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Summary. — The sensitivity of underground and undersea muon
detectors to point sources of extraterrestrial meutrinos with power law
spectra is ealculated from very general eonsiderations. It is shown that
this sensitivity depends oritically on the spectral slope, but is essen-
tially independent of the muon energy threshold of the instrument out to
100 GeV. Sources with a neutrino flux comparable to the y-ray flux
from Cygnus X-3 would not be detectable underground, and are only
marginally detectable by the proposed large undersea experiment,
DUMAND. However, fluxes perhaps 100 times higher are possible and
these would be marginally detectable underground with MACRO or in
the proposed DUMAND Stage II detector, the TRIAD.

PACS, 94.40. — Cosmic rays.

1. — Introduction.

For many years high-energy particle detectors have been placed under-
ground to study the penetrating components of cosmic rays. It has always
been recognized that these instruments might deteet high-energy neutrinos
from beyond the solar system, but measured event rates have been consistent
with what was expected from neutrinos produced by the interaction of primary
cosmic rays in the upper atmosphere ().

More recently, larger and better instrumented detectors have been built

() F. Reines, W. R. Erorr, H. W. SoBEL, H. 8. GURR and J. LatEror: Phys.
Rev. D, 4, 3 (1871).
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to search for proton decay (). In addition, it has been proposed that a detector
far larger than what is feasible underground can be built in the sea; DUMAND,
the deep undersea muon and neutrino detector {2) is now in the first stages of
development.

A second stage detector, the TRIAD, has been proposed which ean be
operational as early as 1987 (). This will have an effective area twice that
of any existing or proposed underground instrument.

Proton decay experiments are designed to find particles with a total energy
of 938 MeV emerging from a point inside the detector. The major background
for these studies results from nentrino-induced interactions. These background
events can be used to search for neutrino sources, but a far more sensitive
detection of muon neutrinos becomes possible when one allows for interactions
outside the detector proper.

Any muon passing into the detector with a zenith angle beyond about
(70=80)°, depending on depth, most likely was initiated by a neutrino interac-
tion somewhere in the surrounding material. When the ncufrino energy is
hundreds of GeV muons can result with ranges of several Em, s¢ an enormous
detection volume is possible at thesc energics. Further, this velume will inerease
almost proportionately with muon energy and, when this is combined with
the rising cross-section with neutrino energy, a strong preference for higher
energies results.

In this paper the sensitivity of this basic type of experiment to point sources
of muon neutrinos with power law spectra is caleulated using general congider-
ations not limited to any specific instrument. The specifiec details of the instru-
ments themselves determine the three parameters which govern the cvent
rates from a source of a given flux: the area of the detector A, the minimum
detectable muon energy By, and the muon angular resolution §8,. Given these
three quantities it is possible to estimate the flux sensitivity of the experiment
using the results presented here. Thiz work npdates and generalizes a previous
study for the DUMAND detector (%) and extends the applieation to nnderground
experiments. The results are consistent with a similar caleulation by GATSSER
and STANEV (%).

() H. 8. Parg, G. Brewir, B. G. Correz, G. W. ForsTER, W. GAJEWSEI, T. J.
Hanes, D. KieLczewsga, J. M. Lo8rcco, R, M. BioxTa, C. B. BratToN, D. CASPER,
P. CerysicorourlU, R. Cravus, 8. Errepe, K. 8. Ganrzir, M, GoLpEABER, T. W.
JoxEes, W. R. KroFP, J. G. UNLEARKED, E. Leamany, F. RE1xEs, J. 8HULTZ, 8. SEIDEL,
E. ScHUMaND, D. Sincrair, H. W. Soser, J, J. StonEg, L. R. S8uLak, R. SvomoDpa,
J. C. va¥ DER VELDE and O, WunsT: Phys. Rev. Lefi., 54, 18 {1985).

(*) DUMAND Proposal {Hawaii DUMAND Center, 1882).

