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Azimuthal asymmetry in cosmic-ray boosted dark matter flux
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Light halo dark matter (DM) particles up-scattered by high-energy cosmic rays (referred to as CRDM)
can be energetic and become detectable at conventional DM and neutrino experiments. We show that the
CRDM flux has a novel and detectable morphological feature. Unlike most of the recently proposed
boosted DM models, which predict azimuthally symmetric DM fluxes around the Galactic Center, the
CRDM flux breaks the azimuthal symmetry significantly. Using cosmic-ray electron distribution in the
whole Galaxy and optimized search region in the sky according to the morphology of the CRDM flux, we
derive, so far, the most stringent constraints on the DM-electron scattering cross section from the Super-
Kamiokande (SK) IV data, which improves the previous constraints from the SK-IV full-sky data by more
than an order of magnitude. Based on the improved constraints, we predict that the azimuthal symmetry-
breaking effect can be observed in the future Hyper-Kamiokande experiment at ~ 3¢ level.
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I. INTRODUCTION

Although enormous astrophysical evidence suggests the
existence of dark matter (DM) in the Universe, whether or
not DM participates in nongravitational interactions
remains to be unclear. Current underground DM direct
detection (DD) experiments search for recoil signals from
the possible scatterings between the halo DM particles
(denoted as y) and target nuclei or electrons within the
detectors. Due to the detection threshold of the current
experiments, which is typically of O(keV), DD experi-
ments lose sensitivity rapidly towards lower halo DM mass
m, below GeV (MeV) for DM particles coupled domi-
nantly to the nucleus (electron). Several physical processes
have been considered to lower the detection thresholds,
such as the bremsstrahlung radiation [1] and the Migdal
effect [2,3], etc. The same scattering processes may occur
in some astrophysical observables, such as the cosmic
microwave background [4], the gas cooling rate of dwarf
galaxies [5,6], the distribution of Milky Way satellites [7],
Lyman-a forest [8], and hydrogen 21 cm radiations [9],
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etc., which can be used to constrain light DM particles,
although the constraints are, in general, weaker.
Recently, it was realized that stringent constraints can be
obtained from the elastic scatterings between cosmic-ray
(CR) particles and DM particles [10—12]. High-energy CRs in
the Galaxy can scatter off halo DM particles, which inevitably
results in the energy boost of a small fraction of halo DM
particles (referred to as CRDM). The energetic light CRDM
particles can scatter again off the target particles in the
detector of the DD experiments and deposit sufficient
energy to cross the detection threshold. Due to the power-
law feature of the observed CR nucleus energy spectrum
~ E73, the constraints on DM-nucleon scattering cross
section are highly insensitive to the DM particle mass [13].
So far, the constraints on the CRDM scattering cross
sections have been extensively studied for various types of
interactions [13-26], and searched by experiments [27-29].
The morphology of the CRDM flux is another important
observable, which can be probed by neutrino experiments
with water Cherenkov detectors [30-32]. In these experi-
ments, direction of the incoming DM particle can be inferred
from the Cherenkov light emitted from the recoil particle. The
morphological study of the DM flux is useful for background
suppression, but more importantly, for distinguishing differ-
ent mechanisms for boosted DM (BDM). Apart from CRDM,
there exists a large class of BDM models where a boosted
subdominant DM component arises from the interactions
with the dominant halo DM, such as DM decay [33,34],
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annihilation [35,36], semiannihilation [37-41], three-body
annihilation [42-44], etc. A common feature of these BDMs
is that the predicted BDM flux is azimuthally symmetric
around the Galactic Center (GC), as the dominant halo DM
density profile is approximately spherically symmetric
around the GC [45-47].

This common azimuthal symmetry is expected to be
broken significantly for CRDM flux, due to the unique
distribution of the CRs, which makes it possible to single
out CRDM from all of the other BDM models in the future
experiments. In this paper, taking the CR electron (CRE)
up-scattered DM as an example, we show that CRDM
breaks the azimuthal symmetry in a significant way. Using
the up-to-date CR propagation model and optimized
region-of-interest in the sky according to the morphology
of the CRDM flux, we derive the most stringent constraints
on the DM-electron scattering cross section from the Super-
Kamiokande (SK) IV data. We predict that the azimuth
symmetry breaking can be observed in the future Hyper-
Kamiokande (HK) experiment at a high significance and
can be easily distinguished from other BDMs.

