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Characteristic patterns of cosmic neutrino spectrum reported by the IceCube Collaboration and long-
standing inconsistency between theory and experiment in muon anomalous magnetic moment are
simultaneously explained by an extra leptonic force mediated by a gauge field with a mass of the
MeV scale. With different assumptions for redshift distribution of cosmic neutrino sources, diffuse neutrino
flux is calculated with the scattering between cosmic neutrino and cosmic neutrino background through the
new leptonic force. Our analysis sheds light on a relation among lepton physics at the three different scales,
PeV, MeV, and eV, and provides possible clues to the distribution of sources of cosmic neutrino and also to

neutrino mass spectrum.
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I. INTRODUCTION

Astrophysics and neutrino physics entered a new era
after the discovery of high-energy cosmic neutrino events
observed by the IceCube Collaboration [1,2]. The follow-
up reports [3-6] with additional statistics uncover the
spectrum of cosmic neutrino in the energy range between
O(10) TeV and O(1) PeV. The reported spectrum shows
some remarkable features, for example, (i) the neutrino
flux diminishes steeply as the energy increases, and the
best-fit spectral index is s, = 2.5 [6]; and (ii) there is a
gap in the energy range between 400 TeV and 1 PeV [3,6].
The high spectral index is consequent on the sudden end
of the observed event spectrum at the high-energy edge
(E, =3 PeV) and high event rate at the low-energy bin
E, <100 TeV [4-9]. In contrast, in Refs. [10-12], it is also
pointed out that neutrino spectrum from standard hadro-
nuclear process (pp inelastic scattering) with the spectral
index higher than s, = 2.2 causes a serious conflict with the
gamma-ray observation at Fermi-LAT, if the spectrum does
not have cutoff at the low energy. The presence of the gap
may also urge reconsideration of the assumption of simple
power-law spectrum, which typically results from pp
reaction in the so-called cosmic-ray reservoir such as the
galaxy cluster. Although these features in the spectrum
have not been conclusive in statistics, plenty of attempts
have been made to reproduce them from the aspects of both
astrophysics [11-16] (for a review, see Ref. [17]) and
particle physics [18—49].
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In Refs. [40-47], the origin of the gap in the
observed spectrum was asked to the attenuation of cosmic
neutrino, which is caused by the scattering with cosmic
neutrino background (CvB) through a new interaction
between neutrinos, the so-called neutrino secret interaction
[50-52] ! nsucha scenario, the narrow width of the gap can
be explained by the resonant behavior of the scattering. In the
previous study [44], we introduced a new gauged leptonic
force to explain the gap and pointed out that the leptonic force
could simultaneously explain the disagreement between
theory and experiment in muon anomalous magnetic
moment. We improve in this paper our numerical method
and calculate diffuse neutrino flux, taking account of the
distribution of the source of cosmic neutrino with respect to
the redshift. Moreover, we search through the model param-
eter space to find a set of parameters that can reproduce not
only the gap but also the sharp edge at the upper end of the
cosmic neutrino spectrum. The existence of the edge is
expected to improve the fit of the spectrum with a lower value
of spectral index to the observation. Here we also discuss
constraints on the model, some of which were not considered
in our previous study, such as the neutrino-electron scattering
process, invisible decay of a light particle at colliders, big
bang nucleosynthesis (BBN), and supernova cooling.

The paper is organized as follows: In the second section,
we describe our model and illustrate parameter regions

'"The resonant neutrino-neutrino scattering mediated by the
standard model (SM) Z boson has been investigated in the
context of the Z-burst scenario to address ultrahigh-energy
cosmic neutrinos [53—-64]. For early works on the relation
between the secret interaction and new mediation fields, see,
e.g., Refs. [65-69]. The effect on the cosmic neutrino spectrum
from the scattering between neutrino and dark matter is discussed
in Refs. [45,47,70].
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relevant to the cosmic neutrino spectrum and muon
anomalous magnetic moment. We also discuss constraints
from laboratory experiments and cosmological and astro-
physical observations. Differential equations for diffuse
neutrino flux with the leptonic force are given in Sec. III.
The spectra calculated with different model parameters and
redshift distribution of cosmic neutrino sources are com-
pared with the observation in Sec. IV. Finally, we discuss
the relation between the characteristic features of the
cosmic neutrino spectrum and neutrino mass spectrum,
and also the distribution of sources of cosmic neutrino.

