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The detection of high-energy neutrino coincident with the blazar TXS 0506 + 056 provides a unique
opportunity to test Lorentz invariance violation (LIV) in the neutrino sector. Thanks to the precisely
measured redshift, i.e., z = 0.3365, the comoving distance of the neutrino source is determined. In this
work, we obtain and discuss the constraints on the superluminal neutrino velocity §, and the LIV by
considering the energy loss of superluminal neutrino during propagation. Given superluminal electron
velocity (6, > 0), a very stringent constraint on superluminal neutrino velocity can be reached, i.e.,
5, < 1.3 x 107'8, corresponding to the quantum gravity (QG) scale Mog, 2 5.7 % 10° Mp, and Mac2 2
9.3 x 107® My, for linear (quadratic) LIV, which are ~12 orders of magnitude tighter for linear LIV and
~9 orders tighter for quadratic LIV compared to the time-of-flight constraint from MeV neutrinos of SN
1987A. While given the subluminal electron velocity, a weaker constraint on the superluminal neutrino
velocity is obtained, i.e., 5, < 8 x 1077, which is consistent with the conclusions of previous works. We
also study the neutrino detection probability due to the distortion of neutrino spectral shape during

propagation, which gives slightly weaker constraints than above by a factor of ~2.
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I. INTRODUCTION

Lorentz invariance (LI) is the cornerstone of the con-
temporary theories of fundamental physics, whereas
Lorentz invariance may be violated in some candidate
theories of quantum gravity (QG) [1,2]. Thus, placing
constraints on Lorentz invariance violation (LIV) becomes
important to probe the structure of space-time on the Planck
scale Mp = 1.22 x 10" GeV. However, it is a huge
challenge to test LIV on the Planck scale for the terrestrial
experiments [3]. For this reason, high-energy astrophysical
particles are ideal tools to probe the tiny LIV. QG models
which postulate LIV imply a modification in the
energy (E) -momentum (p) dispersion relationship for a

particle of rest mass m,
E n
i) (n
QG,n

where the £ sign corresponds to superluminal or sub-
luminal propagation. Regarding the photon sector, the
current best limits obtained from the short GRB 090510,
according to the arriving time delay among the photons
with different energies, are respectively Mog; 2 7.5 Mp

E2:p2—|—m2:|:E2<
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and Mog, 2 1078 Mp, for linear (n = 1) and quadratic
(n = 2) LIV [4,5], while Ref. [6] argues such a conclusion
drawn from a single GRB may be not robust and based on a
systematic study of many sources they conclude the linear
LIV is around 0.01 — 0.1 Mp,. For the neutrino sector, the
generic neutrino LIV operators, at any mass dimension,
have been categorized in Ref. [7]. Constraints on linear and
quadratic LIV scales are derived as Mg, ; 2.2 x 107 Mp
and Mg, 2 3.8 x 1071° My for MeV neutrinos of super-
nova (SN) 1987A [8] and have been considered for
the high-energy astrophysical neutrinos observed by the
IceCube [9]. Besides, Ref. [10] analyzed the LIV for the
possible association (with a relatively low significance)
between a PeV neutrino and the gamma-ray flare activity
of blazar PKS B1424-418, and set constraints of
MQG,] Z 0.01 MP] and MQG.2 z 6 x 10_8 MPI'

In addition to constraints obtained by the time-of-flight
delay, in particular, based on an assumed distance of
extragalactic neutrino source, Ref. [11] have given con-
straints on the superluminal neutrino velocity and the LIV
for IceCube diffuse neutrinos by treating kinematically
allowed energy loss of superluminal neutrino arising from
vacuum pair production (v — vee™, see Sec. II), and
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TABLE I. Limits on superluminal neutrino velocity and LIV.
5" oy Mo (Mp) Mgg,(Mp)
0<6,<5%x1072! 1.3x 10718 57x10° 9.3 x107°
—8x10717<5, <0 8x 107V 94 1.2 x 107

5, <5% 1072 for 5, > 0 and |5,| < 8 x 10717 for §, < 0 are
from the constraints given in Ref. [12] based on the observation
of the Crab nebula.

concluded &, = v, — 1 S O(107'%), Mg, = 10° My and
M2 2 107 Mp,. Reference [12] derived §, Sfew x 10717
for IceCube PeV neutrino events and further, Ref. [13]
improved the constraint on superluminal neutrino velocity
to 5, < O(107%) by assuming that neutrino sources follow
the distribution of star forming rate.

