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We study the status of th€ P T violating neutrino mass spectrum which has been proposed to simulta-
neously accommodate the oscillation data from LSND, KamLAND, atmospheric and solar neutrino experi-
ments, as well as the nonobservation of the antineutrino disappearance in short-baseline reactor experiments.
We perform a three-generation analysis of the global data with the aim of elucidating the viability of this
solution. We find no compatibility between the results of the oscillation analysis of the Liquid Scintillator
Neutrino Detector(LSND) and all-but-LSND data sets belowr3confidence level. Furthermore, the global
data without LSND show no evidence fGiP T violation: the best fit point of the all-but-LSND analysis occurs
very close to &CPT conserving scenario.
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I. INTRODUCTION straints from laboratory experiments, mainly due to the non-

observation of reactop, at short distancefl9,20, and a
The jOint explanation of the oscillation Signals Observedreasonab|e description of the data could be achieved
in the Liquid Scintillator Neutrino Detectod.SND) [1], in  [18,21,23. In general, stronger constraints on the possibility
solar [2—7] and atmospheri¢8—11] neutrino experiments, of CPT violation arise, once a specific source®PT vio-
and in the KamLAND reactor experimefit2] provides a big  |ation which involves other sectors of the theory is invoked

challenge to neutrino phenomenology. In R¢18,14itwas 23], For a summary of recent theoretical work and experi-

the solar and atmospheric neutrino anomalies without enlargperein.

ing the neutrino sector ICPT was violated. Once such @ on pure phenomenological grounds, the first test of this
drastic modification of standard physics is accepted, oscillagcenario came from the KamLAN[L2] experiment since
. . . 2 . . . . A
tions with four independenAm® are possible, two in the the syggested CPT-violating neutrino spectrum allowed the
neutrino and two in the anti-neutrino sector. The basic realyeconciliation of the solar atmospheric and LSND anoma-
ization behind these proposals is that the oscillation interpreqes put, once the constraints from reactor experiments were
tation of the solar results involves oscillations of electronimposed no effect in the KamLAND experiment was pre-

. . 2 _ . : . ! . . . .
neutrinos withAmg <10 4_9V2_ [15], \_/vh|lez the LS'E'P Sig-  dicted. The observation of a deficit in the KamLAND experi-
nal for short-baseline oscillations withm{g,p,=10" " eV ment at 3.5 C.L. clearly disfavored these scenarios. Fur-

stems dominantly from anti-neutrinos’ (—v,). If CPT  thermore, KamLAND results demonstrate that oscillate
was violated and neutrino and anti-neutrino mass spectra arwith parameters consistent with the large mixing angle
mixing angles were differenf13,14,16-18 both results (LMA) v, oscillation solution of the solar anomaly. This fact
could be made compatible in addition to the interpretation oby itself can be used to set constraints on the possibility of
the atmospheric neutrino data in terms of oscillations of bottC P T violation [21,25,26. Within the present KamLAND
v, and?u with AmZ,,~10 3 eV? [8]. accuracy, however, the bounds are not very strong because
In the original spectrum proposed, neutrinos had masKamLAND data does not show a significant evidence of en-
splittings Am2 =Ama,<Am3,=Am2,, to explain the solar ergy distortion.
and atmospheric observations, while for anti-neutrinos The present situation is that the results of solar experi-
Amgtm:Aa§1<Aa§1:AmESND. Within this spectrum the ments inv oscillations, together with the results from Kam-
mixing angles could be adjusted to obey the relevant contAND and the bounds from other reactor experiments
show, that both neutrinos and anti-neutrinos oscillate with
AmZ ,Am2, =102 eV2. Adding this to the evidence of os-

*Electronic address: concha@insti.physics.sunysb.edu cillations of both atmospheric neutrinos and anti-neutrinos
'Electronic address: maltoni@ific.uv.es with Am2,,~10"2 eV?, leaves no room for oscillations with
*Electronic address: schwetz@ph.tum.de AmZs\p~1 eV2. The obvious conclusion then is thaP T
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,713 viable solution to all the neutrino puzzles. This conclusion
was contradicted in Ref21] by an analysis of atmospheric
and K2K data. However, according to the authors in Ref.

