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The v,— v, and v,— v solutions to the atmospheric neutrino problem are compared with SuperKamio-
kande data. The differences between these solutions due to matter effects in the Earth are calculated for the
ratio of u-like to e-like events and for up-down flux asymmetries. These quantities are chosen because they are
relatively insensitive to theoretical uncertainties in the overall neutrino flux normalization and detection cross
sections and efficiencies. 4% analysis using these quantities is performed vyieldimg ranges which are
approximately given by0.725-1.0, 410 4-2x10 2 eV?) and (0.74-1.0, X 10 3-2x 102 eV?) for
(siP26,An¥) for the v,—v, and v,—vs solutions, respectively. Values akm?® smaller than about

2% 102 eV? are disfavored for the,— v solution, suggesting that future long baseline experiments should

see a positive signal if this scenario is the correct §86556-282(198)00913-§

PACS numbefs): 14.60.St, 12.20.Fv, 14.60.Pq

Atmospheric neutrino data provide important evidence fompose of this paper is to compare and contrast these two most
the existence of neutrino oscillatiofik,2]. Atmospheric neu- favored oscillation modes with the latest SuperKamiokande
trinos are produced primarily from the decays of mesons anélata. Surprisingly, to our knowledge this has never been
muons which result from interactions between the primarydone before even for Kamiokande déoa earlier data
cosmic ray flux and air molecules in the Earth’s upper atmo- 1hough in many respects similar, thg,—». and v,

h Th tino ist tviaf 7. g U cases are distinguishable, becawsednteracts via the
sphere. The neutnno flux consISts mostyidl, ve, v, Nt neytral current with ordinary matter whereas, by defini-

v,, with the muon flavor flux expected to be roughly twice tion, does not. Neutral current interactions with the Earth
as large as the electron flavor flux. When these neutrinogffect the evolution of thev,,+ v system because of the
interact with matter via the charged current they produce thenatter effec{8]. The evolution of thev, + v, system is, by
corresponding charged leptons or antileptons. Atmospherigontrast, identical to what it would be in vacuum. A major
neutrino experiments measure the corresponding event ratQfoal of this paper is to study the magnitude of the matter
Historically, the atmospheric neutrino anomaly has been desffect. We will show that it is quite important for multi-GeV
fined to be the discrepancy between measured values of thgents ifAm2<10-2 eV? and for sub-GeV events ik m?2
ratio of u-like to e-like events ¢~ 1.2) to the predicted ratio <1073 eV2. We will also perform a2 analysis of the two
of about 2. The SuperKamiokande experiment has recentlyases with respect to the SuperKamiokande data. It is inter-
produced relatively high statistics data that considerabl)ésting to note that other ways of discriminating between
strengthens the case for an atmospheric neutrino anomalq ,, have been suggested in the literature. Referéfte
[2]. In particular, the new data provide strong evidence for anjiscysses how the sensitivity of SuperKamiokande to neutral
anomalous zenith-angle dependence for multi-GeMke  cyrrent interactions can be used, while REf0] discusses
events. Furthermore, the pattern of this dependence is cofe importance of the matter effect for high energy neutrinos
sistent with a neutrino oscillation explanation. that produce upward-going muons. Intriguingly, the
. Gengrically, the atmospheric neutrino anomaly points fopacCrO experiment[11] sees dips in the upward-going
its solution towards large angte, — ve [3], v,— v, [4] oF  myon flux at zenith angles that are qualitatively consistent
v,— vs [5] oscillations, wherevs denotes a sterile neutrino jth expectations from Ref10]. The two cases may also be
[6]. However,v,— v, is now disfavoredthough not com- gistinguished in the future using long baseline experiments,
pletely ruled out by results from the CHOOZ reactor-based gjther through the sensitivity of the detector to neutral cur-
v, disappearance experimdim. We therefore focus on the rents, or, for higher energy experiments, by searching/for
v,—v,andv,— v possibilities in this paper. A major goal appearance.
of future atmospheric neutrino research should be to dis- In the water-Cerenkov SuperKamiokande experiment,
criminate between these rival solutions. To this end, the purneutrinos are detected via the charged leptwiisa=e or u)
produced from neutrino scattering off nucleons in the water
molecules:v ,N— aX, where the identity oX will be dis-

*Email address: foot@physics.unimelb.edu.au cussed below. The total numblK«) of charged leptons of
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Va detection efficiency
_ Number of 1 ring charged current events
. £ . Y ~ Total number of charged current events
z ™~
~N ¢ 3
T T
e For our sub-GeV analysis we use the approximation of only

including quasi-elastic scattering. In this approximation the
detection efficiency function is set to 1 because quasi-elastic
scattering always lead to 1 ring events. In the multi-GeV
analysis, we use a detection efficiency function obtained
from the SuperKamiokande Collaboration.

