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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 intermediate 20—30 km baseline experiments at reactor facilities.
Assuming that the solar neutrino oscillation parame&r% and g lie in the high LMA solution region, we
show that such an intermediate baseline reactor experiment can determirﬁem@thnd 0o with a remark-
ably high precision. We perform also a detailed study of the sensitivity of the indicated experirmanﬁtpp,
which drives the dominant atmospherig (ZL) oscillations, and t@—the neutrino mixing angle limited by
the data from the CHOOZ and Palo Verde experiments. Irrespective of the actual valseg ofwe find that
this experiment can improve the bounds orf&irand, if the value of s#¥ is large enough, sf#=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 Amgtm. 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, assumingmé 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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[. INTRODUCTION a unigue solution of the solar neutrino problem. The com-
bined fits to the available solar neutrino and KamLAND
The experiments with solar, atmospheric and reactor newdata, performed by several collaborations within the two-
trinos [1—-6] have provided in recent years remarkable evi-neutrino mixing hypothesis, identify two distinct solution
dence for the existence of neutrino oscillations driven bysubregions within the LMA solution regidiil-13. Adding
nonzero neutrino masses and neutrino mixing. The hypoththe KamLAND data did not lead to a considerable reduction
esis of solar neutrino oscillations, which in one variety orof the interval of allowed values of i, with respect to the
another were considered as the most natural explanation ohe quoted in Eg(1), while the best fit values afm2 in the
the solar neutrino defic[tl,2] since the late 1960see, e.g., two sub-regionglabeled from now on low LMA and high
[7-9]), has received a convincing confirmation from the LMA) are given by[12]
measurement of the solar neutrino flux through the neutral
current reaction on deuterium by the SNO experim&it
The analysis of the solar neutrino data obtained by Home-
stake, SAGE, GALLEX/GNO, SK and SNO experiments
showed that the data favor the large mixing anglMA) high LMA: Am2=1.5x10"* eV?. (4)
Mikheyev-Smirnov-WolfensteifMSW) solution with the
two-neutrino oscillation parameters—the solar neutrino mix-
ing angle and the mass squared difference, lying at 99.73%

low LMA: Am2=7.2x10"° eV?, )

The observed Zenith angle dependence of the multi-GeV

C.L. in the region3,10; wp-like events in the Super-Kamiokande experiment unam-
o T biguously demonstrated the disappearance of the atmo-
3% 10°° eVZSAmés&SX 1074 eV?, (1) sphe_ric v, (v,) on distances_LleOO_km. The _Super-
Kamiokande (SK) atmospheric neutrino data is best
0.21=sir6,=<0.47. (2)  described, as is well known, in terms of dominant— v,

(v,—v,) oscillations with (almos} maximal mixing and
The first results of the KamLAND reactor experim¢ét ~ neutrino mass squared difference [&fm3,,|=(1.4—5.0)
has confirmed, under the plausible assumptiorC8IT in- X 1072 eV? (99.73% C.L) [4]. According to the more recent
variance which we will suppose to hold throughout thiscombined analysis of the data from the SK and K2K experi-
study, the LMA MSW solution, establishing it essentially asments[14] one has at 99.73% C.L.:
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1.5x10°° eV?<|AmZ,|<3.7x107 3% eV2, (5) Hereyy, l=e,u,7, are the three left-handed flavor neutrino
fields, v;,_ is the left-handed field of the neutring having a
The neutrino oscillation description of the combined solar™assm; and U is the Pontecorvo-Maki-Nakagawa-Sakata

and atmospheric neutrino data requires the existence ¢FMNS neutrino mixing matri{16,17. The PMNS mixing
three-neutrino mixing in the weak charged lepton currenfhatrix U can be parametrized by three angtegn, 6o, and

(see, e.g.[15)): 0, and, depending on whether the massive neutrinoare
Dirac or Majorana particles—by one or thr&P-violating
3 phaseg18,19. In the standard parametrization of (Jee,
= Ui . 6 e.g.,[15)) the three mixing angles are denoted s, 6,5
ML ,2’1 i © and 6,3:
|
Uy Ue Ueg C12C13 $12€13 S
U=| U U, Ugl= —S1C23— C155255138' % 13— 5155255158 °  SpaCis , 7)
U, U, Ug S15825~ C1CoS1€ 0 —Cis8— S1:0081€' 0 CosCis
|
where we have used the usual notatiogg=siné;, c;; Somewhat better limits on siél than the existing one can

=cos#;, andé is the DiracCP-violation phasé.If we iden-  be obtained in the MINOS experimef6]. Various options

tify the two independent neutrino mass squared differenceare being currently discusséexperiments with off-axis neu-

in this caseAm3, andAm3,, with the neutrino mass squared trino beams, more precise reactor antineutrino and long base-
differences which drive the solar and atmospheric neutrindine experiments, etc., see, e.[27]) of how to improve by
oscillations, Am3 =Am3,>0, AmZ,=Amj3,, one hasfy, at least an order of magnitude, i.e., to values-d.005 or
=00, 023= O, and ;= 6. smaller, the sensitivity to sfi.

The angled is limited by the data from the CHOOZ and  Let us note that the atmospheric neutrino and K2K data
Palo Verde experiment§21,22 which searched for evi- do not allow one to determine the sign &f2,,.. This im-
dences for oscillations of reactor, at ~1 km from the plies that if we identifyAmitm with Amgl in the case of
source. No disappearance of was observed. In a two- 3-neutrino mixing, one can ha\mm§1>0 orAm§1<0_ The
neutrino oscillation analysis performed [21] a stringent  two possibilities correspond to two different types of neu-
upper bound on the value @f in the region o Am?|=1.5  trino mass spectrum: with normal hierarcyH), m;<m
x 102 eV? was obtained. A 3+ oscillation analysis of the <mg, and with inverted hierarchfiH), mg<m;<m,.

CHOOZ dat [23] led to the conclusion that foAm After the spectacular experimental progress made in the
=10"*eV? the limits on siR¢ practically coincide with |ast two years or so in the studies of neutrino oscillations,
those derived in the 2-oscillation analysis if21]. A com-  fyrther understanding, in particular, of the structure of the
bined 3+ oscillation analysis of the solar neutrino, CHOOZ peytrino masses and mixing, of their origins and of the status
and the KamLAND data, performed under the assumption ot the CP-symmetry in the lepton sector requires a large and
Amg<|Amg,| (see, e.9.[15,24)), showed thaf11] challenging program of high precision measurements to be
pursued in neutrino physics. One of the first goals of this
program is to improve the precision in the measurement of
the mass squared differences and mixing angles which con-
trol the solar and the dominant atmospheric neutrino oscilla-

The precise upper limit in E(8) is AmZ,, dependent. The tions: Am%, 0o, andAmZ,, Oum. A step of fundamental

authors of{ 11] found the best-fit value of st to lie in the ~ importance would be the detection and the studies of sub-
intervaP sinf6=(0.00-0.01). leading neutrino oscillation effects, if the latter are observ-

able. This includes the measurement of, or getting more
stringent upper limit on, the value of the third and the only

We have not written explicitly the two possible Majorag- ~ Small mixing angle in the PMNS matri¥d, 6 (= 6.5), the
violation phase$18,19 which do not enter into the expressions for €xploration of the possibl€P-violating effects and the de-
the oscillation probabilities of intereft8,20. We assume through- termination of the type of the neutrino mass spectrum which
out this study G< 6,5, 03, 615< /2. can be with normal hierarchyNH) or inverted hierarchy

2In this caseAm?=Am2,,. (IH). Among the further fundamental open questions, which

3The possibility of large sff9>0.97, which is admitted by the cannot be answered by studying neutrino oscillations, but the
CHOOZ data alone, is incompatible with the neutrino oscillation progress in the studies of which requires a precise knowledge
interpretation of the solar neutrino dasee, e.g.[25]). of the neutrino oscillation parameters, di¢ the nature—

sif#<0.05, 99.73% C.L. (8)
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Dirac or Majorana—of the massive neutrings) the abso-  can be sensitive to thamZ,, driven oscillations. We find
lute scale of neutrino massesi) the mechanism giving rise that this experiment can certainly improve the bounds on

to the neutrino masses and mixir@;) the possible relation  sir?g and if the value of sifg is large enough, it can deter-

betweerCP violation in the lepton sector at low energies andmine with extremely high precision the value &fmZ,,.

