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One major goal of large underground detectors is to search for energetic neutrinos of astrophys-
ical origin, for example, from point sources such as Cygnus X-3 or SN1987A. We investigate how
the energies of the muons at the detector reflect the energies of the parent neutrinos. A measure-
ment of the muon energy may help distinguish between a background of relatively-low-energy neu-
trinos of atmospheric origin and a signal from a point source if the latter has a hard neutrino spec-

trum, as expected in most models.

I. INTRODUCTION

The possibility of measuring fluxes of high-energy
cosmic neutrinos with underground experiments depends
on detection of muons produced by charged-current in-
teractions of neutrinos. The interaction can take place
either inside a large detector or in the material sur-
rounding the detector. In either case, one depends on
the long range of the muons to extend the sensitive area
of the detector and so overcome the low flux times in-
teraction rate of the neutrinos. Upward fluxes of
neutrino-induced muons have been measured' and are in
agreement with what is expected from v, and ¥, pro-
duced by cosmic-ray interactions in the atmosphere on
the other side of the Earth.!~3 Downward-going muons
are of course also produced by atmospheric neutrinos,
but they are overwhelmed by muons produced in the at-
mosphere which penetrate down to the detector.

The rate of neutrino-induced muons depends on the
differential charged-current neutrino cross sections as
well as on the neutrino flux and muon range. For at-
mospheric  neutrinos, the flux is so steep
(dN, /dE, < E ~37) that the rate of muons above several
GeV at the detector practically depends only on the neu-
trino cross section below several hundred GeV where it
has been directly measured. Possible extraterrestrial
sources of neutrinos may, however, have much flatter
energy spectra, in which case the behavior of the neutri-
no cross section at very high energy becomes more im-
portant. The same is also true if the detection threshold
energy is very high, as in the case of the search at Fly’s
Eye* for upward extensive air showers induced by elec-
tron neutrinos. In this case, in addition to including the
effect of the W propagator in the charged-current cross
section,’ it is necessary also to take account of the QCD
evolution of the structure functions, which increases the
cross section significantly above the scaling limit for neu-
trino energies above about 100 TeV (Refs. 6-—8).

McKay and Ralston’ evaluated the effect of QCD evo-
lution on the cross section with an analytic approxima-
tion valid for s =2ME,>>My? Quigg, Reno, and
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Walker® then made a quantitative calculation applicable
at all energies. We first review the calculation of the
cross section which we had made independently® in or-
der to justify our use of a different set of QCD-evolved
structure functions.'® After showing that the results for
the cross sections are indistinguishable from those of
Ref. 8 up to neutrino energies of 10® TeV, we discuss the
distribution of muon energies at the detector. Our goal
is to compute the muon energy spectrum at the detector
quantitatively for possible use in discriminating experi-
mentally among various parent-neutrino spectra. We
conclude with a discussion of the extent to which a mea-
surement of neutrino energies at the detector could help
distinguish an astrophysical neutrino signal from atmos-
pheric background if, as expected, the signal has a hard-
er spectrum than the background.

II. CROSS SECTION AND STRUCTURE FUNCTIONS

The differential charged-current neutrino cross section
is given by

dG’V(m . GFszv 1

dxdy 7 14-2mE xy /M*
2 2
X l—y—i—yT F,+ y—yT xFy |, (1)

where x =Q2/2m(E,,—Eu) and y=1—E,/E, are the
usual scaling variables. The structure functions
F;(x,Q?%) are expressed in terms of parton distributions
on an isoscalar nucleon target. For example,

Fy=x(u,+d,+u;+d;+2s +2b +27 +2t 427) , (2)

where d and u refer to the quark distributions in the
proton and the subscripts v and s refer to valence and
sea. For energies such that s >>M,? the cross section
can, as shown in Ref. 7, be approximated by

My ’Gp? fl Fy(x,My?)

