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We present an evaluation of the atmospheric tau neutrino flux in the energy range beteand10
10° GeV. The main source of tau neutrinos is from charmed particle production and decay,NherX
event rate for a detector with a water equivalent volume of 12 lgvon the order of 60—100 events per year
for E.>100 GeV, reducing to 18 events above 1 TeV. Event rates for atmospheric muon neutrino oscillations
to tau neutrinos are also evaluat¢80556-282199)03409-§

PACS numbes): 96.40.Tv, 14.60.Pq

I. INTRODUCTION lent volume. Wih a 1 TeV threshold, there are on the order
of 20 events. We also evaluate the expected event rate for the

Recent measurements of the atmospheric neutrino flux btau neutrino flux coming fromv,— v oscillations based on
the Super-Kamiokande Collaboratiph,2] show a deficit of a range of parameters consistent with the Super-Kamiokande
muon neutrinos in comparison to theoretical predictionsyesults[2]. For tau energies above a few hundred GeV, the
while the measured electron neutrino flux is consistent wittatmospheric tau neutrino background flux frdny— v,
theory assuming that all neutrino masses vanish. Earliedominates the tau neutrino flux from atmospheric muon neu-
lower statistics experiments already showed inconsistencigsino oscillations.
with theoretical atmospheric flux predictioff3]. On the ba-
sis of event rates and the zenith angle dependence of the II. TAU NEUTRINO FLUX CALCULATION
muon neutrino deficit, the Super-Kamiokande Collaboration ] ] ] .
has shown that their results could be explained by neutrino The main source of atmospheric tau neutrinos is the lep-
oscillations betweerv, and v, [2]. Oscillations imply at tonic decay of thds: Ds— 7., followed by r—» X. For
least one non-zero neutrino mass. Definitive evidence ofélativistic partlcles, asem|analyt|c, un|d|rr_1e.nS|onaI approxi-
massive neutrinos requires modifying the standard model dihate solution to cascade equations describing proton, meson
electroweak interactions. and lepton fluxes is a reliable approximatipn8,6l. The

The Super-Kamiokande Collaboration measures neutringolutions rely on factorizing source terms in the cascade
fluxes from observations of electrons and muons in neutrin§duations into factors which are weakly dependent on energy
nucleon interactionsy;+N—1+X. In view of the impor- times the incident cosmic ray flux, here approximated by a
tance of the question of whether or not neutrinos have masgroton flux. The source term fop-air—Ds, for a D of
one would like to see not just the disappearance of but energyE and column depttX as measured from the top of
also the appearance of coming fromv,— v, oscillations. the atmosphere is
Oscillation sources of's include oscillations on the terres- S(p—Dy)
trial scale from atmospherig,’s as well as oscillations over S
large astronomical distances of,’s produced in, for ex- B $p(E.X) $p(Ep,0) Np(E) dny_p

ample, active galactic nuclfd#]. A background to the flux of = p S(E;Ep)
neutrinos fromv,— v, is composed of tau neutrinos pro- No(E) Je ¢p(E0) Mp(Ep)  dE
duced directly in the atmosphere. b (E,X)

Tau neutrinos are produced in the atmosphere by cosmic =~ = ——— Zst(E)- (2.9

ray collisions with nuclei in the atmosphere, which produce Mp(E)

charm quark pairs. A fraction of the time the emerging had+,,.¢ ¢o(E,X) is the flux of cosmic ray protons at column

rons areDg’s, which have a leptonic decay chanmBl  yonix At the top of the atmospher&( 0), following Ref.
— v, With a branching ratio of a few percent. The subse—[G] we set

guent = decays also contribute to the atmosphericflux.
Heavier mesons contribute to the flux of tau neutrinos, butas  ¢,(E,00=1.7 (E/GeV) 27 cm ?s 'sr! GeV ?,
we show below, they are negligible compared toEhecon- (2.2

tribution.
In this paper, we outline the procedure to calculate the/@lid for energies values lower thanx@.(P GeV. In Eq.

atmospheric tau neutrino flux. The details of the method aé2-1): Ap is the proton interaction length anth/dE is the
applied to atmospheric electron neutrino, muon neutrino an§foss section normalized energy distribution of thg
muon fluxes from charm decay appear in R¢f.and[6].  emerging from the proton-air collision. The quantity
We present our flux results for the neutrino energy range ofpp (E) is called aZz-moment. GenericallyZ-moments de-
10°-10 GeV, followed by the resultingy,+N— 7+X scribe sources of particles of energy whether by produc-
event rates. For tau energies above 100 GeV, the rate is dion, decay or energy loss through scattering. A complete
the order of 60—100 events per year per’kwater equiva- discussion of theZ-moment method of solution appears in
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Refs.[7] and[8]. Its recent application to atmospheric muon,  TABLE I. Functionsg, andg, in the tau neutrino energy dis-
muon neutrino and electron neutrino fluxes from charm detribution from 7 decays, in terms of=E/E, andr;=m?/m? and