(3 V. J. SrexeER: Hawaii DUMAND Center Report HDC-9-85, unpublished (1885).
5y V. J. STENGER: Proceedings of the International DUMAND Symposium, Vol. 1
{Hawaii DUMAND Oenter, 1930), p. 190.

(*} T.K. Garsser and T. 87axEv: Bartol preprint BA-85-9 {1985).
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Applying our results, the flux sensitivities of four representative detectors
are caleulated. The measured muon spectrum which may be expected from a
specific source, Cygnus X-3, is presented, where the finx assumed is based on
observations of very-high-energy y-rays.

2. — Calculational procedure.

Basically, any detector decp under the carth or sea is 4 neutrino telescope.
Those which detect muons will be most sensitive to muon neutrinos, which are
expected to predominato over other types of neutrinos when the source is high-
energy cosmie-ray protons or other nueclei interacting with matter (). Suppose
a muon of energy E, interacts with a nueleus in the matter surrounding the
detector, producing 4 muon of energy E; at a distance K, from a muon detector
of projected area 4. The muon will lose energy as it traverses matter according to

(1) — = a4+ bE,.

The coefficient ¢ eorresponds to ionization energy loss. The coefficient b contains
terms for the losses due to bremsstrahlung, pair production and nuclear inter-
actions, important at energics above about 100 GeV, While & and b have
logarithmic energy dependences, it is sufficient for our purposes to treat them
as constants. We take a = 0.22 GeV/m w.e. and b == 0.3-10-*/m w.e. (#}. Then
(1) can be integrated teo give the muon range (neglecting straggling) when the
muon energy at the deteetor is E:

(2) Ru: ‘5

1 (a + bE,L)

which can be rearranged to give the muon energy at the point of interaction
in terms of the range and energy at the detector:

(3) By= (g + E) exp [bRy]— 5 -

While diffuse sources of neutrinos may exist, we will focus here on the
possible detection of point sources. Thus the operating mode of each detector

(") V.J. STENGER: Astrophys. J., 284, 810 (1884).
(8} L.B. Bezrurov and E.V. BucArv: Proceedings of the 1878 DUMAND Summer
Workshop (Hawail DUMAND Center, 1980), p. 225.
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will be assumed to be as follows: muons passing through the detector from all
directions are continually registered, day and night. Their directions arc
measured with an angular uncertainty 86, , and other information, such as time
of arrival and energy deposited in the detector, is recorded. Any muon ar-
riving from 2 direction sufficiently away from the zenith to reduee the cosmic-
ray muons to negligible proportions, typically 70°, will most likely be from
neutrines. Sourees above the horizon might be distinguished from background
by directional and time information (period folding). To study & specific source,
those muons from a particular angular region on the celestial sphere eentred
on the source are eombined and compared with other control regions. We
will take this angular region, or eye, to be a cirele of radius 6y, at least as large
as 86,, the muon angular resolution of the instrument.

Let the differential neutrino flux incident on the detector be F (E). The
flux of muons of energy E, then is

MaxL
L Lmax

) Py — na| L P, f dRufdx dowr
1] n

E, de dy

B

where », is Avagadro’s number, o,,. is the cross-section for v, N* = p+4X and
the Bjorken sealing variables @ and y are:

/!
(5) y=1-3
and
E, 11—y
(6) awET(l—cosB),

where M is the nucleon mass and 8 is the angle between the inecoming neutrino
and the outgoing muon. The upper limit on the x integration is determined by
the maximum muon angle, #_ = #{f,), where the neutrino is assumed to be
coming from the centre of the eye. The upper limit on the muon range &3
is given by (2) with E, = K,. The standard model, with QCD corrections,
is used for the neutrine cross-seetion.