the generation of the baryon asymmetry of the Universe by e finally explore the potential of the intermediate base-
the leptogenesis mechanism, gmgllepton number violation |ine reactor neutrino experiment for determining the type of
and its possible manifestation in charged lepton flavor viothe neutrino mass spectrum which can be with normal or
lating decays, to name a few. inverted hierarchy. The knowledge of the neutrino mass hi-
In the present article we explore the possibility of per-erarchy is of crucial importance, in particular, for modeling
forming a high precision measurement of some of theof the neutrino mass matrix and understanding of the under-
3-neutrino oscillation parameters in an intermediate baselindying physics of neutrino mass generation. The type of the
L~20-30 km, reactor neutrino experiment. We first addres$eutrino mass hierarchy has been also shown to be an impor-
the issue of precision determination of the solar neutrindant “parameter” in a number of neutrino mixing and neu-
oscillation parameterg;mé and 6, . The KamLAND ex-  trino oscillation observables, such as the effective Majorana
periment, as discussed by several authi28}, has a remark- Mass in neutrinoless dO}Jb&dECf;\YBZ]- The neutrino mass
able sensitivity toAm2 in the low LMA region. However, hierarchy(or, e.g., the sign oAmg,,) can be determined in
the sensitivity of KamLAND to the value of), is not Very long baseline neutrino oscillation experiments at neu-
found to be equally good. Even under the most optimisticlfino factories(see, e.g33]), and, e.g, using combined data
conditions KamLAND is not expected to substantially re- from the long baseline oscillation experiments JHF-SK and
duce the region of allowed values 6f, obtained from the ~NUuMI with off-axis neutrino beamf34]. It was suggested in
analysis of the solar neutrino daad]. The best conditions [30] that the “interference” effects between thiemZ, and
for precise determination o, is in a reactor experimental Amitm driven oscillations can be used in reactor experiments
setup, where the baseline is tuned to a Survival Probabilityo answer the question about the neutrino mass hierarchy. We
MINimum (SPMIN).* With a baseline of about~160 km  show that the conditions under which the type of neutrino
andAm3~7.2x10"° eV? or 1.5 10" eV?, KamLANDis ~ mass hierarchy can be determined are rather challenging, but
essentially sensitive to a Survival Probability MAXimum are not out of reach of the experiment under discussion, pro-
(SPMAX). The sensitivity to SPMAX gives KamLAND the Vided the solar neutrino oscillation parameters lie in the
ability to determineAm? with a high precision through the high-LMA solution region.
measurement of the distortion of the final statespectrum,
providedAm2 <2x 10" “ eV2. At the same time it reduces
KamLAND's sensitivity to the solar neutrino mixing angle
[29]. As was shown i29], a 70 km baseline reactor experi-

ment could determine the solar neutrino mixing anglééin The expression for the, survival probability in the case

(tarffo) to within 9.6(14)% at the 99% C.L. in the case of of 3 flavor neutrino mixing and neutrino mass spectrum with
the low LMA solution of the solar neutrino problem. Kam- normal hierarchy(NH) is given by [23,30,35

LAND essentially looses sensitivity tAm2 for AmZ =2
X 10" 4 eV2. Nevertheless, the more precise measurement of

Il. THE THREE-GENERATION w»¢ SURVIVAL
PROBABILITY

the spectrum of the final stage™ in the KamLAND experi- — = o B Amgm.'—)
ment is expected to unambiguously determine whetef, Pri(ve—ve) =1-2sirPd cos’-o( 1-cos 2E,
lies in the low LMA or high LMA region. 9
In this paper, following a previous suggestion and analy- _ Ecoé‘esinZZG (1_COSAmOL
sis in[30] (see alsd31]), in the context of three neutrino 2 © 2E,
mixing, we discuss the physics potential of intermediate . .
~20—g30 km baseline efpgrimen?[s at reactor facilities. We +2 sirf§ cos'fsin’ 0,
show that such an intermediate baseline reactor experiment AmZ L Am3L AmZ L
can determine botizkmfD and 6o with a remarkably high X cos( 5E 3E S 5E )
precisionif the solution of the solar neutrino problem is the v v v
high LMA solution We perform also a detailed study of the 9

sensitivity of the indicated experiment to the parameters
AmZ,,and sif6. We show that if the energy resolution of the ) — , )
detector is sufficiently good and if the statistics is relativelyWNereE. is the v, energy. If the neutrino mass spectrum is
high, one can choose small enough energy bins so that evé#ith inverted hierarchyIH), the v, survival probability can
an experiment with an intermediate baseline of 20—30 knPe written in the forn{23,30,33

47 detailed discussion of SPMAX and SPMIN as well as °The Earth matter effects are negligible for the values of the neu-

6o sensitivity of the current and future experiments can be foundrino oscillation parameterss(m(zD andAmgma, 76 energies and the
in [29] and we do not repeat it here. short baselind.=20-30 km we are interested in.
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AmitmL> |Ueal =086 V1~ [Ueg?,
2E,
|Ugg=SiNBo\1—|Ugq %  IH spectrumB). (19

Piy(ve— ve)=1—2 sinzecosze( 1—cos

1 , AmAL
- ECO§03|n220@ 1-cos—z The mixing matrix element of) constrained by the CHOOZ
v and Palo Verde data is no\W ¢;|%:
+2 sirf6 cos 6 cog b, _
|Uey|%2=sir?6, IH spectrumB). (20)
AmZ.L  AmgL Amg L
X| co 5E 2E —COoS 5E . We would like to emphasize that Eq®) and(10) are valid

in the two conventions for the ordering of the neutrino
(10 masses discussed above.

A few comments are in order. Th_e3 survival probability
depends only on the four continuous paramemmé,
sirff,, Am2,, sirfd, and on a single “discrete”

The?e survival probability does not depend either on the
angle 6, associated with the atmospheric neutrino oscilla-

tions, nor on theCP violating phases in the PMNS matrix. parameter—the type of the neutrino mass spectrum—NH or

In the convention(we will call A) in which the neutrino ) )
masses are not ordered in magnitude and the NH neutrin|(|)_|' The terms in the second lines of Hg) and Eq.(10) are

mass spectrum corresponds ity <m,<ms, while the IH responsible for the dominant effects in the survival probabil-

spectrum is associated with the orderima< m. < m.. it is ity for the intermediate baseline experiment under consider-
P Mg= My =My, ation in the case of the high LMA solution of the solar neu-
natural to choose

trino problem. The study of the dominant oscillations can
thus constrain the solar neutrino oscillation parameters.
While the terms in the first lines of E¢Q) and Eq.(10) give

We can identify furthedmZ,, with AmZ, in the case of NH the subdominant, faster oscillations driven hynZ,, the

Am%=Am3,>0, convention A. (12)

spectrum, terms in the last lines are responsible for the difference be-
tween the probabilities corresponding to the NH and IH neu-
Am?,=Am3,;>0, NH spectrun{A), (12 trino mass spectra. The detection of this subleading oscilla-
tory behavior would be an indication of the nonvanishing of
and with Am3;>0 if the spectrum is of the IH type, the mixing angles in the PMNS matrixJ. It will also enable

the experiment under discussion to determie?,, with a

high precision. Finally, for sufficiently large values of &it
In this convention the mixing angles in the standard paramShould, in principle, be possible to distinguish the normal
etrization of the PMNS mixing matrix) are given by fr_om the inverted h|e_rarchy spectrum. Let us stress that the
difference of the survival probabilities for the NH and the IH
01,=0c, 63=04m, 613=0, conventionA. spectra lies in the interference term: the existing solar neu-
(14 trino and KamLAND data indicate th# is not maximal so

. ) that sinfy#cosé, .
_One can also numbéwithout loss of generalifythe neu- One can rewrite the term in parenthesis in the last line of
trinos with definite mass in vacuumy in such a way that Eq. (9) and Eq.(10) in the form

their masses obesn; <m,<ms. In this alternative conven-

Am2, =Am2>0, IH spectrun(A). (13)

tion (we will denote as Bit is convenient to choose E(AmgtmL Am3L AmZ. L
- —COoS
AmZ,=Am3,;>0, convention B. (15 2E, 2E, 28,
2 2 2
In the case of NH neutrino mass spectrum we have =2 SinAm@L sin AMayl - AmoL (21)
4E, 2E, 4E,
AmZ=Am3,>0, NH spectrun(B), (16)

Thus, it consists of an oscillating function, with approxi-
and mately the same frequency as then?,-driven oscillations,
modulated with a period which is twice the period of the
usualAmé—driven oscillations. In particular, the amplitude
of this term is the maximal possible at valued @&, where

whered;; are the angles in the standard parametrizatidd,of the survival probability goes to itAm?2-induced minima,