cays is found in Refd.6] and[5]. relative branching ratios.
Solutions to the cascade equations in term&-afoments
have two separate forms, depending on whether the decdsfocess B, 9 91

lengths are short compared to the height of produdtitow

energy”) or long (“*high energy”). Forv,’s from D (and ) T vy, 018 2—3y2+ gy3 %73y2+ §y3

decays, we confine our attention to the neutrino energy range— v 0.12 1 2y—1+r,

10°-1¢P GeV. These neutrino energies are well below the 1-r, AP

critical energy of~10° GeV, above which decay lengths of 026 1 i

the relativisticD¢'s and 7's are longer than the vertical dis- T ' _(w’ 12

tance to height of production. Tau neutrinos are called 1=r, (1-ry? \1+2r,

“prompt” in the_low energy regime. The approximate solu- 7—v,a; 0.13 1 oy—1+r, \[1-2r,

tion for the v_+ v, flux, at the surface of the Earth, is 1-ry, —( 21)( l)
(1_r61) l+2ral

Zpo(E)Zp, (E)
¢, (B)=———F 5 %(E0. (2.3
pp( ) idy (1 dx Zst(E/(Xy))

Z(chain) E :f s
. o A 0 N N )
The prompt tau neutrino flux is isotropi,,(E) accounts °
for the proton energy loss in _proton-a|r collisions. Fo_r apalE/(XY)) ¢p(E/(xy),00 B dn,_,VT
Z,,(E), we use the results obtained by Thunman et al. in

PP . . ooa(E) ¢,(E0) 1-Rp dy
their recent evaluatiofi6] using the Monte Carlo program P P s
PYTHIA [9]. A similar, energy independent value was used in (2.6)
Ref.[8].

ForZ,p (E), there are several approaches. Here we showhereB, Rp_andop, are the same as in the previous case
the results from next-to-leading ordéNLO) perturbative ~ while nowx=E,/Ep_andy=E/E.. They distribution that
QCD production of charmed quark pairs, scaled by a factoappears in Eq(2.6) can be generically written in the follow-
of 0.13 to account for the fraction @f— D [10]. Details of  ing way[7]
the NLO calculation in the context of the prompt muon,
muon neutrino and electron neutrino fluxes appear in Ref. dn._,
[5]. A second evaluation relies on the] Z,po(E) of Thun- dy
manet al, rescaled by the ratio @ to D° production taken

to be 0.25. ~ whereB, is the branching ratio for— »,X andP (x) is the
TheDs— v, decayZ-moments have several contributions. tay polarization. We have evaluated the functiggéy) and
The most straightforward is the direfts— v, in the two  g.(y) for 7—wv,p, 7—v. 7, 7—v,a; [13] and 7— v lv,.

body decay, wherg7,8] They are collected in Table I, as are the branching fractions

=B,[g0(y) —P.(X)91(y)] 2.7

that we use. The purely leptonic decay also appears in Refs.

[7,8]. In terms of the energy of the pareIDtS(EDS), the tau

1-R Z,p (E/X
V4S body)(E)zj’ Dsd_x M polarization can be written as
s'r 0 X ZpDS(E)
(E/X) $(E/X0) B p - —ro; Fo, 7o) 2.8
o X X, = — - ) )
PA P 2.4 ~1-R, E, (1-Rp) 28
UpA(E) ¢p(an) 1_RDS s s
The totalD;— v, Z-moment is
i — — 2/ m2 _ .
in terms ofx.— E/EDS, RDS— mT/mDS and B—0.04.13, the. ZDSVT: Z(Dzssfdy)+z(DcshVi.n>, (2.9
branching ratio forD,— 7v, [11]. We use the inelastic
proton-air cross section wherez{"*"™ includes the sum over all the tau decay modes
in Table I.
ooa(E)=[290-8.7 INE/GeV)+ 1.14Irf(E/GeV)] mb
P
(2.5 ll. TAU NEUTRINO FLUX RESULTS
Using NLO perturbative QCD withm,=1.3 GeV, and
parametrized in Ref.12]. factorization scal®! equal to twice the renormalization scale
For neutrinos produced in the chain de@y— r—v,the  u=m, with the CTEQ3 parton distribution functiorj4],
decayZ-moment is given by we obtainZ,p_between 10° and 10 4. The PYTHIA results
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TABLE Il. Charged current event rate per year per’kwater

