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Constraining neutrino oscillation parameters with current solar and atmospheric data
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We analyze the impact of recent solar and atmospheric data on the determination of the neutrino oscillation
parameters, taking into account that both the selaand the atmospherie, may convert to a mixture of
active and sterile neutrinos. We use the most recent global solar neutrino data, including the 1496-day Super-K
neutrino data sample, and we investigate in detail the impact of the recent Sudbury Neutrino Observatory
(SNO) neutral current, spectral, and day/night data by performing also an analysis using only the charged
current rate from SNO. We confirm the clear preference of the pure active large mixing angle solution of the
solar neutrino problem and obtain that the LOW solution, vacuum oscillation, small mixing angle, andjust-so
solutions are disfavored with&y?=9, 9, 23, 31, respectively. Furthermore, we find that the global solar data
constrains the admixture of a sterile neutrino to be less than 44% at 99% C.L. A pure sterile solution is ruled
out with respect to the active one at 99.997% C.L. By performing an improved fit of the atmospheric data, we
also update the corresponding regions of oscillation parameters. We find that the recent atmospheric Super-K
(1489-day and MACRO data have a strong impact on constraining a sterile component in atmospheric
oscillations: if thev,, is restricted to the atmospheric mass states only a sterile admixture of 16% is allowed at
99% C.L., while a bound of 35% is obtained in the unconstrained case. Pure sterile oscillations are disfavored
with a A y?=34.6 compared to the pure active case.
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I. INTRODUCTION neutrino[16—21], advocated to account for the Liquid Scin-
tillation Neutrino DetectofLSND) anomaly[22], may take

Apart from confirming, yet again, the long-standing solarpart in both solar and atmospheric conversions. The natural
neutrino problenj1-5], the recent results from the Sudbury setting for such a light sterile neutrino is provided by four-
Neutrino ObservatorySNO) on neutral currentfNC) events  neutrino models. In this paper we will determine the con-
[6,7] have given strong evidence that solar neutrinos convertraints on oscillation parameters in this generalized scenario
mainly to an active neutrino flavor. In addition, valuable fo|lowing from solar and atmospheric data separately. Such
spectral and day/night information has been provilgd].  separate analyses are necessary ingredients towards a com-
This adds to the already robust evidence that an extension @fned analysis of all current oscillation data, including solar,
the standard model of particle physics is necessary in thgimospheric, negative short-baseline data and the LSND ex-
lepton sector. AIthough certainl_y not yet unique, at least for, eriment[23,24). As shown in Ref[23] such separate analy-
the case of solar neutrinos, which can be accounted for welles can be performed independently of the details of the four-
by spin-flavor precessiof8,9] or nonstandard neutrino mat- neytrino mass scheme.
ter interactiong10], the most popular joint explanation of  gjnce the release of the latest SNO data in April 2002 a
solar and atmospheric experiments is provided by the neyyymber of global solar neutrino analyses in terms of active
trino oscillations hypothesis, with neutrino mass-squared difygcijlations have appear¢8l,25—31. Moreover, it has been
ferences of the order ackmg, =10 * eV andAmzr,~3  shown by model-independent comparisons of the SNO
X103 eV?, respectively. charged currentCC) rate with the SNO NC and Super-K

In the wake of the recent SNO NC results we have reanarates that transitions of solar neutrinos into sterile neutrinos
lyzed the global status of current neutrino oscillation dataare strongly constrained by the recent dégee, e.g., Refs.
including these and the remaining solar data7] as well as  [6,26—28). However, so far no dedicated global analyses
the current atmospher(d1,12 samples, including the 1489 exist where a participation of a sterile neutrino in the oscil-
day Super-Kamiokande datfl3] and the most recent |ations is fully taken into accouritHere we present a com-
MACRO data[14]. Motivated by the stringent limits from plete solar neutrino analysis including sterile neutrinos, de-
reactor experimentsl5] we adopt an effective two-neutrino termining the allowed ranges for the oscillation parameters

approach in which solar and atmospheric analyses decouplg, ., and Am2., , as well as for the parameter<Op,<1
However, our effective two-neutrino approach is generalized

in the sense that it takes into account that a light sterile———

1In Ref.[32] admixtures of a sterile neutrino to solar oscillations
are considered. However, the authors of R82] are mainly inter-

*Electronic address: maltoni@ific.uv.es ested in the determination of the solar neutrino fluxes and hence
"Electronic address: schwetz@thp.univie.ac.at their results are complementary to those obtained here. Some con-
*Electronic address: mariam@ific.uv.es siderations of sterile solar neutrino oscillations can also be found in
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describing the active-sterile admixture. Furthermore, we inThe parameters with 0<5,<1 describes the fraction of
vestigate in detail the impact of the SNO neutral currentthe sterile neutrino participating in the solar oscillations.
spectral, and day/night data and compare with an analysiSherefore the oscillation probabilities depend on the three
where we use only the charged current rate from SNO.  parameteram3g, , so., andzs. The natural framework of

Concerning the atmospheric data, we perform an updatight sterile neutrinos participating in oscillations are four-
of previous analysef23,33, adopting again the most gen- neutrino mass schemes, proposed to account for the LSND
eral parametrization of atmospheric neutrino oscillations inesult[22] in addition to solar and atmospheric neutrino os-
the presence of sterile neutrino mixing, characterized by fougillations. For previous studies of solar neutrino oscillation in
parameters. We find that the recent 1489-day Supera four-neutrino framework see Ref®1,33,34 and for an
Kamiokande data combined with the latest MACRO dataexact definition of the solar parameters and adopted approxi-
lead to considerably stronger rejection against a sterile neunations see Ref23].
trino contribution to the oscillations than the previous 1289-
day data sample. B. Data and analysis

