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A Z0 boson associated with a broken Uð1ÞLμ−Lτ
gauge symmetry offers an economical solution to the

long-standing gμ − 2 anomaly, confirmed and strengthened by recent measurements at Fermilab. Here, we
revisit the impact of such a Z0 on the spectrum of high-energy astrophysical neutrinos, as measured by the
IceCube experiment. This spectrum has been observed to exhibit a diplike feature at Eν ∼ 0.2–1 PeV,
which could plausibly arise from the physics of the sources themselves, but could also be the consequence
of high-energy neutrinos resonantly scattering with the cosmic neutrino background, mediated by a Z0 with
a mass on the order ofmZ0 ∼ 10 MeV. In this study, we calculate the impact of such a Z0 on the high-energy
neutrino spectrum for a variety of model parameters and source distributions. For couplings that can resolve
the gμ − 2 anomaly, we find that this model could self-consistently produce a spectral feature in better
accordance with IceCube’s measurement, in particular if the neutrinos observed by IceCube predominantly
originate from high-redshift sources. We comment on some theoretical ingredients whose knowledge will
be sharpened in the coming years and that should contribute to a more robust characterization and possible
detection of the feature.
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I. INTRODUCTION

Measurements of the anomalous muon’s magnetic
moment, aμ ≡ ðgμ − 2Þ=2, performed at Fermilab [1,2]
and at the Brookhaven National Laboratory [3] have yielded
an experimental average of aEXPμ ¼ 116592061ð41Þ×10−11.
Comparing this to thevalue predicted by the StandardModel
based on dispersion relations [4], one obtains

Δaμ ≡ aEXPμ − aSMμ ¼ 251ð59Þ × 10−11; ð1Þ

constituting a 4.2σ discrepancy. In the years ahead, we
expect the experimental uncertainties associated with this
measurement to be reduced considerably. In tandem, studies
of the hadronic contributions to aμ using lattice QCD
techniques [5–10], which currently hint at a lower signifi-
cance for this discrepancy, promise to substantially refine the
Standard Model prediction for this quantity.
A variety of scenarios involving new physics have been

proposed to potentially resolve this discrepancy (for reviews,
see Refs. [11,12]). From among these possibilities, perhaps
the simplest class of models are thosewhich introduce a new
particlewith anMeV-scalemass that couples tomuonswith a
strength on the order of gμ ∼ 10−4 [13–15]. Such a particle
could have significant implications for astrophysics and
cosmology, opening up the possibility that such a state could
be constrained or studied using astrophysical probes [16,17].

In particular, if such a particle existed, it could cause high-
energy neutrinos to appreciably scatter with the cosmic
neutrino background, impacting the propagation of high-
energy neutrinos across cosmological distance scales. Such
interactions could induce spectral features that would be
measurable at large-volume neutrino telescopes such as
IceCube [18–22].
The IceCube Collaboration has reported the detection

of an approximately isotropic flux of astrophysical neu-
trinos, spanning energies between several TeVand several
PeV [23–27]. Neutrino events observed at IceCube can be
classified as either muon tracks from νμ charged current
interactions, or showers from all other flavors and inter-
actions. In this study, we consider the 6-year dataset of
shower events presented in Ref. [23], as our benchmark,
since this sample has the best combination of energy
resolution and statistics, and is thus expected to provide
the best sensitivity to the spectral features we predict. We
will indeed consider how the neutrino spectrum might be
altered in models which include a MeV-scale gauge boson
with couplings motivated by the gμ − 2 anomaly.
This article is structured as follows. In Sec. II we review

the model under consideration and its impact on the
propagation and spectrum of high-energy neutrinos. In
Sec. III, we study the implications for the flux measured
at IceCube, first using simplified models for the source
distribution (Sec. III A), then for more realistic astrophysical
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redshift distributions (Sec. III C). In Sec. IV, we consider
models that include extra states which reside within a dark
sector, to which the new gauge boson acts as a portal. Such a
scenario could quite plausibly include a candidate for the
dark matter of our universe, and could give rise to a rich
variety of neutrino phenomenology. Finally, in Sec. V, we
summarize our results and discuss directions for future
research.

