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We report new calculations of the cross sections for deeply inelastic neutrino-nucleon scattering at neutrino
energies between 1@V and 18' eV. We compare with results in the literature and assess the reliability of
our predictions. For completeness, we briefly review the cross sections for neutrino interactions with atomic
electrons, emphasizing the role of tNé-boson resonance iE)e interactions for neutrino energies in the
neighborhood of 6.3 PeV. Adopting model predictions for extraterrestrial neutrino fluxes from active galactic
nuclei, gamma-ray bursters, and the collapse of topological defects, we estimate event rates in large-volume
water Gerenkov detectors and large-area ground arre§8556-282(98)08621-4

PACS numbsgs): 13.15+g, 13.60.Hb, 95.55.Vj, 96.40.Tv

I. INTRODUCTION neutrinos correlated with supernova SN1987A and the detec-
tion of solar neutrinos by observing the direction of recoll
Neutrino observatories hold great promise for probing theelectrons from neutrino interactiongl5,16 showed the
deepest reaches of stars and galakiesd]. Unlike charged promise of neutrino observatories for astrophysical studies.
particles, neutrinos arrive on a direct line from their source,The detection of neutrinos produced by cosmic-ray interac-
undeflected by magnetic fields. Unlike photons, neutrinos intions in the Earth’s atmosphefé7—-2Q has emerged as a
teract weakly, so they can penetrate thick columns of mattetool for investigating neutrino oscillatiori21-24. Plans for
For example, the interaction length of a 1-TeV neutrino isn€utrino observatories that will detect neutrinos that origi-
about 2.5 million kilometers of water, or 250 ktongm hate beyond Earth have matured to the point that it is now
whereas high-energy photons are blocked by a few hundre@qsonable to contemplate instrumenting a volume of water
glen?. or ice as Ia.rge as 1 k?T[ZS—S_Z. The ground array of the
Ultrahigh-energy neutrinos can be detected by observing"0P0S€d Pierre Auger Cosmic Ray Observa{@$] would

- 3 .
long-range muons produced in charged-current neutring/2V€ an acceptance exceeding Flamof water for neutrino

. 7 e .
nucleon interactions. To reduce the background from muonE.nergles greater than 1(eV [34]. The Orbiting Wide-angle

produced in the atmosphere, it is advantageous to site a ne ight collectors projec(ow) would place in Earth orbit a
trino telescope at a depth of several kilometdvgater
equivalent or to observe upward-going muons. The reac-

ens to study air showers initiated by 10°%-eV particles,
including neutrinog 35].
i il . — — In this paper we present new calculations of the cross
tions (v,»)N—(17,17)+anything and ¢,,»)N—(v,»)  sections for charged-current and neutral current interactions
+anything are the major sources of both the desired signaf neutrinos with nucleons, updating our results of R&2]
and the attenuation of the neutrino “beam” as it passe§Gandhi, Quigg, Reno, and Sarcevic 196BQRS96] to
through the Eartlen routeto the detector. Through the past take account of new information about the parton distribu-
dozen years, improving knowledge of the partonic structurgions within the nucleorf36]. In place of the CTEQ3-DIS
of the nucleon has made possible a series of increasinglideep inelastic scatteringparton distributiond37] that we
refined predictions for the interaction cross sectiffs13]. adopted as our nominal set in GQRS96, we base our new
Over the same period, ideas about the flux of neutrinos froncalculations on the CTEQA4-DIS parton distributiof88].
active galactic nuclei(AGNs) and other extraterrestrial The changes are modest, and only noticeable at the highest
sources have evolved considerably. The observatidh of neutrino energies we consider: B,=10' eV, the new
cross sections are about 25% smaller than those of GQRS96.
We find that for neutrino energies up tof@V, all the

*Email address: raj@mri.ernet.in standard sets of parton distribution functions yield very simi-
TEmail address: quigg@fnal.gov lar cross sections. At higher energies, the predictions rely on
*Email address: reno@hepsun1.physics.uiowa.edu incompletely tested assumptions about the behavior of parton
SEmail address: ina@gluon.physics.arizona.edu distributions at very small values of the momentum fraction

0556-2821/98/5®)/09300915)/$15.00 58 093009-1 © 1998 The American Physical Society



GANDHI, QUIGG, RENO, AND SARCEVIC PHYSICAL REVIEW D568 093009

x. The resulting uncertainty reaches a factor*2around u,(x,Q?)+d,(x,Q?)
107 eV. q(x,Q%)= >
We combine our new evaluations of the neutrino-nucleon
cross sections with models for the flux of ultrahigh-energy ug(x,Q?)+dy(x,Q?) 5 )
(UHE) neutrinos to estimate event rates in neutrino observa- + > +85(X,Q%) +bs(X,Q)

tories. We consider the diffuse flux of neutrinos from AGNs

and the flux of neutrinos that may accompany gamma-ray
bursts, as well as neutrinos from cosmological sources such
as the decay of topological defects formed in the early uni-

verse. We evaluate rates for upward-going muons produced— us(X,Q?) +ds(x,Q?%) ) )
in or beneath large underwater and ice detectors, and wed(*:Q")= 2 +C5(x, Q) +1:(x,Q%),
compute rates for contained neutrino interactions in & km 2.3

volume. We have also estimated rates for the proposed
ground array of the Pierre Auger Cosmic Ray Observatory.
The detection of upward-going muons from AGNSs looks
feasible in the next generation of underground experimentshere the subscripts ands label valence and sea contribu-
with effective areas on the order of 0.1 kmAs the muon  tions, andu, d, ¢, s, t, b denote the distributions for various
energy threshold increases above a few TeV, atmospherguark flavors in aproton At the energies of interest for
neutrinos and muons become less important backgroundeeutrino astronomy, perturbative QCD corrections to the
Downward and air-shower event rates look promising forcross section formulg2.2) are insignificant. In the DIS fac-
km? detectors, for a variety of models. torization scheme appropriate to the CTEQ4-DIS parton dis-
In the next section, we review the calculation of the tributions, the terms proportional te; [39] in the NLO cross
neutrino-nucleon charged-current and neutral-current crossection contribute only a few percent, so we omit them.

sections, their sensitivities to parton distribution functions, Thett seais a negligible component of the nucleon over
and the I’esulting neutrino-nucleon interaction |engthS. WQheQz_range relevant to neutrino-nucleon Scattering; accord-
also give a brief account of neutrino-electron cross sectionﬁlg|y we neglect it. At the energies of interest here, it is a
and interaction lengths. Ultrahigh-energy neutrino rates for &ound kinematical simplification to treat charm and bottom
selection of flux models appear in Sec. Ill. Our summary andyyarks as massless. However, the threshold suppression of
conclusions make up Sec. IV. theb—t transition must be taken into account. We adopt the
standard ‘“slow-rescaling” prescription[40], with m,
=175 GeVkE?. We have carried out numerical integrations
Il. NEUTRINO-NUCLEON INTERACTIONS using the adaptive Monte Carlo routineeGAas [41], and
Gaussian techniques.
The neutral-current cross section is of interest because it
contributes to the attenuation of neutrinos as they pass
We calculate the inclusive cross section for the reaction through the Earth. Neutral-currenNN interactions may also
be significant backgrounds to the observation of the resonant
v,N— u~ +anything, (2.1  formation process»ee—>W*_. If it becomes possible to mea-
sure neutral-current reactions and characterize the neutrino
energy, Careneet al. [42] have shown that the neutral-
whereN= (n+ p)/2 is an isoscalar nucleon, in the renormal- current to charged-current ratio is an important discriminant
ization group-improved parton model. The differential crossof new physics.
section is written in terms of the Bjorken scaling variables ~Within the electroweak theory, a calculation parallel to
x=Q?2Mv andy=v/E, as the one described above leads to the neutral-current cross
section. The differential cross section for the reactigiN
— v, +anything is given by

