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Abstract

It is assumed that heavy dark matter ¢ with O(TeV) mass captured by the Earth may
decay to relativistic light milli-charged particles (MCPs). These MCPs could be measured
by the IceCube neutrino telescope. The massless hidden photon model was taken for
MCPs to interact with nuclei, so that the numbers and fluxes of expected MCPs may be
evaluated at IceCube. Meanwhile, the numbers of expected neutrino background events
were also evaluated at IceCube. Based on the assumption that no events are observed
at IceCube in 10 years, the corresponding upper limits on MCP fluxes were calculated
at 90% C. L.. These results indicated that the MCPs from the Earth’s core could be
directly detected at O(1TeV) energies at IceCube when 2 x 107> < €2 < 4.5x 1073, And
a new region of 100 MeV < myscp < 10 GeV and 4.47 x 1073 < € < 9.41 x 1072 is ruled
out in the mysop-€ plane with 10 years of IceCube data.
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1 Introduction

It is indicated by the Planck data with measurement of the cosmic microwave
background that about 26% of the overall energy density of the Universe is non-
baryonic dark matter (DM) [I]. However, constraints on DM have become more
and more stringent, and most of the parameter space for DM has been ruled
out [2HI2]. The existence of a window for moderate interaction between nuclei
and light DM candidates with masses below 100 GeV was emphasized in ref. [13]
(DM-nucleon cross section ~ pb). A fraction of DM may make up of a particle
species that interact much more strongly with SM particles than a typical DM with
similar mass. Here a scenario where a small part of the DM interacts with the
standard model (SM) particles with a moderately large cross section is assumed.
In this scenario, a part of these particles with moderately large cross sections could
reach the IceCube detectors and be measured by IceCube at O(TeV).

The origin of DM is still unkoown, despite plenty of compelling observational
evidence [I4]. In this DM scenario, there exist at least two DM species in the
Universe. For example, O(TeV) DM and light DM particles(their masses < 1
TeV). This heavy particle (¢) is a thermal particle which is generated by the early
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universe. The bulk of present-day DM consists of them. The other is a stable
light fermion(x) which is the product of the decay of ¢ (¢ — xx), like the DM
decay channel mentioned in Ref. [15]. This light fermion is a milli-charged particle
(MCP), which is an alternative DM scenario [I6HI8|, with a small electric charge ee
(e is the electric charge for an electron and e<<1). 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 e were determined by those observations [16][19H27].
Here the MCP mass is taken to be below 10 GeV. Due to the decay of long-living
¢ (1y > to [28,29), to ~ 10'7 s is the age of the Universe. Here 74 > 10'® s), the
present-day DM may also contain a very small component which is MCPs with

energies of about 7¢, where my is the mass of ¢. In this scenario, besides, it is

assumed that the decay of ¢ are only through ¢ — xy.

The ¢’s of the Galactic halo would be captured by the Earth when ¢ wind
sweeps through the Earth. In this work, it is assumed that MCPs interact with
nuclei with a moderately large cross section. Since the MCPs from the Sun’s core

R, )
hardly reach the Sun’s surface (E ~ 1000, R, and R, are denoting the Earth’s

and Sun’s radii, respectively), theyecan’t be probed by the detectors on the Earth.
One can only detect the high energy MCPs from the Earth’s core (see Fig. 1).
Those particles can be directly measured with the IceCube neutrino telescope via
the deep inelastic scattering (DIS) with nuclei in the ice after they pass through the
Earth and ice. The capability of the measurement of them will also be discussed
in the present work. In this measurement, the background consists of 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 Earth and be
captured when their wind sweeps through the Earth. Those ¢’s inside the Earth
can decay into MCPs at an appreciable rate. Then the number of those ¢’s is
obtained in the way in Ref. [30]

dN
% = Ccap - CmmNQ - Ceva (21)

where Ciup, Conpn and Cg,, are the capture, the annihilation and the evaporation
rates, respectively. The evaporation rate is only relevant when the DM mass < 5
GeV [30], which are much lower than my interested mass scale (my, ~ O(TeV)).
Thus their evaporation contributes to the accumulation in the Earth at a negligible