¢ The survival probabilityP(v,— v, ;E,£) is obtained by
solving the Schrdinger equation for neutrino evolution in-

FIG. 1. The parametrization of angles in the interactiggh  cluding matter effects. It is given by

—aX.
Am? ir? Am? _
* Amax +1 i V/.L(X) B 2E sinco _2E SN @ cos@
N(a):”TfodEfq “aa |, dcosy O vs00] | Am?_ Am?
min Esm&cos? ECO 0+AT,S(X)
f+1 1 J'Zw
X dcosés—| d
oo, 99 v,(X) “
v s(X)]
d?F ,(E, ) d?o,(E,q,cosy) s
dE dco  dq dcosy where x is the distance travelledAm? the difference in
squared masseg, the vacuum mixing angle and,, . «(x)
XP(v,—vyE,&). (1) the wave functions of the neutrinos. The quantithes(x)

are the effective potential differences generated through the

Here d?F ,/dEdcos is the differential flux of atmospheric matler effect:

neutrinos of typev, of energyE at zenith angl€. The term A(x)=0 (5)
n; is the effective number of target nucleons. The function T

d®o,/dgdcosy is the differential cross section for,N  and, for electrically neutral terrestrial mat{@r2],

— aX scattering, wherg is the energy of the charged lepton

and is the scattering angle relative to the velocity vector of J2 V2

the incidentr, (the azimuthal angle having been integrated AS(X)=7GFNn(X)=7GF(Yn/mn)p(X), (6)
over. The functionP(v,— v, ;E, ) is the survival probabil-

ity for a La leth_ energy E after travelling a distanc&  \yhereG, is the Fermi constan,(x) is the number density
= J(R+h)*—~Rsir’¢—Rcos;, whereR is the radius of the  of neytrons along the path of the neutring,=0.52 is the
Earth andh~15 km is the mean altitude at which atmo- gyerage number of neutrons per nucleon, is the nucleon
spheric neutrinos are produced. Finally note thats the  mass angp(x) is the mass density. Our numerical calcula-
azimuthal angle relative to the incident neutrino directionsjons use the density profile of the Earth given in Haf)].

(see Fig. 1 for an illustration of all the relevant anglékhe  The ,  survival probability is given by ,(L)* v,(L). For
integration overp is only non-trivial when calculating zenith antineltjtrinos the sign oA, is reversed. ” K

angle binned data. In order to calculate the numbet-tike The differential flux of atmospheric neutrinos

events for certain energy ranges and within certain zenithy2p /dEdcosé without geomagnetic effects is given in
angle bins, the integration ranges in E@) must be trun-  r16] byt we have used the differential flux which includes
cated accordingly, with the direction of the charged 'eptorbeomagnetic effect§17]. (For other atmospheric neutrino

then obtained from flux calculations, see Ref18].)
SuperKamiokande separates its data into a sub-GeV
cosd = cosé cosy+ SinEcose sini, 2) sample and a multi-GeV sample. For sub-GeV events,

charged leptons are dominantly produced via quasi-elastic
scattering:v,N— aN’, whereN andN’ are nucleons. The
where® is the zenith angle of the charged lepton. stateX [see Eq(1)] is therefore identified withN’ for these
Since not all charged current events are used in the Sievents. We use the cross section given in R&#]. The
perKamiokande analysis, E€L) must be modified to incor- struck nucleorN is either a proton in hydrogen, or a bound
porate the so-called detection efficiency function. This funcnucleon in oxygen. In the case of hydrogen, the 2-body na-
tion is defined by ture of quasi-elastic scattering leads to a relation betviigen

013006-2



COMPARING AND CONTRASTING THEv,— v, AND v,—vg ... PHYSICAL REVIEW D 58 013006

1.00 . T

Sub-GeV
0.90F i

0.80

0.70

0.60 -

0.50 =

10°* 10° , , 102 10"
A m*/eV

FIG. 2. The sub-Ge\R as a function ofAm? for various values of sf26. The usual SuperKamiokande momentum cuts have been
employed. The soliddashed lines pertain to thev,— v, (v,— vs) scenario. Going from the top to the bottom curves?Xirtakes the
values 0.7, 0.8, 0.9 and 1. Note the significance of the matter effeétrfdr<10~2 eV2. The dashed-dotted lines denote the preliminary
SuperKamiokande result within &lo band after 414 live days of running.