A. Inclusive cross sections

d?c  2GEIME, [ M3 \? ,
dxdy = Q%+ My, [xq(x.Q%
_ 2 2 2 2
+xq(x,Q%)(1=y)?], (22 Ao _GPME, [ Mz 1 fx.0?)
dxdy 27 |\ Q?*+M3 ’
where — Q? is the invariant momentum transfer between the +xa°(x,Q2)(1—y)2], (2.9

incident neutrino and outgoing muon=E,—E, is the en-

ergy loss in the lab(targe} frame, M and M, are the

nucleon and intermediate-boson masses, @pe- 1.16632

x107° GeV ?is the Fermi constant. The quark distribution whereM is the mass of the neutral intermediate boson. The
functions are quantities involving parton distribution functions are
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U, (x,Q%) +d,(x,Q%)  ug(x,Q?)+dy(x,Q%) Us(x,Q%) +dg(x,Q%)
a°(x,.Q*)= 5 e (LE+LD+| ———— (Ri+R3)
+[55(%, Q%) +bs(x,QA)1(LG+RY +[c4(x,Q) +t(x, QI (LE+R) (2.5
- uU(X1Q2)+dU(X1Q2) u (X1Q2)+d (XIQZ) u (X1Q2)+d (X1Q2)
a°(x,Q%) = 5 R (RE+RY) +| ————5— (LiFL)
+[55(%,Q?) + bg(x, Q%) I(LE+ RY +[c(x,Q) +t4(x, Q) I(L;+RY), (2.6
|
where the chiral couplings are veN—e~ +anything. The neutral-current cross section for
the reactionw ,N— v+ anything is identical taryc depicted
4 2 here.
Ly=1— =Xy, Lg=—1+ =Xy The CTEQA4-DIS parton distributions are somewhat less
3 3 singular asx—0 than the CTEQ3-DIS parton distributions
we adopted as our nominal set in GQRS96. Specifically, the
4 5 sea-quark distributions of the CTEQ4 set behave as
RU= - §Xw, Rd=§XW (27)

XQECTEQAH(X)OC)(fO.ZZ? (28)

andx,y=sir? 6, is the weak mixing parameter. For numeri-
cal calculations we have chosgp=0.226, consistent with
recent measuremenii$3]. Again the top-quark sea is negli-
gible. xLCTEQI(x) oc x ~0-332 (2.9

We show the cross section for the charged-current reac-
tion v,N— u™~ +anything as a function of the neutrino en- The gentler singularity of the CTEQ4 distributions implies a
ergy E, in Fig. 1 (thin solid ling. At low energies the smaller cross section at the highest energies, where the pre-
charged-current cross sectiof¢ rises linearly withE ,. For ~ dominant contributions to the cross section come from very
energies exceeding about “1GeV, the cross section is small values ofx. We show in Fig. 2 the ratio of the
damped by th&V-boson propagator. We also show in Fig. 1 charged-current cross sections calculated using the CTEQ4-
the neutral-current cross sectienc for the reactionv,N DIS and CTEQ3-DIS parton distributions. Up t&,
— v, +anything(dashed ling together witho, the sum of ~10" GeV, the two evaluations agree within a few percent.
charged-current and neutral-current cross sectighgk At still higher energies, the CTEQ4 cross section falls below
solid line). For the range of neutrino energies of interest herethe CTEQS3 cross section. At the highest energy we consider,
the charged-current results apply equally to the reactiofE,=10" GeV, the ratio is 0.74. This is a small change.

Similar calculations lead to the cross sectionsifiNrscat-

nearx=0, whereas those of the CTEQS3 set behave as

10730 oy ooy ey tering. We show in Fig. 3 the neutral-curreiolashed ling
- VN total, CTEQ4—DIS ] charged-currentthin solid line), and total(thick solid line
325 — WNCC vN cross sections. At low energies, where the contributions
_ 10k E of valence quarks predominate, thdl cross sections are
(] E ]
E 1079 3
S 5
T 1074 4 g 11— | | | | T |
Y E E w L ]
T 107% - 5 1of * o e vt 3
E 3 hr?) o ]
107 [ ] L 09 ¢ E
E é; E S ]
s/, 0.8 [ 3
10 37 ¢ , ] 8 : . . |
3 = 3 *
=98 [ iud v ovd ool cvod il v vl vl o 3ol o Q 07t L L L L L L L L L L .
10 1001000 10* 10° 10° 107 10® 10° 1010 10%? © 10 10° 10° 107 10° 10"
E, [GeV] E, [GeV]
FIG. 1. Cross sections forN interactions at high energies, FIG. 2. Ratio of the charged-current cross section shown in Fig.

according to the CTEQA4-DIS parton distributions: dashed line,1, calculated using the CTEQ4-DIS parton distributions, to the
o(»N— v +anything); thin line, o(» N—I1~ +anything); thick charged-current cross section of R¢L2] calculated using the
line, total (charged-current plus neutral-currgntoss section. CTEQ3-DIS parton distributions.
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FIG. 3. Cross sections foEN interactions at high energies,
according to the CTEQA4-DIS parton distributions: dashed line,

o(yN— p,+anything); thin line, o(»N—1* +anything); thick

v N total, CTEQ4—-DIS
v N CC

E, [GeV]
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TABLE I. Charged-current and neutral-current cross sections

line, total (charged-current plus neutral-currentoss section.

smaller than the correspondimdN cross sections, because of

the familiar (1—y)? behavior of the;q cross sections.
Above E,~10° GeV, the valence contribution is negligible

and thevN and »N cross sections become equal.
We collect in Tables | and Il the charged-current, neutral-

current, and total cross sections faX andvN interactions,

respectively. For the angular distributions, characterized by 5 5y 18

the mean inelasticity parametéy), we refer to the CTEQ3
values we presented in Tables 1 and 2 of R&2].
For 10 eV=<E <10 eV, the CTEQ4-DIS cross sec-

tions are given within 10% by

oco(vN)=5.53x 1036 cmz(
one(vN)=2.31x 1036 cm?(
oo YN)=7.84x10 3¢ cmz(
o vN)=5.52x 10736 cmz(
onc(vN)=2.29x 10736 cmz(

oo YN) =7.80x 10736 cmz(

14

1 GeV,

) 0.363

14

1GeV,

)0.363

14

1GeV,

)0.363

14

0.363
1 Gev)

E,

0.363
1 GeV)

