thus, for these very high statistics we get a sensitivity
sin2u which is almost of the same order as that expected
be reached in the ‘‘Reactor-I’’ experiment discussed in@41#.
11300
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Note that with the increase of the statistics, the effect of b
the systematic error and of the value ofEth chosen on the
sin2u sensitivity decreases. The decreasing of the energy
size, however, has essentially the same effect of increa
the sensitivity.

B. Measuring Dmatm
2 and sin2u

The experimental setup we consider is optimized for
tremely precise measurement ofu( , Dm(

2 , and for distin-
guishing which hierarchy is realized in the neutrino ma
spectrum~as we will see in the next section!, provided the
high-LMA solution is the correct one. Nevertheless, in ord
to achieve these goals, a relatively large statistics and a
s-
FIG. 6. The same as in Fig. 5, but with stati
tics increased by a factor of five (L
575 GWkTy).
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FIG. 7. The 90%, 95%, 99% and 99.73% C.
allowed regions obtained by fitting ‘‘data’’ se
simulated atDmatm

2 52.531023 eV2 and three
different ‘‘true’’ values of sin2u. The solar param-
eters Dm(

2 and sin2u( are taken to be 1.5
31024 eV2 and 0.3, respectively. The statistic
assumed corresponds toL515 GWkTy for the
upper panels and toL575 GWkTy for the lower
panels. The distance used isL520 km. The bin
size is taken as 0.1 MeV, the lower energy cuto
is Eth51.0 MeV, and the systematic uncertain
is assumed to be 2%. Both the ‘‘data’’ set and t
fitted e1 spectrum correspond to NH neutrin
mass spectrum.
fa
e

pe
n
i

s
th
lt

e
eV
een

e
line

am-
. 7
t

ficiently good energy resolution are required. With these
vorable conditions fulfilled and bin width of 0.1 MeV, on
could hope to improve on the precision ofDmatm

2 and sin2u,
provided sin2u is nonzero and is sufficiently large.We have
checked that both of these measurements are rather inde
dent of the value ofDm(

2 , so that they could be performed i
this type of an experiment even if the low-LMA solution
confirmed by the KamLAND Collaboration.

In Fig. 7 we show the allowed regions in theDmatm
2 -sin2u

plane, obtained forL520 km and two different statistic
samples: the top panels correspond to 15 GWkTy, while
lower panels are for a 75 GWkTy exposure. The resu
shown in Fig. 7 are for three different ‘‘true’’ values of sin2u
11300
-

n-

s

e
s

and for Dmatm
2 52.531023 eV2, assuming this to be the

‘‘true’’ value. Similar results forDmatm
2 52.031023 eV2 and

the same three values of sin2u are presented in Fig. 8. W
take a systematic uncertainty of 2% and consider 0.1 M
bins spanning the entire visible energy spectrum betw
~1.0–7.2! MeV. In these figures we keepDm(

2 and sin2u(

fixed at 1.531024 eV2 and 0.3, respectively. Since, as w
have shown in the previous section, the intermediate base
experiment itself will restrict the allowed values ofDm(

2 and
sin2u( to within a few percent of their ‘‘true’’ value, our
results remain practically unchanged even if these par
eters were allowed to vary freely in the analysis. As Fig
demonstrates, in the 15~75! GWkTy case the experimen
g
FIG. 8. The same as in Fig. 7, but assumin
that the ‘‘true’’ value ofDmatm

2 5231023 eV2.
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under discussion has almost no sensitivity to the value
Dmatm

2 if sin2u&0.02 (0.01). Note the similarity betwee
these limiting values of sin2u and the limit on sin2u which
the 15 ~75! GWkTy experiment can provide if the ‘‘true’
value of sin2u is 0, given in the previous subsection. Th
implies that below the indicated respective limiting values
sin2u, the experiment we are discussing cannot distingu
between a zero and a nonzero sin2u and thus fails to ‘‘see’’
theDmatm

2 -driven oscillations. The reason for the modest s
sitivity to sin2u is related to the fact that theL is chosen for
‘‘our’’ experiment to be sensitive to the SPMIN, caused
the Dm(

2 -driven oscillations. ThereforeL is much bigger
than theL* @cf. Eq. ~25!# which corresponds to the SPMIN
associated with the oscillations due toDmatm

2 . The lack of
accuracy in the reconstruction of the details of a single
cillation period ~in Evis) affects strongly the sensitivity to
sin2u which controls the amplitude of the oscillations. How
ever, this should not affect the sensitivity toDmatm

2 , which
determines the oscillation length, because of the presenc
many oscillation periods in the relatively large energy w
dow offered by the spectrum itself.

