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Combining the first KamLAND results with solar neutrino data
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We consider the impact of the recent KamLAND data on neutrino oscillations, the first terrestrial neutrino
experiment that can probe the solar neutrino anomaly. By combining the first 145.1 days of KamLAND data
with the full sample of the latest solar neutrino data we find an enhanced rejection against non-large-mixing-
angle~LMA ! oscillations, allowed only at more than 4s with respect to the LMA solution. Furthermore, the
new data have a strong impact in narrowing down the allowed range ofDm2 inside the LMA region. In
contrast, our global analysis indicates that the new data have little impact on the location of the best fit point.
In particular, the solar neutrino mixing remains significantly nonmaximal (3s).
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I. INTRODUCTION

In a recent paper the first results of the KamLAND Co
laboration became public@1#. These data contain preciou
information on the neutrino oscillation hypothesis which h
been advocated to account for a number of neutrino exp
ments involving solar and atmospheric neutrinos and wh
indicate that neutrinos are massive and that neutrino fla
mixing occurs@2–13#. The KamLAND experiment is a reac
tor neutrino experiment with its detector located at the K

miokande site. Most of then̄e flux incident at KamLAND
comes from plants at distances of 80–350 km from the
tector, making the average baseline of about 180 km, l
enough to provide a sensitive probe of the large mixing an
~LMA ! solution of the solar neutrino problem@14–16#. The
KamLAND Collaboration has for the first time measured t
disappearance of neutrinos traveling to a detector from
power reactor. They observe strong evidence for the dis
pearance of neutrinos during their flight over such distanc
giving the first terrestrial confirmation of the solar neutri
anomaly and also establishing the oscillation hypothesis w
man-produced neutrinos. Moreover, the parameters that
scribe the disappearance in terms of electron-neutrino o
lations are consistent with the latest pre-KamLAND determ
nations@17–23# of solar neutrino parameters.

In this note we analyze the implications of these fund
mental results by combining the KamLAND data with da
from solar neutrino experiments. We will assumeCPT con-
servation and for simplicity we consider a two-flavor ma
sive neutrino oscillation framework. In Sec. II we analy
the impact of the KamLAND results by including the fu
information on the spectral distribution of the observ
events. Subsequently, in Sec. III we perform a global fit t
combines the full KamLAND and CHOOZ reactor da
sample@24# with the full solar neutrino data as included
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Ref. @17#. In Sec. IV we check the stability of the results wi
respect to changes in the statistical analysis, and we sum
rize in Sec. V.

II. SIMULATION AND ANALYSIS OF KAMLAND DATA

In KamLAND the target for then̄e flux consists of a
spherical transparent balloon filled with 1000 tons of no
doped liquid scintillator. The antineutrinos are detected
the inverse neutronb decay

n̄e1p→e11n. ~1!

In Fig. 5 of Ref.@1# the spectral data are given in 13 bins
prompt energy above 2.6 MeV. To simulate the KamLAN
data we calculate the expected number of events in each
for given oscillation parameters as

Ni
th~Dm2,u!5 f E dEns~En!(

j
f j~En!Pj~En ,Dm2,u!

3E
i
dEeR~Ee ,Ee8!. ~2!

HereR(Ee ,Ee8) is the energy resolution function andEe ,Ee8
are the observed and the true positron energy, respecti
and we use an energy resolution of 7.5%/AE(MeV) @1#. The
neutrino energy is related to the positron energy byEn5Ee8
1D, where D is the neutron-proton mass difference. T
integration interval overEe is determined by the prompt en
ergy interval in each bin. The neutrino spectrumf(En) from
nuclear reactors is well known, we are using the phenome
logical parametrization given in Refs.@25,26#. We adopt the
average fuel composition for the nuclear reactors given
Ref. @1#. Note that possible effects due to time variations
the fuel composition have been shown to be small@26#. The
sum overj in Eq. ~2! runs over 16 nuclear plants, taking int
account the different distances from the detector and
power output of each reactor~see Table 3 of Ref.@27#!. The
relevant detection cross sections(En) is given in Ref.@28#.
©2003 The American Physical Society03-1
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In the two-neutrino framework the survival probability fo
the neutrinos coming from the reactorj is given by

Pj~En ,Dm2,u!512sin22u sin2
Dm2L j

4En
. ~3!

The normalization factorf in Eq. ~2! is determined in such a
way that for the case of no oscillations we obtain a to
number of events of 86.8, as expected from the Monte C
simulation used in Ref.@1#.

