Chinese Physics C Vol. 43, No. 9 (2019) 095102

On the possibility to determine neutrino mass hierarchy via supernova
neutrinos with short-time characteristics”

Junji Jia(%5 2 56)""

Yaoguang Wang(EHE) ™ Shun Zhou(fii)***

'School of Physics and Technology, Wuhan University, Wuhan 430072, China
*Center for Theoretical Physics, Wuhan University, Wuhan 430072, China
*Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
*School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
*Center for High Energy Physics, Peking University, Beijing 100871, China

Abstract: In this paper, we investigate whether it is possible to determine the neutrino mass hierarchy via a high-stat-

istics and real-time observation of supernova neutrinos with short-time characteristics. The essential idea is to utilize

distinct times-of-flight for different neutrino mass eigenstates from a core-collapse supernova to the Earth, which may

significantly change the time distribution of neutrino events in the future huge water-Cherenkov and liquid-scintillat-

or detectors. For illustration, we consider two different scenarios. The first case is the neutronization burst of v, emit-

ted in the first tens of milliseconds of a core-collapse supernova, while the second case is the black hole formation

during the accretion phase for which neutrino signals are expected to be abruptly terminated. In the latter scenario, it

turns out only when the supernova is at a distance of a few Mpc and the fiducial mass of the detector is at the level of

gigaton, might we be able to discriminate between normal and inverted neutrino mass hierarchies. In the former scen-

ario, the probability for such a discrimination is even less due to a poor statistics.
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1 Introduction

The fact that neutrinos have finite and non-degener-
ate masses has well been established by a number of eleg-
ant neutrino oscillation experiments [1—11]. Thanks to
these successful experiments, we currently know three
neutrino flavor mixing angles 6, ~34°, 6, ~45° and
6,5 ~ 9°, and two neutrino mass-squared differences Am? =
m2—m? ~7.53x 107 eV? and Am2, = m% —m3 ~ 2.45x 1073
eV? for the normal neutrino mass hierarchy (NH), or
AmZ, =m}—m%~2.52x1073 eV* forthe inverted neut-
rino mass hierarchy (IH) [12]. Whether NH or IH is real-
ized in nature is a fundamentally important question that
may affect not only theoretical model building for neut-
rino mass generation and lepton flavor mixing, but also a
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variety of future neutrino experiments aiming to discover
the leptonic CP violation, to probe the absolute scale of
neutrino masses and to pin down their Dirac or Majorana
nature.

To determine the neutrino mass hierarchy (MH),
many methods by implementing accelerator neutrinos
[13], reactor neutrinos [14— 19], atmospheric neutrinos
[20, 21] or supernova neutrinos [22—30] have been pro-
posed. Among them, those methods using supernova
(SN) neutrinos are particularly interesting because of the
interplay between intrinsic properties of massive neutri-
nos and the long-sought mechanism of SN explosions.
Historically, the detection of neutrinos from SN1987A in
the Large Magellanic Cloud [31, 32] has motivated a
huge amount of theoretical works in both SN physics and
neutrino physics. Due to these potentials and gains from
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past experience, all modern running and forthcoming
neutrino observatories, such as IceCube [33], Hyper-
Kamiokande [34], JUNO [35] and KM3NeT [36] have set
SN neutrino detection as one of their main physics tar-
gets.

Since now neutrinos are massive particles, it is quite
evident that for two neutrino mass eigenstates with masses
m; and m; respectively, the time difference Az;; =1, -1, for
travelling from the SN to the detector is [37]

. Am3, /eV? D

(E)/10 MeV)> 10kpc’
where Am?, = m? —m> denotes the neutrino mass-squared
difference, (E) is the average neutrino energy and D is the
distance of the SN. Note that the energies of two neut-
rino mass eigenstates in Eq. (1) have been assumed to be
the same and represented by the average neutrino energy
(E)> m, to estimate the difference in the time of flight
(TOF). In this work, we show that SN neutrino emission
with a characteristic time smaller than the difference in
the TOF for different neutrino mass eigenstates can be
utilized to determine the neutrino MH, if the time resolu-
tion of the future SN neutrino detector is good enough as
expected. For illustration, we consider two distinct scen-
arios in which these features of SN neutrino signals could
be satisfied.

The first scenario is the short burst of electron neutri-
nos in the early-time process of neutronization (i.e.,
e +p — n+v,) during supernova explosion, which takes
place right after the prompt shock wave forms at the sur-
face of inner core and starts to disassociate heavy nuclei
in the surroundings. The existence of such a neutroniza-
tion burst has been found to be a robust feature of SN
neutrino emission in all the numerical simulations of SN
explosions using different equations of state, treatment of
gravity, and numerical approaches for hydrodynamics
[38—42]. Depending on the details of simulations, the
time duration of v, burst, characterized by its full width at
half maximum of the luminosity and denoted by Aty can
range from 3 ms to 20 ms. A typical value of At =5 ms,
which is close to the median of all the possible values that
we have surveyed [27, 43—51], will be adopted in the fol-
lowing discussions.

The second scenario is the abrupt termination of neut-
rino emission due to the formation of a black hole (BH)
in the accretion phase of a core-collapse SN. The BH
formation is expected to occur when the mass of the pro-
genitor star is between about 25 and 40 solar masses [52]
and the shock wave cannot manage to successfully
propagate out of the heavy outer core even with neutrino
heating. Although there will be no final SN explosion,
this scenario does have the advantage of an even shorter
characteristic time, i.e., Aty = 2R/c ~ 0.1 ms, where the ra-
dius of active region for neutrino emission R ~ 10 km and

At;j=5.15ms M

the speed of light ¢ ~3x10'° cms™! have been used. At
this point, we should mention that the TOF of massive
neutrinos from the BH forming SNe have been con-
sidered previously by Beacom et al. in Ref. [53], where
an upper bound on absolute neutrino masses has been ob-
tained.

Different from previous works, the present paper will
concentrate on the impact of TOF on the time distribu-
tion of SN neutrino events in future detectors. In particu-
lar, we explore the distinct features in the cases of NH
and IH. In Ref. [27], the rising time of SN neutrino event
rate in IceCube has been implemented to discriminate
between NH and IH. Other possibilities have recently
been summarized in Ref. [29]. The analysis presented in
our paper can be regarded an additional effort in the same
direction. The remaining part is organized as follows. In
Sec. 2, the time distribution of SN v -burst events in the
water-Cherenkov and liquid-scintillator detectors is pre-
dicted by taking account of the difference in TOF of dif-
ferent neutrino mass eigenstates, while Sec. 3 is devoted
to the tail of neutrino events in the case of BH formation.
Finally, we conclude in Sec. 4.

2 The neutronization burst

For the neutronization burst, the neutrino flavor state
lv,) is produced and then propagates from the SN to the
detector on the Earth. During the propagation of such a
long distance (e.g., D =51 kpc for SN1987A), the coher-
ence will be lost and the narrow peak of |v,) will split in-
to those of three neutrino mass eigenstates |v,) (for i = 1,
2, 3) due to the difference in arrival time according to Eq.
(1). Because the separation of these peaks depends on the
MH in a simple and definitive way, we can immediately
recognize the MH once SN neutrinos are detected with
high enough statistics.

2.1 General remarks

First of all, we give some general remarks on the time
separation of three possible peaks and its dependence on
the SN distance D, neutrino MH and neutrino flavor con-
versions. Since the time resolution of most modern neut-
rino detectors are at the O(10) ns level, which is accurate
enough to reconstruct the peak with a width about
Aty ~5ms, the only requirement to temporally resolve
the peaks of different neutrino mass eigenstates is that the
difference in arrival time is larger than the peak width,
ie., |Atij| > Aty. Given the neutrino energy, this inequal-
ity can be translated into a lower bound on the SN dis-
tance

Aty ((E)/10MeV)?
~ 5.15ms [Am?| [eV?

10kpc =Dy, (2)
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where we define Dy to be the minimal resolvable dis-
tance. Then, corresponding to Am3, and |Am2,|, there will
be two independent distances Dy,, and Dyg;,, satisfying
the condition Dy,, > Dy,, due to Am3, <|Am3,| from
neutrino oscillation data.

Some discussions on the SN distance are in order. In
the case of large distances D > Dy, for both neutrino
MHs, there will be three well separated peaks with differ-
ent TOFs and event rates, each corresponding to one of
neutrino mass eigenstates. For the NH, there should first
come into the detector two peaks of |v) and |v,) at time ¢,
and t,, respectively, with a difference of At,, =, -, > 0.
Then after a relatively longer time Ats,, which according
to Eq. (1) should be Am3,/Am3, times longer than Ar,
there appears the third peak, corresponding to |v,). For the
IH, the peak corresponding to |v,) will reach the detector
earlier than the |v,) and |v,) peaks do, with the order of
the latter two being the same as that in the NH. Therefore,
even though the size of each of the time differences Az
and |At3,| are the same for two neutrino MHs, their tem-
poral order appearing in the detector leads to a clear and
unique signature of the MH. Once this ordering is experi-
mentally observed, the MH will be determined com-
pletely. In contrast, if the SN distances turn out to be
small D < Dy;,, then all three peaks become indistin-
guishable, and it will be impossible to deduce the neut-
rino MH from the appearing order of the peaks.

If the distance is lying in between D3, and Dy, the
peak corresponding to the mass eigenstate |v,) will be dis-
criminable from the peaks of |v,) and |v,), while the latter
two are non-separable and we will effectively see only
two peaks. Therefore, the method utilizing the temporal
order of the observed peaks does not work in this case.
However, we can make use of another piece of informa-
tion, namely, the magnitude of event rate R; at those
peaks corresponding to each neutrino mass eigenstate |v,)
(for i =1, 2, 3). To study the event rates of these peaks at
the detector, one needs to know not only the initial |v,)
spectrum and the reaction for detection, but also how the
lv,) spectrum evolves when propagating from the produc-
tion region to the surface of the SN.

2.2 Flavor conversions

The short-time burst of |v,) is generated when the first
strike of the outer materials onto the inner SN core is
bounced back and the heavy nuclei are disintegrated into
free nucleons by the energetic shock wave [54, 55]. Dur-
ing the outward propagation of SN neutrinos from the
dense region to the surface, it is generally expected that
both the ordinary Mikheyev-Smirnov-Wolfenstein
(MSW) matter effects [56, 57] and neutrino self-induced
collective oscillations [58—61] will be crucially important
for neutrino flavor conversions. See, e.g., Refs. [54, 62,
63], for recent reviews on collective oscillations of SN

neutrinos.

