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Nonrelativistic dark matter (DM) can be accelerated by scattering on high-energy cosmic-ray (CR)
electrons. This process leads to a subpopulation of relativistic or semirelativistic DM which extends the
experimental reach for direct detection in the sub-GeV mass regime. In this paper we examine the current
and future potential of this mechanism for constraining models of light dark matter. In particular, we find
that Super-Kamiokande and XENONI1T data can already provide leading constraints on the flux of dark
matter that has been accelerated to high energies from cosmic ray electrons. We also examine future
projected sensitivities for DUNE and Hyper-K, and contrary to previous findings, conclude that DUNE will
be able supersede Super-K bounds on cosmic-ray upscattered DM for a variety of DM models.
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I. INTRODUCTION

The nature of the nonluminous dark matter (DM) is one
of the greatest mysteries in physics. At present, everything
that is known about DM has been derived on the basis of its
gravitational interactions with ordinary matter. The race is
on to detect any nongravitational interactions of DM, which
would be a significant step forward in our understanding of
the most abundant type of matter in the Universe.

An extremely active and promising direction involves
“direct detection” searches which aim to observe small
energy depositions within underground detectors [1] via
scattering on nuclei or electrons. These experiments lose
sensitivity to low-mass DM (m, < O GeV) given that the
O(100) km/s DM velocities in the Milky Way limit the
available energy to be deposited in a detector.

A striking caveat to this conclusion comes from the
presence of high-energy cosmic rays. If DM possess a
nonzero cross section with ordinary matter, high-energy
cosmic rays can scatter the relatively slow-moving DM and
thereby “boost” a fraction of the galactic DM above the
critical energy necessary to deposit energy above the
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detectable threshold at a direct detection experiment.
This extends the reach of standard direct detection experi-
ments orders of magnitude below the typical O(GeV) mass
reach. The enhanced sensitivity at lower masses does come
at a cost, however, as the flux from the upscattered subset is
substantially less than the general galactic DM population,
which necessitates larger cross sections for observability.

The possibility of examining sub-GeV mass dark matter
through CR upscattering has recently received significant
attention [2-5], and can also produce observable effects on
the CR spectrum itself via DM induced energy losses [6]. In
addition to the possibility of extending the reach of
conventional direct detection experiments, these initial
studies demonstrated that an upscattered DM population
could also be probed with a variety of neutrino experiments
such as DAYA BAY, PROSPECT, Borexino, and Super-
Kamiokande, with future possibilities for JUNO, DUNE,
and Hyper-K. Neutrino experiments are able to provide
stringent bounds on cosmic-ray upscattered DM due to the
large exposures at these experiments and the increase in
incident high-energy DM flux from the CR scattering
process. The parameter space probed by these experiments
is smaller in mass and considerably larger in cross section
than the peak sensitivities of direct detection experiments
which typically probe the 10 GeV-1 TeV mass range at
cross sections of O(10746-10"% cm?).

Other recent methods for improving the bounds on light
DM provide complementary probes using e.g., the Migdal
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effect [7-12], Bremsstrahlung [13], or CMB distortions
[14-16]. Cosmic-ray upscattering of DM has also received
renewed interested in the context of the recent XENONIT
excess [17-20].

Previous work on CR upscattered DM through electron
interactions has focused on energy independent cross
sections [2,5]. However, the importance of energy-
dependent scattering has been recently highlighted in the
context of nuclear recoil experiments [4], where it was
found that the resulting cross section bounds can be orders
of magnitude different than those derived under the
assumption of a constant cross section. Therefore, in this
paper we revisit the direct detection of CR upscattered DM
via electron recoil in specific models of DM interactions
and thereby extend the work in [4]. We examine the reach
of Super-K and XENONIT for a variety of interaction
types including anapole, magnetic dipole, pseudoscalar
mediated, and leptophilic scalar mediated interactions. We
find that Super-K produces leading constraints on a wide
variety of DM models at low masses. Moreover, the
upcoming experiments DUNE and Hyper-K will signifi-
cantly improve these bounds.

The remainder of this work is organized as follows. In
Sec. II we discuss how to obtain the DM flux at and event
rate within a terrestrial detector from an upscattered DM
population. In Sec. III the specific models of dark matter-
electron interactions to be investigated are described.
Sec. IV provides the results in the cross-section vs dark
matter mass plane from Super-K and XENONIT, along
with projections from DUNE and Hyper-K, with a sum-
mary following in Sec. V.

