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The detectability of light dark matter in direct detection experiments is limited by the small kinetic
energy of the recoiling targets. Thus, scenarios where dark matter is boosted to relativistic velocities
provide a useful tactic to constrain sub-GeV dark matter particles. Of the possible dark matter boosting
mechanisms, cosmic-ray upscattering is an appealing paradigm as it does not require any additional
assumptions beyond dark matter coupling to nucleons or electrons. However, detectable signals are
obtained only with relatively large cross sections which, in turn, can only be realized with large couplings,
light mediators or composite dark matter. In this work we consider a general set of light mediators that
couple dark matter to hadrons. Using data from Borexino, XENONIT, LZ and Super-K, we show that
existing constraints on such mediators preclude appreciable cosmic-ray dark matter upscattering. This
finding highlights the limited applicability of cosmic-ray upscattering constraints and suggests they only be

used in model-dependent studies.
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I. INTRODUCTION

The existence of dark matter (DM) is established through
evidence of its gravitational influence on galactic (and
larger) scales, yet its particle nature and composition
remain unknown. Direct detection experiments aim to
observe nuclear or electronic recoils resulting from colli-
sions of DM particles from the galactic halo with detector
targets. These experiments have placed increasingly strong
constraints on heavy DM candidates. However, all direct
detection experiments, even those with the lowest energy
thresholds, rapidly lose sensitivity to sub-GeV DM,
because nuclear recoils from nonrelativistic DM-nucleon
scattering become undetectable. The strongest constraints
on the DM-nucleon cross section for low-mass DM are set
by cosmology and astrophysics at o,y ~ 1072 cm?* [1-8],
some ~15 orders of magnitude weaker than direct detection
constraints on GeV-scale DM.

Recently, there have been two key ideas aimed at
improving the low-mass sensitivity of direct detection
experiments: leverage the Migdal effect to detect electronic
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ionization or excitation rather than a nuclear recoil [9-14],
or give the DM a boost. Energetic DM, with momenta
much larger than that carried by standard halo-DM, would
permit greatly increased energy deposition in nuclear recoil
events, recovering experimental sensitivity to the scattering
of sub-GeV DM particles. Such an energetic flux may
originate from astrophysically boosted DM, as studied
in [15-25].

One scenario of growing interest is the boosting of DM
by galactic cosmic rays (CRDM) [26-35]. If DM interacts
with nucleons or electron, DM upscattering on cosmic ray
nucleons or electrons will unavoidably produce a small
population of relativistic DM. The detection of this CRDM
can then proceed via scattering off electron or nucleon
targets in direct detection experiments. Alternatively,
CR-DM interactions may have an observable impact on
the CR flux [36] or produce gamma rays [37,38].

Observable signals of CRDM in direct detection experi-
ments are controlled by two powers of the DM scattering
cross section. This is because the DM must scatter twice:
first in the boosting interaction, and then again in the
detection process. As a result, the experimental sensitivity
is restricted to relatively large values of the scattering cross
section. In fact, the relevant cross sections are typically so
large that bounds from unitarity and perturbativity become
an important consideration [39,40]. It is therefore important
to properly evaluate physical constraints on the interaction
mechanism.

Contact interactions require that the scattering cross
section be smaller than the geometric size of the nucleus,
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6 ~ 1077 cm?. However, employing a light mediator allows
for long-range interactions that can exceed this limit [39]. It
is important to note that the momentum transfer in CR-DM
interactions can be large, necessitating the use of the full
(model-dependent) cross section, especially if the interac-
tion is mediated by a light mediator with m? ., < ¢* [29].
Fortuitously, employing the full momentum-dependent
cross section provides stronger bounds for all DM of mass
m, < 1 GeV. A similar conclusion is reached in [31,41],
where CR-electron upscattering is studied. However, given
that the mediators are required to couple to nucleons or
electrons quite strongly, they themselves can be directly
constrained [39,40,42]. New light degrees of freedom are
strongly constrained by astrophysics and beam-dump
experiments, restricting the usefulness of cosmic-ray upscat-
tering for these kinds of models.

