PHYSICAL REVIEW D 107, 103057 (2023)

High-energy cosmic neutrinos as a probe of the vector mediator scenario
in light of the muon g —2 anomaly and Hubble tension

Jose Alonso Carpio ,1 Kohta Murase,l’z‘3 Ian M. Shoemaker,4 and Zahra Tabrizi®*’

1Departmenl of Physics, Department of Astronomy and Astrophysics,
Center for Multimessenger Astrophysics, The Pennsylvania State University,
University Park, Pennsylvania 16802, USA
2School of Natural Sciences, Institute for Advanced Study, Princeton, New Jersey 08540, USA
*Center for Gravitational Physics and Quantum Information, Yukawa Institute for Theoretical Physics,
Kyoto, Kyoto 16802, Japan
4Centerfor Neutrino Physics, Department of Physics, Virginia Tech, Blacksburg, Virginia 24061, USA
Northwestern University, Department of Physics and Astronomy,
2145 Sheridan Road, Evanston, Illinois 60208, USA

® (Received 22 May 2021; revised 11 October 2021; accepted 31 March 2023; published 31 May 2023)

In light of the recent muon g — 2 experiment data from Fermilab, we investigate the implications of a
gauged L, — L, model for high energy neutrino telescopes. It has been suggested that a new gauge boson at
the MeV scale can both account for the muon g — 2 data and alleviate the tension in the Hubble parameter
measurements. It also strikes signals at IceCube from the predicted resonance scattering between high-
energy neutrinos and the cosmic neutrino background. We revisit this model based on the latest IceCube
shower data, and perform a four-parameter fit to find a preferred region. We do not find evidence for secret
interactions. The best-fit points of my and g,, are ~10 MeV and ~0.1, respectively, depending on
assumptions regarding the absolute neutrino masses, and the secret interaction parameter space allowed by
the observed IceCube data overlaps with the regions of the parameter space that can explain the muon g — 2
anomaly and Hubble tension as well. We demonstrate that future neutrino telescopes such as IceCube-Gen2
can probe this unique parameter space, and point out that successful measurements would infer the neutrino

mass with 0.06 eV < Xm, <0.3 eV.
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I. INTRODUCTION

The recent data from the Fermilab muon g — 2 collabo-
ration indicates that muon magnetic moment may disagree
with phenomenological predictions from the Standard
Model (SM) [1] consistent with the earlier E821 experi-
ment at Brookhaven [2]. Although it could be explained
by the SM physics through the hadronic vacuum polari-
zation [3—6], this may indicate beyond the Standard Model
(BSM) physics coupled to the muons. As a consequence of
electroweak gauge symmetry, modifications to muon phys-
ics would imply modified neutrino physics as well given
that charged leptons and neutrinos come together in SU(2)
doublets. In this paper, we explore an example of this in the
context of gauged lepton number. A very large number of
possible interpretations of the new muon g — 2 results have
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already appeared, including supersymmetry [7-21] new
U(1) gauge symmetries [21-28], dark matter [23,29-31]
axions and axionlike particles [32,33], Higgs doublet models
[19,26,34-38], 331 models [39], seesaw models [40], and
leptoquarks [41,42].

As is well known, gauging the lepton number combi-
nation L, — L, is anomaly free [43,44]. It is also exper-
imentally challenging to probe given that its main effects
are to modify the interactions of unstable charged leptons
and neutrinos. Intriguingly, this combination of gauged
lepton numbers can both explain (g — 2), and be consistent
with the constraints from null experiments [45-47].
In principle, this scenario can be tested at NA64u, the
European Spallation Source, DARWIN [48], the missing
muon momentum (M?) experiment at Fermilab [49], and
the high luminosity LHC [50].