II. CRDM

The distribution of the Galactic CRE intensity d®,(r)/
dT. (number of particles emitted per unit of time, area,
solid angle, and kinetic energy) which sources the CRDM
is highly inhomogeneous. The propagation of the Galactic
CRE can be approximated as a diffusion process confined
in a thin cylindrical diffusion halo with cylinder radius R},
and half-height z;,. The CR intensity d®,(r)/dT, can be
obtained from solving the standard steady-state diffusion
equation [48,49]. It is generally believed that the primary
sources of CREs are dominated by supernova remnants
(SNRs). Thus, the spatial distribution of the CRE source
4d.(R, z) is assumed to follow the standard SNR distribution
ge(R,z) < (R/Rgy)“ exp(—bR/Ry — |2|/z,) [50], where R
and z are the cylinder coordinates, Ry = 8.5 kpc is the
distance from the Earth to the GC, and z, ~ 0.2 kpc is the
characteristic half-height of the Galactic disk. The values of
the two parameters are a =~ 1.25 and b =~ 3.56 determined
from Fermi-LAT data [51,52].

We use the numerical code GALPROP-v54 [53-57] to
solve the diffusion equation and the code HELMOD-4.2 [58]
to calculate the effect of solar modulation of low energy
CREs, respectively. The propagation parameters are taken
from [59], which are the values tuned to best reproduce the
CRE data of AMS-02 [60] and Voyager 1 [61]. In this
model, the boundary of the diffusion halo is R, = 20 kpc
and z, =4 kpc. Other propagation parameters are dis-
cussed listed in the Supplemental Material [62]. In Fig. 1,
we show how the calculated CRE intensity d®,(r)/dT,
changes with the distance R or height z for a typical CRE
kinetic energy 7', = 10 GeV. The CRE flux increases with
increasing R first and peaks at R ~ 4 kpc, then decreases
rapidly towards the boundary at R;. The variation of the
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FIG. 1. The CRE intensity as a function of the cylinder distance
R at different heights z =0, 2, and 3 kpc (blue curves). The
kinetic energy of the CRE is fixed at 10 GeV. The intensity as a
function of height z (upper axes) at different distances R = 1, 8.5,
and 15 kpc (red curves) are also shown for comparison.

intensity with z is relatively smooth for z <1 kpc, but
quickly drops as z approaches z,. This nonspherically
symmetric nature of the CRE intensity is determined by
both the CR distribution and the geometry of the diffusion
halo, which is common to all the current CR propagation
models.

We assume that the interactions between DM particles
(with mass m,, ) and electrons, whether in the galaxy, the crust
of the Earth, or the underground detectors, are dominated by
two-body elastic scattering processes. The DM particles up-
scattered by CREs should travel in straight lines in the
Galaxy. The flux of CRDM at the surface of the Earth from a
given direction of observation can be written as

do P (r)
L — df’(—/ dT
dedQ /1_0_5 m Tmin

X

Gye d®,(r) ()

‘TP dr,

where T7'** is the maximal recoil energy of y from the
collision with an incident electron with T,, and 70" is
the minimally required 7', to produce arecoil energy 7', in the
same collision [11]. 6,,, is the total cross section, and p, (r)is
the DM density distribution function. We have assumed that
the scattering is isotropic in the DM-electron center-of-mass
frame. The integration of the CRDM flux generated at
different positions is performed along the line of sight of
observation. It is obvious from Eq. (1) that the CRDM
flux has an additional dependence on the CRE distribu-
tion d®,(r)/dT,.

III. MORPHOLOGY OF CRDM FLUX

The morphology of DM flux is important for detection
and distinguishing different mechanisms of boosted DM. For
instance, DM accelerated by the Sun [63—-66], supernova [67],
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FIG. 2. Contours of CRDM flux (red solid) d®, /dQ (in units
of 107> cm™2 s~ sr™!) with energy T, > 0.1 GeV for a typical
case of 6,, = 1 x 107 cm? and m, = 1 MeV. The contours of
BDM with n = 1 (blue dashed), which is azimuthally symmetric,
is also shown for comparison. The optimized regions
(magenta) and Q, (green) for calculating the CRDM azimuthal
asymmetry Ap are also shown. The Navarro-Frenk-White [45]
DM density profile is assumed.