When considering large DM-matter cross sections, it is
necessary to include the effects of attenuation in the
overburden on the incoming DM flux [43]. For all under-
ground direct detection (or neutrino) experiments this
places a ceiling on the constraints that can be obtained.
Previous studies have treated the attenuation of boosted
DM to varying degrees of complexity. For example,
including attenuation due to inelastic scattering processes
can reduce the cross section ceiling by an order of
magnitude [44]. As we shall see, the precise cross section
above which the CRDM flux is attenuated below threshold
is of lesser importance given that it is already ruled out by
other experiments. Therefore, we shall neglect the addi-
tional complexity of including inelastic scattering and only
treat the Earth stopping effects due to elastic scattering.

The purpose of this paper is to study a general set of light
mediators and assess whether cosmic-ray upscattering of
|
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DM remains viable in the face of constraints imposed on
the mediator. Using the direct detection of CRDM in both
direct detection and neutrino experiments, we compute the
coupling of these light mediators to sub-GeV DM, and
compare our results to constraints from other observations
and experiments.

II. CRDM WITH LIGHT MEDIATORS

We describe the DM-nucleon interactions with simpli-
fied models as in [29], but here we consider mediators of
four types: scalar, ¢; vector, V,; axial, A,; and pseudo-
scalar, 7. The scalar and vector mediators give rise to spin-
independent (SI) scattering interactions, while the axial and
pseudoscalar produce spin-dependent (SD) interactions.
The effective interaction Lagrangian coupling these medi-
ators to nucleons, N, and a fermionic DM candidate, y, take
the form:

L — g ,7x + gng®NN. (1)

ﬁ_vector

veetor = g,vVEZY X + gny VANY, N, (2)

LRt = g ATy + A Ny N (3)

Q, d Q, ,1, - —_
LOTE = g gy’ + gugiNY N, (4)

where all of the ¢g,, are dimensionless coupling constants.
We will assume that the mediator couples equally to
neutrons and protons.

These four mediators enable DM-nucleon scattering
interactions, with cross sections (in the rest frame of the
target) given by:
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where the F are form factors and my, My, My, m, are masses of the scalar, vector, axial and pseudoscalar mediators,
respectively. These cross sections match those derived in [40,45]. The incident and target particle masses are m; and m;,
while 7'; and T, are the incoming and outgoing kinetic energies, respectively. For the boosting interaction, the y is the target
and the CR nucleon is the incident particle. For the detection interaction, the y becomes the incident particle and the target is
a nucleus in the detector.
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For SI proton (helium) scattering, the form factor F?(g?)
takes the dipole form with mass A, = 0.770 GeV (Ay, =
0.410 GeV) [46]. For proton scattering via an axial
current, we use the dipole form with the axial mass,
A, = 1.026 GeV [47]. The pseudoscalar form factor is
related to the axial form factor by F pseudoscalar(qz) =
Fuxial(4*)C,/(g* + M2), where we take the couplings to
be isoscalar, giving C, = 0.9 GeV? and M, =033 GeV
[45]. For DM scattering with nuclei larger than the proton,
we take the analytic approximation of the Helm form [48].