14

0.363
1 GeV)

and their sum forvN interactions according to the CTEQ4-DIS
distributions.
E, [GeV] occ[cm?] one [en?] oror [CY]
1.0x10'  0.7988< 10 % 0.2492<10° %  0.1048x< 10 3¢
2.5x10'  0.1932<10°%¢  0.6033<10 3" 0.2535< 10 3¢
6.0x10'  0.4450<10 3¢ 0.1391x10 % 0.5841x 10 3¢
1.0x107  0.7221x10°%¢ 0.2261x10°%¢ 0.9482<10 36
2.5x10°  0.1728<10°3%° 0.5430<10° % 0.2271x 10 %
6.0x10?  0.3964x107%° 0.1255<10°%° 0.5219x10 *°
1.0x10°  0.6399<10°%° 0.2039<10°%° 0.8438<10" %
2.5x10°  0.147210°** 0.4781x10°°° 0.1950x10 3
6.0x10°  0.3096x107** 0.1035<10°** 0.4131x10 3
1.0x10*  0.4617 103 0.1575<10 3% 0.6192<10 3
2.5x10"  0.8824x10°% 0.313%< 10 3* 0.1196x10 *
6.0x10"  0.1514x10°% 0.5615<10 3* 0.2076x10
1.0x10°  0.2022x10°% 0.7667x 10 3* 0.278% 10
2.5x10°  0.3255<10°3%% 0.1280<10° ¥  0.4535x 10
6.0x10°  0.4985<107% 0.2017% 107 0.7002x10 %2
1.0x10°  0.6342x10°%% 0.2600<10° 3 0.8942<10 %
2.5x10°  0.9601x 107 0.4018<10° % 0.1362x10 %2
6.0x10°  0.1412x10°*2 0.6001x 10" 0.2012x10 %2
1.0x10°  0.174% 10 %% 0.7482<10 % 0.2497x 10 %
2.5x10°  0.2554<10 %% 0.1104<10 % 0.3658< 10 *?
6.0x10°  0.3630<10 %% 0.1581x10 %2 0.5211x 10 %2
1.0x10°  0.4436x10°%% 0.1939%<10 %2 0.6375x10 %2
0.6283<10°%2 0.2763x10 %2 0.9046x< 10 %2
6.0x10°  0.8699x107%2 0.383710°%% 0.1254x10 %
1.0x10°  0.1049<10°%! 0.4641x10°%% 0.1513<10 3
2.5x10°  0.1466x10°%' 0.6490x10° %% 0.2115<10 %
6.0x10°  0.2010<10°*' 0.8931x10 %% 0.2903x10 %!
1.0x10° 0.237910°3! 0.1066<10 3! 0.3445<10 3
2.5x101° 0.3289<10°3! 0.1465<10 3! 0.4754x10 3
6.0x10°°  0.4427x 103! 0.1995<10° 3! 0.6422x10 %
1.0x10"  0.5357 1073 0.2377 103 0.7734x10 3
2.5x10"  0.7320<10°%' 0.3247 107 0.1057x 10 %°
6.0x10"r  0.9927 1073 0.4377% 1073 0.1430x10 %°
1.0x10% 0.1179x10°%° 0.5196<10° 3% 0.1699< 10 %

B. Variant parton distributions

The CDF Collaboration’s suggestip#4] that the yield of

jets in the reactiopp— jet; +jet,+anything exceeds the rate
expected in standard quantum chromodynamics has
prompted a re-examination of the uncertainties of parton dis-
tributions at moderate and large valuexofn particular, the
CTEQ Collaboration has produced a variant of the CTEQ4
distributions, labelled CTEQ4-HJ, in which an enhanced
gluon population at large values of raises the predicted
two-jet inclusive cross section. The increased gluon density
at largex can affect the smal- sea-quark distributions at
large values of)?, so it is interesting to ask what difference
the variant parton distributions would make for the UHE
neutrino cross sections.
We show in Fig. 4 the UHE’N cross sections calculated
(2.10 with the CTEQ4-HJ parton distributions. They are quite
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TABLE II. Charged-current and neutral-current cross sections I N S ———
apd .the?r sum forvN interactions according to the CTEQ4-DIS 10731 _ N total, CTEQ4—HJ
distributions. E N CC 3
107%R0 ____. ]
E, [GeV] occ [en?] one [em] oot [C] °§ o e
1.0x100  0.3936x10°¥ 0.1381x10 ¥ 0.5317x10 ¥ =k
25x10'  0.9726<10°%  0.3403<10°%  0.1313<1073 Z 107 E
6.0x 10" 0.228710° %  0.7982x10 %" 0.3085< 10 36 Y 1073 [ N
1.0x10°  0.374710°*° 0.130%10°* 0.5054<10 % N 3
25x10P  0.9154<10°% 0.3193<10° %  0.1235¢10 3 107"k
6.0<10°  0.215310°* 0.7531x10°%°  0.2906< 10 * 107¢ .
1.0x10°  0.3542<10°3%% 0.1243x10°%*° 0.4785<10™ % 88 F oy oy
2.5x10°  0.8548<1073° 0.3026x107%% 0.1157x 10 % 0 0 1001000 10* 105 10° 107 10° 10° 101010111012
6.0x10°  0.1922<10°** 0.6896<1073% 0.2612¢<10° %
- - - E, [GeV]
1.0x10*  0.3008<1073% 0.1091x10° 34 0.4099<10 % v
2.5x10° 0.6355<10 ** 0.2358<107%* 0.8713x10 ** FIG. 4. Cross sections fopN interactions at high energies,
6.0x10*  0.1199%<10°3%% 0.4570<10°%* 0.1656x10 % according to the CTEQ4-HJ parton distributions: dashed line,
1.0x10°  0.1683x10°% 0.651510°3* 0.2334<10 3 o(v|N— v +anything); thin line, o(»N—1"+anything); thick
2.5x10° 0.2909x10°3® 0.1158<10 33 0.4067x 10 33 line, total (charged-current plus neutral-curreotoss section.
—33 — 33 — 33
i'gﬁgz g'gggﬁ 18_33 8;23? 18_33 g'ggiz 18_33 g!es, differemassumptionaboutxeO behavior then lead to
: ' o a3 2 different cross sections. Judging from the most extreme
2.5x10°  0.9365¢ 10732 0.392 10733 0.1329¢ 10732 variations we found in GQRS96, and from our present cal-
6-0X1Oj 0.1393< 10732 0.5930< 10733 0.1986< 10732 culations, we conclude that at #®V, the uncertainty
1.0x10 0.1734<10 0.7423< 10 0.2476<10 reaches a factor of 2.
25x10°  0.2542<10°*  0.1100<10°*  0.3642¢10 ** New physics can, of course, modify the UHE cross sec-
6.0x10'  0.3622<10 ** 0.1578<10 ** 0.5200<10°**  tjons. The contributions of superpartners have been evalu-
1.0x10°  0.4430<10°* 0.1937%10°* 0.6367<10 * ated by Carenat al.[42]. Doncheski and Robineft45] have
25x10°  0.6278<10°% 0.2762<10°** 0.9040<10"* jnvestigated leptoquark excitation. Bordes and collaborators
6.0x10°  0.8696<1073%% 0.3836<10 % 0.1253<10 % [46] have speculated that new interactions might dramati-
1.0x10°  0.1050<10 3! 0.4641x10 %2 0.1514x10 %! cally increase the UHEYN cross sections, but Burdman,
2.5x10°  0.1464<1073' 0.6489% 10" 0.2113x 103 Halzen, and Gandhi have countefdd] that unitarity limits
6.0x10°  0.2011x10°3' 0.8931x10 32 0.2904x 10 %! the growth of the UHE cross section.
1.0x10"°  0.2406<1073!  0.1066x10° 3 0.3472¢ 10 %
2.5x10° 0.3286<10°3' 0.1465<10° 3  0.4751x 10 % D. Interaction lengths
6'0X1012 0.4481x 10721 0.1995¢ 107:1 0.6476< 10721 The neutrino beams produced in accelerator laboratories
1'OX1011 0.5335¢ 10_31 0.2377x 10_31 0.7712 10_30 are purified by passage through several kilometerater
25<10"  0.7306<10 0.3247<10 0.1055<10 equivalent of material, which absorbs any accompanying
6.0<10'!  0.9854<10*'  0.4377x10°%  0.1423<10° % parficles without attenuating the neutrino flux. The story is
1.0x10  0.1165<10°3° 0.5195<10° %" 0.1685< 10" %

