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Status of three-neutrino oscillations after the SNO-salt data
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We perform a global analysis of neutrino oscillation data in the framework of three neutrinos, including the
recent improved measurement of the neutral current events at the Sudbury Neutrino Observatory. In addition to
all current solar neutrino data, we take into account the reactor neutrino data from KamLAND and CHOOZ,
the atmospheric neutrino data from Super-Kamiokande and MACRO, as well as the first spectral data from the
K2K long baseline accelerator experiment. The up-to-date best-fit values and allowed ranges of the three-flavor
oscillation parameters are determined from these data. Furthermore, we discuss in detail the status of the small
parametersy=AmZ,/Am2,. and sirf 6,3, which fix the possible strength @P-violating effects in neutrino

oscillations.
DOI: 10.1103/PhysRevD.68.113010 PACS nunt#er26.65+t, 13.15:+g, 14.60.Pq, 95.55.V]
. INTRODUCTION rent data accurately determine the flux of fineutrinos in

the three-neutrino framework, we no longer assuniori
Recently, the Sudbury Neutrino ObservatgBNO) ex-  the standard solar modéSSM) values of Ref[32] for the
periment[1] has released an improved measurement witteight solar neutrino fluxes. However, these predictions and
enhanced neutral current sensitivity due to neutron capturiheir correlated uncertainties are still taken into account in
on salt, which has been added to the heavy water in the SNGur fit, by means of an improved version of the pull-
detector. This adds precious information to the large amourdpproach analysis described in RES3]. In Sec. II, we in-
of data on neutrino oscillations published in the past fewvestigate the impact of the new data on the solar neutrino
years. Thanks to this growing body of data, a rather cleaparameters by performing a fit to solar data and the Kam-
picture of the neutrino sector is starting to emerge. In parLAND reactor experiment in a simple two-neutrino frame-
ticular, the results of the KamLAND reactor experimg®t  work. In Sec. Ill, we present the results of the general three-
have played an important role in confirming that the disap-neutrino fit to the global data from solar, atmospheric,
pearance of solar electron neutring8—13, the long- reactor, and accelerator neutrino experiments. After fixing
standing solar neutrino problem, is mainly due to oscillationsour notation in Sec. Il A, we investigate the impact of three-
and not to other types of neutrino conversiph4,15. More-  flavor effects on solar neutrino parameté8ec. 111 B) and
over, KamLAND has pinned down that the oscillation solu-we give the current best-fit points and allowed ranges for all
tion to the solar neutrino problem is the large mixing anglethree-flavor oscillation parameteSec. Il ©. Furthermore,
(LMA) Mikheyev-Smirnov-Wolfenstein(MSW) solution  in Sec. Il D we discuss in detail the constraints on the small
[16—19 characterized by the presence of matter effectparameters sf¥,;; and the raticAmZ/AmzZ,, which are the
[20,21). On the other hand, experiments with atmosphericcrucial parameters governing the possible strengtiCBf
neutrinos [22—-27 show strong evidence in favor of,  violating effects in neutrino oscillations. A summary of the
— v, oscillations, in agreement with the first data from theconstraints on three-neutrino oscillation parameters from all
K2K accelerator experimeti28]. Together with the nonob- current experiments is given in Sec. IV.
servation of oscillations in reactor experiments at a baseline
of about 1 km[29,30], and the strong rejection against tran- Il. TWO-NEUTRINO ANALYSIS OF SOLAR AND
sitions involving sterile statd81], this positive evidence can KAMLAND DATA
be very naturally accounted for within a three-neutrino
framework. The large and nearly maximal mixing angles in- In this section, we investigate the impact of the new SNO-
dicated by the solar and atmospheric neutrino data samplesalt data on the determination of the solar neutrino param-
respectively, come as a surprise for particle physics, as &ters sif 6, andAm2,,in a two-neutrino framework. Before
contrasts with the small angles characterizing the quark se@resenting the global analysis of all solar data, it is instruc-
tor. tive to determine the restrictions on solar neutrino oscillation
In this work, we report on the implications of the new parameters that follow from SNO data only. The regions de-

