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Muon bundles from cosmic-ray multi- W phenomena
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The consequences of novel high-energy electroweak phenomena are studied in the context of cosmic-
ray physics. The production of many electroweak gauge bosons (=30—100) by cosmic rays gives rise to
large zenith-angle multimuon events which are free of background. We find detection rates of up to a
few events per year for neutrino-induced phenomena in detectors currently under construction.

I. INTRODUCTION

Recently there has been much interest in the possibility
that novel standard-model electroweak phenomena
characterized by the production of =30—100 elec-
troweak gauge bosons may exist above thresholds typical-
ly in the 4—20-TeV range [1]. The proposed processes
may be manifestations of instanton-induced baryon-
number plus lepton-number (B +L ) violation [2] or
consequences of the infrared structure of electroweak in-
teractions [3,4]. In this paper we address the possibility
of observing or constraining such phenomena in the
realm of cosmic-ray physics which, until the construction
of the appropriate terrestrial accelerators, provides the
only window to the relevant energy range.

In the standard model, baryon number, lepton number,
or combinations thereof are classical global symmetries
of the Lagrangian and hence are not required to be
anomaly-free: they may be violated at the quantum level.
Because of the anomaly, a change in B +L may be relat-
ed to a transition between topologically inequivalent sec-
tors of the electroweak vacuum which are separated by
energy barriers of the order 10—15 TeV. Using a semi-
classical approximation, 't Hooft [5] calculated the ampli-
tude for tunneling between di6'erent sectors and obtained
a disappointingly small result proportional to

—8m /e 8 ~& =10, where g = e /sing~ is the SU(2) cou-
pling constant; the realization of B +L violation in this
manner appeared impractical.

At low energies (compared to the barrier energy) po-
tentially amenable to experiment, (B +L)-violating pro-
cesses are described by an e6'ective pointlike interaction
with a constant, albeit exponentially small coupling
strength. Ringwald and Espinosa [2] noted that, due to
enormous compensating phase-space factors, one may ob-
tain rapidly rising cross sections for (B+L)-violating
processes involving many, -30—100, final-state gauge
bosons and Higgs particles. Though there has been con-
troversy [6,7] regarding the validity of the approxima-
tions used, the generic features of large cross-section
(B +L)-violating processes consist of high-multiplicity
final states above an energy threshold in the multi-TeV
range with cross sections = 1 pb, if such processes exist at
all.

Aside from multi-8' phenomena appearing in B+L

violation, there have also been suggestions that even in
(B+L)-conserving processes, there may be large-cross-
section, high-multiplicity phenomena associated with the
breakdown of perturbation theory [3]. Some authors
have interpreted these results as a consequence of the in-
frared structure of the electroweak theory [4]. At ener-
gies much larger than M~, particles carrying SU(2) quan-
turn numbers are surrounded by a cloud of virtual gauge
bosons, in much the same way that quarks at high ener-
gies are surrounded by virtual gluons. The finite size of
the gauge-boson cloud, of the order of I/M~, would give
rise to a geometrical (black-disk) cross section
o.=~/M~. Cross sections up to 10 pb and threshold en-
ergies from 4—20 TeV for the production of these multi-
W events with average multiplicity (n~) =4'/g =30
have been discussed in the literature.

The prospects of observing multi- W processes at future
accelerators have been investigated by other authors.
Farrar and Meng [8], using a point cross section of the
form & =g(+s —17 TeV)16m. /s, which saturates the uni-
tarity limit, found a (B +L)-violation cross section of 1.5
pb at the Superconducting Super Collider (SSC), which is
in principle observable. Ringwald, Schrempp, and Wet-
terich [9] have studied more general multi-8'events with
point cross sections parametrized by the threshold energy
+so and a constant cross section &o: & =&og( t/ s
—+so). For So=1 nb, they conclude that these pro-
cesses can be seen at the CERN Large Hadron Collider
(LHC), SSC, and the European Long Intersecting Storage
Accelerator (Eloisatron) for threshold energies less than
11, 28, and 130 TeV, respectively.

However, aside from future Earth-based accelerators,
multi-8' phenomena may also be initiated by very-high-
energy cosmic rays. Multiple penetrating muons, also
known as muon bundles or multimuon events, would
arise from the decay of the many gauge bosons produced
and could in principle be detected at underground experi-
ments such as MACRO (Monopole, Astrophysics,
Cosmic-Ray Observatory) [10] and DUMAND (Deep
Underwater Muon and Neutrino Detector) [11], As we
discuss briefly in Sec. VII, one might also be able to ex-
ploit other features of multi-8 phenomena such as the
anomalous longitudinal or transverse development of air
showers. In this paper we limit our attention to the ener-
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getic multimuon characteristics of multi-8'events and in-
vestigate how such phenomena may be identified in un-
derground detectors.

Multi-8' events may be initiated by either cosmic-ray
protons interacting in the Earth's atmosphere or by
cosmic-ray neutrinos interacting in the atmosphere or in-
side the Earth. However, because of large competing
QCD cross sections, the signal for proton-initiated
multi-S' events is very small, as we will demonstrate in
Sec. V. Therefore we concentrate on cosmic-ray
neutrino-initiated multi-8' events. Specifically, we will
demonstrate that muon bundles at large zenith angles
provide a signature free of background for neutrino-
induced multi-8' phenomena.

Nonstandard high-energy neutrino interactions have
been suggested previously in the context of composite
models [12] where colored subconstituents of neutrinos
interact with typical QCD cross sections at energies
larger than the compositeness scale. Since both neutrinos
and photons come from pion decays, neutrinos produced
in x-ray binary systems should be as abundant as high-
energy photons and there has been speculation that non-
standard neutrino interactions could explain anomalous
muon-rich signals from the direction of Cygnus X-3 [13].

This paper is organized as follows. In Sec. II we
parametrize the point cross section for multi-8' events
and compare proton-proton and neutrino-nucleon cross
sections of this new interaction with the usual QCD and
electroweak cross sections. In Sec. III we discuss the
general features of the underground detection of rnuons
produced from neutrinos. In Sec. IV we outline the for-
malism used to compute underground multirnuon event
rates from multi-8' phenomena and apply the results to
proton- and neutrino-induced interactions in Secs. V and
VI, respectively. We discuss our results and their limita-
tions in Sec. VII and draw our conclusions in Sec. VIII.