This work focuses on a different probe of gauged L, — L.,
involving only neutrinos. We study the current and future
sensitivity of the IceCube neutrino telescope to such new
gauge interactions, by examining in detailed the modifica-
tions to the spectrum of high-energy cosmic events [51,52].
Such interactions can also alleviate the tension in Hubble
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parameters between the local value and cosmic microwave
background data, through delaying the neutrino free stream-
ing by self-interactions [53-58] or adding to the effective
number of relativistic (neutrino) species [59-62]. We find
that the data from IceCube and the muon g — 2 collaboration
can be combined to yield a nontrivial determination
of neutrino masses. Earlier work has also examined the
impact of gauged L, — L, at IceCube [63-65]. We also note
that extended gauge symmetries (e.g., different baryon and
lepton number combinations) may allow one to also connect
to the Large Mixing Angle (LMA)-dark solution of neutrino
oscillations for gauge boson masses in the range we are
considering here [66,67]. We note that Ref. [68] commented
on the connections between IceCube, Hubble tension, and
muon (g —2) in the L, — L, model.

In Fig. 1 we show the IceCube preferred region in red in
the plane of the gauge boson mass and the neutrino mass.
Here the resonance energy in the observer frame is
Epes = m2,/[2m,(1 + Z)], where Z ~ 1 is the typical redshift
of the neutrino sources. The gray shaded area shows the
region of neutrino masses excluded by cosmology. Given
that none of the individual neutrino masses can exceed the
cosmological bound on the sum of neutrino masses, we
display the Planck 2018 bound }_ m, < 0.24 [69]. Notice
that the region between m, ~ 10-17 MeV shows the range
of the gauge boson mass that may explain the (g—2),
observations while remaining consistent with the null results
from CCFR [46,70] and Borexino [64,71,72]. For simplicity
we have assumed the natural level of loop-induced kinetic
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FIG. 1. Preferred and excluded regions in the mediator and

neutrino mass plane. The part of the parameter space, which is
allowed by IceCube data, is shown in the red curves, while the
region between the blue curves is the part allowed by the
combination of muon (g —2) and Hubble tension. The combi-
nation of data sets can be used to infer nontrivial bounds on the
absolute neutrino masses (see text for details).

mixing for the Borexino constraint, but in principle this can
be relaxed by allowing model-dependent additional particles
in the loop. This would only allow for slightly lighter
gauge boson masses. Similar masses and gauge couplings
can also alleviate the Hubble tension via the extra contri-
bution to the radiation density from the light vector particle
(e.g., Ref. [62]).

The remainder of this paper is as follows. In the next
section, we introduce the model and the neutrino-neutrino
cross section the model predicts. In Sec. III we consider
implications of the present IceCube shower data can
provide, being careful to allow for fairly weak priors on
both particle and astrophysical parameters. We discuss the
potential of the next generation detectors in confirming or
excluding the model in Sec. IV, and we conclude in Sec. V.

II. GAUGED L, -L, MODEL

We consider a model of the gauged L, — L, number
[43,44], with the Lagrangian

2
. mz,

LD gﬂT.]Z—TZ:l - TZzng/a’ (1)
where g, is the gauge coupling, Z’ is the new gauge boson
with mass my, and the current associated with the new
symmetry is

Ju—e = LoyaLo + figyabir — L3yels — Tr¥aTr,  (2)

where L; is the lepton doublet of the ith generation. This
new gauge interaction allows for high-energy neutrinos to
scatter on the neutrinos of the cosmic neutrino background.
The most significant effect is the s-channel scattering
cross section, which in terms of mass eigenstates can be
written as

2 4y S

G(Ulyj - 1/1/) - 3ﬂ_gﬂ‘L'Qij (Sj _ mé)z + m%,l%, ’ (3)
where for a given incoming neutrino energy E, the
Mandelstam variable s; is s;~2m E,, where {m,my,msz}
are the masses of the mostly active neutrinos, and the width
is 'y = ga,mz/(127). We have also defined the effective
charge Q;; in the above for scattering of the mass eigenstates:
0, = (UTGU)l-j, where G = diag(0, +1,—1), and U is the
Pontecorvo-Maki-Nakagawa-Sakata matrix. In principle,
the z-channel contributions can also be relevant at large
couplings, e.g., g 2 0.1 [73-75], which is out of the range
we consider in this work, and we have checked numerically
that we can neglect it here.