II. MODEL AND CONSTRAINTS

We extend the SM of particle physics with a massive
vector boson Z' that mediates a new leptonic force,

Eint =gz Qa/)’ [l_‘apr[)’ + 7Ray/) fR/;]Z,/m (1)

where L, and £, are a lepton doublet and a right-handed
charged lepton singlet with flavor a = {e, u, 7}, respec-
tively. We choose the flavor structure of the interaction as
Qs = diag(0,1,—1), which corresponds to the U(1)
gauge interaction associated with muon number minus
tau number (L# — L.) [71,72]. In this paper, we do not
discuss the details of the model, such as a mechanism of the
symmetry breaking.2 Instead, we handle the two parame-
ters, the coupling g, and the mass M, of the gauge boson,
as parameters that describe the model.

The interaction with neutrinos in Eq. (1) is expected to
produce the gap and the edge in the cosmic neutrino
spectrum through the resonant scattering with CvB. In the
resonant scattering process VcosmicVc,g — VP mediated by
7', only cosmic neutrinos having the energy corresponding
to the resonance energy E,, are selectively scattered off by
CvB on the way from its source to the IceCube [40—
44.46,47], which results in the gap around E,.. Here, E. is
given as

M2,
ErCS - Zmb(l + Z) (2)
where m,, stands for a mass of the target CvB and z is the
redshift parameter at which the scattering occurs. In Eq. (2),
the CuvB is assumed to be at rest. With an assumption of
m, = O(0.1) eV, the scale of M, can be estimated as
My = O(1-10) MeV for E., =1 PeV. Meanwhile, in
order to scatter a sufficient amount of cosmic neutrino
during the travel of O(1) Gpc, the size of the cross section
is required to be larger than ~1073° cm? at the resonance

2Although we do not fully describe the model Lagrangian, we
assume that the Yukawa sector also respects the symmetry, and it
is broken so as not to shift the mass eigenbasis of charged leptons,
i.e., the lepton flavor is not violated. The gauge symmetry and its
phenomenology have been discussed in Refs. [73-82].
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[40,41]. In the L, — L, model, the cross section near the
resonance is estimated as’

27 M2,
— M_225<1 - Z) (3)

7 §

O-res

by using a o-function approximation, where s = 2m_E,, is
the square of the center-of-mass energy in the limit of
small CvB momentum. The requirement to the cross
section turns out to be gy = O(107*). Putting it all
together, the model parameter region that is relevant to
the cosmic neutrino spectrum at the energy range around
1 PeV can be deduced as
g7 2 0(107%) and M, = O(1~10) MeV. (4)
The interaction with charged leptons (namely muons) in
Eq. (1) is responsible for an extra contribution to muon
anomalous magnetic moment. The measurement [83]
deviates from the SM predictions [84—87] by around 3c.
The extra contributions from various types of new physics
to fill this discrepancy have been intensively studied [88],
and also in the context of the L, — L, model [89]. The Z
contribution with the combinations of g, and M, indicated
with the red band in Fig. 1 successfully reproduces the
observed value of muon anomalous magnetic moment
within 2 errors. In Fig. 1, we also show some experimental
constraints (see below) on the model, which pin down the
model parameter region onto
gz ~0O(107%) at My = O(10) MeV. (5)
It is worth noting that this parameter region has some
overlap with the region Eq. (4) required to reproduce the
gap and the edge in the cosmic neutrino spectrum.

In the following, we summarize experimental constraints

on the L, — L, model.

(1) Neutrino trident production process: In the mass
region (M, < 100 MeV) we are working with, the
tightest constraint comes from searches for the
neutrino trident process: the production process of
a y~u" pair with a muon neutrino, which results
from the scattering of a muon neutrino from a target
nucleus. The process was observed at several neu-
trino beam experiments, e.g., the CHARM-II [90]
and the CCFR [91]. Since the reported results are in
good agreement with the SM prediction, which is
mediated by the Z and the W bosons, an additional
contribution to the process mediated by Z’, whose
amplitude is proportional to g%,, is strongly con-
strained. Indeed, the constraint on M, and g, was
recently evaluated in Ref. [92]. We adopt the

3In the numerical calculation, the scattering cross section in the
neutrino mass eigenbasis is used, cf. Egs. (7)—(8).
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FIG. 1. Relevant parameter region and the constraints. The red
band represents a parameter region favored by muon anomalous
magnetic moment within 2¢. The hatched region is excluded by
the lepton trident search at the CCFR experiment. The region
excluded by the measurement of ve — ve at Borexino is filled
with a gray color. The vertical dashed line stands for the lower
bound on M, from BBN. Two symbols + and X indicate
(My,g7,) = (11 MeV,5x10™) and (9 MeV,4 x 107%), re-
spectively, which are used in Sec. IV. See the text for details.