Thus, if sin2u is large enough so that theDmatm
2 -driven

oscillations can be observed in the experiment under dis
sion, Dmatm

2 can be measured with a high precision. Inde
in the case when the ‘‘true’’ value of sin2u50.03, Dmatm

2 can
be determined to within a few percent accuracy at the 9
C.L. This accuracy could be comparable to the sensitivity
the JPARC~JHF-SK! project toDmatm

2 9 @43#. It is certainly
much better than the sensitivity toDmatm

2 of the L51.7 km
short baseline experiments@41# with the same statistics. Thi
is somewhat unexpected since theL51.7 km experiment is
optimized to see theDmatm

2 -driven oscillations. However
one should keep in mind that theL51.7 km baseline experi
ment cannot constrain the solar neutrino oscillation para
eters. The uncertainty inDm(

2 10 allowsDm(
2 to take on val-

ues as high as (2 –3)31024 eV2. This drastically reduces
the sensitivity of theL51.7 km experiment toDmatm

2 . In the
experimental setup we are discussing, the solar param
are determined to a very high degree of accuracy by
experiment itself and no external input on their errors is
quired. Thus, the intermediate baseline experiment has a
ter sensitivity toDmatm

2 , provided sin2u is sufficiently large,
while the sensitivity to sin2u of the shorter baseline exper
ment is better for the reasons discussed above.

Finally, we have verified that even if the low-LMA solu
tion is confirmed as the true solution of the solar neutr
problem, the intermediate baseline experiment could still
used to measureDmatm

2 and/or constrain sin2u.
We stress that Figs. 7 and 8 are obtained using Eq.~9!,

i.e., assuming that the neutrino mass spectrum conforms

9The experiment we are discussing has a much larger stati
than the planned JPARC~JHF-SK! experiment; for the precise de
termination ofDmatm

2 it also requires sin2u to be sufficiently large.
10For this uncertainty the authors of@41# have used the current 3s

uncertainty onDm(
2 , found in the combined solar neutrino an

KamLAND data analysis.
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NH. Our conclusions for the sensitivity to sin2u and Dmatm
2

would remain the same for the case of IH mass spectrum.
a given ‘‘data’’ set, the allowed region in the paramet
space, especially the fitted values ofDmatm

2 , depend on the
hierarchy assumed if theDm(

2 is in the high-LMA region.
The possibility of two types of neutrino mass hierarchy lea
to an ambiguity in the allowed values ofDmatm

2 obtained, as
we will show in the next subsection. However, even thou
the assumption of the ‘‘wrong’’ hierarchy can lead to anoth
~separated! allowed region in the parameter space, it does
describe the data so well as the ‘‘correct’’ hierarchy and
disfavored, in general. This can be used to gain insight i
the type of hierarchy the neutrino mass spectrum has and
allow ‘‘our’’ intermediate baseline experiment to determin
the hierarchy.

Let us stress that the question of the hierarchy beco
relevant ifDm(

2 lies in the high LMA zone. This will be the
subject of our discussion in the next subsection. If the t
solution turns out to be low LMA, the last terms in Eq.~9!
and Eq.~10! would be negligible and sensitivity to hierarch
would be lost. Let us emphasize, however, that even in
case it would still be possible to improve the existing lim
on sin2u, and—if sin2u is sufficiently large—to measure
Dmatm

2 with an exceptional precision.