The plan of the paper is as follows. In Sec. Il Awe set the i )
general parametrization for solar oscillations in the presence AS €xperimental data, we use the solar neutrino rates of
of active-sterile mixing. In Sec. Il B we briefly describe the theé chlorine experiment Homestak¢2] (2.56+0.16
solar neutrino data and their analysis. In Sec. Il C we present 0-16 SNU), the mos+tsr3e(J:r§r71t result of the gallium experi-
the results of our analysis, aimed at studying the impact ofients SAGE3] (70.8 "5 "3 SNU) and GALLEX/GNO
recent solar data in the determination of the solar neutrind#] (70.8+4.5+=3.8 SNU), as well as the 1496-days Super-
oscillation parameters, assuming, as mentioned, thavghe Kamiokande data sampld] in the form of 44 bins(eight
may convert to a mixture of active and sterile neutrinos. Weenergy bins, six of which are further divided into seven ze-
give the regions of oscillation parameters for different al-Nith angle bins In addition to this, we include the latest
lowed 7, values, display the global behavior of results_from SNO prese_:nted in Ref6,7], in the f(_)rm of 34
AxZo(AmZe)) andA xZo(fso), calculated with respect to data bms(;? energy.bl_ns for each day and night pejiod
the favored active large mixing ang{eMA ) solution, and Therefore in our statlstlc'al'analyss we use $4+34=81
evaluate the impact of the SNO NC, spectral, and day/nigthszervables, which we flt in tgrms of the three parameters
data. Present solar data exhibit a higher degree of rejectiohMsoL: fsoL, andzs, with a xso, of the form
against non-LMA and/or nonactive oscillation solutions,

2 2
which we quantify, giving also the absolute goodness of fit Xsol(AMsoy ., fsoL ., 75)
(GOP of various oscillation solutions. Our solar neutrino 81
results are briefly compared with those obtained in other re- = 2 (R~ R}h) . (U§x+ Utzh)i]l.(Rjex_ R}h)_
cent analyses in Sec. I D. In Sec. Ill A we set our notations ihj=1
for atmospheric oscillations in the presence of active-sterile )

admixture. In Sec. Il B we briefly describe the atmospheric

neutrino data and their analysis. In Sec. Il C we describe our In order to fully isolate the impact of the recent neutral
results for atmospheric oscillation parameters in an improvedurrent, spectral, and day/night information of the SNO re-
global fit of current atmospheric neutrino data. We quantifysult, we also present an analysis which does not include such
the impact both of our improved analysis as well as that oinformation. To this aim we use only the SNO events with
the recent data in rejecting against the sterile oscillation hyenergy higher than 6.75 MeV, for which the NC component
pothesis. We update the corresponding regions of oscillatiois negligible[5]. We sum these events to a single rate, com-
parameters and display the global behavior ofbining with Cl, Ga rates and full Super-K data, as described
AxZrm(Aminy) and A xam(6amm). We compare the situa- above. This procedure is analogous to the pre-SNO-NC situ-
tion before and after the recent 1489-day atmospheri@tion, except that we take advantage of the enhanced statis-
Super-K data samples and give the present GOF of the ogics on the CC rate provided by the new data. We will refer to
cillation hypothesis. In Sec. Ill D, we briefly compare our this analysis as SNgfanalysis and it contains 48 data
atmospheric neutrino results with those of other analysegoints. The comparison with the analysis including the com-

Finally, in Sec. IV we present our conclusions. plete SNO data published this year (S&@,’b allows us to
highlight the impact of the SNO NC, spectral, and day/night
Il. SOLAR NEUTRINOS information.
For the solar neutrino fluxes we use the standard solar
A. Active-sterile solar neutrino oscillations model (SSM) flux [35], including its standard®B flux

In the following we will analyze solar neutrino data in the prediction” Motivated by the excellent agreement of the re-
general framework of mixed active-sterile neutrino oscilla-cent SNO NC result with the predictions of the standard
tions. In this case the electron neutrino produced in the sufolar model, we prefer to adopt a boron-fixed analysis. How-
converts into a combination of an active nonelectron neugVver, for the case of the LMA solution we explicitly illustrate
trino », (which again is a combination of, andv,) and a

sterile neutrinovy:
2We choose not to include the flux indicated by the recept
ve— V1= 715 vyt V7ns vs. (1)  measurement of Ref36].
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FIG. 2. Ax3c, as a function oAm2,, and taRfso, , for pure
active (ps=0), pure sterile s=1), and mixed neutrino oscilla-
tions (»s=0.5). Upper and lower panels correspond to the
SNOEE and SNGZRL samples defined in text.

FIG. 1. Allowed regions of taffso, andAméOL for s=0 (ac-
tive oscillation3, »s=0.2, andns=0.5. The lines indicate the re-
gions determined by the SNEF analysis(see definition in teyt
the shaded regions correspond to @ﬂ?j} (see text. The confi-

dence levels are 90%, 95%, 99%, and fdr 3 degrees of freedom. . . . .
experimental errors and their cross correlations in the calcu-

. ) ) lation of the covariance matrix, for which we follow the
the effect of this assumption by performing also a boron-fregjescription of Ref[31] (covariance approaghin particular,

analysis, where we treat the sdfarflux as free parameter in the errors associated to the boron-flux shape, the energy-
the fit. For simplicity we neglect théep and F neutrino  scale, and the energy-resolution uncertainties of the Super-

fluxes, whose contribution to the present solar neutrino exkamiokande and SNO experiments are recalculated for each
periments is marginal, while for thep, Be, B,pep N, and O point in parameter space.

fluxes we use the SSM value given in Rg5], taking prop-
erly into account their theoretical uncertainties and cross cor-
relations in the calculation of the? function.

