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ABSTRACT: It is assumed that heavy dark matter particles ¢ with O(TeV) mass captured by
the Sun may decay to relativistic light milli-charged particles (MCPs). These MCPs could be
measured by the IceCube detector. The massless hidden photon model was taken for MCPs
to interact with nuclei, so that the numbers and fluxes of expected MCPs and neutrinos
may be evaluated at IceCube. Based on the assumption that no events are observed at
IceCube in 6 years, the corresponding upper limits on MCP fluxes were calculated at 90%
C. L. These results indicated that MCPs could be directly detected in the secondaries’
energy range O(100GeV)-O(10TeV) at IceCube, when € > 1071, And a new region of
0.6 MeV < mycp < 10MeV and 6 x 1076 < ¢ < 10~* is ruled out in the mycp-€ plane
with 6 years of IceCube data.
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1 Introduction

It was found in cosmological and astrophysical observations that most (84%) of matter in the
Universe consists of dark matter (DM) [1-3]. So far, DM has been observed only through its
gravitational interactions. DM is neutral under all Standard Model (SM) gauge interactions
in most of DM models, for example, weak interacting massive particles (WIMPs), axions,
axion-like particles, sterile neutrinos and so on. Unfortunately, no one has found those
neutral DM particles yet [4-14].

Milli-charged particles (MCPs), which are fermions, with a small electric charge ee
(e is the electric charge for an electron and e < 1), are an alternative DM scenario [15—
17]. A model with a hidden gauge group U(1) is taken for MCPs to interact with nuclei.
A second unbroken “mirror” U(1)" was introduced in this model. The corresponding
massless hidden photon field may have a kinetic mixing to the SM photon, so that a MCP
under U(1)" appears to have a small coupling to the SM photon [18]. Certainly, MCPs
can also arise in extra-dimensional scenarios or as hidden magnetic monopoles receiving
their mass from a magnetic mixing effect [19-21]. € is also the kinetic mixing parameter
between those two kinds of photons. The searches for MCPs have been performed in
cosmological and astrophysical observations, accelerator experiments, experiments for decay
of ortho-positronium and Lamb shift, DM searches and so on, so that constraints on € were
determined by those observations. [15, 22-29].

In the DM scenario in this work, there exist at least two DM species in the Universe
(for example, O(TeV) DM and light MCPs). O(TeV) DM, ¢, is a thermal particle which is
generated by the early universe. The bulk of present-day DM consists of them. The other
is a stable light fermion, MCP (x), which is the product of the decay of ¢ (¢ — xx), like
the DM decay channel mentioned in ref. [30]. It is assumed that its mass is much less than
that of a proton. Due to the decay of long-living ¢ (74 > to [31, 32], to ~ 10'7 s is the
age of the Universe. Here 74 > 10'9 s), the present-day DM may also contain a very small



component which is MCPs with the energy of about % Here it is assumed that the decay
of ¢ are only through ¢ — xx.

The ¢’s of the Galactic halo would be captured by the Sun when their wind sweeps
through the Sun. The measurement of light neural DM due to the decay of heavy ¢ captured
by the Sun at IceCube has been discussed in my previous work [33]. The Z'-portal model
was taken for those neural particles to interact with nuclei. In this work, however, the ¢’s
captured by the Sun can only decay into MCPs. A model with a massless hidden photon
will be taken for MCPs to interact with nuclei. MCPs would interact with nuclei when
they pass through the Sun, the Earth and ice. Those MCPs can be directly measured with
the IceCube neutrino telescope via the deep inelastic scattering (DIS) with nuclei in the
ice. The capability of the measurement of those particles will also be discussed here. In
this measurement, the background consists of muons and neutrinos generated in cosmic ray
interactions in the Earth’s atmosphere and astrophysical neutrinos.