012: 0@ , 023: 0atm1 013: 0, NH SpeCtrUrr( B),

Eq. (7). and vanishes at its local maxima.
If the neutrino mass spectrum is with IH, one has in this
convention(see, e.9.[32,36]) lll. THE EXPERIMENT
Amé=Am§2>0, IH spectrum(B), (18) Antineutrinos from nuclear reactor sources are detected
through their inverses-decay reaction with protons in the
and detector. The visible energly,;s of the emitted positron is
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TABLE I. Number of events in the case of absencevgbscil-  of the energy spectrum to increase the statistical power of the
lations for the different reactor experimental setups considered iexperiment. We note from Table | that the number of ob-
this paper. served events goes up by a factor of 1.4 when the effective

threshold energ¥,y, is lowered from 2.6 MeV to 1.0 MeV.
Power Threshold Baseline ~ Exposure ~ No osc Further, with a larger energy window to be used in the data
P(GW) Ein (MeV) L (km) T (KTy) Events analysis, and correspondingly a large intervaLit,, it is
5 10 20 3 14971 p0523|ble,- in pnnqpl_e, to r.econstruct a larger number of
Amg,-driven oscillation periods, and even to detect both the
5 2.6 20 3 10585 2 . .
5 10 30 3 6654 SPMIN and SPMAX connected to th®emg-driven oscilla-
5 2.6 30 3 4704 tions. The latter is crucial for the study of sub-leading effects
' performed in the second part of this paper.
25 1.0 20 3 74855 The ratio of the number of events expected from geophys-
25 1.0 30 3 33269

ics sources to the total number of antineutrinos detected can
be estimated for a given experimental setup. In their first
published data[6], KamLAND estimated the number of
these spurious events to be 9, while the total data set con-
tained 32 events with energy below the energy cut&f, (

related to the energy of the incoming antineutribpand to
the masses of the proton, neutron and positron as

Evis=E,+ Mg+ —(My—my) =2.6 MeV) and 54 above this threshold. For Kam-
LAND this ratio therefore comes up to be about 30% below
=E,—0.78 MeV. (220 2.6 MeV. However, the number of background events due to

the geophysical neutrinos is quite model dependent and a
The E,;s spectrum of detected events in the no oscillationvery good understanding and modelisge, e.g.[38]) of the
case, which takes into account the initial spectrum of anenergy spectrum of these events would allow one to use the
tineutrinos emitted by the reactor and the inveseélecay  whole data sample in the range.0—7.3 MeV, by subtract-
cross section, has a bell-shaped distribution, centered &ig the geophysics background from the observed event
aboutE,s~2.8 MeV. The total number of expected events spectrum, with just an additional source of systematics in the
for the no oscillation case is given in Table I. We consider aanalysis—the extent of the uncertainty depending on the ac-
single reactor plant with power of either 5 Glalchievable, curacy of the knowledge of the geophysical neutrino back-
e.g., at Heilbronn, German1]) or 25 GW (achievable at ground.
Kashiwazaki, Japanas the only relevant source of neutri-  The wholee™-energy spectrum could also be used in a
nos, neglecting the possible contaminations due to othejery high statistics experiment with a sufficiently powerful
plants at larger distances. We also assume that the reactatsactor source. The contamination of the data sample from
have a 100% efficiency. It is trivial to adapt our results to ageophysical neutrino background at low energies is propor-
given reactor efficiency. We present our results as function ofional to the active mass of the detector. Thus, decrease in the
the product of the exposure time and the active mass of theetector volume compensated with an increase in the reactor
detector. We will assume for this product values in the rangentineutrino flux, results in a reduction of the fraction of
3-5 KT y and consider baselines 20—-30 km. The total statisevents due to this background. We can determine the flux of
tics depends o =PM T, the product of the reactor power -, from a reactor in the absence of oscillations as a function

(P), the detector masgv) and time of exposureT), thus  of the distance traveled and of the power of the source:
we express our results in units of GWKTy. Since the neutrino

flux decreases as the inverse square of the baseline length, p
the shorter baselines obviously have much more statistics ¢=—. (23
than the longer ones. We assume a liquid scintillation detec- L

tor similar to ones used in the other reactor experiments lik
CHOOZ and KamLAND. We assume 8480° free pro-
tons per kton of detector mass as in KamLAN[B]. We use

For KamLAND, summing over all the reactors which con-
tribute (see for instancg39] for a complete listing one gets

an energy resolution oé(E)/E=5%/\E, E in MeV for draM~3% 1073 GW/kn?. (24)
“our” detector, assuming some improvement with respect to
KamLAND, which reported ar(E)/E=7.5%/E [6]. As a comparison, using three possible choices for the pair

In Table | we present the number of no oscillation eventsL/km,P/GW) as (30,5), (20,5) and (20,24), one gets for
for two different visible energy thresholds of 1.0 MeV and ® values that are bigger by a factor of 1.5, 4 and 20, respec-
2.6 MeV. While at higher energies the spectrum is knowntively. Accordingly, the fraction of background events from
with relatively high accuracy, at lower energies a possiblehe geophysical neutrinos can be reduced by this factor, as a
contamination from geophysical neutrinos and from the timeconsequence of the larger flux. In particular, for the last case,
variation of fuel composition is expectd@7]. The Kam- the geophysical neutrinos contribution would be at the per-
LAND experiment puts a conservative lower threshold ofcent level even foa 1 kiloton detector like KamLAND and
E,is>2.6 MeV[6] to avoid the error associated with the geo- could be safely accounted for. For lower fluxes and large
physical neutrinos. However, since the reactor flux is theletectors, either a very accurate subtraction procedure needs
highest around 2.8 MeV, it is desirable to include these partto be applied, or it would be necessary to keep the cutoff in
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500 g IR R I B L R
7 3N L=20km
400 £ 1 F | 3
l Y FIG. 1. The observed" -energy spectruniin
£ =+ 3 Eld } L] E 0.1 MeV bing for the 20 km(right pane) and 30
5 : ; Noe Y km (left pane) experiment with reactor power 5
200 £ 3 ! ' E GW and exposure of 3 kTy15 GWKTy). The
dotted black lines in the top panels give the num-
100 &= el E ber of events in the absence of oscillations. The
] solid lines give the events for, oscillations with
- AmZ=1.5x10"* eV?, sirfd,=0.3, andAm?Z,
o a =2.5x10° eV2. The solid gray line corre-
08 3 E E sponds to the spectrum for é#=0.0, while the
TE E E solid black line shows the spectrum for %in
=0.03. The bottom panels show the correspond-
g 06 ing ratio of events in the cases of oscillations
g: Bl 3 E E and of absence of oscillations for the two values
Z ok of sirfd. The event spectra in the case gf os-
02 3 El E cillations are for neutrino mass spectrum with
Tk E E normal hierarchy.
0 0 80 8

the low energy part of the spectrum as in KamLAND. In thistrum (3.5—4 MeVj, this choice implies a maximal depletion
paper we neglect throughout the contribution coming fromof the total number of events. We will consider always the
geophysical neutrinos—we either put an energy threshold afase in which a relatively large statistics is accumulated, so
2.6 MeV, or when we loweE, to 1.0 MeV we assume that that the main source of information is the differential energy
either they can be accounted for, or they can be safely nespectrum of detected events. In this case a large window of
glected. different energies can be used to deterniifie However, as
Backgrounds may also result from radioactive impuritiesiong as the baseline of the experiment is large enough to
and from cosmic ray interactions. However, these can bgcyde the first oscillation minimur6SPMIN) in the interval
effectively suppressed in realistic experimef84] and we ot energies used for the measurements, preferably in the part
completely neglect backgrounds in this paper. of the energy spectrum with highest statistics, the experiment

In presence of neutrino oscillation, the detected energys expected to display a good sensitivity to the solar neutrino
spectrum at a distance from the reactor is obtained by ngcillation parameters.

convoluting the survival probability given by E¢p) or Eq. We show in Fig. 1 the spectrum of observed events for
(10) with the spectrum obtained with no oscillation. This g specific baselines of 20 km and 30 km for reactor power
leads Fo a suppression of the number of_ detected events, apgd 5 G\w and 3 kTy exposure. We note that the 30 km ex-
to a distortion of the energy spectrum itself, whose depenperiment has much less events than the 20 km experiment.
dence on the parameters entering the survival probabilitieghe solid lines in the bottom panels show that the SPMIN for
may be used to extract them througly&fit of the data.  the 30 km experiment comes around 2.8 MeV, where the flux
The optimal dlstance in order_t_o resolve the ﬂrst_mlnlmumiS the highest. For the 20 km experiment the SPMIN comes
(SPMIN) of the survival probability, and extract with good 5t ground 1.6 MeV. Correspondingly, if the lower energy
accuracy a measurement &fn% and siff6;, according to  ¢ytoff is set toE,,=2.6 MeV (shown by the dashed lines in

Eq. (9) and Eq.(10), is given by Fig. 1), the 20 km experiment would miss the SPMIN.
Therefore for the 20 km experiment, thg, has to be low-
. 2mE, (25 ered to below 1.6 MeV if the value afm2 happens to be