For the progenitor stars of more than 10 solar masses,
they will normally develop heavy iron cores before col-
lapse. In this case, it is natural to expect that during ex-
plosion, collective neutrino oscillations occur within a
few hundred kilometers above SN core, whereas the
MSW effects will come into play far away in the SN en-
velope. However, for the stars of 8 to 10 solar masses,
which finally evolve to the O-Ne-Mg core-collapse super-
novae, the matter density profile above the core is so
steep that the MSW resonances could happen within the
region of collective oscillations [64—66]. For supernovae
that allow only MSW effect for the neutronization burst,
from Ref. [22], we see that in the NH case the initially
generated neutronization |v,) burst is equivalent to the
heaviest mass eigenstate [}') in matter. Due to a relat-
ively large 6;3 [9], the flavor conversion proceeds adia-
batically when |v,) passes through the density regions of
Am3,- and Am},-driven resonances and finally becomes a
mass eigenstate |v,) in vacuum. For the IH case, the ini-
tial |v,) burst is almost a mass eigenstate |v') in matter.
Again this neutrino state will also traverse the entire
density profile adiabatically and become the mass eigen-
state |v,) in vacuum after emerging. On the other hand,
for supernovae that allow not only the MSW but also the
collective oscillations, the initial neutronization |v,.) burst
usually evolves to all three mass eigenstates after emer-
ging with different probabilities. Ref. [65] have given
transition probabilities of |v,) — |v;) as a function of en-
ergy

Prob(ve) = |vi), E) = Pei(E) 3)

in its Fig. 2. We will use this P,;(E) for the neutroniza-
tion |v,) burst in supernova allowing the collective oscil-
lation.

Although the self-induced collective oscillation has
been proposed, it remains unclear to what extent will this
occur in a real SN environment due to the large uncer-
tainties such as progenitor mass, neutrino luminosity and
simulation details including dimensionality and multi-an-
gular/single-angular technique in dealing with collective
oscillation. Also noticing that the researches on this topic
are rapidly advancing, therefore we will remain conser-
vative in this work by considering two different cases for
the conversion probability from initial |v,) to |v;) after
emerging:

* Case (4) — For the O-Ne-Mg core-collapse SNe,
both MSW effects and neutrino self-induced collective
oscillations play an important role, so the initial neutron-
ization |v,) burst usually evolves to all three mass eigen-
states in vacuum but with different probabilities. As
already demonstrated in Ref. [65], the transition probabil-
ities for |v,) — |v,) (for i = 1, 2, 3) are actually functions
of the neutrino energy, i.e., P,(E), where the spectral
splits are found and explained analytically. In the follow-
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ing calculations, we use the probabilities from Ref. [65]
as the first example.

* Case (B) — Second, as a simple working assumption,
we neglect the energy dependence and specify the trans-
ition probabilities for |v,) —|v,) as P, =1/6, P,,=1/3
and P, = 1/2, representing a class of scenarios in which
the probabilities are comparable in magnitude. Although
the exact values of those probabilities are not important,
the discriminating power for MH will be lost if any one
of them becomes negligibly small.

It is worthwhile to mention that there are large uncer-
tainties in the progenitor mass, neutrino luminosity and
the details of numerical simulations, such as dimensional-
ity, equations of state and neutrino transport, so it is a
complicated situation to deal with collective oscillations.
In the following, we will compute the event rates of three
neutrino mass eigenstates only in the above two cases for
illustration.

2.3 Neutrino event rates

To numerically check whether the neutronization
burst method is feasible in currently running and future
detectors, we calculate neutrino event rates. Starting with
the neutrino spectrum n, , we will adopt the quasi-thermal
spectrum approximated by a Gamma distribution [67-69]

Lo E* [a+1)\*" ( (a+1)E)
9E = T ] 4
)=y r(a+1>(<E<t>>) &y )@
where the spectral index « is given by
_ 2
oo E@) = Ems@? )

EI'IHS (t)z
(E(t)) is the average energy, and Ey(?) is the root-mean-
square, while the luminosity L(r) is given by the SN simu-
lation data [69]. Since the burst of |v,) will finally evolve
into an incoherent superposition of three neutrino mass
eigenstates |v,) at the SN surface, the number densities of
the latter are given by

n,,(t.E) = n, (t, E)P (E) , (©6)

where the transition probabilities P, (E) have been spe-
cified in Sec. 2.2 and the separation of neutrino mass ei-
genstates within the SN has safely been neglected. After
emerging from the SN surface, three mass eigenstates
propagate towards Earth and arrive in the detector at dif-
ferent time due to the long distance. At the detector, if all
three mass eigenstates are received at some time instant
t;, then |v,) should have left the supernova earlier by At,,
than |v,), while |v;) should have left earlier (or later) by
Atsy (or Aty,) than |v2) in the NH (or IH) case. Hence the
flux F, (t;,E) for |v;) at the detector and the time ¢, be-
comes

1
Fy,(tds E)= mnV((td _Atil,E)Pe[(E) s (7)

where we have dropped a common TOF of |v) and iden-
tified the detection time ¢, as the the emission time of |v,)
without loss of any generality.

For SN neutrinos of energies about a few tens of
MeV, both elastic neutrino-proton and neutrino-electron
scatterings can be observed in the liquid-scintillator de-
tectors due to a low energy threshold, while only the
elastic neutrino-electron scattering is observable in the
water-Cherenkov detectors. Moreover, for liquid-scintil-
lator detector, it allows charge-current interactions and
neutral-current interactions with its '>C nuclei. The differ-
ential cross section for elastic neutrino-proton scattering
is universal for all neutrino flavors at the lowest order and
given by [70, 71]

2
da, :GFMp I_Mpr 24 1+Mpr 2 @®)
dr, 7 262 )Y 2E2 )AL

where G, = 1.166 x 107 GeV~?2 is the Fermi constant, M,
and T, are the proton mass and kinetic energy, respect-
ively, and the wvectorial and axial couplings are
¢y =(1-4sin*6y)/2 and c, = 1.27/2 with the Weinberg
angle sin’ 6y ~ 0.23. Assuming the lepton flavor mixing
matrix to be unitary, one can obtain the event spectrum
corresponding to the mass eigenstate |v,) as follows

2E M, do,
rips(a Ey) =prT Fv,(td’Ev)'F'dTP’ )
. p

where N, is the total number of protons in the target. For
the liquid-scintillator detectors, the recoil energy of the fi-
nal-state proton will be quenched significantly and one
can establish the relationship between the original recoil
energy and the observed energy as done in Refs. [71-73].
Furthermore, when the observed energy falls below 0.2
MeV, the radioactive backgrounds will be dominant.
Therefore, we have placed an energy cut at 7, = 0.2 MeV,
corresponding to an original recoil energy of
T,=1.0MeV, for which a minimal neutrino energy
EDMN = (T,M,/2)"/* ~ 21.7 MeV is required.

As we have mentioned, the recoil energy of proton
under discussions is at most a few MeV and thus there
will be no Cherenkov light, so it is impossible to observe
any signals from neutrino-proton scattering in the water-
Cherenkov detectors. For the elastic neutrino-electron
scattering, the total cross sections for v, and v,, where the
latter collectively denotes v, and v, and their antiparticles,
are well known in the standard model. At the tree level,
the explicit expressions are [74, 75]

do (E) 2m,G> T,\? T
O-Ve( v) — F 6% + 6_%_ 1 _ e _ E_E+ me e
dr, E, E2

. (10)

where the kinetic energy of the final-state electron
T,=E,—m, is lying below T = E /[1+m,/(2E,)]. For
electron neutrinos, the coefficients are given by
e =—1/2-sin’ 6y, and €, =— sin® By While €_ =1/2-sin’ Oy
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and e, = —sin’ 6y, for muon and tau neutrinos. Thus, the
event spectrum of neutrino mass eigenstate |v;) can be
simply written as

T do
2 v,e
ri,ES(td’Ev) = Ne; fT‘ Fvl(td’Ev) ’ |Uﬁi| ' dT: .dTe >

(11)
where N, is the total number of electrons in the target and
|Uﬁi|2 is the probability for the projection of |v,) to |vﬂ>
with Uy, being the lepton flavor mixing matrix. For the
neutrino reaction with '2C, the charge-current interactions
7o + PCoet + N, (12)
and neutral current interactions
v + 2Co v+ 2Ct (1)
have been well established both theoretically and experi-
mentally. In this work, for liquid-scintillator neutrino de-
tectors, we will consider these reaction too. We will dir-
ectly use the cross-section tabulated in Table 1 of Ref.
[76]. Denoting these cross-section as

O-VBH‘:C'(EVBL O—\'Q,H'ZC’(ED/,)’ O—V(,HIZN(EW)’ O-\Z,H”B(EV(,)’

(14)

respectively, we can similarly compute the event spec-

trum of neutrino mass eigenstate |v;) caused by these four
reactions with '2C as

rinc(ty, Ey) = Neg Z F,(t4.E) UgP - ox(Ey).  (15)

XB

where the subscript X stands for the four reactions in Egs.
(12) and (13).

Further integrating the event spectrum Eq. (9) over
the neutrino energy, we obtain the total event rate of
elastic neutrino-proton scattering

R; ps(ty) =f rips(ty, ENAE, , (16)

Ve + Rese + IZB,

vi + 2C— v + 12¢#,

and likewise R, g for the neutrino-electron scattering
Eq.(11) and neutrino-'2C reaction Eq. (15). In the case of
elastic neutrino-electron scattering, the observed recoil
energy should also be larger than 0.2 MeV for the scintil-
lator detector, but 3.5 MeV for the water-Cherenkov de-
tector. This implies that the minimal neutrino energy E™n
will be different for these two types of detectors. If the
target is composed of water, the fiducial mass of 2.5
megaton corresponds to N, ~2x10* and N, ~ 1 x10%°.
For the scintillator detector of the same fiducial mass, the
proton and electron numbers are quite similar. The num-
ber of '>C, assuming that the liquid scintillator is chosen
as linear alkyl bencene (C1gH30) as in Juno [35], can be
calculated as Nec ~ 3N, /23.