Py dx . (3)
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To evaluate the cross section up to s >M W2 GeV, one
needs the structure functions at Q*~My? down to
x ~Q?/s. In principle, the power-law form of the x
dependence of the structure functions used by Duke and
Owens'? is incorrect for extrapolation below x =0.001.
The theoretically preferred double-logarithm approxima-
tion!! was used in Refs. 7 and 8. In practice, however,
the two procedures give the same results up to E, ~10°
GeV. According to Eq. (3) this can be seen by compar-
ing F, evaluated at x =My2/s and Q*=Mp? as calcu-
lated in the two different ways:

F,=0.0351 exp{2.45[In(s /M y2)]}"%}
X {[In(s /My?)]"?} 1, (4a)
F,=0.449(s /M ,*)*383 1.0, 121(s /M, 2)*392 | (4b)

In the expression (4b) from Ref. 10, the first term is
from the sum of up, down, and strange seas and the
second from the charm contribution. Bottom and top
are set to zero in Ref. 10. Equation (4a) is the form
from Ref. 7. For s >>My? the contribution of valence
quarks can be neglected.

The numerical values for the two forms are given in
Table I. The neutrino cross section as a function of en-
ergy is shown in Fig. 1. Curve (a) is the old result from
Ref. 5, which is low at high energy because of the use of
scaling structure functions. Curve (b) uses the QCD-
evolved structure functions of Ref. 10. Curve (b) agrees
within 10% with the cross section calculated in Ref. 8.
The cross section of McKay and Ralston’ is 50% low at
10° GeV because of their neglect of valence quarks.
Their result crosses that of Ref. 8 around 107 GeV and is
about 309% above it in the region from 10°-10' GeV.
The two methods of incorporating QCD evolution clear-
ly give virtually identical results up to 10° GeV, which is
much higher than we need for the present application.
In the remainder of the paper, we will therefore use the
forms of Ref. 10 to represent scaling violation.

III. EVALUATION OF NEUTRINO-INDUCED SIGNAL

The full expression for the neutrino-induced signal is’
dN,
v dE,

S(> (E,,E,), (5)

where dN,/dE, is the neutrino energy spectrum and
P(E,,E,) is the probability that a neutrino aimed at the
detector gives a muon with energy above E, at the
detector. The advantage of expressing the result in this
form?® is that it divides the signal into two factors, one of
which is the neutrino flux and the other a function
which depends only on neutrino cross section and muon

ENERGY SPECTRA OF NEUTRINO-INDUCED UPWARD MUONS. . ..

2753
propagation. The latter is given by
P(E,E,) f dE;, f dE} do_p
dE |,
X fo"’ dX g(X,E| ,E})
(6)

where N, is Avogadro’s number and g(X,E,,E, )dE,
is the probability (differential in E,) that a muon pro-
duced with energy E, travels a distance X (g/cm?) and
ends up with energy in dE,.

If the average energy-loss rate for muons is expressed
as

dE/dX=—a—BE , (7

then in the approximation that range straggling is
neglected

’ —BX, 2]
E,=e PXE, +e)— (8)
where a~2 MeV/(g/cm?) and e=a/B~510 GeV. The
range to go from E; to E, is then

—l—ln

B

In this approximation g(X,E;L,E;;)ocS(X —X,), so the
integral over the range in Eq. (6) can be done trivially.
The cross section is

do 1 1 do

dE!, —EV 0 dxa'yd)c ’

E, +e€

X(): R
E,+e

9)

(10)

where do /dx dy is given in Eq. (1). Thus to evaluate
P(E,,E,) requires a triple integration over x, y, and E,,.
Particular care is required in handling the integration
near xy S My?/2ME,, especially for flat neutrino spec-
tra where large E, is important. The outer integration
over E, can be done by parts, leaving a double numeri-
cal integration. This was the calculation done in Ref. 5.
Figure 2 shows the result of repeating this calculation
with the QCD-evolved structure functions of Ref. 10 for
muons with E, >2 GeV at the detector. QCD evolution
is of practlcal importance here only for E, 2 10° GeV.
To see how the signal depends on neutrino energy for a
given neutrino spectrum, one only needs to multiply
P(E,,E,) by the neutrino spectrum. The comparison
with the previous result is shown in Fig. 3. One sees
that QCD evolution is negligible for power-law neutrino
spectra with indices greater than 2.2.

TABLE I. Numerical values for the two forms of F,.

logio[E, (GeV)] 5 6
F, (Ref. 7) 1.7 5.0
F, (Ref. 10) 2.0 4.6

7 8 9 10 11
12.5 29 59 115 220
11 26 61 144 340
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FIG. 1. Total neutrino and antineutrino cross sections.