95% C.L. bound of the CCFR experiment, which is
shown in Fig. 1 as the hatched region.

(i1) Neutrino-electron scattering: Although the electron
is not charged under the L, — L, symmetry, Z’ can
interact with an electron through a kinetic mixing e
between Z’ and a photon, which is induced by loop
diagrams. The total contribution to the kinetic
mixing € in the L, — L, model is finite, and it is
estimated as

8 egy  m 9z
= In—=72x107"( —%— |,
oon] = 3T ™ om, = 2 (5 x 10

(6)

where e is the elementary electric charge. This leads
to an extra contribution to the elastic ve — ve
scattering signal in the solar neutrino measurement
at the Borexino experiment. The amplitude is
proportional to eegy /(q* —M2,), where ¢* is the
momentum transfer. The constraints from Borexino
are discussed in Refs. [93-95] in the context of
various different scenarios of new leptonic force.
Here, we interpret the bounds given in Ref. [93] with
those in the L, — L, model while taking account of
the fraction of mass eigenstates of solar neutrino,
which is given in Ref. [96]. In Fig. 1, the excluded
region is filled with a gray color. The measurement
of v — e elastic scattering at LSND [97] places a
similar bound to the coupling g, at M, = 10 MeV
(and a weaker bound at M, = 1 MeV) [95].

(iii) Beam dump experiments: Once the kinetic mixing
between a photon and Z' appears, Z' can be
produced on shell at beam dump experiments,

PHYSICAL REVIEW D 93, 013014 (2016)

whose production rate is O(e’e?). However, the
Z' immediately decays into the neutrino-antineutrino
channel in the L, — L, model. Therefore, the con-
straints from the search for e'e™ pairs at the
detectors located downstream of the beam dump,
such as E137 [98,99], are irrelevant for our scenario.

(iv) Invisible decay of a light particle: Since Z’ in this
framework decays dominantly to v, one of the
smoking-gun signals in collider experiments is a
light particle decaying to an invisible mode.
The kinetic mixing leads the on-shell production
of Z'. The process, eTe™ — yZ' — y + invisible, is
searched at BABAR [100], which sets the bound to
the coupling between the electron and Z’ at ~1073
[101]. Our reference choices of parameters satisfy
this condition.

(v) BBN: A constraint on M, is derived from BBN. If
7' is as light as the temperature at the era of BBN, its
existence increases the number of relativistic degrees
of freedom, N, and the success of the standard
BBN might be spoiled, which leads the lower bound
Mz z 1 MeV [102]. This condition is always sat-
isfied on the parameter region of our interest.
Nevertheless, Z' with a mass of O(10) MeV may
indirectly contribute to N through a raise in the
temperature of v, and v, [46]. In Fig. 1, we display
the lower bound on M, from the indirect contri-
bution with AN < 0.7 as the vertical dashed line,
which is taken from Ref. [46].

(vi) Other constraints and future improvement: There
exist many other experimental observations con-
straining the L, — L, model. Most of them, however,
are either irrelevant in the mass region we are
focusing on (i.e., M, < 100 MeV) or weaker than
the bounds discussed above. Here, we mention some
of them; searches for the SM Z boson decay to four
leptons at the LHC can be used to constrain the L, —
L. model [77,78]. However, it becomes insensitive
in the mass region below M, = 10 GeV [92] due to
the invariant mass cut for the same-flavor leptons.
Furthermore, Z’ alters the decay rates of Z, W, and
mesons, but constraints from them are weaker than
the CCFR bound [103,104]. The bound from a
precise measurement of cosmic microwave back-
ground anisotropy is much weaker than those dis-
cussed above, cf. Fig. 1 in [41] and discussion in
Refs. [105,106]

