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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 mo-
ment 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 cos-
mic 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. This talk is
based on [1].
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1. Introduction

Astrophysics and neutrino physics entered a new era after the discovery of high-energy cosmic
neutrino events observed by the IceCube Collaboration [2, 3]. 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 sν = 2.5 [4]; and (ii) there is a gap in the energy range between
400 TeV and 1 PeV [5, 4].

In Refs. [6, 7, 8, 9, 10, 11, 12, 13], 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 back-
ground (CνB) through a new interaction between neutrinos. In such a scenario, the narrow width
of the gap can be explained by the resonant behaviour of the scattering. In this study we introduce
a new gauged leptonic force [10, 1] to explain the gap by calculating diffuse neutrino flux, taking
account of the distribution of the source of cosmic neutrino with respect to the redshift. In addition,
we show that the leptonic force can simultaneously explain the disagreement between theory and
experiment in muon anomalous magnetic moment. 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. Here we also discuss constraints on the model,
such as the neutrino-electron scattering process, invisible decay of a light particle at colliders, big
bang nucleosynthesis (BBN), and supernova cooling.

2. Model and constraints

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

Lint = gZ′Qαβ

[
Lαγ

ρLβ + `Rαγ
ρ`Rβ

]
Z′ρ , (2.1)

where Lα and `Rα are a lepton doublet and a right-handed charged lepton singlet with flavour α =

{e,µ,τ}, respectively. We choose the flavour structure of the interaction as Qαβ = diag(0,1,−1),
which corresponds to the U(1) gauge interaction associated with muon number minus tau number
(Lµ −Lτ ) [14, 15]. We handle the two parameters, the coupling gZ′ and the mass MZ′ of the gauge
boson, as parameters that describe the model.

The interaction with neutrinos in Eq. (2.1) is expected to produce the gap and the edge in
the cosmic neutrino spectrum through the resonant scattering with CνB. In the resonant scattering
process νCosmicν̄CνB→ νν̄ mediated by Z′, only cosmic neutrinos having the energy corresponding
to the resonance energy Eres are selectively scattered off by CνB on the way from its source to the
IceCube [6, 7, 8, 9, 10, 12, 13], which results in the gap around Eres. Here, Eres is given as

Eres =
M2

Z′

2mν(1+ z)
(2.2)

where mν stands for a mass of the target CνB and z is the redshift parameter at which the scattering
occurs. In Eq. (2.2), the CνB is assumed to be at rest. With an assumption of mν = O(0.1) eV, the
scale of MZ′ can be estimated as MZ′ = O(1− 10) MeV for Eres ' 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
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Figure 1: Relevant parameter region and the constraints. The red band represents a parameter region
favoured by muon anomalous magnetic moment within 2σ . The hatched region is excluded by the lepton
trident search at the CCFR experiment. The region excluded by the measurement of νe→ νe at Borexino
is filled with a gray colour. The vertical dashed line stands for the lower bound on MZ′ from BBN. Two
symbols + and × indicate (MZ′ , gZ′) = (11 MeV, 5× 10−4) and (9 MeV, 4× 10−4), respectively, which
are used in Sec. IV. See the text for details.

section is required to be larger than ∼ 10−30 cm2 at the resonance [6, 7]. In the Lµ −Lτ model, the
cross section near the resonance is estimated as

σres =
2πg2

Z′

M2
Z′

δ

(
1−

M2
Z′

s

)
(2.3)

where s' 2mνEν is the square of the center-of-mass energy in the limit of small CνB momentum.
The requirement to the cross section turns out to be gZ′ & O(10−4). 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

gZ′ & O(10−4) and MZ′ = O(1∼ 10) MeV. (2.4)

The interaction with charged leptons (namely muons) in Eq. (2.1) is responsible for an extra
contribution to muon anomalous magnetic moment. The measurement [16] deviates from the SM
predictions [17, 18, 19, 20] by around 3σ . The Z′ contribution with the combinations of gZ′ and MZ′

indicated with the red band in Fig. 1 successfully reproduces the observed value of muon anomalous
magnetic moment within 2σ errors. In Fig. 1, we also show some experimental constraints (see
below) on the model, which pin down the model parameter region onto

gZ′ ∼O(10−4) at MZ′ = O(10) MeV. (2.5)

It is worth noting that this parameter region has some overlap with the region Eq. (2.4) required to
reproduce the gap and the edge in the cosmic neutrino spectrum.