Atmospheric, LSND [17] an important point to their conclusion was the consid-

m eration of the full 3 and 3v oscillations, while the analysis

in Ref.[21] was made on the basis of as2 2v approxima-
Atmospheric tion.
m  -— In this paper we determine the status of @B T violating
KamLAND scenario in Fig. 1 as an explanation to the existing neutrino
m, m anomalies. In order to do this, we perform a three-generation
global analysis of the solar, atmospheric, reactor, and long-
Neutrinos Antineutrinos baseling(LBL) data, and compare the allowed parameter re-
gions from this analysis to the ones required to explain the
FIG. 1. Post-KamLANDC P T violating neutrino mass spectrum LSND data. We find that no consistency between the param-

Solar

proposed in Refl17]. eters determined by the analyses of both data sets appears
below 30 C.L.

violation can no longer explain LSND and perfectly fit all

other datg21]. Il. NOTATION AND DATA INPUTS

This conclusion relies strongly on the fact that atmo- |, What foIIows we label the states as in Fig. 1 with
spheric oscillations have been observed for both neutnnoz 2

and anti-neutrinos with the samem?_. However, atmo- -]-—m m andAm]—m m . We denote by andU

atm- the correspondlng neutrino and anti-neutrino mixing matrix
spheric neutrino experiments do not distinguish neutrlno?zﬂ which we chose to parametrize 28]
from anti-neutrinos, and neutrinos contribute more than anti-
neutrinos to the event rates by a facter4—-2 (the factor C1C12 S1.C13 S13
decreases for higher energieBased on this fact, in Ref.

[17] an alternativeC P T-violating spectrum was proposed as U=| 751207 S2s81C12 - Colao™ SodisSiz - Saxlaa |
shown in Fig. 1% In this scheme only atmospheric neutrinos $235127513C23C12 T S23C127 S13512C23  C23Ca3
oscillate withAm?Z,,, and give most of the contribution to the ()

observed zenith angular dependence of the deficji-tike wherec;;= cosf; ands;;= sin 6; and with an “overbar” for
events. Atmospherie,, dominantly oscillate withAmfsND the correspondmg anti- neutrmo mixing. In  writing
which leads to an almost constaenergy and angular inde- Eq. (1) we take into account that for our following descrip-
pendenk suppression of the corresponding events. For lowtion it is correct and sufficient to set all tH@P phases to
v, energies oscillations withm2,,.can also be a source of Z€ro.

zenith- -angular dependence. The claim in R&#] was that In the anti-neutrino sector the reactor experi-
altogether this suffices to give a good description of the atments [12,19,2Q provide information on thev, survival
mospheric data such that the scheme in Fig. 1 can still be probability:

_2

4L
T) —sir? 2013{0128”’12(

mL
4E

AmZ,L
4E

Prea= 1 —ct,sir? 26123|n2( +s3, sinz(

Am3iL —
31) for Am3L/E<1

1— sir? 20135|n2< 1E o
= — 2
_ Ama,L —
?134-?13[ 1— sir? 201zsin2< 2 ) for AmgL/E>1.

4E

In our analysis we include the results from the KamLAND KamLAND we include information on the observed anti-
[12], Bugey[20] and CHOOZ19] reactor experiments. For neutrino spectrum which accounts for a total of 13 data
points. Details of our calculations and statistical treatment of
KamLAND data can be found in Ref29]. For reactor ex-
This possibility was also discussed in the first version ofperiments performed at short baselines we include the con-
Ref. [21]. straints from Bugey{20] and CHOOZ[19] which are the
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most relevant for Am?=0.03 e\? and 003 e¥=Am2 Sured by the SK Collaboratiof8], and the 34 day-night