SNO-salt measurement on the determination of threelimited by the lines in Fig. 1 are obtained only from the new
neutrino oscillation parameters. Since the SNO neutral curSNO-salt data in the form of the neutral curretNC),

charged currenfCC), and elastic scatterin(gS) fluxes as

reported in Ref[1]. To include these data, we follow the

*Electronic address: maltoni@ific.uv.es prescription given in Ref.34], taking carefully into account
TElectronic address: schwetz@ph.tum.de correlations and systematic effects. The shaded regions of
*Electronic address: mariam@ific.uv.es Fig. 1 result from the total SNO data including the new salt
SElectronic address: valle@ific.uv.es measuremenfd ], as well as the 2002 spectral day/night data
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FIG. 3. Projections of the allowed regions from all solar neu-
FIG. 1. Allowed regions of sy, and AmZ, at 90%, 95%, trino and KamLAND data at 90%, 95%, 99%, a_md g.L. for 2
99%, and & C.L. for 2 d.o.f. from SNO-salt datfi] only (lines ~ d-0.f. onto the plane of ij_msol and Amg,, before (lines) and after _
and total SNO datél, 11,19 (shaded regions (shaded regionghe inclusion of the SNO-salt data. Also shown is

Ax? as a function of sifif,, andAm2,, minimized with respect to

[11,12. Following Ref.[34], the 2002 and 2003 data are e undisplayed parameter.

treated uncorrelated. For details of our SNO spectral analy-

sis, see Ref[31]. One sees that Fig. 1 is in good agreemenfow-mass solutions, such as the LOW solution, the small
with the result obtained in Refl]. This figure shows also Mixing angle nonadiabatic branch of the MSW plot, as well

that other experiments play an important role in ruling outféSLthe vacuum type solutions, still present here at the 99%

30 Py With this calibration at hand, we now turn to the full
Eo ! ] two-neutrino data analysis of the global set of solar neutrino
2E ] E data. In addition to the SNO data, we take into account the
20F | o 3 rates of the chlorine experiment at the Homestake i34
o, 155_ L o E — SNOsalt (2.56+0.16+0.16 SNU), the most up-to-date resylgs] of
T7E g 1 |----sNoDo the gallium experiments SAGE5,6] (69.1 753 *38 SNU)
0E < — 30 and GALLEX/GNO[7-9] (69.3+4.1+3.6), as well as the
5E \// - 1496-day Super-Kamiokande data sanjil@ in the form of
Ee\y I — § 44 bins eight energy bins, six of which are further divided
; g T — into seven zenith angle binsThe analysis methods used
SRR AR AR here are similar to the ones described in RE34], [36] and
C ] references therein, with the exception that in the current
— I i work we use the so-called pull approach for tyfecalcula-
3, tion. As described in Ref33], each systematic uncertainty is
L3 10°F E included by introducing a new parameter in the fit and add-
g E ] ing a penalty function to the?. However, the method de-
L 3 scribed in Ref[33] is extended in two respects. First, it is
r ] o generalized to the case of correlated statistical ef@f§ as
ot Lo b bndbndbn b, is necessary to treat the SNO-salt data. Second, in the calcu-
0 0 sing: 075 105 10 A1X52 20 2 %0 lation of the totaly?, we use the exact relation between the
SOL

theoretical predictions and the pulls associated to the solar
FIG. 2. Projections of the allowed regions from all solar neu-Neutrino fluxes, rather than keeping only the terms up to first

trino data at 90%, 95%, 99%, and-&.L. for 2 d.o.f. onto the plane  Order. This is particularly relevant for the case of the SsEar

of sir? 6., and AmZ,, before (lines) and after(shaded regionshe ~ flux, which is constrained by the new SNO data with an

inclusion of the SNO-salt data. Also shown/ry? as a function of ~ accuracy better than the prediction of the standard solar

Sir? 6, and AmZ,, minimized with respect to the undisplayed pa- model [32]. In our approach, it is possible to take into

rameter. account on the same footing both the SSM boron flux pre-
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FIG. 4. Sections of the three-
dimensional allowed regions in
: ] - ] ] the (sirf 6, AmZ) plane at

r sin0,,=0.00 [ sin®6,,=0.10 | [ sin’6,,=0.20 [ sin’6,, = 0.30 ] 90%, 95%, 99%’ and&C.L. for
.1 IS BT Y I B R [P G T ) P (PRI P (e | I [N PN 3 d.o.f. for various sifig;5 values
ARERmaEE RS from solar data(top) and solar

