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Abstract In the collapsar scenario of the long duration Gamma-RagBUYGRBS),
multi-TeV neutrino emission is predicted as the jet makesvay through the stellar
envelope. Such a neutrino signal is also expected for marerge“failed” GRBs in
which a putative jet is “choked” by a heavy envelope. If the— v, neutrino oscil-
lation parameters are in the atmospheric neutrino oscilaange, we show that the
resonant oscillation af, < v, , can take place within the inner high density region
of the choked jet progenitor with a heavy envelope, altetivey flavor ratio on its
surface tod;, :®; :®; =5:11:2. Considering vacuum oscillations of these neugrino
on their way to Earth, the final flavor ratio detected on Eastfurther modified to
either 1:1.095:1.095 for the large mixing angle solutioh® solar neutrino data, or
1:1.3:1.3 for maximal mixing among the muon and tau neusrindhe vacuum.
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1 INTRODUCTION

Long duration GRBs (LGRBSs) are believed to be associateld dgaths of massive stars (Woosley
1993; Paczyhski 1998). The evidence in support of such @madncludes associations of several
LGRBs with Type Ic supernovae and the prevalence of starifaymwarf host galaxies associated
with LGRBs (Woosley & Bloom 2006; Fruchter et al. 2006; Zhatgal. 2009). Observationally,
only a small fraction € 10~?) of core collapse SNe are associated with GRBs (Berger 208B).
They correspond to those jets that break through the seilaglope and reach a highly relativistic
speed (Lorentz factdr > 100). Internal shocks are formed in the optically thin regiarsj gamma-
rays are produced by synchrotron radiation and/or inv@meypton scattering of Fermi accelerated
electrons in these shocks.

On the other hand, it is feasible to envision that a much fafigetion of core collapses may
also launch a mildly relativistic jet from the central engjibut the jet never makes its way out of the
envelope, due to either a smaller energy budget or a moradede massive stellar envelope than in
a GRB progenitor. In any case, both the successful jets as&tithoked” ones can accelerate pro-
tons to energies 10° GeV from the internal shocks well inside the stellar enveldfhe interaction
between these protons and thel keV thermal X-ray photons emitted by the hot cocoon surreund
ing the jet would generate multi-TeV neutrinos through pipain production (Mészaros & Waxman
2001). For an individual GRB at redshift~ 1, the predicted upward directed muon event number
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is 0.1-10 in a kn detector (Mészaros & Waxman 2001). There can also beineytroduction due

to pp andpn collisions involving relativistic protons from the buri¢et and the thermal nucleons
from the jet and its surroundings, which can produce moredbnt neutrinos for the presupernova
stars with a heavy envelope (Razzaque et al. 2004a; Razea@le2004b). The detection of low
luminosity (LL) GRBs, such as GRB 980425 and GRB 060218 (@alat al. 1998; Campana et al.
2006), suggests that the event rate of gamma-ray dim cdegpsek is much higher than those asso-
ciated with high luminosity GRBs (Liang et al. 2007; Murasele2006; Gupta & Zhang 2007). Itis
conceivable that the gamma-ray “dark” choked GRBs are evae mbundant, and would contribute
more to the high energy neutrino background.

Several other neutrino mechanisms have been discussed litetfature. The internal shocks
that power the prompt gamma-ray emission can produd€0 TeV neutrinos (Waxman & Bahcall
1997; Waxman & Bahcall 1999; Wang & Dai 2009; Murase 2009)iciwishould lag behind the
TeV neutrinos. Inelastic collisions between decoupledgre and neutrons during the acceleration
of the fireball can power a multi-GeV neutrino signal (Bah&Mészaros 2000; Mészaros & Rees
2000), but the predicted flux level is below the atmosphegigrino background, and hence, difficult
to detect. The neutrinos produced in the early afterglonspheave a very high energy EeV)
(Waxman & Bahcall 2000; Dai & Lu 2001) and are not optimizeddetection with current neutrino
detectors. The multi-TeV neutrino signal discussed henéddee above the atmospheric background,
and may be detectable with RKrdetectors for some nearby sources.

The main source of high energy neutrinos is the decay of edgugpns, which leads to the neu-
trino flux ratio at the production sit}, :®) :®) =1:2:0 () corresponds to the sum of neutrino
and anti-neutrino fluxes for the fIavarat the source) The vacuum oscillations of these neutrinos
on their way to Earth would make the observed ratio 1:1:1sHpiplies to low energy neutrinos
including the TeV neutrinos discussed in this paper. Foln igergy neutrinos abovel PeV, muon
energy is degraded before decaying to low energy neutrmtisas high energy neutrinos will be ab-
sent. The neutrino flux ratio at the source is modified to Q:itich is further modified to 1:1.8:1.8
at Earth after vacuum oscillations are taken into accouas(ii & Waxman 2005).