=103 eV?, respectively. In our analysis of the CHOOZ spectral energy bins measured vyith the Siepdetector. W(_a
data we include their energy binned data which correspondi@ke account of the BP(@4] predicted fluxes and uncertain-

to 14 data point§7-bin positron spectra from both reactors, 1€S for all solar neutrino sources except for thB flux
Table 4 in Ref[19]) with one constrained normalization pa- Which we treat as a free parameter. For the relevant cases
rameter. For the analysis of Bugey data we use a total of 6@scillations withAmg, are averaged out for solar neutrinos
data points given in Fig. 17 of Refl20], where the ratio of and the survival probability takes the form

the observed number of events to the one expected for no

oscillations is shown for the three distances 15 m, 40 m, and 31,50 o4 | 4 p2vsol A 2
90 m. For technical details of our Bugey analysis see Ref. Pee =513t €15 Pee™ (AMy, 012), ®
[30].
In the scheme under consideration the probability associwhere Pég's"'(Amgl,elz) is the survival probability for 2
ated with the;ﬂﬁje signal in LSND is given by mixizng obtained with the modified matter densityf,
_’Cl3Ne .
5 The results of the analysis of the solar neutrino da&
P iR 20 o SiT Amisnpl imply that Am3, has to be small enough to be irrelevant for
LSND™ LSND 4E the K2K baseline and energy, and the survival probability
at K2K is
_ AmZ,L
v I . 31
=853Si 26,3 S|n2< 1E ) (3) A2

P 1 a(ststelr chsheto siF| “a | (@

where we have neglected terms proportionaJ&tE%1 which

are irrelevant for LSND distances and energies. InBowe  |n the analysis of K2K we include the data on the normal-
have introduced the notation ization and shape of the spectrum of single-ripglike
events as a function of the reconstructed neutrino energy.
) —, ) — = The total sample corresponds to 29 evdi33]. We bin the
Amigyp=Am3;, S 20,sup=5%3SiF 2613, (4 data in five 0.5 GeV bins with €E,.<2.5 plus one bin
containing all events above 2.5 GeV. The details of the

which we will use in the presentation of our results. To in-analysis can be found in Ref35]. _ .

clude LSND we use the results of R¢81], based only on Finally, the analysis of atmospheric neutrino data involves
the decay-at-rest anti-neutrino data sample, which has a higpscillations of both neutrinos and anti-neutrinos, and, in the
sensitivity to the oscillation signal. Thg?s\p is derived —framework of 3 +3v mixing, matter effects become rel-
from a likelihood function obtained from an event-by-eventevant. We solve numerically the evolution equations for neu-
analysis of the datf31]. LSND has also studied the neutrino trinos and anti-neutrinos in order to obtain the corresponding
channelv,— v, from decay-in-flight events. The full 1993— oscillation probabilities for botle and «. flavors. In our cal-
1998 data sample leads to an oscillation probability for neuculations, we use the PREM model of the E&i36] matter
trinos of (0.10=0.16=0.04)% [1], which, although consis- density profile. We include in our analysis all the contained
tent with the anti-neutrino signal, is also perfectly consistengvents from the 1489 SK data $8f, as well as the upward-
with the absence of neutrino oscillations at LSND, as re-going neutrino-induced muon fluxes from both SK and the
quired in theCPT violating scenario. This fact is the first MACRO detector{10]. This amounts for a total of 65 data
motivation and successful crucial test for the explanation opoints. More technical descriptions of our simulation and
the LSND results byCPT violation. In view of the low Statistical analysis can be found in RE37].

statistical significance of the LSND neutrino signal we do

not include it in the analysis. . RESULTS
For the neutrino sector we use information from solar ) o

the solar neutrino analysis we use 80 data points. We includé @S @ possible explanation of the LSND anomaly together
and the gallium[5-7] experiments, the 44 zenith-spectral follows. First, we perform a global analysis of all the rel-

energy bins of the electron neutrino scattering signal mea€vant data, but leaving out LSND data. The goal of this
analysis is to obtain the allowed ranges of parameters