The neutrinos scattering off each other can cause the
depletion of astrophysical neutrinos at the resonant energies
E; =m%/(2m;) [51,52,76]. Because of I'y < my, the
cross section would be localized around E, = E;:
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o(viv; = w) = oNE,S(E, — E;), where o = 351’",?_”,

effective cross section, averaged over the resonance width.
We can calculate the neutrino optical depth as [77]

is the

Bt 1) = 3 e (E, )0z (Ennt) — 2O — 2 (B, 1),
J
(4)
: R_ T 14 R R
using 7 = 57, Where () = nj(t)e, z;=
(1+4+z)E;/E, — 1, and n(t) is the neutrino number density.

Here H(z) is the Hubble parameter at redshift z and ©(x)
is the Heaviside function. We can calculate the flux of
BSM-mediated astrophysical neutrinos v; as (e.g., [78])

N,, N
©i(E,) 47:/ ‘HG) dE’e A, (5)

where R(z)(dN,/dE)) is the differential rate density of
the astrophysical neutrinos. For the redshift evolution of
sources, R(z), we assume that they are distributed accord-
ing to the star-formation rate [79]. We do not consider
effects of cascades as an approximation, which is reason-
able because its effect is a factor of 2 for s, ~ 2.5, which we
consider [73] (See Appendix for details).

Finally, because the neutrino decoherence timescale is
much smaller than other relevant timescales, the fluxes of
the neutrino flavors v, are given by ®, = >, |U,|*®;.

III. IMPLICATIONS OF HIGH-ENERGY
NEUTRINO DATA

Secret neutrino self-interactions lead to striking spectral
distortions at IceCube [51,52,63,73,76]. To find this spec-
tral feature, it is crucial to use a data sample with a good
energy resolution. High-energy starting events (HESEs) in
which the deposit energy distribution is calculated, includ-
ing showers and starting tracks, are often used [73,80].
For this purpose, for our numerical analysis we use the 6 yr
shower data sample of IceCube, which is dominated by
the electron and tau contributions to the data [81]. This has
an advantage of having more events especially at lower
energies, which enables us to determine the spectral index
s, (defined below) better. (Note that the 6 yr shower
analysis result, s, = 2.53 £ 0.07, is consistent with the
7.5 yr HESE analysis result, s, = 2.87’:8.'128 [82], within
~1.50). The ordinary SM fit that the IceCube collaboration
performs fits to an unbroken power law with the slope s,

®(E,)) =3x 107" (GeV -s-cm? - sr)~!

E, S
w (0 7ew) )

where ®(E,)(100TeV)=3x10""8 (GeV-s-cm?-sr)~ @y
is the all-flavor flux at 100 TeV. The IceCube collaboration

officially found the best-fit values, s, = 2.53 +0.07 and
Dyp = 1.6610357.

To perform our analysis, instead of calculating the
expected number of events we calculate E2®(E,) at each
bin of energy and compare it with the flux data given in
Fig. 3 of Ref. [81]. We define the following log-likelihood
function:

X gpectral 2'/\[ Z {
( E2 (I)>Th

- (qu))JCascade 10g <(E2q))Caecade> }’ (7)

where (E;®)$*® are the IceCube cascade fluxes at
each bin of energy while (E;®)]" is the theory prediction.
We consider the neutrino energies 4.7 TeV < E, <
9.1 x 10* TeV, sorted into 13 log-spaced bins. The param-
eter NV is a normalization factor that contains information
on the effective volume, cross section, and observation
time, which guarantees each term has the same magnitude
as the observed number of signal events at IceCube. We
have checked that by using N’ = 3 x 10® we can reproduce
the IceCube results, getting the best fit values s, = 2.49 and
Oy = 1.65 with an allowed region similar to Fig. 2 of
Ref. [81]. We caution that our approach is only approxi-
mate. At present, detailed information on the event selec-
tion is not publicly available for the shower data, and we do
not take into account details such as effects of the energy
smearing due to neutral-current interactions and systematic
errors from the atmospheric background. Nevertheless, we
confirm that our analyses are broadly consistent with the
IceCube results, so the method is accurate enough for the
purpose of this work.

In Fig. 3 we display the marginalized best-fit regions.
In each panel, the two parameters not shown have been
marginalized over. We consider two cases for the neutrino
mass spectrum. Case I fixes the neutrino masses to
(my,my, m3) = (0.03,0.031,0.059) eV. While in case II
for which the masses are nearly degenerate we take
(my, my,m3) = (0.0871,0.0876,0.1) eV.

To fit our model to the IceCube data we assume that R(z)
follows the star-formation rate, which is reasonable for
most astrophysical models [83]. Following the results of
Ref. [65] we have concluded that different R(z) models
do not change our results significantly, and the effect on
the shape is negligible and very hard to observe, see, e.g.,
Fig. 10 of [84]. For g, # 0, the observed flux is no longer
a power law, so the parameter ®@wp used in our fits will
be defined so as to normalize the flux at 100 TeV under
the standard case g,, =0: @, gW:O(IOO TeV)/®yp=

3x107'% (GeV -s-cm?-sr)~'. We fit the data to both
(dwg, s,) as the collaboration does, but also the two new
particle physics parameters associated with the new gauge

E2¢))Cascade)
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FIG. 2. The astrophysical fluxes of neutrinos per neutrino
flavor for the IceCube six-year shower events (black crosses)
[81] and the L, — L, model (shown with colored curves). For the
latter we have fixed the astrophysical parameters to the IceCube
best fit values (Pywg,s,) = (1.66,2.53).

symmetry, g,, and my. We find the best-fit points of
my =794 MeV and g,, = 0.10 for case I and my =
11.27 MeV and g,, = 0.09 for case II. Yet, the secret
interaction model does not significantly improve the fit to
the IceCube data (the difference between the two models is
less than 1o C.L.).

Let us first discuss the left panel, which displays the best-
fit region in the mass-coupling plane. We see that both
cases I and II prefer a relatively narrow range of vector
masses at 90% C.L. (solid) and 95% C.L. (dotted). This fits
the expectation from the s-channel resonance cross section
that is sharply peaked around

mgy

m2, 2/0.06 eV
Ees — 2 ~ (5 PeV .

At present, the IceCube shower and HESE data lack
statistics in the 0.2-1 PeV range [81,82]. This possible
diplike feature has been paid attention to for several
years [63]. The self-interaction cross section around these
resonance energies can induce significant depletion of
neutrino flux.

The fact that there appears to be no upper bound on the
coupling in the left panel of Fig. 3 is because of the dip in
the 0.2-1 PeV region. Larger couplings result in greater
flux depletion, as shown in Fig. 2. Let us also mention that,
depending on how exactly we calculate the contained
energy information in each bin, there could be less than
20% of analysis related uncertainties which could result in
moving the mass regions slightly to the left. The con-
clusions of this work are however unchanged.