III. CRDM FRAMEWORK

A. Upscattering

The interactions of Egs. (1)—(4) enable CRs propagating
in the galaxy to scatter on nonrelativistic DM particles in
the galactic halo. This produces an upscattered population
of relativistic CRDM. Following [26], the differential flux
at Earth is given by

dd plocal do.. d®OMS
X _ DA / dT, —2—L 9
ar, — " m, Z wo ' dT, dT, ©)

where pi = 0.3 GeV cm™ is the local density of the
DM halo and D is the effective diffusion zone parameter.
We conservatively consider a diffusion zone of 1 kpc
centered on the Earth, resulting in D = 0.997 kpc. We
include contributions from cosmic ray species i = {p, He}
for SI scattering, and i = p alone for the SD case. The
quantity d®HS /dT; is then the flux of species i in the local
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FIG. 1.

interstellar cosmic ray spectrum (LIS), we which we take
from [49]. The integration limit in the galactic rest frame is

T)( - Zm,»
2
1 \/Tl(ZmX +T,)(4m? + 2m,T,)

min __
=
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which is the minimum kinetic energy required by an
incoming cosmic ray to upscatter DM of mass m, to
energy 7T,.

Figure 1 displays example DM fluxes for light and heavy
DM and mediator masses. In the low momentum transfer
region, if the mediator mass is much smaller than the
momentum transfer, mied < ¢, the CR-DM cross section
is effectively enhanced by 1/¢* resulting in a sizable
increase in flux (dashed curves). The pseudoscalar case
exhibits a suppression at lower energy, which can be
understood by inspection of the cross section in Eq. (8),
which exclusively depends on the transferred kinetic
energy squared and thus g*. This feature makes pseudo-
scalar-mediated DM interactions particularly hard to probe
via traditional (nonrelativistic) direct detection, and hence
CR-upscattering has the potential to greatly improve limits
on this interaction type.

B. Attenuation

As most direct detection experiments are located deep
underground in order to suppress the rate of background
events, the scattering of DM in the atmosphere and detector
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The CRDM flux for two example DM masses: 10 MeV (left) and 1 GeV (right). The dashed and solid lines represent mediator

masses of m.q = 1 MeV and m_ .y = 1 GeV respectively. The vertical lines denote the minimum CRDM energy required to produce

above-threshold recoil signals in the given experiment.
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overburden can significantly alter the DM flux reaching the
detector. For sufficiently large scattering cross sections,
the incoming DM can be decelerated to energies which will
fall below experimental thresholds, giving rise to a
ceiling on the interaction strength that can be probed.
For a detailed study of attenuation of nonrelativistic DM,
see Refs. [43,50-55].

The kinetic energy loss as the DM travels a distance x is
given by

dr do
X _ dE, —Ep, 11
dz ET "T/ RdER R ( )

where the sum is over the average nuclei densities of
elements in the Earth, and E, is the energy lost in each
collision. This can be solved numerically to find T5(T,),
the kinetic energy at detector depth z. The nuclear density
at depth z is determined by a weighted average of the most
abundant elements in the Earth’s crust [56]. For SI
scattering, this gives an average density n, g = 5.81 x
107! nuclei/cm?® and atomic number Ag; = 23.8. Only the
odd isotopes are included in SD scattering, yielding
nysp = 6.68 x 1072Y nuclei/cm®. Here we perform a
purely elastic treatment, but it should be noted that boosted
DM carries large kinetic energies and thus the momentum
transfer can be sufficiently large that inelastic scattering
becomes relevant. For example, quasi-elastic scattering
(QES) becomes important at momentum transfer ¢ >
0.1 GeV [40,44]. Considering inelastic upscattering in
the production of CRDM increases the flux at high
energies. This improves the cross section bounds for heavy
mediators [44,57], however the coupling limit for light
mediators remains mostly unaffected. Including the QES
contribution to the total cross section also changes the
attenuation ceiling, lowering it by an order of magnitude
compared to the purely elastic case [44]. However, we shall
see that the exact location of the ceiling is not of interest,
given it is already excluded (and often close to perturba-
tivity limits) in the models we consider. Therefore, for
simplicity, we shall neglect inelastic scattering.