II. A NEW MeV-SCALE GAUGE BOSON AND
HIGH-ENERGY NEUTRINOS

Gauge symmetries beyond those of the StandardModel are
a feature of many scenarios involving new physics [28]. In
particular, new broken Abelian Uð1Þ gauge symmetries,
which give rise to the existence of a massive Z0 boson, can
arisewithin the context of grand unified theories [29,30], little
Higgs theories [31–33], dynamical symmetry breaking sce-
narios [34], models with extra spatial dimensions [35–37],
string inspired models [38–41], and many other proposed
extensions of the Standard Model [42–44].
The phenomenology of a Z0 boson depends on its mass,

the strength of its gauge coupling, and on which particles
are charged under its corresponding gauge symmetry.
While there are many examples of Uð1Þ symmetries that
could be manifest in nature, most of these possibilities
require the introduction of new chiral fermions (known as
“exotics”) to cancel gauge anomalies [45,46]. From the
criteria of simplicity, a Uð1Þ which does not require any
such exotics would be particularly attractive. As it turns
out, the only anomaly-free Uð1Þ models are those which
gauge baryon-minus-lepton number (B − L), the difference
of two lepton flavors (Li − Lj), baryon number minus three
units of one lepton flavor (B − 3Li), or a quantity that does
not involve any Standard Model charges.
In the light of the very stringent constraints that have

been placed on the couplings of a light Z0 to electrons or
light quarks, the only anomaly-free Uð1Þ that could
potentially explain the observed gμ − 2 anomaly is one
that gauges the quantity Lμ − Lτ [47,48]. After the sponta-
neous breaking of this symmetry, the Lagrangian for this
model is given by

L ¼ LSM −
1

4
Z0αβZ0

αβ þ
m2

Z0

2
Z0
αZ0α þ Z0

αJαμ−τ; ð2Þ

where LSM is the Standard Model Lagrangian, Z0
αβ≡

∂αZ0
β − ∂βZ0

α is the field strength tensor, andmZ0 is the mass
of the new gauge boson. If no new states charged under this
symmetry exist, the μ − τ current is given by

Jαμ−τ ¼ gZ0 ðμ̄γαμþ ν̄μγ
αPLνμ − τ̄γατ − ν̄τγ

αPLντÞ; ð3Þ

where gZ0 is the new gauge coupling and PL ≡ ð1 − γ5Þ=2.

The Z0 associated with aUð1ÞLμ−Lτ
gauge group will lead

to the following correction to the muon’s magnetic moment
(at leading order in terms of powers of gZ0 ) [49]:

Δaμ ¼
g2Z0m2

μ

4π2m2
Z0

Z
1

0

x2ð1 − xÞdx
1 − xþ ðm2

μ=m2
Z0 Þx2 : ð4Þ

Such a contribution could accommodate the measured
value of the muon’s magnetic moment for mZ0 ∼
10–300 MeV; below this range, such Z0s are ruled out
by cosmological considerations [16], while larger masses
are excluded by laboratory constraints [50–52].
The existence of a new MeV-scale gauge boson with

couplings motivated by the gμ − 2 anomaly would lead to a
significant cross section for neutrino-neutrino scattering. In
the presence of such an interaction, the scattering of high-
energy neutrinos with the cosmic neutrino background
could induce potentially observable features in the astro-
physical spectrum of such particles.
The final term in Eq. (2) leads to the following cross

section for neutrinos of mass eigenstates, i and j:

σðνiν̄j → νν̄Þ ¼ 2g4Z0sðU†
μiUμj −U†

τiUτjÞ2
3π½ðs −m2

Z0 Þ2 þm2
Z0Γ2

Z0 � ; ð5Þ

where Uαi is the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix, and where Greek (Latin) indices denote
flavor (mass) eigenstates.
High-energy astrophysical neutrinos are thought to be

produced almost entirely through the decay of charged
pions, yielding an initial flavor ratio of νe∶ νμ∶ντ ¼ 1∶2∶0.
Through oscillations, such neutrinos evolve to possess an
approximately equal proportion of flavors, νe∶ νμ∶ντ ≈
1∶1∶1. The cosmic neutrino background, acting as a target,
is also approximately flavor universal (see, for exam-
ple, Ref. [53]).
For the case of mZ0 ≪ 2mμ, the Z0 will decay almost

entirely into neutrino-antineutrino pairs of muon or tau
flavor, with a total width that is given by

ΓZ0 ¼ g2Z0mZ0

12π
: ð6Þ

The neutrino spectrum that reaches Earth can be calcu-
lated by solving the following set of coupled differential
equations [21]:

−ð1þ zÞHðzÞ
c

dñi
dz

¼ JiðE0; zÞ− ñi
X
j

hnνjðzÞσijðE0; zÞi

þPi

Z
∞

E0

dE0X
j;k

ñk

�
nνjðzÞ

dσkj
dE0

ðE0; zÞ
�
;