We show in Fig. 4 the preferred regions by IceCube we
find in this work in the mass-coupling plane, accompanied
by the excluded region by the CCFR experiment [70] (gray
shaded region), the blue shaded region is the excluded
region by Borexino [72], while the purple band represents
the preferred 26 region from the (g — 2) , discrepancy [48].
It is also important to note that such leptophilic interactions
mentioned in this work can also affect the relativistic
degrees of freedom of neutrinos and so to avoid tension
with cosmology it requires that my 2 10 MeV so that
AN < 0.5 [62]. We show the excluded region in yellow.
It was also mentioned in Ref. [62] that an additional Z’
boson can also alleviate the Hubble tension (even though it
cannot be fully resolved), for the mass-coupling region
shown with the green band. Last but not least, one could
see all the favored regions cross each other at my
10-17 MeV and g,, = (4 —6.5) x 10~*, shown in the
hashed red region. Note that the cosmological limit used
here considers the kinetic mixing, which is stronger than
limits only with neutrino self-interactions although it
depends on AN [64,85,86].
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FIG. 3.

myz [MeV]

Best-fit regions at 90% C.L. (solid) and 95% C.L. (dotted). Here we fit to a four parameter model in which the astrophysical

neutrino flux is parametrized by the spectral index and normalization, (s,, ®wg), while the particle physics of the U(1) L-L, model is
fixed by the parameters (my, g,.). Cases I and II refer to two different possibilities for the spectrum of neutrino mass eigenstates

(see text for details).
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FIG. 4. Constraints and preferred regions for the gauged
L, — L, model. The shaded regions are constrained by the
current experiments: the gray region is excluded by the trident
measurement at the CCFR experiment [70], the blue region is
excluded by Borexino [72], the green region is a limit from the
IceCube HESE data [87] and the yellow region is bounded by
cosmology [62]. The dashed curves are the preferred regions that
explain or alleviate the anomalies: the purple band is the region
favored by the (g — 2), discrepancy, the green band is the region
which alleviates the tension in the Hubble parameter measure-
ments [62], the two cyan and red regions represent the two cases
considered in this work as regions preferred by the IceCube
shower data.

The preferred regions are intriguing because results
obtained from three independent measurements meet each
other. On the other hand, we stress that the IceCube data
have not shown evidence for secret neutrino self-
interactions, by which we can place an upper limit on
the coupling rather than the preferred region. We also show
the previous results by Ref. [87] in Fig. 4. The constraints
are weaker than the limits from Borexino as well as other
laboratory experiments such as the kaon-decay measure-
ment implying g,, < 0.01 [73].

IV. FUTURE PROSPECTS

Lastly, we consider the impact of next-generation detec-
tors such as IceCube-Gen2 [88] on the gauged L, — L,
scenario considered in this work. In particular, we are
interested in the unique parameter space, where the muon
g—2 anomaly solution, Hubble tension alleviation, and
IceCube preferred region are overlapping. For demonstra-
tion, we adopt m’, = 15 MeV and g,, = 5 x 10~ as the
fiducial scenario (shown as the black cross in Fig. 3). Using
the zenith-angle-averaged effective areas for shower-type
events based on Fig. 25 from Ref. [88] we estimate the
number of events coming from a given neutrino flux. As in

Gen2, 10 years

103 —_— —

E *5,=2.53, Dyp=1.66, mz=15 MeV, g,,=5x107* ]

I *5,=2.53, Gyp=1.66, SM ]

107 ] ‘ \ E
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=
(5]

o L ‘ i
&3

3 ’ : .-l— E
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10° 10° 10’
neutrino energy, E, [GeV]
FIG. 5. Neutrino energy distribution of mock events expected

in 10 years of running with IceCube-Gen2, using the SM best-fit
points for the spectral index and the normalization. The red data
points show the mock data with secret interactions for my =
15 MeV and g,, =5 x 10~*, which deviate by ~5¢ from the
black ones corresponding to the SM scenario.

the analysis in the previous section, this approach here is
different from those in Refs. [73,80] that used the energy
deposited in the detector. In Fig. 5 we compare neutrino
spectra with and without BSM neutrino-neutrino scatter-
ings in red and black data points, respectively, assuming
10 years of IceCube-Gen2 data and the neutrino spectrum
with s, =2.53 and ®wp = 1.66. It shows that with
statistics expected in IceCube-Gen2, the dip feature will
be evident if it exists. We also compute the resulting y* and
find that our fiducial scenario would be ~5¢ discrepant
with the SM case without secret interactions. Although
results depend on our understanding of astrophysical
components, this demonstrates that such a model can be
probed by the IceCube telescopes.

