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Three generation neutrino oscillation parameters after SNO
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We examine the solar neutrino problem in the context of the realistic three neutrino mixing scenario includ-
ing the SNO charged curref€C) rate. The two independent mass squared dif‘fererztﬂtia'%l and Am§l
%Amgz are taken to be in the solar and atmospheric ranges, respectively. We incorporate the constraints on
Am%1 as obtained by the SuperKamiokande atmospheric neutrino data and determine the allowed values of
Am3,, 61,andé,;from a combined analysis of solar and CHOOZ data. Our aim is to probe the changes in the
values of the mass and mixing parameters with the inclusion of the SNO data as well as the changes in the
two-generation parameter region obtained from the solar neutrino analysis with the inclusion of the third
generation. We find that the inclusion of the SNO CC rate in the combined+s8ldOO0Z analysis puts a
more restrictive bound ol3. Since the allowed values df;; are constrained to very small values by the
CHOOZ experiment there is no qualitative change over the two generation allowed regionsAmnﬁﬂe
—tarf#,, plane. The best fit comes in the LMA region and no allowed area is obtained in the SMA region at
the 30 level from combined solar and CHOOZ analysis.
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. INTRODUCTION spheric neutrino data requireAm?,,~10° eV? [16].
Since the allowed ranges afm2 andAm?Z,,, are completely
The recent results on charged current measurement frOfﬂibnoverIapping, to explain the solar and atmospheric neu-
Sudbury Neutrino ObservatorSNO) [1] have confirmed trino data simultaneously by neutrino oscillation one requires
the solar neutrino shortfall as observed in the earlier experiat least two independent mass-squared differences and con-
ments[2-5]. A comparison of the SuperKamiokande andsequently three active neutrino flavors which fits very nicely
SNO results establishes the presence of a nonelectron flavaith the fact that to date we have observed three neutrino
component in the solar neutrino flux received at Edeth  flavors in nature. Thus to get the complete picture of neutrino
more than & level) in a model independent manrdr6—-§. masses and mixing a three generation analysis is called for.
Neutrino oscillation provides the most popular explanationApart from the solar and atmospheric neutrinos positive evi-
of this anomaly. A two generation analysis of the solar neudence for neutrino oscillation is also published by the Liquid
trino data including the SNO results has been performed bycintillator Neutrino DetectofLSND) experimen{17] and
various groupg7,9—15. All these analyses agree that the although there had _been sgveral attempts to explfain aII_the
best description of the data on the total rates and the dayfrée sources of evidence in a three generation picture it is
night spectrum data of the SuperKamiokari8&) Collabo- ~ NOW widely belleved that to aqqommoda_te the LSND results
ration is provided by the large mixing anglédMA) one has to introduce an additional sterile neutiit8,19.

; ; ; ; For the purpose of this analysis we ignore the LSND results.
Mikheyev-Smirnov-Wolfenstein (MSW)  solution (Am2 : .
. . W te th t Its f the CHOOZ t
~1075 eV?), though the lowAm? solution[(LOW) quasi © Incorporate the negafive resutts from the reactor

I 2 a9 1T a2 experiment on the measurementigfoscillation by the dis-
:/r? cuum OSC|IIat|or(Q"\/?)] (Avrg@ 1O| i 10 eVZ)Na;ng appearance techniqud20]. CHOOZ is sensitive to
T . . mospheric neutrino measurements and together they can put
(SMA) MSW solution is largely disfavored with no allowed b g y P

. - important constraints on the three neutrino mixing param-
contour in the mass-mixing plane at the 3evel! On the P up

! X ._eters. We consider the three flavor picture with
other hand, for the explanation of the atmospheric neutrino

anomaly the two generation oscillation analysis of the atmo-

Am3=Am?2,
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1The only exception is the analysis {ﬂ] which gets a small Three flavor oscillation analysis of solar, atmospheric and
allowed region for the SMA solution due to a slight difference in CHOOZ data assuming this mass spectrum was performed in
the treatment of the data. the pre-SNO era by different groufid1-23. We investigate
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the impact of the charged current measurement at SNO on The plan of the paper is as follows. In Sec. Il we present

neutrino mass and mixing in a three flavor scenario andhe relevant probabilities. In Sec. Ill we discuss the
present the most up to date status of the allowed values gf?>-analysis method and the results. We end in Sec. IV with
three flavor oscillation parameters. some discussion and conclusions.