II. PARAMETRIZATION OF MULTI- W PROCESSES

The generic hard subprocess we wish to consider is the
inclusive production of n ~ 8'bosons:

a+B nwW+X

where 3 and B are weakly interacting quarks or leptons.
Since we will ultimately concentrate on the detection of
muons arising from the decays of vector bosons, one
might argue that we should be interested in the inclusive
production of 8'and Z bosons. In response, we interpret
the right-hand side of Eq. (1) heuristically and consider
n~ to be the "effective" number of 6'bosons. For exam-
ple, if the number of prompt muons from vector-boson
decay is used as a benchmark, then two Z bosons [with
branching ratio B(Z—+p+p )=3%] are roughly
equivalent to one W boson for which B ( W+
~p+v„)=11%. Moreover, since we are concerned with
cases where the final state is overwhelmingly composed of
vector bosons, we will approximate the final state as con-
sisting exclusively of n~ 8'bosons. In this sense our sub-
sequent parametrization of multi-8'processes is intended
to embody only the gross overall characteristics of the
final state. While such a parametrization is well suited to

our immediate goals, one is cautioned against associating
our parametrization with the details of any particular
dynamical model.

In the interest of simplicity we parametrize the thresh-
old behavior of the hard subprocess cross section by a
step function

o„(+s )=o08(+s —+so), (2)

Xo„(+x,x2s ), (3)

where s is the proton-proton invariant mass squared and

f, (x, ) is the number density of partons of type i carrying
a fraction x, of the total proton momentum. As in Refs.
[4,g] we evaluate all structure functions at a fixed scale
Q =M~ characteristic of the weak scale of the process-
es. We assume that the discrete sum extends over all
combinations of weakly interacting proton constituents,
that is, everything except gluons. In specific scenarios
such as the instanton-induced (B +L)-violating processes
of Ref. [2] not all possible parton combinations are in-
cluded in the discrete sum and it is in this sense that our
parametrization does not reAect a specific model. In a
similar manner the neutrino-nucleon (vN) cross section is
given by

o.„(&s)=g J dx f, (x)o„(v'xs ), (4)

where again f;(x) is the number density of parton species
i in the proton evaluated at Q =M~ and the sum over i
does not include gluons.

In Fig. 1 we present the scaled functions for o."„~ (v's )

and o„(&s ). Their applicability is determined by the

structure functions employed. We use the Eichten-
Hinchliffe-Lane-Quigg (EHLQ) structure functions [14]
valid for x ) 10 and extend them by the Gribov-
Levin-Ryskin ansatz [15] as described in Refs. [16,17],
which in principle extends the useful region to x ) 10
This translates to a region of applicability Qs/so & 10
in Fig. 1, which is more than adequate for our purposes.

A few preliminary remarks will put the cross sections
of Fig. 1 in perspective and set the stage for our subse-
quent analysis. First consider the pp cross section in the
context of cosmic-ray phenomena. In the energy region
of interest (4& v's &20 TeV) the growing pp total cross
section deduced from air-shower experiments and antici-
pated from QCD interactions is of the order of 100 mb

where the threshold energy +so is in the range
4&+so&20 TeV and oo&10 pb. In addition we as-
sume the subprocess cross section to be independent of
the nature of 2 and B, requiring only that they couple
directly to 8'and Z bosons.

We next fold the hard cross section with structure
functions relevant to processes of interest. Within our
parametrization the proton-proton (pp) multi-8' cross
section is given by

o~~ (v's )=g Jdx, dx2 f;(x&)f.(x2)
ij ~J
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FIG. 1. The universal curves parametrizing the production
of n~ 8' bosons in proton-proton (pp) and neutrino-nucleon
(vN) interactions, where &s is the total center-of-mass energy.
The curves are scaled by the~oint cross section &0 and the sub-
process threshold energy +so.

III. NEUTRINO-INDUCED MULTI- O' PHENOMENA

Let us restrict our attention to neutrino-induced
multi-8' phenomena. The fraction of cosmic neutrino
flux interacting in the atmosphere is 1 —exp( N„o t,tXO)—
where N„ is Avogadro's number and Xo (g/cm ) is the
amount of atmosphere traversed. [In order to maintain
consistency with the notation of other authors we use
Nz =6.02X10 with the understanding that one associ-
ates units of g

' with lV&. We adhere to the common
practice of expressing lengths in units of g/cm . For ma-
terials of uniform density, physical distances are
recovered by dividing lengths (in g/cm ) by the density
(-2.6 g/cm for standard rock). ] The largest cross sec-
tions we shall consider are of the order o(V ) —s10 pb
which corresponds to 1 —17 % of the interactions occur-
ring in the atmosphere for Xo —1000—30000 g/cm (for
normal/oblique incident neutrino Aux). Consequently,

[18j By comparison, if we liberally set &&=10 pb and
Qs~=4 TeV in o'~~ (&s ), then o~~ (&s )/o'8cD(&s )

+10 where there is any appreciable proton flux. In
Sec. V we discuss the implications of trying to pick out
proton-induced multi- W events against a large QCD
background.

Neutrino-induced multi-8 events do not suffer the
problem of large competing processes as is the case for
protons. In the energy range of interest to us, conven-
tional vN charged-current (CC) cross sections are in the
range 1 —10 nb L16,17]. Hence, above the multi- W
threshold, o.cc(&s ) does not necessarily overwhelm
o „(&s ). It is this possibility of small losses to compet-

ing processes that makes neutrino-induced multi-8'phe-
nomena an attractive channel to study.

the majority of neutrino-induced multi-8'events occur in
the Earth. However, unless such events occur completely
inside an underground detector, all produced particles ex-
cept for neutrinos and muons are quickly absorbed by the
surrounding rock and go undetected.