Equation (4) applies to neutrinos from a point source. For a diffuse source
on¢ must replace F (B} with the flux per unit selid angle, and integrate over
solid angle. In the case of the neutrinos produeed in the atmosphere by primary
cosmic rays, this flux is expected to have a see Z dependence, where Z is the
zenith angle. To compute the event rate for these neutrinos, use the flux per
solid angle at Z in (4) and, if 8, is not so large as to result in a significant variation
in flux over that region of the celestial sphere, multiply by the zolid angle
AL = =(,).
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3. — Results for a power law flux.
Let us assume a power law differential neutrino flux of the form
(7) F(B,)=F L) B,

where E, is in GeV. Suppose that the minimum deteetable muon energy is H,.
Then the muon flux F,(> B,) above that encrgy can be caleulated by substi-
tuting (7) in (4). Let us write

(8) F.(> B,) = sF > 1)E;".

The quantity £ is then a kind of efficiency for producing muons by neutrinos.
It will depend on the muon energy threshold &,, radius 6, of the eye, and the
source speciral index y. The event rate for a particular detector of area A
is simply AF, (> E).
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Fig. 1. — The ratio of the muon flux above and energy E, to the ineident neutrino
fiux above 1 GeV, as a function of E|, for three valucs of the neutrino integral apectral
index . ~ By<1°% — — — no 8, cut.

The efficiency ¢ actually rises rapidly with threshold energy because of the
inereasing detector volume, but since the neutrine flux above ¥ falls off as B,
the preduct E—ve = F (> E)/F(>1 GeV) represents a more meaningful
measure of sensitivity to a given source. In fig. 1 we plot F, (>E,)/F (> 1 GeV)
as a function of E,, for integral spectral indices y=1, 1.5 and 2, and two
extreme cases of the maximum muon angle. We note that the sensitivity of
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these underground or undersea experiments is strongly dependent on the spec-
tral index of the source, flatter spectra giving many more muons for & given
neutrino flux level. A change in spectral index by half & unit ehanges the muon
flux by more than an order of magnitude.

The spectral shape is the primary factor. There is virtually no dependence
on the muon threshold encrgy up to 100 GeV, and the muon angle cut-off is
important only for exceptionally steep neutrino spectra and low energy thre-
shold. Limiting the allowed direction of muons causes some loss of events in
which the muon does not exactly follow the same path as the incoming neutrine.
In our caleulation, this is accommodated by the limit on the integration over
2 being less then unity in (4). As we sec in fig. 1, this results in a negligible
loss for a fairly flat B, integral spectrum, but ean be a factor of 4 in the case
of a steeper E,® spectrum, when the threshold energy is ~1 GeV. Beecauso
this is mainly an effect from low energies, it is negligible for a threshold of
100 GeV, even for steep spectra.

4. — Application to specific experiments.

We now procead to compare the capabilities of three representative ex-
periments: IMB (2), MACRO at Gran Sasso (*) and two stages of DUMAND,
the TRIAD (*) and the full array (*). The parameters assumed for each are
given in table I. IMB is an existing proton decay deteetor. The other two
are still in planning and development. MACRO would be larger and have &
better angular resolution than IMB, The DUMAND TRIAD will have about
twice the arca as MACRO, but poorer angular resolution. The full DUMAND
array is considerably larger and has a better angular resolution than any of
the others., But, beeause of its widely spaced photomultiplier tubes, the min-
imum muon energy for DUMAND is about 100 GeV, compared with 1 or
2 GeV for the proton decay experiments and 25 GeV for the TRIAD.

Let us consider a specific souree. The X-ray binary Cygnus X-3 has now
had numerons detections in y-rays around 1000 GeV and two independent detec-
tions above 10% GeV {(®11) in what are assumed to he y-rays. Above 1000 GeV,
the flux is well represented by

(9) F (> B) = 3.0-10*F1em—? 571,
where B is in GeV. OCaleulations of the emission of y-rays and neutrinos

by a point souree of very-high-energy protons interacting in a surrounding
thick shell of matter indicate that, under optimum conditions, the neutrino

