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We analyze the recent result of the CHOOZ Collaboration in the context of mixing and oscillations between
all the three neutrino flavors. If one assumes the hierarchy among the vacuum mass eigefyaas
whered,,= u3— u2 and 63,= u3— u3, then the CHOOZ result puts a strong constraint on the allowed values
of the (13) mixing angle¢. It is also shown that, in light of the CHOOZ result, the maximum contribution of
the v, v oscillation channel to the atmospheric neutrino anomaly is less than 7 percent, thus demonstrating
that the atmospheric neutrino anomaly is mainly dueje- v, oscillations. Most importantly the CHOOZ
result now excludes a large part of the three flavor parameter space which was previously allowed as solutions
to the solar and atmospheric neutrino problems.
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PACS numbdss): 14.60.Pg, 95.85.Ry, 96.60.Jw

The CHOOZ Collaboration, which searches for signals of C4Cu C4Sw S
ve— vy Oscillations, wherex can be any other flavor, in the U=| —c,s,.—s,5,C C.C —S,5.S s.c 3
disappearance mode of the original flavor has recently re- e SYRee vre URese o 3

ported the results of its first ryri]. They see no evidence of SySwTCySeCu  TSyCuwTCySgSun CyCy
oscillations of the original flavor. They have analyzed their
results assuming two flavor oscillations betwegnand an- wheres andc stand for sine and cosine respectively.

g:)gecre ﬂsaé)vaor:nzgdb)??r\]/s rﬁgsgxg;ﬂfen q %Igge:méeaﬁgr&rgeter The vacuum oscillation probability for a neutrino of flavor
. ) . . ill i i f fl is gi
mixing angle 4. Their main result is that forAm?>3 a to oscillate into & neutrino of flavgs is given by

X 1072 eV?, sirf(26) must be less than 0.18. While this is a
strong constraint, we remark that it has to be confirmed by an Pus= (UaIUB1)2+ (Ua2U32)2+ (Ua3uﬁ3)2
independent experiment. Nevertheless we may ask what are
the consequences if we accept the CHOOZ result.

We reinterpret the CHOOZ result in terms of oscillations
between the three active neutrino flavges-5]. This is a ds
more realistic framework because it is established that there +2U 11U 43U 1U s cos( 253 31)

+2U .U ,U 4 U 253d521)
a1Y o2V 1Y g2 COY 2. E

are three light neutrino flavors whose interactions are pre- E
scribed by the standard model. It is more natural to assume ds
that all three of_ the light neutrinos mix with one ano_ther. +2U 35U 15U U g cos( 253 32), @
The flavor eigenstates are related to the mass eigenstates E
by
whered is the distance traveled in meteEsijs in MeV, and
Ve V1 mass squared differencég(= u’— u?) are in e\ We may
vy |=U| v2]. 1) also note that the vacuum oscillation probabilities are the
vy V3 same as in Eq4) for the case of antineutrinos becalGe

violation is neglected. If we assume the hierarchy among the
Here we can take, without loss of generality, thatN@Ulin0 Mass eigenstateh;<dy=ds,, and thatdy is

ma>m,>m, . The unitary matrixU can be parametrized as @00ut 10° eV?, which is required to fit solar neutrino data
[2] [6], then the oscillatory term involving,; can be set to one.

In this case the probability in Eq44) reduces to

U=UZ(y) X UPN2X U ) x U w), 2
Pop=(U 41U g1+ U 40U o)+ (U 43U g3)?

whereU' () is the two flavor mixing matrix between the 463,

ith and jth mass eigenstates with the mixing angle For +2(U 41U g1+ U oU o) U 43U g3 cos( 2.53?).
simplicity, we neglect theCP violation and setUP"as&=|.

Explicitly, U can be written as 5)
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The oscillation probability relevant for the CHOOZ experi-
ment is the electron neutrino survival probabilRy.. Sub-
stitutinga=e= g in Eq. (5) and using the unitarity dfJ, we
get

dé
Pee=(1—U%)2+U%+2(1-UZ)UZ, cos( 2.53?31) :

(6)
From Eqg.(3), we see thatJ.;=sin ¢. Hence the electron
neutrino survival probability is ENE
% EXCLUDED BY CHOOZ
: : désy
Pee=1—sir? 2¢ sir? 1.27—|. 7 —
Notice the interesting point that this involves only t{iS) 20r 7

mixing angle¢, and because of the hierarchy 1i®) mixing
angle o disappears from the probability. So we reinterpret
the CHOOZ resulf1], to be that for83;>3x10" 3 eV?,
Sirf(2¢) must be less than 0.18, i..<12.5°. ol 1
We now estimate the maximum contribution of tkee ° 10 20 $(dee) % © %
— w channel to the atmospheric neutrino anomaly. Since the
releventds, is about 102 eV?, matter effects are negligible ~ FIG. 1. Allowed parameter region igp—¢ plane by Kamio-
for the problem[3]. Hence the relevant probability is the kande binned mgltl-GeV data W|.th 1@error barg(light lines) and
vacuumpe— v, oscillation probability, the new constraint by CHOO#Zhick line).