For the statistical analysis we use thex2 function

x25(
i , j

~Ni
th2Ni

obs!Si j
21~Nj

th2Nj
obs!. ~4!

The observed number of eventsNj
obs in each bin can be rea

off from Fig. 5 of Ref. @1#. In the covariance matrixS we
include the experimental error in each bins i ~obtained from
the same figure!, which we assume to be uncorrelated, a
the systematic errorssyst50.0642@1# implied by the uncer-
tainty on the total number of events expected for no osci
tions:

Si j 5s i
2d i j 1ssyst

2 Ni
thNj

th . ~5!

This x2 definition assumes Gaussian distribution of the da
For the discussion of an alternative analysis based on P
son distributed data, see Sec. IV.

III. RESULTS AND DISCUSSION

Our results are summarized in Figs. 1, 2, and 3. In Fig
we show the allowed regions of the oscillation paramet
obtained from our reanalysis of the KamLAND data. It is
good agreement with the analysis performed by the Ka

FIG. 1. ~Color online! Allowed regions at 90%, 95%, 99%, an
99.73% C.L.~two DOFs! and best fit point from KamLAND spec
tral data. The shaded regions and the star are obtained by usin
x2 of Eq. ~4! based on the Gaussian approximation; the cont
lines and the dot correspond to thex2 of Eq. ~11! implied by Pois-
son distributed data.
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LAND group, shown in Fig. 6 of Ref.@1#. This gives us
confidence in our simulation of the KamLAND data an
therefore encourages us to use it in a full analysis combin
also with the solar data sample. Figures 2 and 3 show
corresponding results obtained in a combined fit of the
KamLAND data sample with the global sample of solar ne
trino data, as well as the CHOOZ result. The solar data
are using and the details of our solar neutrino analysis
given in Ref.@17#.

First of all, we have quantified the rejection of non-LM
solutions and found that it is now more robust. For examp
for the LOW solution we haveDx2

LOW-LMA 526.9, which
for two degrees of freedom~DOFs! (Dm2 and u) corre-
sponds to a relative probability of 1.431026, assuming
Gaussian errors. A similar result is also found for the vacu
~VAC! solution. Apart from selecting out the LMA as th
unique solution of the solar neutrino problem we find, ho
ever, that the new reactor results have little impact on
location of the best fit point:

the
r

FIG. 2. ~Color online! Allowed regions at 90%, 95%, 99%, an
99.73% C.L. ~two DOFs! from the combined analysis of sola
CHOOZ, and KamLAND data. The contour lines are the allow
regions from solar and CHOOZ data alone. The star~dot! is the best
fit point from the combined~solar1CHOOZ only! analysis.

FIG. 3. ~Color online! Dx2 versusDm2 and tan2u. The dashed
line refers to KamLAND alone. The dot-dashed line correspond
the full reactor data sample, including both KamLAND an
CHOOZ. The solid line refers to the global analysis of the compl
solar and reactor data.
3-2
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tan2u50.46, Dm256.931025 eV2. ~6!

In particular, the solar neutrino mixing remains significan
nonmaximal, a point which is rather important for mod
building. Indeed, bimaximal mixing models are disfavor
@29# while models where the solar mixing can be nonma
mal @30# are preferred, as before. This is not in contradict
with the fact that KamLAND data alone prefer maximal mi
ing @1#, since such preference has no statistical significan
Indeed, one can see from the right panel in Fig. 3 thatDx2 is
rather flat with respect to the mixing angle for tan2u*0.4.
This explains why the addition of the KamLAND data h
no impact whatsoever in the determination of the solar n
trino oscillation mixing. The allowed 3s region we find for
u is

0.29<tan2u<0.86, ~7!

practically identical to the pre-KamLAND range given in E
~4! of Ref. @17#.

On the other hand, the new data do have a strong im
in narrowing down the allowed range ofDm2. From the left
panel of Fig. 3 one can read off that KamLAND data alo
provide the bound Dm2.831026 eV2, whereas the
CHOOZ experiment givesDm2,1023 eV2, both at 3s.
Hence, global reactor neutrino data provide a robust allow
interval forDm2, based only on terrestrial experiments usi
artificial neutrino sources. However, combining this inform
tion from reactors with the solar neutrino data leads to
significant reduction of the allowed range: As clearly visib
in Fig. 2, the original LMA region is now split into two
subregions. From Fig. 3 we obtain at 3s ~1 DOF!

5.131025 eV2<Dm2<9.731025 eV2, ~8!