Recently, a tracklike neutrino event IceCube-170922A
(hereafter, IC-170922A) with energy ~290 TeV was
reported in coincident with a flare of a blazar TXS 0506 +
056 both spatially and temporally, with a significance at 3¢
level [14]. The redshift of blazar TXS 0506 + 056 has been
measured precisely, i.e., z = 0.3365 [15], which provides a
unique opportunity to constrain the neutrino velocity, as
well as the LIV. Some works have used IC-170922A event
to constrain the neutrino velocity and the LIV by the time-
of-flight delay, e.g., Refs. [16—18]. In this work, we will
examine the constraints on the superluminal neutrino
velocity and the corresponding LIV due to the energy loss
of vacuum pair production process for IC-170922A event.
Our results are summarized in Table I.

II. CONSTRAINTS BY IC-170922A

For the specific case of superluminal neutrinos, three
energy loss processes that are otherwise kinematically
forbidden, would be allowed even in vacuo, namely, the
neutrino Cherenkov radiation (v — vy), the neutrino split-
ting (v — vww), and the bremsstrahlung of electron-positron
pairs (v — vee™) [19]. The energy of high-energy neutrino
will be depleted through these processes during the
propagation. Especially, electron-positron pair production
is the fastest energy loss process. We can define
o,=v,—-1, 6,=v,—1 and 6,=06,—-5, as in
Ref. [12], where ¢ =1 is the low energy velocity of light
in vacuo. For §, > 8, > 0, the process v — vee™ is kine-
matically allowed, which implies E, > m,+/2/6,, [20],
and then the energy loss per unit length determined by this
process can be written as (A = ¢ = 1)[19],

dE  25G2ESS,

E 6
T T 1.7 x 1077 <1—) 5, PeVGpe!,
x n

PeV
(2)

where G ~ 1.2 x 107 GeV~?2 is the Fermi coupling con-
stant. As a result, for a superluminal neutrino with a

terminal energy E7, the traveling distance L in the uni-
verse has an upper limit, namely, L < E/(dE/dx)|p_g,
so one has

5 <gdx 100 Er \7P(L T
e~ 1 PeV 1 Gpc '

We can obtain the constraint on o,, from the above
equation as long as the terminal energy of neutrino and the
traveling distance are known. The comoving distance is
D ~ 1.36 Gpc for a redshift z =0.3365 by adopting
Hy=67.8 km/s/Mpc, Q,, =0.308, Q, =0.692 [21].
For a specific distance of the source, the constraint on
0, 1s proportional to the terminal energy of the particle, i.e.,

Oy X E;S/ 3. Thus accordingly, for the IC-170922A event
with a conservative terminal energy ~183 TeV (the lower
limit of energy of IC-170922A reported in [14]), one has
5,0 < 1.3 x 1078, So we can obtain the constraint on §,
once 9, is derived. Reference [11] concluded a constraint
on §, based on the assumption §, > J,, while Ref. [12]
considered the possibility that the electron velocity may be
superluminal or subluminal. According to constraints on J,
given by Ref. [12] from the Crab nebula, for the constraint
on the superluminal electron velocity 0 < §, <5 x 10721,
we find that 6, ~§,, < 1.3 x 107'® for IC-170922A, and
for the constraint on the subluminal electron velocity
-8 x 10717 <5, < 0 [22], we find that &, = §,, + |5,] =
|6.] <8x 10717, Assuming the superluminal electron
velocity 8, > 0, the stringent constraint &, < 1.3 x 10718
could be ~9 orders of magnitude better than the time-of-
flight constraint from MeV neutrinos from SN 1987A.