In Fig. 1, we present the numerical results of the indi-
vidual event rates R, ¢ (i = 1,2,3) for three neutrino mass
eigenstates and also the total rate (the thick and black
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Fig. 1.  (color online) The neutrino event rates of elastic

neutrino-proton scattering for a 2.5 megaton liquid-scintil-
lator detector, where the individual contributions from |v,)
(for i =1, 2, 3) are denoted by colored dashed lines and the
total rate by black solid line. Three SN distances
D, =1Mpc <Dy, (top panel), Dy,;, <D, =20Mpc < Dy,,
(middle panel) and D, =400 Mpc > Dy,, (bottom panel) are
considered, where the upper and lower plot in each panel
corresponds respectively to NH and IH. The lightest neut-
rino (i.e., |v,;) for NH and |v;) for IH) is taken to be mass-
less.

curve) for either NH or IH. Similarly, the numerical res-
ults of R, g4 are shown in Fig. 2 and that of R; -c in Fig. 3.
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For all these reaction channels, three representative dis-
tances, D, = 1 Mpc for the small distance, D, =20 Mpc
for the intermediate distance and D, =400 Mpc for the
long distance, have been considered. In addition, the
transition probabilities P,;(E) given in Fig. 2 of Ref. [65]
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Fig. 2. (color online) The neutrino event rates of elastic

neutrino-electron scattering for a 2.5 megaton liquid-scintil-
lator detector, where the notations and input are the same as
those in Fig. 1.

have been adopted in the calculations. Some comments
on the results are in order.

First of all, let us recapitulate the fractions of neut-
rino mass eigenstates after the action of both MSW mat-
ter effects and collective oscillations on an initial flux of
pure |v,) in a SN model from Ref. [65]. The fractions de-
pend crucially on the neutrino energy and their main fea-
tures can be summarized as follows: (1) In the NH case,
we have only |v,) for Ex17MeV, |v,) for 15MeV <
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Fig. 3. (color online) The neutrino event rates of neutrino-

12C reactions for a 2.5 megaton liquid-scintillator detector,
where the notations and input are the same as those in
Fig. 1.
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E <17MeV and |v,) for E < 15MeV; (2) In the IH case,
there is a critical energy E ~ 12 MeV, below which only
[v,) survives while only |v,) above. Then, we look at the
event rates of neutrino-proton scattering shown in Fig. 1.
One common feature of all the plots is that the contribu-
tions from |v,) and |v;) are negligibly small. This can be
well understood by noticing that the observed recoil en-
ergy of the final-state proton should be larger than
0.2 MeV, indicating that only the neutrino states with en-
ergies above E >21.7MeV contribute. For both NH and
IH, only |v,) meets this requirement, explaining why |v,)
dominates the contributions to the total event rate. As an
immediate consequence of this observation, there will
never appear two or three peaks, which is evident from all
the plots in Fig. 1. Therefore, it is difficult to tell the dif-
ference between NH and IH for the small and intermedi-
ate distances. However, for the large distance
D, =400 Mpc > Dy,,, the |v;) peak in the IH case is
broadened significantly compared to that in the NH case.
The reason is simply that the lightest neutrino mass has
been set to be vanishing in the numerical calculations,
namely, the absolute mass m, ~ 49 meV of |v) in the IH
case is much larger than that m| = 0 in the NH case.

Now we turn to the event rates of elastic neutrino-
electron scattering depicted in Fig. 2. Since the recoil en-
ergy of the final-state electron is not quenched in the li-
quid scintillator, all the neutrino mass eigenstates can
contribute to the event rates. However, the |v3) peaks in
the IH case are highly suppressed due to a tiny transition
probability P_,. Some discussions about this reaction
channel are helpful.

* As neutrinos in the entire energy range contribute,
the magnitudes of the event rates of neutrino-electron
scattering in all cases of MH and distances are compar-
able to or sometimes larger than those of the neutrino-
proton scattering, in spite of the smaller cross section of
neutrino-electron scattering in Eq. (10) compared to that
in Eq. (8). In addition, the cross section for electron neut-
rinos is about six times larger than that of other neutrino
flavors, so the neutrino mass eigenstate that has the
largest component of |v,) is most important. This non-uni-
versality of the cross sections results in different total
event rates for the two MHs. Such a difference is most
apparently seen by comparing the heights of the total rate
peaks in the two subplots in the small distance case of
D, = 1Mpc < D,,. However, the SN distance is too short
for three peaks to be well separated in the NH case.

* For the intermediate distance (Dy;, <D, =
20 Mpc < Dy,,), we see that for the NH the event peak
due to |v;) is already separated from and lags behind the
peaks of |v,) and |v,), while the latter two are still stacked
together. For the IH, again the tiny conversion probabil-
ity P,, completely suppresses the |v,) peaks and therefore
there is mainly one combined |v;) +|v;) peak left. The ap-

parent difference of these two subplots makes it possible
to tell the MH for the intermediate distance case when the
conversion probabilities inside the supernova follows that
in Case (A) of Sec. 2.2. Indeed, even if the probabilities
have to be changed, as long as they are known to a good
accuracy such that the heights and shapes of the |v,) peak
and |v,)+|v,) peak for the NH and IH can be calculated,
the MH can always be deduced by comparing them with
the observed ones.

* For the large distance (D, =400 Mpc > Dy,,), one
can observe that in the NH case, the peaks due to |v,) and
lv,) are already separated while the |v;) peak (not shown
in order to make the |v,) and |v,) peaks clear) lags behind
them by about 0.4 second. In the IH case, the |v,) peak is
also separated from the |v,) peak although the latter is
now flattened too much to be seen as a peak. Therefore,
the difference between the NH and IH event rates is also
quite obvious to determine the MH in the large distance
case. Compared to the intermediate distance case,
however, the large distance case suffers the drawback of
a much lower total event rate.

For a 2.5 megaton water-Cherenkov or liquid-scintil-
lator detector and an intermediate distance, for which the
MHs can be distinguished, integrating the event rate
shown in the middle panel of Fig. 2, we find that there
will be 5.25x 107 and 1.02x 1073 events in the NH and
IH cases, respectively. Even for a one gigaton detector,
there will be a total of 0.21 and 0.41 events during the
first 0.5 second. If we assume the SN distance to be
Dy, = 133 Mpc, a detector of 450 gigaton is required to
register one neutrino event. This is certainly beyond the
scope of any current and near future neutrino detectors.

For the neutrino reactions with '2C that are allowed
by liquid-scintillator detectors, the combined event rates
of all four reactions in Egs. (12)-(13) are shown in Fig. 3
for three typical distances. It is seen by comparing with
the event rates of proton scattering in Fig. 1 that gener-
ally, the shape of the event rates of the combined neut-
rino-'2C reaction is quite similar to that of the neutrino-
proton scattering, although the magnitude of the former is
only ~ 1/3— ~ 1/2 of the latter. This is understandable be-
cause the cross-section of neutrino-proton scattering is
about 1.2 ~ 1.5 times the total cross-section of neutrino-
12C reactions, and the proton density is 1.5 times the '>C
density. Moreover, while the neutrino-proton cross-sec-
tion is universal to all neutrino flavors, the neutrino-'2C
cross-sections (in particular the charge-current interac-
tion Eq. (12)) are not. Also similar to the case of proton
scattering, the main contribution from the total event rate
is also from |v;) for the same reason as in Fig. 1.
Moreover, this also implies that there will not appear two
or three peaks in the event rate of the neutrino-'>C reac-
tion channel and therefore difficult to tell the neutrino
mass ordering.
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2.4 Further discussions

Finally, we discuss how the variations of a few im-
portant parameters affect the event rates. These key para-
meters include the transition probabilities P, (E), the ini-
tial neutrino spectrum n, (¢, E) and the absolute mass of
the lightest neutrino. Here we give some brief remarks on
the impact of those parameters and leave a full analysis
for future works.

2.4.1 Transition probabilities

For comparison, we adopt the transition probabilities
in Case (B) of Sec. 2.2 and present the event rates in Fig. 4,
where the other input parameters are taken to be exactly
the same as in Fig. 2. The main purpose for such a com-
parison is to show that the feasibility of our method does
not depend too critically on these conversion probabilit-
ies. For the small distance, the total event rates for both
NH and IH are almost identical and thus cannot be used
to pin down the MH, as expected. Now the difference is
that the probability P, inthe IH case is not small any-
more and therefore the |v3) peaks are no longer sup-
pressed. For the intermediate distance, the shapes and ar-
riving order of the |v,)+[v,) peak and the |v;) peak are
clearly seen different for the two MHs, and therefore can
also be used to tell the MH. For the large distance case,
since this time in the TH case the |v,) is not suppressed by
the probability, the |v;) peak is behind and ahead of the
[v1) peak by about 0.4 second for the NH and IH, respect-
ively.

2.4.2 Initial spectrum

The initial spectrum Eq. (4) is expected to describe
the true neutrino spectrum quite well [69]. Substituting it
into Eq. (11) we can obtain the event spectrum and then
study the impact of two pivotal parameters, namely,
(E(H)) and E, (5. If the average energy is increased,
while other quantities are kept unchanged, the central en-
ergy of spectrum will shift to a larger value while its peak
value will decrease due to the constraint from the fixed
total luminosity. However, considering the energy de-
pendence of the cross section, we find that a higher aver-
age energy will in general enhance the total event rate R,.

The parameter E, (f) controls how much the spec-
trum is concentrated on the central energy. Its influence
on both the neutrino spectrum and the event rate in Eq.
(11) are secondary compared to (E(¢)). It turns out that as
E,s(1) decreases, the total event rate R, also drops down
but slowly. Besides its impact on the total event rate, a
better concentration of the neutrinos in energy also means
a narrower spread in the arrival time after including the
time delay effect. Given that the main difficulty of our
method here comes from the resolution of different peaks,
a narrower distribution of the initial neutrino spectrum in
energy should be more favorable.

The luminosity L(r) affects the resolvability of the
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Fig. 4. (color online) The neutrino event rates of elastic

neutrino-electron scattering for a 2.5 megaton liquid-scintil-
lator detector, where the notations and input are the same as
those in Fig. 2 except that the transition probabilities P, are
replaced by those in Case (B) of Sec. 2.2.

peaks of neutrino mass eigenstate through its appearance
in the spectrum in Eq. (4). As we have seen earlier, if the
neutronization peak duration is prolonged by a factor of
N, then we need the SN distance to be increased roughly
by the same factor in order to achieve the same temporal
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separation of the peaks. Consequently, the total event rate
will be reduced by a factor of N2. As demonstrated in
Refs. [45, 47], a more complete inclusion of relevant
weak interactions and the full general relativistic treat-
ment tend to increase the width of the neutronization
burst. On the other hand, Refs. [27, 49, 50] suggest that
the SN for a smaller progenitor mass (e.g., around 10 to
15 solar masses) will do the opposite, i.e., producing a
neutronization neutrino burst narrower in time. The latter
observation indicates that the SNe with smaller progenit-
or masses are favored for our method to work effectively.

