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High energy neutrinos from gamma ray bursts: Event rates in neutrino telescopes
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Following Waxman and Bahcall we calculate the event rate, energy and zenith angle dependence of neutri-
nos produced in the fireball model of gamma ray bu(&RB). We emphasize the primary importance(pf
burst-to-burst fluctuations an@) absorption of the neutrinos in the Earth. From the astronomical point of
view, we draw attention to the sensitivity of neutrino measurements to the boost Lorentz factor of the fireball
I', which is central to the fireball model, and only indirectly determined by follow-up observations. Fluctua-
tions result in single bursts emitting multiple neutrinos, making it possible to determine the flavor composition
of a beam observed after a baseline of thousands of megaparsecs.

PACS numbsd(s): 96.40.Tv, 98.70.Rz, 98.70.Sa

[. INTRODUCTION baseline has scientific potential beyond testing the “best-

- . buy” fireball model: the observations can test with un-
T_he ongn of gamma ray burs(G;RB) is one of the mqst meﬁched precision special relativity and the equivalence prin-

fascinating outstanding problems in astronomy. Their 0binie  and study oscillating neutrino flavors over the ultimate

served energy injection in the Universe is sufficiently largep,saline oz~ 1 [1].

to possibly resolve another long-standing puzzle: the origin

of the highest energy cosmic ra}3,3]. Mounting evidence

suggests that GRB emission is produced by a relativistically ~ !I: CALCULATION OF GRB NEUTRINO RATES

expanding fireball, energized by a process involving neutron AND SIGNATURES

stars or black hole$4]. In the early stages the fireball, its  |n calculating the event rates and experimental signatures
radiation trapped by the very large optical depth, cannot emipf GRB neutrinos in a high energy neutrino telescope we
photons efficiently. The fireball’s kinetic energy is thereforefollow the model of Waxman and Bahcdlll] as imple-
dissipated until it becomes optically thin—a scenario thatimented by Halzen and HoopE#]. We have normalized the
can explain the observed energy and time scales of GRBseutrino flux to the energy rate injected in the Universe
provided the bulk Lorentz factor of the expanding fldw,is  needed to explain the observed cosmic (&R) spectrum
=10°P-10°. above 16° eV, Ecg=4x 10" ergs Mpc 2 yr—1. This energy
Protons accelerated in shocks in the expanding fireballate was calculated in Re], assuming a cosmological dis-
interact with photons to produce charged pions, the parenigibution of sources and taking into account CR propagation
of high-energy neutrinofl,5]. Assuming that particles ac- in the cosmic microwave background radiatié@MBR).
celerated in the GRB sources produce the observed cosmite value quoted above corresponds to the “low redshift”
rays above the “ankle” of the energy spectrum near 3(z<1) energy generation rate of CRs. Note that, because of
X10%eV, one derives that the average single burst producege absorption of highest energy cosmic rays by CMBR pho-
only ~10 “ neutrino events in a high energy neutrino tele-y,,q ne could further increagig without directly affect-
scope with 1 krf effective area. Although the expected rateing their observed flux. Waxman and Bahddl0] have cal-
is therefore Iow,.the neutrino signgl should be relatively easy. | |ated an upper limit to the cosmic rate production rate in
to observe provided the detector is large enough: GRB neype \whole Universe, assuming the energy generation rate
trinos will have a hard spectrum extending well beyond theg,q1yes rapidly with redshift following the iuminosity den-

background from atmospheric neutrinos and, even more iMgjry eyolution of quasi-stellar sources. They obtain an upper

portant, the high-energy GRB neutrino events should coin-

cide with observed GRB photon events within a narrow timeIMit which is ~3 Ecg. [tis interesting however to mention