Am?eyp and sirf26, snp as defined in Eq(4) from this all-
2We note, however, that because of a slightly different experimenbUt-LSND data set. We then compare these allowed regions
tal configuration the data sample obtained from 19931995 had £ the corresponding allowed parameter region from LSND,
higher sensitivity to the neutrino signal. From that data alone @ 2.6 and quantify at which C.L. both regions become compatible.
signal forv,— v, oscillations was obtainef82] which disfavored In this approach we start by defining the most gengfal
the CPT interpretation. for the all-but-LSND data set,
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2 2 2 — T T
XaibutLsnol AM51,Am3y, 015, 03, 013 AM3; ,AM3, , 015, 053, 613)

2 2 2 2 2 — T o
= Xso AM3y, 012, 013) + Xikok (AM3y, 023, 013) + XBugey+ cHooz+ kianp (AMz1,AM3y, 015, 613)

+ Xarm(AMSy A, 010, 053, 01 A3, AM3, 015, 023, 013). (7)
|
Notl_ce that in this comparison we hza/e not mcludg_d the con- Xgll—but—LSND(Amglv Ors, 013|A5231, 03,019
straints from the non-observation ef,— v, transitions at 5 5 5
KARMEN [38], which, by themselves, disfavor part of the = Xsolmarg1% 013) T Xiox (AM3y, 023, 613)
LSND allowed parameter region. The reason for this omis- ) — —
sion is that we want to test the status of €T interpreta- TX Bugey+CHOOZ+KLAND,margl_2(Am31’ 013)
tion of the LSND signal using data independent of the “ten- ) ) — = —
sion” between LSND and KARMEN resul{g1]. + Xarm(AM3y, 023,015 AM3y, 053,019 (9)

We first focus on the parameteﬂsm%l and 0,,. These _ ) — P
parameters are dominantly determined by solar neutrin&inally, we notice that for any valuams=10 " eV the
data, which for any);; prefer values oAm2, well below the ~ results from CHOOZ or, for larger values dfmj;, from
sensitivity of atmospheric neutrino data. Therefore, solaBugey, imply a strong limit on sf26;5, and in order to
data are mostly important to enforce the “decoupling” of the gptain thew, disappearance observed in KamLAND; has
Amj, oscillations from the problem. In other words, the at-tg be small. Within this bound the results of the atmospheric
mospheric neutrino analysis can be made without any loss afeutrino analysis are almost independent of the exact value
gene_rality, in the _standard hierarcf;ical approximation forys 313 and this parameter can be effectively set to zero in
neutrlnos, neglecting the eﬁeCAm21 but kee_zpmg the X,ZATM without any loss of generality.
generic-3 dependence or;3. Notice that, unlike in the For the sake of concreteness we present the quantitative
CPT conserving case, in the relevant ranges of mass diffefragyits corresponding to the normal ordering shown in Fig. 1
ences, 5 is not bounded by any “terrestrial” experiment. o photh neutrinos and anti-neutrinos. We have verified that
The dominant source of information oy is atmospheric  the conclusions hold also for the corresponding inverted or-
data(and less important also solar dgtand for this reason gerings either for neutrinos and anti-neutrinos. Note that so-
we consistently take into account this paragneter in our analypy 4nd atmospheric data requlmm§l|<|Am§l|, and reac-
sis. Thus, after the marginalization ovamy, and 61, EQ.  or and atmospheric datand, furthermore, LSNDrequire

(7) takes the form |AmZ,|<|AmZ,|. For such hierarchies, the difference be-
tween normal and inverted schemes arises mainly from Earth

Xgn_but_,_SND(Amgl,ezg,,613|AE§1,AE§1,512,323.§13) matter effects in the propagation of atmospheric neutrinos
_ 2 019+ X2 (A1 O, 019) and anti-neutrinos, and for the large values|afm3,| re-
= Xsolmarg14 013) + Xicok(AM31, 023, 61 quired to explain the LSND signal Earth matter effects are

irrelevant in the anti-neutrino channel. Within the present
experimental accuracy, these effects are not important
T2 (AT, s, 014 AMZ.  AMZ, 01r. Orz, 072). enough to lead to significant differences in the results of the

X (AMay, 023, 01 Ay 31, 012.023,013 atmospheric neutrino analysis for direct and inverted order-
(8)  ings(see, for instance, Reff39]).