1
level in the present work. The twice annihilation rate I'y,, = §CcmnN 2 Tunn is

obtained by the following equation [30}31]

Cea t Cea ,
Fann - 9 ptanhQ (;) ~ 5 P with t> 71 (22)
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where 7 = (CmpCann)’% is a time-scale set by the competing processes of capture

t
and annihilation. At late times ¢ > 7 one can approximate tanh?—=1 in the case
T
of the Earth [30]. C.qp is proportional to IeN [30,32], where o,x is the scattering
me
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 1074
cm? for my ~ O(TeV) [23]. Besides, one knows that ¢’s are concentrated around
the center of the Earth from Ref. [31].
The MCPs which reach the IceCube detector are produced by the decay of ¢’s
in the Earth’s core. Those MCPs have to pass through the Earth and interact with
nuclei inside the Earth. Then the number N, of MCPs produced in the Earth’s

core is obtained by the following equation:

t t T
N, = 2N, [ exp(==2) — exp(—= i ) with T <K 1y
To )
(2.3)
T to
~ 2Ny—exp(——)
To To
te dN . .
where Ny= ——dt is the number of ¢’s captured in the Earth. t. and tq are the

dt
0
ages of the Earth and the Universe, respectively. T is the lifetime of taking data

for IceCube and taken to be 10 years. R, is denoting the Earth’s radius.
Then the flux ®,,0p of MCPs, which reach the IceCube detector, from the
Earth’s core is described by

N, R,

where LY is denoting the MCP interaction length with the Earth.

3 MCP and neutrino interactions with nuclei

A second unbroken "mirror" U(1)" was introduced in the hidden photon 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 [34]. € is the kinetic mixing parameter between those two kinds of photons.
This model 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 QFWF/W' Then its interaction Lagrangian can be written

as follows:

_ 1 v oy € v
L= eqdy"qhy — [ Fu F™ + XD —my)x — 5 Fu F™ (3.1)
q
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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},, F},, are the field
strength tensor of the hidden and SM photons, respectively. m, is the MCP’s
mass.

The DIS cross section of MCPs on nuclei is computed with the same model in
Sec. 3 in my previous work [27]. Since the MCP-mediator coupling is equal to
e2a, 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

oWN A €Ty (3.2)

where y denotes a MCP with ee, N is a nucleon. o, is the cross section depending
on 7y exchange between elections and nuclei. The total DIS cross sections of MCPs
on nuclei may be approximately expressed as a simple power-law form in the energy
range 1 TeV-1 PeV [27]

E 0.179
~ 312 2
oyn ~ 1.756 x 10" e“ecm (1G(§V) (3.3)
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 [35] for neutrino energies above 1
TeV:

0.251
v =4.74 x 107%em® | % 4
o,n(CC) 74 x 10™em (1G6V> (3.4)
0.256
o,n(NC) =1.80 x 10 cm? (1 Ge” ) (3.5)

where o,n(CC) and o,5(NC) are the DIS cross sections for neutrino scatter-
ing on nuclei via the charge current (CC) and neutral current (NC) interactions,
respectively. F, is the neutrino energy.

The MCP and neutrino interaction lengths can be obtained by

1
X = —— 3.6
NApo-uxN ( )

where N, is the Avogadro constant, and p is the density of matter, which MCPs
and neutrinos interact with.
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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 [36]. The high energy MCPs which are passing 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.

The number Ny, of expected MCPs obeys the following equation:

deet
dE

where A.r(E) obtained from the Fig. 2 in Ref. [37] is denoting the effective
observational area for IceCube. E is denoting the energy of an incident particle.
(' 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). P(F) can be given by the following
equation:

= Cl X 02 X Aeff<E)(I)MCPP<E) (41)

P(E)=1- exp(—ﬂ). (4.2)
where LY, is denoting the MCP interaction length with the ice. D is denoting the
effective length in the IceCube detector and taken to be 1 km in this work.