2.4.3 Absolute neutrino masses

In the numerical results presented in Figs. 1, 2 and 4,
we have assumed the lightest neutrino to be massless.
Therefore, the shape of the event spectrum of the lightest
neutrino resembles exactly the feature of neutronization
burst from the numerical simulation data [69]. A nonzero
mass of the lightest neutrino mass eigenstate leads to a
time delay, and accordingly the luminosity peak will be
widened in time and its maximum will be lowered, since
the total neutrino number is kept unchanged. On the oth-
er hand, it is now known from the observational data of
Baryon Acoustic Oscillation and Planck [77] that the sum
of three neutrino masses has an upper limit, namely,
m, +m,+m, <0.176 eV, which after taking into account
the measured neutrino mass-squared differences leads to
an upper bound of m; <0.052eV for NH and m, <
0.044 eV for IH.

We have checked that even if the upper bounds on the
lightest neutrino are saturated and the largest distance of
D, =400 Mpc is assumed, the width and height of the lu-
minosity peak are changed only by about a factor of 1.5.
There exists even more stringent constraints on the sum
of three neutrino [78], for which we find that the luminos-
ity peak is practically unchanged in both its width and
strength compared to those in Figs. 1, 2 and 4. Moreover,
the essential idea is to probe the relative shift in time
among different mass eigenstates, which are little af-
fected by the total peak shape and strength. Therefore, the
impact of absolute neutrino masses on our method can be
safely ignored.

3 Black hole formation

The method using neutronization neutrino burst to de-
termine the MH is not useful when the SN distance D is
not large enough to resolve three peaks of neutrino mass
eigenstates. One can observe from Eq. (2) that D is
mainly limited by the relatively large duration Az ~ 5 ms
of the neutronization burst. Fortunately, in the scenario of
failed SNe, there exists another characteristic process
with an even shorter time span: the termination of neut-
rino signals due to the BH formation during the accretion
phase.

The rate of BH formation core-collapse SNe and the
formation mechanism are still uncertain, and numerical
simulations crucially depend on the initial progenitor
mass and the details of models. In many concrete SN
models with BH formation, the neutrino signal will be ab-
ruptly terminated when the neutrino flux is still measur-
ably high. After the energy-dependent TOF is taken into
account, the sharp cutoff on the neutrino flux will cause
characteristic signals at the detector with different des-
cending rates, corresponding to different neutrino mass
eigenstates. More importantly, the BH formation is a
phase transition process that takes very short time Afg,
which can be estimated as Aty <2R/c ~0.1 ms, where R
is the radius of the active region of neutrino emission. In
comparison with Az for the neutronization burst, Az, is
much shorter and therefore allows for more practical SN
distances and higher statistics.

For the resolution for the cutoff edges in the signals
of three mass eigenstates, a similar criterion to Eq. (2)
yields the requirement on the SN distance

Aty (E)/10 MeV)?
~ 5.15ms |Am?| /e V2

10kpe =Dy, (17)

Corresponding to Am3, and |Am3,|, there will also be
two characteristic distances Dy,, and Dy,, which take the
typical values Dy, ~2.58 Mpc and Dy, ~ 79.3 kpc for an
average neutrino energy (E) =10 MeV and Azy ~ 0.1 ms.
Apparently, because Aty is about 50 times smaller than
Aty, the minimal distances for given Amizj and (E) to re-
solve the neutrino tail due to the BH formation should be
about 2% of that for the neutronization burst. As a con-
sequence, when the distance is the same, there will be a
much larger event rate and statistical significance for the
MH discrimination.

For clarity, we define the time derivative of the event
rate as I', = —dR,/dt, for which the time £ to reach its
maximum for the neutrino mass eigenstate |v,) will be dif-
ferent from one another. For the BH forming SN at a dis-
tance larger than Dy, , we can find that £™* for the three
mass eigenstates will be temporally separated by a dura-
tion larger than Az,. For NH, /™ and £7** of |v;) and |v,)
appear temporally close to each other, but earlier than
that of |v3). For IH, the opposite is true, namely, £** ap-
pears first and is further separated from ¢ and £5**. For
the distance between Dy, and Dy, the locations of #***
and £7'** will not be resolvable but are still separated from
5% If the relative strength of the signals for three mass
eigenstates is known, then the MH can still be deduced
from the shapes of the descending event rates. Similar to
the case of neutronization neutrino burst, for D < Dy,
again the MH will not be deducible in this way. Taking
these distances for example, we perform numerical com-
putations of the event rates in the scenario of BH forma-
tion.
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3.1 Neutrino event rates

Just before the BH formation, all the neutrinos and
antineutrinos of three flavors can be produced. For the
detection of antineutrinos, it is obvious that we should
first consider the inverse beta decay (IBD) of v,, whose
cross section for SN neutrinos is much larger than those
of other reactions in water or liquid scintillator. For neut-
rinos, the main contributions are from elastic scattering
on protons and electrons. Therefore, we will only take ac-
count of these three processes in the our calculations. The
IBD event rate of the i-th mass eigenstates of antineutri-
nos [v;) is given by

R;1pp = Np FL P, -opp(E,)-dE, , (18)

18MeV

while the total rate can be calculated by summing over all
possible contributions, namely, R, =R, zp, + R, ps + R, g+
R; ., where the part of elastic proton scattering should be
omitted for a water-Cherenkov detector. A simple ap-
proximation to the IBD cross section was given in Ref.
[79]. However here we will use a more accurate differen-
tial cross-section given by Ref. [80] which takes account
into the weak magnetism effect and nucleon recoil effect

do
IBD

2002 43¢0 4 (f2—g? M M
dcosf v = 2 [(f +3g)+(f"-¢ )VeCOSH]Ee De

-2
19)
where 6 is the angle between the antineutrino and
positron direction in the lab frame, oy, f, g, f> are some
constants, £ and p{’ are the electron energy and mo-
mentum to order i. T is the term standing for the correc-
tion of the 1/M order to the lower order cross section. For
simplicity, we refer the readers to Ref. [80] for their ex-
act definitions and only point out that E”, p{” and T are
functions of angle 6 and energy E, of the incoming neut-
rino. Finally, numerically integrating Eq. (19) over 6 al-
lows us to find the total IBD cross-section o5 (E,),
which we will direct use in this work. It is worth men-
tioning that R; g and R, g in this section include the con-
tributions from both neutrinos and antineutrinos, for
which the cross sections of neutrino-proton scattering in
Eq. (9) are equal while those for neutrino-electron scatter-
ing in Eq. (10) are different for electron and non-electron
flavors. Furthermore, the cross section in Eq. (10) can be
adapted for antineutrinos by exchanging e_ < €, [75].

The fluxes F; and F, at the time 7, on the Earth can
be computed from the spectra n, (1,E), n (t E) and
n, (t,E) where v, collectively denote v, and v and their
anltpartlcles multiplying them by the conversmn probab-
ilities Py = |Uﬂl.|2 and taking into account the time delay
due to Eq. (1). Explicitly, the formula for [v;) can be ex-
pressed as

F, (1, E) = M%Zn%(td— . E)Py; (20)
B

which is very similar to Eq. (7) except that the contribu-
tions from all flavors are summed up and the conversion
probabilities Py, (for B8 =e,u,7) are energy independent.
Sucn an independency is expected because the BH forma-
tion normally takes place in the accretion phase, when the
self-induced collective oscillations are found to be sup-
pressed by the large matter density [81—83]. Hence the
neutrino spectra experience only adiabatic conversions
inside the SN, and then the mass eigenstates freely stream
from the SN surface to the Earth.

In our numerical calculations, we use the n_, n, and
n, spectra obtained from the SN simulation in Ref [84]
for the progenitor star of 30 solar masses. After convert-
ing them into the spectra of neutrino mass eigenstates, we
find the energy integrated spectra for each v,

N, (1) = f dEZnVﬂ(t, E)Pg 1)
B

and similarly for each v, the corresponding Ny, (f), which
together with their corresponding average energies are
given respectively in the left and right panels of Fig. 5.
Since n, is slightly larger than n, we have the integrated
spectra N also larger than N before BH formation.
Moreover, the time structure of neutrino signals is mainly
determined by the neutrino emission in a very short peri-
od right before the BH formation, we can verify that the
number spectra are constant in this short time slot before
BH forms [53]. Some observations from Fig. 5 are sum-
marized below:

1. The integrated spectra before BH formation de-
creases in the order of [v,), [v,) and [v;), and that of [v,) is
roughly 1.5 times that of [v;). In addition, the integrated
spectra for neutrinos |v;) are almost in the same order as
those of the corresponding antineutrino [v;), except that
the |v,) spectrum is slightly larger than that of [v,) due to
the higher initial luminosity of |v,) than [v,).

2. Regarding the average energies of mass eigen-
states shown in the right panels of Fig. 5, note that in-
deed they are time dependent as directly extracted from
simulation result [84]. They only look like constant be-
cause in this small time window responsible for the neut-
rino tail, their numerical values barely change. It is also
notable that although the average energies slightly in-
crease in the order of |v{) or [v;) to |v3) or |v3), the aver-
age energies of mass eigenstates are all lying between 21
MeV to 28 MeV, approximately with an average value of
24 MeV. Using Eq. (17), one can estimate the two critic-
al distances Dgy; =~ 14.9 Mpc and Dgj3; ~ 457 kpc. These
changes are obviously due to the enhancement of the av-
erage energies.

In Fig. 6 we show the event rates around the time of
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(color online) The energy integrated spectra and average energies of three mass eigenstates of antineutrinos (first row) and

neutrinos (second row) are given in the left and right panels, respectively, where only a narrow time window is shown for the abrupt

termination of (anti) neutrino emission.

the termination of the neutrino signal due to BH forma-
tion, where the SN distance is D = 5 Mpc and a 2.5 mega-
ton liquid-scintillator detector is assumed. The results for
NH and IH are presented in the left and right column, re-
spectively. Some comments on the numerical results are
in order.