In the relevant energy range the anticipated cosmic
neutrino flux is sufficiently small to rule out the possibili-
ty of observing completely contained multi-8 events in a
realistic amount of time in a reasonable size detector. As
a consequence we must look for the muon and/or neutri-
no products of a multi-8'event. We consider both these
possibilities in turn.

We characterize an underground detector by its depth
D and a threshold energy E;„. The threshold energy
E;„is roughly the minimum energy required of a muon
as it enters the detector in order that it passes completely
through the detector and leaves an unambiguous track.
Subsequently, by detected muons we mean muons which
reach the detector with energies greater than E;„.Typi-
cal existing and proposed detectors have D =100—4000
m and E;„=1 —100 GeV.

An underground muon detector has a sensitive volume
determined by the maximum distance muons can travel
in rock before they lose all their energy. For example, a
100-TeV muon penetrates approximately 11000 hg/cm
(-4 km) of rock (1 hg = 100 g) before its energy drops
below 100 GeV. Hence a prerequisite for detecting a
neutrino-induced multi-8 event via muons is that the in-
teraction occur within a few kilometers of the detector.

In practice underground muon detectors are also used
as neutrino detectors. By extending a muon trajectory in
an underground detector back into the surrounding rock
and towards the surface of the Earth, one can calculate
the minimum energy of a muon of atmospheric origin
necessary to penetrate to the detector. Knowing the
muon energy-range relation in rock, one quickly deduces
that upward-going muons in underground detectors must
originate from neutrino interactions in the surrounding
rock. Such a strategy has repeatedly been applied to the
detection of the flux of atmospheric neutrinos [19,20].

In principle it is possible to detect the neutrinos pro-
duced in a multi-8' event. The advantage of detecting
prompt neutrinos over prompt muons is that the original
interaction does not have to occur within a few kilome-
ters of the underground detector so that the potentially
detectable signal rate increases. The penalty paid, of
course, is the relatively small probability that a neutrino
on a detector trajectory will actually undergo a charged-
current interaction close to the detector and give rise to a
detectable muon. In Secs. V and VI we demonstrate
quantitatively that, as suspected, the geometrical advan-
tage gained falls well short of compensating for the small
neutrino detection efFiciency.

IV. CALCULATION OF THE MULTIMUON
SIGNAL RATE

In this section we discuss the calculation of the under-
ground detection rate of multimuon signals from multi-8'
events. Calculations of this genre have been performed
previously in the context of detecting downward-going
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Xcr„~„(l—p„) " (5)

where n„ is the number of collirnated muons produced in
a multi-8'event. The total interaction cross sections are
given by

vN vN+ vN0 tot ~cc n~ ~

(6)
OPP =OP+ +OPPtot &CD n ~

for neutrino and proton projectiles, respectively, with the
understanding that all cross sections are evaluated at
&s =+2m, E.

The quantity p in Eq. (5), which may be interpreted as
the detection probability of a single "typical" muon pro-
duced in a multi-8'event, is defined as

E 1 dipp„(E,E;„,X')= f dE„"p (E„,E;„,X') . (7)
mill n

p +p

We stipulate a "typical" muon because p„(E,E;„,X') is
the result of weighting p (E„,E;„,X') (the probability
that a muon of definite energy E„ traverses an amount X'
of rock with E„&E;„)by (1/n„)(dn„ldE„) (the labora-
tory energy distribution of the muons produced in a
multi- W event). We will discuss forms for
(1/n„)(dn„/dE„) and p„(E„,E;„,X') later

The conditions under which Eqs. (5)—(7) apply are as

atmospheric muon bundles [21,22] and upward-going at-
mospheric neutrinos [23,24] so that elements of these
well-known results will necessarily appear as a subset of
our work. We will consider both proton- and neutrino-
induced multi-W phenomena which occur in the atmo-
sphere or inside the Earth, respectively. Interactions in-

. side the Earth giving rise to potentially detectable bursts
of muons and neutrinos suggest a unique signature in
underground detectors for multi-8' phenomena: large-
zenith-angle muon bundles.

Rather than presenting a general derivation of our
equations (which would require defining many intermedi-
ate quantities), we will instead simply state our results
and then outline the implicit assumptions. Initially we
will concentrate on the calculation of the detection of
prompt multimuons from both proton- and neutrino-
induced multi-8'phenomena. At the end of this section
we indicate how the formalism is modified if one consid-
ers the possibility of detecting the prompt neutrinos (pro-
duced in association with the prompt muons) from W de-
cay.

We will take a probabilistic approach to the calcula-
tion of the multimuon signal rate by considering the fate
of a single incident cosmic projectile (either a neutrino or
proton) and later convoluting the result with the relevant
cosmic Aux. Consider a cosmic projectile of energy E ini-
tially separated from the detector by an amount X of
rock. Under the conditions outlined below, the probabili-
ty that this projectile gives rise to a multi-8'event with k
muons detected in coincidence is given by

n fN~ g
Pk (E,X)= " dX' e

(n —k)!k! 0P

follows.
(1) We assume that, in the hard subprocess rest frame,

the n. ~ 8'bosons are distributed isotropically and share
the available energy +s equally.

(2) We assume that the cosmic projectile energy E is in
the interval Eo(E (n Eo, where Eo=sol2m~ is the
threshold above which multi-S' phenomena occur. We
thus exclude cascade phenomena in which secondary
hadrons and leptons produced in the decays of the n ~ 8'
bosons are themselves able to initiate multi-8 events
leading to a geometric increase in the multiplicity. In
practice, this intriguing scenario is suppressed for a
variety of reasons. For secondary hadrons the largest
multi-8' cross sections we consider are always substan-
tially smaller than the competing QCD cross sections, so
it is always more likely that an energetic hadron under-
goes a QCD interaction instead of initiating a multi-W
event. Only muons and neutrinos, due to their small
competing process cross sections, are likely candidates
for perpetuating cascade phenomena. Furthermore, if
the cosmic projectile energy spectrum falls off sharply,
the majority of multi-8' events occur just above Eo and
the restriction E & n~EO is not an issue. In practice, we
will apply Eq. (5) even for E & n ~Eo and hence conserva-
tively treat all multi-F phenomena as being of the non-
cascade variety.