It should be noted that a severe constraint on gz possibly
arises from supernova neutrino observations [46]. The
existence of Z' with an MeV-scale mass interrupts free
streaming of v, and v, in the core, which could make the
diffusion time much longer than the estimation from the
standard supernova cooling process. To avoid possible
problems, an introduction of an additional invisible par-
ticle, e.g., the QCD axion, might be necessary.
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Apart from astrophysical/cosmological observations and
the constraints through the kinetic mixing term, a direct test
of a muonic force mediated by a boson with a sub-GeV
mass is planned at CERN SPS [107], which is expected to
improve the sensitivity to the coupling g, by orders of
magnitude and fully cover the parameter region referred
with Eqgs. (4)—(5). We expect that the trident events have
been recorded at near detectors in modern long-baseline
neutrino oscillation experiments, which may be accessible
in the present moment. This might already give us an
opportunity to explore the relevant parameter region.

ITI. DIFFUSE NEUTRINO FLUX

In order to calculate diffuse neutrino flux ¢, observed at
IceCube, we numerically solve the simultaneous partial
differential equations with respect to differential number
density 71, (E,, z) of cosmic neutrino v;, which are given in
Refs. [41,47,108]:

5‘(;7;[ :82_[) 4+ L, —cnegsiy, Zg D)
+cncDBZ / dE,, fi,, U"USZI_’ vib)
+ CnCyB%; A °° dE;, ity do (”k”;jzi—’ Vil_/), 7
6‘;1;,. 82 bny + L, — cncyBﬁDigg(piypr — D)
+ chDB; [E °° dE;, iis, do (v k”zzi—’ viv)

where i, j,k = {1,2,3} are the indices for neutrino mass
eigenstates. The time ¢ is related to redshift z as % =
—(1+ z)H(z). Following the discussion in Ref. [109], we
treat cosmic neutrino as an incoherent sum of mass
eigenstates. The first term on the right-hand side is
responsible for energy loss of cosmic neutrino, owing
to redshift, and the energy-loss rate b is given with
b = H(z)E,. The second term represents the influx from
sources of cosmic neutrino. In this study, we assume that
all sources provide the same spectrum of cosmic neutrino,
ie., L, (E,.z) is simply parametrized as £, (E,.z) =
W(z)Ly(E,,) with the cosmic neutrino spectrum Ly(E,)
from each source and the source distribution W(z) with
respect to redshift z. Here, the source distribution function is
assumed to be common for all the mass eigenstates of cosmic
neutrino. We adopt a power-law spectrum, which is char-
acterized by the spectral index s, and the cutoff energy E,:
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. E
Ly(E,) = QoE,™ exp [—El/ ] 9)

cut

where Q, is the normalization of the flux, which will be
adjusted so as to fit to the observed flux. This type of
spectrum typically results from hadronuclear process (pp
inelastic scattering) in the cosmic-ray reservoir, and the
values of s, and E_, are expected to be determined by
properties (acceleration rate, i.e., magnetic field and size
[110]) of the cosmic neutrino source. The flavor composi-
tion of cosmic neutrino from pp reaction is expected
tobe (v,, v, V130, Uy, 0;) = (1,2,0; 1,2,0) ateach source,
which leads to each mass eigenstate producing approxi-
mately with an equal rate, i.e., the normalization factor Qy is
assumed to be common to all the mass eigenstates in our
calculations. Although the sources of the PeV cosmic
neutrinos have not been identified yet, we assume the
following function inspired by the star formation rate
(SFR) [111] as a test distribution:

(1423 0<z<l,

10
(1427 1<z<4 (19)

W(z) = {

The third term represents the outflows caused by the
scattering process with CvB. Here, the cross section o is

|gjllzg%/ N
6 (s — M%) +M,I%°

U(l/iljj-:yB

(11)

> D) =

where 'y = g2, Mz /(127) is the total decay width of Z'.
The coupling g;; = g (U M)iaQapUy; is the coupling in the
mass eigenbasis, where U is the lepton mixing matrix. The
number density of cosmic neutrino background is given as
neyg = 56(1 + z)? /em? for each degree of freedom. The
constant ¢ appearing in the third, forth, and fifth terms is the
light speed. The forth and the fifth terms provide the influx
from the final states of the scattering process, the so-called
regeneration terms. The differential cross sections for
cosmic neutrino v; are calculated to be

do (5 — ;D) _ |72 g > o 2,
dE, 2 E
X ! (12)
(S - M%/)2 + M2/I“%/ ’
) B 93,1721 > my, (E,, — E,)?
dE,, B 27 E2,
1
(13)