1.5x10"* eV2. For higher values oAm3,, the SPMIN will
shift to higher energies and the threshold could be taken

. . 2 _ - . .
so that its choice depends on the actual valuamf, and on  higher: forAmg =2.5x10"* eV?, for instance, SPMIN is at

the typical energy involved. IE, is at the peak of the spec- Evis=3.2 (5.3) MeV forL=20 (30) km. o
Figure 1 also shows the “subdominant” oscillation effects

dependent o m2,,, and sirté, imprinted on the large domi-
SThis distance is also the optimal one for enhancing the effect off@nt oscillation wave driven by the solar neutrino oscillation
the interference term in the survival probability distinguishing theParameters. The experiment could be expected to have sen-

NH and IH spectrum cases, as seen from @4), because for these ~ Sitivity to the parameterdmZ,, and si6, driving the sub-
values ofL/E, the modulation of the beating-like term is maximal. dominant oscillations, if the energy resolution of the detector

AmZ’
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would be good enough to enable a large statistics experimerind sirtd,,, possible in the intermediate baseline reactor ex-
like the one we consider here, to break the total number operiment discussed in the previous section under the assump-
events into fine energy bins. In particular, to resolve the 0stion thatAm3 lies in the high LMA region. We simulate the
c!llatpry behawor one needs bins much smaller than the 0S-45ta3” at certain plausible values aﬁmé and sifg, and
cillation period obtain allowed regions in the parameter space from a dedi-
2 catedy? analysis. For the errors we assume a Gaussian dis-
47k, (26) tribution and define oug? as

AE<AE*= ,
AmPL

whereAm? is the relevant neutrino mass squared difference 2 data_ njtheor 2\—1,ndata_ ntheor
driving the oscillations. This implies that for a given X _% (N Ni"®°™) (i) ~H(N; N;"em),
higher energy resolution and smaller bins are required in (27)
order to resolve effects due to a larger mass squared differ-

ence. As a numerical example,
whereN/ (a=data,theory) is the number of events in the
Amé=1.5>< 1074 eV2=AE’é:7.1 MeV, ith bin, aﬁ is the covariant error matrix containing the sta-
tistical and systematic errors and the sum is over all bins. We
Am?,=2.7X10"° eV’=AEX,=0.4 MeV, compare the sensitivities obtained for two possible baselines,
20 km and 30 km. To quantify the sensitivity we define the

for energies at the peak of the spectruif), € 3.6 MeV) and  relative precisiorp, for a certain parameterat a given C.L.
at the distancé =30 km. It is clear that energy bins with a g5

width of 0.425 MeV(as in KamLAND) allow a good recon-
struction of the spectral distortion due &3 -driven oscil-
lations, but would average out completely the subleading _ @max— @min
Am?, effects. Using as a guide rule the assumption that to pa_amax+ amin’
resolve an oscillation one need<,;;<AE*/4, the recon-
struction ofAmgtm—driven oscillations requires to use energy
bins having width of~0.1 MeV. The use of shorter dis-
tances can soften this problem, as E2p) indicates. How-
ever, with an energy resolution of(E)/E=5%/\E, it
should be possible to have bins of the size of 0.1 MeV, a
least as long as the energy is not very large. We will show’
that with bins of 0.1 MeV width, and. =20 km, one can
improve on the CHOOZ limit for sity, and if sirfé is found
to be large enough to be detectable in this experiment,,
can be determined with a very high precision.

With an experimental setup which allows a sufficiently

small bin size and large enough statistics to measure th re predominantly tha m2 -driven oscillations. we assume
subdominant oscillations, one can hope to gain informatior? - © P y © '

about the neutrino mass hierarchy using the last interferenct\g‘at theAmg,rdriven 95‘?'”""“0”5 are ayeraged O_Ut_' This cor-
terms in Eq.(9) and Eq.(10). responds to the realistic case of using a sufficiently large

Finally, one has to take into account the presence of Sy§+-energy bin size. The expression for the survival probabil-
tematic errors both in the determination of the flux normal-y would then reduce to
ization and in the energy calibration of the detector. The

(28)

wherea,.x (2min) are the maximalminimal) allowed value

of a found at the chosen C.L. We check quantitatively the
impact of (1) the energy threshol&,,, (2) bin sizeAE and

{3) systematic uncertainties. We also study the impact of in-
reasing the statistics by a factor of 5.

As has been noted earlier in the context of KamLAND
[40], the sensitivity to sif¥, can be reduced considerably by
the uncertainty in the parameter ¥@nWe therefore analyze
first the impact this uncertainty can have on the precision of
sirfé, determination in the intermediate baseline reactor ex-
%eriment of interest. Since the baseline is optimized to mea-

KamLAND collaboration estimated a total systematic uncer- AM2L
tainty of about 6.42% in their first published analy5&. Poe~co6| 1—sint20,sin il (29)
The bulk of this error comes from uncertainty in the overall 4E,

flux normalization. The use of a near detector can improve
this flux normalization error to as low as 0.8f81]. The 4
error on energy calibration could be taken as 0[3%. We where we have_ﬁneglecte_d the _termsm 0. Ther;afore the
use a total systematic uncertainty of 2%, and we discuss iHr?cert.alnty In sing e.ssent|ally b.r!ngs gp to & 10% uncer-
detail the effect of varying this uncertainty in the analysistainty in the v, survival probability. Since the factor cts

which follows. can only reduce the survival probability, it does not affect the
upper limit on the allowed range of ifi,. However, it can
IV. PRECISION NEUTRINO OSCILLATION PHYSICS: have an effect on the lower limit on iy, reducing it fur-
AMZ AND sin?26, IN THE HIGH LMA REGION ther, and thus can worsen, in principle, the precision of the

experiment. Using Eq(29) we get approximately for the
In this section we study quantitatively the precision mea-additional error on sif26, due to the uncertainty in the
surements of the solar neutrino oscillation parameterg,  value of sirfg
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sin’f, sin’f,
2AP, SiM?0 The error in the measured value of 4, due to the
8(sinf26,)~ AL uncertainty in the value of stf is considerably larger in an
Sir? Mo experiment like KamLAND, which is sensitive primarily to
4E, the region of the maximum of the, survival probability
_ Am3L _ (SPMAX). In this case the oscillatory term ${And L/4E,)
1-sirf2 0 sin? aE A(sirn?9) #+1 and can be quite small, so that the extra contribution to
+2 A LV , the uncertainty in s#26 , given roughly by Eq(30), would
SirP —> be rather large. The first term in the expression in the right-
4E, hand side of Eq(30) becomes relatively large due to the

(30) presence of the oscillatory term in the denominator and the
second term becomes even larger due to the presence of the