* From the first row of Fig. 6, we present the IBD
events for both hierarchies, where one can see that the [v,)
rate roughly doubles that of [v,) which is much higher
than the |v;) rate. From Fig. 5, it is already clear that the
fluxes of [v,) and [v,) are similar and both are only
slightly higher than that of the |v;) flux, so the IBD event
rates are largely determined by the conversion probabilit-
ies from [v;) - [v,). For the neutrino-proton scattering
event rates shown in the second row, because of the uni-
versality of the cross section for all six mass eigenstates,
only the energy dependence of the cross section in Eq. (9)
and the average energies will cause differences among
the event rates. As indicated in Fig. 5, the average ener-
gies of |v;) and [v;) are the highest, leading to their neut-
rino-proton scattering event rates comparable to those of
the |v,) and [v,), and |v,) and [;). The third and fourth
rows show the detection rate of '>C reaction for liquid
scintillator detector and of neutrino-electron scattering re-
spectively. Unlike the neutronization burst case in Figs. 1
and 2 where the events rates of electron and proton scat-
terings are comparable, here the former is smaller by
more than one order of magnitude than the latter. The
reason is simply that the average energies of neutrinos
range from 21 MeV to 28 MeV, and most neutrinos have
energies beyond the cut-off energy 22 MeV. In contrast,
the average neutrino energy of the neutronization burst is

only about 12 MeV.

* The total event rates, and the its time derivatives for
each mass eigenstate are given respectively in the last two
rows of Fig. 6 for both NH and TH. We can see that the
total rates at the time long before and after the BH forma-
tion are equal for both hierarchies. It should be noticed
that the signal decays for heavy mass eigenstates (i.e., [v,)
and |v,) and their antiparticle states for IH while |v,) and
[v4) for NH) are much slower than those for light mass ei-
genstates. This is the key feature and can be used to dis-
tinguish one neutrino MH from another if enough neut-
rino events can be detected. Such a difference between
NH and IH can also be clearly seen from the time derivat-
ive of event rates shown in the last row. For the NH, the
peak of |v;) +[v;) is low in height and slowly decreasing,
and comes later than the higher peaks of the first and
second mass eigenstates. For the IH, the opposite hap-
pens: the |v3) +|73) peak becomes sharp and decreases fast
while located on the right of the peaks of other mass ei-
genstates.

In the above numerical computations, the SN dis-
tance D is set to 5 Mpc, which is larger than Dy, ~ 1
Mpc, the distance required for the maximal descending
rates of |v;) and |v,) to separate by a gap larger than Az,
obtained by using (E) =24 MeV, as shown in Fig. 5.
With the total event rate in Fig. 6, one can easily calcu-
late that for D = 5 Mpc and a detector of 2.5 megaton
there will be just about (3 ~ 6)- 1073 events during the en-
tire period of 0.2 ms. At the distance Dg3; ~ 1 Mpc
and for one gigaton detector, we can obtain roughly 60
events that may be statistically adequate to distinguish the
MHs.
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(color online) Numerical results of neutrino events for D =5 Mpc and a 2.5 megaton detector in the scenario of the BH forma-

tion, where the plots from the first to third row correspond to IBD, neutrino-proton elastic scattering and neutrino-electron elastic
scattering, respectively. The total event rate R(f) and its time derivative —dR(r)/dr are given in the last two rows. The plots in the left

column are for NH while those in the right for IH.

3.2 Further discussions

Now we discuss how the input parameters affect the
tail of neutrino signals from the BH forming SN. Com-
pared to the case of neutronization burst, the situation for
the BH case is much simpler. First, the variation of neut-
rino spectra with time is practically constant because the
time window under discussion is narrow enough. Second,
the flavor conversions of neutrinos and antineutrinos are
adiabatic, and thus it is straightforward to figure out the
transition probabilities. Third, the impact of the absolute
mass of the lightest mass eigenstate, as argued in the case
of neutronization burst, is expected to be small if the cos-
mological bound on the sum of neutrino masses is ap-

plied. Therefore, we analyze the effect of the distance D
on the total event rate in the following.

The first and most important effect of the SN dis-
tance is that the total event rate during the decay of neut-
rino signals is inversely proportional to p2. Moreover, the
distance also has an influence on the shape of the total
event rate, which turns out to be crucial for the MH dis-
crimination. In Fig. 7, we plot the total event rates as
functions of time for a series of distances ranging from
200 kpc to 10 Mpc for the two MHs. In fact, it is more
practical to determine the distance by using other meth-
ods, e.g., optical observations, and then the MH can be
determined by comparing the measurement with the pre-
dicted signal shape. For the previous example, once the
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Fig. 7.
ton is assumed.

distance is determined (e.g., D =1 Mpc), then the neut-
rino MH can be deduced by a comparison of the descend-
ing rates dR/dt of both hierarchies.

4 Concluding remarks

In this work, we have carried out a phenomenologic-
al analysis of the TOF effects of massive neutrinos, and
applied them to the SN neutrinos with short-time charac-
teristics. For the neutronization v, burst of core-collapse
SNe, the peaks corresponding to different neutrino mass
eigenstates for the NH will appear in a temporal order
different from that for the IH. A clear discrimination
between two MHs requires a large distance for the SN,
whereas a high statistics favors SNe at small distances.
For this reason, we have found that it seems impossible to
determine the neutrino MH via the neutronization burst
for a typical core-collapse SN in the currently running
and near future SN neutrino detectors. However, for the
BH forming SNe, the abrupt termination of neutrino
emission is shown to allow for a determination of neut-
rino MH with an enough statistics. In this case, a liquid-
scintillator detector of one gigaton will register about 60
events for a SN located at 1 Mpc during the period of BH
formation.

The impact of neutrino flavor conversions (particu-
larly those in the case of neutronization burst), absolute
neutrino masses and the supernova distance (particularly

(color online) The total event rates of neutrinos from the BH forming SNe at different distances, where a detector of 2.5 mega-

in the case of BH forming SNe) on the discriminating
power is also discussed. It is shown that neutrino flavor
conversions generally will not destroy the feasibility of
the basic idea as long as the flavor conversions do not
completely suppress the peaks in such a way that only
one mass eigenstate is left. As for the absolute mass of
the lightest neutrino, it has been numerically verified that
if the cosmological upper bound on the sum of neutrino
masses is applied, the shapes of the neutrino event rates
in both neutrinonization burst and BH formation cases
will have little changes. The SN distance does affect the
shape of the neutrino signal decay in the case of the BH
forming SN. In reality, one can fix the SN distance by
other means and then extract the information of neutrino
MH from observations.

There are a few other factors that are related to the ap-
plicability of our conclusions. The most important one is
the uncertainty in the luminosities and spectra of SN
neutrinos. For the neutronization burst, the uncertainties
involved in the numerical simulations of SN explosions
can introduce noticeable differences in the duration time
of the burst and its luminosities. Moreover, the simula-
tions do not take into account the full neutrino-neutrino
interactions which severely affect the emerging neutrino
spectra. If this burst is narrower, with a higher luminos-
ity and more [v3) component, then the approach of using
the neutronization burst to probe the MH becomes more
promising. Secondly, the fraction of the BH forming SNe
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among all core-collapse SNe can vary from a few per-
cent to a sizable value (see, e.g., Ref. [53]), and the neut-
rino luminosities and spectra before the BH formation
could also be quite different [51]. The value that we have
used for the luminosity of each flavor is on the order of
10°% erg s~!, which comes from a SN with BH formation
at its early stage [53]. If the BH is formed at a later stage,
then the luminosity and thus the total event rate can be
one order of magnitude lower. One more factor associ-
ated with SN neutrino detection is about the low super-
nova probability within applicable distance. It was estim-
ated that the core collapse SN rate will be only 3.2*72 in
the Galaxy per century [85] and that within 1 Mpc is only
about 0.04~0.08 per year [86]. These numbers suggest
that other experimental methods might potentially dis-
criminate the neutrino mass hierarchies earlier than any
new supernova neutrino observation.

Besides the neutronization burst and the BH termina-
tion of neutrinos, we emphasize that the basic idea of us-
ing the ToF difference to distinguish the MH is also ap-
plicable to any neutrino sources with short-time charac-

teristics. Here we considered only two such characterist-
ics, 1.e., the neutronization neutrino |v,) burst and neut-
rino spectrum tail during black hole formation, because
these are the only two theoretically known features with
short time duration in SN neutrino spectrum. Given that
there was effectively only one SN neutrino observation
(SN1987A) and the large uncertainty in simulations, the
true detailed SN neutrino spectrum with high statistics is
still experimentally unknown. Therefore there remains
possibility that some other features with similar or even
shorter time duration might exist in the spectrum. If so,
these features will also be usable to determine the neut-
rino MH in the same way. However, until then, to more
accurately validate the idea in this work for SN neutrinos,
we will have to perform more careful studies of the ini-
tial neutrino fluxes from realistic SN simulations includ-
ing a full treatment of neutrino flavor conversions, which
will be left for future works.

The authors are grateful to Jia-Shu Lu and Yu-Feng
Li for helpful discussions.

References

1 Y. Fukuda et al (Super-Kamiokande Collaboration), Phys. Rev.
Lett., 81: 1562 (1998), arXiv:hepex/9807003
2 S. Fukuda et al (Super-Kamiokande Collaboration), Phys. Rev.
Lett., 86: 5651 (2001), arXiv:hepex/0103032
3 Q. R. Ahmad et al (SNO Collaboration), Phys. Rev. Lett., 87:
071301 (2001), arXiv:nuclex/0106015
4 Q. R. Ahmad et al (SNO Collaboration), Phys. Rev. Lett., 89:
011301 (2002), arXiv:nuclex/0204008
5 K. Eguchi et al (KamLAND Collaboration), Phys. Rev. Lett., 90:
021802 (2003), arXiv:hepex/0212021
6 D. G. Michael et al (MINOS Collaboration), Phys. Rev. Lett., 97:
191801 (2006), arXiv:hepex/0607088
7 K. Abe et al (T2K Collaboration), Phys. Rev. Lett., 107: 041801
(2011), arXiv:1106.2822
8 P. Adamson et al (MINOS Collaboration), Phys. Rev. Lett., 107:
181802 (2011), arXiv:1108.0015
9 F.P. An et al (Daya Bay Collaboration), Phys. Rev. Lett., 108:
171803 (2012), arXiv:1203.1669
10 J. K. Ahn et al (RENO Collaboration), Phys. Rev. Lett., 108:
191802 (2012), arXiv:1204.0626
11 Y. Abe et al (Double Chooz Collaboration), Phys. Rev. D, 86:
052008 (2012), arXiv:1207.6632
12 C. Patrignani et al (Particle Data Group), Chin. Phys. C, 40(10):
100001(2016) and 2017 update
13 M. Ishitsuka, T. Kajita, H. Minakata et al, Phys. Rev. D, 72:
033003 (2005), arXiv:hep-ph/0504026
14 S. T. Petcov and M. Piai, Phys. Lett. B, 533: 94 (2002),
arXiv:hep-ph/0112074
15 S. Choubey, S. T. Petcov, and M. Piai, Phys. Rev. D, 68: 113006
(2003), arXiv:hep-ph/0306017
16 J. Learned, S. T. Dye, S. Pakvasa et al, Phys. Rev. D, 78: 071302
(2008), arXiv:hep-ex/0612022
17 L. Zhan, Y. Wang, J. Cao et al, Phys. Rev. D, 78: 111103 (2008),
arXiv:0807.3203
18 L. Zhan, Y. Wang, J. Cao et al, Phys. Rev. D, 79: 073007 (2009),
arXiv:0901.2976
19 Y.F.Lij J. Cao, Y. Wang et al, Phys. Rev. D, 88: 013008 (2013),