II. CALCULATION OF PROBABILITIES
The three-generation mixing matrix that we use is
U=Ry3R13R12
C13C12 S12C13 S13

=| —S120237S23513C12  C23C127~ 523513512 SaxCi3z |, (1)
$235127813C23C12  —S23C127 S13512C23  C23Ca3

where we neglect th€P violation phases. This is justified with constant densities of 4.5 and 11.5 g/chrespectively,
as one can show that the survival probabilitRes, of the  the expression foA{, can be written agassuming the flavor

electron neutrinos do not depend on these phases. The aboy@tes to be continuous across the boundgaf2s
choice has the advantage that the matrix eleménts U,

and U3 relevant for the solar neutrino problem become in-

dependent ofl,; while the elementt) 3, U5 andU 5 rel- AL= >, Ug’:e*“ﬂrﬂumugie*“ﬂ?ugiU%"je*“ff;M
evant for the atmospheric neutrino problem are independent L,

of #,,. The mixing angle common to both solar and atmo- a.p.o

spheric neutrino sectors &3 which, as we will see, is con- X Ul“,"jU[,k, (6)

strained severely by the CHOOZ data.

where (,j,l) denotes mass eigenstates and, o) denotes
A. Solar neutrinos flavor eigenstate$)™ andUC are the mixing matrices in the
The general expression for the survival amplitude for anmantle and the core respectively agd' and ¢ are the
electron neutrino arriving on the Earth from the Sun, in thecorresponding phases picked up by the neutrinos as they
presence of three neutrino flavors, is given[By] travel in the mantle and the core of the Earth:

Aee: A(eDlAl:I/jCA:?e+ ASZAZSCA§e+ ASSAggCAg’}e ' (2) Pee: |Aee| 2

whereASk gives the probability amplitude of.— v transi-

tion at the solar surfacé\;;° gives the transition amplitude O p® |2 0,0 o8
=3 ac|Arc+ 2, 2a RdA

from the solar surface to the Earth surface, &g denotes el A ng e@elRE AR

the vy— v, transition amplitudes inside the Earth. One can

write the transition amplitudes in the Sun as an amplitude

part times a phase part

x @i~ EQ(L—Ro)gi(4” = 617, 7)

O_ 0 ig® This is the most general expression for the probabj§].
Ack=ag 8 k. (3 Since for our casé 3;~Aj,is ~10°3 eV? the phase terms
e'(BEs~E)(L=Re) gnd (Bs~E2(L-Re) gyerage out to zero.

©2
3 can be expressed as Therefore the probability simplifies to

02_ 1192
2=, 2, KaUie” @ Pee=agP|ALLI2 +aGf | Asel2 + a7 ALl
O ,0 D AD*
where X,; denotes the nonadiabatic jump probability be- 28618RE AreAze
tween thejth andkth state andJ]-Cfa denotes the mixing ma- ><ei(Ez*El)(L*R@)eiW?*¢>(f)]_ )
trix element between the flavor statgand the mass statg
in the Sun.AY2¢ is given b
ki 159 y The mixing matrix elements in matter are different from
A= EBLRe) (5)  thoseinvacuum and it is in general a difficult task to find the
matter mixing angles and eigenvalues for x 3 matrix.
where E, is the energy of the state,, L is the distance However in our case sinaem3,;>Am3,~ the matter poten-
between the center of the Sun and Earth Badis the solar tial in the Sun, thev; state experiences almost no matter
radius. For a two slab model of the Earth, a mantle and coreffect and MSW resonance can occur betwegnand v,
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states. Under this approximation the three generation sur- TABLE I. The ratio of the observed solar neutrino rates to the
vival probability for the electron neutrino can be expressedorresponding BBPOO SSM predictions.