For the neutrino cross sections of chlorine, SAGE, In order to determine the expected event numbers for the
GALLEX/GNO, and Super-K we assume the same as used imarious solar neutrino experiments we calculate #hesur-
previous paperg37—39, while for the CC and NC neutrino vival probability for each point in parameter space of
deuteron differential cross sections relevant for SNO we us€tar? 6o, ,Am3,, , 775) and convolute it with the standard so-
the tables given ifi40]. The contribution of the cross-section lar model neutrino fluxeg35] and the relevant neutrino cross
uncertainties to the covariance matrix for the chlorine andsections. We have compared such expected event numbers
gallium experiments is calculated as suggested in B&f.  with the data described above, taking into account the detec-
For a given experimenfchlorine or gallium we use full  tor characteristics and appropriate response functions. Using
correlation of the error on the cross section for low-energythe above-mentione)gléo,_ we have performed a global fit of

neutrino fluxegpp, pep Be, N, and @, but no correlation of  splar neutrino data, whose results we now summarize.
the cross section error between the low-energy fluxes and the Qur global best fit point occurs for the values

higher-energy®B flux.
The neutrino survival probabilityP,, is extracted from tarffso, =0.46, Ami, =6.6x10"° eV? 3
the neutrino evolution operatdy, which we factorize as a
product of three factorblsyn, Uyac, @aNdUeamnCorresponding  and corresponds te;=0. We obtain ay?,,=65.8 for 81
to prqpagation in the Sun, vacuum, and Earth, rgspectively_3 degrees of freedoniDOF), leading to the excellent
The flrst_ and Iast_ factor_s mcl_ude maiter effects with the COrgoodness of fit of 84%. In Fig. 1 we display the regions of
responding density profiles given in Reff85] and[41]. Asa  gojar neutrino oscillation parameters for 3 DOF with respect
simplifying approximation, we assume thak,, depends g this global minimum, for the standard case of active os-
only on the neutrino production poing, Uy, only on the cillations, ,=0, as well as forp,=0.2 and5,=0.5. The
Sun-Earth distanck, andUg,, depends only on the zenith- first thing to notice is the impact of the SNO NC, spectral,
angle¢ of the incoming neutrinos. Therefore in our calcula- and day/night data in improving the determination of the
tions we neglect the small correlation between seasonal ebscillation parameters: the shaded regions after their inclu-
fects and day-night asymmetf¢2]. For each value of the sion are much smaller than the hollow regions delimited by
neutrino oscillation parametetsméOL/E, OsoL, and ps we  the corresponding Sl\@ée confidence contours. Especially
calculate the neutrino survival probabilij,. by averaging important is the full SN@ZR information for excluding
overio, L, and ¢, properly accounting for all the interfer- maximalsolar mixing in the LMA region and in closing the
ence terms betweeds,,, Uyac, andUgyn. LMA region from above inAm,, . Values of Am3g,
Special care is taken in including all the theoretical and>10 2 eV? appear only at 3. Previously solar data on its

C. Results and discussion
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FIG. 3. AXéOL displayed as a function ofys with respect to favored active LMA solution, for the S@@éleﬁ pane) and the
SNOZRRWright pane) analysis, as defined in text.

own could not close the LMA region, only the inclusion of SN@EFI)\INC sample in leading to the relative worsening of all

data from reactor experimenit5] ruled out the upper part non-LMA solutions with respect to the preferred active LMA
of the LMA region[38]. We obtain the following 3 ranges  solution.

(1 DOPR: The corresponding best fit values for the various solutions
of Am&,, and 5o, and the values of3., evaluated at the
LMA:  0.26<tan’ s, <0.85, best fit points are compiled in Table I. This table gives results
for the three cases considered above: pure active, pure ster-
2.6xX10°° eV’=Am3, <3.3x10°* eV2 (4) ile, and mixed neutrino oscillations, both for the S§®and

the full SNQEZR¢ analysis. To calculate the goodness of fit
It is interesting to note that theserdntervals are essentially of the various solutions we evaluate in this table gtfefor
unchanged if we minimize with respect ig or if we apply ~ 48—2 (81-2) DOF for the SNEE (SNCGEZRD analysis
the constraintp,=0 (pure active oscillations In order to  defined previously. Note that we fiy at the three values 0,
compare our allowed regions given in Fig. 1 with those of0.5, and 1. In the pure active case we find for LOW, VAC,
other groups, one has to take into account that we calculatemall mixing angle(SMA), and just-sé the following dif-
the C.L. regions for the 3 DOF tAfiso , Am3,, andys.  ferences iny? relative to the global best fit in LMA:
Therefore at a given C.L. our regions are larger than the

usual regions for 2 DOF, because we also constrain the pa- Axfow=8.7, Axxc=8.6,
rameterz;.
Next we notice the enhanced discrimination against non- AngA= 23.5, A)(jzust_s@=31.0. 5)

LMA solutions implied by the new data, apparent in Figs. 1,
2, and 3. This shows that the first hiri7,43 in favor of a  Note that especially SMA and just-$aare highly disfavored
globally preferred LMA oscillation solution, which followed with respect to LMA.
mainly from the flatness of the Super-K spectra, have now In addition to the scrutiny of the different neutrino oscil-
become a robust result, thanks to the additional data, ttation solutions in the solar neutrino oscillation parameters
which SNO has contributed significanfyOne sees that, in Am3,, and fgq, , the present solar data can test the sterile
contrast with the SNE¥ situation, non-LMA solutions do neutrino oscillation hypothesis, characterized by the param-
not appear at 95% C.L. However, the LOW solutit©W)  eter 7, introduced above. The results can be presented in
and vacuum oscillatiofiVAC) solutions still appear at 99% several equivalent ways. For example, rejection of sterile so-
C.L. for 3 DOF. lar neutrino oscillations is already hinted by comparing the
In order to concisely illustrate the above results we dis-middle and right panels of Fig. 1 with the left one, corre-
play in Fig. 2 the profiles oﬁxém as a function ofAméoL sponding to the pure active oscillation case: clearly the solu-
(left) as well as taf¥go, (right) by minimizing with re-  tions deteriorate ag increases. Furthermore, the lines for
spect to the undisplayed oscillation parameters, for the fixed)s=0.5 and»s=1 shown in Fig. 2 clearly show that sterile
values ofys=0, 0.5, 1. By comparing top and bottom panels solutions are strongly disfavored with respect to pure active
in Fig. 2 one can clearly see the impact of the full solutions.
In order to summarize the above results we display in Fig.
3 the profile ofA)(%OL as a function of & »,=<1, irrespec-
3See also Refl44]. tive of the detailed values of the solar neutrino oscillation

013011-4



CONSTRAINING NEUTRINO OSCILLATION . .. PHYSICAL REVIEW D67, 013011 (2003

TABLE . Best fit values ofAm3,, and 6o, with the corresponding%,, and GOF for pure active, pure
sterile, and mixed neutrino oscillations. Results are given for the L%‘N(Ibft column and for the full
SNORRY. analysis (right column. The relevant number of DOF is 48 (81—2) for the SNGEE
(SNOZRY analysis.