In the following, we summarize experimental constraints on the Lµ −Lτ model.

◦ Neutrino trident production process: it is a production process of a µ−µ+ pair with a muon
neutrino, which results from the scattering of a muon neutrino from a target nucleus observed at
several neutrino beam experiments, e.g., the CHARM-II [21] and the CCFR [22]. We adopt the
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95% C.L. bound of the CCFR experiment, which is shown in Fig. 1 as the hatched region[23].

◦Neutrino-electron scattering: Although the electron is not charged under the Lµ−Lτ symmetry,
Z′ can interact with an electron through a kinetic mixing ε between Z′ and a photon, which is
induced by loop diagrams. The total contribution to the kinetic mixing ε in the Lµ −Lτ model is
finite, and it is estimated as

|εloop|=
8
3

egZ′

(4π)2 ln
mτ

mµ

= 7.2 ·10−6
( gZ′

5 ·10−4

)
, (2.6)

where e is the elementary electric charge. This leads to an extra contribution to the elastic νe→ νe
scattering signal in the solar neutrino measurement at the Borexino experiment [24, 25, 26] . In
Fig. 1, the excluded region is filled with a gray colour.

◦ BBN: A constraint on MZ′ is derived from BBN. If Z′ is as light as the temperature at the era of
BBN, its existence increases the number of relativistic degrees of freedom, Neff, and the success of
the standard BBN might be spoiled, which leads the lower bound MZ′ & 1 MeV [27]. This condition
is always satisfied on the parameter region of our interest. Nevertheless, Z′ with a mass of O(10)
MeV may indirectly contribute to Neff through a raise in the temperature of νµ and ντ [12]. In
Fig. 1, we display the lower bound on MZ′ from the indirect contribution with ∆Neff < 0.7 as the
vertical dashed line, which is taken from Ref. [12].

3. Diffuse neutrino flux

In order to calculate diffuse neutrino flux φνi observed at IceCube, we numerically solve the
simultaneous partial differential equations with respect to differential number density ñνi(Eνi ,z) of
cosmic neutrino νi, which are given in Refs. [28, 7, 13]:

∂ ñνi

∂ t
=

∂

∂Eνi

bñνi +Lνi− cnCνBñνi ∑
j

σ(νiν̄
CνB
j → νν̄)

+ cnCνB ∑
j,k

∫
∞

Eνi

dEνk ñνk

dσ(νkν̄CνB
j → νiν̄)

dEνi

+ cnCνB ∑
j,k

∫
∞

Eνi

dEν̄k ñν̄k

dσ(ν̄kνCνB
j → νiν̄)

dEνi

(3.1)

where i, j,k = {1,2,3} are the indices for neutrino mass eigenstates. Similar equation holds for
anti-neutrino number density ñν̄i . The time t is related to redshift z as dz

dt =−(1+z)H(z). Following
the discussion in Ref. [29], 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)Eν . 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, i.e., Lνi(Eνi ,z) is simply parametrized as Lνi(Eνi ,z) = W (z)L0(Eνi) with the
cosmic neutrino spectrum L0(Eν) 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 characterised by the
spectral index sν and the cutoff energy Ecut:

L0(Eν) = Q0E−sν

ν exp
[
− Eν

Ecut

]
, (3.2)
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where Q0 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 sν and Ecut are expected to be determined by prop-
erties (acceleration rate, i.e., magnetic field and size [30]) of the cosmic neutrino source. The
flavour composition of cosmic neutrino from pp reaction is expected to be (νe, νµ , ντ ; ν̄e, ν̄µ , ν̄τ )
=(1,2,0;1,2,0) at each source, which leads to each mass eigenstate producing approximately with
an equal rate. We assume the following function inspired by the star formation rate (SFR) [31] as
a test distribution:

W (z) =

{
(1+ z)3.4 0≤ z < 1,

(1+ z)−0.3 1≤ z≤ 4.
(3.3)

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

σ(νiν̄
CνB
j → νν̄) =

|g′ji|2g2
Z′

6π

s
(s−M2

Z′)
2 +M2

Z′Γ
2
Z′
, (3.4)

where ΓZ′ = g2
Z′MZ′/(12π) is the total decay width of Z′. The coupling g′i j = gZ′(U†)iαQαβUβ j is

the coupling in the mass eigenbasis, where U is the lepton mixing matrix. The number density of
cosmic neutrino background is given as nCνB = 56(1+ z)3 /cm3 for each degree of freedom. The
constant c 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 νi are calculated to be

dσ(νkν̄CνB
j → νiν̄)

dEνi

=
|g′jk|2 ∑l |g′il|2

2π

mν j E
2
νi

E2
νk

× 1
(s−M2

Z′)
2 +M2

Z′Γ
2
Z′
, (3.5)

We numerically solve these simultaneous partial differential equations Eqs. (3.1) and its anti-
neutrino correspondence After the simultaneous equations are solved, the differential number den-
sity ñνi of cosmic neutrino at the Earth (z = 0) is obtained, and the neutrino flux φνi observed at
IceCube is calculated as

φνi(Eνi) =
c

4π
ñνi(Eνi ,z = 0). (3.6)

4. Numerical results

We numerically solve Eqs. (3.1) to calculate the cosmic neutrino flux in the presence of the
Lµ −Lτ interaction. In the following calculations, we use the best-fit values of the mixing angles
and the mass squared differences from Ref. [32]:

sin2
θ13 = 0.0234 (0.0240), sin2

θ23 = 0.567 (0.573),

sin2
θ12 = 0.323, ∆m2

21 = 7.60×10−5 [eV2],

|∆m2
31|= 2.48 (2.38)×10−3 [eV2] (4.1)

for the normal (inverted) mass hierarchy, and the CP violating Dirac phase is set to zero.
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Figure 2: The cosmic neutrino fluxes calculated with the Lµ −Lτ gauge interaction are compared with the
three-year IceCube data [5]. The model parameters are taken as MZ′ = 11 MeV and gZ′ = 5× 10−4. The
lightest neutrino mass is set to be m1 = 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 Ecut = 107 GeV. The three different values of the spectral index sν are examined.

In Fig. 2, we show the cosmic neutrino flux with the attenuation effect by the Lµ −Lτ force
and compare the results with three different values of the spectral index sν . Here we take the
normal hierarchy with the lightest neutrino mass m1 = 0.08 eV[33] and set the model parameters
as MZ′ = 11 MeV and gZ′ = 5× 10−4. For the sources of cosmic neutrinos, we assume the SFR,
which is given in Eq. (3.3), as their redshift distribution, and the cutoff energy Ecut, which appears
in Eq. (3.2), is taken as Ecut = 107 GeV. The normalization factor Q0 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. The spectrum calculated
with the inverted hierarchy is essentially the same as the normal hierarchy

For other studies, such as, the existence of the edge, dependence on source distribution, see
the original paper [1].

5. 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 phenomena with different energy
scales in lepton physics: (i) the disagreement between experimental measurement and theoretical
predictions in muon anomalous magnetic moment, and (ii) the characteristic features of the cos-
mic 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 obser-
vation of a solar neutrino event at the Borexino, and scanned the model parameter space. We
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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× 10−3 eV, we could arrange the three resonant energies Eres corre-
sponding to three mass eigenstates of cosmic neutrino background to the energy ranges of the gap
(Eν = 400 TeV-1 PeV) and the edge (Eν ' 3 PeV) simultaneously. However, the resonance at the
energy corresponding 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(10−3) eV, momentum
distribution of CνB begins to have an impact, and one can expect that the inclusion of the effect
would make the resonant region wider.
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