2 — 2 T T
+ XBugey+ cHOOZ+KLAND (AM31,AM3y, 615, 613)

Let us now discuss the information drm2, from reactor A. Analysis of all-but-LSND data
experiments. The observation of thgdeficit in KamLAND Using all the data described above except from the LSND
favors Aﬁil values near the best mﬁglz7x 1075 e\2, experiment we find the following all-but-LSND best fit
For such small values oscillations Wiﬂﬁgl have no effect POt
for atmospherEZneutrlnfs. 'gh_erefore, we will start by study- A m§1= 2.8x10°3 e\2, Aﬁglz 2%10°3 e\2,
ing the caseAm3; <10 * eV~ in Secs. lll A and Il B. We
will relax this assumption in Sec. Il C, Wh_ezzre we investigate Am§1= 5.8<10°° eV?, AE§1=7.1>< 1075 eV?,
also a possible effect of larger values®f5,;. Notice also
that the case of smaﬂﬁgl is continuously connected to the s3,=0.5, 52,=0.5,
CPT conserving scenario si_nce it allows fGP T conserva-
tion in the “12” sector. ForAms,<10"* eV?, one can easily s7,=0, 52,=0.01,
marginalize overAm3, and 6, and Eq.(8) further simplifies -
to s7,=0.31, s7,=0.34 (10)
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FIG. 2. Allowed regions for the largest neutrino and anti-neutrino mass splimn@ andAﬁgl and the mixing angleé, and?z3, and

013 andgm (after marginalization with respect to the undisplayed parameiara mgl,Aﬁgls 104 eV? (see text for details The different
contours correspond to the two-dimensional allowed regions at 90%, 95%, 99%gaBd_3from all-but-LSND data. The best fit point is
marked with a star.

With X2 butLsn mii—186.5 for 238-11=227 degrees of we find that within the 2 oscillation approximation the at-
freedom(DOF).” This can be directly compared to the cor- mospheric neutrino analysis rejects @& T violating sce-
responding analysis in the P T conserving scenario: nario at a level close to & (x3(AmZ,=Amiep)

—x3(AmZ,,=AmZ,)=14) which is in reasonable agree-
ment with the~ 50 rejection obtained in Ref21]. As ex-
pected, the introduction of thev3mixing and the reactor
data leads to some quantitative differences in the size of the
allowed regions.

Am3,;=Am3,=2.6x10"% eV?,

AmZ,=Am2,=7.1X10°° eV?,

$35=555=0.5, 11 From our results shown in Eq&L0), (11) and in Fig. 2 we
conclude that current global neutrino oscillation data exclud-

s2,=52,=0.009, ing LSND show no evidence fo€ P T violation, since the
best fit point is very close to &PT conserving scenario.

sizzgfzz 0.31, However, from present data a sizable amounC®&fT viola-

tion by neutrino parameters is allowéfbr a recent discus-
with Xgl,_bm_LSND,mi,F 187 for 238-6=232 DOF. We con- sion on the comparison with the limits existing on tKe
clude that, allowing for different mass and mixing param-—K mass differenc§28] see Ref[26]). We note that it will
eters for neutrinos and anti-neutrinos, all-but-LSND databe possible to significantly improve the limits @PT viola-
choose a best fit point very close @PT conservation and tion in the neutrino sector by future experiments such as
maximal 23 mixing. neutrino factories, see, for example, Ref0].
Next we illustrate the amount &P T violation which is Concerning LSND, we find that values OAE%J_

still viable. In order to do so we plot in Fig. 2 the allowed —Am2 :
. : : . =Am large enough to fit the LSND result do not appear
regions for the largest neutrino and anti-neutrino mass split- . __-SND g g bp