g and ¢ from relativistic energy-momentum conservation. pected with oscillations switched off. A class of up-down
One of the integrations in Ed1) is therefore redundant for flux asymmetries fow-like events is defined by

scattering off hydrogen. For scattering off a nucleon within

an oxygen nucleus, Fermi motion and Pauli blocking effects - (N;”/N;”)|OSC

are incorporated via the prescription in R¢L4]. In this “:(N"’/N+”)| . ®)
case, there is no relation betweEnq and ¢ because of the @ 7T JIno-ose

nuclear effects. For multi-GeV events we use the inclusiveyere N~ 7 denotes the number ef-like events produced in
cross section for ,N— aX given in Ref[15]. Although this o detaector with zenith angle d@s<— 7, while N*7 de-
cross section is not completely satisfactory for calculatingnotes the analogous quantity for ﬁi%??, where 77aiS de-
absolute event rates because it does not incorporatéow fined to be positive. SuperKamiokand’e divides the1
effects such as resonance production, it is a good enough+1) interval in co® into five equal bins. The central bin

approximation for c.alculating ratios of event rates such a%raddles both the upper and lower hemispheres, and is thus
up-down asymmetrieg19] and N(u)/N(e) because these not useful for up-down asymmetry analyses. We therefore

qua_mtities are re!ative!y insensitive to Qeta§ls. Indeed thechoose77=0.2 in order to utilize all the data in the other four
main advantage_l_n using event_ rgte r_atlos is that they_ fins. Sincer,’'s do not oscillate in the two scenariasg,
relatively insensitive to uncertainties in the cross sections’ " " hich ewe consider, up-down asymmetries fofike
and the neutrino fluxes. In this way 20—30 % uncertainties in_ 75 " g o .

S s S events,Y.“, are predicted to equal 1. Note that systematic
overall flux normalizations and similar uncertainties in the

cross section$20] are avoided in favor of quantities with uncertainties for up-down asymmetries are smaller than for
systematic uncertainties of only a few percent. R, because the latter depends on the relative flux do v .

We will now define the event rate ratios used in the analy- In the context of thev,—», s scenarios considered here,

sis. We first define the traditional quanti®; where R measures the disappearancergfs and v,’s relative to
v.'s and v.'s and to no-oscillation expectations. The up-
/ down asymmetries probe the zenith angle dependences of the
(N/,L Ne)losc . . . . .
R= — &~ =~ °> (7) neutrino fluxes relative to no-oscillation expectations. Both
(Nu/Ne)|n0-osc classes of quantities provide pertinent information about the

pattern of the putative,, oscillations while being insensitive
The quantitiesN, , are the numbers oé-like and u-like  to the systematic uncertainties discussed above.
events, as per Eql). The numerator denotes numbers ob- Additional important information about the oscillation
tained from Eq.(1), while the denominator the numbers ex- pattern is supplied by the energy dependenceR ahd the
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FIG. 3. The multi-GeVR as a
0.80 function of Am?. Notation as for
Fig. 2. Note the significance of the
matter effect forAm?<10-2 eV?.,
0.70
0.60
10" 10° 10° 10"
Am*eV?
Y’s. For this reason we calculate sepafdte andY'’s for the R(sub-GeVf=0.61+0.03+ 0.05,
SuperKamiokande sub-GeV and multi-GeV samples. The
sub-GeV sample is defined by the momentum cuts 0.1 R(multi-GeV) = 0.67+ 0.06+ 0.08
<p./Gev<1.33 and 0.Zp,/GeV<15 for e-like and ’ (9

u-like events, respectively. We also consider an alternative
low-energy cut which has a lower limit of 0.5 GeV. The
alternative cut enhances the effect of oscillations because the
correlation of the produced charged leptons with the incident Yo A(multi-GeV) = 0.49+ 0.06.
neutrinos is stronger for higher energies.