SNOEE SNGRERC
Region takfso, Amio, x30. GOF  tarffso, AmZo, XsoL ~ GOF

Pure active @s=0)

LMA 0.46 7.2x10°° 409 < 69% 0.46 6.810°° 65.8 86%
LOW 0.83 4.8<10°8 462  46% 0.66 791078 74.4 62%
VAC 1.7 6.6<10°1° 450 51% 1.7 6.310°1° 744 63%
SMA 1.1x10°% 5.0x10°° 57.8 11% 1.410° 5.0x10°° 89.3 20%
just-s@? 1.0 55<10°'?  59.6 9% 1.0 5%10 2  96.8 8%
Mixed (7=0.5)
LMA 0.46 7.6x10°° 45.4 50% 0.42 6810 ° 74.4 62%
LOW 0.91 3.5<10°8 511 28% 0.83 481078 86.3 27%
VAC 1.6 6.9x10°1° 494  34% 0.35 4810°1° 813 41%
SMA 3.6x10°%  4.0x10°° 59.7 8% 4.4107%  4.0x10°6 96.3 9%
just-sc? 1.0 55¢10° 1?2 59.8 8% 1.0 5510 2  97.0 8%
Pure sterile §s=1)
LMA 0.44 1.6x10* 56.0 15% 0.38 18104 99.0 6%
LOW 1.6 1.4x107° 58.5 10% 1.6 1.x10° 1016 4%
VAC 1.7 6.9<10°° 561  15% 0.33 481071 89.1 21%
SMA 35x10°% 35x10°% 612 7% 3.6¢10°% 3.5x10°° 99.4 6%
just-s@? 1.1 55<10°*? 59.9 8% 1.0 55101 97.2 8%

parameterﬁmém and A5, . This figure clearly illustrates the LMA solution, orA)(ﬁ_az 23.3 if we allow also for VAC.
the degree with which the solar neutrino data sample rejectSor 3 DOF theA y2_,=23.3 implies that pure sterile oscil-
the presence of a sterile component for each one of the pofations are ruled out at 99.997% C.L. compared to the active
sible solar neutrino oscillation solutions. The figure showscase.

how the preferred LMA status survives in the presence of a For the LMA solution we have also performed an analysis
small sterile component characterized By (also seen in  without fixing the boron flux to its SSM prediction. In
Figs. 1 and 2 Further, one sees that the valgg=0 is  this case we treat th&B flux as a free parameter in the
always preferred, so that increasimg leads to a deteriora- fit, and remove the error on this flux from the covariance
tion of all oscillation solutions. Notice that there is a crossingmatrix. From Fig. 3 one can see that the constraintzgn
between the LMA and VAC solutions, as a result of whichis weaker in the boron-free case than in the boron-fixed
the best pure sterile description lies in the vacuum regimeone, since asmall sterile component can now be
However, in the global analysis pure sterile oscillations withpartially compensated by increasing the tot2B flux
ns=1 are highly disfavored. We find g>-difference be- coming from the Sun. From the figure we obtain the
tween pure active and sterile Afy2 ,=33.2 if we restrict to  bounds

VAC

I —:

0.6 1k -

PRI NSRRI ERNTHA I )

0.4 . i

it :

S
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o
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o
T
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FIG. 4. Best-fit active solar neutrino survival probabilities.
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solar data: #7¢=<0.44 (boron-fixed, 30 intervals given in Ref[25] (0.24<tarffso,<0.89 and
2.3x10°% eV?>=Am3; <3.7X10 * eV?) and in Ref.[29)
7s=0.61 (boron-fre¢ (6) (tarffso,<0.84 and 2.%310°° eV?<Am3, <3.6

X 10 % eV?) agree very well with the ranges given in Eq.
at 99% C.L. for 1 DOF. In summary, we have found that, as(4). However, even for the favored LMA solution, there are
long as the admixture of sterile neutrinos is acceptably smalgome differences in the GOF of the best fit LMA solution,
the LMA is always the best of the oscillation solutions, es-'anging from 53%25] to 97%(27], due to differences in the
tablishing its robustness also in our generalized oscillatioffonstruction of thex® function by different groups.
scheme. There is rema}rkable agreement on .the rejgcnon of the

To round off our discussion of the solar neutrino fit updateLOW solution with respect to LMA with aAx{ow acive
we present in Fig. 4 the, survival probability versus energy ~10. Our result for the vacuum solutidiyyac,acive= 8.6 IS

E for the various solutions LMA, LOW, and VAC, calculated N good agreement with the values obtained in Refs.
as described above at the logg-minima given in Table I. [1,25:29,31, whereas Refd.26,27,3Q gbta'” higher values.
Similar plots can be made for the case of sterile oscillationsOUr result for the SMA solution 08 xsy, acive=23-5 iS in
good agreement with the values obtained in RefS,30,31;
_ _ while Refs.[26,29 and especially Ref[27] obtain higher
D. Comparison with other groups values. On the other hand in R¢L] SMA is somewhat less
Before turning to the atmospheric neutrino fits let us com-disfavored® _ _

pare our solar neutrino results with those of other groups, 1here had been so-far no dedicated global analysis of so-

Since the release of the latest SNO data in April 2002 sever%?‘r neutrino oscillations including the most recent SNO data
ior the case where sterile neutrinos take part in solar oscilla-

analyses have appeared. Taking into account the lar - : \ .
amount of experimental input data, variations in the analys?{!ons (75+0). Model-independent considerations of transi-