ð7Þ
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where

ñi ≡ dNi

dE
ðE0; zÞ;

Pi ≡
X
l

BrðZ0 → νlνiÞ; ð8Þ

and Ni is the comoving number density of neutrinos in the
ith mass eigenstate. Note that if the Z0 can only decay into
neutrinos, then

P
i Pi ¼ 1 and the Pi’s are uniquely

determined by the neutrino mass-mixing parameters. The
Hubble rate in the redshift range of interest is given by

HðzÞ ≃H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þΩMð1þ zÞ3

q
; ð9Þ

where H0 is the current value of the Hubble rate, ΩM the
matter density of the universe in units of the critical density,
and ΩΛ ≃ 1 −ΩM is the dimensionless energy density
associated with the cosmological constant. Throughout
this paper, we adopt the best-fit cosmological parameters
as reported by the Planck Collaboration [54]. The quantity,
E0, is the neutrino energy as measured at Earth. In absence
of scattering, this is related to the energy at the source, E,
according to E ¼ ð1þ zÞE0. nνjðzÞ is the number density
of neutrinos of mass eigenstate, j, in the cosmic neutrino
background. The function JiðE0; zÞ describes the spectrum
and redshift distribution of the injected high-energy neu-
trinos. The second term on the right-hand side of Eq. (7)
accounts for the disappearance of high-energy neutrinos
resulting from their scattering with the cosmic neutrino
background, while the rightmost term describes the neu-
trinos that are produced in those scattering events. The
differential scattering cross section entering the latter term
is given by

dσkj
dE0

ðE0; zÞ ¼ σkjðE0; zÞfðE0; E0Þ; ð10Þ

where σkj is the total cross section and

fðE0;E0Þ ¼
3

E0

��
E0

E0

�
2

þ
�
1−

E0

E0

�
2
�
ΘðE0 −E0Þ: ð11Þ

Note that
R
fðE0; E0ÞdE0 ¼ 2 because each scattering event

results in two outgoing high-energy neutrinos.
The thermally averaged quantity in the rightmost term of

Eq. (7) can be written as

hnνjðzÞσijðE0; zÞi≡
Z

d3p
ð2πÞ3

σijðE0; z;pÞ
ejpj=T0ð1þzÞ þ 1

; ð12Þ

where σijðE0; z;pÞ can be found by evaluating Eq. (5) with
s ¼ 2Eν½ðm2

j þ p2Þ1=2 − jpj cos θ�, and T0 ≃ 1.95 K is the
temperature of the cosmic neutrino background at z ¼ 0.

In the limit in which all of the neutrino masses are
much larger than the effective temperature of the
cosmic neutrino background, this quantity simplifies to
hnνjðzÞσijðE0; zÞi ≃ nνjðzÞσijðE0; z; 0Þ. In cases in which
the mass of the lightest neutrino is not much greater than
T0, we calculate the thermal average as described
in Eq. (12).
In solving Eq. (7), we make use of neutrino number

conservation, considering a series of redshift shells and
evolving the neutrino energy spectrum at every redshift step.
At each such step, we evolve the spectrum in each energy
bin, adding the neutrinos that are injected from sources and
subtracting those that scatter. Then, since we know the
energy distribution of the outgoing neutrinos, we can
appropriately redistribute the scattered neutrinos among
the lower energy bins. For further details, see Ref. [21].

III. THE IMPACT OF AN MeV-SCALE GAUGE
BOSON ON THE DIFFUSE SPECTRUM OF

HIGH-ENERGY NEUTRINOS

The IceCube neutrino observatory, which was completed
in 2010, consists of an approximately cubic kilometer of
Antarctic ice, with over 5000 digital optical modules
distributed throughout its volume. This array of detectors
is sensitive to the muon tracks and showers that are
produced by high-energy neutrinos in and around the
instrumented volume. IceCube has detected an approxi-
mately isotropic spectrum of diffuse astrophysical neutri-
nos, extending in energy between several TeV and several
PeV [23–27]. With the possible exceptions of the blazar
TXS 0506þ 56 [55,56] and the nearby active galactic
nucleus NGC 1068 [57], these events have shown no
significant correlation in either time or direction with any
known astrophysical sources or classes of sources [58–63].
We fit these data via a likelihood defined for a baseline

model in absence of new physics, L0, and including it, Lm.
In Fig. 1, we show the diffuse neutrino spectrum as reported
by the IceCube Collaboration [23], and compare this to the
best-fit power-law for the neutrino source term,
JðE0; zÞ ∝ E−γ