Dotted curve refers to antineutrinos. Note that above 10° GeV
neutrino and antineutrino cross sections are equal. Curve (a) is
obtained through the use of scaling structure functions, (b)
with evolved ones.

IV. MUON SPECTRUM AT THE DETECTOR

To see how the muon energy spectrum at the detector
reflects the neutrino spectrum, it is necessary to evaluate

« . dN, dP(E,.E,)
[ dE, ;
E,""VdE, dE

I
for a range of values of E,. Here dP/dE, is the in-
tegrand of Eq. (6), and one cannot use the integration by
parts to simplify the calculation. Figures 4 and 5 show
the results for muon spectra induced by power-law neu-
trino spectra with 2 <y <3.6.
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FIG. 2. Plot of P(E,). (a) and (b) as above, (c) is derived
from fit 2 of Ref. 10.
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FIG. 3. Distribution of primary neutrino energies that give
rise to upward muons with E, >2 GeV at the detector for
power-law neutrino spectra with differential index y =2.0, 2.4,
2.8. The shaded region shows the difference between scaling
and QCD-evolved structure functions.

It is easy to understand these results semiquantitative-
ly from Egs. (7)-(9) and Fig. 3. Neutrino interactions
will be distributed uniformly from the detector out to
the maximum range of the muon for a given neutrino
energy E,Z E,/. From Eq. (9) the median range is thus

l n
XMSEIn(H-EV/e) because E, SE, .

Arbitrary Units

10 102 103 10*

EMGeV)

FIG. 4. Muon distribution (dN, /d InE ) at the detector for
neutrino spectrum dN/dE,<E ~". (a) and (b) as above. (1)
v =2, (2) y=2.8. Note that below y =2.6 (a) and (b) are prac-
tically the same.
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FIG. 5. Median muon energy at the detector vs y.

The corresponding estimate of the median muon energy
at the detector is

Ey S[e(e+E)]V*—€.
Numerically this gives E;; S 1.8 TeV for E, ~ 10 TeV.

V. DISCUSSION

Hard neutrino spectra from energetic point sources
are expected on two grounds. First, observation of air
showers from point sources seem to indicate flat ¥ spec-
tra.!? If neutrinos are produced in the same processes
that produce the progenitors of the air showers, they
would also have hard spectra. Second, the first-order
Fermi acceleration mechanism in a strong shock ac-
celerates protons with a power-law spectrum
dN /dE < E ~Y with y 22 (Ref. 13). Such a mechanism
could be effective in an accretion shock in an interacting
x-ray binary'* or in the termination shock in a pulsar
wind model of a young supernova remnant.!> Neutrinos
produced by collisions of the accelerated protons would
have similar spectra.'®!’

In Fig. 6 we show the muon spectra expected at the
detector for several neutrino spectra'® consistent with re-
ported air-shower observations of Cygnus X-3. For
comparison we show the correctly normalized back-
ground of upward muons induced by atmospheric neu-
trinos. We conclude that a crude measure of muon ener-
gy (e.g., whether or not the muon is accompanied by a
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FIG. 6. Muon signal from Cygnus X-3 in different hy-
potheses Ref. 16: (1) (-...) proton spectrum
dN,/dE, < E, %, 2.8 M companion; (2) (—— ) monoenerget-
ic spectrum, E,=10° GeV, 2.8 M companion; (3) (—. —.—.)
1000 g/cm? slab, p=10"" g/cm’, (4) (— — —) 1000 g/cm?
slab, p=10"° g/cm’. Shaded area is the contribution of atmos-
pheric neutrinos within the angular resolution for a point
source.

shower in the detector) can easily distinguish a hard neu-
trino source from atmospheric background. It would,
however, be difficult to distinguish among specific mod-
els of source spectra such as the ones illustrated in Fig.
6. If we take as a criterion E,; > € ~500 GeV, inspection
of Fig. 5 suggests that neutrino spectra with an
equivalent y 2.3 should be distinguishable from softer
spectra by a crude measurement of neutrino energies at
the detector.
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