(such as the construction of thé& function or the treatment lons into sterile neutrinos can be found in R¢#,26-28.

of theoretical errorsand the complexity of the codes in- Solar neutrino oscillations in the presence of active-sterile
piexity admixtures are also studied in RE32], although in a differ-

volved it seems interesting to compare quantitatively the putém context. In the lower part of Table Il we compare the
comes of different analyses. In Table Il we have compiledy g results given in Ref§25] and[30] for the pure sterile
some illustrative results of the solar neutrino analyses pelagge t7s=1) with the corresponding values found in the
formed by the SNO and Super-K collaborati¢s7], as well - present analysis. Although there are noticeable differences of
as theoretical onef9,25-31. the shownA y? values, there is agreement on the qualitative
Generally speaking, on statistical grounds, one expectgehavior. We have also studied intermediate levels of sterile
the differences in the statistical treatment of the data to havgeutrino admixture, giving the corresponding regions of os-
little impact on the global best fit parameter values, which liecillation parameters and the fulf? profiles relative to the
in the LMA region for all analyses and are in good agree-favored active LMA solution(not shown in Table 1l, see
ment. These differences typically become more visible agigs. 1, 2, and B
one compares absolute values of te and/or as one de- We now turn to the analysis of the latest atmospheric data.
parts from the best fit region towards more disfavored soluAs already mentioned in the introduction, separate analyses
tions. Aware of this, we took special care with details such a®f solar and atmospheric data samples constitute the neces-
the dependence of the theoretical errors on the oscillatiosary ingredients towards a full combined study of all current
parameters, which enter in the covariance matrix characteescillation data, including also the short-baseline data, as
izing the Super-K and SNO electron recoil spectra. This wayshown in[23,24].
we obtain results which we consider reliable in the full os-
cillation parameter space. Ill. ATMOSPHERIC NEUTRINOS
In the row labeled “DOF” we show the number of ana-
lyzed data points minus the fitted parameters in each
analysis' One can see from these numbers that various In our analysis of atmospheric data we will make use of
groups use different experimental input data, in particular thehe hierarchyAm3,, <Amag,, and neglect the solar mass
spectral and zenith angle information of Super-K and/orsplitting. Further, in order to comply with the strong con-
SNO is treated in different ways. Despite obvious differencesstraints from reactor experimenf45] we completely de-
in the analyses there is relatively good agreement on the begbuple the electron neutrino from atmospheric oscillatfons.
fit LMA active oscillation parameters: the obtained best fitin the following we will consider atmospheric neutrino data
values for taffso, are in the range 0.340.47 and for in a generalized oscillation scheme in which a light sterile
AmZ,, they lie in the interval (5.6 7.9)x 10 ° eV2. There  neutrino takes part in the oscillations. The setting for such
is also good agreement on the allowed ranges of the oscillascenarios are four-neutrino mass schefdgs-1§. In such
tion parametergnot shown in the table For example, the schemes, besides the solar and atmospheric mass-splittings,

A. Active-sterile atmospheric neutrino oscillations

“Here we do not treay; as a free fit parameter, since we consider Tracing back the reason for these and other differences in Table
only the limiting casesys=0 and 1; this is the reason for the num- Il goes beyond the scope of this work.
ber 81-2 in the present analysis. SFor a dedicated study of these issues see [R&f.
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TABLE Il. Comparison of solar neutrino analyses among different groups. We show the number of analyzed data points minus the fitted paramettitsyaheebes taRfso,

andAméo,_ for active oscillations and the correspondiggminima, and GOF. Further we show the ? with respect to the best fit LMA active solution for various other solutions

(active, as well as sterile

SNO Super-K Barger = Bandyopadhyay Bahcall Creminelli Aliani De Holanda Fogli Barranco Present

Collaboration Collaboration et al.[27], et al.[26], et al.[25], etal.[30], etal.[28], and Smirno29], etal.[31], etal.[9], analysis

[7], Table IV [1], Table Il Table Il Table I Table IV Chap. 7 Table Il Table | Table | Table |
DOF 75-3 46 75-3 49-4 80-3 49-2 41-4 81-3 81-3 81-2 81-2
Best fit LMA solution
tarf s, 0.34 0.38 0.39 0.41 0.45 0.45 0.40 0.41 0.42 0.47 0.46
Am3,, [107° eV?] 5.0 6.9 5.6 6.1 5.8 7.9 5.4 6.1 5.8 5.6 6.6
Xoua 57.0 43.5 50.7 40.6 75.4 33.0 30.8 65.2 73.4 68.0 65.8
GOF 90% 58% 97% 66% 53% 94% 80% 85% 63% 81% 86%
AXEOW,active 10.7 9.0 9.2 10.0 9.6 8.1 124 10.0 8.7
AXnc active 10.0 25.6 15.5 10.1 14.0 9.7 7.8 8.6
AxéMAvmwe 15.4 57.3 30.4 25.6 23.0 34.5 235 235
A)(EMA,steriIe 29.0 33.2
AXEOW,steriIe 35.9
A)(\Z/AC,steriIe 26.0 23.3
A)(gMA,steriIe 39.7 33.6
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there is also a largAm? motivated by the LSND experiment X,2ATM(A mf\TM, Oxrm »d,, ,ds)

[22]. In contrast with the case of solat, oscillations, the o

constraints on the, content in atmospheric oscillations are _

not so stringent: irllLfact such constrains are provided by at- :izl (NP~ N}h) ' (‘7§><+ ‘thh)ij l'(N}sx_ N}h)'
mospheric data themselvg46]. As a result, to describe at-

mospheric neutrino oscillations in this general framework ®)
[23,33 we need two more parameters besides the standard