window. thatEcg is comparable to that produced jarays by cosmo-

In this paper we calculate the experimental signatures ofgical GRBs(which are not expected to be absorbed by the
GRB in a kilometer-scale neutrino detector such as the prolntérvening backgrounds since the typical photon energy is
posed IceCubg6]. We emphasize the importance of taking Pelow 1 MeV). Assuming the efficiency with which elec-
into account burst-to-burst fluctuatiofig] as well as absorp- trons (which ultimately produce the observed photons by
tion of the neutrino signal in the Earth for both event ratesSynchrotron radiationand protons is the same inside the
and experimental signatures. Both effects produce additiondbRB fireball, the value oEcr quoted above might well be
and striking signatures with discriminating sensitivity to thecloser to the actual value. For this, and other reasons, it is
value of the bulk Lorentz factor whose value is only indi- anyway unlikely that our calculations are accurate to better
rectly inferred from other astronomical observati¢As]. than a factor 3 or so. Moreover our neutrino event rate cal-

The observation of GRB neutrinos over a cosmologicalculation might be conservative in this respect.
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X f"(T)dEgredzdl'dE, ) FIG. 1. Left: v”+7ﬂ fluxes from GRB for different values of

the Lorentz factod’ assuming GRBs are responsible for the ob-

whereEggg is the energy emitted by a particular GRBits ~ Served cosmic ray spectrum above?1V. Right: Energy injected

redshift andl the boost factorP(E,) represents the effi- N GRB neutrinos as a function of the boost fadfoof the fireball.

ciency of detecting a neutrino of ener@y,. The first two

distributions can be modeled after observations: a cosmazulations. For instance, the 75 events just mentioned are re-

logical distribution in distance, and an energy distributionduced by a factor of 3 by absorption. One should on the other

which assumes that ten percent of GRB produce more enerdyand remember that by oscillations, a large fractionwpf

than average by a factor of ten, and one percent by a factor @fan oscillate intov, which penetrate the Earfli2]. It is in

100[4]. this context important to realize that a kilometer-scale detec-
Most important however are the fluctuations in fhéac-  tor such as IceCube can measure the energy of the neutrinos.

tor around its average phenomenological value gi-1@°.  Therefore, signal events can be separated from the low en-

The fluctuations ifl" affect the efficiency for producing pi- ergy atmospheric background by energy measurement,

ons in thep— vy collisions in the fireball a§ ~* [1], as well ~ which allows the identifications of neutrinos from all direc-

as the break energ¥g, which varies ad*2. Unfortunately  tions and not just in the hemisphere where they pass through

the distribution inl" cannot even be guessed at. Neverthelesghe Earth.

it is critical in making quantitative predictior§g]. The phys-

ics is clear. In GRBs, high luminosities are emitted over

short times, therefore the large photon density would render . RESULTS

GRB opaque unless is very large. Only transparent Sources  \ye cajculate the flux of neutrinos from GRB in the fire-

with large boost factors emit photons. They are howevey,, nqqe| following referencgr]. The number of protons in

relatively weak neutrino sources because the actual photQfe firehall is fixed by the assumption that they are the source
target density in the fireball is diluted by the large Lorentz ¢ e ultra high energy cosmic rays abovel’leV. The
factor. An even moderately reduced valuelofvill produce L . —

results are shown in Fig. 1 which shows thg+ v, flux

a prolific neutrino source. :
We remind the reader that the results obtained from qurom GRBs for different values of . The fluxes have been

(2) are at variance with the neutrino rate obtained by multi-multiplied by E? so that they represent the energy emitted in
plying the average rate per burst by the number of burstdhe form of neutngos. Notice the variation of the break in the
Even neglecting the all important fluctuationslip there is ~ SPECtrumEg asI'®. Also, for values ofl" below ~100 the

no such concept as an average GRB. For examplel for fireball becomes opague to protons a_nd at this point '_[he total
=300, the correct computation of EQ) yields a rate of amount of energy available .for neutrino production is con-
~75 events per kfhand year, roughly an order of magnitude verted. The neutrino flux, which roughly scaleslag®, satu-
larger than the prediction obtained by neglecting the ob- -

served burst-to-burst fluctuations in distance and energy. An- TABLE I. »,+v, events (km? yr~!). Only fluctuations in
other consequence of fluctuations is that the signal is domidistance and energy are taken into account.