After rejecting track-like events, the background remains two sources: astro-
physical and atmospheric neutrinos which pass through the detector of IceCube.
Only a NC interaction with nuclei is relevant to muon neutrinos considered here.
The astrophysical neutrinos flux can be described by [38]

B, ) —(a+Blogio( ot ))

m X 10_18G6V_1cm_2$_1$7“_1 (43)

(I)gstro - (I)astro X (
where ®%'° is denoting the total astrophysical neutrino flux. The coefficients,

D ysir0, a and [ are given in Tab. 2 in Ref. [38]. The atmospheric neutrinos flux
can be described by [39]

B —(Yot+m1z+y22?)
. ) GeV = tem ™25 tsr™? (4.4)

atm __
=0 <1G6V

where x = log1o(E, /1GeV). ®%™ is denoting the atmospheric neutrino flux. The
coefficients, C,, (7o, 71 and ;) are given in Table IIT in Ref. [39].

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:
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dN, Omaz 27 R2sin20
= = A p(B)(®%7° 4 @9 ™ P(E, §) —=———~dfdt 4.
= L A a0 T (45)

where D.(0) = 2R.cosf is denoting the distance through the Earth. 6 is the
zenith angle at IceCube (see Fig. 1). 0,5, = 0 and 6,4, = 09. 0y is denoting the
median angular uncertainty for cascades at IceCube. The standard energy and
median angular uncertainties can be obtained from the Ref. [40] and Ref. [41],
respectively. P(E, ) can be given by

P(E,0) = exp(—DZ—gjo)) (1 — exp(—[f )) (4.6)

wce

where L ;.. are denoting the neutrino interaction length with the Earth and the

ice, respectively.

5 Results

The distributions and numbers of expected MCPs and neutrinos were evaluated
in the energy range 1 TeV-1 PeV assuming 10 years of IceCube data. Fig. 2 shows
the distributions with an energy bin of 100 GeV of expected MCPs and neutrinos.
Compared to MCPs with €?=4.5 x 1072 and 74 = 10'® s (the magenta dash dot
line), the numbers of neutrino events per energy bin are at least smaller by 3 orders
of magnitude in the energy range 1 TeV-1 PeV. As shown in Fig. 2, the dominant
background is caused by atmospheric neutrinos at energies below 200 TeV but
astrophysical neutrinos at energies above about 400 TeV in this measurement.

The numbers of expected neutrinos (see black solid line) are shown in Fig.
3. The evaluation of the numbers of expected neutrinos was performed through
integrating over the region caused by the energy and angular uncertainties de-
scribed above. The black dash line denotes the number of expected atmospheric
neutrinos. This figure indicates the neutrino background is unable to be ignored
in the interested energy range in this measurement (for example, the number of
expected neutrinos is about 0.6 at 1 TeV). The numbers of expected MCPs with
€2 =9 x107* and 74 = 10'® s can reach about 19 and 1 at 1 TeV and 12 TeV
at IceCube, respectively, as shown in Fig. 3 (see the red dash line). Fig. 3 also
presents the MCPs with €2 = 2x107° (see the blue dot line) and € = 4.5x 1073(see
the magenta dash dot line) could be detected below about 2 TeV and 1 TeV at
IceCube, respectively, when 7, = 10'® 5. With €% of about 9 x 107, as shown in
Fig. 3, the number of expected MCPs would reach a maximum value at IceCube.

Ref. [42] presents a all-sky search for transient astrophysical neutrino emission
with 10 years of IceCube cascade events. This analysis has not found any significant
indication of neutrinos from the Earth’s core. Since the MCP and neutrino signals
are hard to distinguish at IceCube, it is a reasonable assumption that no events
are observed in this search for MCPs due to the decay of ¢ in the Earth’s core at
IceCube in 10 years. The corresponding upper limit on MCP flux at 90% C.L. was
calculated with the Feldman-Cousins approach [43] (see the black solid line in Fig.
4). Fig. 4 also presents the fluxes of expected MCPs with €2 = 2 x 1075 (blue dot
line),9 x 10™* (red dash line) and 4.5 x 10~® (magenta dash dot line). That limit
excludes the MCP fluxes with €2 = 9 x 1074 below about 5.3 TeV.