2-neutrino oscillation parametetsry andAma,, . We will
use the parameteds, andd, already introduced in Ref23],
and defined in such a way that{d,) and (1-ds) corre-
spond to the fractions of,, and vg participating in oscilla-

tions with Ama;,,, respectively. Hence pure active atmo- case for sub-GeV contained events, however, previdasy
spheric oscillations with mir are recovered in the limit o made the simplifying assumption of full neutrino-lepton
d,=0 andds=1. In four-neutrino models there is a mass qgjlinearity in the calculation of the expected event numbers
scheme-dependent r_elationship betwdgmnd the solar pa- o1 the multi-GeV contained and up-going-data samples.
rameterys. For details see Ref23]. While this approximation is still justified for the stopping
We will also perforrP an .anaI},/S|s by imposing the €on-4nq thru-going muon samples, in the multi-GeV sample the
straintd,=0. In such “restricted” analysis the,, is com-  theoretically predicted value for down-comimg is system-
pletely constrained to the atmospheric mass states. Only igically higher if full collinearity is assumed. The reason for
this limit the parameted, has a similar interpretation ag  thjs is that the strong suppression observed in these bins
introduced in the solar case. Fdy, =0 we obtain thatv,  cannot be completely ascribed to the oscillation of the down-
oscillates into a linear combination of, and vs with  coming neutrinoswhich is small due to small travel dis-

Concerning the theoretical Monte Carlo program, we im-
prove the method presented in RE38] by properly taking
into account the scattering angle between the incoming neu-
trino and the scattered lepton directions. This was already the

2 . .. .
AMgry : tance. Because of the non-negligible neutrino-lepton scatter-
o \/— ing angle at these multi-GeV energies there is a sizable
d,=0: v,—Vds v+ V1-ds vs. (7) " contribution from up-going neutrinasvith a higher conver-

sion probability due to the longer travel distapde the
_ down-coming leptons. However, this problem is less visible
B. Data and analysis when the angular information of multi-GeV events is in-

For the atmospheric data analysis we use all the charge@uded in a five angular bins presentation of the data, as
current data from the Super-Kamiokandes] and MACRO  Previously assumek8.
[14] experiments. The Super-Kamiokande data include the
e-like and u-like data samples of sub- and multi-GeV con-
tained eventgten bins in zenith angjeas well as the stop-
ping (five angular binsand through-goingten angular bins Folding together the atmospheric neutrino fluk3], our
up-going muon data events. We do not use the informatioﬁalculated neutrino survival prObabi”tieS inClUding Earth
on v_. appearance, mu'tiring‘q and neutral-current events matter effects with the pI’Ofile of Re|f41:|, and the relevant
Since an efficient Monte Car|o Simu'ation Of these dataneutrino Cross SeCtionS, we determine the eXpeCted event
samples would require a more detailed knowledge of théwumbers for the various atmospheric neutrino observables,
Super-Kamiokande experiment, and in particular of the way
the neutral-current signal is extracted from the data. Suclk _ 10
information is presently not available to us. From MACRO “> - Activejd,=1.0,d,=0.0L_ "
we use the through-going muon sample divided in ten angu- (;3 B
lar bins[14]. We did not include in our fit the results of other £ I
atmospheric neutrino experiments, such as the recent 5.‘5 3
kton-yr data from Soudan-P47], since at the moment the e =
statistics is completely dominated by Super-Kamiokande /¢ * Mived'(d,20.5, 8 =any]
[38]. Furthermore, some of the older experiments have ng } L

C. Results and Discussion

1 Bestifzbest, 4 —best]

77—\
/| \
i
|
I

ST

.

angular sensitivity, and thus cannot be used to discriminate i [( «)) (' A) i "‘
between active and sterile neutrino conversion, our main 5| IR |
goal. 0 o3F =
. . . . . . . Byl ety gy P 1 L1 A |
Our statistical analysis of the atmospheric data is similar 1 05 0 0.5 1 05 0 0.5 1

to that used in Ref.23], except that we now take advantage
of the new Super-Kamiokande data and of the full ten-bin
zenith-angle distribution for the contained events, rather than . 5. Allowed regions of the parametersig,, andAmzZr,
the five-bin distribution employed previously. Therefore we at 90%, 95%, 99%, ands3for 4 DOF and different assumptions on
have now 65 observables, which we fit in terms of the fourthe parametersl; and d’u (see text The lines(shaded regions
relevant parameters m,zm\,, y Oarm» d,, anddg: correspond to 12891489 days of Super-K data.

sgn(6_ ) sin29atm

atm
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FIG. 6. Axary as a function of siffry (left) and Amay,, (right), using 1289%uppe) and 1489%owen days of Super-K data, for the
case of neutrino oscillations with arbitrady andd,, , best-fitds andd,, , pure active, and mixed active-sterile neutrino oscillations.

taking into account the appropriate detector response charagg,.,, ,AmiTM ,d,,,dg). In the upper panels we show sec-
teristics. Comparing with the data described in Sec. Il B, Wetions of these volumes at values @J: 1 anddﬂzo corre-
have performed a global fit of the atmospheric neutrino datgponding to the pure active cadeft) and at the best fit point
using the above—discussq&rm, following the same method (right). Again we observe that moving from pure active to
used in Ref[38]. We now summarize the main features of the best fit does not change the fit significantly. In the lower
this fit. right panel we project away botl, andds, whereas in the
Our global best fit point occurs at the parameter values lower left panel we fixds=0.5 and project away onlg, .
Comparing the regions resulting from 1489-days Super-K
data (shaded regions with those from the 1289-days
Super-K sampléhollow regiong we note that the new data
andds=0.92,d ,=0.04. We see that atmospheric data pre-Ieads toa sllght_ly better determination @iry andAmiTM :
fers a small stgrile neutrino admixture. However, this effec However, more importantly, from the lower left panel we see
’ ’ Ehat the new data shows a stronger rejection against a sterile

is not statistically significant, also the pure active cade ( ,ymixture: ford.= 0.5 llowed reqi at Tor 4
=1d,=0) gives an excellent fit: the difference Nt with gonlll.x ure- fords="1.5 no aflowed region appears '

sirf Oy =0.49, AmZ;,,=2.1x10 "% eV? (bes) (9)

respect to the best fit point is only x5 pese=3.3. For the In Fig. 6 we display theA x? with respect to the global
pure active best fit point we obtain best fit point as a function of Sifixy (for both signs of