(") MACRO Proposal: Frascati, unpublished {1984).
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and y-ray emission is at least comparable (*1%); each result from the decay of
pions. Suppose, for illustrative purposes at least, that the neutrino flux from
a nominal point source is also given by (9). Assume the flux extends down to
1 GeV. Figure 2 shows the number of muons per year above an energy E,
which will pass into a detector the size of MACRQ, 1400 m?, when there is
either a 1° cut on 8, or no cut at all. To demonstrate the effect of a steeper
spectrum, the case for y = 2 is also shown, where the flux above 1 GeV is the
same as in (9). Rates for the other detectors will essentially scale with their
areas. Again we see that the bulk of the muons will have energies exceeding
100 GeV unless the spectrum is stecp and the eye is opened wide enough to
accept muons well away from the original neutrine’s direction.
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Fig. 2. — The number of muons per year in a detector of 1400 m* from Cygnus X.-3,
assuming the neutrino flux above 1 GeV is the same as the observed y-ray flux, for
E7! and E;® integral neutrino spectra, as a function of the minimum muon energy B
at the detestor. The solid line is for muons within I° of the neutrino direction; the
dashed line takes muons in all directions. Rates for other detectors can be soaled by
the relative area. Higher rates are possible from Cygnus X-3 if there is considerable
absorption of the vy-rays.

It would appear that the flux of neutrinos needed o produce a detectable
signal in any practical underground detector would have to exceed the Cygnus
X-3 y-ray flux by several orders of magnitude. Even the full DUMAND array is
marginal at this level, However, it should be noted that it is conservative to as-
sume an equal flux of neutrinos and y-rays, neglecting the strong possibility of
y-ray absorption inthe matter surrounding the source and the steepening of the
observed y-ray spectrum which results from the very substantial interaction of

(19 M. Samorsk1 and W, Stamm: Astrephys. J., 268, 117 (1983).

(1) J. LLorp-Evans, R. N. Cov, A. LaMBERT, J. LaPikENS, M. PATEL, R.dJ. 0. Reip
and A. A. WarsoN: Nalure, 305, 734 (1983).

{12y H. Ler and S. A. Buubpmax: Astrophys. J., 290, 28 (1985),
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10° GoV y-rays with the 3K background. Rates perhaps 100 times higher are
not ruled out by astrophysical considerations (13}, If we take 10 events por year
as the minimum required for a source to be detectable, then the neutrino flux
lovels for the ihree detectors are as listed in table I, for y =1 and 2.

TaBLE 1. — The paramelers for jour represeniotive experiments and the neutrine fluz
above 1 GeV neceseary fo give 10 svenis per year, assuming power law specira with y = 1
and 2,

Detector Area 0, E, Minimum detestable flux
{m?) (degrees) {(GeV} {em—?51 above 1 GeV)
y=1 y=2
IMB 400 9 2 3.6-10-5 3.9-102
MACRO 1400 1 1 1.0-10-% 1.0-1072
DUMAND TRIAD 3000 6 25 4.7-10-8 4.7-10-3
DUMAND 106 0.5 100 1.4-10-7 1.0-10¢
full array

5. - Discussion.

We have shown an important principle of underground and undersea detec-
tion of extraterrestrial neutrinos. Unless the nentrine spectrum is steeper than
anticipated, the ovent rates are essentially independent of muon thresheld
energy out to hundreds of GeV. This is directly a result of the two factors
mentioned above: the rising cross-section with energy and, most importantly,
the strong energy dependence of the detection volume. Despite the faet that
there are orders of magnitude more neutrinos passing through the detector
with energies below 100 GeV, most the associated muons eome from neutrinos
with higher energy. If the neutrino spectrum is E-! or flatter, there is no
partieular advantage in having a low muon encrgy threshold. Some advantage
results when the spectrum is steeper, but only if the radius of the eye is increased
well beyond 1° to let in the muons at large angles from the neuntrino direction.
This strategy not only reduces the ability of the instrument to locate a source,
but also allows more atmospherie background to enter the detestor. When
that background exceeds one event per year, o greater gignal that 10 events per
year is required for detection.