nated by a few very bright bursts, which greatly simplifies

their detection. Events/(kn yr) No absorption Absorption
As pointed out above, the average neutrino energy varies in 2 sr Downgoing Upgoing Downgoing Upgoing
with the square of poost fa_ctor and therefore_ the calculated =100 1133 1112 476 600
event rates, especially their dependencelgnis strongly =300 38 28 13 14
affected by the fact that higher energy neutrinos are prefer- B L, ,
I"'=1000 0.14 0.15 4210 2.8X10

entially absorbed in the Earth before reaching the detector
[11]. Also this effect has been neglected in all previous cal-
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FIG. 2. v,+ v, event rate per kiyr as a function of the boost FIG. 4. cos@eni) distribution of v, + v, events forl'=100,

factor ' taking into account fluctuations in distance and the GRB300 and 1000. co8feni) =—1 corresponds to upgoing neutrinos

fluency. Absorption in the Earth and the limited target above the2Nd COS€.eni) =0 to horizontal. Notice that foF'=1000 we have
detector are taken into account. multiplied the event rate by a factor of 1000.

rates and no longer grows with decreasing boost factor; se@te of upgoing, i.e. neutrinos that cross the Earth before
Fig. 1. interacting near the detector, and downgoing neutrinos. The

As usual[11], we calculate the event rate per GRB by first two columns show for comparison the number of events
folding the neutrino flux with the probability of detecting a \yhen neither absorption nor the limited amount of target
muon produced in @, or v, interaction. Fluctuations in above the detector are taken into account. It is clear that both
distancez and total GRB energy, or fluenc¥grg are ac-  effects play an important role in obtaining the correct event
counted for by a Monte Carlo simulation we have developedate. This is not surprising: the Earth becomes opaque to
for this purpose. We simulate a large number of GRBs anheutrinos of energy around 100 TeV, and the muon range
different zenith angles assuming an isotropic distribution anegxceeds the-2 km vertical depth of the IceCube detector at
subsequently obtain the event rate per year by assumingnergies around 1 TeV.
1000 GRBslyear. Absorption of the neutrinos in the Earth The dependence of the number of events onltHactor
prior to reaching the detector is taken into account using thés shown in Fig. 2. Two competing effects determine the
density profile of Ref[13]. It is also important to implement shape of the curve. The event rate decreases with increasing
the fact that above the detector there is a limited colummr following the dependence of the neutrino flux which varies
density of atmosphere and ice available for neutrino detecasI"~*. This decrease is partially offset because higher en-
tion. ergy neutrinos resulting from larger boost factors are more

In Table | we separately show, for differelits, the event  efficiently detected. For low values &, below about 100,

the saturation of the total energy available for neutrino pro-

e Iy LI ] TPy S L1000 © duction is seen. On the other side of therange, for large
~ oo . - values ofl", the spectrum is very flat~4E 1) up to ~70
s sor T2 L _ PeV where the absorption by the Earth dominates. This re-
% duces the event rate of upgoing events for values above
é 100} 20l 1000 as can be seen in Fig. 2. In the end the downgoing and
8 b . upgoing event rates are similar except for large valuek.of
& ol 1 It It is important to keep in mind that although downgoing
5 !
) i _
g o il | TABLE Il. v,+ v, double bang events and events in which the
¥ sk 107t | [ 7 decays tou(km~2 yr=%). Only fluctuations in distance and en-
£ 0zl ergy are considered. Absorption in the Earth and the limited column
3 | of matter above the detector are taken into account.
L 1 L 1 1 tilsn— ! 1 1
147100 107 10% 108 %b6-2100 102 10% 108 O fo-z 10° 102 104 108 Events/(kn% yr) Double bang Vo T— L
Ey (TeV) in 27 sr Downgoing Upgoing Downgoing Upgoing
FIG. 3. Energy distribution of;#+7ﬂ events forl'=100, 300 I'=100 0.54 013 38 49
and 1000. Soliddashedl lines correspond to upgoinglowngoing '=300 36<10-2 8.8x10°3 12 13

neutrinos. Only fluctuations in distance and energy are accounted
for. Absorption in the Earth and the limited target above the detec-
tor are taken into account.