) ) =, o as part of the 3 CL allowed region of the all-but-LSND
tings Am3,; versusAms; and the mixing angle®,; versus

D ando . and(ait ol o analysis which is bounded tAm2,<1.6x10 2 eV?. The
L3 andd,3 versusfy; and(after marginalization with respect — . . . .
to all the undisplayed parametgrdhe different contours upper bound ommy, is determined by atmospheric neutrino

: data(and slightly strengthened by the reactor constraifiis
correspond to regions allowed at 90%, 95%, 99% and 3 . . . . S
C.L. for 2 DOF (Ay2=4.61, 599, 9.21, 11.83, respec- illustrate the physics behind this result we show in Fig. 3 the

. . . .~ zenith-angle distributions of various atmospheric data
tively). In general the regions are larger for anti-neutrino

; - Pamples for “Point A” with the following parameter values:
parameters as a consequence of their smaller contribution o

- 2 _ —3 A\/2 2 2 _ 2 _
the atmospheric event rates. In particulan3, can take val- Amg;=2.5<1077 eV", - Amg, o,g_e\,i, S25= 525~ 0-,
: i $2,=0.05, s7,=0.005, Am3=<10*eV?, and Amj
ues below the region of sensitivity of CHOOZ. As a conse->13~ ¥+ =137 VYU, 21~ ' 21

L : . . <10 * eV2. This point has been chosen to be compatible
guence the limit ord3 at high confidence level is very weak. with the LSND result while keepina an  optimized
Our results for the allowed regions for the largest neutrino , A i the fi thi ping ¢ fail P
and anti-neutrino mass splittings show good qualitativeXall-butLSND- S Seen in the nigure this point Tails n repro-

- ; ducing the up-down asymmetry of multi-GeV muons as a
t with the 2 anal f Ref$21,8. | ticul . . e
agreement wi e2analyses of Refd21,8]. In particular consequence of the angular-independence in the deficit of the

anti-neutrino events. Furthermore, it predicts a too large defi-

3The 10 neutrino parameters shown in Etp) plus the free solar ~ Cit Of Up-going muon events near the horizon simgeoscil-
8B flux give a total of 11 fitted parameters. lations with Am3,=0.9 e\? lead to the disappearance of
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FIG. 4. 90%, 95%, 99%, andd3CL allowed regiongfilled) in
the (Am3,;=Am?gyp, Sif26,snp) Plane required to explain the
LSND signal together with the corresponding allowed regions from

our global analysis of all-but-LSND data. The contour lines corre-
spond toAx?>=13 and 16 (3.2 and 3.6, respectively.

E's even at those higher energies and shorter distances. For

up-going muons the contribution from anti-neutrino events is
only half of that from neutrino events. As a consequence this
data sample is most sensitive to the anti-neutrino oscillation
parameters. Both effects, the wash out of the up-down asym-
metry and the deficit of horizontally arriving up-going
muons, contribute in comparable amounts to the statistical
disfavoring of theCPT violating scenario.

B. Comparison of the all-but-LSND and the LSND data sets

It is clear from these results that ti&P T violation sce-
nario cannot give a good description of the LSND data and
simultaneously fit all-but-LSND results. The quantification
of this statement is displayed in Fig. 4 where we show the

allowed regions in the Am2,= AmZgyp, Sif26, snp) plane
required to explain the LSND signal together with the corre-
sponding allowed regions from our global analysis of all-but-
LSND data.