X .
(s —M2%)* +M,T%,

For cosmic antineutrino 7;, the differential cross section for
the scattering process 7;05*® — D (yf*® — D) is the
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FIG. 2. Resonance energies as functions of the lightest neutrino mass. The mass M, of the leptonic gauge boson is taken to be
{10,20, 100} MeV, and the redshift z of the scattering point is varied between z = 0 (solid) and z = 2 (dashed). The band labeled with
“v;” (i = {1,2,3}) is the region of the resonance energy corresponding to the scattering with the mass eigenstate v; of cosmic neutrino
background. The vertical lines with 7,(z = {0,2}) indicate the temperatures of CvB at z = {0,2}. All the neutrino masses in our
reference choices, which are also marked with the vertical lines, are significantly larger than the temperatures; The inclusion of the
thermal distribution effect of CvB momentum does not change our numerical results.

same as Eq. (12) [Eq. (13)]. We numerically solve these
simultaneous partial differential equations Eqs. (7)—(8) of
cosmic neutrino propagation, following the algorithms
introduced in Ref. [112]. We confirmed that our numerical
method correctly reproduces the results given in Ref. [41].
After the simultaneous equations are solved, the differential
number density 72,, of cosmic neutrino at the Earth (z = 0) is
obtained, and the neutrino flux ¢, observed at IceCube is
calculated as

c .

¢, (E,)=-—n,(E,,z=0). (14)
i i 4” i i

In the next section, we plot the total fluxes ®= (¢, +¢5,)

as functions of the observed energy of cosmic neutrino.

IV. NUMERICAL RESULTS

We numerically solve Egs. (7)—(8) and calculate the
cosmic neutrino flux in the presence of the L, — L,
interaction. Throughout the numerical study, we do not
take account of the effect of thermal distribution of the CvB
momentum. This treatment is justified by our choices of the
parameters; we are mainly interested in the parameter

region where the lightest neutrino mass is much larger
than the CvB temperature, cf. Fig. 2. We have checked
numerically that the CvB momentum effect does not
drastically change the conclusions drawn in this section.
We come back to this point at the end of Sec. IVA.

In the following calculations, we use the best-fit values
of the mixing angles and the mass squared differences from
Ref. [113]:

sin?6,;; = 0.0234(0.0240),  sin?6y; = 0.567(0.573),
sin?0, = 0323, Am3, =7.60 x 1075 [eV?],

|Am§1| =2.48(2.38) x 1073 [eV?] (15)
for the normal (inverted) mass hierarchy, and the CP
violating Dirac phase is set to zero.

A. Reproduction of the gap with the SFR

To begin with, we check if the gap can be reproduced by
the resonant L, — L, scatterings. Since neutrino consists of
three generations, we generally expect three gaps in the
spectrum. In Fig. 2, the resonance energies E,. are plotted
as functions of the lightest neutrino mass mjgheq With
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FIG. 3. The cosmic neutrino fluxes calculated with the L, — L,

gauge interaction are compared with the three-year IceCube data
[3]. The model parameters are taken as My, = 11 MeV and
gz =5 x 107*. The lightest neutrino mass is set to be m; =
0.08 eV and the normal mass hierarchy is chosen. The SFR is
assumed as the redshift distribution of the cosmic neutrino
sources. The cutoff energy of the original flux is placed at
E_ = 107 GeV. The three different values of the spectral index
s, are examined.

different values of M, and with both the mass hierarchies.
It can be read off from the plots that in order to reproduce a
single gap, the masses of neutrinos should be quasidegen-
erate so that the three resonance energies are located at the
same point. In Fig. 3, we show the cosmic neutrino flux with
the attenuation effect by the L, — L, force and compare the
results with three different values of the spectral index s,,.
Here we take the normal hierarchy with the lightest neutrino
mass m; = 0.08 eV* and set the model parametersas M, =
11 MeV and g, = 5 x 10~*. For the sources of cosmic
neutrinos, we assume the SFR, which is given in Eq. (10), as
their redshift distribution, and the cutoff energy E.,, which
appears in Eq. (9), is taken as E., = 10" GeV. The
normalization factor Q, is adjusted so that the magnitude
of the calculated flux fits the observation. As can be seen
from the figure, the flux is significantly attenuated around
400 TeV-1 PeV. With a spectrum including the gap, one can
expect a relatively good fit to the observation, although the
gap will be shallower than the bottom of the calculated
spectra once the curves are averaged over each energy bin.
Since the spectrum calculated with the inverted hierarchy is
essentially the same as the normal hierarchy shown at Fig. 3,
we do not repeat it.