] +KamLAND data (bottom), be-
fore (lines) and after(shaded re-
gions the SNO-salt data. The lo-
cal minima in each plane after
(before SNO-salt data are marked
by filled (open dots.

sin0,, = 0.00 [ sin®6,,=0.10 | [ sin’6,,=0.20 [ sing,, = 0.30 |
Slov b b b P beaay Lo b bl buvy | IFETIRITE ETETE S AT B AP | INEITIT AT I
10 0 025 05 075 10 025 05 075 10 025 05 075 10 025 05 075 1
. 2 . 2 . 2 .2
sin"6,, sin'6,, sin"6,, sin"6,,
diction a.nd the SNO NC measurement, without preselecting sir? 05,=0.30, AmZ,=6.9x10°° eV?
one particular value. In this wathe fit itselfcan choose the
best compromise between the SNO NC data and the SSM (solart kamLAND datg. 2

value.

In Fig. 2, we compare the allowed regions for the oscil-We note that for the first time it is possible to obtain mean-
lation parameters before and after the new SNO-salt datdgful bounds on solar neutrino parameters at thelével,
One finds that especially the upper part of the LMA-MSW showing that neutrino physics enters the high-precision age.
region and large mixing angles are strongly constrained byrom the projections of theg? onto theAmZ; and sirf 6,
the new data. This follows mainly from the rather small mea-axes also shown in Fig. 3, we find the following allowed
sured value of the CO/NC ratio of 0.368®.026+0.024[1],  ranges at & (50) for 1 d.o.f.:
since this observable increases when moving to larger values _
of AmZ,, and/or siR 6, (see, e.g., Ref[19]). The best-fit 0.23 (0.17)=sir” A3,=<0.39 (0.47,
values for the parameters are

5.4 (2.1)X107°° eV’<AmZ,<9.4 (28)X10°° eV
Sir? fg,=0.29, &)

Am?,=6.0x10"° eV? (solar data
(1) Ill. GLOBAL THREE-NEUTRINO ANALYSIS

The new data show a much stronger rejection against maxi- A. Notations

mal solar mixing: from theA y? projected onto the sfrf, In this section, the three-neutrino oscillation parameters

axis shown in Fig. 2 we find that iy, = 0.5 is excluded at are determined from a global analysis of the most recent

more than &, ruling out all bimaximal models of neutrino neutrino oscillation data. For earlier three-neutrino analyses,

mass[38]. see Refs[18,36,4]. To fix the notation, we define the neu-
We now turn to the combination of solar data with datatrino mass-squared differencésn? =Am3,=m3—m? and

2
from the KamLAND reactor experimeriR]. To this aim, Am?, =Am3=m3—m?, and use the standard parametriza-
we use the event-by-event likelihood analysis for thetion [42,43 for the leptonic mixing matrix,

KamLAND data as described in R¢89], which gives stron-

ger constraints than g2-fit based on energy-binned data. In C12C12 S15C13 S13

Fig. 3, we show the results of the combined analysis. Com-

=| —s -s C25C10— S s
paring post- and pre-SNO-salt resulsee, e.g., Ref§16— U 12023~ 5281512 23012~ 5281512 2313 |
19)), one finds that the new data disfavor the higm? re- S238127 813C23C12 ~S23C127 S13512C23  Ca3Cis
gion, which appears only at the 99.5% C.IA ¥?>=10.7)1 (4)

The best-fit point of the global analysis occurs at .
P g y wherecj;=cos#; ands;;=sin#;. Furthermore, we use the

notationsé,,= 6, and 0,5= 0. Because of the hierarchy

2 2 ; ; 2 ;
!Recently, an improved determination of the day/night asymmetryAmS°'<Amatm' itis a good _apprOXImatlon 10 SAIMG, = 02|n
in the 1496-day Super-Kamiokande data has been reldagdd (€ analysis of atmospheric and K2K dét@nd to set\ g, .
which leads to a further disfavoring of the high-LMA region. Cur- t0 infinity for the analysis of solar and KamLAND data. This
rently not enough information is available to reproduce this result
outside the Super-Kamiokande Collaboration. Therefore, the day/
night data are treated as in our previous analy3&s 2See Ref[44] for a two-mass scale analysis of atmospheric data.
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20

R R R R TABLE I. Best-fit values, 2, 30, and 9 intervals(1 d.o.f) for

7 the three-flavor neutrino oscillation parameters from global data
including solar, atmospheric, react@kamLAND and CHOOJZ,
and acceleratofK2K) experiments.