similar to those calculated with the standard CTEQ4-DIS
distributions. The ratio of CTEQ4-HJ to CTEQ4-DIS cross

different at the ultrahigh energies of interest to neutrino as-
tronomy. The rise of the charged-current and neutral-current
cross sections with energy is mirrored in the decrease of the
(water-equivalentinteraction length,

sections is displayed in Fig. 5. The difference is less than 5%&

up to 16 GeV, and is smaller than 15% at the highest en-3 120 —

ergy we consider. It is of no consequence for neutrino obsers; 4 45 £ E
vatories. 3 C »
L£110F e
T E . 1
C. Assessment S 105 e ° 3
w C [ ] ° ]
How well is it possible to predict-(v,N— I+ anything) & 1.00 t ¢ ¢ YT
and o(»N— v +anything)? FoiE, <10 eV, all the stan- 8  1q! 10° 105 107 10° 10M
dard sets of parton distributions, by which we mean those E [GeV]

fitted to a vast universe of data, yield very similar cross
sections [12,13,10,1], within the standard electroweak

FIG. 5. Ratio of the charged-current cross section shown in Fig.

theory. ForE,=10'® eV, cross sections are sensitive to thea4, calculated using the CTEQ4-HJ parton distributions, to the

behavior of parton distributions at very smajlwhere there

are no direct experimental constraints. At these high enemIS parton distributions.
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1017 E""'"‘ MR IR, BIMRALL, IILRALLL IILRALL BILAALL BILRALL, BILAALLL BILRALL, | """E 1017 E”""-I LR IILRALL, IR ALLL IIURLLLL IR UL LA IILRLLL B ALL, BILRALL,
10'° v 10 v
10" F 10 F
1014 :; _é 1014 ;
- 1013 [y, — 1088 |
3 F 2z F
g 10'? e g 1092
9] E 3
[} 11 '2' 11
- 10t | . 10
5 1010 5.‘;5 1010
10° 10°
10° | . 108 |
107 | 107
106 :uumd PETTTT BERTTTT BERTTTT BERTTTT BT BRI BRI BRI BT | ||||||: 106 :.......I PETTTT BRI BERTTIT BRI BRI BRI BRI R BT | .um:
10 1001000 10* 10% 10% 107 10% 10° 10'°10'!10!? 10 1001000 10* 10° 10°% 107 10® 10° 101°1011101?
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FIG. 6. Interaction lengths for neutrino interactions on nucleon FIG. 7. Interaction Iepgths for antmeutnno_ |ntera_ct|ons on
nucleon targets: dotted line, charged-current interaction length;

targets: dotted line, charged-current interaction length; dashed "n%ashed line. neutral-current interaction lenath: solid line. total inter-
neutral-current interaction length; solid line, total interaction length‘action Ieln t’h aLIJI comu uted lwith th:e CTEg4-‘DISI el1rtoln distlribu-
all computed with the CTEQ4-DIS parton distributions. The dot- gth, P P

dashed curve shows the charged-current interaction length based g(r)]ns.

the EHLQ structure functions wit®? held fixed atQ3=5 Ge\~. ) )
where (10/18N, is the number of electrons in a mole of

water.
L :; 21 We have reviewed current knowledge of the structure of
int ’ ( :D . . .
oun(E)NA the Earth in Ref{12]. To good approximation, the Earth may

be regarded as a spherically symmetric ball with a complex

— 3 -1_ 3 —3
Whe_re INA__6'222< 10?2 ,mol _bGIO%I'er 10 cm d (Watgr internal structure consisting of a dense inner and outer core
equiva ent is AV0gadro's number. 1he energy dependence,,q 5 |ower mantle of medium density, covered by a transi-
of the interaction lengths for neutrinos on nucleons is show

ion zone, lid, crust, and oceans. A neutrino emerging from
in Fig. 6. We show separately the interaction lengths for T ' ging

charged-current and neutral-current reactions, as well as the

17

interaction length corresponding to the totetharged-current 0 i
plus neutral-currentcross section. The same information is 10k
shown for antineutrinos on nucleons in Fig. 7. Above about 105 r
10% eV, the two sets of interaction lengths coincide. These N
results apply equally tereN (or v¢N) collisions as tov,N 10 3
(or v,N) collisions. ? 107k

Over the energy range of interest for neutrino astronomy, g 102 |
the interactions of,, v, , andv, with electrons in the Earth s LoM r
can generally be neglected in comparison to interactions witligg .
nucleons. The case af.e interactions is exceptional, be- 107
cause of the intermediate-boson resonance formed in th 10° |
neighborhood oE"®=M?7,/2m~6.3x 10*° eV. The resonant 0f b 3
reactionsvee—W™ — v, u andv,e— W~ —hadrons may of- o7 E
fer a detectable signal. At resonance, the reactiQa . 3

—_ PRRTTT BT BEEETTT BEETTT EEETTTT BTt BT BRI BT BERTTT BRI

— W~ —anything significantly attenuates:g beam propa- 10 10 1001000 10* 10° 10° 107 10° 10° 10*°1011 102
gating through the Earth. The water-equivalent interaction
lengths corresponding to the neutrino-electron cross section E, [GeV]
computed if12] are displayed in Fig. 8. These are evaluated _ o _
as FIG. 8. Interaction lengths for neutrino interactions on electron

targets. At low energies, from smallest to largest interaction length,
1 the processes ar_éi) vee—>_hadr@s, (i) v,e—puve, (iii)_vee
(2.12 —ve8, (V) vee—v,u, (V) vee—vee, (Vi) v,e—wv,e, (vii) v.e

L= : e
™ 0,6(E,)(10/18 N, —v,e (from Ref.[12)).
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the nadir has traversed a column whose depth is 1077
11 kton/cnd, or 1.1x10° cm.w.e. (centimeters of water — 1078 - |
equivalent. The Earth’s diameter exceeds the charged- — | ™ 7
current interaction length of neutrinos with energy greater Is.. 10 '

than 40 TeV. In the interval 210° GeV<E, <2 10710
X 10" GeV, resonanie scattering adds dramatically to the un 1071
attenuation of electron antineutrinos. At resonance, the inter-c}2 10712
action length due to the reactione— W~ —anything is g 1018
6 ton/cnf, or 6x 1¢° cm.w.e., or 60 km.w.e. The resonance .2, -4
is effectively extinguished for neutrinos that traverse the _» 10718