Figure 4 illustrates that belowd@ CL there is no overlap
between the allowed region of the LSND analysis and the
all-but-LSND One, and that for this last one the region is

contained events, for the Superkamiokande stopping and througHestricted t toAm3;= Am7yp<0.02 e\?. At higher C.L. val-
going muon events and for Macro up-going muons. The full lineyes OfAm31 O(eVZ) become allowed — as determined

gives the distribution for the best fit of ,— v, oscillations and
CPT conservation:AmZ,=Am2,=2.6x 102 eV?, s2,=52,=0.5,

s2,=52,=0, and Am%,=Am3,<10* eV2. The lines labeled as
“Point A” and “Point B” are the expected distributions for typical
LSND—-compatible CPT violating cases with the following

parameter values: Point AmZ,=2.5x 1073 eV?, Am2,=0.9 e\?,
2= S55= 0.5, 52,=0.05, 52,=0.005,Am3,< 10" * eV?, and Am3,
<107 eV?, Point B, Am2,=2.5x1073 eV?, Ami=0(eV?),
s2,=0.5, $%=0.25, s2,=0.05, s2,=0.005, Am2,<10°* eV?
AmZ,=5%10"* eV?, ands2,=0.75.

mainly by the constraints from Bugey — and an agreement
becomes possible. We find that in the neighborhood of
AmZ,=AmZs,=0.9 e\? and siff 26 syp =0.01 the LSND
and the all-but-LSND allowed regions start having some
marginal agreement slightly aboves3C.L. (at Ay?
=12.2). A less fine-tuned agreement appears atr 3.
(Ax?~14) for Am3,=Am’e\p=0.5 eV? and sirf 26, snp
=0.01.
Alternatively the quality of the joint description of LSND

and all the other data can be evaluated by performing a glo-
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f 20 T T The figure shows that, indeed, considering only
“18 [ Am?=0(eV’) atmospherie: CHOOZ data, there is an improveme(l-
! 16 & E though mild in the quality of the fit due to the effect of
°‘§14 : ] oscillations with larger values ofm3,. To illustrate this
< F ] result we show in Fig. 3 the zenith-angle distributions
2 ¢ E of various atmospheric data samples for “Point B,”
10 [ oll=but=LSND E which gives the |0W’35‘X§u-but-L5N3 for a larger value of
8 | = Ama;: Am3=2.5x10"% eV?, Am3,=0(eV?), s3,=0.5,
ATM+CHOOZ| — 5 — 5 ST =
6 - ] s5,=0.25, 2,=0.05, s2,=0.005, Am3,<10"* eV?, Am3,
4 ] =5x10"* eV?, ands?,=0.75. The figure shows that the
2 F 4 main effect ofAm2, oscillations is to increase the number of
0 fli containede-like events, in particular sub-GepM39,43, im-

1.2 3 4 5 6_ 7 8 9 10

ArTwZz1 (1 0'46\/2) proving the fit for those events. However, the two main

sources of discrepancy in the atmospheric fit in these sce-
narios — the small up-down asymmetry for multi-GeV

FIG. 5. A)(Z:szninyc{:ri)(%in, cpras a function oAmj, fromthe  muon-like events and the deficit of horizontally arriving up-
analysis of atmospherieCHOOZ data(lower Iine) and from all- going muons — remain a prob|em even when atmospheric
but-LSND (upper ling data(see text for details anti-neutrino oscillations with the two relevant wavelengths

are included. We conclude from this analysis that the claim

bal fit based on the totak? function x2,=xZiouisno N Ref.[17] of a possible improvement of the atmospheric
+ XESND, and applying a goodness-of-fit test. The best fitheutrino fit due to the iﬂclusion of the effect of oscillations
point of the global analysis is Si6, gyp =6.3<10 2 and  with larger values ofAm§1 is qualitatively correct for the
Aﬁglz 0.89 e\? with Xfot’mm: 200.9. In the following we contained events, although quantitatively relevant only for
will use the so-called parameter goodness of[4it,42, the sub-GeVe-like events. Moreover, we find that quantita-
which is particularly suitable to test the compatibility of in- tively the improvement in the fit is not enough to make the
dependent data sets. Applying this method to the present caggenario viable. This conclusion is partially based on the bad
we consider the statistic description of the upward-going muon events in BT

violating scenario, a fact which was overlooked in R&f].