Let us mention the possibility of simultaneous repro-
duction of the gap and the edge. In view of Refs. [10-12],
we here take lower values of s, and try to form the edge at

“This leads to > m, = 0.25 eV, which is slightly higher than
the 95% C.L. from the combined analysis of cosmological
observations [114]. However, once the cosmological model is
extended to include more parameters, the constraint is expected to
be relaxed. For instance, simultaneous inclusion of Ny and
> m, leads to > m, < 0.28 eV [114].
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FIG. 4. The cosmic neutrino flux calculated with M, =
9 MeV and g, = 4 x 107, Here the normal hierarchy is chosen
and the lightest neutrino mass is set to be m; = 6 x 1073 eV. The
spectral index is taken to be s, = 2.3 and 2.1.

the upper end of the spectrum by means of the L, — L,
interaction, instead of setting the cutoff energy by hand.
Note that with an appropriate adjustment of the flux
normalization, lower values of the spectral index can still
give a good fit to the current observed spectrum [7-9].
According to Fig. 2, the mass of the lightest neutrino should
be smaller than 1072 eV to split the resonance energies
and distribute them to the positions of the gap and the edge.
The mass of Z’' should be smaller than M, < 20 MeV to
place the resonance energies at the appropriate positions,
cf. Eq. (2). In Fig. 4 (5), we set the mass of Z' to 9 MeV, the
coupling g, to 4 x 107, and the lightest neutrino mass 1,
(m3) to 6 x 1073 eV with the normal (inverted) hierarchy of
neutrino mass. Here, the cutoff energy is taken to be
sufficiently high so that the numerical results do not depend
on the value. The gap is successfully reproduced by the
scattering with the heaviest mass eigenestate of CvB. On
the other hand, the resonant scattering for the edge seems
insufficient: the flux is attenuated only between 3 and
7 PeV, which may be too narrow (and also too shallow) to
explain the required property of the edge, although it is
consistent with the current data.

— N 5,=2.3 ——
" 35 s,=2.1 - - -
(7]
- IceCube +——
w3l |
ol
g 25
>
[ 2 L
G
® 15 \
e
— 1
S
~N_ 05
L
0 : : -
10° 10° 10 108
E, [GeV]
FIG. 5. The same as Fig. 4 with the inverted mass hierarchy.
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FIG. 6. The same as Fig. 3 with different types of source
distributions. The spectral index is taken as s, = 2.3.

Lastly, we comment on the effect of the CvB momentum.
If the lightest neutrino mass is chosen to be as light as the
CuB temperature, the CvB momentum effect is expected to
become appreciable, which would make the width of the
edge wider. We will study this possibility in the near future.

B. Source distributions

So far, we have adopted the SFR as the redshift
distribution of cosmic neutrino sources in our calculations.
However, the source has not been specified yet, and some
of the astrophysical objects have been discussed as the
candidate [11-16]. In Fig. 6, we examine the distribution of
GRBs [115],

(1+2)* 0<z<1,
w 7) & 16
a@ {0 VS0 09
and the monotonic distribution [116],
Winono(2) ¢ (1 +2)" (17)

with m = 2, 7.« =4 and m = 5, 7.« = 1, and compare
them to the result calculated with the SFR. Here, the
spectral index is set to be s, = 2.3. The neutrino mass
spectrum and the model parameters are taken to be the same
as Fig. 3. It is natural to conclude that, if the power-law
spectrum Eq. (9) is assumed, the types of source distribu-
tion do not make a big impact on the shape of the flux. One
can expect to find the difference caused by the choice of
source distribution at the energy region slightly below the
resonance point, at which the effect of regeneration is
relevant.