BRALLL BURLLL BURLLL UL BEAL B B BUALL

Earth. In the estimates of event rates that follow in Sec. Ill, —18
we take account of the effect of attenuation on upward-going ™\ 10_17 7
neutrinos. Z 10 -
T -18
EI‘-'I; 10 N
ll. ASTROPHYSICAL NEUTRINO FLUXES: 10719 . =
UHE EVENT RATES 10—20 - Lo ;.......l .5......4 é......a '.?...'.'.,.l .8......1\ gx......l 1.0......| o
Since the publication of the GQRS96 cross sections and 107 10710 1OE 10 (;Ovlo 10710710
event rate12], several new models of the diffuse neutrino v [ e ]
flux from active galactic nucleiAGNs) have appeared ] ] )
[48,49. In addition, Waxman and Bahcd0] have argued FIG. 9. Muon neutrino plus antineutrino fluxes scaled by neu-

ino energy at the Earth’s surface. Solid lines represent AGN

that it might be possible to detect neutrinos associated Wit’é:" ) !
) fluxes. In decreasing magnitude B;=10° GeV, they are AGN-
gamma-ray bursts. New models have also been put forwar 95, AGN-SS91 scaled by 0.3, and AGN-P9By). The dashed

e Pt v o o ool s n h same orer, epresen e GRS, TOWGIZ, To-
vy p P polog WMB16, and TD-SLSC fluxes. The dotted line is the angle-

[52] . . ) averaged atmospheri@TM) neutrino flux.
It is therefore timely to reconsider the event rates to be

expected in large-volume detectors. We focus on the produc-

tion of upward-going muons in the charged-current reaction ources at energies b_elow a few TeV. Ir_1 this energyme,
— AN . ) e flux of atmospheric neutrinos is derived from the decay
(v, v )N— (™, u")+anything. Upward-going muons are

of charged pions and kaons. The dotted curve in Fig. 9 shows
free of background from the flux of muons produced by

cosmic-ray interactions in the atmosphere. It is in any cas%%e angle-averaged atmospheficTM) v, + v, flux calcu-

advantageous to site a detector beneath several km.w.e. fed by Volkova[58,59, which we parametrize as
shield it from the(downward rain of atmospheric muons

[53]. Even at 3 km.w.e. underground, a detector still sees dN, 15 B\ L
more than 200 vertical muons Krhs ' sr%, though mostof ~ —gg — /-8X10 " 175y] ¢cm s “sroGev
these muons are quite soft. If we impose the requirement that ’ (3.0

EM">(10°,10%,10°) GeV, the flux is (7,310 %,6x 10 ®)
muons km?s tsr! [54]. As the incident zenith angle of

h heri . he back q f dThe prompt neutrino flux from charm production in the at-
the atmospheric muons increases, the background flux dgsosphere a small additional component that appears above
creases. For horizontal incidence and below, the muon rai

© ~1Tev, h i ly by P il.
observed underground should be largely background-fre%”o] eV, has been estimated recently by Pasqed

There is another important reason for looking down: The Active galactic nucle{AGNs) are the most powerful ra-
few-km range of UHE muons means that large-volume dey;aiinn sources in the universe, with luminosities on the or-

tectors can observe charged-current events that occur NGk of 1353 erg/s. They are cosmic accelerators powered
onlg/ W'théln tlh? mﬁrurgetnt(?[d vzlume(,j_butl altsr? lnﬁEhet_rock Olrby the gravitational energy of matter falling in upon a super-
water underlying the detector. Accordingly, the ETIective VOl 4 5qjye plack hole. Protons accelerated to very high energies
ume of a detector may be considerably larger than the INStrYzihin an AGN may interact with matter in the accretion

mented volume, for upyvard-gomg muons. For. ENergi€yisk, or with ultraviolet photons in the bright jets along the
above 40 TeV, the Earth’'s diameter exceeds the mteractloFbtation axis. Charged pions produced in the resulfipgor

length of neutrinos. At these energies it is beneficial to Iool&w collisions decay into muons and muon neutrinos. The

for events induced by downward and horizontal neUtrInosubsequent muon decays yield additional muon neutrinos
conversions to muon&7].

and electron neutrinos. Neutrino emission from AGNs may

constitute the dominant diffuse flux at energies above a few
A. Sources of UHE neutrinos TeV.

We display in Fig. 9 the neutrino fluxes calculated in a The solid lines in Fig. 9 show the, + v, fluxes predicted
number of models. Neutrinos produced by cosmic-ray interin several contemporary models for neutrino production in
actions in Earth’s atmosphere dominate over other neutrindGNs: Protheroe’s modéHK8] of neutrinos produced ipy
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interactions, denoted AGN-P96p{); and Mannheim’'s erns the attenuation of the neutrino flux due to interactions in
model [49] of neutrino production inpy interactions, de- the Earth, and through the probability that the neutrino con-
noted AGN-M95 pv). The neutrino fluxeYAGN-SS9)  verts to a muon energetic enough to arrive at the detector
[56] based on the pioneering work of Stecker and collaborawith E,, larger than the threshold energy]".
tors are still consistent with measurements. We retain the The probability that a muon produced in a charged-
Stecker-Salamon flux considered in GQRS96 as a baseline turrent interaction arrives in a detector with an energy above
indicate the changes in event rates due to our new evaluatiahe muon energy threshoEilTi” is given by
of the cross section.

A mechanism for gamma-ray bursts put forward by Wax- miny _ . =min
man and Bahca[l50] also yields UHE neutrinos. The isotro- Pu(By BT =Naocd B, )(R(E, (BT, (34
pic flux (GRB-WB) that results from a summation over

Nt where(R(E,:E™M) is the average range of a muon in rock
sources is given by (R(E,;E,"™) 9 g9

[55] and N, is Avogadro’s number. Although the Earth is
transparent to low-energy neutrinos, an Earth diameter (1.1
dNV;ﬁ:M E, \" X 10'° cm.w.e.) exceeds the interaction length of neutrinos
dE 2/% 1 GeV) cm?stsrtGev?!, (3.2  with energies higher than about 40 TeV. For the isotropic
v fluxes presented in Sec. lll A, we represent the attenuation of
with (W=4.0x10"13, n=1) for E,<10° GeV, and (\/ neutrinos traversing the Earth by a shadow factor that is
— 4.0x 10_8' n=2) f(')r E ~10° Ge\/V Siglet al '[51] have equivalent to the effective solid angle for upward muons,

explored a class of models of exotic heavy particle decayg'v'ded by 2r [62]:

that ultimately lead to neutrinos in the final state. These are

referred to as top-dowfT D-SLSC models. In particular, we 1 (o

consider the model in which the hea¥yparticles have mass ~ S(Ev) =5~ f_ld cos Hf do ex —2z(0)/ Lin(E,)].