) ) ) In other wo_rds, our results show thg_t atmospheric.neutrir)o

= Xtot,min— Xall-but-LSND,mirn~ X LSND,min data are precise enough to be sensitive to the anti-neutrino
oscillation parameters, and it cannot be well described by a
5 5 combination of neutrino oscillations  withAm3,=3
= A XaiburLsnol P-F) +Axisno(b.f), %1073 eV2 and anti-neutrino two-wavelength oscillations
12 with Am3,~O(eV?) andAm3,~ few 107 % eV2.

The net effect in the global all-but-LSND analysis is that
the improvement in the atmospheric fit is not enough to
Tnake the scenarios viable because it does not fully overcome
the preference of smallexm2, in KamLAND (even within
their present limited statisticsas illustrated in the all-but-

LSND curve in Fig. 5. The local minimum alﬁ%;?.l
X 10 ° eV? corresponds to a point in the vicinity of the

2

where b.f. denotes the global best fit point. TE% of Eq.
(12) has to be evaluated for 2 DOF, corresponding to the tw

parameters sf26, syp andAﬁZSlz AmESND coupling the two
data sets: all-but-LSND and LSNBee Ref[42] for details
about the parameter goodness of.fiErom Ax2, puiisno

=12.7 andA y?syp=1.7 We obtainy?=14.4 leading to the

- : —4
marginal parameter goodness of fit of X.50"". point where the LSND and all-but-LSND regions in Fig. 4
. first meet. From the curve in Fig. 5 we see that the improve-
C. The effect of largeAm3, ment obtained by moving to the minimum &m2,=5

Finally, we study whether the conclusions of the previousX 10~* eV? is only 0.5 units iny®. We conclude that higher
sections could be affected by allowing for larger values ofAmg1 values do not significantly affect the overall status of
AmZ,, such that its effect can show up in the atmospherighe CPT violating scenario.
neutrino data and improve the quality of the fit as suggested
in Ref.[17]. In Fig. 5 we show the dependence &m2, of IV. CONCLUSIONS

the xy? obtained for the analysis of atmospheric and CHOOZ We have explored the possibility of explaining all the ex-
data, and for all-but-LSND data. In each curve we have marigiing neutrino anomalies without enlarging the neutrino sec-

ginalized with respect to the undisplayed variables subject tg,; bt allowing forCPT violation as described by the sce-

the conditionAm§121 eV2. For the sake of normalization nario in Fig. 1. In order to do so we have performed a
we have subtracted in each case the correspon@ﬁmgl PT  compatibility test between the results of the oscillation
for the CPT conserving scenario. analysis of the LSND on one side and all-but-LSND data on
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the other in the framework ofi3+ 37 oscillations. Our main N9 parameters of neutrinos and anti-neutrinos gives a best fit
results are shown in Fig. 4. We find that the allowed regiongoint very close to perfed@ PT conservation.

for both data sets have no overlap at &€.L. Alternatively,
using the so-called parameter goodness of fit our results im-
ply that the probability for compatibility between both data

sets within this scenario is only 7510 4. ) . . .
The information most relevant to our conclusion comes 1 his work was supported in part by the National Science

from the atmospheric neutrino events. Our results show thaf;oundation grant PHY0098527. M.C.G.-G. is also supported
within the constraints imposed by solar and LBL neutrinoby Spanish Grants No FPA-2001-3031 and CTIDIB/2002/24.

data, and reactor anti-neutrino experiments, atmospheric dabd-M. is supported by the Spanish grant BFM2002-00345, by
are precise enough to be sensitive to anti-neutrino oscillatiothe European Commission RTN network HPRN-CT-2000-

parameters and cannot be described with oscillations witf0148, by the European Science Foundation Neutrino Astro-
the wavelengths required in ti@PT violating scenario. physics Network No 86, and by the Marie Curie contract

Furthermore, the global oscillation data without LSND HPMF-CT-2000-01008. T.S. is supported by the “Sonderfor-
show no evidence for ang P T violation. An analysis of the schungsbereich 375-95rflstro-Teilchenphysik” der Deut-
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