(3) We will assume n„=n ~/9, corresponding to the re-
tention of only prompt muons from 8'+~p+v„. Other
possible sources of muons are the weak decays of mesons
such as pions and kaons. However, if the multi-8'event
occurs underground (as will be relevant to neutrino pro-
jectiles) the produced pions and kaons undergo inelastic
strong interactions in the surrounding rock before they
have a chance to decay, and hence they do not contribute
muons. Though not so obvious, a similar fate often
awaits charmed mesons. Finally, muons from ~ decay are
possible but they can be neglected relative to the prompt
muons.

The approximation n„=n~l9 is less straightforward
for atmospheric interactions relevant to proton projec-
tiles. In this case the multitude of pions, kaons, etc. pro-
duced in hadronic air showers will have the opportunity
to decay and produce muons in addition to the prompt
muons. For example, a typical atmospheric shower ini-
tiated by a 100-TeV proton interacting through usual
strong-interaction channels contains hundreds of muons
with energies above a few CxeV [25]. On general grounds
we expect a similar number of muons in atmospheric
multi-8 events. However, of these hundreds, the
overwhelming majority do not have sufficient energy to
penetrate to a deep underground detector. Even the most
energetic nonprompt muons, due to the hadronization
process, are generally less energetic than prompt muons.
Consequently, the detection probability of nonprompt
muons generally decreases more rapidly, as a function of
zenith angle, than that of prompt muons. We make the
pessimistic approximation n„=n ~/9 for the case of pro-
ton projectiles by anticipating its application at zenith
angles beyond which the background of rnultimuons from
generic QCD events is negligible.
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the analogous quantity

where

Xp, (E',E;„,X'),

p (E,E;„,X')= f dE'„8 E-'
E-- E w

(14)

The detection rate of k muons in coincidence from
proton-induced multi-8'phenomena is given by

dN „ = f dE~ Pf„(E,X)j
dA dt dQ min

where j is the differential cosmic-ray proton Aux and Pg„
is the probability of Eq. (5) specific to a proton projectile:

(E' E X')= f dX"f dE'N e
0 min

Bo ccX p„(E„',E;„,X").
aE„'

Pg (E X)= " dX'e
(n —k)!k! 0P

Xo "~ (1 —p ) "n —k
n p p

(17)

The function p (E',E;„,X') is the probability that a
neutrino of energy E' at a distance X' undergoes a
charged-current interaction and gives rise to a detected
muon, a standard quantity in the underground detection
of neutrinos I29]. Comparing p„(E„E;„,X) of Fig. 3
with P,(E„E;„,X), which we plot in Fig. 4, we note
that the detection probability for neutrinos is orders of
magnitude smaller than the corresponding probability for
muons due to the additional charged-current interaction
required.

V. PROTON-INDUCED MULTI- $Y PHENOMENA

As a demonstration of the framework outhned in Sec.
IV we consider the case of proton-initiated multi-8' phe-
nomena. In the process of this exercise we wish to show
why proton-initiated phenomena are not well suited to
the detection of underground muons. On the construc-
tive side, we will have the opportunity to discuss the
dominant source of multimuon background and we will
carry that knowledge to Sec. VI where we discuss the
more promising neutrino-induced multi- Fphenomena.

Since a~ti', =oecD -—100 mb, the proton interaction length

X;„,= I/(o6'cd~ ) =20 g/cm is much smaller than the
atmospheric depth X„=1000g/cm; thus most events
occur high in the atmosphere before the proton Aux is at-
tenuated by QCD interactions. The small proton interac-
tion length allows us to approximate

opp

where p„(E,E;„,X) is evaluated at X given by Eq. (13).
The ratio opp /o. ptp, already indicates that the proton-

initiated multi-8' signal is on the order of 1000 times
smaller than the usual QCD processes. Furthermore,
since both types of processes are initiated in the atmo-
sphere, the underground distribution of muons will be
very similar.

The dominant background for multi-8' events comes
from muons created by the decay of pions and kaons pro-
duced in the atmosphere by high-energy cosmic rays via
ordinary QCD interactions. In order to estimate the sig-
nal and background, we use the constant mass composi-
tion model of Refs. [22,30] for the cosmic proton spec-
trum:

10
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FIG. 4. Curves of p„(,E,E;„=100 GeV, X) for n ~=30 in
standard rock. p (E,E;„=100 GeV, X) is the detection prob-
ability of a typical neutrino produced in an underground rnulti-
8'event at a distance I from the detector.

' (E 2X10 G V)Jp

E&2X10 GeV .

We obtain a pessimistic estimate of the background
multirnuon rate by assuming that cosmic-ray protons im-
part all of their energy to three muons and three neutri-
nos (assuming that this is the background relevant to a
signal consisting of nii, /9=3 muons). Using j~ of Eq.
(19) and the muon energy-range relation of Eq. (10) we
see in Fig. 5 that the detection rate of background muon
bundles decreases precipitously above zenith angles of ap-
proximately 84 for E;„=100GeV and a detector depth
of 1.4 km of rock (approximately the depth of MACRO).
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FICx. 5. The detection rate of multimuons produced in
proton-induced multi-8' events and the corresponding back-
ground. The curves assume a detector depth of 1.4 km in stan-
dard rock, E;„=100GeV, a multi-W threshold of +so=4
TeV, and a point cross section &0=10 pb with n~=30. A
detected event corresponds to two or more muons arriving at
the detector simultaneously.

(as described above). The large competing @CD cross
section forces the overall detection rate of prompt mul-
timuons to be much smaller than the background. More-
over, the prompt multimuon signal is buried under our
pessimistic background for all zenith angles. A realistic
multimuon background calculation, in the spirit of Ref.
[22], for zenith angles greater than 60 is clearly desirable.
Even then, the absolute detection rate of proton-induced
multi-8' prompt muons may be negligible: the total rate
for prompt muons in Fig. 5 (i.e., frivolously ignoring the
overwhelming background and integrating over all zenith
angles) is =3 X 10 ' cm sec ', less than one event in
a thousand years in a MACRO-size detector. The
proton-induced multimuon signal is clearly not feasible.

