
RAPID COMMUNICATIONS

PHYSICAL REVIEW D, VOLUME 58, 031301
Three flavor implications of the result of the CHOOZ Collaboration
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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 eigenvaluesd21!d31

whered215m2
22m1

2 andd315m3
22m1

2, then the CHOOZ result puts a strong constraint on the allowed values
of the ~13! mixing anglef. It is also shown that, in light of the CHOOZ result, the maximum contribution of
thenm↔ne oscillation channel to the atmospheric neutrino anomaly is less than 7 percent, thus demonstrating
that the atmospheric neutrino anomaly is mainly due tonm↔nt 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.
@S0556-2821~98!50415-8#

PACS number~s!: 14.60.Pq, 95.85.Ry, 96.60.Jw
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The CHOOZ Collaboration, which searches for signals
n̄e→ n̄x oscillations, wherex can be any other flavor, in th
disappearance mode of the original flavor has recently
ported the results of its first run@1#. They see no evidence o
oscillations of the original flavor. They have analyzed th
results assuming two flavor oscillations betweenne and an-
other flavor and gave an exclusion plot in the parame
space spanned by the mass squared differenceDm2 and the
mixing angle u. Their main result is that forDm2.3
31023 eV2, sin2(2u) must be less than 0.18. While this is
strong constraint, we remark that it has to be confirmed by
independent experiment. Nevertheless we may ask wha
the consequences if we accept the CHOOZ result.

We reinterpret the CHOOZ result in terms of oscillatio
between the three active neutrino flavors@2–5#. This is a
more realistic framework because it is established that th
are three light neutrino flavors whose interactions are p
scribed by the standard model. It is more natural to assu
that all three of the light neutrinos mix with one another.

The flavor eigenstates are related to the mass eigens
by

F ne

nm

nt

G5UF n1

n2

n3

G . ~1!

Here we can take, without loss of generality, th
m3.m2.m1 . The unitary matrixU can be parametrized a
@2#

U5U23~c!3Uphase3U13~f!3U12~v!, ~2!

whereUi j (u i j ) is the two flavor mixing matrix between th
ith and jth mass eigenstates with the mixing angleu i j . For
simplicity, we neglect theCP violation and setUphase5I .
Explicitly, U can be written as
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U5F cfcv cfsv sf

2ccsv2scsfcv cccv2scsfsv sccf

scsv2ccsfcv 2sccv2ccsfsv cccf

G ~3!

wheres andc stand for sine and cosine respectively.
The vacuum oscillation probability for a neutrino of flavo

a to oscillate into a neutrino of flavorb is given by

Pab5~Ua1Ub1!21~Ua2Ub2!21~Ua3Ub3!2

12Ua1Ua2Ub1Ub2 cosS 2.53
dd21

E D
12Ua1Ua3Ub1Ub3 cosS 2.53

dd31

E D
12Ua2Ua3Ub2Ub3 cosS 2.53

dd32

E D , ~4!

whered is the distance traveled in meters,E is in MeV, and
mass squared differencesd i j (5m i

22m j
2) are in eV2. We may

also note that the vacuum oscillation probabilities are
same as in Eq.~4! for the case of antineutrinos becauseCP
violation is neglected. If we assume the hierarchy among
neutrino mass eigenstatesd21!d31.d32, and thatd21 is
about 1025 eV2, which is required to fit solar neutrino dat
@6#, then the oscillatory term involvingd21 can be set to one
In this case the probability in Eq.~4! reduces to

Pab5~Ua1Ub11Ua2Ub2!21~Ua3Ub3!2

12~Ua1Ub11Ua2Ub2!Ua3Ub3 cosS 2.53
dd31

E D .

~5!
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The oscillation probability relevant for the CHOOZ expe
ment is the electron neutrino survival probabilityPee. Sub-
stitutinga5e5b in Eq. ~5! and using the unitarity ofU, we
get

Pee5~12Ue3
2 !21Ue3

4 12~12Ue3
2 !Ue3

2 cosS 2.53
dd31

E D .

~6!

From Eq. ~3!, we see thatUe35sinf. Hence the electron
neutrino survival probability is

Pee512sin2 2f sin2S 1.27
dd31

E D . ~7!

Notice the interesting point that this involves only the~13!
mixing anglef, and because of the hierarchy the~12! mixing
anglev disappears from the probability. So we reinterp
the CHOOZ result@1#, to be that ford31.331023 eV2,
sin2(2f) must be less than 0.18, i.e.f,12.5°.