My =2x 10'® GeV/c?, which may arise from the collapse of (3.5
networks of ordinary cosmic strings or from annihilations of '
magnetic monopoles. An interesting feature of this model isThe column deptlz(6) is plotted in Fig. 15 of Ref[12]. In

that the highest energy cosmic rays are photons. In the comur estimates of event rates, we choose the interaction length
ventional topological defects model, the network of longthat corresponds to the totétharged-current plus neutral-
strings loses its energy to the gravitation radiation. Wichoskj

, . - turren) cross section, which is shown far,N and 7MN
et al.[52] have proposed a model in which particle produc-jnseractions as the solid curves in Figs. 6 and 7. The shadow
tion is the dominant channel through which energy is lost

: : . : factor calculated using the CTEQ3-DIS parton distributions
Even with the observational limits from Fus and Fly’'s Eye 5 shown in Fig. 20 of Ref[12].

as constraints, this non-scaling moddenoted TD-WMB The rate at which upward-going muons can be observed
produces a much higher neutrino flux than the TD-SLSG, 5 detector with effective areA is

model of Siglet al, for the largest possible string mass den-
sity. The fluxes predicted by these exotic sources are shown
as dashed curves in Fig. 9.

The Super-Kamiokande Collaboration has recently pre-
sented evidence that muon neutrinos produced in the atmo-
sphere oscillate into tau neutrinos or sterile neutrinos duringhe integrals in(3.6) are evaluated up tE™*=10" GeV
their passage through the Eafé1]. At the neutrino energies except for AGN-SS91, for which the data files extend only to
of interest for the detection of extraterrestrial sourdes, EM™>*=10°8 GeV.
=1 TeV, the probability for atmospheric neutrinos to oscil-  Let us consider for illustration a detector with effective

m

x - dN

min
o

E
Rate= Af

late en routeto the detector, areaA=0.1 kn?. We show in Tables Ill and IV the annual
event rates for upward-going muons with observed energies
Am? L 1TeV exceeding 1 TeV and 10 TeV, respectively. We tabulate rates
P X%sin2 1.27x10°° for the full upward-going solid angle of:2 as well as for the

v, =V
“

10%eV?1km E, |’

(3.3 detection of “nearly horizontal” muons with nadir ange

between 60° and 90°. The predicted event rates, shown here
for the CTEQ4-DIS parton distributions, are very similar for

H 3
is less than 10 for a path lengti. comparable to an Earth other modern parton distributions.

diameter &13 000 km), if the neutrino mass-squared differ- . . . L
enceAm?~2.2x 103 eV2 For UHE neutrinos from distant The AGN fluxes introduced in Sec. Il A all yield signifi-

sources, the oscillation probability may become interestinglf ant rates for upward-.gomg muon eventg, but the gvents In-
large. duced by atmospheric neutrinos constitute an important

background, especially ch,Ti"zl TeV. The highest signal
rates arise in the AGN-SS91 model. At the lower muon en-
min_

ergy thresholdg,"'=1 TeV, this model yields rates about

The upward-muon event rate depends on #h)dl cross half the expected background from the interactions of atmo-
section in two ways: through the interaction length that gov-spheric neutrinos. The expected background exceeds the sig-

B. Neutrino-nucleon interactions
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TABLE Ill. Upward u*+u~ event rates per year arising from TABLE V. Upward "+ 1~ event rates per year arising from
v,N andv,N interactions in rock, for a detector with effective area »,N andv N interactions in rock, for a detector with effective area
A=0.1 kn? and muon energy threshole;""=1 TeV. The rates are  A=0.1 kn? and muon energy threshoEf)"=100 TeV. The rates
shown integrated over all angles below the horizon and restricted tare shown integrated over all angles below the horizon and re-
“nearly horizontal” nadir angles 60% #<<90°. stricted to “nearly horizontal” nadir angles 66°9<<90°.

nadir angular acceptance nadir angular acceptance

Flux 0°<#<90° 60°< #<90° Flux 0°<6<90° 60°< #<90°
ATM [58] 1100 570 ATM [58] 0.13 0.09
ATM [58]+charm[60] 1100 570 ATM [58]+charm[60] 0.21 0.16
AGN-SS91[56] 500 380 AGN-SS91[56] 85 73
AGN-M95 (py) [49] 31 18 AGN-M95 (pvy) [49] 1.6 15
AGN-P96 (py) [48] 45 39 AGN-P96 (py) [48] 13 12
GRB-WB [50] 12 8.1 GRB-WB [50] 1.2 1.0
TD-SLSC[51] 0.005 0.0046
TD-WMB12 [52] 0.50 0.39 . o .
TD-WMB16 [52] 0.00050 0.00039 depth is about 20% of the vertical column depit2]. The

ATM and AGN-M95 fluxes fall rapidly with neutrino en-
ergy, so rates are dominated by neutrino energies near the

nal rates for other models with the muon energy threshold sépuon energy threshold, and attenuation is not severe for
at 1 TeV, but fades as the threshold is raised to 10 TeVE, =1 TeV. For these model fluxes, the upper half of the
When fully deployed, neutrino observatories of the curren®27 solid angle for upward events contributes between 52%
generation will have instrumented areAs-0.02 knf. Al-  and 58% of the total number of upward-going events. The
though they should register a handful of AGN neutrinos’ itOther model fluxes decrease more SlOle with neutrino en-
will be difficult to distinguish them from the atmospheric ergy. Accordingly, the effect of shadowing on the angular
background_ The energy dependence of the upward_goingistribution is more pronounced. For the AGN-SS91 and

muon rate will be an important discriminant for separatingAGN-M95 fluxes, the “nearly horizontal” solid angle con-
atmospheric and extraterrestrial sources. tributes 76% and 87% of the total. The relatlvely stiff

The GRB-WB flux yields a small number of upward- GRB-WB flux also entails significant shadowing: 67% of the
going muon events per year in a 0_1_4(nletector. To p|Ck events come from thes.solid angle jUSt below the horizon.

these out from the background, it will be essential to corre- The importance of shadowing increases as the muon en-
late them in time and position with gamma-ray bursts. Theergy threshold is raised. Fd&;"=10 TeV, between 59%
TD-SLSC flux appears unobservable in a 0.1%ldetector. ~ and 89% of the upward rate comes from the upper half of the

The ratio of the “nearly horizontal” rate (662 #<90°)  upward solid angle.
to the full upward rate characterizes the attenuation of the If we raise the muon energy threshold to 100 TeV, the
incident neutrino flux in the Earth. The energy dependenc@tmospheric neutrino background is essentially eliminated.
of the neutrino interaction length shown in Figs. 6 and 7 isAt the same time, the projected signal rates, shown in Table
reflected in the angular dependence of the shadow factor, fof for a detector withA=0.1 kn?, reflect the influence of
given neutrino energy: the greater the neutrino energy, theéhadowing in the Earth in two ways. First, the angular dis-
more the incident neutrino flux is attenuated in its passag#ibutions favor shallow angles still more strongly. Between
through the Earth. We recall that @=60°, the column 77% and 94% of the extraterrestrial neutrino signal comes

from the “nearly horizontal” wedge. Second, the shadow

TABLE IV. Upward u "+ 1~ event rates per year arising from factor S(E,) drops rapidly above 100 TeV. It is equal to
v,N andw,N interactions in rock, for a detector with effective area 0.64, 0.34, 0.16, 0.071 fdE, =100 TeV, 1 PeV, 10 PeV,
A=0.1 kn? and muon energy threshol]"=10 TeV. The rates and 100 PeV. Even so, the AGN-SS91 and AGN-P96 up-
are shown integrated over all angles below the horizon and reward rates should be observable in a detector with an effec-
stricted to “nearly horizontal” nadir angles 668°6<90°. tive area ofA=0.1 kn?.