Oxrv) and AmiTM, minimizing with respect to the other

SifOxm=0.5, Amiry=2.5x10 2 eV? (active parameter, for different assumptions on the paramedgrs

(100 andd,. In contrast to the solar case shown in Fig. 2 the
atmosphericy? exhibits a beautiful quadratic behavior, re-

with the 3r ranges(1 DOP flecting the fact that the oscillation solution to the atmo-
spheric neutrino problem is robust and unique. Notice again
0.3<siM 0y =0.7, the significant worsening of the fit for the case of a sizable
sterile neutrino admixturésee, e.g., the line corresponding
1.2x10°% eVP<Amz;,,<4.8x10° % eV? (active). to dg=0.5).
(11 In Fig. 7 we summarize the behavior of atmospheric

with respect to the parametedg andd,, . Indeed, the most
The determination of the parametetgry andAmjn, is  striking result of the present improved analysis is the stron-
summarized in Figs. 5 and 6. At a given C.L. we cut theger rejection we now obtain on the fraction of the sterile
Xarm at a Ax? determined by 4 DOF to obtain four- neutrino 1-ds in atmospheric oscillations. FiguréJ clear-
dimensional volumes in the parameter space oly illustrates the degree to which the atmospheric neutrino
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FIG. 7. (a) Allowed regions of the parameteds andd,, at 90%, 95%, 99%, and@for 2 DOF. The linegshaded regionscorrespond
to 1289¢1489y days Super-K data. Further we shmr\p(,im as a function ofds (b) andd, (c), minimized with respect to all other
parameters. The subscript “R” refers to the restricted analysis @jti 0.

data sample rejects the presence of a sterile component. Qvith respect to the active onéd.et us note that MACRO
this basis one can place a model-independent atmospheriata give an important contribution to this effect: MACRO

limit on the parameted,, alone disfavors the sterile oscillations already witly? ,
=9.0. These limits on the sterile admixture are significantly
atmospheric data: 4d;=<0.35 (12 stronger than obtained previougB3] and play an important

role in ruling out four-neutrino oscillation solutions in a
at 99% C.L.(1 DOP). For the case of the restricted analysis, c©Mbined global analysis of the LSND anomé84]. Note,
in whichd,, =0, we obtaif howeverZ th_at in contrast .Wlth the case af, there is no
substantial improvement in constraining the parametger
due to the new data, as seen in Figcy.
In order to better appreciate the excellent quality of the
i ) neutrino oscillation description of the present atmospheric
By comparing Eqs(12) and(13) we note the importance of eyiring data sample we display in Fig. 8 the zenith angle
taking into account the finitd,, value in the analysis. distribution of atmospheric neutrino events. Clearly, active
Although there is no substantial change in the 99% C.Lneytrino oscillations describe the data very well indeed. In
bounds on *-ds due to the new Super-K data there is a hugecontrast, no oscillations can be visually spotted as being in-
effect for the case of sizable sterile neutrino admixtutgs, consistent. On the other hand conversions to sterile neutrinos
=0.5. In Table IIl we have compiled the best fit values of jead to an excess of events for neutrinos crossing the core of

H 2 H .
SiMOxrm » AMiry , the x* values, and the GOF for the vari- the Earth, in all the data samples except sub-GeV.
ous atmospheric data samples for pure active and pure sterile

oscillations. In the last column we give the differenceyth
between active and sterile oscillation cases. Comparing these
numbers for the 1289- and 1489-days Super-K samples we Let us briefly compare our atmospheric neutrino oscilla-
observe that all the new data except the sub-GeV sample ledi@n results with those of other groups. Apart from the analy-
to a significantly higher rejection against sterile oscillations.ses presented in Refi23,33 there had been no other com-
In combination with MACRO data the 1289-days Super-K plete atmospheric neutrino analysis taking into account the
gave a difference between pure sterile and active oscillations

of Ax2 ,=17.8, whereas with the recent data we obtain

d,=0: 1-d.=<0.16. (13)

D. Comparison with other groups

®Here we should remark that this big improvement in constraining

AXZ —34.6 (14) the sterile component—which is clearly visible also in the analyses

s-a ' presented by the Super-K collaboration itself—cannot be explained

only by the improved statistics provided by the new data sample.

showing that pure sterile oscillations are highly disfavoredrhe |eading contribution comes instead from a change in the data

themselves, which may indicate that some modification in the ex-

perimental efficiencies has been introduced. However, we have

"Note that in this case the C.L. regions should be defined withverified that such changes do not affect the theoretical prediction,

respect to the “restricted” best fit point, which occurs fdg since no difference between 1289 and 1489 days is visible in the
=0.99, and not with respect to the global one. Monte Carlo program of the Super-K collaboration.
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TABLE Ill. Atmospheric neutrino best-fit oscillation parameters for pure active and pure sterile oscillations for the various data samples.

Active (d,=0, d,=1) Sterile @,=0, d=0)
Data sample DOF st Am? [eV?] Xat GOF sife  Am?[eV?] Xe GOF  AxZ,