The constraint on LIV can be translated by the constraint
on ¢, via the relation [11,24]

1 E n
=ty () 4)
2 MQG,n

where 4 sign corresponds to the superluminal or sub-
luminal propagation as in Eq. (1). So, for §, > 0, we find
for the IC-170922A event,

MQG.] z 5.7 x 103 Mp], MQG,Z z 9.3 x 10_6 Mp],

(5)
and for 6, <0, we find weaker constraints,

MQG,I z 94 MP]’ MQG,2 Z 1.2 x 10_6 MPl‘ (6)
The best constraints in this work on neutrino LIV, i.e.,
MQG,] Z 5.7 x 103 Mp] and MQG,229'3 X 10_6 Mpl, com-
pared to constraints from MeV neutrinos of SN 1987A, are
~12 orders of magnitude tighter for linear LIV and ~9
orders tighter for quadratic LIV (The neutronization peak
from SN may improve the constraints on LIV for MeV
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neutrinos of SN, see [25]). Note that our constraints on the
superluminal neutrino velocity and the LIV are comparable
with those given in Refs. [11], but an assumed distance of
neutrino source was adopted in their works due to the lack
of the exact distance information of neutrino emission.
Fortunately, the origin of IC-170922A is identified with a
correlation to the blazar TXS 0506 + 056 at a 3o signifi-
cance level, which allows us to constrain the superluminal
neutrino velocity and the LIV more reliably due to the
precise measurement of redshift.

However, although neutrinos would lose their energies
during propagations, a single neutrino, like IC-170922A,
could probably still penetrate through the quantum “gravity
media” and triggers luckily the alert of IceCube, inducing a
lucky detection. Due to the probability of lucky detection,
the estimation of Eq. (3) may be somewhat optimistic
because it is based on the typical energy loss length of
neutrino equal to the traveling distance. Actually, due to the
vacuum bremsstrahlung, the neutrino spectral shape arriv-
ing at the Earth should manifest as an exponential cutoff
feature. The integrated neutrino event expectation from the
neutrino spectrum on Earth can be smaller than 1 but some
neutrinos may survive to the Earth. Next, we evaluate the
above constraints by considering the neutrino spectral
distribution.

For the blazar TXS 0506 + 056, by adopting the
isotropic gamma-ray luminosity between 0.1 and
100 GeV as 1.3 x 10*7 ergs™! and 2.8 x 10* ergs~' for
~6 months period corresponding to the duration of the
high-energy gamma-ray flare and the whole observation
period of IceCube (i.e., 7.5 years) respectively [14],
the average integrated gamma-ray fluxes between
0.1 and 100 GeV are 3.3 x 107" ergcm™?s~' and
7.0 x 107" ergem™2s~! for two different time periods.
Based on the hadronic processes, either photomeson or pp
collision, we expect a comparable all-flavor neutrino flux
with the gamma-ray flux. The produced gamma-rays with
energies larger than TeV will be cascaded to lower energies
[28]. Besides the neutrino-related gamma-rays, some other
relevant processes, e.g., inverse Compton scattering at the
source, may contribute additionally the observed gamma-
ray flux. High-energy neutrinos can transfer a large fraction
of initial energy into e* pairs through v — vee® and
subsequently these high-energy e pairs can convert their
energies to the gamma-rays between ~GeV and ~100 GeV
through the additional electromagnetic cascades in the
cosmic environment [29]. As a result, the gamma-ray flux
between 0.1 and 100 GeV can be treated as the upper limit
of the neutrino flux.