whereAP,, and A(sin26) are the uncertainties in the deter- Same term both in the denominator and in the numerator.
mination of the survival probability and €6 respectively.  Thus, for KamLAND the impact of the uncertainty in $h
We work in a scenario in which one would use the SPMIN inon sirfé., determination is essentially related to the fact that
order to determine sf@6,. In the SPMIN region one has the Am2-dependent oscillatory term for KamLAND is rela-
sinz(AméL/4EV)~1 and therefore tively small, resulting in rather big contributions from both
terms in Eq.(30). This explains the relatively large effect of
5(Sinf200) ~2A P, SinP6+2 co$26,A(sirfg). (31)  the sirfd uncertainty on the sf2¢, determination noticed in
[40]. We assert that to reduce the impact of th&@mncer-
Thus, in this SPMIN scenario, the first term gives an extraiainty on the determination of €ifi,, one needs to “tune”
contribution of about AP,sir?d to the allowed range of the experiment to the SPMIN. This observation gives further
sirf26,. Since, as we will see in the present section, in thecredence to our statement that the best experimental setup for
experiment under consideration the allowed range\Bf,,  determining the solar neutrino mixing angle with high preci-
=<0.1 even under the most conservative conditions, this terrion is a reactor experiment sensitive to the SPMIN.
gives an extra contribution to the allowed range which is In Figs. 2 and 3 we show the regions of allowed values of
<0.01. The second term is independent of the precision of Am5 and sité,,, obtained with “data” simulated at various
given experimenti.e., on AP, and depends only on the values of Am3>1.0x10 % eV? and siff,=0.3. We as-
best-fit value of cd®6, and on the error in sfig. For the  sume a statistics corresponding to an exposure of 15 GWkTy
current 3r error in sirtd of 0.05 and best-fit c386, of 0.16,  (5GWx 3kTy) [31], bin sizeAE=0.425 MeV and plausible
this would give an increase of only 0.018. The suppression o$ystematic uncertainty of 2%. Figure 2 shows the allowed
this term is mainly due to the presence of the factof2és  regions obtained for sfi#=0, corresponding to the case of
which is a relatively small number for the current best-fit 2-neutrinoAm3 - driven oscillations. In Fig. 3 we display the
solution. Thus, even though the uncertainty irf8ibrings a
10% uncertainty in the value &, it increases the allowed
range of sif2¢,, only by <(2-3)%, if oneuses the SPMIN  7This is valid both forAm2~7.2x10 5 eV? and forAm3~1.5
region for the sif26, determination. X104 eV2.
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corresponding allowed regions in a complete 3-neutrino mixlowered to 1.0 MeV, the experiment can “see” the full SP-
ing scheme with sift9 allowed to vary freely within the MIN even for Am2=1.5x10"* eV? and the sensitivity to
99.73% C.L. allowed range, Sifi<0.05. As a comparison of poth Am2, and sif¢, becomes remarkable. Then? can be
:Ee t"‘l’lo flggres |nd|catfetsr,] the ?ﬂeCt OI keeplngzllelf_ree, ON  determined with a~2% precision, while the sf#, would
e allowed ranges of the solar neutrino oscillation param H A A\0 0 :
eters in general, and on $#, in particular, is rather small. Iielgtlzﬂv;r:/toe\\//\g;hl?ho&?éh%ﬁhji ;%ek?ng /;:n; .LVL/Z% Ektrrh]
This is compatible with the conclusions of the analysis prey)aqeline experiments would be sensitive to SPMIN, the pre-
sented above. Since the effect of keepingginee is small,  ision of the shorter baseline experiment is higher, owing to
in the rest of this section we neglect the uncertainty due tqne larger statistics expected.
sir’g on the precision of thdm? and sirf6,, determination. We have studied the effect of using smaller bins in the
In Fig. 2 we compare the precision obtained on the solag+_energy spectrum. As explained in the previous section,
neutrino oscillation parameters for two intermediate basethere is no substantial improvement in the precision of the fit
lines of 20 km and 30 km, with and without imposing the {4 the solar neutrino oscillation parametdrsi? and sifé,
low energy cutoff of 2.6 MeV. For the baseline oL it this strategy. The binning energy used by KamLAND
=30 km, depending on the “true” values of the parameters, = 425 MeV) is already sufficient and one does not
at 99% C.L. a precision respectively (fﬁ_27)% and(3-6%  npeed to use smaller bins. However, we will see in the next
is possible to achieve for Sié, and AmZ, even WithEw,  sections that a better energy resolution could allow for the
=2.6 MeV. These errors reduce only slightly(®-6% and  extraction of other information embedded in the subdomi-
~2%, respectively, when the threshold is lowered to 1.0nhant oscillations.
MeV, OWing mainly to the fact that the statistics increases, One of the crucial issues in these types of experiments is
but also to the fact that the SPMIN is fully used in the mea-thought to be the control of the systematic error. Indeed, a
surement. large systematic uncertainty on the energy spectrum could
For theL =20 km experiment on the other hand, the pre-threaten to wash out the possibility of extracting any infor-
cision for bothAmZ, and sifté,, (and especially for sfi#;)  mation from the data. In Fig. 4 we show the impact of the
is relatively low if the effective threshold dE;,=2.6 MeV  systematic uncertainty on the expected precision. The plots
is applied, and iﬂmé= 1.5x 10 * eV2. As discussed in the show the allowed areas obtained assuming 1% and 3% sys-
previous section, for larger values m‘mé which produce tematic uncertainties and can be compared with the lower
the SPMIN atE,;;>2.6 MeV, it is still possible to reach panelsin Fig. 2, where the systematic uncertainty is taken as
high precision in the determination of 8, andAm? even  2%. By comparing the relative precision on the parameters,
with the cutoff ofE,,= 2.6 MeV. These values are somewhatWe note that while the precision anm?, remains essentially
disfavored by the current dafd1-13. If the threshold is unaffected by the exact value of the systematic uncertainty if
the latter does not exceed4 %, the precision of sfi, may
show a very mild dependence, the error irfginobviously
8For all the cases we get two solutions inzﬂﬂ, the real one and decreasing with the reduction in the systematic error. How-
a “fake” one on the “dark side” (sif6,>0.5). This fake “dark-  ever, the impact is not largesee alsq29] where the perfor-
side” solutions are ruled out by the solar neutrino data. Nonetheleserance of KamLAND is studied under assumption of various
we show them in our plots for the sake of completeness. anticipated systematic errgrsThis implies that, at least for
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reasonably small values of the systematic uncertainties, their A. Improving the limit on sin 2@

impact on the pr(_ecision o_f the pa(ameter determination is \ye investigate in what follows the impact of several ex-
only marginal. This result is essentially due to the fact tha@v

: o ; erimental conditions on the achievable sensitivity orfésin
we are assuming rather large statistics, allowing for a googh,s show in Fig. 5 the sf® sensitivity obtainable in a 15

reconst_ruption of the'oscillatory pattern in the.energy SPECWKTy statistics experiment. We generate the “data’ at
trum. Similar conclusions were recently drawn in the contexty; 204 and at each value of it we plot the difference

of a short baseline experiment at nuclear reactdrs (betvveen they? function obtained at that value of éiand

:18;7 km) 'n[41]'h ision ckm? and sif the x2,,, which obviously comes at sii=0. We define the
y contrast, the precision akmyg, and siff, measure- 5 . ‘5n4q 9096 C.L. limit levels ad y?>=9 and 2.71, respec-

$ﬁnt car}db(ta)mgreased _|f we increase the sltatlsnfcs, selly 5 fol vely, corresponding to a one parameter fit.
IS could be done using a reactor complex of total power o sensitivity to sif¥ increases substantially if the base-

comparable to the Kashiwazaki si24.3 G.W) and a_lqrge line L is reduced. It follows from Eq(25) that the best sen-
enough detector. We note that the error in the statistical de

o > » Sitivity to sir’6 is achieved forL= few km [41,42. The
termination of botAmg, and siné, would go down below jniermediate baselines we are considering are not optimized

the percent level. With this statistics even the effect of the,, the measurement of. The sensitivity to sif¥ of the

systematic u_ncertainty on the precision determination. of th%xperiment under discussion is worse than that of the experi-

parameters is expected to be low and one can achieve rgyant proposed recently #1,42 with a distance of 1.7 km.

markable accuracy. Still, the experiment with. =20 km, would allow to put an
upper bound of

V. PRECISION PHYSICS FROM AM?2 -DRIVEN sin?9<0.021(0.012, (32)
(SUBDOMINANT ) OSCILLATIONS

t the Ir (90%) C.L. (Fig. 5, top left hich i
In this section we will consider the setup where the ex—a © (90%) (Fig op left pangl which is a

: » 5 '~ ~"“noticeable improvement over the current 8ound of siko
periment could be sensitive to themjrdriven subdomi- _q o5

nant_ oscillations. As dispussed in Sec. lll, one has to USe Rather relevant for the sensitivity to & in addition to
relatively small energy bins in order to observe these oscily,q gistancd.. is the width of the final state* energy bins.

lation effects. We first consider the potential of the interme-ag ¢qy|d be expected, the smaller bins give a better sensitiv-
diate baseline reactor experiment of interest in improving the&y to the value of siAg. Bins with width of 0.1 MeV give a

bound on sifg. We next assume that $if IS sufficiently 5004 improvement in sensitivity compared to the case of bin
large and can therefore lead to observable;,-driven 0s-  igth of 0.425 MeV. Another relevant factor is the presence
cillations and investigate under what conditions one can usgs 5 |ow energy cutoff in the part of the spectrum used in the
these “fast” oscillations to determin&mz,, with a high pre-  fit: the sensitivity improves with the inclusion of the lower

cision. Finally, we study the possibility of achieving what is energy data by, e.g., changing the cutoff energy from 2.6
probably a most ambitious goal—to get information on themeV to 1.0 MeV. Finally, the last panel in Fig. 5 illustrates

neutrino mass hierarchy by observing the reactposcilla-  the effect of the systematic uncertainties on the sensitivity to

tions at intermediate baselines. sirfé. As discussed in detail in the previous section, the sys-
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tematic error in the sfi® measurement has a small but non- Note that with the increase of the statistics, the effect of both

negligible effect—the limit improving marginally with the the systematic error and of the value Bf, chosen on the

reduction of the error. sirf6 sensitivity decreases. The decreasing of the energy bin
We show in Fig. 6 the sfi# sensitivity when the statistics Size, however, has essentially the same effect of increasing

are increased by a factor of five: we consider statistics corthe sensitivity.