In Fig. 5, only statistical errors are considered. In
reality, there are other systematics which need to be taken
into account. As noted above, the deposited energy is
smaller than the neutrino energy, which can make the
expected dip broader. The atmospheric background gives
additional systematics in the analysis. On the other hand,
this analysis only used the shower data. Muon track data
including starting and through-going events should also
give us information. One may be able to further uncover
the nature of the preferred model of secret self-
interactions by combining spectral and flavor modifica-
tions [80,89], and global analyses as in Ref. [90] will be
more powerful.
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V. SUMMARY AND DISCUSSION

It has been suggested that the gauged L, — L, model
accounts for the muon g — 2 anomaly. High-energy neutrino
data provide an independent test for this model through dip
signatures caused by secret neutrino self-interactions. We
showed in this work that the current 6-yr shower data of
IceCube prefers couplings and masses consistent with the
muon g — 2 data, which also overlaps with the parameter
space alleviating the Hubble tension [62].

We have performed a likelihood analysis similar to
Ref. [91], where we show our results based on the
assumption that the gauged L, — L, model is “preferred”
over the null hypothesis. This is because the current
IceCube shower data have a paucity in the 0.2-1 PeV
range, but the sensitivity (or constraint) is weaker as
indicated by the HESE constraint in Fig. 4. Gen2 can be
sensitive to the preferred region hinted by ICeCube.

Future neutrino experiments such as IceCube-Gen2 will
be sensitive to the parameter space indicated by Fig. 5, and
may confirm the dip. But one should keep in mind that
the dip can also be caused by astrophysical sources. For
example, this may reflect two or more astrophysical
populations [78,92]. The dip could also be caused by
the Bethe-Heitler process that can be important between p p
and py interactions and/or the combination of multipion
production and pileup due to the meson/muon cooling.
However, these details are model dependent, and it is
beyond the scope of this work to perform the BSM analysis
taking account of such astrophysical systematics.

If this result is confirmed, then the combination of the
data may not only reveal the existence of a new funda-
mental symmetry but also uncover the neutrino mass
spectrum. We found that the required parameter space is
narrow, and the total neutrino mass has to range from 0.06
to 0.3 eV. This is also encouraging for future neutrino mass
measurements (e.g., [93-96]).

We also demonstrated that the gauged L, — L, scenario
for the muon g — 2 anomaly and Hubble tension alleviation
can critically be tested by IceCube-Gen2. This result
is consistent with the previous work that showed next-
generation neutrino telescopes can reach the limit expected
in the mean free path limit [80].

Another important test with high-energy neutrinos is to
utilize multimessenger observations from individual neutrino
sources [97-99]. In particular, BSM neutrino echoes—
delayed neutrino emission through secret neutrino—neutrino
scatterings—provide a test that is insensitive to the unknown

astrophysical spectrum. Reference [98] showed that
IceCube-Gen2 can reach g,, ~ 10~ — 1072 for the vector
mediator scenario.
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APPENDIX: CASCADES EFFECTS

In order to confirm that the up-scattering of neutrinos does
not affect the analysis of this work we have made Fig. 6. To
get the “no cascade” plot, we have collected all the particles
that never scattered. As it should be expected the “no
cascade” case is always below the cascade one, because
in the latter we are still getting some energy deposited
between resonances from scattered particles. However, the
difference is about a factor of 2 at the peak located between
resonances, and it does not significantly affect the preferred
region we have obtained in this analysis.
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FIG. 6. Same as Fig. 2, but comparing the fluxes with up-
scattering (orange) and without up-scattering (green) curves.
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