I'=1000 2.%107* 6.6x10°° 3.6x10°% 55x10°°
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FIG. 5. Energy distribution of upgoing»,+77 double bang FIG. 6. coS@,eniy distribution of v_+ v double bang events

events(dashed lingand events in which the decays tox (solid ~ (dashed lingas well as events in which the decays tou (solid
line) for T'=100, 300 and 1000. The double bang event rate hadne), for I'=100, 300 and 1000. cogfni) =—1 corresponds to
been multiplied by a factor 100 in all the plots. Absorption in the UP90INg neutrinos and cobnir) =0 to hOI‘IZOﬂ'FaL Also shown for
Earth and the limited target above the detector are taken into agomparison are the,+ v, event rategdotted ling.
count.

propagate along the Earth’s interior. This produces a pileup
neutrinos are not affected by absorption, their detection i®f events around 100 TeV, as pointed oufr], reducing
limited by the column density of matter available for neu-the number of upgoing double bang events with respect to
trino interaction. the downgoing ones. This is due to the probability of

In Fig. 3, we show the energy dependence of upgoing and--induced double bang detection which is limited to a broad

downgoingw, + , events for three representative values ofP€2k between-1 PeV and~100 PeV(outside of which itis
goingr, ™ vu P negligible. This also explains the fact that the energy distri-

I'. The zenith angle distribution of upgoing neutrinos is 2 . L
shown in Fig. 4, i.e.—1<cos@en)<0. As T increases, bution of the event rate peaks in the vicinity of 10 Pe&¢é¢e

the higher energy neutrinos are attenuated by the Earth. ThiZ9: 5. _
explains why, ad" increases, the distributions increasingly =~ We also calculated the,+ v events that would be de-
resemble an exponential attenuation function. tected by the appearance of avhich decays tqu just below

TABLE Ill. v,+v, events (km? yr '), taking into account
fluctuations in boost factdr, distance and energy. The distribution

v, production is expected to be very small in GRBs and inof boost factors is assumed to be a Gaussian of half widten-
general in any astrophysical environment wheleare pro- tered in(I'). Absorption in the Earth and the limited column of
duced inp—p or p— vy collisions. Several calculations sug- matter available for neutrino interaction above the detector are

A. v, +v, events

gest a ratid 14] taken into account.
O(v,+v,) B Absorption
F,,=———=——~10"° () Events/(km yr) in 27 sr Downgoing Upgoing
T O(v,try,)
o=0 476 600
Oscillation scenarios in which,’s convert intov,’'s can o=30 476 600
however provide abundant sourcesigfs. Assuming a typi- (I')=100 =50 472 594
cal valueFvT,Vﬂ=0.5 suggested by SuperKamiokande mea- o=T75 464 582
surement$15], we obtain the double barid6]* event rates o=100 454 571
shown in Table Il. The probability of detecting:a induced o=0 13 14
double bang event in IceCube is typically two orders of mag- =30 15 16
nitude smaller than the probability of observing’a at en- (I'y=300 =50 22 23
ergies around 10 PeM4,17]. This explains the small values o=75 39 44
of the event rates in Table Il. In the event rate calculation we o=100 63 75
have accounted for the energy loss of thes when they o=0 4.2¢10°2 2.8x10°2
a=30 4.2<10°2 2.9x10°2
(T')=1000 =50 4.3x10°? 3x10°?
1Events in which two separated showers can be identified, one o=75 45102 3.1x107°2
initiated by the struck nucleon and the other by the decay ofrthe o=100 4.8<10° 2 3.4x10°2

produced in thev charged current interaction.
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700 . ' . T cause the amount of matter neutrinos have to cross is very
650 <I'>=100 E . . . .
small, there is no pileup of events and the angular distribu-