responding to 75 GWKTy. Clearly, the increase in statistics

improves the sify sensitivity and at 3 (90% C.L) limit for B. Measuring Am?,, and sir?0

the L=20 baseline case readsig. 6, top left panel ) _ _ .
The experimental setup we consider is optimized for ex-

sif9<0.01 (0.0055. (33  tremely precise measurement &f,, Am2, and for distin-
guishing which hierarchy is realized in the neutrino mass
Thus, for these very high statistics we get a sensitivity taspectrum(as we will see in the next sectiprprovided the
sirf@ which is almost of the same order as that expected tdigh-LMA solution is the correct one. Nevertheless, in order
be reached in the “Reactor-1" experiment discussed4fh].  to achieve these goals, a relatively large statistics and a suf-
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ficiently good energy resolution are required. With these fagnd for Amitm:2-5>< 1072 eV?, assuming this to be the

vorable conditions fulfilled and bin width of 0.1 MeV, one «rye” value. Similar results forAmZ,,=2.0x 102 eV? and
could hope to improve on the precision &3, and sif6,  the same three values of &hare presented in Fig. 8. We
provided sikd is nonzero and is sufficiently largiVe have take a systematic uncertainty of 2% and consider 0.1 MeV
checked that both of these measurements are rather indepehins spanning the entire visible energy spectrum between
dent of the value oimz@, so that they could be performed in (1.0-7.2 MeV. In these figures we kee@mé and sirfé,
this type of an experiment even if the low-LMA solution isfixed at 1.5<10 * eV? and 0.3, respectively. Since, as we
confirmed by the KamLAND Collaboration. have shown in the previous section, the intermediate baseline
In Fig. 7 we show the allowed regions in then2,;si’é  experiment itself will restrict the allowed values dfZ, and
plane, obtained folL=20 km and two different statistics sir?d, to within a few percent of their “true” value, our
samples: the top panels correspond to 15 GWKkTy, while theesults remain practically unchanged even if these param-
lower panels are for a 75 GWKTy exposure. The resulteters were allowed to vary freely in the analysis. As Fig. 7
shown in Fig. 7 are for three different “true” values of $ih  demonstrates, in the 165 GWKTy case the experiment
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under discussion has almost no sensitivity to the value oNH. Our conclusions for the sensitivity to §mandAm§tm
Amg, if sin?¢<0.02 (0.01). Note the similarity between would remain the same for the case of IH mass spectrum. For
these Ilmltlng values of S?W and the limit on Slﬁa which a given “data” set, the allowed region in the parameter
the 15(79) ﬁGWkTy experiment can provide if the “true” space, especially the fitted values®inZ,,,, depend on the
value of sirfé is 0, given in the previous subsection. This hierarchy assumed if thAmé is in the high-LMA region.

implies that below the indicated respective limiting values OfThe possibility of two types of neutrino mass hierarchy leads
sirf, the experiment we are discussing cannot distinguish

between a zero and a nonzero®diand thus fails to “see” - an_ambigui_ty in the allowed vqlues afmgr, obtained, as
theAmgtm-driven oscillations. The reason for the modest sen>"© will ShOW_ in the ne3<t subs"ec_tlon. However, even though
sitivity to sir?@ is related to the fact that theis chosen for the assumption of the _wrong hierarchy can lead t_o another
“our” experiment to be sensitive to the SPMIN, caused by (sepa_r atefdallowed region in the pa:ameter"sp_ace, It does npt
the Am%-driven oscillations. Thereforé is much bigger describe the data so well as the “correct” hierarchy and is
disfavored, in general. This can be used to gain insight into

than theL* [cf. Eq. (25)] which corresponds to the SPMIN h fhi hv th . h
associated with the oscillations due aamZ,,,. The lack of the type of hierarchy the neutrino mass spectrum has anq can
atm allow “our” intermediate baseline experiment to determine

accuracy in the reconstruction of the details of a single 0Sihe hierarchy.

C?lr?tion _period (in Ey) affeqs strongly the _sen_sitivity to Let us stress that the question of the hierarchy becomes
sin@ which controls the amplitude of the oscillations. How- relevant ifAmé lies in the high LMA zone. This will be the

ever, this should not affect the sensitivity My,, which bject of our discussion in the next subsection. If the true
@blution turns out to be low LMA, the last terms in E)

determines the oscillation length, because of the presence
many oscillation periods in the relatively large energy WINand Eq.(10) would be negligible and sensitivity to hierarchy
would be lost. Let us emphasize, however, that even in this

dow offered by the spectrum itself.
. . . 2 .
Thus, if sirf¢ is large enough so that them,driven  caqe it would still be possible to improve the existing limits

o.scillatiogs can be observed in 'Fhe experiment_ gnder discu%-n sirfs, and—if sifg is sufficiently large—to measure
;lon,Amatm can be measured with a high precision. Indeed,Amg1tm with an exceptional precision.

in the case when the “true” value of $i6=0.03, AmZ,, can

be determined to within a few percent accuracy at the 99%
C.L. This accuracy could be comparable to the sensitivity of _ . .
the JPARC(JHF-SK) project toAm?,.° [43]. It is certainly The next question that may be answered with the experi-

e am, ment under discussion is whether the neutrino mass spectrum
much better than the sensitivity tbmjg,,, of theL=1.7 km P

short baseline experimerfié1] with the same statistics. This IS With normal hierarchy ‘or with inverted hierarchy. As

is somewhat unexpected since the-1.7 km experiment is Peinted out in Sec. Il and follows from Eq21), the base-
optimized to see the&mgtm—driven oscillations. However, line L=20-30 km is particularly suited for that purpose. In

one should keep in mind that the=1.7 km baseline experi- this subsection we present results for 20 km. We use the

ment cannot constrain the solar neutrino oscillation paramh'gheSt statistics and smallest energy bins and consider the

S 500 2 ~ entire visible energy spectrum with a low energy cutoff of
eters. The uncertainty inmg = allows Amg, to take on val E,=1.0 MeV. We assume also that the “true” value of

. 74 2 . .
:lhes as ht'grl an 55;3—9107 keV ' Th_'s dr??qtt:caily r:ad;Jhces sirfé is nonzero and is sufficiently large. As it follows from
€ sensilivity o = 1.7 Km experiment [ Mg, In the Eqg. (99 and Eq.(10), the predictions for the final state

experimental setup we are discussing, the solar par"’meteé‘g’-spectrum distortions in the NH and IH cases differ only if

are determined to a very high degree of accuracy by thﬁwe solar neutrino mixing anglé. # =/4. Maximal mixing is

eXPegmﬁ?t 'tst‘ﬁ'f ‘?“ld no g_xttefga' '”IP“t on their erﬁ:s 'S f' urrently disfavored by the solar neutrino and KamLAND
quired. Thus, the intermediate baseliné experiment has a ata[11-13. We use the current best-fit value for the solar

ter.sensitivity tQ.Arnﬁtm, p'rovided sifg is sufficiently Iarge,. neutrino mixing angle, corresponding to &iR=0.3. The
while _the sensitivity to sifg of th_e shorter baseline experi- \,41e of sif6, will be measured with a very high precision
ment is better for the reasons discussed above. in the reactor experiment under discussion itself.

_ Finally, we have verified that even if the low-LMA solu- 1, 6 "9 we show the visible energy spectrum expected
tion is confirmed as the true solution of the solar neutrino, hoth the NH and IH cases. The left-hand panel shows the
problem, the intermediate baseline experiment could still b, \her of events, while the right-hand panel shows the ratio

used to measurAmitm and/or constrain . of the number of events in the casegfoscillation (“oscil-

We stress that Figs. 7 and 8 are obtained using(8y. . X
i & assuming that the neutrino Mass spectrum conforms tOlatlon events’) to the number of events in the absence of
e 9 P c?SciIIations(“no oscillation events’). The thick gray line is

for the case ofAm2,_=2.5x 1073 eV? and NH, the dotted

atm

line corresponds ta\m2,,=2.5x10 % eV? and IH, while

9The experiment we are discussing has a much larger statistic?1 X o . 5 IR
than the planned JPARGHF-SK experiment; for the precise de- '€ thin solid line is fommatgw: 2.6x 19 eV’ and IH.
termination ofAm?,, it also requires sff9 to be sufficiently large. ~ Thus, for the same value &fmg,, thee™-spectrum defor-
19For this uncertainty the authors [gf1] have used the currenr3 ~ mations expected for NH and IH are different owing to the
uncertainty onAm2, found in the combined solar neutrino and last terms in Eq(9) and Eq.(10). One might expect on the
KamLAND data analysis. basis of Eqs(9) and(10) that the IHe" spectrum would fit