C. Normal vs inverted hierarchy

The next question that may be answered with the exp
ment under discussion is whether the neutrino mass spec
is with normal hierarchy or with inverted hierarchy. A
pointed out in Sec. III and follows from Eq.~21!, the base-
line L520–30 km is particularly suited for that purpose.
this subsection we present results forL520 km. We use the
highest statistics and smallest energy bins and consider
entire visible energy spectrum with a low energy cutoff
Eth51.0 MeV. We assume also that the ‘‘true’’ value o
sin2u is nonzero and is sufficiently large. As it follows from
Eq. ~9! and Eq. ~10!, the predictions for the final stat
e1-spectrum distortions in the NH and IH cases differ only
the solar neutrino mixing angleu(Þp/4. Maximal mixing is
currently disfavored by the solar neutrino and KamLAN
data@11–13#. We use the current best-fit value for the so
neutrino mixing angle, corresponding to sin2u(50.3. The
value of sin2u( will be measured with a very high precisio
in the reactor experiment under discussion itself.

In Fig. 9 we show the visible energy spectrum expec
for both the NH and IH cases. The left-hand panel shows
number of events, while the right-hand panel shows the r
of the number of events in the case ofn̄e oscillation~‘‘oscil-
lation events’’! to the number of events in the absence
oscillations~‘‘no oscillation events’’!. The thick gray line is
for the case ofDmatm

2 52.531023 eV2 and NH, the dotted
line corresponds toDmatm

2 52.531023 eV2 and IH, while
the thin solid line is forDmatm

2 52.631023 eV2 and IH.
Thus, for the same value ofDmatm

2 , the e1-spectrum defor-
mations expected for NH and IH are different owing to t
last terms in Eq.~9! and Eq.~10!. One might expect on the
basis of Eqs.~9! and~10! that the IHe1 spectrum would fit

ics
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FIG. 9. The energy spectrum~in 0.1 MeV

bins! of the events in the case ofn̄e oscillations
~left panel!, and the ratio of events in the cases
oscillations and absence of oscillations~right
panel!, showing the effect of hierarchy for anL
520 km experiment. The thick gray line corre
sponds to the case for NH withDmatm

2 52.5
31023 eV2 while the dotted and thin solid line
correspond to the case of IH withDmatm

2 52.5
31023 eV2 andDmatm

2 52.631023 eV2, respec-
tively. The statistics assumed isL575 GWkTy,
while sin2u50.03, Dm(

2 51.531024 eV2 and
sin2u(50.3.
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a NH e1 spectrum with a value ofDmatm
2 that is larger than

the ‘‘true’’ value by a range which would be of the order
Dm(

2 . If the experiment has a sensitivity toDmatm
2 which is

better than, or is at least of the same order asDm(
2 , one

might expect two nondegenerate solutions in theDmatm
2 -sin2u

parameter space for the same data set: one for NH and
other for IH.

However,we would like to stress that even though the
e1 spectrum could approximately reproduce the NH1

spectrum, it cannot exactly reproduce the latter. Hence, if
NH is the true hierarchy, the case of IH mass spectr
would always be disfavored by the data from ‘‘our’’ expe
ment compared to the NH spectrum. We have seen in the
previous section that the experimental setup we are disc
11300
n-

e

s-

ing could have a very high sensitivity toDmatm
2 , and there-

fore we can expect the large statistics intermediate base
reactor experiments to determine the type of neutrino m
hierarchy, for sufficiently large sin2u at least, if the high
LMA solution holds.

In Fig. 10 we explicitly show the allowed regions ob
tained using a ‘‘data’’ set generated in the NH case and fit
by both the NH and IH expressions for then̄e survival prob-
ability. The results shown are obtained using the 75 GWk
statistics and a higher 125 GWkTy statistics. The ‘‘tru
value of Dmatm