0 , which yields γ ¼ 2.65 if we make the
assumption of Gaussian independent flux variables enter-
ing L0,

L0 ∝
Y
i

exp

�
−
ðoi −miÞ2

2σ2i

�
; ð13Þ

where oi is the average value inferred for the flux in the ith
energy bin, σi its error, and mi the model prediction
integrated over the corresponding energy bin. This
power-law parametrization does not provide a particularly
good fit to the measured spectrum, corresponding to
χ20 ¼ −2 lnL0 ¼ 25.2, but we use it as it is the customarily
adopted benchmark in both experimental and theoretical
analyses of IceCube data. In particular, the measured
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spectrum shows signs of being flatter at the lowest
measured energies, favoring γ ∼ 2.2 below ∼100 TeV.
Furthermore, the spectrum appears to be suppressed at
energies between Eν ∼ 0.2–1 PeV. While this spectral
feature could plausibly have something to do with the
nature of the sources themselves, we will take this apparent
“dip” in the spectrum to motivate models in which
neutrinos in this energy range are significantly attenuated
by the scattering induced by a new gauge boson. We will
use this simple power-law fit to benchmark any improve-
ment that might be provided by a model that includes a Z0.
The improvement or worsening of the fit is the quantified
by the test statistics TS

TS≡ −2 ln
�
Lm

L0

�
; ð14Þ

which, according to the Neyman-Pearson lemma, provides
the optimal estimator for hypotheses-testing. In the defi-
nition of the TS, all the parameters are set to the values in
the scanned domain leading to the sup of the respective
likelihood functions. Assuming for both L0 and L a
Gaussian hypothesis for the flux variable as in Eq. (13),
the above test statistics TS reduces to the difference of the
familiar chi-squared functions, i.e., TS ¼ Δχ2 ¼ χ2 − χ20,
for the model including new physics minus the benchmark
astrophysics-only one. Based on Wilks’s theorem (assum-
ing a chi-squared distribution of the TS) we will loosely
talk of a “significant” improvement when the TS is lower
than -2.4. Due to the sometimes limited statistics of
IceCube data and the unfolding procedure needed to infer
the flux, the hypotheses of Gaussianity and independence
of flux variables may be questionable. Although we adopt
them as benchmarks for their simplicity and ease of
interpretation, we will also study the impact of more
correctly analyzing the data assuming a Poissonian dis-
tribution of counts in each bins, i.e.,

L0;m ¼
Y
i

μnii e
−ni

ni!
; ð15Þ

where ni are the observed counts and μi are the expected
ones, based on the model. To convert from flux (the natural
variable the model is defined in) to number of events, we
rely on the results presented in [23]. In particular, we
reconstruct the effective area for cascade events (both μ and
eþ τ separately) from the astrophysical neutrino flux
model they provide for both samples in the reference,
labeled sample A and B, and we use it to convert from flux
to number of detected events. The relevant event data we
compare with is obtained by subtracting the background
from the total number of events at each energy bin.
Note that for cascade events (which consist the inte-

grality of the events of the sample [23]) the deposited
energy is a rather faithful proxy for the neutrino energy
resolution of the event. Since the inferred standard errors
are smaller than the width of the energy bins used, see
Ref. [64], we can safely neglect energy resolution correc-
tions for the purposes of our study.

A. Results for a simplified source distribution

We now have all of the ingredients that we will need to
calculate the impact of a Uð1ÞLμ−Lτ

gauge boson on the
spectrum of high-energy neutrinos observed at Earth. In
this section, we compute the resulting spectrum for various
choices of the source redshift distribution, and as a function
of the injected spectral index, assuming a power-law
form, JðE0; zÞ ∝ E−γ

0 .
The high-energy neutrino spectrum is resonantly attenu-

ated when the total energy in the center-of-momentum
frame is approximately equal to the mass of the gauge
boson, mZ0 ≈ ECM ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mν;iEν

p
. This produces an absorp-

tion feature in the observed spectrum at an energy given by

Eν≈
m2

Z0

2mν;ið1þ zabsÞ

≈ 1 PeV×

�
mZ0

10MeV

�
2
�
0.05 eV
mν;i

��
1

1þ zabs

�
; ð16Þ

wheremν;i is the mass of the ith neutrino species and zabs is
the redshift at which the scattering takes place. From this
expression, we see that in order to obtain an absorption
feature in the energy range favored by IceCube, we need to
introduce a new gauge boson with mZ0 ∼Oð10Þ MeV.
As a first example, we will consider a toy model in which

all of the high-energy neutrinos originate from sources at a
common redshift, z0:

JðE0; zÞ ∝ E−γ
0 δðz − z0Þ: ð17Þ

In Fig. 2, we show the spectrum that results in this case
for mZ0 ¼ 13 MeV and gZ0 ¼ 5 × 10−4 (chosen to

FIG. 1. The spectrum of diffuse astrophysical neutrinos as
reported by the IceCube Collaboration [23], compared to the best-
fit power-law.
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accommodate the measured value of gμ − 2), for four
choices of z0. In these frames, we have adopted the normal
neutrino mass hierarchy and have set the sum of the three
neutrino masses to either the maximum (0.12 eV) or
minimum (0.059 eV) value allowed by oscillation data
and cosmology [54]. We have further set the injected
spectral index to γ ¼ 2.5 and fixed the normalization in
each case in order to obtain the best overall fit to the
IceCube data.
In the case shown in the left frame, the three neutrinos

are approximately degenerate in mass, causing their cor-
responding absorption features to appear over approxi-
mately the same range of energies. In contrast, in the right
frame, the lightest neutrino is massless, leading to absorp-
tion over a much wider range of Eν. Also notice that the
overall magnitude of the resulting attenuation is larger and
extends to lower energies for neutrinos that originate from
higher redshift sources. Lastly, in addition to the attenu-
ation of this spectrum, one can identify in this figure small
bump-like features which result from neutrinos being

produced in Z0 mediated scattering events. In Fig. 3, we
show how these results change for different values of gZ0

and mZ0 , for the case of z0 ¼ 6, the maximum value for the
sum of the neutrino masses (0.12 eV), and again adopting
the normal neutrino mass hierarchy.
To evaluate the extent to which a new gauge boson could

potentially improve the fit to the spectrum reported by the
IceCube Collaboration, we have evaluated the value of the
χ2 (again, treating the reported errors as normally distrib-
uted) to this data as a function of mZ0 , gZ0 , and z0,
considering different values for the sum of the neutrino
masses, and for the normal or inverted mass hierarchy. We
adopt the best-fit neutrino mixing parameters as reported in
Ref. [65], and profile over the injected spectral index and
normalization. In Fig. 4, we compare the value of the χ2

obtained in this exercise (for the case of z0 ¼ 1) to the
best-fit found without a new gauge boson, as shown in
Fig. 1 and which yields χ20 ¼ 25.2. In the case of the normal
mass hierarchy and

P
mν ≈ 0.12 eV, the quality of the fit

can be improved substantially for mZ0 ∼ 4–8 MeV. In the

FIG. 2. The spectrum of high-energy neutrinos after including the effects of a Uð1ÞLμ−Lτ
gauge boson with mZ0 ¼ 13 MeV and

gZ0 ¼ 5 × 10−4 (chosen to accommodate the measured value of gμ − 2). In each curve, the neutrinos are taken to originate from sources
at a common redshift, z0. In the left (right) frame, the sum of the neutrino masses is taken to be the maximum (minimum) allowed value.
Here we have adopted the normal neutrino mass hierarchy, taken the injected spectral index to be γ ¼ 2.5, and fixed the normalization to
obtain the best overall fit to the IceCube data.

FIG. 3. As in Fig. 2, but fixing z0 ¼ 6 and varying either gZ0 (left panel) or mZ0 (right panel).
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case of the inverted hierarchy, significant improvement can
be found for a similar range of masses.
In Fig. 5, we show the spectrum obtained for four

specific choices of parameters. In each of these cases, the
attenuation caused by the new gauge boson significantly
improves the quality of the fit to the spectrum reported by
IceCube. The best fits are generally obtained for scenarios
in which the sum of the neutrino masses is not too far below
the maximum value allowed by cosmological considera-
tions,

P
mν ∼ 0.10–0.12 eV [54], and formZ0 ∼ 3–8 MeV.

Such a small value of mZ0 is in some tension with
cosmological constraints, in particular through the resulting
contribution to Neff [16]. This can be relaxed, however, if
the neutrinos originate predominantly from high-redshift
sources, allowing good fits to be obtained for larger values
of mZ0 . Also note that the precise value of the gauge
coupling has only a modest impact on our results (at least
within the range favored by gμ − 2). This makes this probe

complementary to laboratory constraints on such particles,
such as that from the CCFR experiment [51].