arXiv:1303.6733

20 H. Nunokawa, S. J. Parke, and R. Zukanovich Funchal, Phys.
Rev. D, 72: 013009 (2005), arXiv:hepph/0503283

21 M. Ribordy and A. Y. Smirnov, Phys. Rev. D, 87(11): 113007
(2013), arXiv:1303.0758

22 A. S. Dighe and A. Y. Smirnov, Phys. Rev. D, 62: 033007
(2000), arXiv:hep-ph/9907423

23 C. Lunardini and A. Y. Smirnov, JCAP, 0306: 009 (2003),
arXiv:hep-ph/0302033

24 A. S. Dighe, M. T. Keil, and G. G. Raffelt, JCAP, 0306: 005
(2003), arXiv:hep-ph/0303210

25 H. Duan, G. M. Fuller, J. Carlson et al, Phys. Rev. Lett., 99:
241802 (2007), arXiv:0707.0290

26 B. Dasgupta, A. Dighe, and A. Mirizzi, Phys. Rev. Lett., 101:
171801 (2008), arXiv:0802.1481

27 P.D. Serpico, S. Chakraborty, T. Fischer et al, Phys. Rev. D, 85:
085031 (2012), arXiv:1111.4483

28 K. C.Lai, F. F. Lee, F. S. Lee et al, JCAP, 1607(07): 039 (2016),
arXiv:1603.00692

29 K. Scholberg, arXiv: 1707.06384

30 K. Kyutoku and K. Kashiyama, Phys. Rev. D, 97(10): 103001
(2018), arXiv:1710.05922[astro-ph.HE]

31 K. Hirata et al (Kamiokande-II Collaboration), Phys. Rev. Lett.,
58: 1490 (1987)

32 R. M. Bionta et al, Phys. Rev. Lett., 58: 1494 (1987)

33 M. G. Aartsen et al (IceCube Collaboration), arXiv: 1412.5106

34 K. Abeetal, arXiv: 1109.3262

35 F. An et al (JUNO Collaboration), J. Phys. G, 43(3): 030401
(2016), arXiv:1507.05613

36 S. Adrian-Martinez et al (KM3Net Collaboration), J. Phys. G,
43(8): 084001 (2016), arXiv:1601.07459

37 G.T. Zatsepin, Pisma Zh. Eksp. Teor. Fiz., 8: 333 (1968)

38 C.D. Ott et al, Astrophys. J., 768: 115 (2013), arXiv:1210.6674

39 S. M. Couch and E. P. O’Connor, Astrophys. J., 785: 123 (2014),
arXiv:1310.5728

40 T. Takiwaki, K. Kotake and Y. Suwa, Astrophys. J., 786: 83
(2014), arXiv:1308.5755

41 S. W. Bruenn et al, Astrophys. J,
arXiv:1212.1747

767: L6 (2013),

095102-14


http://dx.doi.org/10.1103/PhysRevLett.81.1562
http://dx.doi.org/10.1103/PhysRevLett.81.1562
https://arxiv.org/abs/9807003
http://dx.doi.org/10.1103/PhysRevLett.86.5651
http://dx.doi.org/10.1103/PhysRevLett.86.5651
https://arxiv.org/abs/0103032
http://dx.doi.org/10.1103/PhysRevLett.87.071301
https://arxiv.org/abs/0106015
http://dx.doi.org/10.1103/PhysRevLett.89.011301
https://arxiv.org/abs/0204008
http://dx.doi.org/10.1103/PhysRevLett.90.021802
https://arxiv.org/abs/0212021
http://dx.doi.org/10.1103/PhysRevLett.97.191801
https://arxiv.org/abs/0607088
http://dx.doi.org/10.1103/PhysRevLett.107.041801
https://arxiv.org/abs/1106.2822
http://dx.doi.org/10.1103/PhysRevLett.107.181802
https://arxiv.org/abs/1108.0015
http://dx.doi.org/10.1103/PhysRevLett.108.171803
https://arxiv.org/abs/1203.1669
http://dx.doi.org/10.1103/PhysRevLett.108.191802
https://arxiv.org/abs/1204.0626
http://dx.doi.org/10.1103/PhysRevD.86.052008
https://arxiv.org/abs/1207.6632
http://dx.doi.org/10.1103/PhysRevD.72.033003
https://arxiv.org/abs/0504026
http://dx.doi.org/10.1016/S0370-2693(02)01591-5
https://arxiv.org/abs/0112074
http://dx.doi.org/10.1103/PhysRevD.68.113006
https://arxiv.org/abs/0306017
http://dx.doi.org/10.1103/PhysRevD.78.071302
https://arxiv.org/abs/0612022
http://dx.doi.org/10.1103/PhysRevD.78.111103
https://arxiv.org/abs/0807.3203
http://dx.doi.org/10.1103/PhysRevD.79.073007
https://arxiv.org/abs/0901.2976
http://dx.doi.org/10.1103/PhysRevD.88.013008
https://arxiv.org/abs/1303.6733
http://dx.doi.org/10.1103/PhysRevD.72.013009
http://dx.doi.org/10.1103/PhysRevD.72.013009
https://arxiv.org/abs/0503283
http://dx.doi.org/10.1103/PhysRevD.87.113007
https://arxiv.org/abs/1303.0758
http://dx.doi.org/10.1103/PhysRevD.62.033007
https://arxiv.org/abs/9907423
https://arxiv.org/abs/0302033
https://arxiv.org/abs/0303210
http://dx.doi.org/10.1103/PhysRevLett.99.241802
https://arxiv.org/abs/0707.0290
http://dx.doi.org/10.1103/PhysRevLett.101.171801
https://arxiv.org/abs/0802.1481
http://dx.doi.org/10.1103/PhysRevD.85.085031
https://arxiv.org/abs/1111.4483
https://arxiv.org/abs/1603.00692
http://dx.doi.org/10.1103/PhysRevD.97.103001
https://arxiv.org/abs/1710.05922[astro-ph.HE]
http://dx.doi.org/10.1103/PhysRevLett.58.1490
http://dx.doi.org/10.1103/PhysRevLett.58.1494
http://dx.doi.org/10.1088/0954-3899/43/3/030401
https://arxiv.org/abs/1507.05613
http://dx.doi.org/10.1088/0954-3899/43/8/084001
https://arxiv.org/abs/1601.07459
http://dx.doi.org/10.1088/0004-637X/768/2/115
https://arxiv.org/abs/1210.6674
http://dx.doi.org/10.1088/0004-637X/785/2/123
https://arxiv.org/abs/1310.5728
http://dx.doi.org/10.1088/0004-637X/786/2/83
https://arxiv.org/abs/1308.5755
http://dx.doi.org/10.1088/2041-8205/767/1/L6
https://arxiv.org/abs/1212.1747
http://dx.doi.org/10.1103/PhysRevLett.81.1562
http://dx.doi.org/10.1103/PhysRevLett.81.1562
https://arxiv.org/abs/9807003
http://dx.doi.org/10.1103/PhysRevLett.86.5651
http://dx.doi.org/10.1103/PhysRevLett.86.5651
https://arxiv.org/abs/0103032
http://dx.doi.org/10.1103/PhysRevLett.87.071301
https://arxiv.org/abs/0106015
http://dx.doi.org/10.1103/PhysRevLett.89.011301
https://arxiv.org/abs/0204008
http://dx.doi.org/10.1103/PhysRevLett.90.021802
https://arxiv.org/abs/0212021
http://dx.doi.org/10.1103/PhysRevLett.97.191801
https://arxiv.org/abs/0607088
http://dx.doi.org/10.1103/PhysRevLett.107.041801
https://arxiv.org/abs/1106.2822
http://dx.doi.org/10.1103/PhysRevLett.107.181802
https://arxiv.org/abs/1108.0015
http://dx.doi.org/10.1103/PhysRevLett.108.171803
https://arxiv.org/abs/1203.1669
http://dx.doi.org/10.1103/PhysRevLett.108.191802
https://arxiv.org/abs/1204.0626
http://dx.doi.org/10.1103/PhysRevD.86.052008
https://arxiv.org/abs/1207.6632
http://dx.doi.org/10.1103/PhysRevD.72.033003
https://arxiv.org/abs/0504026
http://dx.doi.org/10.1016/S0370-2693(02)01591-5
https://arxiv.org/abs/0112074
http://dx.doi.org/10.1103/PhysRevD.68.113006
https://arxiv.org/abs/0306017
http://dx.doi.org/10.1103/PhysRevD.78.071302
https://arxiv.org/abs/0612022
http://dx.doi.org/10.1103/PhysRevD.78.111103
https://arxiv.org/abs/0807.3203
http://dx.doi.org/10.1103/PhysRevD.79.073007
https://arxiv.org/abs/0901.2976
http://dx.doi.org/10.1103/PhysRevD.88.013008
https://arxiv.org/abs/1303.6733
http://dx.doi.org/10.1103/PhysRevD.72.013009
http://dx.doi.org/10.1103/PhysRevD.72.013009
https://arxiv.org/abs/0503283
http://dx.doi.org/10.1103/PhysRevD.87.113007
https://arxiv.org/abs/1303.0758
http://dx.doi.org/10.1103/PhysRevD.62.033007
https://arxiv.org/abs/9907423
https://arxiv.org/abs/0302033
https://arxiv.org/abs/0303210
http://dx.doi.org/10.1103/PhysRevLett.99.241802
https://arxiv.org/abs/0707.0290
http://dx.doi.org/10.1103/PhysRevLett.101.171801
https://arxiv.org/abs/0802.1481
http://dx.doi.org/10.1103/PhysRevD.85.085031
https://arxiv.org/abs/1111.4483
https://arxiv.org/abs/1603.00692
http://dx.doi.org/10.1103/PhysRevD.97.103001
https://arxiv.org/abs/1710.05922[astro-ph.HE]
http://dx.doi.org/10.1103/PhysRevLett.58.1490
http://dx.doi.org/10.1103/PhysRevLett.58.1494
http://dx.doi.org/10.1088/0954-3899/43/3/030401
https://arxiv.org/abs/1507.05613
http://dx.doi.org/10.1088/0954-3899/43/8/084001
https://arxiv.org/abs/1601.07459
http://dx.doi.org/10.1088/0004-637X/768/2/115
https://arxiv.org/abs/1210.6674
http://dx.doi.org/10.1088/0004-637X/785/2/123
https://arxiv.org/abs/1310.5728
http://dx.doi.org/10.1088/0004-637X/786/2/83
https://arxiv.org/abs/1308.5755
http://dx.doi.org/10.1088/2041-8205/767/1/L6
https://arxiv.org/abs/1212.1747