Another possibility of modifying the neutrino flavor rati@the resonant conversion of neutrinos
from one flavor to another due to the medium effect. Such acefé known to be important for
solar neutrinos (Mikheyev & Smirnov 1985), and has beenudised in early universe hot plasma
(Enqvist et al. 1991), a supernova medium (Sahu & Bannur 2@0@ in a GRB fireball (Sahu &
Dolivo 2005; Sahu et al. 2009a; Sahu et al. 2009b) and jet \¢ial. 2007). Here we show that for
choked GRBs, the multi-TeV neutrinos discussed by Mé&sz& Waxman in 2001 could undergo
resonance oscillations in the high density core (typickléycore) of the presupernova star, if the
neutrino oscillation parameters are in the atmospheritrimeuoscillation range. This would alter
the neutrino flavor ratio escaping from the stellar envelapel hence, the eventual detected flavor
ratio on Earth.

2 NEUTRINO OSCILLATION IN THE STELLAR ENVELOPE

As a mildly relativistic jet makes its way through the stekavelope, internal shocks can develop
and can accelerate protons to energyl0° GeV. These protons would interact with thekeV
thermal X-ray photons to produee 5 TeV neutrinos via the procegs+ v — AT — n+ 7+ —
n—i-,qu—i—VH —>TL—|—€++V#—|—I/C—|—17H.

Depending on the initial mass and metalicity, the presupexstar can have different composi-
tions with different radii. The LGRB progenitors (Type Ic 8\have lost the H and most of the He
envelopes before explosion. They are too small to have aneisting neutrino oscillation signature.
The choked jet progenitors, on the other hand, can retaifrléhenvelope (Type Ib SNe) and even
the H envelope (Type Il SNe). These presupernova stars aveafale for TeV neutrino production
and neutrino oscillation. It is believed that the putatieti$ launched along the rotation axis where
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the centrifugal supportis the least, and is powered by eitha@nnihilation or through some electro-
magnetic processes. Without exploring the details of jeiaglyics, here we parametrically analyze
the jet. We assume that the jet has developed and that the @etvinos have been produced at a
radiusr; < R., whereR, is the radius of the star.

Depending on the energy of the propagating neutrino and alere of the background, neu-
trinos can interact with the background particles via changrrent (CC) and neutral current (NC)
interactions. For a neutrino energy beldwy ~ Mﬁv/2mC ~ 107 GeV, an electron neutrino can
have both CC and NC interactions with normal matter, whenmeasn and tau neutrinos can only
have NC interactions. The effective potential of NC int¢i@ts is the same for all active neutri-
nos. Since oscillation depends only on the potential diffiee, for active-active oscillations, the NC
contributions cancel out. So only the CC contribution to iegtrino potential) = v/2GgN,, is
responsible for neutrino oscillations in the medium, wh@fes the Fermi coupling constant and,
is the electron number density in the medium. For anti-meast N, is replaced by- N.. Thus for
the process. < v, -, the neutrino potential i/2Gr N., while for the process,, < v, itvanishes.

Here we consider the simplified picture of two mixed flavotesta. andv, (v.) with the vac-
uum mixing angle and mass square differenden?. In a uniform medium, the evolution of the fla-
vor states is governed by (Kim & Pevsner 1993; Sahu & BannQ02Gonzalez-Garcia & Nir 2003)

d (v, V — Acos26 % sin 26 Ve
[om = A ) 1)
dt vy 35 sin 20 0 vy

whereA = Am?/2E,, V is the potential difference betweép, andV,, (i.e.V =V, -V, )and
E, is the neutrino energy. The transition probability as a fiomcof distance is given by

A?sin?20 ., [(wl
with
w= [(V — Acos26)? + A?sin* 20| 2 (3)

Once the neutrinos are produced due to pion decay at a poit R.., they will propagate away
from the star where the medium effect can be substanti@lelfiensity of the medium is such that the
conditionv2Gr N, = A cos 20 is satisfied, then resonant conversion of neutrinos fronflamer to
another with maximum amplitude can occur. For anti-neosjrthe resonance condition can never
be satisfied (for the normal neutrino mass hierarchy). Altifothe oscillation procesg « 7, ,
can take place, it will be suppressed.