C. Normal vs inverted hierarchy
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1000 -
FIG. 9. The energy spectrurtin 0.1 MeV
800 - bins) of the events in the case of, oscillations
(left pane), and the ratio of events in the cases of
oscillations and absence of oscillatiorieght
@ 600 - pane), showing the effect of hierarchy for dn
§ ] =20 km experiment. The thick gray line corre-
| ] sponds to the case for NH witthmZ, =2.5
x 103 eV? while the dotted and thin solid line
00 correspond to the case of IH withmZ,=2.5
] X 10 % eV? andAm2,=2.6xX10 % eV?, respec-
] tively. The statistics assumed i&=75 GWKTy,
200 - ] while sirf=0.03, Am3=1.5x10"*eV? and
Sirfg,=0.3.
0

a NHe" spectrum with a value aﬁmgtm that is larger than ing could have a very high sensitivity tbmgtm, and there-

the “true” value by a range which would be of the order of fore we can expect the large statistics intermediate baseline
Am2 . If the experiment has a sensitivity tom2,, which is  reactor experiments to determine the type of neutrino mass
better than, or is at least of the same orderAas? , one hierarchy, for sufficiently large sfg at least, if the high
might expect two nondegenerate solutions intme2,-sirg ~ LMA solution holds.

parameter space for the same data set: one for NH and an- In Fig. 10 we explicitly show the allowed regions ob-
other for IH. tained using a “data” set generated in the NH case and fitted
However,we would like to stress that even though the IH by both the NH and IH expressions for thg survival prob-
e’ spectrum could approximately reproduce the NH e ability. The results shown are obtained using the 75 GWKTy
spectrum, it cannot exactly reproduce the latter. Hence, if thestatistics and a higher 125 GWKTy statistics. The “true”
NH is the true hierarchy, the case of IH mass spectrumvalue of Am2,, assumed is 2810 % eV?, while “true”
would always be disfavored by the data from “our” experi- sirf§=0.02. For the 75 GWKTy case, the two regions over-
ment compared to the NH spectruiWe have seen in the lap at the 3r level, while for 125 GWkTy they are com-
previous section that the experimental setup we are discuspietely nondegenerate. Note also that for the 125 GWKkTy

0.003 [ P
0.0029 + .
FIG. 10. The same as in Fig. 7, but probing
0.0028 - + 4 the type of the neutrino mass hierarchy. The
“data” sets simulated correspond to NH. The
0.0027 + 4 filled contours show the C.L. allowed regions ob-
tained by fitting for the parameters assuming NH.
0.0026 - + — 3 IH 4 The empty contours show the 90%, 95%, 99%
o and 99.73% solution regions, obtained by fitting
L 0.0025 - =l - NH o the NH “data” with an IH theory. The contours
o F for the IH are obtained with respect to thé
5 0.0024 + € ] minima found in the case of the NH. The statis-
tics assumed in the left-hand panel 8§
0.0023 48 A =75 GWKTy, while that in the right-hand panel
$in%6=0.02. SPO T is £L=125 GWKTy. We note that_while fo_r the
0.0022 75 GWKTy € 195 GV\;kTy ] L=75 GWKTy case the “wrong” hlera_rchy is al-
lowed even at the 90% C.L., with the&l
0.0021 1 ] =125 GWKTy statistics the experiment can rule
out the IH at least at the 95% C.L.
0.002 Lot L e e Vo S B R - S L L 1
0 0.01 0.02 0.03 0 0.01 0.02 0.03 0.04
sin’0 sin’0

113006-14



PRECISION NEUTRINO OSCILLATION PHYSICS WITH . .. PHYSICAL REVIEW B8, 113006 (2003

0.0035 -

FIG. 11. Contours of constant 99.73%, 99%,
95% and 90% C.L(from right to left) showing
the ability of theL =20 km baseline experiment
to determine the correct hierarchy at each “true”
point in the AmZ,,— sir?é plane. The solid lines
(dashed linescorrespond toL=75 GWKTy (£
=125 GWKTy). The results shown are for
sif0,=0.30, and for Am3=1.5x10* eV?
(right pane) and Am2=2.5x10 *eV? (left
pane). For the values oAm2,, and sirf6, corre-
sponding to points on the plane, located to the
right of a given C.L. line, the experiment can rule
out the “wrong” hierarchy at that C.L. See the
text for further details.

0.0025 -

0.0015

case, the “data” generated for NH spectrum can “rule out” parameter space and use the definitigy;<Ax? to find
the IH spectrum, at least at the 95% C.L. whether IH can be ruled out at a given C.L. The? is

In Fig. 11 we show the dependence of the hierarchy sendetermined by the C.L. considered and we take the
sitivity of the L =20 km reactor experiment on the “true” 2-parameter definition for it. We show the lines of the C.L.
values of Amj,,, sirfg and AmZ . For each point in the contours in theAmZ,-sir?¢ plane for 2 different values of
Amj,sirP6 parameter space and a givam? and sif6;,  Am?2 and siR6,=0.3. All “true” values of the parameters
we simulate the observesl -energy spectrum assuming NH |ocated to the right of a given line could allow the experi-
to be true. We then fit this “observed” spectrum with both ment to disfavor the IH spectrum at the corresponding C.L.
the NH and IH through &? analysis, allowing the param- The solid lines give the sensitivities for 75 GWKTy exposure,
eters AmZ,,, and sifd to vary freely around their “true” while the dashed lines are for a 125 GWKTy data set. The
values. The IH spectrum obviously does not fit the “data” assensitivity to hierarchy is maximal for the smallest allowed
well as the NH and hence is disfavored. To quantify thisvalues ofAmZ,, and for these cases it is possible to rule out
sensitivity to hierarchy we calculate the differences ;) IH even for smaller values of sif. It becomes increasingly
between they? for the NH and IH for each point in the more difficult to distinguish between the two types of neu-

30 - .
——- Am’,=1.5x10""
------------ Am’g=2.5x10"
6 - — Am’=35x10"
sin'9=0.03
Am’,, =2.5x10 . o
- 5 am FIG. 12. The difference between the minimal
% 75 GWkTy values ofy?, obtained by fitting a NH “data” set
L 40 - with NH and IH spectrum, as a function of
= sirf@,. The results shown are foAmZ=1.5
Néf X 107%; 2.5x10°%; 3.5x10°° eV2. The “true”
values of Am2,=2.5x10"% eV? and of sift@
=0.03, while the statistics corresponds 1B
20 | =75 GWKTYy.
30 limit
20 limit_ .
0 -s-—-"—.é':-;.::.:’_"-—\’
0 0.1 0.2
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S
ke l/ /
0.0035 / -
//J
“% bd FIG. 13. The same as in Fig.11, fof
~1 opms - i A =75 GWKTy, Am3=3.5x10 *eV? and two
NS L y values of siRf: 0.30 (solid lines and 0.40
(dash-dotted lings
/.
///
Am’4=3.5x10""
0.0015 !
0 0.02 0.03

g 52
sin'0

trino mass hierarchy aAm2,, increases, as the figure indi- them with the IH theory, we allowAm2,, to vary and take
cates. The sensitivity of the experiment to hierarchy dependiarger values thamZ,, used to generate the “data.” Let us
critically on the “true” value of the solar parameters, as is denote the beSt-f'mmitm in the IH case aamy zéfm;
evident from Eq.9) and Eq.(10). In particular, higher val-
ues ofAmé are better suited for hierarchy determination, as AmétszAmgthFAmétzm' (34
can be seen explicitly comparing the two panels in Fig. 11.

The possibility of determining the neutrino mass hierar- .
chy is very sensitive to the value of &t,. As we have whereAm?>0. The difference between the IH and NH
explained above, when we generate the NH “data” and fitsurvival probabilities at each is given by

,(AmgtmL AmZL) ( Am2L
SN sinl —

Pin(ve— ve) — Pun(ve— ve) =4 sirf g cosg 5E T 4E 1E
+ codsin Ami. L AmiL - AmAL “in AmAL
© 2E 2E 4E 4E
Am? AmZ L AmZ L
—sirff,sin ZaEtmL - 4§ sin 4§ (35)

When, e.g., cos@,=1, we haveP,;—Pyy=0 for Am?  The rather strong dependence of the sensitivity to the type of
=Am2. For cos 2,=0 (maximal mixing, the difference neutrino mass hierarchy on &t is illustrated in Fig. 13, in
between the two probabilities is 0 fam?=0. For the real- which we show contours of constant C.L. in tiemZ,
istic case of cos@,=(0.10—0.40), it is impossible to have —sir?d plane, at which one could distinguish between the
P—Pny=0 for every value ofE from the interval of in-  NH and IH spectra, fodm2 =3.5x10* eV? and sirté,
terest. This is illustrated in Fig. 12, where we show the dif-=0.30; 0.40.

ference between the minimal values yft for the “wrong” One final comment is in order. As Fig. 10 illustrates, for a
IH and the “right” NH spectra as a function of s, for  given “data set’(i.e., “true” value of Am2,,,, etc) and suf-
“true” AmZ=15x10"% 2.5x10 4 3.5x10 * eV?, ficient statistics, the neutrino mass hierarchy ambiguity can