II. CALCULATIONAL FRAMEWORK

Here we describe the essential set of assumptions in
order to compute event rates of CR upscattered DM at an
experiment. As we will see, although there are important
astrophysical uncertainties, the experimental sensitivity we
obtain will not be strongly impacted by them. This is due to
the fact that the rate of events in an experiment scales as two
powers of the dark matter-electron cross section, o a)z(e, one
power each from the upscattering and detection processes.

The double-differential collision rate of CR electrons

with dark matter within an infinitesimal volume is
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the scattered dark matter flux at Earth is then obtained by
dividing by 4zd? (where d is the distance from Earth to the
volume element) and integrating this over the relevant
volume and CR energies
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FIG. 1. Here we reproduce the fit to the electron CR flux from

[21].

do,, DS )
T, dT,

P
~Dule [ ar,
mﬂ/ 21111

where D, is an effective diffusion zone parameter, p, =

0.3 GeVem™ is the local DM density, and d®HS/dT; is
the local interstellar (LIS) flux of electrons. We use the
fluxes of CRs in Ref. [21,22], which are obtained from a fit
to Voyager 1 [23], AMS-02 [24], and PAMELA data [25].
For reference, we display in Fig. 1 the LIS flux of electrons
we employ throughout this work.

In this calculation the diffusion zone sets the distance
from Earth over which we include contributions to the
high-energy DM flux. The parameter Dy takes into
account the variation of the dark matter density throughout
the diffusion zone. While there is uncertainty in the precise
value of this parameter, we follow Ref. [3] and conserva-
tively consider a diffusion zone of 1 kpc, which corre-
sponds to D i = 0.997 kpc.

Finally, we obtain the differential event rate (per unit
detector mass) from the incoming relativistic DM flux as
measured at a terrestrial detector

dR 1

dET mpy T;nin

d®, do,_,
“dT, dEy

(4)
where E7 is the recoil energy of the target electron.

III. MODELS OF DM-ELECTRON INTERACTION

In this section we will deduce the nonrelativistic refer-
ence cross-sections for a variety of interactions. In order to
go to the nonrelativistic limit for incoming dark matter
scattering electrons on earth, for the four-momentum
transfer we will use g*> = 2m,E; ~ —|g|* which we replace
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with the reference momentum |g|*> = a®>m?2, as is standard

in the field [26-28], to find the matrix element | M. |>. We
will drop kinetic terms in comparison with mass terms, and
use the notation g, and g, to denote couplings of the
mediator to dark matter and electrons, respectively. In each
interaction scenario we reduce to the matrix element
squared | Mj..|* and use the definition [26-28]

2
- Hye

5 —_ tae
¢ 16zmim?

g (5)

free

where p,,, is DM-electron reduced mass. Note that in order
to place conservative bounds throughout we do not include
atomic coherence which enhances the scattering rate at low
energies [29,30]

We begin our examination of DM models by looking
at a representative set of spin-dependent electron inter-
actions as found in Table I of [28]. This is a useful set of
interactions to explore since it is projected that such
interactions will be strongly constrained via magnon
excitation [28] in future detectors. We then investigate
a leptophilic scalar dark matter model with a scalar
mediator.

A. Pseudomediated DM

The pseudomediated DM interaction Lagrangian con-
tains the interaction terms

LD gixd + ge.eiy’ed (6)

which leads to the relation
|

do Er6,(2my + m Er)(a’m; + m3)*
dE; ~ 22%2,(2m, T, + 13)(2m Ex + m3)>’

(7)

for the cross section to produce a recoil energy E7 in the
target from high-energy DM with kinetic energy 7.
For the upscattering cross section we get

do _ T,5,m,(2m, +T,)(a*m; + mj)?
dr, 20u;.(2m,T; + T7)(2m,T, + mj)*

(8)

This result, and those that follow for other interactions,
demonstrates the energy and mediator mass dependence of
such processes. In the light mediator regime mi < t, we
find that the taking the nonrelativistic limit (E7 < m,) the
DM-electron cross section becomes

 GyGeHze ©)

dgaPm?’

O,

where we have used 2m E; = |G|* = &?m?.