The critical density for resonance is called the resonarosity. For 5 TeV neutrinos, it reads

2

pr = (1.32 gcm™?) cos 20, 4)

v,12.7
where we have\m? in units of e\? andE,, 127 in units of 10127 eV. The resonance length is

2 Eu,12.7) 1

R Asin 26 Am2 ) sin20° ©®)
Define the stellar radiusg as the radius at which the local densitypis. The first condition for
resonant oscillation iég < rg.

If the resonance region is wide enough, the transition catota¢é We can define a resonance
width for which the amplitude of the probability can bg2 instead of unity. In this case, the width
can be given ab = 2Am? sin 26. This corresponds to a length scale

2 tan 20
= 7|Lch . (6)
Ne dr 'R

=1.24 x 10° cm (

6T‘R
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Fordrgr > /g, there can be enough time far to stay in the resonance region and be converted into
v, (v7). This is the second condition for significant resonant tein.

In order to evaluate both conditions, one needs to know théemdensity profile in the stars
(which determinesr anddN,/dr). The density profile of a presupernova star is difficult tolgr
observationally. Numerical models predict a decreasimgitie with radius. If convective mixing is
notimportant, there is a sharp decrease in density beyerdeattore with radiusy, ~ 10'* cmand
local densitypp. ~ 1073 g cm™3. If convective mixing is important, there is no abrupt tri¢iog,
and the density profile may be roughly described in the aitalyform (Razzaque et al. 2004a;
Razzaque et al. 2004b; Matzner & McKee 1999; Waxman & Mé&sza003)

p(r) = po (R— - 1)n . (7)

The parameter®.. andp, depend on the type of star. For example, a blue supergiai@)B®del
for SN 1987A givesk, = 3 x 102cm andpy = 3 x 1075 g cm—2 (Shigeyama & Nomato 1990).
In some models, the He core can extend @?cm, and the H envelope can extend1t@'® cm
(Mészaros & Waxman 2001; Razzaque et al. 2004a).

The exponents = 3,3/2 correspond to the radiative and convective envelope, ctispdy.

In general, it can vary betweehand3 for different numerical models. The conditiong > /g
can be re-written as a requirement fo(wherer ~ ¢r has been adopted which is relevant for
resonant oscillation)

n < 2tan 20 (1—€—R). (8)

R,

The resonance lengtlig depends on neutrino oscillation parameters and neutrirerggn
Apparently, if (r > R., the requirement om (n < 0) is unphysical, and no neutrino oscilla-
tion is expected inside these stars. On the other haidg, & R., the constraint < 2 tan 20 may
be satisfied in some stars for some oscillation parameters.

In order to evaluate whether the neutrino oscillation cbods are satisfied, one needs to know
the neutrino oscillation parameters in matter. Experiraiynthese are inaccessible. Only oscillation
parameters from the solar and atmospheric neutrino expatsrare available. For small neutrino
mixing angles, the mixing matrix is almost diagonal and efalor eigenstate nearly overlaps with
one of the mass eigenstates. One may then assogitie/, v, to v», andv, to v3. While the solar
neutrino oscillation parameters are relevantio— v, oscillations, the atmospheric neutrino oscil-
lation data mostly correspond tg, — v, oscillations, and the corresponding neutrino parameters
aref,; and Am3,, respectively. It is also very possible that the physicaberties of neutrinos in
a medium could be different from their vacuum values. Fomgxe, a neutrino can acquire mass
due to its interaction with the background particles evemefconsider it to be massless in the vac-
uum. Similarly, the mixing properties in matter may not éo¥l the vacuum pattern as measured.
Nonetheless, since the oscillation parameters of the aalhiatmospheric experiments are the best
measured, in the following, we test whether these parametay allow neutrino oscillations to oc-
cur in the progenitor stars of choked GRBs. We do not take ijfanted that any of these parameters
are operating in the oscillation procegs«— v, - in the choked fireball, but just take the only ex-
perimentally available parameters to test the conditionpfominent oscillations. Similar analyses
have been carried out before to evaluate the possible atsmilleffect in GRB fireballs (Sahu et al.
2009a; Sahu et al. 2009b).