Super-K-1289 days, improved

SK sub-GeV 26-2 0.50 2.1x10°8 14.9 67% 0.50 2.210°° 15.0 66% 0.1
SK multi-GeV 20-2 0.50 1.8<10°3 6.4 99% 0.57 35103 11.3 88% 4.8
SK stopu 5-2 0.50 4.%10°3 1.2 76% 0.61 48103 3.1 38% 1.9
SK thruu 10-2 0.29 6.3% 1073 5.3 73% 0.84 1.810°2 7.8 45% 2.5
MACRO 10-2 0.50 2.410°3 11.0 20% 0.96 94103 20.0 1% 9.0
SK contained 462 0.50 2.<10°8 21.4 99% 0.54 3810°° 26.9 91% 55
Upgoing 25-2 0.50 3.%10°° 19.2 69% 0.72 421073 32.8 8% 13.6
SK+MACRO 65-2 0.50 2.%10°8 41.7 98% 0.56 2.810°° 59.4 60% 17.8
Super-K-1489 days
SK sub-GeV 20-2 0.50 1.%10°3 9.0 96% 0.51 281073 9.0 96% 0.0
SK multi-GeV 20-2 0.50 1.3x10°3 10.2 93% 0.57 3%10°° 18.4 43% 8.2
SK stopu 5-2 0.50 2.8<10°° 1.5 69% 0.75 2.810°° 6.9 8% 5.4
SK thruu 10-2 0.50 3.5¢1073 6.3 61% 0.84 6.%10°° 16.0 4% 9.7
MACRO 10-2 0.50 241073 11.0 20% 0.96 941073 20.0 1% 9.0
SK contained 462 0.50 1.5¢10°3 19.3 99% 0.54 381078 28.1 88% 8.8
Upgoing 25-2 0.50 3.<10°3 18.9 71% 0.75 3.210°° 40.8 1% 22.0
SK+MACRO 65-2 0.50 2.5¢10°3 40.2 99% 0.61 2.%10°8 74.9 15% 34.6

most general structure of neutrino mixing in the presence ofhe results of other works. Let us further note that the analy-
sterile neutrinos, characterized by four mixing parameters. Isis of Ref.[50] is based on the 1289-days SK data sample
the analyses of Ref§13,5( the v, is restricted to the atmo- (79.5 ktonyj and in contrast to Ref§13,5(0] we use also
spheric mass states, which corresponds to the consttaint data from the MACRO experiment.

=0 in our parametrization. However, at the corresponding First, we find very good agreement in the case of pure
limiting cases our generalized analysis can be compared withctive oscillations: the agreement of our best fit values given

500 _‘—-—-_._._._‘_‘__‘ 250 F ' ' T
400 EDN: E
P e 20 : SK-1489
‘q&; 3005, 3 150 3 No oscillations
3 E ] — Best[d =0.92, du=0.04]
# 200F 1100 i = Active [d,=1.0, d,=0.0]
100F ] 505_ _ ..... - Sterile [d_=0.0, du=0.0]
[ SK sub-GeV ()] [ SK multi-GeV (u)]
0705 0 o5 1 % o5 o0 o5 1
1 | T T T = 4 T T T T i T T T T
"5 o8l I : 5
"o —._l_,_ A 3: =
o 06F 1 1 .
5 | 1 2p =
o 04 4 f ]
'9 L ] x C ]
.oz} 1 ]k ;
LI SKstop (u)] | SKthru (W] f MACRO thru ()]
0708 06 04 02 0 %7 08 06 04 02 0 %7 08 06 04 02 0
cos 6 cos 0 cos 0

FIG. 8. Zenith angle dependence of thdike data used in our fit. Further we show the predicted humber of atmospheric neutrino events
for best-fit, pure-active, and pure-sterile oscillations, and no oscillations.
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in Eq. (10) with those obtained by the Super-K Collaboration problem and obtain that the LOW, VAC, SMA, and justso
(sirPOxrm=0.5, Am2.,, =2.5x 10~% eV? [13]) is excellent, solutions are disfavored with Ax?=9, 9, 23, and 31, re-
with good agreement also with the results of RES0] spectively, for the pure active case. In addition, we find that
(SirPOuy =0.41, AmZ,,=3% 10 2 eV?). Similarly, also the global solar data sample constrains admixtures of a ster-
the allowed ranges shown in the upper left panel of Fig. le neutrino to be smaller than 44% at 99% C.L. This bound

compare very well with the ranges obtained in Rgf8,50. S relaxed to 61% when the s0l&B flux is treated as a free

This shows that the determination of the active atmospheriﬁ_‘arameter' A puregss;egrg?o;olcutll_onlzls rullled ogt W'thl respect to

oscillation parameters is already rather stable with respect t de acttlve orl]_(la\/lit A | 0 t'h X borf‘ C;We" tite” € r.llfutt.”no

variations in the analysis and inclusion of additional data 20MIXIIres IS always the best of all the oscillation

Concerning admixtures of sterile neutrinos, we note that it i STOIUt'O”S‘. We remark, howev_er, the existence of nonoscilla-
' Yion solutiong8-10]. These will be crucially testef®,51] at

presently not possible to use information ppappearance, he up-coming KamLAND reactor experimei2]
multiring w, and neutral-current events outside the Super-Kt By performing an improved fit of the atmosbheric data

Collaboration because to simulate these data a detalle\ﬁe have also updated the corresponding regions of oscilla-

knowledge of the detector and the applied cuts is necessany. - - meters for the case where the atmos hericon-
These classes of events should provide additional sensitivit\yert ?o a mixture of active and sterile neutrin%s We have

towards rejecting a possible contribution of sterile neumnos'displayed the global behavior Oﬁxf\m(AmiTM) and

2 = -
Therefore the fact that the value dfy; ,=49.8[13] be Xarm(0arv) for different allowed values of the sterile neu-

tween pure active and sterile oscillations obtained by the dmixt in the at heric ch L We h

Super-K Collaboration is higher than our value 34.6 given in fino admixture in the atmospheric channel. Yve have com-

Eq. (14) is understandable, since with the Super-K data acPared the situation before and after the recent 1489-day at-
cessible to us we have a reduced discrimination between a nospheric Super-K data samples and have shown that the

tive and sterile oscillations, based solely on the matter ef; OF of the oscillation hypothesis is exce!lent. We have
fects. found that the recent 1489-day atmospheric Super-K data

strongly constrain a sterile component in atmospheric oscil-

lations: if thev,, is restricted to the atmospheric mass states

only a sterile admixture of 16% is allowed at 99% C.L.,
Prompted by the recent data on solar and atmospherrdh”e a bound of 35% is obtained in the unconstrained case.

neutrinos we have reanalyzed the global status of oscillatioRure sterile oscillations are disfavored withAg*=34.6

solutions, taking into account that both the salgrand the ~ compared to the active case.

atmospheria,, may convert to a mixture of active and ster-
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