For completeness we also include in Fig. 5 the even
smaller detection rate of prompt multineutrinos. In con-
trast with the prompt multimuon case, the curve corre-
sponding to the detection of prompt neutrinos extends
over all zenith angles, rejecting the relative transparency
of the Earth to neutrinos. Though the background-free
detection rate is negligible in this case, the persistence of
the neutrino signal to large zenith angles foreshadows the
more promising scenario of neutrino-induced multi-8'
events which we study in Sec. VI.

This falloff rejects the simple fact that all proton interac-
tions occur in the atmosphere so that any produced
muons must travel through at least 1.4 km of rock to
reach the detector. The increase in the amount of rock
with zenith angle and the logarithmic behavior of the
muon energy-range relation results in the sharp falloff.

We can gauge the pessimism of our background nor-
malization by comparing it with the more plausible esti-
mate of the background rate for three or more muons us-
ing the model of Ref. [22], which parametrizes the vari-
ous muon production and propagation processes in detail
(albeit only for zenith angles less than 60 ). We anticipate
that, due to the softening effects of hadronization, muons
from the decays of pions and kaons produced in compet-
ing generic QCD interactions will be less energetic than
the prompt muons introduced in multi-8' processes.
Since muons from all sources must traverse the same
amount of rock, the naive hope is that the energetic
prompt multimuon signal may persist to large zenith an-
gles. Unfortunately we cannot confirm this assertion
quantitatively because there are no available parametriza-
tions of the background multimuon rate for large zenith
angles (i.e., )60).

In Fig. 5 we also show the proton-initiated multi-W
signal rate as a function of zenith angle. For purposes of
illustration we characterize the multi-8 phenomena by
the~roduction of n ~= 30 W bosons above a threshold of
+so =4 TeV with a point cross section of &o

= 10 pb.
We define a signal event as the simultaneous arrival of
two or more muons in the detector.

In Fig. 5 we show signal rates for the detection of both
prompt muons and prompt neutrinos. The prompt muon
signal decreases dramatically at large zenith angles for
precisely the same reasons that the background decreases

VI. NEUTRINO-INDUCED MULTI- W PHENOMENA

Hoping to elude the background of downward-moving
muon bundles, we next consider neutrino-induced rnulti-
8'phenomena. In order to be quantitative, we must con-
front the issue of what to use for the high-energy cosmic
neutrino Aux j . Little is known experimentally about
the cosmic neutrino Aux above 10 GeV, whereas we are
interested in the fiux above 8X10 GeV (corresponding
to a threshold of 4 TeV for multi-W phenomena). The
best constraints come from the Fly's Eye, an air-shower
array sensitive to nitrogen scintillation light generated by
extensive air showers with energies greater than 10 GeV
[31]. We will organize our discussion by first discussing
the constraints imposed by the Fly's Eye results and then
by considering scenarios for j in the intermediate range
8X10'&E &10' GeV. We then use the neutrino Aux
models to estimate the multimuon signal rates from
neutrino-induced multi- Fphenomena.

The Fly's Eye puts upper limits on the product of the
Aux times cross section for weakly interacting particles
above 10 GeV; we will assume all such particles are neu-
trinos. If limits on the Aux times cross section are inter-
preted as limits on the quantity [17]

I(E)=J dE j crt, t(E ), (20)
E

then the Fly's Eye results may be expressed as I(10
GeV) & 10, I(10 GeV) & 3.8X 10, I(10'
GeV) & 10, and I(10" GeV) & 3.8 X 10 (in units of
sec ' sr '). The limits are deduced from the nonobserva-
tion of downward-moving air showers within the Fly's
Eye fiducial volume such that the shower axis is inclined
80 to 90 from the zenith at the point of impact on the
Earth [31]. Geometry dictates that a shower meeting
these criteria could only have been initiated by a particle
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j 3.74X10 4~ cm2

~~N( E )

1.48
1 GeV

cm sec ' sr ' GeV ', (21)

which is valid for 10 ~E 10" GeV. An inequality
similar to Eq. (21) appears in Ref. [32] with an unoptim-
ized fit of the Fly's Eye limits and o.t,t

=azc.
Since the cosmic neutrino Aux for 8X10'&E &10

GeV is relatively unconstrained by experiment, we are
free to consider various options in that energy range.
Though it would be conservative to assume a fiat neutri-
no energy spectrum below 10 GeV, there is motivation
to believe that the neutrino Aux increases with decreasing
energy. In the energy window below 10 GeV, which in-
terest us, the atmospheric neutrino fiux (e.g., from the de-
cays of pions and kaons produced in generic atmospheric
cosmic-ray interactions) is anticipated to be negligible
[33]. However, there has been speculation that additional
components of the neutrino Aux may become relevant at
energies round 10 GeV, whereby neutrinos may be pro-
duced, for example, by cosmic-ray processes in interstel-
lar gas in our Galaxy [34], by accelerated protons in-
teracting in the medium surrounding pulsars [35], or by
other mechanisms in active galactic nuclei [36]. In defer-
ence to such speculations, but without committing our-
selves to a specific mechanism, we will, in addition to as-
suming a Aat spectrum below 10 GeV, also consider the
possibility that the neutrino Aux exhibits a power-law be-
havior —1/E below 10 GeV. Though the choice of a
quadratic behavior is essentially arbitrary, we should
keep in mind that we are only assuming this power-law
behavior over the limited range 8X10'&E &10' GeV.

which had penetrated more than 3000 g/cm of atmo-
sphere before interacting, which excludes showers initiat-
ed by high-energy photons and hadrons (which have in-
teraction lengths of approximately 45 g/cm ). Since the
Fly's Eye analysis assumes that the Aux under investiga-
tion suffers no atmospheric attenuation before reaching
the fiducial volume, the Fly's Eye limits apply to process-
es with cross sections less than 10 pb.