B. Results for realistic source distributions

Next, we will consider the impact of a new gauge boson
on the spectrum of high-energy neutrinos, adopting some
examples of well-motivated source distributions. In par-
ticular, we will perform these calculations using source
distributions which trace the observed population of BL
Lacertae objects (BL Lacs) [66], or the observed rate of star
formation [67].
The redshift distribution of BL Lacs can be expressed as

follows [66]:

JBLðEν; zÞ ∝ E−γ
ν ð1þ zÞ3fBLðzÞ; ð18Þ

where the function, fBL, is shown in Fig. 6.

FIG. 4. The improvement in the fit to the high-energy neutrino spectrum as a function of mZ0 and gZ0 , for the case of z0 ¼ 1, and
relative to the best-fit power-law without any new gauge boson. Results are shown for different values of the sum of the neutrino masses,
and for the case of the normal (top frames) or inverted (bottom frames) mass hierarchy. In the regions between the solid (dashed) red
lines, the Z0 can resolve the discrepancy between the predicted and measured values of the muon’s anomalous magnetic moment to
within 1σ (2σ).
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For sources that trace the star formation rate, we adopt
the following parametrization [67]:

JSFRðEν; zÞ ∝ E−γ
ν ð1þ zÞ3fSFRðzÞ; ð19Þ

where

fSFR ∝

8><
>:
ð1þ zÞ3.4; z≤ 1

23.7ð1þ zÞ−0.3; 1<z< 4

23.753.2ð1þ zÞ−3.5; z≥ 4:

ð20Þ

While BL Lacs are largely found at relatively low
redshifts, z≲ 1–2, the star formation rate extends to much
higher values of z (see Fig. 6).
The results obtained for the case of a BL Lac redshift

distribution are shown in Fig. 7. These results are similar to
those found for the z0 ¼ 1 case, although with somewhat
less overall attenuation. For the case of the normal
hierarchy and a sum of neutrino masses near the lowest
allowed value, IceCube data can be used to exclude a
narrow band of parameter space aroundmZ0 ∼ 3–4 MeV, in
which a distinctive attenuation feature would have been
generated at Eν ∼m2

Z0 ð1þ zabsÞ=ð2mνÞ ∼ 30–100 TeV. In
the same frame of Fig. 7, we see that larger values of the
gauge boson mass, mZ0 ≳ 7 MeV, are also significantly
disfavored by the fit. This conclusion, however, relies on
the assumption of a power-law injection spectrum, making
robust conclusions difficult to draw at this time. In
scenarios in which the lightest neutrino is not nearly
massless, the spectrum reported by IceCube favors the
presence of a new gauge boson with a mass in the range of
mZ0 ∼ 5–7 MeV. For values of the gauge coupling that can

FIG. 5. The neutrino spectrum that is obtained for four selected sets of parameters. In the top (bottom) frames, the normal (inverted)
mass hierarchy has been adopted.

FIG. 6. The BL Lac redshift distribution, fBL, as derived in
Ref. [66] (dot dashed blue), and the star formation rate redshift
distribution, fSFR, as derived in Ref. [67] (black).
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explain the measured value of gμ − 2, the presence of such
a particle can improve the fit by up to Δχ2 ∼ 5.
Representative examples of such scenarios are shown in
the bottom frames of Fig. 7.
The redshift distribution of BL Lacs peaks at relatively

low redshifts, limiting the degree of attenuation that is

induced. If we instead consider sources of high-
energy neutrinos that are distributed according to the
star formation rate, the resulting spectral feature can be
more pronounced, and can appear in the energy range
favored by IceCube for larger values of mZ0 (resulting
in less tension with cosmological constraints [16]).

FIG. 7. As in Figs. 4 and 5, but for a redshift distribution of high-energy neutrino sources that traces the observed distribution of BL
Lacs. In the upper left, upper right, and lower left frames, the normal mass hierarchy has been adopted, while in the other frames we have
used the inverted hierarchy.
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In Fig. 8, we show the results that we obtain in this
interesting case.
As a final source distribution, we consider an example in

which all of the neutrinos observed by IceCube originate
from high-redshift sources, at z ¼ 6. While this is not a

particularly realistic case, it can be taken to represent a class
of scenarios in which the distribution of such sources peaks
at high redshifts. The quality of our fits in this case are
shown in Fig. 9. With this redshift distribution, we can
obtain fits which improve over the unattenuated power-law

FIG. 8. As in Figs. 4, 5, and 7, but for a redshift distribution of high-energy neutrino sources that traces the observed star formation
rate. In the upper left, upper right, and lower left frames, the normal mass hierarchy has been adopted, while in the other frames we have
used the inverted hierarchy.
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by Δχ2 ∼ 10–15, and with values of mZ0 that are large
enough to be consistent with cosmological constraints [16].
We have also checked that the features we found are

qualitatively (but not quantitatively) similar if we had used
a different dataset; for instance, if using the 7.5 years of
“high energy starting events,” known as HESE [64], we
would have found a less significant improvement and a
shift/shrinkage of the preferred regions. This is not surpris-
ing once taking into account the degraded energy resolution
of the sizable fraction of tracks contained in the sample,
and the more limited energy range covered by these data,
that make them less suitable to highlight the feature we
focus on.