as

_ ~4 p2gen, 4
Pee_clspee +Sl3'

9

where P29°" is of the two generation form in the mixing
anglef,:

(2P32Y—1)(sirP 0, |ASe|2)
[o{0]S) 2012

P23°en=pPJaY+ . (10

where

PY3Y=0.5+[0.5— @(E—Ea)X;,]c0s 265, cos 2,

(12)
with
tan 205,= ?mglsin 20 , (12)
Amj3, cos 20,,— Acis
whereA denotes the matter potential,
A=2\2GgnCE. (13

Heren? is the electron density in the Sul, the neutrino
energy, and\m3,(=m3—m?) the mass squared difference in
vacuum. The jump probabilitX;, continues to be given by

the two-generation expression and for this we use the an

lytic expression given ih27]. E, in the Heaviside function

gives the minimunv, energy that can encounter a reso-

nance inside the Sun and is given by

Ea=Am3,c08 20;2\2Geng| (14

ne|pr being the electron density at the point of production. In

the limit 6,5 = 0 one recovers the two generation limit.

B. The probability for CHOOZ

The survival probability relevant for the CHOOZ experi-
ment for the three generation case is

_ L AmL] C_Am3L
Pee=1— Ci3 Sir? ZﬁlzslnzT —sir? 20135|n2?
AmZL (AmZ,— Am>3,)L
. 2| 31— . 31 21
+sir? 260,557, Sir? iE sir? iE :

(19

Experiment observed Composition

BB P00
Cl 0.335+0.029 B(75%) Be(15%)
Ga 0.584-0.039  pp(55%) Be(25%) B(10%)
SK 0.459-0.017 B(100%)
SNO(CO) 0.347£0.027 B(100%)

ll. THE x? ANALYSIS
The definition ofy2 used in our fits is

xo= 2, (RP-RPIL(af

+ >

ij=13

X (XpS'— ),

2] —1( R}h— R?X%

OGS =S
(16)

whereRf (£=th or exp denote the total rate whilg’ denote
the SK spectrum in théth bin. Both the experimental and
theoretical values of the fitted quantities are normalized rela-
tive to the Bahcall-Basu-Pinsonneault 20@BP00 [29]
predictions. The experimental values for the total rates are
the ones shown in Table I, while the SK day-night spectra are
taken from[2]. The error matrix ¢'3*S? contains the ex-
erimental errors, the theoretical errénghich includes error
n the capture cross sections and the astrophysical uncertain-
ties in BBPOO predictionsalong with their correlations. It is
evaluated using the procedure [@0]. The error matrix for
the spectrum ¢*P™? contains the correlated and uncorre-
lated errors as discussed[Bil]. The details of the solar code
used is described ifl0,32,12,14 We vary the normaliza-
tion of the SK spectrunX,, as a free parameter to avoid
double counting with the SK data on the total rate. Thus
there are (38 1) independent data points from the SK day-
night spectrum along with the 4 total rates giving a total of
41 data points. For the analysis of only the solar data in the
three-generation scheme, we have {4&) degrees of free-
dom (DOF). The best-fit values of parameters and §fg,,
are

Am3,=4.7x10"° eV?, tarf 6;,=0.375,

tar? 0;3=0.0, x2,,=33.42.
Hence the best-fit comes in the two-generation limit pre-

sented in10,12,14.
We next incorporate the results from the CHOOZ reactor

Since the average energy of the neutrinos in the CHOOZxperimen{20]. The definition OfXéHOOZ is given by[33]

experiment is~1 MeV and the distance traveled by the

neutrinos is of the order of 1 km the 4An3,L/4E) term is
important only forAm3,=3Xx10"* eV, The last term in

2

: (17)