:gg ] 3 tions have roughly the same shape. Figure 6 also shows the

500 | E zenith angle distribution of events produced iqy+7# for
: : : : comparison, making it clear that despite of the flatter distri-

100

5

®

& wof | - .

L gop T>=300 E bution of theu'’s from v+ v they are still outnumbered by

§ 6of E w's from v, interactions.

g 4oF 3

2] R0E E . .

§ o A ) ) \ B. Fluctuations in I"

E j’iﬁ <r>=1000 ' ' ' 3 Finally, we discuss burst to burst fluctuations in the boost

g asf (x100 E factorI'. So far we, quite unrealistically, assumed thais

2 a0k E single valued. We have, at present, no information on the

= asb 3 distribution of I" factors. It has been showii] that the neu-
20, 20 0 p 30 100 trino rates can be significantly enhanced by fluctuations

around the average value. It may be, of course, that the fluc-
tuations in energy and distance which we took into account
FIG. 7. Upgoingw,,+ v, event rate as a function af, the half following the experimental evidence, already reflect some or
width of the boost distribution around’), for (I')=100, 300 and  all of the fluctuations in the boost factor. Following REf]
1000. The rate fofI")= 1000 has been scaled up by a factor of 100.we Will illustrate the effect by assuming Gaussian distribu-
Absorption in the Earth is taken into account. tions with half widtho. The results are shown in Table Il
for different values ofT"). It is interesting to note that for
the detector. The event rates are also shown in Table II. 14 =100 the event rates are almost independent of the value
this case the energy distribution of the events peaks arourff ¢+ ForI" around 100 the event rate is weakly dependent
the energy at which the events pile ({00 TeV); see Fig. 5. N I' due to the saturation of the amount of energy that goes
The probability of detecting the is ~17% of the probabil- into neutrino productiorisee Figs. 1 and)2and hence fluc-
ity of detecting it in av, interaction due to the branching tUations in the value of the boost factor do not affect the
ratio of ther to u decay channel. This accounts for a factor 8V€Nt rate. This is not the case whidf) =300 or 1000 since

~6 difference betweem,—r—pu in Table Il and thew, the event rate behaves roughlylas® in thatI’ range. Figure
4+ rate in Table | 7 shows more clearly the dependence of the event rate on

The expected event rates generated by both mechanisr]r;osr different values of T') illustrating these points. It can be

(double bang and— 4 decay have very different and char- easily shown that whear<(I") the following relation holds:
acteristic zenith angle distributions. These are shown in Fig. Ratd(I'V+o) o
6. For large column depths inside the Earfhe., WCK m
€0SBenit) ~ — 11, the events pileup around 100 TeV and the

small probability of detecting a double bang event at thisexplaining why for(I"}= 1000 the variation of the event rate
energy reduces the number of double bangs with respect with o is not as strong as wheil’) =300, even though the
events in which gu is detected. When co8) ~0, be- rate scales with’ ~* in both cases. The same comments ap-

o (Half width of distribution of I factor)

4

TABLE IV. v.+ v, double bang events and events in which theecays producing & (km™2 yr™1).
We take into account fluctuations in boost fackgrdistance and energy. The distribution of boost factors is
assumed to be a Gaussian of half widtircentered inT"). Absorption in the Earth and the limited column
of matter available for neutrino interaction above the detector are taken into account.