_ . _ dds; CHOOZ constraint again being shown as a thick vertical line
Pe=Pc=Sin* 2¢ sin* ¢ sm2< 1-27?)- (8  [3]. Figures 3 and 4 show the previously allowed regions by
the solar neutrino data ip—w and ¢— 8,1 planes respec-

Note that both¢ and ¢ have to be nonzero foP, to be  tively along with the new constraifg]. '
nonzero, and also the oscillation length corresponding,to In Ref. [3] the results of the Liquid Scintillation Neutrino
does not contribute to the atmospheric neutrino protjlgln ~ Detector (LSND) Collaboration[7] were analyzed in the
Now solutions to Kamiokande atmospheric neutrino datsS@me three flavor framework, along with the atmospheric
[3,4] require a value of 30 <60° for small values ofp. neutrino problem. It was foun_d that there is a small region of
The average contribution of the oscillatory term is 0.5.0verlap between the respective parameter spaces allowed by
Therefore the CHOOZ result implies that

T e e . e e s B M

Ple*<0.18x0.75x0.5=0.07 9

which is less than 7 percent. Hence the atmospheric neutrin
anomaly is driven almost completely by, v . oscillations.
The v« v conversion probability is given by

EXCLUDED BY CHOOZ

Pe,=P.,=Sir? 2¢ cog ¢ sin2< 1.27%31). (10)

The allowed range of) for small values of¢ once again
gives an upper limit of 0.07 for the— 7 conversion prob-
ability, i.e. the electron neutrino flux is hardly converted to
other flavors, which is what is experimentally observed.
Lastly we incorporate the CHOOZ constraints on our pre-
vious fits to solar and atmospheric neutrino data, and so we
reproduce the plots from our earlier works, with the con-
straints coming from the CHOOZ results shown on them. In
Fig. 1, the light contours enclose the parameter regiopin L. .. ... .. .+ . . ...,
— plane allowed by the binned multi-GeV data of Kamio- 0 10 20 30 40 50
kande with 1.60 error bars. The present CHOOZ constraint place)
has been shown as a thick vertical line, with the region tothe FEIG. 2. Allowed parameter region ih— 53, plane by Kamio-
right of it being excluded. Figure 2 shows the allowed regionkande binned multi-GeV data with 1&error barglight lines) and
in the ¢— 63, plane from the same analysis, with the the new constraint by CHOOZRZhick line).
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FIG. 4. Allowed parameter region i@ — d,; plane by solar
neutrino data with 1.6 error bars(crossesand the new constraint
by CHOOZ (thick line).

FIG. 3. Allowed parameter region ip— w plane by solar neu-
trino data with 1.60 error bars(crossesand the new constraint by
CHOOZ (thick line).

serve what is probably the most important consequence of
nethe CHOOZ result. The fact thap, the link between the
h olar and the atmospheric neutrino problems, is constrained

trino_problem, the atmospheric neutrino problem and t o be small implies thathe solar neutrino problem can be
LSND results in a three flavor framework. This is no longer ; mp probie
essentially viewed as a two flaveg— v, oscillation phe-

possible if one takes the CHOOZ result into account. If the . . .
CHOOZ constraint¢<12.5° is imposed, then the lower nomenon, and the atmospheric neutrino problem essentially

- o as a two flavor oscillation phenomenon even in a
limit on &5, from LSND goes up to about 0.1 éVwhich is three flavor fran:gvvorlz. P
larger than the maximum allowed value from the atmo-

each experiment. Hence one could account for the solar

the solar and the atmospheric neutrino problems and satisfyy, of the (13) mixing angles, establishes the fact that the
the results of the CHOOZ and LSND experiments in a threeatmospheric neutrino anomaly is mainly,—v., ie
WV, e

neutrino flavor framework. vacuum oscillations, and excludes large parts of the param-

Note the fact thai being the angle which connects the gter space previously allowed as solutions to solar and atmo-
solar neutrino parameter space spannedwbyp, and &, spheric neutrino data.

with the atmospheric neutrino space spannedgbyy, and
831, the constraint onp also translates into a strong con-  We thank M. V. N. Murthy and Rahul Sinha for discus-
straint in the solar neutrino parameter spf&®]. Now ob-  sions.
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