Xi—Yi
AX]‘

2 _
XcHooZ™ . (
j=115

the above expression is an interference term between both
mass scalef28] and is absent if one uses the approximationwherex; are the experimental valueg, are the correspond-

A51=A5, and is often ignored.

ing theoretical predictions\x; are the br errors in the ex-
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perimental quantities and the sum is over 15 energy bins difion is allowed at 89.33%. The improvement in the goodness
data of the CHOOZ experimef0]. The globaly? for solar  of fit (GOP) in comparison to the two flavor analysis pre-
+CHOOZ analysis is defined as sented in[10,12,14 is due to the inclusion of the CHOOZ
5 by data which gives &2/DOF of about 6/15.
Xglobal= X6t XCHooz: (18

The total number of data points for combined solar and |V. ALLOWED AREAS IN THE THREE GENERATION
CHOOZ analysis is therefore 4115=56. The solar PARAMETER SPACE
+CHOOZ analysis depends am3,, Am3,, 61, and 63.

: : A. Constraints on the Am3,—tan? 6,5 plane
For unconstrainedm3,, the 2., and the best-fit values are 3 1P

For the chosen mass spectrum and mixing matrix the rel-

Am3,=4.7x10"°% eV?, tarf 6;,=0.374, evant survival probabilities for atmospheric neutrinos depend
on the parameters,s, 6;3 and Am3,(=Am3,) [22] while
Am3,=1.35x107% eV?, tarf 6,3=1.74x10 3, the CHOOZ survival probabilityP .o depends mainly o, 5
, and AmZ, and very mildly oné,, and Am3,. In Fig. 1 we
Xmin=39.75. plot the allowed domains in the tafy;—Ams2, parameter

space from the analysis of only the CHOOZ data keeping all
'Sther parameters free. We give this plot both with and with-
out taking into account the interference term. The effect of

However the atmospheric neutrino data imposes strong co
straints on the allowed range aim3,. The combined analy-
sis of the 1289 day atmospheric data and the CHOOZ datfhe interference term is to lift the allowed rangesﬁﬂﬁgl.

: 2 PR
resotrlcts allowedAmg, in the r_angtze[i.5,6]><10_3 eV=al  The shaded area marked by arrows in this figure is the al-
99% C.L.[21]. Thus the best fiAms;=1.35<10 ° thatwe |56 range from a combined analysis of 1289 day atmo-
obtain from the solar CHOOZ analysis falls outside the al- spheric data and CHOOZ data taken frf2d]. At 99% C.L.
lowed range. If we restrict the range &3, from the com-  the atmospherie CHOOZ analysis allows t&;5< 0.08 and
bined analysis of the atmosphei€HOOZ analysis[21] 15x10°3 e\? <Am2,<6.0x10°% e\2. It also becomes
2 - .
then thexp, and the best-fit parameters obtained from theapparent from this figure that for taf;;<0.03, all values of
combined solat CHOOZ analysis are Am3, in the rangg 1.5,6.0x 10"% eV? are allowed at 99%
2 _47%10°5 eV2 —0. C.L. whereas for 0.03tan20_1350.075, certf':un values of
Ampy=4.7x107° eV%, - tarf 6,,=0.374, Am?Z; get excluded. A closer inspection of Fig. 1 shows that

Am%]_: 151073 eV?, tarf 0y5=1.46x1073, around tah 01_3~0.03 a window in Am§1 is. disallowzed
whereas for higher values of tas,; certain regions oAm?,
X2,n=39.75. towards higher values of the intervgl.5,6.0x 10 3 eV?