Therefore, the upper limits of the intrinsic per-flavor
neutrino flux is then ~1.1 x 1071 ergem™2 57! and ~2.3 x
10~ ergcm™2 s~! for an emission period of 6 months (7.5
years), after considering the neutrino oscillation. The 90%
confidence level (CL) of the measured energy of IC-

170922A is 200 TeV — 7.5 PeV, given a spectral index
of —2 [14]. Invoking the neutrino vacuum bremsstrahlung,
in order to derive more conservative constraints, as in
Ref. [11], we adopt that the expected integrated (anti)muon
neutrino detection number can not be smaller than ~0.003
to guarantee (at ~30) the detection of IC-170922A, so one
has

Emax d
t / At (E) 9 5)4£ 2 0,003, (7)
Emin dE

where ¢ is the duration, A.x(E) is the effective area of
IceCube [30] and 7(E) = L/ (zz;z)-

Then, we find the constraint on §,, is only slightly
weaker than that given by Eq. (3) by a factor of ~1.8,
inducing slightly weaker constraints on Mg by a factor
of ~1.8 and Mg, by a factor of ~1.3. From Eq. (3), we
notice that the energy loss of neutrino is strongly dependent
on the neutrino energy, so we tried two other distributions
of neutrinos suggested in [14], one is with a index of —2.13
between 183 TeV and 4.3 PeV and the other is with a index
of —2.5 between 152 TeV and 2 PeV [31], and found the
weaker constraints on J,, than that given by Eq. (3) by a
factor of ~2.1 for the former case and a factor of ~2.9 for
latter case. This is because steeper indexes and smaller
lower limits of energies will make the neutrino energies
concentrate on the lower energy part and lose less energy
during propagation. Actually, Eq. (7) can be approximately
written as e”* < ~0.001, inducing a weak dependence
8,0 « (L/7)~'/3 instead of §,, « (L)~'/3 in Eq. (3). Since
7 1s at most with a value of ~few, which makes the change
of constraint small, the constraints obtained by Eq. (3) is
approximately valid.

III. CONCLUSIONS

The detection of high-energy neutrino event IC-170922A
in coincidence with the blazar TXS 0506 + 056 is the first
time in history to identify the direct correlation between the
high-energy neutrino and the astrophysical source at a
significance level of 36. Such a correlation allows us to
probe the fundamental physics, e.g., the neutrino velocity
and LIV. The resulting constraints on the superluminal
neutrino velocity and the LIV are summarized in Table L.

For the usual method to constrain the LIV by the time-of-
flight delay, the exact correlation between gamma-rays and
neutrinos is required, therefore the obtained results are
limited by the uncertainty of such a correlation. To avoid
these uncertainties, in Sec. II, we adopt a direct method,
i.e., considering neutrino energy loss during propagation.
For this method, the constraint on superluminal neutrino
velocity in this work can reach a level of §, < 1.3 x 107!3
by assuming the superluminal electron velocity o6, > 0.
The corresponding QG scales in the neutrino sector
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Mog, 2 5.7 x 10> Mp and Mg, 2 9.3 X 1070 My, are
~12 orders of magnitude tighter for linear LIV and
~9 orders tighter for quadratic LIV compared to the
time-of-flight constraint from MeV neutrinos of SN
1987A. In addition, for the subluminal electron velocity
0, < 0, the constraint on superluminal neutrino velocity is
determined by the limit of electron velocity, i.e., &, ~ |6,/
which gives a similar conclusion as in Ref. [12]. Taking the
possible lucky detection into account, we have calculated
the integrated neutrino detection number by considering the
distortion of the neutrino spectrum due to the vacuum
bremsstrahlung. We set a criterion that integrated neutrino
detection number should be larger than 0.003 to guarantee
(at ~30) the detection of IC-170922A and obtain the
constraints which are slightly weaker than above con-
straints by a factor of ~2.

For the neutrino source with a specific distance, the
constraint on the LIV is proportional to the energy of

neutrino and therefore if in the future the higher energy
neutrino is detected, a more stringent limit can be expected.
For the future EeV (10'® eV) neutrino experiments, e.g.,
ARA and ARIANNA [32,33], they have abilities to capture
very-high-energy cosmogenic neutrinos [34], which could
improve constraints on the superluminal neutrino velocity
and the LIV significantly.
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