6 Discussion and Conclusion 7

6 Discussion and Conclusion

With €2 = 9 x 1074, hence, the MCPs from the Earth’s core can be measured in
the energy ranges 5.3-12 TeV at IceCube when 7, = 10'® s. With € = 2x107° and
4.5x 1073, the ones from the Earth’s core can also be probed at IceCube. Based on
the results described above, it is a reasonable conclusion that those MCPs could be
directly detected at O(1TeV) at IceCube when 2 x 107° < €% < 4.5 x 1073, 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 ®y;cp is roughly proportional to — (see Eqn. (2.3)), the above results
T¢

actually depends on the lifetime of heavy DM, 74. If 75 =3 x 10" s, for example,
the numbers of expected MCPs are about 20 times less than that with 7, = 108
s at IceCube.

Likewise, the upper limit for €2 at 90% C.L. can be calculated with the Feldman-
Cousins approach. Fig. 5 shows these limits with 75 = 10'® s (see red solid line),
7 x 10" s (see blue dash line) and 3 x 10 s (see magenta dot line), respectively.
If my = 2 TeV (the corresponding MCP energy is just 1 TeV), as shown in Fig. 5,
the region of € < 8.86 x 1072 (that is € <9.41 x 107?) is ruled out when 7, = 10'®
S.

The MCP mass, m,, is at least taken to be less than 10 GeV, as mentioned
in Sec. 1. Then the region of ¢ < 9.41 x 1072 is ruled out at 90% C.L. in the
m,~€ plane, when m, < 10 GeV. This result is shown in Fig. 6. Considering the
capability of the measurement of those MCPs, besides, we had to constrain on €
(€2 2 2 x 107°, that is € = 4.47 x 1073). To compare to other observations on
MCPs, this figure also shows the ¢ bounds from cosmological and astrophysical
observations [19,20],/44][45], accelerator and fixed-target experiments [21],22], ex-
periments for decay of ortho-positronium [25], Lamb shift [26] and measurement
of MCPs from the Sun’s core [27]. A new region of 100 MeV < m, < 10 GeV
and 4.47 x 107 < € < 9.41 x 1072 is ruled out in the m,-€ plane with 10 year of
IceCube data, as shown in Fig. 6.

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 greater than the age of the Universe, however, Qp;cpsh? < 107110, h2
in this scenario. Then this result is consistent with that in Ref. [46], since Ref. [46]
presented that the cosmological abundance of MCPs was strongly constrained by
the Planck data, that was Qa;opsh? < 0.001.
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Fig. 1: MCPs, due to the decay of heavy DM particles captured in the earth core,
pass through the Earth and ice and could be measured with the detector
like IceCube neutrino telescope
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Fig. 2: Distributions of expected MCPs with 74 = 10" s and €2 = 2x 1075, 9x 1074,
4.5 x 1073 and astrophysical and atmospheric neutrinos. Their energy bins

are 100 GeV.
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Fig. 3: With the different €* (= 2x107°,9x 10~* and 4.5x107%) and 74 = 108, the
numbers of expected MCPs were evaluated assuming 10 years of IceCube
data, respectively. The evaluation of numbers of expected neutrinos was
performed by integrating over the region caused by one standard energy
and median angular uncertainties.
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Fig. 4: With the different € (= 2 x 107, 9 x 107* and 4.5 x 107%) and 74, =
10'8, the fluxes of expected MCPs were estimated at IceCube, respectively.
Assuming no observation at IceCube in 10 years, the upper limit at 90%
C.L. was also computed.
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Fig. 5: With the different 75 (= 10'® s, 7 x 10'® s and 3 x 10" s), the upper limit
on € at 90% C.L. was computed, respectively, assuming no observation at
IceCube in 10 years.
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Fig. 6: If my=2 TeV, a new region (shaded region) is ruled out in the m, vs. €
plane, when 75 = 10'® s. Meanwhile, the bounds from plasmon decay in
red giants (RG) [20], plasmon decay in white dwarfs (WD) [20], cooling of
the Supernova 1987A (SN2000 [20], SN2018 [19]), accelerator (AC) [2I] and
fixed-target experiments (SLAC) [22], the Tokyo search for the invisible de-
cay of ortho-positronium (OP) [25], the Lamb shift [26], big bang nucleosyn-
thesis (BBN) [20], cosmic microwave background (CMB) [44], dark matter
searches (DM) [45] and measurement of MCPs from the sun’s core [27] are
also plotted on this figure.
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