In general, it ean bhe said that the flux from neutrino point sources needs
to considerably exceed that observed for y-rays from Cygnus X-3 for cven the
largest underground detectors to be neutrino telescopes. Even the much larger
undersen DUMAND defector would give marginal event rates in that case.

(1) G. CuasMucaMm and K. BRECKER: Nature, 313, 767 (1985); Proceedings of the
XIX International Cosmic-Roy Conference {(La Jolla), Vol. 1 {1985}, p. 103.
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However, the source luminosity implied by the y-ray data is about 10% erg 52
which, while considerable by ordinary stellar standards, is still well below
limits from astrophysical considerations. A source luminosity perhaps 100 times
higher eannot yet be ruled ont, and this would produce s marginally detectable
flux underground while giving sufficient events in DUMAND to begin deing
real neutrino astronomy.

® RIASSUNTO {")

8i caleola la sensibilitd dei rivelatori muoniei sotte terra e sott’acgua a sorgenti punti-
formi di neutrini extraterrestri con spettri a legge di polenza partendo da considera-
gioni molto generali. 8i mostra che questa sensibilith dipende in medo eritico dalla pen-
denza dello spettro ma & sostanzialmente indipendente dalla soglia d’encrgia muonica
dello strumento fino a 100 GeV. SBorgenti con un flusso di neutrini confrontabili con il
flusso di raggi v da Cygnus X-3 non sarebbero individuabili sottoterra e sono solo mar-
ginalmente rilevahili cen il grande esperimento sott’'acqua DUMAND proposto.
Comunqgue flussi forse 100 velte maggiori sono possibili ¢ questi sarebbere marginal-
mente rilevabili sottoterra con MACRO o nel rivelatore proposto DUMAND del secondo
atadio, il TRIAD,

{*) Traducione a cura della Redacione.

UyBCTBATILHOCTD [OA3¢MHLIX H MOJBOJHEIX MIGOHHLIX JETEKTOPOB K NOFOKY BHE3EMHBEIX
HEHATPHRO,

Pezome (*). — H3 odens obimax paccyaeHuit BRIMUCIAETCH TYBCTBUTEABHOCTL HOI3EM-
HBLIX H NOIBOAHREIX MIOOHHEIX ASTEKTOPOB X TOYSUHEIM HCTOMHHKAM BHE3ICMHEIX HeﬁTpHHO
CO CTEIMEHHLIMH chexkTpaMu. [JokasmiBaeTcd, ¥TO 374 YYBCTRUTEMLHOCTE OYEHB CHIALHOD
AABHCHT OT HAKJAOXA COEKTPA, HO DO CYIUIECTBY HE 3ABACHT OT MIOOHHOIMO 3HEPTeTRYEC-
xoro nopora npubopa BHe 100 I'sB. McToMHHKH ¢ HEHTPHHHEIM NOTOKOM, CPaBHHMbIM
c NOTOKOM y-Mydeit oT JleGemp X-3, He MoryT OBITH 3aPETHCTPHPOBAHEL MON3EMHEIMH
JeTEKTOPAMH H HE ABJIAKOTCA MAPTHHANTEHO JSTCKTHPYEMEBIMH € NOMOIIBIO TIPEOTCKEHHOTO
KPYIHOTO NoABoZHOrO xkcnepumenra JOMAHI. Opnako notoku, B 100 pas Gonbimue,
OKA3EIBAIOTCA BOIMOXKHBIMH H MOrH OBl OLITE MAPrUHAMEHO 3aperHCTPHPOBAHLL NOA-
3eMHEIMH ACTEKTOpaMH, TOrAa kKak B akcnepumenTe JOMAHJ oHH npou3sonsT cnwm-
KOM OONBIINGG CHrHAT.

(") IHepesedeno pedaxyueil.
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