C. Scattering rate

After attenuation in the overburden, the remaining flux
of upscattered DM may scatter in a detector, resulting in
nuclear recoil events with kinetic energy Ep. The differ-
ential event rate per unit detector mass is given by:

dR 1 ™ dod, d
_——e(ER)/ AT, —~ Ot
dER mry Tmin dT){ dER

x

(12)

where my is the target nuclei mass and e(Eg) is an
Er-dependent efficiency factor. The lower bound on the
energy integral can be obtained from Eq. (10), making the
substitution i — y, m, — mr, Ty — Ep to reverse the roles

of the incident and outgoing particles. We take the upper
limit on the integral to be T)‘(“a" =2 GeV, as CRDM of
higher energy make a negligible contribution to the results.
In fact, almost all of the m, =1 GeV flux falls below
T,=12GeV.

IV. RESULTS AND DISCUSSION

DM direct detection experiments typically express their
results as limits on the DM-nucleon scattering cross
section. However, this approach is problematic for inter-
actions mediated by light particles, due to the dependence
of the cross section on the momentum transfer and hence
difficultly in comparing limits with other bounds [40].
Since we are interested in how the constraints on the
mediator impact the parameter space relevant for cosmic-
ray upscattering, we shall derive bounds on the product of
couplings gyg,/4x as a function of mediator mass for a
set of benchmark DM masses (m, =1 MeV, 10 MeV,
100 MeV and 1 GeV). Nevertheless, for comparison with
prior work, we also derive bounds on the nonrelativistic SI
nucleon cross section (i.e. with g> — 0) for two benchmark
mediator masses. The 1/ mfned proportionality of the non-
relativistic cross section produces absolute values that are
significantly larger for the light mediator than heavy case.

We consider data from the LZ, Xenon1T, Borexino and
Super-Kamiokande (Super-K) experiments. A summary
of the specifications for each of these experiment is given
in Table I. Our bounds are placed by calculating the
coupling that gives the 90% confidence limit on additional
events from CRDM. The total number of events is found
by integrating Eq. (12) in the range of accessible
recoil energies, including the energy-dependent detection
efficiency.

The LZ experiment is the largest liquid-xenon time-
projection chamber experiment with a fiducial mass of
5.5 tonne. Using preliminary data of only 60 days allowed
the LZ collaboration to set the most stringent limits on SI
scattering of nonrelativistic DM with m, > 10 GeV [58].
For simplicity, we perform a cut-and-count procedure,
considering the nearly background-free region below the
median nuclear-recoil band (in the S1-S2 space). In this
region, only 1 event was observed while 1.4 were expected,
corresponding to an upper limit of 2.3 CRDM events. We
take the detection efficiency from [58] with an additional

TABLE 1. The nuclear-recoil energy, live-time and fiducial
mass of the experiments used in this analysis.

Experiment Energy range Live time Mass
XENONIT [5-60 keV] 278.8 days 131
Borexino [12.3-24.6 MeV] 446 days 100 t
Super-K [0.585-1.54 GeV] 6050.3 days 22.5 kt
LZ [1-68 keV] 60 days 55t
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50% applied to account for the nuclear-recoil cut. While
xenon targets offer some SD sensitivity, we will not make
use of it here as Borexino proves to be a much more
powerful probe.

For comparison with prior work we also compute SI
limits using data from the 1 tonne-year exposure of the
XenonlT experiment [59]. Given the observation of 14
events with an expected background of 7.36, we calculate
the coupling that would produce an upper limits of 12
CRDM events. An additional 50% is also applied to the
detection efficiency from [59].

The neutrino experiments Borexino and SuperK offer
interesting complementarity, and some advantages over, the
xenon-based direct detection experiments. Specifically, the
xenon experiments have very low energy thresholds but
small target mass, while the neutrino experiments have
higher thresholds but significantly larger target mass. This
large target mass provides an important advantage, even in
the case of SI scattering, where the xenon experiments
benefit from an SI cross section enhancement proportion to
the square of the atomic number.