B. Magnetic dipole moment DM

For both the magnetic dipole moment and the anapole
moment, we introduce a dark vector boson, V, with a
nonzero mass my. This facilitates comparison with
Ref. [28]. In this case interaction Lagrangian is

9y _ _
LD EZG”UXV”” +g.eyeV, (10)

This can be applied to the differential cross section for
upscattering

( do > G (my, 4 m,)*(a*mg + m3)? 2myT, (T, (m, —2(m, + T;)) + 2T;(2m, + T}))
dT ) viom.cr

(6m3 + m?)(a*m3)

or scattering on earth

11
(2m,T, +m;)*(2m,T; + T7) (1)

dEt ) vipm.cr B (6’";2( + m2)(a*my

( do ) _ Ge(my, + m,)*(a?m? + m3)? 2m,Er(m2Er + 2m,T,(2m, + T,) = 2m,Er(m, + T,))

(12)
(2m,Er + m?)*(2m,T, + T2)

We again take the nonrelativistic limit of the cross section to arrive at

_ g9 (mi+6m)
o AL(m, + m,)*

e

(13)

in agreement with the value found in the first row of Table I in [28].

C. Anapole moment DM

For the anapole moment interaction between dark matter, y, and a dark vector, V, the Lagrangian is

g _
L= A—W"ysxa”Fw- (14)
2
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This can be applied to the differential cross section for upscattering

(a®m2 + m2)? 2m, T;(2m, +T;) = T, (mg + 2m,(m, +T;) = m3) +m,T)

(&)
dTZ AnDM,CR

or scattering on earth

64tz (a*my)

(®m? +m2)* 2m,T,2m, +T,) — Er(m% + 2m,(m, + T,) — m2) + m,E%})

(2m,T; + T?) (15)

< do > 5,
dEr ) snpm.cr

. (16)

642, (a*m?) (2m,T, + T2)
Lastly, we take the nonrelativistic limit to obtain the do |IM|? y%y%mxmz
direct detection cross section T, 32am|p, 7~ 8a(r— mé V151
22,0 (4 4 2220 m2
- _ 3Gz g ke (o me . (17) _ VyYemm,my (22)

‘< 27y (a*m? + m3)?

D. Leptophilic scalar model

Finally, we examine a model with a leptophilic scalar
DM coupled to a scalar mediator, whose constraints are
discussed in [31]. The interaction terms are

1 _
‘Cint ) —§y1m;(¢)(2 - ye¢€€. (18)

Let us first check the nonrelativistic version where an
incoming DM particle elastically scatters off an electron.
After averaging over the initial electron spin, this provides
the matrix element

2 22+,2

Yy, y
M = %4m§. (19)
(t—my)
Evaluating this at t = ¢ ~ —|§|> = —(am,)? and using the

reference cross section definition

2

_ Hye 2
—_ xe - 20
Oc 162m2m2 |M| |q7ame ( )

x''te

we find

2.,2 2
6 — y;(ye ﬂxe (21)
¢ Ax (m?5 + a?m?2)?

This form is precisely that of Eq. (43) in [31].

Now let us evaluate this interaction for cosmic-ray
electrons scattering on DM in the DM’s rest frame. The
differential cross-section for the upscattered DM is
|

2 Sg%){g%CR(zm)%(me + Ti)z - m)(T)(((me + m}()z + 2m}(Ti) + mjz(T)z()

 8x(2m,T, + my)*(T7 +2m,T;)’

The differential cross section for the electron target on
Earth is

23,202

do _ [MPP_ ypyemym,
dEr ~ 32zm|p\ P~ 8a(t — m3 ) |p, [
Yyyemym,

= . 23
87(2m Ex + m3)*(T; +2m,T,) (23)

We could solve for either the coupling combination or the
mediator mass squared in terms of the reference cross
section using Eq. (21).

This can be applied to the differential cross section for
upscattering

< do > Ge(aPmg +-m3)*m,mg 24)

dT)( scalar,CR B 2”)%6 (Zm)(T)( + mé)z(le + Zme Tl)

or scattering on earth

( do ) 5. (a?m2+ mé)zmlmg (25)
dET scalar,CR 2)“)%6 (2meTi + mg})2 (T)z( + 2m)(T)() ‘

E. Dark photon mediator

Lastly, we examine the case of fermionic DM interacting
with a kinetically mixed vector mediator.

The matrix element for incoming dark matter incident
upon an electron which is scattered with a kinetic energy
Er is

|MLU| -

(2m,T, 4+ m3)?

(26)
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16g§g§m§m?

(@®m2 + m?2)?