get disallowed. The width of the disallowed rangeAms3,
Thus the best fit for the solartCHOOZ analysis comes depends on t&m,5. Clearly the Am3, is restricted more
almost at the two generation limit, with the best£im3, at  from the atmospheric data while the more stringent bound on
the lower limit of the allowed range. For 52 DOF this solu- tarf 6,3 comes from the CHOOZ results. It is also evident
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2
tan 913

that the region inAm%1 which is disallowed in the only 99% C.L.) comes from the combined solar and CHOOZ
CHOOZ contour once the interference effects are taken intanalysis. The pre-SNO bound on fag, that we get from the
account is also being disallowed by the combined atmoeombined solat CHOOZ analysis is t&,3,<0.075. Thus
spheric and CHOOZ analysis. In FiggaR 2(b), and Zc) we ~ SNO is seen to tighten the constraint on thg mixing angle
plot thex2,, x21007: @andx3 + x2h00z FeSpectively against  such that the most stringent upper limit @ is obtained
tarf6,3, keeping 65, Am%l and Am%l (in the range from the solar plus CHOOZ analysis.

[1.5,6.0x10°2 eV?) free. It is clear from the three figures

that the most stringent bound on fahy(<0.065 at B. Probing the Am3,—tan? 0, parameter space

We now attempt to explore the 1-2 parameter space from
L R R AR AR RERRR AR AR a combined solar CHOOZ analysis, in the light of new re-
sults from SNO. The parametets, and Amg1 are mainly
constrained from the solar data. We present in Fig. 3 the
allowed areas in the 1-2 plane at 90%, 95%, 99% and
99.73% confidence levels for different sets of the combina-
tion of Am§l and také,3, lying within their respective al-
lowed range from atmosphericCHOOZ and solar
+CHOOZ analysis. The CHOOZ data limits the upper al-
lowed range ofAm7, in the LMA region to 3x 10~ 4 eV2. In
the three flavor scenario also there is no room for SMA
MSW solution at the 3 level (99.73% C.L.> We see from
Fig. 3 that the allowed regions reduce in size as we increase
tarf g, for a fixed Am3,. At the upper limit of the allowed
range ofA mgl the LOW solution gets completely disallowed

65

60

ool iy

99.73% C

8
S
(2]
Tl

S ERAT j

50

T

90%C.

45

%5’

2We find that for values of t&ng;5>0.25, one gets allowed areas

(=)
ol
(=
[=)}

40 B '0'(;0'2' L '0'60'3' L 0(')04 L -0-(;0-5- Ll in the SMA region at 3 level even after including the SNO data.
' ’ ’ ’ Beyond this value of t&hd, the allowed area in the SMA region
Amz31 (in eVz) increases and finally for larger values of4ah, the SMA and LMA
regions merge with each other. However, these large values of
FIG. 3. The plot ofy? vs Am3, from solar- CHOOZ data. tarf 0,5 lie outside the range allowed by CHOOZ.
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FIG. 4. The allowed areas in (t%ualz—Amgl) plane from solar CHOOZ analysis.

beyond taf 6,5~0.02 while the LMA solution gets disal- ted these figures taking the interference term in the CHOOZ

the LMA solution is found to disappear at 99% C.L. beyondchecked that the mtgrfernce term in the CHOOZ.probablllty
tar? 6,5~ 0.065, which is the upper bound of & at 99% does not have any impact on the allowed area inAheg,

C.L., obtained from solar CHOOZ analysis. On the other —tarf 6,, plane. There are two reasons for this. The interfer-

hand, for any given td®,s the least allowed area in €NC€ term comes multiplied witks,; which is confined to
tarf0,,— Am2, parameter space occurs akmZ,~4.0 very small values. Also the contours that we have plotted are
21 31 '

2 —3 2 -
X103 eV?, whereas above and below this value larger refor values ofAmg,>1.5x10"* eV” as allowed by the com

gions of parameter space are allowed. To illustrate this irﬁ'.ned gtmo_sphe_nc and.CHOOZ analysis. As is seen from
Fig. 4 we plot thexé+X%Hooz vs Amgl for fixed tarkys ig. 1 in this region the interference term does not have any

allowing the other parameters to vary freely. The highes? ignificant effect.
value of y? is seen to come foAm3,=0.004 e\? explain-

ing the least allowed area at this value. The figure also illus-
trates the occurrence of a disallowed window Am3,

around taRd,5~0.03, as discussed earlier. Since the solar We have performed a three-generation analysis of the so-
probabilities are independent dfm3, it is clear that the lar neutrino and CHOOZ data including the recent SNO CC
CHOOZ data are responsible for this feature. We have plotresults. The mass spectrum considered is one where

V. SUMMARY, CONCLUSIONS AND DISCUSSIONS

073031-6



THREE GENERATION NEUTRINO OSCILLATION . ..