We now estimate the maximum contribution of thee
2m channel to the atmospheric neutrino anomaly. Since
releventd31 is about 1022 eV2, matter effects are negligible
for the problem@3#. Hence the relevant probability is th
vacuumne↔nm oscillation probability,

Pm̄ē5Pme5sin2 2f sin2 c sin2S 1.27
dd31

E D . ~8!

Note that bothf and c have to be nonzero forPme to be
nonzero, and also the oscillation length corresponding tod21
does not contribute to the atmospheric neutrino problem@3#.
Now solutions to Kamiokande atmospheric neutrino d
@3,4# require a value of 30°<c<60° for small values off.
The average contribution of the oscillatory term is 0
Therefore the CHOOZ result implies that

Pme
max<0.1830.7530.550.07 ~9!

which is less than 7 percent. Hence the atmospheric neu
anomaly is driven almost completely bynm↔nt oscillations.
The ne↔nt conversion probability is given by

Pēt̄5Pet5sin2 2f cos2 c sin2S 1.27
dd31

E D . ~10!

The allowed range ofc for small values off once again
gives an upper limit of 0.07 for thee2t conversion prob-
ability, i.e. the electron neutrino flux is hardly converted
other flavors, which is what is experimentally observed.

Lastly we incorporate the CHOOZ constraints on our p
vious fits to solar and atmospheric neutrino data, and so
reproduce the plots from our earlier works, with the co
straints coming from the CHOOZ results shown on them
Fig. 1, the light contours enclose the parameter region inf
2c plane allowed by the binned multi-GeV data of Kami
kande with 1.6s error bars. The present CHOOZ constra
has been shown as a thick vertical line, with the region to
right of it being excluded. Figure 2 shows the allowed reg
in the f2d31 plane from the same analysis, with th
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CHOOZ constraint again being shown as a thick vertical l
@3#. Figures 3 and 4 show the previously allowed regions
the solar neutrino data inf2v and f2d21 planes respec-
tively along with the new constraint@5#.

In Ref. @3# the results of the Liquid Scintillation Neutrino
Detector ~LSND! Collaboration @7# were analyzed in the
same three flavor framework, along with the atmosphe
neutrino problem. It was found that there is a small region
overlap between the respective parameter spaces allowe

FIG. 1. Allowed parameter region inf2c plane by Kamio-
kande binned multi-GeV data with 1.6s error bars~light lines! and
the new constraint by CHOOZ~thick line!.

FIG. 2. Allowed parameter region inf2d31 plane by Kamio-
kande binned multi-GeV data with 1.6s error bars~light lines! and
the new constraint by CHOOZ~thick line!.
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each experiment. Hence one could account for the solar
trino problem, the atmospheric neutrino problem and
LSND results in a three flavor framework. This is no long
possible if one takes the CHOOZ result into account. If
CHOOZ constraintf<12.5° is imposed, then the lowe
limit on d31 from LSND goes up to about 0.1 eV2, which is
larger than the maximum allowed value from the atm
spheric neutrino analysis. Hence it is not possible to exp
the solar and the atmospheric neutrino problems and sa
the results of the CHOOZ and LSND experiments in a th
neutrino flavor framework.

Note the fact thatf being the angle which connects th
solar neutrino parameter space spanned byv, f, and d21
with the atmospheric neutrino space spanned byf, c, and
d31, the constraint onf also translates into a strong co
straint in the solar neutrino parameter space@8,5#. Now ob-

FIG. 3. Allowed parameter region inf2v plane by solar neu-
trino data with 1.6s error bars~crosses! and the new constraint by
CHOOZ ~thick line!.
Re

v

03130
u-
e
r
e

-
in
fy
e

serve what is probably the most important consequence
the CHOOZ result. The fact thatf, the link between the
solar and the atmospheric neutrino problems, is constra
to be small implies thatthe solar neutrino problem can b
essentially viewed as a two flavorne↔nm oscillation phe-
nomenon, and the atmospheric neutrino problem essent
as a two flavornm↔nt oscillation phenomenon even in
three flavor framework.

In conclusion the recent CHOOZ result limits thenm↔ne
contribution to the atmospheric neutrino anomaly as a fu
tion of the ~13! mixing anglef, establishes the fact that th
atmospheric neutrino anomaly is mainlynm↔nt , i.e.
vacuum oscillations, and excludes large parts of the par
eter space previously allowed as solutions to solar and at
spheric neutrino data.

We thank M. V. N. Murthy and Rahul Sinha for discu
sions.

FIG. 4. Allowed parameter region inf2d21 plane by solar
neutrino data with 1.6s error bars~crosses! and the new constrain
by CHOOZ ~thick line!.
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