Chinese Physics C Vol. 43, No. 9 (2019) 095102

43

44

45

46

47

48

49

50

51

52

53

54

62

63

64

A. Mezzacappa, M. Liebendoerfer, O. E. B. Messer et al, Phys.
Rev. Lett., 86: 1935 (2001), arXiv:astro-ph/0005366

M. Liebendoerfer, O. E. B. Messer, A. Mezzacappa et al,
Astrophys. J. Suppl., 150: 263 (2004), arXiv:astro-ph/0207036

A. Marek, H. Dimmelmeier, H.-T. Janka et al, Astron.
Astrophys., 445: 273 (2006), arXiv:astro-ph/0502161

E. J. Lentz, A. Mezzacappa, O. E. Bronson Messer et al,
Astrophys. J., 747: 73 (2012), arXiv:1112.3595

M. Hempel, T. Fischer, J. Schaffner-Bielich et al, Astrophys. J.,
748: 70 (2012), arXiv:1108.0848

T. Kuroda, K. Kotake, and T. Takiwaki, Astrophys. J., 755: 11
(2012), arXiv:1202.2487

R. Buras, M. Rampp, H.-T. Janka et al, Astron. Astrophys., 447:
1049 (2006), arXiv:astro-ph/0507135

R. Buras, H. T. Janka, M. Rampp et al, Astron. Astrophys., 457:
281 (2006), arXiv:astro-ph/0512189

M. Liebendoerfer, M. Rampp, H.-T. Janka et al, Astrophys. J.,
620: 840 (2005), arXiv:astro-ph/0310662

T. Fischer, S. C. Whitehouse, A. Mezzacappa et al, Astron.
Astrophys., 499: 1 (2009), arXiv:0809.5129

S. E. Woosley, A. Heger, and T. A. Weaver, Rev. Mod. Phys.,
74: 1015 (2002)

J. F. Beacom, R. N. Boyd, and A. Mezzacappa, Phys. Rev. D, 63:
073011 (2001), arXiv:astroph/0010398

A. Mirizzi, I. Tamborra, H. T. Janka et al, Riv. Nuovo Cim.,
39(1-2): 1 (2016), arXiv:1508.00785

H.-T. Janka, arXiv: 1702.08713

S. P. Mikheev and A. Y. Smirnov, Sov. J. Nucl. Phys. 42,
913(1985) [Yad. Fiz. 42, 1441(1985)]

L. Wolfenstein, Phys. Rev. D, 17: 2369 (1978)

J. T. Pantaleone, Phys. Rev. D, 46: 510 (1992)

S. Samuel, Phys. Rev. D, 48: 1462 (1993)

H. Duan, G. M. Fuller, and Y. Z. Qian, Phys. Rev. D, 74: 123004
(2006), arXiv:astro-ph/0511275

H. Duan, G. M. Fuller, J. Carlson et al, Phys. Rev. D, 74: 105014
(20006), arXiv:astroph/0606616

H. Duan, G. M. Fuller, and Y. Z. Qian, Ann. Rev. Nucl. Part.
Sci., 60: 569 (2010), arXiv:1001.2799

S. Chakraborty, R. Hansen, 1. Izaguirre et al, Nucl. Phys. B, 908:
366 (2016), arXiv:1602.02766

H. Duan, G. M. Fuller, J. Carlson et al, Phys. Rev. Lett., 100:
021101 (2008), arXiv:0710.1271

65

66

67

68

69

70
71

72

73

74
75

76

71

78

79

80

81

82

83

84

85

86

095102-15

B. Dasgupta, A. Dighe, A. Mirizzi et al, Phys. Rev. D, 77:
113007 (2008), arXiv:0801.1660

J. F. Cherry, G. M. Fuller, J. Carlson et al, Phys. Rev. D, 82:
085025 (2010), arXiv:1006.2175

M. T. Keil, G. G. Raffelt, and H. T. Janka, Astrophys. J., 590:
971 (2003), arXiv:astro-ph/0208035

I. Tamborra, B. Muller, L. Hudepohl et al, Phys. Rev. D, 86:
125031 (2012), arXiv:1211.3920

I. Tamborra, G. Raffelt, F. Hanke et al, Phys. Rev. D, 90(4):
045032 (2014), arXiv:1406.0006

S. Weinberg, Phys. Rev. D, 5: 1412 (1972)

J. F. Beacom, W. M. Farr, and P. Vogel, Phys. Rev. D, 66:
033001 (2002), arXiv:hep-ph/0205220

B. Dasgupta and J. F. Beacom, Phys. Rev. D, 83: 113006 (2011),
arXiv:1103.2768

J.S. Lu, Y. F. Li, and S. Zhou, Phys. Rev. D, 94(2): 023006
(2016), arXiv:1605.07803