Am3,=Am3 and Ami~Am3,=Am3,. =Achooz. The
other parameters are the three mixing angles, 64, and
0,5. For the combined solar and CHOOZ analysis the prob
abilities are independent of,;. The solar neutrino prob-
abilities depend ommgl, 6., and 6,3. The CHOOZ prob-
ability depends mainly oAm3; and 6,5 whereas forAm3,
=3x10* eV? it depends also oAm3, and 6,,. The most
stringent constraint on the parametems, comes from the

PHYSICAL REVIEW D55 073031

2 3
i Vg e
) \/321
UZ_Z_ZEE (19
\F 2 1
2 11 \2

atmospheric neutrino data. For this we use the updated vaFhus the best-fit mixing matrix is one where the neutrino

ues from [22,21. The combined atmosphercCHOOZ
analysis gives tanf;3=<0.075[21,22. We keepAms3, in the
range allowed by the atmospheric neutrino data and dete
mine the allowed values df;3 from a combined analysis of

pair with larger mass splitting is maximally mixed whereas
the pair with splitting in the solar neutrino range has large
Put not maximal mixing. It is a challenging task from the
point of view of model building to construct such scenafios.
From the perspective of model building an attractive pos-

solar and CHOOZ data. The inclusion of the SNO result%|b|||ty is one where both pairs are max|ma||y m|Xé35]

puts a more restrictive bound ah;—tarf 6,3<0.065. The
best fit comes in the LMA region of the?.xmgl—tan2 015
plane with taRf;3=0.0, i.e., at the two generation limit. We
present the allowed region in thbmgl— tarf 6, parameter
space for various values of tah; and Am§1 belonging to

Our two generation analysis of the solar data showed that for
the LMA MSW region maximal mixing is not allowed at
99.73% C.L. though it is allowed for the LOWIL0,12
solution? However, Fig. 4 of this paper shows that three
generation analysis allows tah,=1.0 with Am3, in the
LMA region at 99.73% C.L. forAm3, in its lower allowed

their respective allowed ranges and determine the changes liHnge~1.5>< 103 eV2 and for tak6;5~0.02. AsAm§1 in-
the two-generation allowed region due to the presence of thgreases, ,= 7/4 in the LMA region no longer remains al-

mixing with the third generation. Since very low values of

lowed even at 99.73% level though it remains allowed in the

0,5 are allowed from combined solar and CHOOZ analysisLOW-QVO region. Further narrowing down of th;ﬁmf2
there is not much change in the two generation allowed re= tarf 6, parameter space is expected to come from experi-

gions. No allowed area is obtained in the SMA region at 3
if one restricts tahd,5 to be <0.065, as allowed by com-
bined solar and CHOOZ analysis.

The combination of solar, atmospheric and CHOOZ dat
allows one to fix the elements of the neutrino mixing matrix.
TheU; element is narrowed down to a small rang8.255
from the solat CHOOZ analysis including SNO. The,;
mixing angle is~ /4 from atmospheric datg22,21]. This
determines the mixing matrix elemerits,; and U 5. The
0., mixing angle is limited by the solar data and the tilt is
towards large tahd;,. The mixing matrix at the best-fit
value of solat- CHOOZ analysis is

ments like KamLand and Borexino which will be able to
distinguish between the LMA and LOW regions.

Note addedAfter submission of our manuscript a paper
36] appeared which finds constraints [ah;|? from a simi-
ar three generation analysis of the CHOOZ data.
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