AmZ,=2.5%10 % eV? and sif9=0.03. As Fig. 12 indi- lead to two nondegenerate solutions fom2,,,, one for NH
cates, the best sensitivity to the type of neutrino mass hierand another for IH spectrum. In certain of these cases the
archy is achieved in the interval i, =(0.3-0.45), which is intermediate baseline reactor experiment might not be able to
favored by the current solar neutrino and KamLAND data.rule out the “wrong” hierarchy even at the 90% C.L.
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(Fig.10, left panel However, since the NH and IH give two lable or negligible background due to the geophysical neu-
different and nondegenerate values Mnfum, in such cases trinos in the intervakE ;5= (1.0—2.6) MeV. If a sufficiently
one can use the information from some other very precisaccurate modeling of this background is achieved Epd

experiment, like the proposed JHF-SK or NuMI off-axis ex- =1.0 MeV, assumingAméz 1.5x10 4 eV?, energy bins
periments with neutrino superbear%3,44, to determine  of AE=0.425 MeV, siff,=0.3, 2% systematic error and a

2 .. .
the correct value oAm;,,. The latter can be used together tota| statistics corresponding t6=15 GWKkTy, one could
with the data from the reactor experiment to get 'nformat'ondetermineAmé with up to a~2%, and sifg, with a

on the hierarchy. 3-4% uncertainty at 99% C.L. in an experiment with a base-

line of L=20 km (Figs. 2—4. This impressive results de-
VI. CONCLUSIONS pend rather mildly on the systematic error provjded the latter
_ _ _ does not exceed~4% (Fig. 4). The reduction of the
In this paper we analyzed the physics potential of a reace*-energy bin width leads to a negligible change in the pre-
tor neutrino experiment with a relatively large detector at &gjsion with whichAm?2 and sifé, are measured. The pre-
distancel. ~20-30 km. This distance has been chosen insion can be even higher in the case of a larger statistics.
order to achieve the best sensitivity to the solar neutrino The same apparatus could be used to extract information
oscillation parameteramg, and sirt, , assuming that the o ine giner parameters entering into the expression for the

latter lie in the high LMA s_olutio.n.region. Wwe cqnsidered the.survival probability, through the study of subleading effects
case of three flavor neutrino mixing and used in the analys't?ontrolled by the(smal) mixing angle 6, for which only

the exact expression for the relevantsurvival probability. upper bounds exist at present.

The latter depends, in addition tam and siffs, on The limit on sirfé can be lowered to sf#<0.021 at
Amgtm, driving the atmospheric neutrino oscillations, on 99.73% C.L. forL=20 km, if the “threshold” energyE,,
6—the angle limited by the CHOOZ and Palo Verde experi-=1.0 MeV, the systematic error is 2%, tle& -energy bin
ments, and for sf¥,<0.50—on the type of the neutrino width is AE=0.1 MeV and if statistics corresponding
mass spectrum which can be with normal hierar@iid) or =15 GWkTy is collected. This result depends strongly on
with inverted hierarchy(IH). The current solar neutrino and the choice ol : the optimal distance for such a measurement
KamLAND data favor sifd,~0.30. We discussed strategies is of a few km, and the shorter the distance with respect to
and the experimental setup, which would permit to measuré =20 km the stronger this bound would be. The magnitude
Amé and sirfg, with a high precision, get information on of e*-energy bin width and the value of the -energy ef-

(or even measujesir’d, and if sirfd is sufficiently large fective threshold have a considerable impact on the bound as
(sirf9=0.02) provide a high precision measurement ofwell, while a further reduction of the systematic errors could
Am?,,and determine the type of the neutrino mass hierarchylead only to a mild improvement. If the statistics is as large
More specifically, we have investigated the impact tfiat as that corresponding to a setup wifh=75 GWKTy, one
the choice of the baselink, (ii) the effect of using a rela- could improve the upper bound to $i:0.010 (0.0055) at
tively low e -energy cutoff ofE,,~1.0 MeV, (iii) the de-  99.73%(90%) C.L.

tector’s energy resolution, as well &3) the statistical and If, on the contrary, a relatively large nonvanishing value
systematical errors, can have on the measurement of each of sir?é is found, the experiment could gain sensitivity to
the indicated neutrino oscillation parameters. Amitm through the detection of the subleading oscillatory

The precision with whichAm? and sifé; can be deter- properties of thev, survival probability. Not averaging out
mined in the experiment under discussion depends crucialljhe Am? -driven oscillations is crucial for the measurement
on whether the ﬁrSAmé'driven oscillation minimum of the of Amgtm_ This requires a re|ative|y hingr_energy resolu-

v, survival probability falls or not in the interval &* en-  tion, permitting a binning in thee™ energy with a rather
ergies which can be used for the measurements in the expesmall bin width, AE=0.1 MeV. TakingE;,=1.0 MeV and
ment. For Am2=1.5x10"%eV? (2.5x10 “eV?) and L  assuming 2% systematic error, we find that a setup With
=20 km, this minimum takes place at tle€ energy of =15 (75) GWKTy could provide a precise determination of
E,is=1.6 (3.2) MeV; for L=30 km, it occurs atE,s AmZ, with a few percent uncertainty foAm2, ~2.5
=2.8(5.3) MeV. This implies that if Am3=15 X103 eV? if sin?4~0.03 (0.02)(Fig. 7.

X 10™* eV?, in order to achieve a high precision in the de-  Finally, the distancé& =20 km is the optimal one for dis-
termination ofAm2 and especially of sftd, in an experi-  tinguishing between the NH and IH neutrino mass spectrum.
ment with a baseline df =20 km, a relatively low “thresh-  The relevanty, survival probabilities for the two types of
old” energy should be employedE;,~1.0 MeV. If, spectrum differ for sif¥,<0.5 by a siRé-suppressed inter-
however, Am3=2.0x10 “eV?, one can use E; ference term due to the amplitudes of them?- and
=2.6 MeV, as was done in the KamLAND experiment. In AmZ -driven oscillations. For this highly challenging study,
the case ol.=30 km one can us&;,=2.6 MeV even for  a very large statistics is necessary: we considgred5 and
Am3=1.5x10* eV2. If the condition under discussion is 125 GWKTy. The possibility of distinguishing between the
satisfied, remarkable precision in the measuremerzmmfD two types of neutrino mass hierarchy was found to depend
and sirf6 can be achieved. For the lower “threshold” energy, not only on the values of st and sifé,,, but also on the
E:,~1.0 MeV, achieving high precision requires a control- values ofAmé and Amgtm. The dependence o;thm(zD and
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sirfd,, is particularly strong. FoAm3=1.5x10 % eV2 and  the 3o bound onAm2 was somewhat weakefm2 <2.0

L=75 (125) GWKTy, one could distinguish the NH from x 1074 eV? [11]. Therefore, the salt enriched data from
the IH spectrum at 99.73% C.L. in the region Afn3,, SNO, when combined with the already existing solar neu-
=<2.5x10 2% eV? if sin9=0.038 (0.03)(Fig. 11. The type trino data, disfavor the high LMA solution, compared to the
of the neutrino mass spectrum can be determined for considew LMA solution. However, the high LMA solution cannot
erably smaller values of sif if Amé has a larger value be considered as comprehensively ruled out. It is still al-
(Figs. 12 and 1B or if an even larger statistics would lowed at the 99.13% C.L. by the combined KamLAND and
be accumulated. ForL=75 GWKTy and Amé:2_5 solar neutrino dat§46]. Moreover, the first results from the
X104 eV?, for instance, this can be done at 99.73% C.L.KamLAND experiment showed only marginal support in fa-
for sirf6=0.019 if Am2,<2.5x10°%eV? and sifg, Vor of the low LMA solution. Therefore the question of

=0.30(Fig. 11). As we haf,tg shown, the highest sensitivity to Whether the high LMA solution is a viable solution of the

the type of the neutrino mass hierarchy is achieved fogolar neutrino problem or not can be definitely answered
sinf6,=(0.30-0.45)(Figs. 12 and 18 only after a more precise data from the KamLAND experi-

neutrino experiments have in the case of the high-LMA soability of the intermediate baseline experiment to constrain
lution of the solar neutrino problem a remarkable potentialf1z and to determineAmz,, if 6,5 is sufficiently large
for a high precision measurement of the solar neutrino oscilis independent of the true solution of the solar neutrino
lation parameters\m2, and sif6,, which can reduce the Problem.

error in the values of the latter to(2—4) %. Such an experi-

ment can also improve the existing bounds on, or measure, ACKNOWLEDGMENTS
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