15

Parameter Best fit @ 30 50

O

\
\
A

Am3, (10°°eV?) 6.9 6.0-8.4 54-95 2.1-28
- Ami (10 %eV?) 26 1.8-33 1.4-37 0.77-4.8

P Sir 6;, 0.30  0.25-0.36 0.23-0.39 0.17-0.48
o _ -~ SIr? 6,5 0.52  0.36-0.67 0.31-0.72 0.22-0.81
Sir? 0;5 0.006 =<0.035 =<0.054 <0.11

sz

10

new SNO-salt data disfavor large valuesiohZ,, the bound
0 ol NS RN RN RN improves. Also KamLAND data act in a similar way. Since
01 02 03 04 05 the minimum around\mZ,~7x10"° eV? is preferred, the
: 2e “jump” of the local minimum into the high-LMA-MSW re-
sin 13 gion, which is visible in the lower panels of Fig. 4 and which
. . ) leads to the kink in the\ Y2 shown in Fig. 5, occurs at larger
FIG. 5. Ax® profiles projected onto the sif; axis, for solar  yajues of sif 65. We have also verified explicitly that as-
and KamLAND data, beforédashed linesand after(solid lines  symptions regarding the statistical treatment of the solar bo-
the SNO-salt experiment. ron flux have a rather small effect on these results. Finally
we note that, as will be seen in Sec. Il D, the bound resulting
implies furthermore that the effect of a possible Di@E-  from CHOOZ and atmospheric data still dominates the over-
violating phase[43] in the lepton mixing matrix can be all constraint on sifié,5 in the global analysis.
neglected. We perform a general fit to the global data in the

IIII|IIII|IIII|IIII
\

(&)

five-dimensional parameter spa&®, Sas, Sis AM3;, Am3,, C. Global analysis of solar, atmospheric, reactor, and
and show projections onto various one- or two-dimensional accelerator data
subspaces. In addition to the solar and KamLAND data described so
far, we now include all the charged-current atmospheric neu-
B. Three-flavor solar neutrino oscillations Py pa—

In this subsection, we generalize the analysis of solar anc

KamLAND data presented in Sec. Il to three-neutrino fla- 15} -
vors. Under the assumption of infinitemZ,, only the new

parameterd,; appears for these datsee e.g., Ref.36)). In Va2 10:_ ]

Fig. 4, we show the results of a three-parameter fit < '

(Sir? fso), AmZ,, Sir? 6;9) to solar and KamLAND data. Al- a \ / 1 ‘--—- solar + atmos + CHOOZ
lowed regions are shown for various values of ## in the A ]2 + KK + KamLAND
(sir? 050|,Am§0|) plane with respect to the global minimum, E \\L / |

which occurs for sifify3=0.02 including SNO-salt data, and pA— , , , , ,

for sir? 6,3=0.01 without the new data. Note that here we i
calculate the allowed regions at a given confidence level for — [
3 d.o.f. From this figure one finds that the new SNO-salt data 5
contribute to the disappearance of allowed regions wher 7
sir? 6,5 increases. A comparison of the allowed regions be- = ‘ar
fore and after the SNO-salt data shows that their size is dras “¢"
tically reduced for all displayed values of $ify 5.
In Fig. 5, we show theA y? projected onto the sf¥,; i 10 e o

axis for various data samples. From this figure, one can ob- 0, 'b.lzé' : '0_'5' : 'b.|75' e q'5 — ? e
serve an improvement on the constraint orf §jg thanks to

.
the new SNO-salt data for values of %#;=0.08. The SID: 9z A1
shape OfAXZ Can. be understood from F,'g' 4: From the upper FIG. 6. Projections of the allowed regions at 90%, 95%, 99%,
panels of that figure, one sees that increasig can be  4nq 3, C.L. for 2 d.o.f. onto the plane of Si.,=sir 6,; and
compensated to some extent by increasing?,. Since the Am?,=Am3,. The regions delimited by the lines correspond to
atmospherig- solart CHOOZ data; for the shaded regions, K2K
and KamLAND data are added. Also shown is thg® as a func-
3The two Majorana phas¢43] do not show up in oscillations but tion of sir? 6., and Amgm minimized with respect to all undis-
do appear in lepton-number-violating procesists. played parameters.