Double bang V=T
Events/(kn yr) in 27 sr Downgoing Upgoing Downgoing Upgoing

o=0 0.54 0.13 38 49

o=30 0.52 0.12 37 48

(I'Yy=100 o=50 0.48 0.11 36 46
o=70 0.43 0.1 33 43

o=100 0.39 0.09 32 40

o=0 3.6x10°? 8.8x10°° 1.2 1.3

=30 4.0<1072 1.0x 1072 1.4 1.5

(T')y=300 o=50 5.0<10°? 1.2x10°2 1.9 2.1
o=70 6.9<10? 1.6x10°? 2.9 3.3

o=100 9.9<10 2 2.4x10°? 5.0 6.2
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TABLE V. v,+v, events (km? yr 1). Only fluctuations in  efficiency. For large values df (I'>300), an increasingly
distance and energy are taken into account. Different distributionarger fraction of the neutrino energy goes into the high en-
in distance are used: the first column corresponds to an Euclideaargy part of the spectrum, however the overall amount of
distribution, the second to a cosmological distribution following energy is very small, producing small event rates. Values of
galaxies[18] and the third one assumes that GRB’s follow the I'<<100 give rise to large number of events that would even
distribution of star formation regior{20]. Absorption in the Earth  pe observable in existing smaller neutrino telescopes such as
as well as the limited column of matter above the detector are takep MJANDA [21] (one has to scale the results down by

into account. roughly two orders of magnitude to account for the smaller
- effective area of the detechor
Events/(knf yr) . _ Star formation We have shown that absorption of the upgoings in-
In 2m st Euclidean  Cosmological rate side the Earth, as well as the limited column of matter avail-
'=100 1076 21,029 832 able for downgoing neutrino interactions, play a relevant
I'=300 27 424 20 role, making upgoing and downgoing event rates roughly
I'=1000 0.3 18 6102 equal. The change of the energy break of the spectrum with

I'? combined with the absorption of the Earth is reflected in
the zenith angle distributions of the event rates which may
ply to double bang events produced bys and events in give some complementary information abadut

which the produced decays tou (both are shown in Table GRB neutrino detection with kPmeutrino telescopes also

V). has the potential to investigate,— v, oscillations over a
baseline of 1000 Mpc. Double bang induced events offer
IV. SUMMARY AND CONCLUSIONS an unmistakeable signature which allows downgoingle-
tection. A knt telescope operating for 10 years may detect
We have investigated potential signatures in*kfele-  ~10 downgoing double bang eventsIif=100 without any

scopes of high energy neutrino fluxes produceginy in-  potential background. Upgoing double bang events are not
teractions in GRB environments. We stress the fact that thgoing to be detected since the’s pileup around 100 TeV,
rate is dominated by fluctuations in distance, GRB energyyvhere the probability of a double bang detection is negli-
and in the bulk Lorentz factoF' of the expanding GRB gible. Muons produced i decays are outnumbered pys
fireball. We have used an Euclidean distribution to aCCOlJnfrom v, interactions at least for the type of fluxes expected
for fluctuations in distance. USing a distribution in which from GRBs[]_?]7 besides1 their energy distribution does not
GRBs follow the star formation rate, as suggested20],  show a clear and characteristic signature so they are difficult
the event rates are reduced only 520%. On the other to identify.

hand, a cosmological distribution following galaxies,19 In summary, neutrino telescopes open up the possibility
allows for more close GRBs so that the event rate increases determining the value df and its fluctuations, as well as
by a factor of 20(see Table V. Neutrino telescopes may the possibility of identifyingv,’s. They are powerful instru-
help to constrain the distribution in distance of GRBs. Thements to reveal important astrophysical information about
most relevant parameter Is, which determines the rate of the most energetic objects ever observed in the universe and
p— v interactions and hence the amount of energy that goeghout neutrino oscillation scenarios over cosmological base-
into neutrino production. For small values Bf (I'~50 or |ipes.

less the expansion of the GRB fireball is not sufficiently fast

and the large photon density makes it opaque toy, effi- ACKNOWLEDGMENTS
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