C. Poisson statistics

In Fig. 10, we present the results obtained for a source
distribution tracing the SFR relying on a Poisson statistical
analysis of the number of events, see Eq. (15), as opposed
the Gaussian assumption for the deconvolved flux we
assumed as our benchmark. Overall, the two types of

analyses share the main qualitative features as well as
some quantitative features: The typical level of the fit
improvement yields TS ∈ ½−6;−3� depending on the
cases, and favored regions are nominally found at
mZ0 ≃ 6–8 MeV. The main difference worth mentioning
is that width of the “band structure” changes between the
Poisson and Gaussian treatment, in particular for extended
spectral features arising when adopting the lower limit to
the total neutrino mass. This is mostly a technical
consequence of the fact that the flux data used in the
Gaussian treatment are available in broader energy bins
than the count bins available in the Poisson treatment. The
fit then picks either a narrower or broader region in mZ0

space. However, a simplified Gaussian treatment does not
seem to lead to major biases in either qualitative or
quantitative conclusions.

IV. DARK SECTOR MODELS

Up to this point, we have considered the impact of a new
gauge boson without introducing any other additional

FIG. 9. As in Figs. 4, 7, and 8, but for high-energy neutrino sources that are all located at z ¼ 6. In the top (bottom) frames, the normal
(inverted) mass hierarchy has been adopted.
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particle content. It is possible, however, that such a gauge
boson could also couple to light states that do not carry any
Standard Model charges (an example unrelated to gμ − 2
and Lμ − Lτ but focusing on IceCube, cosmology and short
baseline neutrino experiments has been for instance pre-
sented in [68]). In a similar scenario, the scattering of high-
energy neutrinos with the cosmic neutrino background
could additionally result in the production of light dark
sector states.
For gauge boson couplings to a light dark sector

fermion of the form Lint ⊃ gχZ0
μχ̄γ

μχ, we can modify
Eq. (7) to obtain the cross section for dark sector particle
production:

σðνiν̄j → χχ̄Þ ≃ g2χg2Z0sðU†
μiUμj −U†

τiUτjÞ2
3π½ðs −m2

Z0 Þ2 þm2
Z0Γ2

Z0 � ; ð21Þ

where ΓZ0 is equal to the sum of the width to νν̄, as given in
Eq. (6), and the following contribution to χχ̄:

ΓZ0→χχ̄ ¼
g2χmZ0

12π

�
1þ 2m2

χ

m2
Z0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
χ

m2
Z0

s
≃
g2χmZ0

12π
: ð22Þ

Note that the regeneration feature in the spectrum only
receives a contribution from Z0 → νν̄, resulting in a
rescaling of Pi → rPi, where r ¼ 2Γνν̄=ð2Γνν̄ þ Γχχ̄Þ. In
the limit of g2Z0 ≫ g2χ , we recover the same results as
presented in the previous sections. In the opposite case
of g2χ ≫ g2Z0 and mχ ≪ mZ0 , the Z0 will decay almost
entirely to dark sector particles, enhancing the neutrino
scattering rate while also suppressing any neutrino regen-
eration features.
In Figs. 11 and 12, we show our results in this case for

high-energy neutrino sources that are located at z ¼ 1, or
that are distributed according to the star formation rate, in
each case adopting the normal mass hierarchy, a sum of
neutrino masses equal to 0.12 eV, mχ ≪ mZ0 , and
gZ0 ¼ 5 × 10−4, as motivated by the measured value of
gμ − 2. For the relatively large values of gχ adopted in these
figures, the attenuation feature can be more pronounced,
providing a better fit to the IceCube data, although at the