-3

= ' ' ' equivalent volume from the prompytr+7T flux.
+
— IS L Threshold NLO QCD TGI
[2] E
o 100 GeV 58 98
g2 1Tev 18 18
o
m\ -
=
&
%L i v,— v, oscillations, event ratgd 5] for E;>100 GeV and
B — -

e E,>1 TeV are shown in Table Il. We have summed over
m:.‘-h neutrino and antineutrinos and assumed that there is no at-
'g 3 3 tenuation of they . flux due to passage through the Earth at

these energielsl5]. Detection of atmospherie,’s in the ab-
® . | | sence of oscillations requires large detector volumes, on the
= 3 4 5 6 order of 1 kn? water equivalent volume for-60-100

events per year with a tau energy threshold of 100 GeV.
Such large detector volumes for the detectionvpfcharged

FIG. 1. Tau neutrino plus antineutrino fluxes froby using ~ current interactions are being considef@@]. .
NLO perturbative QCOsolid line) and the TGI rescale@-moment In the case of neutrino oscillations, atmospheric muon
(dashed ling The tau neutrino plus antineutrino fluxes fromm  Neutrinos may oscillate as they travel to the detector. Even
quark NLO perturbative QCD production and decay with the tauwith a small fraction ofv,— v, conversions, the copious
polarization equal to zero is shown by the dotted line. production ofv,’s in the atmosphere make this a potentially

large source of,.'s. Again, assuming no attenuation due to

of Thunman, Gondolo, and Ingelm#nGl), [6] give instead neutrino interactions in the Earth, and approximating the
Zyp, between 3.%10 ° and 6.5< 10 °. The corresponding height of production in the atmosphere by a constant 20 km
decay momentsZp, are 103-55x<103 and 0.8 [17], we have evaluated the probability of oscillation in
X 1073-4.8<10°3, respectively, over the energy range terms of ne.utrlno energy and zenith angle. Using the Bartol
1010 GeV. muon neutrino fluX18] from 7 andK decays extrapolated to

The results for the tau neutrino fluxes scaled By are E=10° GeV, adding the NLO prompe,, flux [5] and inte-

shown in Fig. 1 where the solid line represents the flux Ob_grating over zenith angle, Table Ill shows the event rates for

tained using NLO perturbative QCD, and the dashed lind"/© limiting values of Am*, the difference between the

: ; : squares of the tau neutrino and muon neutrino masses,
represents the flux obtained using the T3} production § . )
Z-moment. In principle, one should also take into account th%g\c/);eie?;htehisiilljlzﬁgr?iqi];((i)rl\(an:r? |§O§I(||gg)o—ritlﬁ?:]6rvt\aee
neutrinos produced by the semileptonic decay ofttlygiark 9 ang o

(b—crv,) followed by the decay of the tau, but this contri- Iarrgrirtmasvs n?'f;erérffgg_évb aﬁTt‘? rot\rqer\l/vt:,\(lalrrnmthe
bution is less than a few percent of the charmed meso ompty, evenls 1o ev, € for the ‘'ower mass

source. The dotted line represents the flux fioxuark pro- ifference the rates are comparable. Tau neutrino oscillations
duction and decay in the limit of zero polarization for the 10 ¥ IN this parameter range have a negligible depletion of
tau. the promptyv,— 7 event rate.

The fact that the flux calculated using NLO perturbative, FOTE->1 TeV, because prompt fluxes decrease less rap-

QCD differs from the TGIPYTHIA based calculatiofi6] is idly with energy than the muon neutrino flux coupled with

apparently due to the inclusion of fragmentation effects in°Scillations, the prompv.’s dominate the event rate. The

the PYTHIA Monte Carlo program. A detailed comparison of CroSSover to prompt,. domination of the flux occurs at a
the two approaches appears in H&l. The tau neutrino flux few hundred GeV. Another distinction between prompt and

evaluated using NLO perturbative QCD can be parametrizegScillation tau neutrinos is the angular distribution. The
as prompt source is isotropic, while the oscillation #g's will

be strongly angular dependent, with the mess traveling

logy{ E36, (E)/(GeVE/en? s sp]= — A+ Bx—Cx2—Dx3 upward because of the long path length.
T 3.1) We have concentrated here on atmospheric sources of

log,,(E/GeV)

3
where x=log,(E/GeV), A=7.08, B=0.765, C=0.00346 TABLE lll. Charged current event rate per year per-kwater

andD =0.00349. The TGl rescaled result calculated here hag_?]‘z"va'e_m volume fromw,,+v,,— v+ v, oscillations, assuming
A=6.69, B=1.05, C=0.150 andD = — 0.00820. Sim(26)=1.

Threshold Am?=5x10"% eV? Am?=6x10""° eV?

IV. DISCUSSION
100 GeV 71 9100

Large underground experiments may detectnucleon 1 Tev 0.036 5.2
charged current interactions+ N— 7+ X. In the absence of
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promptv,’s and atmospherie,— v.. There are many flux calculation that the atmospheric tau neutrino flux is negli-
models of astrophysical sourcesigfs [4]. If neutrinos have  gible at PeV energies.

mass, because of the large astronomical distance scales, on

the order of half of thev,’s would oscillate tov,’s. The ACKNOWLEDGMENTS
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