The Solar Neutrino Oscillation (SNO) salt phase solar neotdata, combined with the
KamLand reactor antineutrino results, constrain the meutoscillation parameters to be in the
regime6 x 107°eV? < Am? < 107%eV? and0.64 < sin®20 < 0.96 (Ahmed et al. 2004;
Araki et al. 2005), with the best fit parametetsn? ~ 7.1 x 1079eV? andsin?20 ~ 0.69
at a99% confidence level. The best fit values givg sxo ~ 5.2 x 107 °gem™3E, |, , and
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lr.sno =~ 2.1 x 1013emE, 12 7. We can see thdk is larger thanR, for a typical BSG, suggesting
that resonant oscillations would not occur for these neatoiscillation parameters.

On the other hand, the atmospheric neutrino oscillatiorameters reported by the Super
Kamiokande (SK) Collaboration are in the rang® x 10 3eV? < Am?2 < 3.0 x 1073 eV?
and0.9 < sin?26 < 1.0 at the90% confidence level (Ashie et al. 2004), which correspondséo th
oscillations of mostly muon neutrinos to tau neutrinos. § mssume that these parameters apply
to v. — v, . oscillations in matter, we can get the following constraiffe consider the good fit
point Am? ~ 2.5 x 10-%eV? andsin®20 ~ 0.9, and getprsk ~ 1.0 x 107° gem ™3 E, |,
and/g sk ~ 5.2 x 10" cm E,, 12 7. For the nominal BSG model discussed in this paper, theastell
radius at which the density iz sk is7r ~ 7.1 x 10! cm forn = 3 andE, ;o7 = 1. We can
see that the conditiofy < rg is satisfied for the typical neutrino ener@ly = 5 TeV. By using the
value oftan 26 from the SK neutrino data an; = /g sk, we obtain from Equation (8) < 4.96.
Known stellar models have between 2 and 3. This suggests that the second conditiosagaly
satisfied. We conclude that resonant oscillations of nTk- neutrinos can occur within a nom-
inal BSG progenitor for the neutrino oscillation paramst@&ferred by the atmospheric neutrino
data. A similar analysis suggests that the same conclugipiiea to other BSG progenitors or He
stars with extended envelopes (wiih up to10'2 cm), but does not apply to typical He stars (with
R, = 10! cm), or other more compact stars. Since GRB observations ssociations with Type
Ic SNe (for which the He envelope is mostly stripped off), GRBe not preferred sources for TeV
neutrino oscillations. Instead, we identify choked GRBmpezially those with a heavy envelope, as
interesting sources for resonant neutrino oscillation.

For a full oscillation,v. can oscillate ta/, and tor, with equal probability but,, can oscillate
only tov,. On average, we can hav¢3 survival probability for., v, andv, for eachv, oscillation,
but we have 1/2 survival probability fot, v, for thev, < v, resonant oscillation. They process
also produces,, which does not resonantly oscillate. Putting these resudisther, on the surface of
the presupernova star, the survival probability of eaclofiglsoth neutrino and anti-neutrino) is in
the ratio of($ +3):(3+4+1):3 =5:11:2. Above (mostly in the H envelope), the density is much
lower than the resonance density, and no further recormreo$ineutrinos can take place. So the ratio
5:11:2 is the final neutrino flavor ratio escaping from the. Sthis ratio is notably different from the
nominal 1:2:0 ratio for multi-TeV neutrinos without consithg the resonant oscillation effect.

3 NEUTRINO OSCILLATION IN VACUUM

Since these choked GRB neutrino sources are typicallyge @distances, the TeV neutrinos escaping
from the star would undergo vacuum oscillations on their wa@yarth. The neutrino flux for a
particular flavore on Earth is given by

(I)Va = Z Paﬁq)iﬁv (9)
B

wheretb,ﬁﬁ signifies the flux ofv4 at the surface of the He envelope after resonant oscillasiod
P, corresponds to the oscillation probability fram to v in the vacuum. For the matter effect on
resonant oscillation in the stellar envelope, we have agmi two-flavor neutrino analysis. This is
because, on one hand, ngs are generated in they process, and on the other hand, the two-flavor
neutrino analysis is simpler, as it depends only on one ntassrs difference. The limited size of
the oscillation baseline (the stellar envelope) also makeghree-flavor oscillation effect unim-
portant. Such a two-flavor neutrino analysis has been applienost previous resonant oscillation
discussions (Sahu & Dolivo 2005; Gonzalez-Garcia & Nir 2003