V. DISCUSSION AND CONCLUSIONS

We have introduced an anomaly-free leptonic force
mediated by the gauge boson with a mass of the MeV
scale in order to simultaneously explain the two phenom-
ena with different energy scales in lepton physics: (i) the
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disagreement between experimental measurement and
theoretical predictions in muon anomalous magnetic
moment, and (ii) the characteristic features of the cosmic
neutrino spectrum reported by the IceCube Collaboration.
Assuming that the PeV cosmic neutrinos are produced after
the pp inelastic scattering process in cosmic-ray reservoirs,
we have calculated diffuse neutrino flux with the new
leptonic force.

We have discussed the relevant constraints, such as the
lepton trident process and the observation of a solar
neutrino event at the Borexino, and scanned the model
parameter space. We have found the choices of parameters,
which successfully reproduce the measured value of muon
anomalous magnetic moment and the gap between 400 TeV
and 1 PeV in the IceCube spectrum.

Setting the mass of the leptonic gauge boson to be
around 10 MeV and the lightest neutrino mass to be heavier
than 1 x 1073 eV, we could arrange the three resonant
energies E,, corresponding to three mass eigenstates of
cosmic neutrino background to the energy ranges of the gap
(E, =400 TeV-1 PeV) and the edge (£, = 3 PeV) simul-
taneously. However, the resonance at the energy corre-
sponding to the edge might be too narrow (and too shallow)
to explain the sharp upper end of the spectrum, which is
expected from the observation of the IceCube. If one
considers the parameter region where the lightest neutrino
mass is much lighter than O(1073) eV, momentum dis-
tribution of CvB begins to have an impact, and one can
expect that the inclusion of the effect would make the
resonant region wider. We are now preparing for our next
analysis in which we examine the thermal effect of CvB
with smaller neutrino masses.

We have also examined the different redshift distribution
of cosmic neutrino sources and compared the resulting
spectra with each other, assuming the power-law spectrum
for the original flux. One can expect the visible difference
in the spectrum just below the energy region of the gap.

Before closing this paper, we make some comments on
Refs. [46]—-[47] in which the authors also considered the
L, — L, model and discussed its impact on the cosmic
neutrino spectrum as well as muon anomalous magnetic
moment. In Ref. [46], the authors assumed coherent
propagation for cosmic neutrino and calculated the survival
rate of neutrino flavor states for the resonant scattering by
considering the evolution of the density matrix. In contrast,
we assume that parent particles, i.e., cosmic rays, are
disturbed by the environment and do not decay into “free
space” at the source of cosmic neutrino, which leads us to
the equation of incoherent (mass eigenstate) propagation.
With the cross sections Eqs. (11)-(13) in mass eigenbasis,
we calculate the diffuse neutrino flux by solving the
neutrino propagation equations Eqgs. (7)—(8). Namely, our
treatment of cosmic neutrino and approach are different
from those adopted in Ref. [46]. Both the treatments of
neutrino propagation reproduced the gap in the cosmic
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neutrino spectrum. However, the flavor ratios resulting
from the two methods are distinct from each other: More
electron neutrino can survive with the coherent propaga-
tion. In addition, we investigate the dependence of the
spectral index and the source distribution on the flux. In
Ref. [47], the same propagation equations are used, and the
diffuse neutrino flux is calculated for several values of
neutrino masses and a Z' mass. Among their parameter
choices, the authors paid special attention to the case where
the scattering effect becomes significant. To illustrate it,
they set My =1 MeV and myjgpeqt < 1073 eV, where the
effect of CuB temperature made the resonant region wide.
On the other hand, we choose M, =10 MeV and
Miightest < 1073 eV, which is tailor made for the reproduc-
tion of the gap and the edge. With this parameter choice,
where the CvB temperature effect is not essential at all, we
have further investigated the dependence of the spectral
index and the source distribution on the flux. In this sense,
our study is complementary with Ref. [47]. Furthermore,
we have discussed the experimental bounds on the leptonic
force and included the constraints from the loop-induced
v — e scattering process [93] and the BBN [46], both of
which disfavor the possibility of the Z’ being as light as
O(1) MeV. We have confirmed that our numerical method

PHYSICAL REVIEW D 93, 013014 (2016)

correctly reproduced the results of Ref. [47] in the
parameter region with mjjgheq 2 1072 eV.
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