2 Flux of MCPs which reach the Earth

The ¢’s of the Galactic halo would collide with atomic nuclei in the Sun and be captured
when their wind sweeps through the Sun. Those ¢’s inside the Sun can decay into MCPs at
an appreciable rate. Then the number of those ¢’s is obtained in the way in ref. [34]

dN

E = Ccap - 211ann - Ceva - CdecN (21)

where Ceap, I'ann and Ceyp are the capture rate, the annihilation rate and the evaporation
rate, respectively. The evaporation rate is only relevant when the DM mass < 5 GeV [34],
which are much lower than my interested mass scale (the mass of ¢, mg > 1TeV). Thus
their evaporation contributes to the accumulation in the Sun at a negligible level in the
present work. Cgec is the decay rate for ¢’s. Since the fraction of ¢ decay < 3.0x107'2 per
year (7, > 10'9 ), its contribution to the ¢ accumulation in the Sun can be ignored in the
evaluation of ¢ accumulation. T',y, is obtained by the following equation [34]

C t C,
Fann = ;ap tanhQ () ~ % with t> 71 (22)
T

where 7 = (CcapCann)_% is a time-scale set by the competing processes of capture and

t
annihilation. At late times t > 7 one can approximate tanh?—=1 in the case of the
T
o
Sun [34]. Ceap is proportional to ZeN [34, 35], where my, is the mass of ¢ and o4y is the
m

scattering cross section between the nuclei and ¢’s. The spin-independent cross section is
only considered in the capture rate calculation. Then o4y is taken to be 104 c¢m? for
mg ~ O(TeV) [4, 5]. Besides, one knows that ¢’s are concentrated around the center of the
Sun from ref. [34].

The MCPs which reach the Earth are produced by the decay of ¢’s in the Sun’s core.
Those MCPs have to pass through the Sun and interact with nuclei inside the Sun. Then



the number Ny of MCPs which reach the Sun’s surface is obtained by the following equation:
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where NO:/ Edt is the number of ¢’s captured in the Sun. ts and ty are the ages of the

0
Sun and the Universe, respectively. T is the lifetime of taking data for IceCube and taken
to be 6 years. If the distance from the Sun’s center to the Sun’s surface is equally divided

R 1
into A portions, L = —*. [; = ——— is the MCP interaction length at ixJL away
N Napioyxn

from the Sun’s center. p; is the density at ixJL away from the Sun’s center [36]. Ny is

computed in column density in the present work. The first exponential term in eq. (2.3) is
the fraction of decay of ¢’s in the Sun’s core. The term of continued product in eq. (2.3) is
the faction of MCPs which reach the Sun’s surface. Here N is taken to be 10%. The results
with A'=10* is sufficiently accurate, whose uncertainty is about 0.05%.

Then the flux ®;0p of MCPs, which reach the Earth, from the Sun’s core is described by

N

— 24
A D2, (24)

Dprop =

where Dy, is the distance between the Sun and Earth.

3 MCP and neutrino interactions with nuclei

In this work, the hidden photon model [18] is taken for MCPs to interact with nuclei via a
neural current (NC) interaction mediated by the mediator generated by the kinetic mixing
between the SM and massless hidden photons. There is only a well-motivated interaction
allowed by SM symmetries that provide a “portal” from the SM particles into the MCPs.
This portal is %FWF“”’ . Then its interaction Lagrangian can be written as follows:

_ 1 . €
L= Z e qAu — ZF/IWF/W + XD — my)x — iF/wF/W (3.1)

q
where the sum runs over quark flavors in the nucleon and e, is the electric charge of the
quark. A, is the vector potential of the SM photon. F, II“/’ F,,, are the field strength tensor
of the hidden and SM photons, respectively. m, is the MCP’s mass. ¢ is the kinetic mixing

parameter between the SM and hidden photons. The covariant derivative is
D, =0, - igXA;L (3.2)

where g, is the gauge coupling of the U(1)" and AL is the vector potential of the
hidden photon.

Then we may calculate the cross sections for scattering of MCP on an isoscalar nucleon
target N=(p+n)/2 at high energies. Those DIS cross sections mainly depends on the



behavior of structure functions at small x, which is the Bjorken scaling parameter. Since
the MCP-mediator coupling is equal to €2a, the DIS cross section of MCPs on nuclei is
equivalent to €? times as much as that of electrons on nuclei via a NC interaction under
electromagnetism, that is

OyN =~ Ealy (3.3)

where x denotes a MCP with ee, N is a nucleon. ¢y is the cross section depending on ~y
exchange between elections and nuclei. That electron-nuclei cross section can be obtained
by integrating over the following doubly differential cross section may be expressed in term
of the structure functions as

o = e [P (@) -7 (2.7 »

where Q? is the momentum transfer, « is the fine-structure constant. Y, = 1+ (1 —y)?, the
2