A

2_
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FIG. 7. Ax? profiles projected onto the <5 axis, for solar
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fore (dashed linesand after(solid lineg the SNO-salt experiment. 95%, 99%, and @ from CHOOZ data alonglines) and CHOOZ
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trino data, such as the most recent ones of the Super-

Kamiokande[25,26 and MACRO [27] experiments. The cover enough information from Reff47] to incorporate the
Super-Kamiokande data include tledike and u-like data  corresponding changes in our codes. We note, however, that
samp|es of sub- and multi-GeV contained evei bins in the quoted value foAmgtm is statistically compatible with
zenith anglg as well as the stoppingive angular binsand ~ our result. ForAm2,,=2x 102 eV? and maximal mixing,
through-going(10 angular binsupgoing muon data events. we obtain aA y?=1.3.

As previously, we do not use the information on appear-

ance, multiringu, and neutral-current events since an effi- D. Status of 8,5 and the mass hierarchy parameter

cient Monte Carlo simulation of these data would require a=AmZ [AmZ

more detailed knowledge of the Super-Kamiokande experi- In this subsection, we discuss in detail the current infor-
ment, and in particular of the way the neutral-current signal . ' :

is extracted from the data. From MACRO we use thematlon on the small parameters relevant for subleading os-

o oo . cillation effects. First we consider the mixing angtes,
t;l(;?légef:a%glr;gf ?ﬁrognsae};ﬁ)sle gle\gdgitgﬁo[gg]ggﬁ; t{?f_gr which at the moment is the last unknown angle in the three-
' : {éeutrino mixing matrix. Only an upper bound exists, which

n therein. Furthermore, we incl the first tral . .
ehces there urthermore, we include the first spectra daused to be dominated by the CHOOZ reactor experiment

from the K2K long-baseline accelerator experimg2g]. We ) . . .
: - - : 9]. Currently a large effort is being made to determine this
use the 29 single-ring muon events, grouped into six energgngle in future experimentsee, e.g., Ref§38,48.49).

bins, and we perform a spectral analysis similar to the on ) > . :
described in Refl46]. Finally, we take into account in our fit . In Fig. 7, we show they” as a function of sifif for
different data sample choices. One can see how the bound on

the constraints from the CHOOZ reactor experimgzg)]. X " . ) X
The best-fit values and the allowed intervals of the param-s_In2 013_ as implied by the_ CHOO.Z experiment in cqmblna-
tion with the atmospheric neutrino data still provides the

eterssi, Sa, Si;, Am3, Am3, from the global data are : i~ : : :
given in Table I. This table summarizes the current status o ain resriction on 3%013: We find the following bounds at
0% C.L.(30) for 1 d.o.f.:

the three-flavor neutrino oscillation parameters.
For completeness, we show in Fig. 6 the projection of the 0.070 (0.12 (solar KamLAND)

allowed regions from the global fit onto the plane of the .

atmospheric neutrino parameters. We find that the first 29 SI* 613= 0.028 (0.066 (CHOOZ+atmospheri,

events from K2K included here start already to constrain the 0.029 (0.059 (global data

upper region ofAm2,. We note that recently the Super- (5

Kamiokande Collaboration has presented a preliminary re-

analysis of their atmospheric ddt47]. The update includes However, we note that the solar data contribute in an im-

changes in the detector simulation, data analysis, and inpyortant way to the constraint on $iéy for lower values of

atmospheric neutrino fluxes. These changes lead to a sligmtmgtm. In particular, the downward shift oimgtm reported

downward shift of the mass splitting to the best-fit value ofin Ref. [47] implies a significant loosening of the CHOOZ

Amgtm=2>< 1072 eV.[2] Currently it is not possible to re- bound on siA#;3, since this bound gets quickly weak when