2 assumed is 2.531023 eV2, while ‘‘true’’
sin2u50.02. For the 75 GWkTy case, the two regions ov
lap at the 3s level, while for 125 GWkTy they are com
pletely nondegenerate. Note also that for the 125 GWk
g
e

e
b-
H.
%
g

s-

l

le
FIG. 10. The same as in Fig. 7, but probin
the type of the neutrino mass hierarchy. Th
‘‘data’’ sets simulated correspond to NH. Th
filled contours show the C.L. allowed regions o
tained by fitting for the parameters assuming N
The empty contours show the 90%, 95%, 99
and 99.73% solution regions, obtained by fittin
the NH ‘‘data’’ with an IH theory. The contours
for the IH are obtained with respect to thex2

minima found in the case of the NH. The stati
tics assumed in the left-hand panel isL
575 GWkTy, while that in the right-hand pane
is L5125 GWkTy. We note that while for the
L575 GWkTy case the ‘‘wrong’’ hierarchy is al-
lowed even at the 90% C.L., with theL
5125 GWkTy statistics the experiment can ru
out the IH at least at the 95% C.L.
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FIG. 11. Contours of constant 99.73%, 99%
95% and 90% C.L.~from right to left ! showing
the ability of theL520 km baseline experimen
to determine the correct hierarchy at each ‘‘true
point in theDmatm

2 2sin2u plane. The solid lines
~dashed lines! correspond toL575 GWkTy (L
5125 GWkTy). The results shown are fo
sin2u(50.30, and for Dm(

2 51.531024 eV2

~right panel! and Dm(
2 52.531024 eV2 ~left

panel!. For the values ofDmatm
2 and sin2u, corre-

sponding to points on the plane, located to t
right of a given C.L. line, the experiment can ru
out the ‘‘wrong’’ hierarchy at that C.L. See th
text for further details.
t’
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case, the ‘‘data’’ generated for NH spectrum can ‘‘rule ou
the IH spectrum, at least at the 95% C.L.

In Fig. 11 we show the dependence of the hierarchy s
sitivity of the L520 km reactor experiment on the ‘‘true
values ofDmatm

2 , sin2u and Dm(
2 . For each point in the

Dmatm
2 -sin2u parameter space and a givenDm(

2 and sin2u( ,
we simulate the observede1-energy spectrum assuming N
to be true. We then fit this ‘‘observed’’ spectrum with bo
the NH and IH through ax2 analysis, allowing the param
eters Dmatm

2 and sin2u to vary freely around their ‘‘true’’
values. The IH spectrum obviously does not fit the ‘‘data’’
well as the NH and hence is disfavored. To quantify t
sensitivity to hierarchy we calculate the difference (xdi f f

2 )
between thex2 for the NH and IH for each point in the
11300
’

n-

s

parameter space and use the definitionxdi f f
2 ,Dx2 to find

whether IH can be ruled out at a given C.L. TheDx2 is
determined by the C.L. considered and we take
2-parameter definition for it. We show the lines of the C.
contours in theDmatm

2 -sin2u plane for 2 different values o
Dm(

2 and sin2u(50.3. All ‘‘true’’ values of the parameters
located to the right of a given line could allow the expe
ment to disfavor the IH spectrum at the corresponding C
The solid lines give the sensitivities for 75 GWkTy exposu
while the dashed lines are for a 125 GWkTy data set. T
sensitivity to hierarchy is maximal for the smallest allow
values ofDmatm

2 and for these cases it is possible to rule o
IH even for smaller values of sin2u. It becomes increasingly
more difficult to distinguish between the two types of ne
al

f

FIG. 12. The difference between the minim
values ofx2, obtained by fitting a NH ‘‘data’’ set
with NH and IH spectrum, as a function o
sin2u( . The results shown are forDm(

2 51.5
31023; 2.531023; 3.531023 eV2. The ‘‘true’’
values of Dmatm

2 52.531023 eV2 and of sin2u
50.03, while the statistics corresponds toL
575 GWkTy.
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FIG. 13. The same as in Fig.11, forL
575 GWkTy, Dm(

2 53.531024 eV2 and two
values of sin2u( : 0.30 ~solid lines! and 0.40
~dash-dotted lines!.
i-
n
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a
1

ar
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s

trino mass hierarchy asDmatm

2 increases, as the figure ind
cates. The sensitivity of the experiment to hierarchy depe
critically on the ‘‘true’’ value of the solar parameters, as
evident from Eq.~9! and Eq.~10!. In particular, higher val-
ues ofDm(

2 are better suited for hierarchy determination,
can be seen explicitly comparing the two panels in Fig. 1