FIG. 10. As in Fig. 8, but analyzing the data according to Poisson statistics.
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expense of an additional parameter. Nonetheless, the main
phenomenological interest of these scenarios is that they
can accommodate the best-fit value for gZ0, matching the
indications from gμ − 2; an overall fit improvement would
be manifest, should one perform a simultaneous analysis of
precision data and IceCube ones.
Finally, we note that it is possible that the dark sector

fermion in this scenario could be the dark matter of our
universe. In Ref. [17], the thermal relic abundance of the χ

population was calculated, identifying regions of parameter
space in which the current density of this particle could
match the measured density of dark matter. We note that in
order to generate an acceptable thermal relic abundance of
dark sector fermions while also accommodating the mea-
sured value of gμ − 2 in this scenario, we must require
mZ0 ≳ 20–30 MeV [17]. For this range of gauge boson
masses, we expect neutrino scattering to lead to an
attenuation feature at energies above ∼1 PeV, instead of

FIG. 11. As in previous figures, but allowing for the decays of the Z0 into dark sector fermions, Z0 → χχ̄. Here we have taken the
neutrinos to originate from sources at a common redshift of z ¼ 1, adopted gZ0 ¼ 5 × 10−4, gχ ¼ 7 × 10−3, and the normal neutrino
mass hierarchy.

FIG. 12. As in previous figures, but allowing for the decays of the Z0 into dark sector fermions, Z0 → χχ̄. Here we have taken the
neutrinos to originate from sources distributed according to the star formation rate, adopted gZ0 ¼ 5 × 10−4, gχ ¼ 3 × 10−3, and the
normal neutrino mass hierarchy.
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in the sub-PeV range reported by IceCube. So while this
scenario is not currently supported by the IceCube data, this
is an interesting signature to look for in future high-
statistics measurements of the high-energy neutrino flux.

V. SUMMARY AND CONCLUSIONS

Motivated by the measured value of gμ − 2, we have
considered in this study models with a broken Uð1ÞLμ−Lτ

gauge symmetry, giving rise to a light gauge boson that
couples to muons, taus, and their respective neutrinos.
Such a gauge boson, with a mass in the range of mZ0 ∼
10–200 MeV and with a coupling on the order of
gZ0 ∼ ð3 − 8Þ × 10−4, could explain the measured value
of the muon’s magnetic moment while remaining consis-
tent with all laboratory and cosmological constraints. Such
a particle could also induce interactions between high-
energy neutrinos and the neutrinos that make up the cosmic
neutrino background, leading to spectral features in the
diffuse high-energy neutrino spectrum, as measured by the
IceCube Collaboration.
The spectrum of high-energy neutrinos reported by

IceCube features what appears to be a dip at energies
between Eν ∼ 0.2–1 PeV. While this spectral feature could
plausibly arise from the properties of the sources them-
selves, we have taken it to motivate models in which
neutrinos in this energy range are significantly attenuated
by the scattering induced by a new gauge boson. In order
for a gauge boson to produce an attenuation feature in this
energy range, it must have a mass on the order of
mZ0 ∼Oð10Þ MeV. In this study, we have identified a
range of scenarios in which the presence of such a particle
(with couplings chosen to resolve the gμ − 2 anomaly) can
nominally improve the fit to the IceCube data at the ∼2σ
level. For neutrino sources which follow well-motivated
redshift distributions (such as those measured for BL Lacs
objects or which trace the star formation rate), the best fits
are found for mZ0 ∼ 5–8 MeV. This range of masses,
however, is in tension with cosmological measurements

of the energy density in radiation, parameterized in terms of
Neff [16]. If the sources of the high-energy neutrinos are
preferentially located at high redshifts, however, larger
values of mZ0 ∼10–15MeV could accommodate IceCube’s
spectral feature, without leading to any unacceptable
contributions to Neff . Overall, besides the still modest
statistics, the main limitation to a reliable detection of
the expected dip are these “theoretical systematics”.
In the future, we expect this situation to be substantially

clarified for a number of reasons. First, the experimental
uncertainties associated with the measurement of gμ − 2

will be reduced considerably in the years ahead, along with
the theoretical uncertainties on the Standard Model pre-
diction for this quantity. Second, a combination of cos-
mological and laboratory measurements should allow us to
determine the neutrino mass hierarchy, as well as the sum
of the neutrino masses. Third, measurements of the
spectrum of high-energy neutrinos will be further refined
by IceCube and other neutrino telescopes [69], hopefully
gaining some insight on their source distribution as well.
Finally, future CMB experiments [70], as well as line
intensity mapping efforts [71,72], should be able to
measure ΔNeff to a precision of ∼0.02–0.03. In the
parameter space of interest to this study, a detectable
contribution to Neff would be expected [16].
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