113010-5
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25 ¢ ] For the exploration of genuine three-flavor effects such as
- - CP violation, the mass hierarchy parameter
C ] =AmZ,/AmZ,, is of crucial importance since, in a three-
20 — . . . . . .
C i neutrino schemeCP violation disappears in the limit where
B ] two neutrinos become degenerdfd]. Therefore, we show
150 ] in Fig. 9 theA y? from the global data as a function of this
I C ] parameter. Also shown in this figure is the? as a function
Ef - . of the parameter combinatioa sin 26,,, since to leading
10 - order in the long baseling,— v, oscillation probability, so-
B ] lar parameters appear in this particular combinaft&t]. We
C ] obtain the following best-fit values andr3ntervals:
5 — —
r ] a=0.026, 0.018& «=<0.053,
0 C 111 I 1 1 L1 1 1.1 I ] i i
102 107 a sin20,,=0.024, 0.016& «a sin 26,,<0.049.
()
FIG. 9. Ax? from global oscillation data as a function of
_ 2 2 :
=Amg,/Amg,, and a sin 26;,. IV CONCLUSIONS
Amgtmdecreaseesee, e.g., Ref50]). Such loosening in sen- We have performed a global analysis of neutrino oscilla-

sitivity is prevented to some extent by solar neutrino data. Irfion data in the three-neutrino scheme, including the recent
Fig. 8, we show the allowed regions in the @b, Am?,) improved measurement of the neutral current events at SNO.
plane from an analysis including solar and reactor neutrindVe include in our fit all current solar neutrino data, reactor

data(CHOOZ and KamLAND. One finds that, although for Neutrino data from KamLAND and CHOOZ, the atmo-
IargerAmgtm values the bound on €5 is dominated by spheric neutrino data from Super-Kamiokande and MACRO,

. _ as well as the first data from the K2K long-baseline accel-
the CHOOZ+ atmospheric data, for lommZ,,=10"2 eV? 9

the solar- KamLAND bound is comparable to that coming erator experiment. We have discussed the |mpI|cat|0ns. of 'ghe
. improved neutral current measurement on the determination
from CHOOZ+ atmospheric.

- 2 3 . of the solar neutrino oscillation parameters. The SNO-salt
9Of!:/oorceLX?ger;I?c;rfli(lggﬁpqiﬁme_bzoiig eV, we obtain at results reject the previously allowed high-mass branch of
" T AmZ, at about &. Moreover, it rules out maximal solar mix-
) ) 30 ing at more than &, precluding the possibility of bimaximal
Sir? 6,5<0.035 (0.066  (AmZ,=2x10"°eV?), (6)  models of neutrino mixing.
Furthermore, we have determined the current best-fit val-
which is slightly worse than the bound from global dataues and allowed ranges for the three-flavor oscillation param-

5 4 3

shown in Eq.(5). eters from the global oscillation data. Our three-neutrino re-
20_ SEE 2R ey I e O TTTTTTTTTIETTT] LT T i
sk 1k 1t :
o L 1F 1 ]
g 10F 1F 1F =
r \ I \ 1€ \ \/ / 1 E / ] FIG. 10. Projections of the al-
S5c 1 F 4 F 207] lowed regions from the global os-
J/ cillation data at 90%, 95%, 99%,
0 Al ' ' e . and 3 C.L. for 2 d.o.f. for vari-

10° 10° 10 T T T ER T T ous parameter combinations. Also
{Am;, Am;} [eV?] : 1§ - 3 shown isA x? as a function of the
_ L @ . : . oscillation parameters i,
S 10°F ER 3 Sit? O3, SI? 613, Am3;, Am3,
% minimized with respect to all un-
(\.Eg L 1t E displayed parameters.
SRCH S - Ef = E
& 1t 1
g L 4 k p
U] NUS NN B B Lol il

0 025 05 075 1407 102 10" 10°

i 12 i . P
{sin"6,,, sin"6,.} sin"o, ,
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sults are summarized in Table | and in Fig. 10, showing thesalues, the solar data probe %i; at a level comparable to
allowed regions anc? projections for the five oscillation that of the current reactor experiments.

parameters sy, Sir? Oy, SIrF 615, Am2,, Am2,, In ad-
dition, we have discussed in detail the limits on the small
mixing angle siA 6,3, as well as the hierarchy parameter
=AmZ/AmZ%,. These small parameters are relevant for
genuine three-flavor effects, and restrict the magnitude of This work was supported by Spanish Grant No.
leptonic CP violation that one may potentially probe at fu- BFM2002-00345, by the European Commission RTN net-
ture experiments such as superbeams or neutrino factories. Wwork HPRN-CT-2000-00148, and by the European Science
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