The possibility of determining the neutrino mass hier
chy is very sensitive to the value of sin2u( . As we have
explained above, when we generate the NH ‘‘data’’ and
e

if

ie

ta

11300
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s
.
-

t

them with the IH theory, we allowDmatm
2 to vary and take

larger values thanDmatm
2 used to generate the ‘‘data.’’ Let u

denote the best-fitDmatm
2 in the IH case asDm82atm82 :

Dmatm82 5Dmatm
2 1Dmatm82 , ~34!

whereDm2.0. The difference between the IH and NHn̄e
survival probabilities at eachE is given by
PIH~ n̄e→ n̄e!2PNH~ n̄e→ n̄e!54 sin2u cos2uFsinS Dmatm
2 L

2E
1

Dm2L

4E D sinS 2
Dm2L

4E D
1cos2u(sinS Dmatm

2 L

2E
1

Dm2L

2E
2

Dm(
2 L

4E D sinS Dm(
2 L

4E D
2sin2u(sinS Dmatm

2 L

2E
2

Dm(
2 L

4E D sinS Dm(
2 L

4E D G . ~35!
e of

he

a

an

the
e to
.

When, e.g., cos 2u(51, we havePIH2PNH50 for Dm2

5Dm(
2 . For cos 2u(50 ~maximal mixing!, the difference

between the two probabilities is 0 forDm250. For the real-
istic case of cos 2u(>(0.10–0.40), it is impossible to hav
PIH2PNH50 for every value ofE from the interval of in-
terest. This is illustrated in Fig. 12, where we show the d
ference between the minimal values ofx2 for the ‘‘wrong’’
IH and the ‘‘right’’ NH spectra as a function of sin2u( for
‘‘true’’ Dm(

2 51.531024; 2.531024; 3.531024 eV2,
Dmatm

2 52.531023 eV2 and sin2u50.03. As Fig. 12 indi-
cates, the best sensitivity to the type of neutrino mass h
archy is achieved in the interval sin2u(>(0.3-0.45), which is
favored by the current solar neutrino and KamLAND da
-

r-

.

The rather strong dependence of the sensitivity to the typ
neutrino mass hierarchy on sin2u( is illustrated in Fig. 13, in
which we show contours of constant C.L. in theDmatm

2

2sin2u plane, at which one could distinguish between t
NH and IH spectra, forDm(

2 53.531024 eV2 and sin2u(

50.30; 0.40.
One final comment is in order. As Fig. 10 illustrates, for

given ‘‘data set’’~i.e., ‘‘true’’ value of Dmatm
2 , etc.! and suf-

ficient statistics, the neutrino mass hierarchy ambiguity c
lead to two nondegenerate solutions forDmatm

2 , one for NH
and another for IH spectrum. In certain of these cases
intermediate baseline reactor experiment might not be abl
rule out the ‘‘wrong’’ hierarchy even at the 90% C.L
6-16
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~Fig.10, left panel!. However, since the NH and IH give tw
different and nondegenerate values forDmatm

2 , in such cases
one can use the information from some other very prec
experiment, like the proposed JHF-SK or NuMI off-axis e
periments with neutrino superbeams@43,44#, to determine
the correct value ofDmatm

2 . The latter can be used togeth
with the data from the reactor experiment to get informat
on the hierarchy.

VI. CONCLUSIONS

In this paper we analyzed the physics potential of a re
tor neutrino experiment with a relatively large detector a
distanceL;20–30 km. This distance has been chosen
order to achieve the best sensitivity to the solar neutr
oscillation parametersDm(

2 and sin2u( , assuming that the
latter lie in the high LMA solution region. We considered th
case of three flavor neutrino mixing and used in the anal
the exact expression for the relevantn̄e survival probability.
The latter depends, in addition toDm(

2 and sin2u( , on
Dmatm

2 , driving the atmospheric neutrino oscillations, o
u—the angle limited by the CHOOZ and Palo Verde expe
ments, and for sin2u(,0.50—on the type of the neutrin
mass spectrum which can be with normal hierarchy~NH! or
with inverted hierarchy~IH!. The current solar neutrino an
KamLAND data favor sin2u(;0.30. We discussed strategie
and the experimental setup, which would permit to meas
Dm(

2 and sin2u( with a high precision, get information o
~or even measure! sin2u, and if sin2u is sufficiently large
(sin2u*0.02) provide a high precision measurement
Dmatm

2 and determine the type of the neutrino mass hierarc
More specifically, we have investigated the impact that~i!
the choice of the baselineL, ~ii ! the effect of using a rela
tively low e1-energy cutoff ofEth;1.0 MeV, ~iii ! the de-
tector’s energy resolution, as well as~iv! the statistical and
systematical errors, can have on the measurement of ea
the indicated neutrino oscillation parameters.