The penalty of shadowing overcomes the advantages of
looking at upward-going muons as the muon-energy thresh-
old is raised. For very high thresholds, it will be necessary to

nadir angular acceptance

Flux 0°<<90° 60°< 6<90° observe downward-going muons produced by interactions
ATM [58] 17 10 within the instrumented volume. We show in Table VI the
ATM [58]+charm[60] 19 11 annual downward event rates for,N and »,N charged-
AGN-SS91[56] 270 210 current interactions in a 1-khwolume of water. The rates
AGN-M95 (py) [49] 5.7 4.3 are encouraging, provided that downward-going events can
AGN-P96 (py) [48] 28 25 be observed efficiently.
GRB-WB [50] 5.4 4.0 We discussed the effect of different choices for the parton

distribution functions in GQRS96 for energy thresholds of 1
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TABLE VI. Downward u*+pu~ events per year arising from pq appreciable shadowing at any angle. By=10° GeV,

v,N andv,N interactions in 1 krhof water. S(E,)~0.3, and the nearly verticdlipward-going events
, are depleted in comparison to nearly horizontal events. How-
Muon-energy thresholdz " ever, the angular distribution of events will be quite similar
Flux 100 TeV 1 Pev 3 Pev for our nominal set of parton distributi'omSTE.Q4—DIS aqd
for the CTEQ3-DLA and MRS-D distributions. At still
ATM [58] 0.85 0.0054 0.00047  higher energies, events will be observed only near the hori-
ATM [58]+charm[60] 2.6 0.050 0.0076  zon. The angular distribution is steepest for the MRS-D
AGN-SS91[56] 520 120 42 distributions, which yield the largestN cross sections, and
AGN-M95 (py) [49] 16 11 8.7 shallowest for the CTEQ3-DLA distributions, which yield
AGN-P96 (py) [48] 100 50 31 the smallestN cross sections. Given the low rates we an-
GRB-WB [50] 7.7 1.9 0.93 ticipate for E,=10° GeV, a discriminating measurement
TD-SLSC[51] 0.037 0.032 0.029 would demand a prohibitively large instrumented volume.
TD-WMB12 [52] 1.1 0.74 0.58
TD-WMB16 [52] 0.00087 0.00050 0.00035

C. Neutrino-electron scattering

Observations of electron neutrino interactions at higher
and 10 TeV. We concluded that the upward muon event rat@nergies and large target volumes may yield insights into the

i; insensitive to the <':ho.ice.of modefpost DESYep col-  yjtrahigh energy neutrino flux and the high energdy cross
lider HERA) parton distribution. We have evaluated the UP-gection. Generically, the,+ v, flux from the m— u— e de-

ward muon event rates f(E’Tinzloo eV with the Martin- cay chain is one-half the ,+ v, flux. For the rate estimates
-Stirli / - ) ul v '
Roberts-Stirling set D (MRS D) [63] and CTEQ3-DLA presented here, we use the fluxes of Fig. 9 multiplied by 0.5.

(double log approximatign|64] parton distributions. The As a cautionary note, we call attention to the contention of

event rates are essentially equal to those shown in Table \/ : S
S . .~ .'Rachen and Meszar hat muon ling within ro-
We indicated in Sec. Il C that all standard parton distri- achen and Meszargs5] that muon cooling within astro

bution functions yield very similar cross sections upgzp ~ Physical sources may reduce the UHE+ v, flux by a
~10’ GeV, so only with a muon threshoIE,Ti”2107 Gevy factor of two and effectively eliminate the UHE+ v, flux.
might one distinguish between parton distribution functionsn this subsection, we shall first evaluate rates for resonant
The angular distribution of the upward muons is a measur@roduction. Then we consider the possibility of observing
of attenuation as a function of column depth, and thus of thé@€arly horizontal air showers induced by neutrino interac-
cross section. We show in Fig. 10 the differential shadowfions in the atmosphere.

factor (1/27)dSd cosé for three neutrino energies and for  Resonantv,e— W™ production occurs foE,=6.3 PeV.
three sets of parton distributions. At,=10° GeV, there is In an effective volume/;, the contained event rate is

1 S, S, S . S |
1071 [ 103 GeV _mmmmmm===™"T 02" Rate ONAV. f (Mt 200%2m a;e(E;)d_l\?e.
10::? ?;;;;;;;::33';';';;5" /,’f/:,:’/ 7 18 (Myy—2T'y)%2m ¢ e ° dEVe
1o+ 108 ] 3.7
% 1000+ i . _
§ 18_7 K /,::/ S ] Downward resonant.e— W™ rates are shown in Tgble Vil
> 1078} e i for an effective volume of 1 k@ To assess potential back-
° 10791 ,/,/ S - grounds to the detection ob.e—W —puv, and vee
& 10:1‘1) - /,',,' /,/' . —W~ —hadrons, we also show the downwdethd upwardg
>i8‘12: A ] (v4,v, )N charged-current and neutral-current events that
10718 o /’/' ! i occur forE,>3 PeV. TheveN downward and upward inter-
107141 10 //' ,:' . action rates and the,N downward interaction rates may be
10:12 - S . obtained from the %, ,v,)N rates by scaling the incident
18—17 =TS ] fluxes. Thev N upward interaction rates are reduced by the
0 0.5 1.0 1.5 short v.e interaction length near resonance. All of these
0 backgrounds to the identification afee—W™—wv,u or

hadrons are themselves evidence for extraterrestrial neutri-
sus nadir angled, for E,=10° GeV (solid ling), 1¢f GeV (dot- nos. We concl_uQe, as in GQRS96, that resoN&(ntproduc-
dashed lines and 16 GeV (dashed lines For each neutrino en- 10N Will be difficult to extract from the neutrino-nucleon
ergy, the thick line corresponds to the CTEQ4-DIS partoninteraction background. The short interaction length at

distributions; the upper and lower satellite lines correspond to théesonance(cf. Fig. 8 means that the flux of electron an-
CTEQ3-DLA and MRS-D parton distributions, respectively. tineutrinos is extinguished for neutrinos traversing the Earth.

FIG. 10. Differential shadow factor (142 dS(E,)/d cosé ver-
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TABLE VII. Downward resonanaeeHW’ events per steradian per year for a detector with effective

volumeVg4=1 knr. Also shown are the downwakdpward potential background rates from,N andjﬂN
interactions induced by neutrinos wil,>3 PeV.