2m NEi
functions which depend on v exchange between the electrons and nuclei. my is the nucleon

inelasticity parameter y = . Fy(z,Q?) and Fp(z,Q?) are the generalized structure

mass, Ej, is the incident electron energy (also the incident MCP energy). According to
Next-to-leading (NLO) order QCD calculations, since, the contribution of the longitudinal
structure function F7(z,Q?) to that cross section is less than 1% [37], F1(z, Q?) is ignored
in this work. The Fg(az, Q?) term under electromagnetism is equal to a term depending on
7 exchange (F)), that is

Fy=F) (3.5)

The structure function F) can be expressed in terms of the quark and anti-quark parton
distribution functions (PDFs) as

Fy=>"elx(q+q) (3.6)
q

where the sum runs over quark flavors except the top quark (it is too massive to contribute
significantly in the region of interest). A set of PDFs was determined with the LHC run II
data [38]. This set of PDFs was taken to calculate the cross section for scattering of MCPs
on nuclei in this work. For the PDFs of sea quarks, here, ss = s; = c¢s = ¢s = bs = by was
assumed in the calculation of those cross sections.

The total DIS cross sections of MCPs on nuclei may be obtained through integrating
over eq. (3.4) and calculating eq. (3.3). Their results can be approximately expressed as a
simple power-law form in the energy range 1TeV-10 PeV

EX )0.179 (37)

~ —31.2 . 2
oxyN ~ 1756 x 107" €“cm <1GeV

where E, is the MCP energy.



The DIS cross-section for neutrino interaction with nuclei is computed in the lab-frame
and given by simple power-law forms [39] for neutrino energies above 1TeV:

E 0.251

o,n(CC) = 4.74 x 107%°cm? (mgv) (3.8)
E 0.256

oun(NC) = 1.80 x 10~ ¢em? (1021/) (3.9)

where 0,5 (CC) and o,5(NC) are the DIS cross sections for neutrino scattering on nuclei

via the charge current (CC) and neutral current (NC) interactions, respectively. E), is the

neutrino energy.

Ex’,lepton
Ein

energy and E,/ jepton is the outgoing MCPs or lepton energy). Egec = yFin, where Ege is

The inelasticity parameter y = 1— (where Ej, is the incident MCP or neutrino

the secondaries’ energy after a MCP or neutrino interaction with nuclei. The mean values
of y for MCPs have been computed:

1 L do
(y) = U(Ein)/o y@(Ein7y)dy (3.10)

The MCP and neutrino interaction lengths can be obtained by

1

L N
NAPUme

vx = (3.11)
where N4 is the Avogadro constant, and p is the density of matter, which MCPs and
neutrinos interact with.

4 Evaluation of the numbers of expected MCPs and neutrinos at
IceCube

The IceCube detector is deployed in the deep ice below the geographic South Pole [40]. It
can detect neutrino interactions with nuclei via the measurement of the cascades caused
by their secondary particles above the energy threshold of 100 GeV [41]. The MCPs which
pass through the IceCube detector would interact with the nuclei inside IceCube. This is
similar to the NC DIS of neutrino interaction with nuclei, whose secondary particles would
develop into a cascade at IceCube.

MCP events were selected with the following event selection criteria in this analysis.
First, only cascade events were kept. To reduce more background events initiated by
atmospheric muon, Second, only up-going events occurring during a period in which the
Sun was below the horizon were kept. Besides, only those up-going events from the Sun’s
direction were kept.

The Cq and (3 factors should be considered in the evaluation of the numbers of
expected MCPs. C] is equal to 68.3% (that is 68.3% of the MCP events reconstructed with
IceCube fall into a window caused by one standard energy uncertainty). Cy is equal to
50% (that is 50% of the MCP events reconstructed with IceCube fall into a window caused



by one median angular uncertainty). Then the number Nge of expected MCPs obeys the
following equation:
deet
dE

where Acg(E) obtained from the figure 2 in ref. [41] is denoting the effective observational

— Oy x Oy x /T Aut(E)®riopP(E, £(1))dt (4.1)

area for IceCube. E is denoting the energy of an incident particle. P(FE,£(t)) can be given
by the following equation:

P(E€(#) = cxp (—DL@EE))) (1 _ exp(—L?Ce)> . (4.2)

where Learth ice is denoting the MCP interaction lengths with the Earth and ice, respectively.
D is denoting the effective length in the IceCube detector and taken to be 1 km in this
work. D.(£(t)) = 2Resin(&(t)) is denoting the distance through the Earth. R, is denoting
the radius of the Earth. £(t) is denoting the obliquity of the ecliptic changing with time.