and blazers [68] should be observed as pointlike sources.
The DM flux generated from inelastic scatterings between
CRs and the atmosphere of the Earth [69] are expected to be
isotropic. Note that there exists a large class of BDM models
where a subdominant energetic DM component is produced
from the interaction with the dominant halo DM. For this type
of models, the anisotropy in the boosted DM flux solely
originates from the halo DM density distribution, and the
corresponding DM flux can be generally written as

d(I)BDM
X
dT ,dQ

« [ dep, ey, @

where n is a model-dependent integer. Some examples of
these models include: (i) DM decay. In this type of model,
there are at least two DM components y 4 and y . The boosted
DM particle y g is produced through the decay of the dominant
heavier component y, through y, — ygyp, Which corre-
sponds to the case of n = 1 [33,34]. The model with DM
produced from the evaporation of primordial black holes also
falls into this type [70-72]. (ii) DM two-body annihilation.
The boosted DM particle y g arises from the annihilation of the
dominant component y, through the process y 71 — ¥p¥5-
which corresponds to n = 2 [35,36]. In some semiannihila-
tion models, the process of y ys — yp¢ with ¢ being
any other state also belongs to this type [37-41]. (iii) DM
three-body annihilation 3 — 2. In this scenario, three
DM particles collide and produce two light DM particles
XAXAXA — YBXB> Which corresponds to the case of
n = 3 [42-44]. In addition, the model of boosted DM from
the CR-atmosphere scattering produces an isotropic flux,
which falls into the trivial case of n = 0 [69]. Since most of
the commonly adopted halo DM density p(r) is spherically
symmetric, i.e., p(r) = p(r) [45-47], the resulting boosted
DM flux from all of the above mentioned models will be
azimuthally symmetric around the GC.

However, the morphology of the CRDM flux is quite
different. As shown in Eq. (1), the CRDM flux has an
additional dependence on the CRE distribution, which is
not spherically symmetric. Consequently, the azimuthal
symmetry is expected to be broken in CRDM flux.
We calculate the CRDM flux based on our previous
work [13,25]. In Fig. 2, we show the contours of
CRDM flux with energy above 0.1 GeV in the full sky
for a reference m, = 1 MeV and 6,, = 107 ¢cm? and the
flux of BDM with n = 1. The BDM flux is normalized in
such a way that the total flux within polar angle < 5° is
the same as that from CRDM. The DM profile is set to
Navarro-Frenk-White [45] with a local DM density py =
0.42 GeV - cm™ and characteristic radius r; = 20 kpc. It
can be clearly seen that compared with the BDM the
CRDM flux decreases faster towards higher galactic
altitude, which explicitly breaks the azimuth symmetry.

IV. AZIMUTHAL ASYMMETRY

The azimuthal symmetry breaking effect can be quanti-
fied using the standard spherical harmonic expansion of the

CRDM flux %% =57, a;,,Y (0, ), where Y, (6, ¢)
are the spherical harmonic function with integer indices /
and m. @ and ¢ are the polar and azimuth angle, respec-
tively. For any function with azimuth symmetry, such as the
BDM flux, the ¢ dependence disappears. Consequently,
a;,, = 0forall m # 0. For CRDM, the azimuthal symmetry
breaking results in nonvanishing a, ,, for m being nonzero
even numbers. The coefficients with odd-numbered m are
still zero as the CR source term g, (R, z) is symmetric under
z — —z. In Table I, we show a selection of the extracted
coefficients a;,, = |a;,,|/|aoo| normalized to the leading
term |ag | from the distribution of the CRDM flux and the
BDM flux with n =1, 2, using the numerical code
HeALPix-3.8 [73]. These coefficients are independent of
the interaction cross sections or decay lifetime. The table
shows that only the CRDM has the nonvanishing coef-
ficients @, ,, and the typical size reaches ~ 10% relative to
the leading dipole coefficients &, y. The coefficients are
insensitive to the choice of DM profiles. The difference
is found to be within 10% for the Einasto profile [46].
A more complete list of the coefficients are listed in the
Supplemental Material [62].