1.231024 eV2<Dm2<1.931024 eV2. ~9!

The local minimum in the region~9! occurs for

tan2u50.42, Dm251.431024 eV2 ~10!

with a Dx254.5 with respect to the best fit point given
Eq. ~6!. This ambiguity might be resolved when more Kam
LAND data have been collected~see, e.g., Refs.@26,31,32#!.

IV. STABILITY OF THE STATISTICAL ANALYSIS

The current KamLAND data sample consists of 54 a
tineutrino events, which are distributed over the 13 ene
bins. This leads to rather small numbers of events in e
bin. The five bins with highest energies contain no even
all. In such a case the use of ax2 function based on Poisso
statistics might be appropriate. In order to check the stab
of our results we have also performed an analysis using@33#

x252(
i

FaNi
th2Ni

obs1Ni
obslnS Ni

obs

aNi
thD G1S 12a

ssyst
D 2

,

~11!
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where the term containing the logarithm is absent in b
with no events. We minimize with respect toa in order to
take into account the overall uncertainty of the theoreti
predictions.

The analysis of KamLAND data using Eq.~11! is shown
in Fig. 1 as the contour lines. We observe that this analys
somewhat less constraining compared to the analysis b
on the Gaussianx2 of Eq. ~4!. One notices that smaller val
ues of the mixing angle are allowed, especially at high c
fidence level. Let us note, however, that the allowed regi
from the Gaussian analysis are in better agreement with
analysis done by the KamLAND group. This is the reas
why we prefer to use this method for analyzing KamLAN
data. The better agreement with the original KamLAN
analysis might be related to the fact that the inclusion of
information on the experimental errors provided by the K
mLAND Collaboration in Fig. 5 of Ref.@1# can be included
only by means of a Gaussianx2 function, as in Eq.~4!. In
this way it is possible to take into account the asymme
errors and the error bars in bins where the number of ev
is zero.

However, we note that the determination ofDm2 is rather
stable; only the constraint on the mixing angle is somew
affected. Since the bound on the mixing angle in the co
bined analysis is dominated by solar data, we expect
difference between the two methods to be small after co
bining KamLAND with solar data. The results of this exe
cise are shown in Fig. 4. Comparing this figure with Fig.
we find indeed that the result is very similar. The location
the best fit point and the 90%, 95%, and 99% C.L. regio
around the best fit point are nearly identical. However,
local minimum does not appear at the 90% C.L., although
location is, again, very stable. Some small differences
visible for the 99.73% C.L. contour.

To summarize, although there are some notable dif
ences between the allowed regions obtained by assum
Gaussian or Poissonx2 functions for the KamLAND data
taken alone, the differences are very small when combi

FIG. 4. ~Color online! As Fig. 2, but using for the analysis o
KamLAND data thex2 of Eq. ~11! implied by Poisson distributed
data.
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with solar data. This illustrates the robustness of our res
against variations in the statistical analysis.

V. CONCLUSIONS

We find that among all previous oscillation solutions
the solar neutrino anomaly the new reactor results from
KamLAND experiment single out the LMA solution, rejec
ing all other oscillation solutions at a significant level. Fu
thermore, we find that these first 145.1 days of KamLAN
data already lead to a significant improvement in narrow
down the allowed range ofDm2 when combined with sola
neutrino data. The original LMA region now is split into tw
relatively narrow islands around the values ofDm256.9
31025 eV2 ~best fit point! andDm251.431024 eV2 ~local
minimum!. However, our full analysis indicates that the ne
data have little impact on the determination of the mixi
angle. In particular, the solar neutrino mixing remains s
nificantly nonmaximal (3s).

Before closing, let us note that we have considered h
only the simplest case of two neutrinos. Analyzing in det
the impact of the KamLAND results on three neutrino osc
lation scenarios@34# and the resulting constraints is beyon
D

a

s.
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the scope of this short article. The improved determination
Dm2 can also play an interesting role in probing the fi
details of solar physics@35#, matter effects@36#, probing
electromagnetic neutrino properties@37# ~see also@38#!, or
testingCPT invariance in the neutrino sector@39#. Similarly,
the nailing down of the LMA as the solution also has imp
cations for nonoscillation solutions to the neutrino anom
@40# in terms of spin-flavor precession@41,42#, nonstandard
interactions@43#, or neutrino decay@44#. Clearly, none can
now be the leading explanation for the solar neutri
anomaly@45#, although a detailed evaluation must be p
formed to decide, in each case, to what extent these solut
are now rejected.
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