G. ’t Hooft, Phys. Lett. B, 37: 195 (1971)

W. J. Marciano and Z. Parsa, J. Phys. G, 29: 2629 (2003),
arXiv:hep-ph/0403168

M. Fukugita, Y. Kohyama, and K. Kubodera, Phys. Lett. B, 212:
139 (1988)

E. Giusarma, M. Gerbino, O. Mena et al, Phys. Rev. D, 94(8):
083522 (2016), arXiv:1605.04320

E. Di Valentino, E. Giusarma, O. Mena et al, Phys. Rev. D, 93(8):
083527 (2016), arXiv:1511.00975

A. Strumia and F. Vissani, Phys. Lett. B, 564: 42 (2003),
arXiv:astro-ph/0302055

P. Vogel and J. F. Beacom, Phys. Rev. D, 60: 053003 (1999),
arXiv:hep-ph/9903554

S. Chakraborty, T. Fischer, A. Mirizzi et al, Phys. Rev. Lett., 107:
151101 (2011), arXiv:1104.4031

S. Chakraborty, T. Fischer, A. Mirizzi et al, Phys. Rev. D, 84:
025002 (2011), arXiv:1105.1130

S. Sarikas, G. G. Raffelt, L. Hudepohl et al, Phys. Rev. Lett., 108:
061101 (2012), arXiv:1109.3601

K. Nakazato, K. Sumiyoshi, H. Suzuki et al, Astrophys. J. Suppl.,
205: 2 (2013), arXiv:1210.6841

S. M. Adams, C. S. Kochanek, J. F. Beacom et al, Astrophys. J.,
778: 164 (2013), arXiv:1306.0559[astro-ph.HE]

S. Ando, J. F. Beacom, and H. Yuksel, Phys. Rev. Lett., 95:
171101 (2005), arXiv:astro-ph/0503321


http://dx.doi.org/10.1103/PhysRevLett.86.1935
http://dx.doi.org/10.1103/PhysRevLett.86.1935
https://arxiv.org/abs/0005366
http://dx.doi.org/10.1086/apjs.2004.150.issue-1
https://arxiv.org/abs/0207036
http://dx.doi.org/10.1051/0004-6361:20052840
http://dx.doi.org/10.1051/0004-6361:20052840
https://arxiv.org/abs/0502161
http://dx.doi.org/10.1088/0004-637X/747/1/73
https://arxiv.org/abs/1112.3595
http://dx.doi.org/10.1088/0004-637X/748/1/70
https://arxiv.org/abs/1108.0848
http://dx.doi.org/10.1088/0004-637X/755/1/11
https://arxiv.org/abs/1202.2487
http://dx.doi.org/10.1051/0004-6361:20053783
https://arxiv.org/abs/0507135
http://dx.doi.org/10.1051/0004-6361:20054654
https://arxiv.org/abs/0512189
http://dx.doi.org/10.1086/apj.2005.620.issue-2
https://arxiv.org/abs/0310662
http://dx.doi.org/10.1051/0004-6361/200811055
http://dx.doi.org/10.1051/0004-6361/200811055
https://arxiv.org/abs/0809.5129
http://dx.doi.org/10.1103/RevModPhys.74.1015
http://dx.doi.org/10.1103/PhysRevD.63.073011
https://arxiv.org/abs/0010398
https://arxiv.org/abs/1508.00785
http://dx.doi.org/10.1103/PhysRevD.17.2369
http://dx.doi.org/10.1103/PhysRevD.48.1462
http://dx.doi.org/10.1103/PhysRevD.74.123004
https://arxiv.org/abs/0511275
http://dx.doi.org/10.1103/PhysRevD.74.105014
https://arxiv.org/abs/0606616
http://dx.doi.org/10.1146/annurev.nucl.012809.104524
http://dx.doi.org/10.1146/annurev.nucl.012809.104524
https://arxiv.org/abs/1001.2799
http://dx.doi.org/10.1016/j.nuclphysb.2016.02.012
https://arxiv.org/abs/1602.02766
http://dx.doi.org/10.1103/PhysRevLett.100.021101
https://arxiv.org/abs/0710.1271
http://dx.doi.org/10.1103/PhysRevD.77.113007
https://arxiv.org/abs/0801.1660
http://dx.doi.org/10.1103/PhysRevD.82.085025
https://arxiv.org/abs/1006.2175
http://dx.doi.org/10.1086/apj.2003.590.issue-2
https://arxiv.org/abs/0208035
http://dx.doi.org/10.1103/PhysRevD.86.125031
https://arxiv.org/abs/1211.3920
http://dx.doi.org/10.1103/PhysRevD.90.045032
https://arxiv.org/abs/1406.0006
http://dx.doi.org/10.1103/PhysRevD.5.1412
http://dx.doi.org/10.1103/PhysRevD.66.033001
https://arxiv.org/abs/0205220
http://dx.doi.org/10.1103/PhysRevD.83.113006
https://arxiv.org/abs/1103.2768
http://dx.doi.org/10.1103/PhysRevD.94.023006
https://arxiv.org/abs/1605.07803
http://dx.doi.org/10.1088/0954-3899/29/11/013
https://arxiv.org/abs/0403168
http://dx.doi.org/10.1016/0370-2693(88)90513-8
http://dx.doi.org/10.1103/PhysRevD.94.083522
https://arxiv.org/abs/1605.04320
http://dx.doi.org/10.1103/PhysRevD.93.083527
https://arxiv.org/abs/1511.00975
http://dx.doi.org/10.1016/S0370-2693(03)00616-6
https://arxiv.org/abs/0302055
http://dx.doi.org/10.1103/PhysRevD.60.053003
https://arxiv.org/abs/9903554
http://dx.doi.org/10.1103/PhysRevLett.107.151101
https://arxiv.org/abs/1104.4031
http://dx.doi.org/10.1103/PhysRevD.84.025002
https://arxiv.org/abs/1105.1130
http://dx.doi.org/10.1103/PhysRevLett.108.061101
https://arxiv.org/abs/1109.3601
http://dx.doi.org/10.1088/0067-0049/205/1/2
https://arxiv.org/abs/1210.6841
http://dx.doi.org/10.1088/0004-637X/778/2/164
https://arxiv.org/abs/1306.0559[astro-ph.HE]
http://dx.doi.org/10.1103/PhysRevLett.95.171101
https://arxiv.org/abs/0503321
http://dx.doi.org/10.1103/PhysRevLett.86.1935
http://dx.doi.org/10.1103/PhysRevLett.86.1935
https://arxiv.org/abs/0005366
http://dx.doi.org/10.1086/apjs.2004.150.issue-1
https://arxiv.org/abs/0207036
http://dx.doi.org/10.1051/0004-6361:20052840
http://dx.doi.org/10.1051/0004-6361:20052840
https://arxiv.org/abs/0502161
http://dx.doi.org/10.1088/0004-637X/747/1/73
https://arxiv.org/abs/1112.3595
http://dx.doi.org/10.1088/0004-637X/748/1/70
https://arxiv.org/abs/1108.0848
http://dx.doi.org/10.1088/0004-637X/755/1/11
https://arxiv.org/abs/1202.2487
http://dx.doi.org/10.1051/0004-6361:20053783
https://arxiv.org/abs/0507135
http://dx.doi.org/10.1051/0004-6361:20054654
https://arxiv.org/abs/0512189
http://dx.doi.org/10.1086/apj.2005.620.issue-2
https://arxiv.org/abs/0310662
http://dx.doi.org/10.1051/0004-6361/200811055
http://dx.doi.org/10.1051/0004-6361/200811055
https://arxiv.org/abs/0809.5129
http://dx.doi.org/10.1103/RevModPhys.74.1015
http://dx.doi.org/10.1103/PhysRevD.63.073011
https://arxiv.org/abs/0010398
https://arxiv.org/abs/1508.00785
http://dx.doi.org/10.1103/PhysRevD.17.2369
http://dx.doi.org/10.1103/PhysRevD.48.1462
http://dx.doi.org/10.1103/PhysRevD.74.123004
https://arxiv.org/abs/0511275
http://dx.doi.org/10.1103/PhysRevD.74.105014
https://arxiv.org/abs/0606616
http://dx.doi.org/10.1146/annurev.nucl.012809.104524
http://dx.doi.org/10.1146/annurev.nucl.012809.104524
https://arxiv.org/abs/1001.2799
http://dx.doi.org/10.1016/j.nuclphysb.2016.02.012
https://arxiv.org/abs/1602.02766
http://dx.doi.org/10.1103/PhysRevLett.100.021101
https://arxiv.org/abs/0710.1271
http://dx.doi.org/10.1103/PhysRevD.77.113007
https://arxiv.org/abs/0801.1660
http://dx.doi.org/10.1103/PhysRevD.82.085025
https://arxiv.org/abs/1006.2175
http://dx.doi.org/10.1086/apj.2003.590.issue-2
https://arxiv.org/abs/0208035
http://dx.doi.org/10.1103/PhysRevD.86.125031
https://arxiv.org/abs/1211.3920
http://dx.doi.org/10.1103/PhysRevD.90.045032
https://arxiv.org/abs/1406.0006
http://dx.doi.org/10.1103/PhysRevD.5.1412
http://dx.doi.org/10.1103/PhysRevD.66.033001
https://arxiv.org/abs/0205220
http://dx.doi.org/10.1103/PhysRevD.83.113006
https://arxiv.org/abs/1103.2768
http://dx.doi.org/10.1103/PhysRevD.94.023006
https://arxiv.org/abs/1605.07803
http://dx.doi.org/10.1088/0954-3899/29/11/013
https://arxiv.org/abs/0403168
http://dx.doi.org/10.1016/0370-2693(88)90513-8
http://dx.doi.org/10.1103/PhysRevD.94.083522
https://arxiv.org/abs/1605.04320
http://dx.doi.org/10.1103/PhysRevD.93.083527
https://arxiv.org/abs/1511.00975
http://dx.doi.org/10.1016/S0370-2693(03)00616-6
https://arxiv.org/abs/0302055
http://dx.doi.org/10.1103/PhysRevD.60.053003
https://arxiv.org/abs/9903554
http://dx.doi.org/10.1103/PhysRevLett.107.151101
https://arxiv.org/abs/1104.4031
http://dx.doi.org/10.1103/PhysRevD.84.025002
https://arxiv.org/abs/1105.1130
http://dx.doi.org/10.1103/PhysRevLett.108.061101
https://arxiv.org/abs/1109.3601
http://dx.doi.org/10.1088/0067-0049/205/1/2
https://arxiv.org/abs/1210.6841
http://dx.doi.org/10.1088/0004-637X/778/2/164
https://arxiv.org/abs/1306.0559[astro-ph.HE]
http://dx.doi.org/10.1103/PhysRevLett.95.171101
https://arxiv.org/abs/0503321
http://dx.doi.org/10.1103/PhysRevLett.86.1935
http://dx.doi.org/10.1103/PhysRevLett.86.1935
https://arxiv.org/abs/0005366
http://dx.doi.org/10.1086/apjs.2004.150.issue-1
https://arxiv.org/abs/0207036
http://dx.doi.org/10.1051/0004-6361:20052840
http://dx.doi.org/10.1051/0004-6361:20052840
https://arxiv.org/abs/0502161
http://dx.doi.org/10.1088/0004-637X/747/1/73
https://arxiv.org/abs/1112.3595
http://dx.doi.org/10.1088/0004-637X/748/1/70
https://arxiv.org/abs/1108.0848
http://dx.doi.org/10.1088/0004-637X/755/1/11
https://arxiv.org/abs/1202.2487
http://dx.doi.org/10.1051/0004-6361:20053783
https://arxiv.org/abs/0507135
http://dx.doi.org/10.1051/0004-6361:20054654
https://arxiv.org/abs/0512189
http://dx.doi.org/10.1086/apj.2005.620.issue-2
https://arxiv.org/abs/0310662
http://dx.doi.org/10.1051/0004-6361/200811055
http://dx.doi.org/10.1051/0004-6361/200811055
https://arxiv.org/abs/0809.5129
http://dx.doi.org/10.1103/RevModPhys.74.1015
http://dx.doi.org/10.1103/PhysRevD.63.073011
https://arxiv.org/abs/0010398
https://arxiv.org/abs/1508.00785
http://dx.doi.org/10.1103/PhysRevD.17.2369
http://dx.doi.org/10.1103/PhysRevD.48.1462
http://dx.doi.org/10.1103/PhysRevD.74.123004
https://arxiv.org/abs/0511275
http://dx.doi.org/10.1103/PhysRevD.74.105014
https://arxiv.org/abs/0606616
http://dx.doi.org/10.1146/annurev.nucl.012809.104524
http://dx.doi.org/10.1146/annurev.nucl.012809.104524
https://arxiv.org/abs/1001.2799
http://dx.doi.org/10.1016/j.nuclphysb.2016.02.012
https://arxiv.org/abs/1602.02766
http://dx.doi.org/10.1103/PhysRevLett.100.021101
https://arxiv.org/abs/0710.1271
http://dx.doi.org/10.1103/PhysRevD.77.113007
https://arxiv.org/abs/0801.1660
http://dx.doi.org/10.1103/PhysRevD.82.085025
https://arxiv.org/abs/1006.2175
http://dx.doi.org/10.1086/apj.2003.590.issue-2
https://arxiv.org/abs/0208035
http://dx.doi.org/10.1103/PhysRevD.86.125031
https://arxiv.org/abs/1211.3920
http://dx.doi.org/10.1103/PhysRevD.90.045032
https://arxiv.org/abs/1406.0006
http://dx.doi.org/10.1103/PhysRevD.5.1412
http://dx.doi.org/10.1103/PhysRevD.66.033001
https://arxiv.org/abs/0205220
http://dx.doi.org/10.1103/PhysRevD.83.113006
https://arxiv.org/abs/1103.2768
http://dx.doi.org/10.1103/PhysRevD.94.023006
https://arxiv.org/abs/1605.07803
http://dx.doi.org/10.1088/0954-3899/29/11/013
https://arxiv.org/abs/0403168
http://dx.doi.org/10.1016/0370-2693(88)90513-8
http://dx.doi.org/10.1103/PhysRevD.94.083522
https://arxiv.org/abs/1605.04320
http://dx.doi.org/10.1103/PhysRevD.93.083527
https://arxiv.org/abs/1511.00975
http://dx.doi.org/10.1016/S0370-2693(03)00616-6
https://arxiv.org/abs/0302055
http://dx.doi.org/10.1103/PhysRevD.60.053003
https://arxiv.org/abs/9903554
http://dx.doi.org/10.1103/PhysRevLett.107.151101
https://arxiv.org/abs/1104.4031
http://dx.doi.org/10.1103/PhysRevD.84.025002
https://arxiv.org/abs/1105.1130
http://dx.doi.org/10.1103/PhysRevLett.108.061101
https://arxiv.org/abs/1109.3601
http://dx.doi.org/10.1088/0067-0049/205/1/2
https://arxiv.org/abs/1210.6841
http://dx.doi.org/10.1088/0004-637X/778/2/164
https://arxiv.org/abs/1306.0559[astro-ph.HE]
http://dx.doi.org/10.1103/PhysRevLett.95.171101
https://arxiv.org/abs/0503321