Alternatively, the azimuth symmetry breaking of the
CRDM flux can be quantified by the difference in event
number in two equal-area regions €, , in the sky, which

TABLE 1. A selection of extracted normalized coefficients a, ,
of the spherical harmonic functions for three type of DM models.

ayg  Gyo  azg  dyp asn ayn
CRDM 1.00 0.90 0.76 0.12 0.12 0.11
BDM (n =2) 1.28 1.33 1.32 0 0 0
BDM (n=1) 0.63 0.37 0.24 0 0 0
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are related by a rotation around the GC. We consider the
following asymmetric parameter:

N(Q)) - N (&)

Ar :N(Ql) +N(Q,)’

3)

where N (€;) is the number of predicted events in the region
Q; under consideration. The number of events can be
written as the sum of the signal and background, i.e.,
N(Q;) = S(Q;) + B(Q;). For a given background event
rate, it is necessary to optimize the shapes of Q; to
maximize the statistical significant of the asymmetry Ag.
We find that for the background-dominant case, the best
regions for Q; are two annular sectors with inner (outer)
angular radius 6,,) = 15(60)° and open angle ¢ = 65°,
which are centered along the Galactic plane. The regions of
Q, are obtained through a 90° rotation of Q;, which
are illustrated in Fig. 2. For a typical cross section of
6, =107 cm? at m, = 1 MeV, the contribution from
CRDM alone to the asymmetry reaches Ap = 0.34 in this
region. Of course, Ay should decrease significantly after the
background is taken into account. The value of Ay is
insensitive to the choice of DM profile as the inner region
close to the GC is excluded.

V. IMPROVED SK LIMITS

Before arriving at the underground detectors, CRDM
particles may lose energy due to the same elastic scattering
off the electrons inside the crust of the Earth. For calculating
the effect of Earth attenuation, we use the numerical
simulation code DARKPROP [74] developed in our previous
work for the Earth attenuation of CRDM [25]. After passing
through the Earth, the CRDM particles can scatter again off
the electrons in the underground detector, which can be
detected by the Cherenkov light emitted by the recoil
electron. Since the CRDM particle under consideration is
quite energetic, we assume that the electron before the
scattering is a free electron at rest, and the recoil electron
after the scattering closely follows the direction of the
incoming CRDM particle. The differential event rate per
unit target mass in a solid angle AQ of observation is given by

dr 0, dP,

= dQ dT , 4
dTe Ne AQ /}r{nin X qunaX dTldQ ( )

where 75 is the maximal energy that can be produced by the
CRDM nparticle with incident energy T, and T)‘(nin is the
minimal energy required for the CRDM particle to produce a
recoil energy T',. ', is the number of electrons per unit target
mass. The SK experiment is located at ~1 km underground,
which uses large water Cherenkov detectors with 22.5 kt
fiducial mass and a good angular resolution [75]. For water
Cherenkov detectors, N, ~3.3 x 10%° kg=!. The SK
Collaboration has performed a search for BDMs based on
the SK-IV data with an exposure of 161.9 kt - yr. The SK

results have been translated into constraints on the CRE
boosted DM previously in [12]. This pioneering analysis,
however, depended on an unconstrained parameter of CRE
cylinder height A, which is assumed to be ~1 kpc.
Furthermore, a uniform distribution of CRs in the whole
Galaxy was assumed, which prevents accurate analysis of
the event angular distribution.

We perform a significantly improved analysis by using
the realistic Galactic CRE distribution and optimized
search region, which allows for fully exploring the infor-
mation provided by the SK-IV data. In the search for
BDMs, the SK Collaboration provided limits on the e-like
events in different cones around the GC with the polar
angle 0 ranging from 5° to 40° in steps of 5°. We first
determine the optimized cone region, which can maximize
the ratio S/v/B for CRDM. We use an isotropic back-
ground event rate of 1.96 kt™!yr~!sr~! from the SK
Monte Carlo simulation [76], and calculate the signal in
the first energy bin 0.1-1.33 GeV with detection efficiency
included. The search result shows that the region within
0 < 25° gives the highest signal significance. Through
directly translating the limits from the SK analysis in this
sky region of the same energy bin, we obtain, so far, the
most stringent limits, which are shown in Fig. 3. In parti-
cular, we find that the limit reaches 6, < 2.4 x 107* cm?
at m, = 1 MeV. These new limits improved the previous
constraints in [12] by a factor of ~ 17, in which a factor
of 2 of improvement comes from the optimized cone size.
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FIG.3. Exclusion regionsin (m,, 6,) plane at 90% C.L. derived
from SK-IV data (red solid) with events inside the cone with
0 < 25°. The exclusion regions derived from the full-sky SK-IV
data [12] and that derived from SK-I low energy data [14] are also
shown. A selection of other constraints such as that from
PIXIE [77], XENON-1T [78], PandaX-II [79], SENSEI [80],
SuperCDMS [81], cosmic ray [10], and solar reflection [64] are
shown for comparison. The vertical dashed line stands for the
BBN constraints on thermalized Dirac fermionic DM from [82].
The projected constraints from the future HK experiment (red
dashed) are shown.