- |Mfrce|2 = (27)

We find the reference cross-section

Oeom r(a?m? +m?2)?

or equivalently, the mediator mass in terms of &,
m? = ”—”g{ge —a?m? (29)

v /_7[66 e

If we want to recast the reference cross section in terms of a
kinetically mixed dark photon, A’, with mixing parameter ¢,
we can make the substitution g2 — 4zae” to arrive at the
reference cross-section

. (30)
e, vv T[(azmg + mi/)z

This can be applied to the differential cross section for
upscattering

dT,

or scattering on earth

(ﬁ) = gq (ZmX(me + Ti)2 - Tx((me + m}{)z + 2mXTi> + mITf()
werR Ax(2m, T, +m})*(T7 + 2m,T;)

(31)

dEr

IV. EXPERIMENTAL SENSITIVITIES

For Super-K, we follow treatment in Ref. [5] by simply
requiring that the bound not exceed Super-K’s measured
event rate in any bin. Typically, one expects the lowest
energy bin to provide the strongest constraint since the
signal rises at low energies. However, the signal detection
efficiency drops near the low-energy threshold, so often the
second bin provides the dominant constraint. In this
analysis, we utilize the existing Super-K analysis [32]
which was originally used to search for the diffuse super-
nova background. We show the data points in Fig. 2 along
with predicted DM event rates in the magnetic dipole case.
Note that the peak in the event rates arises from the signal
efficiency dropping at low energies. We fold in the Super-K
signal efficiency (Fig. 10 of Ref. [32]) in this search by
convolving it with the theoretical event rate. For our Hyper-
K estimates, we simply scale up this Super-K search by the
corresponding detector mass.

As suggested in [5] it is possible that the upcoming
gadolinium doping will allow for background reduction,
thereby providing a pathway in the future for Super-K to
improve on these constraints. Further, as done in [2],
exploiting the directional sensitivity of Super-K could
allow for some improvement in the signal-to-back-
ground ratio.

For XENONIT we use the S2-only analysis [33] to
explore the impact of a low threshold on the sensitivity.
Following [33] we require that no more than 13 events
occur in the region 0.3-3 keV,,.

do o @melmy T,)* - Er((m, + m.)* +2m,T,) + m E})
ot ¢ 4r(2m,Er + m2)* (T2 + 2m,T,) '

(32)

I

In our DUNE projections, we follow [34,35]. For the
40 kton far detector we take 1.08 x 103 electron targets,
with a 30 MeV detector threshold and assume a 10 year
exposure. Background reduction will be crucial for this
search. The dominant background at these energies arises
from atmospheric neutrinos, via v, +n — e~ + p, as well

700
b — T,= 5x107*cm?
60- To= 1x10Fem? 4
— T,= 1.5x1073cm? |

n
o
T

e SK data

events per bin
w B
o o

N
o
T

=
——
——
——
——
——

vis. energy, Eyis [MeV]

FIG. 2. Here compare the predicted event rates for a variety of
cross sections in the magnetic dipole interaction case and
compare them to existing Super-K data [32]. In this example,
the DM mass has been fixed to my = 107 GeV.
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FIG. 3.
for DUNE.

as, b, + p = n+ e™. Given that these backgrounds induce
some hadronic activity one can use such signals as a veto on
this background. In [35], this background was carefully
simulated and it was found that roughly ~1/3 of this
background could passes the veto on hadronic activity. We
will assume this level of background in the 90% CL
sensitivity we project for DUNE. Note that this conserva-
tively assumes that all neutrons in the final state will escape
detection. Although neutron tagging is challenging, some
fraction will be detectable, implying that this important
background can be reduced further with additional detector
simulations.

In Fig. 3, we display our results for the three models:
anapole, magnetic dipole, and pseudoscalar interactions.
We have fixed in all cases to eV mediators since it was
argued in Ref. [31] that mediators much less than keV
stellar temperatures exhibit suppressed bounds from stellar
cooling arguments. Figure 3 displays an interesting inter-
play of experimental sensitivities. At the highest DM

vector cross section (my=eV)
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Bounds from Super-K and XENONI1T along with future magnon direct detection bounds [28], and our projected sensitivities

masses, low-threshold direct detection experiments will be
dominant. In this case we have illustrated this with the
magnon-based experiments from [28]. In the anapole and
magnetic dipole interaction cases, the largest experimental
exposure sets the strongest bounds. Thus in these cases we
find that Super-K is dramatically stronger than the
XENONIT bounds, and that DUNE will supersede Super-
K. However, the steeply falling event rate of the pseudo-
scalar model allows the XENONIT experiment to place
stronger bounds than Super-K (right panel of Fig. 3). Similar
conclusions were recently observed in other models in [19].