Strictly speaking, the integrand in Eq. (20) should con-
tain an atmospheric attenuation factor of the approxi-

N~ o Xomate form e " "' ', where Xo=3000—30000 g/cm
characterizes the atmospheric depth of the Fly's Eye fidu-
cial volume. While it would be an excellent approxima-
tion to neglect atmospheric attenuation if we were con-
sidering only usual charged-current neutrino interactions,
we will at times contemplate multi-8'point cross sections
&o= 10 pb (implying even larger o „)where it is not ob-

vious, a priori, that we can neglect attenuation effects.
Nevertheless, for reasons which will become apparent
later, we may still neglect atmospheric attenuation for all
ranges of the parameters we consider.

The logarithm of the Fly's Eye limits on I(E) is well
approximated by a linear function of the logarithm of the
neutrino energy. Performing the corresponding linear
least-squares fit and substituting the result in Eq. (20)
leads to the constraint on the cosmic neutrino Aux

For consistency we will later check that a power-law be-
havior does not contradict the nominal experimental lim-
its on the neutrino Aux in this energy range.

In summary, we will use for the neutrino Aux in Eq.
(12), a spectrum which is fiat below the Fly's Eye thresh-
old,

Jv

1.48
3 74X 10 cm 1 GeV

vN(E) E

j,(E =10 GeV), E (10 GeV,

E ~108 GeV,

(22)

3.74X 10 cm 1 GeV 8

vN( E) E

10 GVj (E =10 GeV)

'2 (23)

E &10 GeV,

where j is in units of cm sec 'sr 'GeV '. For our
calculation of 0.„,we use the charged-current neutrino-
nucleon cross section o.cc described in Ref. [16] and the
multi-8' cross section cr „ofEq. (4).

In Fig. 6 we present the angular distribution of detect-
ed multi-8' phenomena corresponding to the simultane-
ous arrival of two or more muons in a detector 1.4 km
under the Earth. We show the individual contributions
from the detection of multimuons and multineutrinos.
The multimuon detection rate persists well beyond zenith
angles of 84 where there is no background. A similar sit-
uation exists for the detection of multineutrinos but is of
little practical value since the rate is always much smaller
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FIG. 6. The detection rate of multimuons produced in
neutrino-induced multi-8 events and the corresponding back-
ground. The curves assume a detector depth of 1.4 km in stan-
dard rock, E;„=100GeV, a multi-W threshold of +so=4
TeV, and a point cross section &0= 1 nb with n ~=30. A
detected event corresponds to two or more muons arriving at
the detector simultaneously.
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TABLE I. Signal rate of multi-8'events for which n~=30. The signal corresponds to two or more
muons in coincidence in a detector 4 km below the ocean surface (= DUMAND) with a threshold
E;„=100GeV such that the zenith angle of the muon bundle is greater than 84'. Rates are in
cm sec ')

~

v spectrum
assumptions for
E ) 10' GeV

None
None
None

v spectrum
behavior for
E (10' GeV

Flat
Flat

—1/E

Qs,
(TeV)

20
4
4

&0= 1 nb

1.2x10-"
1.3 X 10
1.7x10-"

&O=100 nb

4.0X 10
3.4X 10
6.6x10-"

&o=10 pb

1.5 X 10
2.5 X 10
7.2X 10

p +/~VX
p +y~vX
p +y~vX

Flat
Flat

—1/E

20
4
4

2.8 x10-"
2.0X 10
2.1 X 10

1.6X 10
2.4x10-"
2.6X 10

1.6x10-"
1.4X 10
4.2X 10

than the multimuon rate.
In Tables I and II we collect the multimuon detection

rates (for zenith angles greater than 84') for neutrino-
initiated multi-8' phenomena for various cross sections,
thresholds, and Aux models corresponding roughly to the
DUMAND and MACRO detectors, respectively. The
cutoff of 84' is somewhat arbitrary but is chosen to ensure
that the signal rate, when observable, is always orders of
magnitude larger than our pessimistic background esti-
mate; it is largely fortuitous that 84 is used in both
Tables I and II since the respective detectors are at
different depths and surrounded by different material.

Keeping in mind that one event per year in a detector
with area 10 m (approximately the size of DUMAND)
corresponds to a detection rate of —3 X 10
cm sec ', we see that under optimal conditions multi-
8'phenomenon may indeed be observable. However, be-
fore drawing optimistic conclusions, let us reexamine the
dependence on the neutrino Aux.

The first two rows of Table I correspond to the neutri-
no flux of Eq. (22) which saturates the Fly's Eye limits
above 10 GeV and assumes a Aat spectrum below 10
GeV. The signal rates are marginal and correspond to
1 —4 events per year in a 10 -m detector. For thresholds
+so larger than —14 TeV (corresponding to E ) 10
GeV) these detection rates are optimized: they saturate

the Fly's Eye constraints and are independent of the neu-
trino Aux below 10 GeV.

The signal rate scenario brightens somewhat depending
on how generously we exploit our lack of knowledge of
the neutrino Aux below 10 GeV. Increasing the Aux
below 10 GeV can potentially increase the signal rate if
the multi-8' threshold is below 14 TeV as demonstrated
in the third row of Table I.

The dependence of the signal rates on the point cross
section &o, the threshold +so, and the eflux models may
be appreciated b~ considering the special case of
0'o=10 pb and +so =4 TeV (even though this set of pa-
rameters does not lead to promising rates). Our require-
ment that muon bundles originate from large zenith an-
gles implies that detected events correspond to relatively
small values of o„, ( 510—100 nb). Hence, detectable
events must occur close to threshold if o'o is large. If in
addition the cosmic neutrino energy at threshold is much
below 10 GeV (as is true for the case under considera-
tion), then the detectable signal rate originates from a
portion of the neutrino spectrum which is unconstrained
by the Fly's Eye limits; this explains the sensitivity of the
detection rate to the form of the Aux models below 10
GeV.