055012-4



AZIMUTHAL ASYMMETRY IN COSMIC-RAY BOOSTED DARK ...

PHYS. REV. D 107, 055012 (2023)

The results are also stronger than that derived from the SK-I
low energy data for relic neutrino search [14].

For light DM particles with sufficiently large couplings
to the Standard Model (SM) particles, it is possible that the
DM particles can be in thermal equilibrium with the SM
particles in the early Universe, which is subjected to
stringent constraints from the primordial helium and
deuterium abundances during the big bang nucleosynthesis
(BBN). In Ref. [15], it was shown that for a large class of
DM models, where DM particles are hadrophilic, the lower
bounds on m, from BBN for CRDM can reach a few MeV.
For instance, for real and complex scalar DM, Majorana
and Dirac fermionic DM, the typical lower bounds on m,
are 0.9 MeV, 5.3 MeV, 5.0 MeV, and 7.9 MeV, respec-
tively [15]. For the case where DM particles are electro-
philic, the corresponding lower bounds for thermalized DM
are 0.4 MeV, 0.5 MeV, 0.5 MeV, and 0.7 MeV, respec-
tively [82]. In Fig. 3, the lower bound for the electrophilic
Dirac DM particle is shown for comparison. In the
scenarios where the DM particle mass or couplings can
vary during the evolution of the Universe (e.g., due to dark-
sector phase transitions), connecting the constraints from
the early Universe to that from the present Universe may be
highly model dependent. It was shown that for some
models the constraints from the early Universe can be less
stringent (see, e.g., [83-85]).

VI. PROJECTIONS FOR HK

Using the updated constraints, we estimate the asym-
metry Ay in the current and the future experiments in the
same energy bin. We find that for the maximally allowed
cross section 6, = 2.4 x 107? cm?* at m, = 1 MeV, the
predicted asymmetry at SK is A3 = 0.017 & 0.036, which
is not statistically significant due to the large background of
SK. Note that the statistical uncertainty will decrease with
increasing exposure, it is possible to observe a more
significant signal in the future experiments with larger
exposures. In Fig. 4, we show how the significance of Ag
changes with the increasing exposure. As an example, we
consider the future water Cherenkov detector of HK, which
is designed to have a total fiducial volume 16.8 times that of
the SK [86]. For simplicity, we assume that the background
event rate of HK is the same as that of SK so that the major
difference is related to the exposure. The HK is designed to
run for at least 20 years with the total exposure reaching
~7.6 Mt - yr [87]. For the 20 years of HK data taking, the
asymmetry is projected to be

AUK — (173 +£0.55) x 1072, (5)

namely, Az can be more than 3¢ above zero. All the BDMs
described in Eq. (2) predict a vanishing Ag, so the

008 : : '
[ — CRDM my=1MeV — SK-1V
006 = BDM@=D gy = 24%107% cm? - HK(10yr) -
: —~ HK (20 yn)
0.04F 1
L 002F ] 1
R I !
0.00 f
—002f 4 1
—004f ]
0.1 0.5 1 5 10

Exp [Mt-yr]

FIG. 4. Azimuthal symmetry breaking parameter Ap and
its uncertainty as a function of the exposure for DM mass

m, =1MeV and cross section o, =2.4x 107 cm?. The
typical exposures for 0.16 Mt - yr (SK-IV), 3.8 Mt - yr (10 years
of HK), and 7.6 Mt - yr (20 years of HK) are marked as green,
blue, and red, respectively. The results from BDM with n = 1 are

also shown.

uncertainties for BDMs are merely from the background,
as shown in Fig. 4 for the case of n = 1. We find that for
HK the two classes of scenarios can be distinguished at
~ 20 level. If no positive signals are observed in the future
HK, then more stringent constraints on CRDM can be
obtained. We assume that the backgrounds and signals
scale with the exposure and use the maximal-likelihood
method to derive the constraints in the searching cone of
0 < 25°, as we did for the SK-IV data. The results shown in
Fig. 3 suggest that the current best constraints can be
improved by around a factor of 3.

VII. CONCLUSIONS

We have studied the morphological feature of the
CRDM, which can be used not only to improve the
constraints on the DM-electron scattering cross section
but also distinguish it from a large class of boosted DM
models in the future experiments. We have focused the
CRE boosted DM. It is straightforward to extend the
analysis to the DM-nucleon scattering process, as it has
been shown that the identification of a proton track is
possible at SK [20,88].
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