Next we consider the vector mediator case, where we
have assumed that the mediator couples to both electrons
and protons. We compute bounds with the mediator mass
fixed to both 1 eV and 10 MeV, which are shown,
respectively, in the left and right panels of Fig. 4. First,
we note that the sensitivity in the vector mediator case is
increased compared to the other scenarios considered in
this work since it benefits from the CR flux contributions

vector cross section (my=10 MeV)

10720

& 107
g
2,
v
S
=l
g
i=}
Q
5]
2]
1]
[72)
o
-
3)

1040 Super—K
_____ Hyper—K (projection)

10 50 100
DM mass, my [MeV]

500 1000

FIG.4. Bounds from Super-K and Hyper-K for the case of a dark photon mediator [28]. In the left panel we fix the dark photon mass to
1 eV, while in the right panel it is fixed to 10 MeV. See text for a discussion of additional bounds which are stronger.
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Scalar Mediator cross section (mg=eV)
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Bounds from Super-K and XENONIT along with the projected DUNE sensitivity for the case of a leptophilic scalar mediator

[28]. In the left panel we fix the scalar mass to 1 eV, while in the right panel it is fixed to 10 MeV. We also include the SENSEI bounds

[54] shown in red in the right panel.

from both protons and electrons. When the mediator mass
is light, our bounds are not competitive with the strong
astrophysical constraints in this mass range. For example,
at these low mediator masses the combination of White
Dwarf, Red Giant, Supernovae, BBN, and XENONI10
bounds disallow cross sections above the ~1073% ¢cm?
level for keV to GeV DM masses [31]. However, astro-
physical constraints have large uncertainties and the
bounds we derive are based on terrestrial data from the
Super-K experiment and are in this sense complementary
to the astrophysical constraints. Moreover, astrophysical
constraints can be evaded in the context of chameleon
models where the density of the astrophysical objects
impact the mass of the mediators [36—39]. Lastly, note that
fifth force searches (i.e., from precision tests of gravita-
tional and van der Waals forces) can be very strong at low
masses [40-42], although for dark photons which kineti-
cally mix with the photon these bounds are absent given
the equal and opposite coupling of the dark photon to
protons and electrons.

In the right panel of Fig. 4 we fix to a 10 MeV dark
photon mass. This MeV-scale dark photon example is
chosen in order to compare with the fixed target and beam-
dump experiment experimental searches. However we find
that our bounds are not competitive in this case. In this case
stronger bounds come from terrestrial experiments, includ-
ing: E137 [43], Orsay [44,45], NA64 [46], BABAR [47],
and LSND [48-50]. Together these bounds preclude cross
sections above the ~10737 cm? level for MeV scale DM
interacting via a 10 MeV dark photon [27].

One may worry that these cross sections are so large that
they exceed the perturbativity bounds. Although this can be
a concern in some cases [51], we show in the Appendix that
the couplings here remain fully perturbative.

Lastly, we consider a leptophilic scalar mediator
model with bounds shown in Fig. 5. Here we find that
the low-threshold XENONIT analysis can provide
stronger constraints than Super-K, due to the much lower
energy sensitivity. These results are subject to additional
astrophysical and cosmological constraints from a combi-
nation of Red Giant stars [52], Horizontal Branch stars
[52], and BBN observations [31], as well as bounds from
beam dump experiments [53].

V. CONCLUSIONS

We have shown that present Super-K data produces
leading constrains on DM-electron interactions at low DM
masses. It is important to stress that these bounds are
conservative given that they are only based on the relatively
small exposure from the 2853 days used in the supernova
relic search [32]. In addition to the improvements in
exposure, one could also improve on the search strategy
utilized here by background subtraction, spectral shape,
and directional information.

In the future we have found that DUNE and Hyper-
K will be able to extend the reach significantly for
the search for CR upscattered DM for a wide class of
possible DM-electron interactions. Moreover low-thresh-
old direct detection experiments display novel comple-
mentarity to the neutrino experiments, since they can be
uniquely sensitive to those models with rates that fall
steeply with energy.

Finally, we note that while BBN considerations can
impose strong constraints on some of the models discussed
here [31,55,56], these bounds also make assumptions
which may be relaxed in models where DM has both
neutrino and electron couplings [57].
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FIG. 6. We explicitly display bounds on the Lagrangian-level coupling based on Super-K data in the scalar (left) and vector mediator
(right) models. This is an alternative choice compared with the cross section bounds in the main body of the text.
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APPENDIX: LARGE CROSS SECTIONS WITH
SMALL COUPLINGS

Here we include for reference additional figures in Fig. 6
showing the experimental sensitivity on the coupling. This
illustrates that although the cross section bounds displayed
in the main body of the text are fairly large, they are well
below perturbativity bounds.
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