The special case &o=10 pb, +so=4 TeV also demon-

TABLE II. Signal rate of multi-8'events for which n~=30. The signal corresponds to two or more
muons in coincidence in a detector 1.4 km (= MACRO) below the Earth with a threshold E;„=2
GeV such that the zenith angle of the muon bundle is greater than 84 . Rates are in cm sec

v spectrum
assumptions for
E )10 GeV

None
None
None

v spectrum
behavior for
E ( 10 GeV

Flat
Flat

—1/E

Qs,
(TeV)

20
4
4

&o=1 nb

6.8 X 10
6.9 x10-"
9 OX10

&o=100 nb

2.6x10-"
2.7 X 10
4.8X 10

&O=10 pb

9.6x10-"
2.1X 10
5.9X 10

p + /~VX
p +/~VX
p +y~vX

Flat
Flat

—1/E

20
4
4

1 ~ 5X10
1.2X 10
1.2X 10

1 1X10
2.0X 10
2.1 X 10

1.2 X 10
1.2x10-"
3 5X]0
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Jv

E, E &10 GeV,
3.5

10 GeV E ~10 GeV,
(24)

where K is an overall normalization factor which we
determine by demanding consistency with the Fly's Eye
results above 10 GeV. Figure 7 plots the maximum
values of K consistent with the Fly's Eye limits of Eq.
(21).

Finally, we also consider a photoproduced neutrino

strates why we are justified in neglecting atmospheric at-
tenuation when extracting Aux constraints from the Fly's
Eye results: observable events necessarily correspond to
o.t,t &10 pb for which there is little attenuation. The
normalization of our low-energy flux extrapolations [Eqs.
(22) and (23)] depend on o.,"„(10 GeV), where we
demand consistency with the Fly's Eye results [Eq. (21)].
In this worst case, o.„,(10 GeV) = 15 pb corresponds to
an underestimate of the Aux normalization by no more
than 25%, which we neglect.

%'e also consider the event rates expected if, instead of
saturating the Fly's Eye limits above 10 GeV, we require
the neutrino spectrum above 10 GeV to assume some
theoretically motivated form. The dominant contribu-
tion to the Aux of high-energy neutrinos (E ) 10" GeV) is
expected to arise from the decay of pions produced by the
interaction p +y ~m.X in which cosmic-ray protons
(E ) 10" GeV) scatter off the 2.7-K background radia-
tion [37]. Using the appropriate transport equations, one
may calculate the subsequent neutrino energy spectrum
as a function of the shape, strength, and redshift of the
proton source [38]. We will adopt a generic form for the
ultra-high-energy neutrino spectrum which embodies the
general features of the neutrino spectra of Ref. [38].
Namely, we will consider a model of the photoproduced
neutrino Aux in which the energy spectrum is Aat below
10 GeV and falls as —1/E above 10 GeV:

spectrum where, below the Fly's Eye thresold, we include
an additional component governed by a power law

'2
108 GeV

E

j = K, 10 GeV~E &10 GeV,
' 3.5

E &108 GeV,

(25)

10 GeV
10 GeV ~E .

The signal rates corresponding to neutrino Auxes of Eqs.
(24) and (25) are given in the last three rows of Table I.
As anticipated, the rates are always smaller than the rates
corresponding to the Iluxes of Eqs. (22) and (23) which
saturate the Fly's Eye constraints.

Not only are bundles of prompt muons the most
promising signal but they are also an efficient signature.
For the rates of Tables I and II approximately 90% of
the detected bundles contain all n~ /9=3 prompt muons
for n~ =30. This feature contrasts with the situation for
the feeble multineutrino signal which, due the small neu-
trino detection probability, consists almost exclusively of
only two muons, even for large nz.

In Fig. 8 we show the radial spread of muons within a
muon bundle for +so=4 TeV and to= 1 nb for bundles
at zenith angles greater than 84. The distributions in-
clude the effects of a variable momentum fraction carried
by the struck quark, the assumed isotropic distribution of
muons in the neutrino-quark frame, and multiple
Coulomb scattering in the medium surrounding the
detector. The distributions measure the deviation of a
detected muon from the direction of the cosmic neutrino
which initiated the multi-8'interaction. The mean radial
spread is 30 cm for a detector under 1.4 km of rock and
90 cm for a detector under 4 km of water. The larger ra-
dial spread for bundles observed in an underwater detec-
tor is largely a consequence of a larger effective detector
size due to the lower density of water. Though included
in the distributions, the effects of multiple Coulomb
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FIG. 7. The maximum normalization factor E consistent

with the Fly's Eye limits and the generic photoproduced neutri-
no Aux spectra of Eqs. (24) and (25).

FIG. 8. Radial spread of muons in bundles at zenith angles
greater than 84' for +so=4 TeV and o0=1 nb.
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scattering are generally negligible due to the large muon
energies involved. Qualitatively similar distributions are
obtained for other parameters.

VII. DISCUSSION

Though small, the signal rate of near-horizontal mul-
timuon events lies tantalizingly close to the observation
window of future detectors. Not surprisingly, the factors
which limit us are the relatively small neutrino fluxes and
the finite size of realistic detectors.

Of the various detection mechanisms considered, only
neutrino-induced phenomena detected via prompt mul-
timuons is feasible. As expected, the detection rate of
multineutrino events is always negligible. We have also
shown how the proton-induced multimuon signal is small
and buried under the background which has a similar
zenith-angle dependence.

The detection rates in Tables I and II correspond to
~0. 1 events a year at MACRO (assuming an effective
area of 500 m seen by horizontal muons) and 5 5 events
a year at DUMAND (assuming an effective area of
10 m ). These rates have understandable dependences
on the parameters E;„and n~. For example, varying
E;„from 2 to 100 GeV in Table II decreases the detec-
tion rates by a few percent: this insensitivity is a result of
muons from multi-8' events having energies typically
greater than hundreds of TeV when produced. Increas-
ing nii, from 30 to 100 for Qsa = 10 TeV, &0= 1 nb, un-
der conditions analogous to those of Table I, decreases
the detection rate of 4.2X10 ' cm sec ' by about
10%%uo, a marginal decrease since the final-state energy
must be shared among more particles. However, regard-
less of such insensitivities, the rates in Tables I and II
should not be viewed as predictions but rather should be
interpreted only as plausible order-of-magnitude esti-
mates due to the uncertainties inherent in the assump-
tions we make.