The maximum value of £ is 23.44°.

After rejecting track-like events, the background remains two sources: astrophysical and
atmospheric neutrinos which pass through the detector of IceCube. Only a neural current
interaction with nuclei is relevant to muon neutrinos considered here. The astrophysical
neutrinos flux can be described by [42]

E, -~ (e+Blogu(witey))
100T6V)

where ®%%° is denoting the total astrophysical neutrino flux. The coefficients, ®str0,

PO = P4y X ( x 10718GeV tem 25 Lsr™! (4.3)

a and (8 are given in figure VI.10 in ref. [42]. The atmospheric neutrinos flux can be
described by [43]

E, —(70+71$+72$2)
lGeV)

where x = log1o(E,/1GeV). &3 is denoting the atmospheric neutrino flux. The coefficients,

oA = O, ( GeVtem™2s7ter™! (4.4)

Cy (70, 11 and 72) are given in table III in ref. [43].

The neutrinos fallen into the energy and angular windows mentioned above would
also be regarded as signal candidate events, so the evaluation of the number of expected
neutrinos has to be performed by integrating over the region caused by these windows.

Then the number of expected neutrinos N, obeys the following equation:

dN, Omax omre (€ (t)* sin26
v _ A (E (I)Ia/stro + (I)itm P(E,&(t ’0 e

dE /T/emm v () ( ) P(E£®.6) Di (e(t),0)*

where 7.(£(t)) = De(g(t))

the Sun’s diretion. Oy, = 0 and O = 0. 09 is denoting the median angular uncertainty

dodt (4.5

. 0 is denoting the angular separation between the neutrinos and

for cascades at IceCube. The standard energy and median angular uncertainties can be
obtained from the ref. [44] and ref. [45], respectively. P(E,£(t),0) can be given by

P(E£(t),0) =exp (—W> (1 —exp (_Lli)ce)> (4.6)

Learth
where D.(£(t),0) = De(£(t))cos(0) is denoting the distance through the Earth.




5 Results

The distributions and numbers of expected MCPs and neutrinos were evaluated in the
secondaries’ energy range 100 GeV-100TeV assuming 6 years of IceCube data. Figure 1
shows the distributions with an energy bin of 100 GeV of expected MCPs and neutrinos.
Compared to MCPs with €2=10"10 and Ty = 1019 s, the numbers of neutrino events per
energy bin are at least smaller by 4 orders of magnitude in the energy range 100 GeV-
100 TeV. As shown in figure 1, the dominant background is caused by atmospheric neutrinos
at energies below 5TeV but astrophysical neutrinos at energies above about 10 TeV in
this measurement.

The numbers of expected neutrinos (see black dash line) are shown in figure 2. The
evaluation of the numbers of expected neutrinos was performed through integrating over
the region caused by the energy and angular windows described above. The black dot line
denotes the number of expected atmospheric neutrinos. This figure indicates the neutrino
background can be ignored at the secondary energies above 300 GeV in this measurement.
The numbers of expected MCPs with €2 = 10~% and Ty = 10" s can reach about 386 and 1
at 100 GeV and 65 TeV at IceCube, respectively, as shown in figure 2 (see the red solid line).
Figure 2 also presents MCPs with €2 = 1079 (see the blue dash line) and €2 = 107 !%(see the
green dot line) could be detected below about 5 TeV and 380 GeV at IceCube, respectively,
when 74 = 10 s.

6 Discussion and conclusion

Ref. [46] presents an analysis of neutrino signals due to the DM annihilation in the Sun
with 6 years of IceCube data. This analysis has not found any significant indication of
neutrinos due to the DM annihilation in the Sun. Since the MCP and neutrino signals are
hard to distinguish at IceCube, it is a reasonable assumption that no events are observed in
the measurement of MCPs due to the decay of ¢ in the Sun at IceCube in 6 years. The
corresponding upper limit on MCP flux at 90% C.L. was calculated with the Feldman-
Cousins approach [47] (see the black solid line in figure 3). Figure 3 also presents the fluxes
of expected MCPs with 2 = 107% (red solid line), 107 (blue dash line) and 1071° (green
dot line). That limit excludes the MCP fluxes with €2 = 1078, 107 and 1071° below about
25TeV, 1.8 TeV and 200 GeV, respectively.