The precision with whichDm(
2 and sin2u( can be deter-

mined in the experiment under discussion depends cruc
on whether the firstDm(

2 -driven oscillation minimum of the

n̄e survival probability falls or not in the interval ofe1 en-
ergies which can be used for the measurements in the ex
ment. For Dm(

2 51.531024 eV2 (2.531024 eV2) and L
520 km, this minimum takes place at thee1 energy of
Ev is51.6 (3.2) MeV; for L530 km, it occurs at Ev is

52.8 (5.3) MeV. This implies that if Dm(
2 51.5

31024 eV2, in order to achieve a high precision in the d
termination ofDm(

2 and especially of sin2u( in an experi-
ment with a baseline ofL520 km, a relatively low ‘‘thresh-
old’’ energy should be employed,Eth;1.0 MeV. If,
however, Dm(

2 *2.031024 eV2, one can use Eth

>2.6 MeV, as was done in the KamLAND experiment.
the case ofL530 km one can useEth>2.6 MeV even for
Dm(

2 *1.531024 eV2. If the condition under discussion i
satisfied, remarkable precision in the measurement ofDm(

2

and sin2u can be achieved. For the lower ‘‘threshold’’ energ
Eth;1.0 MeV, achieving high precision requires a contr
11300
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lable or negligible background due to the geophysical n
trinos in the intervalEv is5(1.0–2.6) MeV. If a sufficiently
accurate modeling of this background is achieved andEth

51.0 MeV, assumingDm(
2 51.531024 eV2, energy bins

of DE50.425 MeV, sin2u(50.3, 2% systematic error and
total statistics corresponding toL515 GWkTy, one could
determineDm(

2 with up to a ;2%, and sin2u( with a
3–4 % uncertainty at 99% C.L. in an experiment with a ba
line of L520 km ~Figs. 2–4!. This impressive results de
pend rather mildly on the systematic error provided the la
does not exceed;4% ~Fig. 4!. The reduction of the
e1-energy bin width leads to a negligible change in the p
cision with whichDm(

2 and sin2u( are measured. The pre
cision can be even higher in the case of a larger statistic

The same apparatus could be used to extract informa
on the other parameters entering into the expression for
survival probability, through the study of subleading effec
controlled by the~small! mixing angleu, for which only
upper bounds exist at present.

The limit on sin2u can be lowered to sin2u,0.021 at
99.73% C.L. forL520 km, if the ‘‘threshold’’ energyEth
51.0 MeV, the systematic error is 2%, thee1-energy bin
width is DE50.1 MeV and if statistics corresponding toL
515 GWkTy is collected. This result depends strongly
the choice ofL: the optimal distance for such a measurem
is of a few km, and the shorter the distance with respec
L520 km the stronger this bound would be. The magnitu
of e1-energy bin width and the value of thee1-energy ef-
fective threshold have a considerable impact on the boun
well, while a further reduction of the systematic errors cou
lead only to a mild improvement. If the statistics is as lar
as that corresponding to a setup withL575 GWkTy, one
could improve the upper bound to sin2u,0.010 (0.0055) at
99.73%~90%! C.L.