The uncertainty in the cosmic neutrino flux is clearly
the most critical factor affecting our results. Since our
most promising detection rates are a consequence of sa-
turating the Fly's Eye constraints, one may ask how close
theoretically motivated flux models come to satisfying
these requirements. Indeed, though the photoproduced
neutrino flux expected from protons scattering off 2.7-K
cosmic photons is typically an order of magnitude small-
er than the Fly's Eye limits [39] (assuming only conven-
tional charged-current neutrino interactions), our largest
signal rates originate from neutrino energies on the order
of 10 GeV. At these energies additional, yet speculative,
contributions to the neutrino fiux (such as from active
galactic nuclei in Ref. [36]) are anticipated which can
come close to saturating the Fly's Eye limits. Where
relevant, the neutrino fluxes we imply are not
significantly different from those motivated theoretically;
whether the theoretical models are themselves justified is
a separate issue.

As for the flux spectra that we extrapolate below 10
GeV, we have verified that we have not violated naive
limits on the flux of high-energy neutrinos which come
from the measured rate of single upward-going muons in

underground detectors [19,20]. To do this, we considered
the largest neutrino fiux implied by Eq. (23) (correspond-
ing to Qs0=4 TeV, oa= 1 nb) and, using the resulting
spectrum above s0/2m =8.5X10 GeV, we calculated
the contribution to the flux of single, upward-going
muons in a detector similar to Kamiokande [20] (depth
= 1 km, E;„=l.7 GeV). Whereas Kamiokande mea-
sures a total flux of upward-going muons of
(2.05+0. 18)X 10 ' cm sec ' sr ' (which is consistent
with the rate expected from models of the atmospheric
neutrino fiux), we found a maximum additional contribu-
tion from neutrino energies above 8.5 X 10 GeV of
=0.06X10 ' cm sec 'sr ', which is safely within
the experimental uncertainties.

Below 10 GeV the neutrino fiuxes of Eqs. (22) —(25)
may be thought of as plausible extrapolations of the spec-
tra extracted from the Fly's Eye limits. However, be-
cause of the relative lack of experimental constraints for
8X10 &E &10 GeV, one may ponder the consequences
of using a particular theoretical model. For example,
consider the model of the cosmic neutrino flux from ac-
tive galactic nuclei as suggested in Ref. [36], which gives
a flux comparable to or larger than our naive extrapola-
tions of Eqs. (22)—(25). By inserting the fiux of Ref. [36]
in the Fly's Eye constraint of Eq. (20) we obtain a corre-
sponding constraint on the permitted ranges of Qsa and

&0. Specifically, we find that &0~ 5 nb for Qs0=4 TeV
and &0~ 340 nb for Qsa =20 TeV which, under the con-
ditions relevant to Table I with a DUMAND type detec-
tor, correspond to maximum detection rates of
4.2X 10 ' and 1.4X 10 ' cm sec ', respectively.

Since we have not taken detector efficiencies into ac-
count, the specific characteristic of individual detectors
may also be important. Though the detection rates we
calculate are free of background, detectors such as MAC-
RO and DUMAND are not optimized for the detection
of near-horizontal muons: this may pose a problem for
the multimuon signature we propose. Because of the rel-
atively small detection rates, it is also clearly desirable to
use the largest detector possible. However, the detector
size may not be a realistic concern since planned terres-
trial accelerators will most likely be operational before
underground detectors larger than DUMAND exist.
Nevertheless, the event rates we propose would provide
an ample signal in future high-energy neutrino telescopes
with areas on the order of 1 km, which may be required
for other reasons, as advocated in Ref. [40]. Since the
maximum multimuon signal rates we propose,
—10 ' cm sec ', are the same as the single upward
muon rate anticipated from point sources such as Cygnus
X-3 [41], the technical complications associated with the
detection of such rates should be similar.

We have examined only those cross sections and
thresholds motivated by recent suggestions of novel phe-
nomena in the standard model of electroweak interac-
tions. If the cross sections are much larger than 10 pb we
lose the desirable properties of neutrino-induced phenom-
ena and our analysis using underground detectors suffers
since all interactions then occur in the atmosphere and
are subject to large QCD backgrounds. We have not ex-
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plored the analysis of atmospheric phenomena using sur-
face arrays. For example, hadronic air showers initiated
by proton- or neutrino-induced multi-8 events may have
features distinct from generic hadronic air showers.
Among the exploitable features may be the longitudinal
development of multi-W air showers (they should be
shorter) or the transverse development (they should be
wider due to the 8'-boson transverse momentum). Stud-
ies of these phenomena would require both large cross
sections and a demonstration that the signal looks
significantly difFerent from the background. For example,
one would have to be able to discern between multi-8'
showers and a hadronic shower initiated by heavy cosmic
nuclei [42]. Since the studies of the composition of high-
energy hadronic cosmic rays are still in their infancy, it is
doubtful that multi-8'phenomena would be immediately
apparent in the context of air showers.

One of the advantages of underground detectors is
that, unlike surface arrays which study atmospheric
showers, they may be sensitive to very small point cross
sections ( = 1 nb). For example, even for &o

= 100 pb,
+so =4 TeV, we would expect on the order of one muon
bundle per year at large zenith angles in a DUMAND-
size detector. Indeed, large-zenith-angle muons appear to
promise a characteristic signature of neutrino-induced
multi-8'phenomena in cosmic rays.

UIII. CONCLUSIONS

We have demonstrated the plausibility of investigating
multi-8' phenomena in cosmic rays by searching for
large-zenith-angle muon bundles in underground detec-
tors. If the Aux of high-energy neutrinos is as large as al-
lowed by current Fly's Eye limits, then we have found
background-free detection rates of a few neutrino-
induced events per year in a DUMAND-size detector (if
multi-8'phenomena exist with point cross sections in the
range of 1 —100 nb and thresholds +so=4 —20 TeV).
However, our conclusions are subject to the caveat that a
favorably large neutrino Aux may, in reality, not be
present. The construction of neutrino telescopes with
large effective areas ( —1 km ) would make multi-W phe-
nomena, if they exist at all, readily accessible in the realm
of cosmic-ray physics.
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