With €2 = 1078, 107 and 1079, hence, the MCPs from the Sun can be measured in
the energy ranges 25-65 TeV, 1.8-5TeV and 200-380 GeV at IceCube, respectively, when
Ty = 10" s. Based on the results described above, it is a reasonable conclusion that those
MCPs could be directly detected in the energy range O(100GeV)-O(10TeV) at IceCube
when €2 > 107!°. Since these constraints are only given by the assumptions mentioned
above, certainly, the experimental collaborations, like the IceCube collaboration, should be
encouraged to conduct an unbiased analysis with the data of IceCube.



1
Since ®);cp is proportional to — (see eq. (2.3)), the above results actually depends
T
on the lifetime of heavy DM, 74. If 7, varies from 10%° s to 102! s, the numbers of

expected MCPs with IceCube are less by from 1 to 2 orders of magnitude than that with
Ty = 10'9 s, respectively.

Likewise, the upper limit for €2 at 90% C.L. can be calculated with the Feldman-Cousins
approach. Figure 4 shows these limits with 745 = 10 s (see red solid line), 10%° s (see blue
dash line) and 102! s (see green dot line), respectively. If the heavy DM mass, my, is equal
to 3 TeV (the corresponding MCP energy is just 1.5 TeV), as shown in figure 4, the region
of €2 > 3.5 x 107! (that is € > 5.9 x 107°) is ruled out when 7, = 10'Y s.

The MCP mass, masop, is at least taken to be less than 10 MeV, since it is assumed that
the MCP mass are much less than that of a proton, as mentioned in section 1. So the region
of € > 5.9x107% is ruled out at 90% C.L. in the m ;¢ p-€ plane, when my;cp < 10 MeV. This
result is shown in figure 5. To compare to other observations on MCPs, this figure also shows
the € bounds from cosmological and astrophysical observations [22, 23, 48, 49], accelerator
and fixed-target experiments [24, 25], experiments for decay of ortho-positronium [28] and
Lamb shift [29]. A new region of 0.6 MeV < my;cp < 10MeV and 6 x 1076 < € < 107 is
ruled out in the mascp-¢ plane with 6 year of IceCube data, as shown in figure 5.

The MCPs from the Sun’s core could be more easily detected with IceCube, compared
to those from the Earth’s core (although it is closer to the IceCube detector than the Sun),
since the ¢ accumulation in the Sun is much greater than that in the Earth [34]. The
numbers of expected MCPs in the case of the Earth are less by about 2 orders of magnitude
than those in the case of the Sun, as I roughly evaluated them. The region of € > 1073 is
ruled out in the case of the Earth when 74 = 10" s. Meanwhile, the numbers of expected
MCPs from the decay of the galactic and extra-galactic ¢’s were roughly evaluated at
IceCube. They are less by about 2 times than that in the case of the Sun. The € below
limit in the galactic and extra-galactic case is about 107> when Ty = 10 s.

Since the decay of ¢’s into MCPs can lead to extra energy injection during recombination
and reionization eras in the early universe, the parameters in this DM scenario may be
constrained by early universe observations. Since the ¢ lifetime is much greater than the
age of the Universe, however, Qycpsh? < 10712Qpysh? in this scenario. Ref. [50] presented
that the cosmological abundance of MCPs was strongly constrained by the Planck data,
that was Qurcpsh? < 0.001. I also arrived at the upper limit of € > 107% with the Planck
data when my;cp = 1MeV, according to ref. [50]. This is in consistence with my result
mentioned above. Thus, the parameters in this DM scenario can’t be constrained by the
present early universe observations.
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Supernova 1987A (SN2000 [23], SN2018 [22]), accelerator (AC) [24] and fixed-target experiments
(SLAC) [25], the Tokyo search for the invisible decay of ortho-positronium (OP) [28], the Lamb
shift [29], big bang nucleosynthesis (BBN) [23], cosmic microwave background (CMB) [48] and dark
matter searches (DM) [49] are also plotted on this figure.
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