If, on the contrary, a relatively large nonvanishing val
of sin2u is found, the experiment could gain sensitivity
Dmatm

2 through the detection of the subleading oscillato

properties of then̄e survival probability. Not averaging ou
the Dmatm

2 -driven oscillations is crucial for the measureme
of Dmatm

2 . This requires a relatively highe1-energy resolu-
tion, permitting a binning in thee1 energy with a rather
small bin width,DE>0.1 MeV. TakingEth51.0 MeV and
assuming 2% systematic error, we find that a setup withL
515 (75) GWkTy could provide a precise determination
Dmatm

2 with a few percent uncertainty forDmatm
2 ;2.5

31023 eV2, if sin2u;0.03 (0.02)~Fig. 7!.
Finally, the distanceL520 km is the optimal one for dis

tinguishing between the NH and IH neutrino mass spectru
The relevantn̄e survival probabilities for the two types o
spectrum differ for sin2u(,0.5 by a sin2u-suppressed inter
ference term due to the amplitudes of theDm(

2 - and
Dmatm

2 -driven oscillations. For this highly challenging stud
a very large statistics is necessary: we consideredL575 and
125 GWkTy. The possibility of distinguishing between th
two types of neutrino mass hierarchy was found to dep
not only on the values of sin2u and sin2u( , but also on the
values ofDm(

2 and Dmatm
2 . The dependence onDm(

2 and
6-17
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sin2u( is particularly strong. ForDm(
2 51.531024 eV2, and

L575 (125) GWkTy, one could distinguish the NH from
the IH spectrum at 99.73% C.L. in the region ofDmatm

2

&2.531023 eV2 if sin2u*0.038 (0.03)~Fig. 11!. The type
of the neutrino mass spectrum can be determined for con
erably smaller values of sin2u if Dm(

2 has a larger value
~Figs. 12 and 13!, or if an even larger statistics woul
be accumulated. ForL575 GWkTy and Dm(

2 52.5
31024 eV2, for instance, this can be done at 99.73% C
for sin2u*0.019 if Dmatm

2 &2.531023 eV2 and sin2u(

50.30~Fig. 11!. As we have shown, the highest sensitivity
the type of the neutrino mass hierarchy is achieved
sin2u(>(0.30–0.45)~Figs. 12 and 13!.

To conclude, the intermediate baselineL>20 km reactor
neutrino experiments have in the case of the high-LMA
lution of the solar neutrino problem a remarkable poten
for a high precision measurement of the solar neutrino os
lation parametersDm(

2 and sin2u( , which can reduce the
error in the values of the latter to a~2–4! %. Such an experi-
ment can also improve the existing bounds on, or meas
sin2u, currently limited by the CHOOZ and Palo Verde da
If sin2u turns out to be relatively large, sin2u*0.02, the same
experiment could measureDmatm

2 , driving the atmospheric
neutrino oscillations, with an error of a few percent a
might be able to establish whether the neutrino mass s
trum is with normal or inverted hierarchy.

Note added.The Sudbury Neutrino Observatory~SNO!
Collaboration has released data from the salt phase of
experiment very recently@45#. These data when combine
with the data from all the other solar neutrino experime
imply Dm(

2 &2.031024 eV2 at the 3s level @46#. This
should be compared with the 3s bound of Dm(

2 &3.5
31024 eV2, obtained using the global solar neutrino da
prior to the announcement of the salt phase SNO results@10#.
Adding the KamLAND data to the global solar neutrino da
further constrainsDm(

2 , and at 3s the upper bound reads
Dm(

2 &1.731024 eV2 @46#. Prior to SNO salt phase resul
T
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.

.
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the 3s bound onDm(
2 was somewhat weaker,Dm(

2 &2.0
31024 eV2 @11#. Therefore, the salt enriched data fro
SNO, when combined with the already existing solar ne
trino data, disfavor the high LMA solution, compared to t
low LMA solution. However, the high LMA solution canno
be considered as comprehensively ruled out. It is still
lowed at the 99.13% C.L. by the combined KamLAND an
solar neutrino data@46#. Moreover, the first results from th
KamLAND experiment showed only marginal support in f
vor of the low LMA solution. Therefore the question o
whether the high LMA solution is a viable solution of th
solar neutrino problem or not can be definitely answe
only after a more precise data from the KamLAND expe
ment will be available. We would also like to stress that t
ability of the intermediate baseline experiment to constr
u13 and to determineDmatm

2 if u13 is sufficiently large
is independent of the true solution of the solar neutr
problem.
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