When discussing the vacuum oscillation effect along a lcagedine from the source to Earth,
one needs, however, to fully take into account the threefflaeutrino oscillation effect. This is
demanded by the combined analyses of both the solar andttosgiheric neutrino anomalies. For
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the best fit to the SNO data from the large mixing angle (LMASon, one can take the mixing
anglesf, = 34° £ 2.5°, A3 = 45° £ 6°, 613 = 0° + 8° and the Dirac phasé = 0 (Kashti
& Waxman 2005; Strumia & Vissani 2005). This givés. ~ 0.57, P., = P., ~ 0.215 and
P,, = P, = P, ~ 0.393. Inserting these probabilities in Equation (9) and consigethe
error of 02, the flux ratio at Earth is 1:(1.099).012):(1.095 + 0.012). On the other hand, if we
consider the maximal mixing among thg andv.- in a vacuum, then the, oscillation tor,, andv,

is largely suppressed. One can then hBye~ 1, P,,, = P,. = P, = 1/2, and all other transition
probabilities are negligible. Using these oscillationkgabilities, we obtain the flux ratio at Earth to
be 1:1.3:1.3.

4 DISCUSSION

GRBs have a wide redshift distribution (from= 0.0085 to z = 8.2). Observations suggest that the
nearby low-luminosity GRBs have a local event raté(00 times higher than that of high-luminosity
GRBs (Liang et al. 2007; Murase et al. 2006; Gupta & Zhang 200GRB jets become progres-
sively successful in progressively rarer progenitorss itonceivable that there could be even more
choked GRBs in the nearby universe. Although the gammaenaynlosity becomes progressively
smaller as the envelope becomes progressively heavieTeieneutrino luminosity may not de-
crease, and could even follow an opposite trend. Assumiaigttie choked GRB progenitor has a
local event rate similar to that of LL-GRBs, i.® ~ 200 Gpc—2 yr—!, one would expect- 14
neutrino bursts (without gamma-ray counterparts) per geear the whole sky at < 0.1. If the TeV
neutrino luminosities of these events are similar to thdseiocessful GRBs (Mészaros & Waxman
2001; Razzaque et al. 2004a), then each event would haveddmaf TeV neutrinos detected by
a km? detector such as IceCube. Such a possibility has already foéed out by the current up-
per limits placed on the IceCube observations. This sugdbat either there are not many nearby
choked GRBs, or that the choked GRBs are not as neutrinailwmsias predicted (Mészaros &
Waxman 2001). Going to the conservative extreme, i.e. ihdgrino luminosity is correlated with
gamma-ray luminosity, then the detected event rate foretiesrby neutrino burst sources would
be 0.001-0.01 neutrinos per event in a’kietector. In that case, it would be essentially impossible
for IceCube to detect individual sources. The real detecgedrino event rate may be between these
two extreme values. IceCube or a similar detector would e taldetect these neutrino bursts or to
place even more stringent upper limits in the near future.

If the nearby neutrino bursts are bright enough, the denatif the observed neutrino flavor
ratio from 1:1:1 may be tested by IceCube or similar detactdhe flavor ratios can, in principle,
be deduced from the relative rates of showers, muon tracksthe unique tau lepton induced sig-
nals (Beacom et al. 2003). The possibility of detecting asigmal by IceCube is low, especially
in the multi-TeV energy range. On the other hand, IceCubedistinguish between shower-like
events and the-track events, although it is hard to identify and v, through their electromag-
netic and hadronic showers. Nonetheless, assuming a fladependent neutrino spectrum and
v, — v, Symmetry (as is the case in our two predicted ratios),.th&action may be extracted
from the measured muon to shower ratio (Beacom et al. 2008).103% difference in the flavor
ratio reduces the, fraction from 1/3 to 0.313 (for flavor ratio 1:1.095:1.09%is corresponds to a
slight increase in the muon to shower ratio. With the unaettg20%) for the nominal diffuse flux
(E2 dN,,/dE,, = 1077 GeV cm~2 s~! for one year) adopted in Beacom et al. (2003), the small
cha’hge in the muon to shower ratio may not be differentidfatearby neutrino bursts are bright
enough, the flux would be increased and the uncertainty waelleéduced significantly. This would
make a better case for detecting the flavor ratio change.Heoi11.3:1.3 ratio, the, fraction is
reduced from 1/3 to 0.28, making the muon to shower ratiogis &$~ 3.5 (as compared te 3 for
1:1:1). The effect may be detectable for the putative brighitrino burst events discussed above,
even if they may be very rare.
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Since the parametergy, pr, v, anddrgr) all depend onF,,, we expect that the flavor ratio
would also depend on neutrino energy. This aspect has béensarely discussed in Razzaque &
Smirnov (2010).
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