Our results for theR’s andY'’s are displayed in Figs. 2—6 The preliminary experimental results we use correspond to
[21] together with the preliminary SuperKamiokande results414 live days of running. Note that experimental results for

Y} (sub-Ge\j=0.78+0.06,

[2]: the alternative sub-GeV sample with ,>0.5 GeV are not
100 FIG. 4. The up-downu-type
Y asymmetryY%? as a function of
mn Am? for the sub-GeV sample with
0.90} the usual SuperKamiokande mo-
’ mentum cuts. Notation as for Fig.
2, except that in thé&/>1 region
the order of the sif2¢ values is
0.80L - reversed. Note the significance of
the matter effect forAm?<10~3
eV2,
0.70F -
10° 10° 107 10"
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FIG. 5. The up-downu-type
asymmetryY9? as a function of
Am? for the sub-GeV sample with
the alternative lower limitp,
>0.5 GeV. Notation as for Fig. 2,
except that in the/>1 region the
order of the sif2¢ values is re-
versed. Note the significance of
the matter effect forAm?<10~3
eV2,

10* ;
Am*eV?

at present available. For completeness we mention that the10™4 eV?. (i) The matter effects cut in at the higher value

preliminary SuperKamiokande results for tidike up-down
asymmetries are

Y24 sub-GeVf=1.13+0.08,
e ( \' 10

Y24 multi-GeV) =0.83+0.13.

of aboutAm?=10"2 eV? for the multi-GeV casediii) The
up-down muon asymmetries plateau between about 40d
102 eV?, with the sub-GeV plateau occurring for slightly
lower values ofAm? compared to the multi-GeV case. For
this range ofAm?, downward travelling neutrinos do not
have time to oscillate, whereas upward travelling neutrinos

Finally note that only statistical errors are given for the up-experience averaged oscillations. The plateau phenomenon
down asymmetries since they should be much larger thaprovides a characteristic prediction for up-down asymmetries

possible systematic errors.
These results have several significant featuigszor the

that is reasonably insensitive tom?, while remaining sen-
sitive to the mixing angle. Note also that the multi-G&/

sub-GeV cases, the matter effects become noticeable at abdlattens out in thissm? range, for exactly the same reason,

Am?=10"2 eV? and are really very significant akm?

with the corresponding plateau for the sub-GBR\at lower

1.00

0.90

0.70

0.60

Multi-GeV

FIG. 6. The up-downu-type
asymmetryY)? as a function of
Am? for the multi-GeV sample.
Both fully-contained and
partially-contained events are in-
cluded. Notation as for Fig. 2.
Note the significance of the matter
effect for Am?< 10 2 eV?,

0.50

T

10"
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Am?’s (except that the matter effect destroys the plateau for 0.1 ¢ v . .
the v, — v scenarig. (iv) Both the sub- and multi-GeW's g . bestfit *
fit the SuperkKamiokande data well faxm? in the range vy vp with R+Y
10 3-10 2 eV2. TheR values also fit the data well in this 0
range, but with a preference for highdm? values. (v)
While a fairly large range of mixing angle values is consis- 0.01 -
tent with both of theR measurements and the sub-G&V :
datum, the multi-GeW result tends to favor maximal mix-
ing. The multi-GeVR measurement also tends to favor a
large mixing angle(vi) A comparison of Figs. 4 and 5 shows
that the alternative low-energy cut increases both the up-
down asymmetry effect and the matter effect.

We now perform g¢? fit to these data in order to quantify
the significance of the various competing influences dis-
cussed above. We define tlyé function as

RS K_ Rth
5RSK

Am2/ eV2

0.001 | LA

2 2 2

SK th
Ye _Ye

oYSK

0.0001 ‘ ! : .
0

SK__th
Y. =Y, 0.2 0.4 0.6 0.8 1

SK
YS

sin2 20

FIG. 7. The allowed region in the ($29, Am?) plane for the
where the sum is over the sub-GeV and multi-GeV cases, thg ., _scenario.
measured SuperKamiokande values and errors are denoted
by the superscript “SK” and the theoretical predictions for |ations isy?,;,=4.5 for 4 degrees of freedom. This is quite a
the quantities are labelled by “th.” They=0.2 choice is good fit to the datdallowed at the 35% levgl
understood for the up-down asymmetries. We include both |n Fig. 8 we show the allowed region considering just the
the e-like and thew-like up-down asymmetries in the fit. asymmetries instead of using both the asymmetries ani the
There are 6 pieces of data jtf and 2 adjustable parameters, ratios. This is of interest because systematic uncertainties for
Am? and sif26, leaving 4 degrees of freedom. Y’s are smaller than those fdR’s. Note that in this case