Flux vee—v,u  vee—hadrons ¢,.v,)N CC (.. v, )N NC
AGN-SS91[56] 6 41 29 (5.2 13 2.3
AGN-M95 (p7) [49] 0.1 0.6 23 (0.2 11 (0.095
AGN-P96 (0y) [48] 1.2 7.8 12 (1.6 5.2 (0.69
GRB-WB [50] 0.06 0.4 0.43 (0.065 0.19 (0.029
TD-SLSC[51] 0.001 0.0074 0.0059 (0.00032 0.0028 (0.00014

. Let us now take up the Obser\{ab”ity of neu.trin.o interaC'We show our evaluation of thevé+;e)N Charged_current

surface detector passes thro_u_gh a column of d_ensr[y of 1033 The (ve+ ve)N neutral-current event rates are typically
cm.w.e., while a neutrino arriving along the horizon encoun-

0, i -
ters a column of about 36 000 cm.w.e. Both amounts o{»ess than 15% of the corresponding charged-current rates,

) .~ “reflecting a combination of smaller cross sections and a fall-
matter are orders of magnitude smaller than the neutrino in-

teraction lengths summarized in Figs. 6-8, so the atmond flux. The (v,+»,)N charged-current rates are a factor
sphere is essentially transparent to neutrinos. of ~4 larger than the K.+ v)N neutral-current rates, be-
However, the horizontal path length low in the atmo- cause of the larger flux and larger cross section. The inelas-
sphere is not tiny compared with the depth available for thdicity parameters(y) are approximately equal for neutral-
production of contained events in a water or iceréhkov  current and charged-current interactions.
detector{66], so it is worth asking what capabilities a large- ~ The largest rates for neutrino-induced horizontal air
area air-shower array might have for the study of UHE neushowers arise fromi(,+ v,)N charged-current interactions,
trino interactions. The proposed Pierre Auger Cosmic Rayor which E¢~E, . In one year, a few to tens of horizontal
Observatory[ 33], yvhich would consist of an array (_)f water (ve+ v))N—e* +anything events may be observed in the
Cerenkov tanks dispersed over a large land area, is de&gngqjger detectors, assuming the modern estimates of AGN

to detect showers of particles produced in the atmospherge trino fluxes. The AGN-SS91. GRB-WB. TD-SLSC. and
Proton- and photon-induced showers are typically producegp \wMB16 fluxes yield fractions of an event per year,

high in the atmosphere. Nearly horizontal events with\ynile the TD-WMB12 flux yields an event or two.

shower maxima near the surface array are more likely 0 Gjyen the high thresholds that must be set for detection,
arise from neutrino interactions than fraueair or y-air col-  the expected event rates are dependent on the choice of par-
lisions [67]. ton distribution functions. The Drates are approximately a

The acceptancel of the Auger ground array, which has f@ctor of two larger than the CTEQ3-DLA rates. If the abso-

dimensions of volume times solid angle, has been evaluate normalization and energy behavior of the AGN fluxes

by several author$34,68,69 We adopt Billoir's estimate ., 14 pe established in underground experiments at lower
[34], as shown in Fig. 11, to compute the event rate

)
8

Rate= N jE axdE Jld — _VN E A E
APair Eg sh 0 ydE dy ( V:Y) ( sh)-
(3.8)

The values ofE™* are the same as for our calculation of
upward muon rates in Sec. Il B. Fow{+ v,)N charged-
current interactions, we take the shower energy to be the sum
of hadronic and electromagnetic energiés,=E,. For
(v,+v,)N charged-current interactions and for neutral-
current interactions, we take the shower energy to be the - N
hadronic energyE=YyE, . The resulting event rates, calcu- 10° 1010 101!
lated using our canonical CTEQ4-DIS parton distributions, E, [GeV]

are shown in Table VIII for (/e-i-;e)N neutral-current inter-

1019}

Acceptance [em3sr]
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. - . : FIG. 11. Acceptance versus shower energy for nearly horizontal
tions and for ¢,+ v,)N charged-current interactions, for _. . . .
actions and fo (}“ V“) charged-curre eractions, 10 air showers in the proposed Pierre Auger Cosmic Ray Observatory.

two shower thresholds. The/(+»,)N neutral-current ratés  The solid line forE=<10'° GeV shows the acceptance evaluated
are twice those shown for thes{+ v,)N case. In Table IX by Billoir [34]; the dashed line is our projection to higher energies.
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TABLE VIII. Annual neutral-current ¢, ,Z)N and charged-current(, ,7M)N event rates for the Pierre
Auger Cosmic Ray Observatory.

Ey> 10 GeV Ey>10° GeV

Flux (ve,ve)N NC (v,,v,)N CC (ve,ve)N NC (v,,v,)N CC
AGN-SS91[56] 0.0045 0.019 0.000006 0.000024
AGN-M95 (py) [49] 0.65 2.7 0.26 1.1
AGN-P96 (py) [48] 0.74 3.1 0.13 0.53
GRB-WB [50] 0.038 0.16 0.020 0.085
TD-SLSC[51] 0.013 0.052 0.010 0.042
TD-WMB12 [52] 0.15 0.59 0.11 0.44
TD-WMB16 [52] 0.000026 0.00011 0.000011 0.000046

energies, the Auger experiment might suggest distinctionfunctions, we find that the uncertainty in thél cross sec-
among the various high-energy extrapolations of the crostion is at most a factor of 2 at the highest energies. All
sections. modern sets of parton distribution functions give comparable
cross sections for energies up to'46V.

We have estimated event rates for several energy thresh-
olds and detection methods, using a variety of models for the

We have presented new calculations of the cross sectionseutrino fluxes from AGNs, gamma-ray bursters, topological
for neutrino-nucleon charged-current and neutral-current indefects, and cosmic-ray interactions in the atmosphere. In
teractions. The new cross sections are at most 25% smaller,N— uX interactions, requiring a muon energy above 10
than those of GQRS96, with the deviation largest at the highTeV reduces the atmospheric background enough to permit
est energy considered here?1@V. By varying the extrapo- the observation of upward-going muons for the AGN-SS91
lations of the smalk behavior of the parton distribution and AGN-P96 fluxes. These models yield tens to hundreds of

IV. SUMMARY AND OUTLOOK

TABLE IX. Annual event rates in the Pierre Auger Cosmic Ray Observatory for horizontal air showers
induced by ¢.,v)N charged-current interactions.

Flux Parton distributions E.>10° GeV Ey>10° GeV
CTEQ4-DIS 0.15 0.00026
AGN-SS91[56] CTEQ3-DLA 0.13 0.00022
D" 0.23 0.00051
CTEQ4-DIS 6.1 3.3
AGN-M95 (py) [49] CTEQ3-DLA 5.3 2.8
D" 12 7.5
CTEQ4-DIS 8.9 2.6
AGN-P96 (py) [48] CTEQ3-DLA 7.9 2.2
D’ 16 54
CTEQ4-DIS 0.31 0.18
GRB-WB [50] CTEQ3-DLA 0.27 0.16
D" 0.67 0.45
CTEQ4-DIS 0.068 0.061
TD-SLSC[51] CTEQ3-DLA 0.056 0.051
D" 0.18 0.17
CTEQ4-DIS 0.85 0.71
TD-WMB12 [52] CTEQ3-DLA 0.72 0.60
D’ 2.1 1.9
CTEQ4-DIS 0.00024 0.00014
TD-WMB16 [52] CTEQ3-DLA 0.00021 0.00012
D" 0.00049 0.00032
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events per year for detectors of 0.1 keffective area. The tive areas on the order of 0.1 Kwill yield significant clues
GRB-WB flux emerges at a higher threshold, but suffersto aid in our understanding of physics to the%8V energy
from a small event rate. scale.

Event rates for downward muons above 100 TeV from
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