The statistical procedure we employ is approximate in theéhere are 4 data points and 2 free parameters which gives 2
sense that ratios of Gaussian-distributed quantities are oniyegrees of freedom.
approximately Gaussian themsel@g]. The validity of us- According to Fig. 9,y? does not experience a deep mini-
ing ratios increases as the fractional errors decrease. Singgum at the best fit point with respect &am?. This reflects
SuperKamiokande is a high statistics experiment, our procehe plateau phenomenon discussed earlier, and shows that
dure is accurate within a sufficiently small region around thethis type of atmospheric neutrino analysis will not be able to
best fit point provided this point gives a good(fite estimate  pinpoint Am? very precisely. Note that the minimum be-
that it is approximately valid within the@region around the  comes shallower when theis are excluded from the fit. This

best fif. is because the plateauRis not as pronounced as that¥n
An alternativey? analysis can be performed by using ab-

solute event rates rather than ratios. However in that case thi 0.1 ¢ . . . x

numerical validity of the results is limited by the correctness F . bes‘gg * .

of the cross sections used. These analyses typically incorpo » Ve with Y

rate a 20—30 % uncertainty in the event rates due to uncer-
tain fluxes by introducing theoretical errors in addition to
measurement errors. Unfortunately, existing analyses do no 0.01 |
address the issue of uncertain cross sections. Our analysi¥ i
avoids this problem, and is therefore complementary to the ‘@
absolute event rate type of analysis. Our work also extendsqy™
other recent fit§2,23] by considering the’,— v case. £
The results of they? fits are displayed in Figs. 7-12.
Figure 7 shows the allowed region of (4®,An¥) at various
confidence levels for the,— v, scenario. Maximal mixing
provides the best fit, andm? values in the 10° to 10 2
eV? range are favored. Note that the confidence levels are
defined in the usual way by

0.001 |-

0.0001 0 0'2 L L !
.. 04 0.6 0.8 1
X°= XainT AX? (12

sin? 20
whereA y?=2.3,4.6,6.2,11.8 for thed, 90% C.L., 2r and
3o allowed region respectively. Ot,uﬁ1in for v,,— v oscil- FIG. 8. As for Fig. 7 but withR data excluded from the fit.
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v, & vy, sin? 20=1
W Vo =

0.1 T T T T
. best fit *
v, © Vg With Y * e
20 ; , S
v T 0.01
15 ! ! - o
' : >
\ | @
| ! ~
! ! N
o / Sl
10 i / L
= \ / 0.001 | "
5 - _ -
0.0001 ' \ ! !
0 0.2 0.4 0.6 0.8 1
0 | N N il N PR AT H 2
0.0001 0.001 0.01 0.1 sin© 26
Am2/ eV 2 FIG. 11. As for Fig. 10 but wittR data excluded from the fit.
FIG. 9. ¥? as a function ofAm? along the sif26=1 line for the

scenario, whereas the,— v, scenario permitaAm? values
v,— v, scenario. Note the shallow minimum. Note also that thethat are too small to be probed in this manner. The value of
_mlnlmgljn.becomesz shallower still R is excluded from the flt_. Th(_e szmn for the v,,— s scenario iSXﬁqin:5-1 for 4 degrees of
g]—sgr(]ssgg Ittc)e/x)tLOAm corresponds to the plateau features in Figs-treeqom. This is similar to,— v, case and also represents
quite a good fittwhich is allowed at 28%).

Figures 10-12 show the corresponding results for th
— vg scenario. Smaller values dfm? are disfavored in

this case because the matter effect moves BadihdY away
from the measured values. However, an order of magnitud
spread inAm? is nonetheless permitted at the 3evel. It is

Vu

In conclusion, we have demonstrated that matter effects in

he Earth have a significant role to play in comparing and
contrasting thev,— v, and »,— v solutions to the atmo-

gpheric neutrino anomaly with SuperKamiokande data. The

matter effects increase both the ratio pflike to e-like

interesting to note that present data tend to predict a positivVeNts, andu-type up-down asymmetries, for the,— v
signal for future long baseline experiments for the— v

case relative to the,,— v case for sufficiently small values

o vy € Vg, sin? 20=1
- T T T T
v, & vg with R+Y et 20 -
0.0t - v 1
N b ‘I
> |
o \
~
£ R 1
3
0.001 |- :
5 _
0.0001 : ‘ L 1
0.2 0.4 0.6 0.8 1 0 e o e
. o 0.0001 0.001 0.01 0.1
sin“ 20
Am?/ eV 2
FIG. 10. The allowed region in the (B9, Am?) plane for the
v, — Vg SCenario.

FIG. 12. As for Fig. 9 but for thes,— v scenario.
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of Am? (<102 and <103 eV? for the multi-GeV — v, SCenarios.
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