For Borexino, following the analysis in [60] we
consider events in the electron-equivalent range of E, =
4.8-12.8 MeV (corresponding to proton recoil energies in
the range Ep = 12.3-24.6 MeV). We ignore scattering on
carbon since it is kinematically suppressed and signifi-
cantly quenched [61], which makes its contribution to the
signal rate marginal for the region-of-interest. When con-
sidering only hydrogen as a target, there is no nuclear cross
section enhancement and thus the experiment is equally
sensitive to SI and SD scattering. In the absence of detailed
specifications we have assumed a constant detection
efficiency of 1, noting that the uncertainties associated
with this choice are likely small in comparison to those
arising from other simplifications.

Finally, we use Super-K data following the analysis
of [62]. Reference [62] searched for an excess of proton
recoil events from the direction of galactic centre, assuming
p, =042 GeVem™ and a diffusion region of 10 kpc
when calculating the DM flux [45]. The latter is required to
encompass the galactic center and thus provide a direc-
tional signal, but incurs significant dependence on the
assumed cosmic-ray spectrum and DM density profile near
the galactic center. For consistency with other bounds we
use p, = 0.3 GeV cm~ and show the effect of the larger
diffusion region. We assume that all protons in SK
contribute to the scattering rate, ignoring nuclear binding
effects (a valid approximation at the recoil energies
considered).

To derive exclusion limits at 90% confidence we use the
log-likelihood ratio statistic,

2= > g
qﬂz{ cap H =N (13)

0 u<p

where the likelihood, £(u, 8), is taken to be Poissonian and
is a function of the signal strength parameter, p, and
nuisance parameters, 0. The hatted parameters indicate
maximizing the likelihood with respect to that parameter.
Where available, we have profiled over uncertainties in the
background. All experiments are taken to have a single bin,
with the exception of Borexino where we consider 34 bins
in the region-of-interest.

Figure 2 shows the bounds on the SI nucleon cross
section, for a light (1 MeV) and heavy (1 GeV) vector
mediators. The relative strength of these bounds can be
understood in terms of the experimental thresholds shown
in Fig. 1. For sub-GeV DM with light mediators, the
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FIG. 2. Comparison of CRDM limits on the DM-nucleon cross
section (in the nonrelativistic limit) obtained from direct detection
and neutrino experiments, for vector mediators of mass m, =
1 MeV (top) and m, = 1 GeV (bottom).
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combination of a low threshold and a large coherent
enhancement allows LZ to set the strongest constraints
on the SI scattering cross section. In the heavy mediator
case (Mpyeq = 200 MeV), the low-energy flux enhancement
exhibited for light mediators is no longer relevant. This
enables the (larger exposure) neutrino experiments to
become competitive with the (lower-threshold) direct
detection experiments. The strongest constraints are then
set by scintillator-based Borexino detector, which has a
lower threshold (12.3 MeV) than the water Cherenkov-
based SK detector (585 MeV).

As discussed above, expressing the bounds in terms of
cross section are problematic, but it also makes it difficult to
compare the limits with direct constraints on the light
mediator. Therefore, we now consider constraints on the
couplings and mediator masses for all four mediator models
introduced in Sec. II. The scalar and vector mediators will
interact via SI scattering while the pseudoscalar and axial
vector will interact via SD scattering. We determine bounds
on the SI interactions using all the experiments discussed
above, while the SD interactions are better probed by those
with hydrogen targets. We then display the union of the
resulting bounds for a series of DM masses. The SI bounds
are shown in Fig. 3 while the SD bounds are shown in
Fig. 4. We compare our bounds to those derived from
(model-dependent) rare meson decays [63] (scalar), [64]
(vector), [65] (pseudoscalar), [66] (axial vector), stellar
cooling limits from HB and RG stars [67], and SN1987A
trapping and cooling limits [68].

The meson decay constraints are model dependent, since
the effective nucleon couplings in Egs. (1)—(4) are sensitive
to choice of quark couplings. The prescription for mapping

W 777/ : ' : |
= m=1MeV - m,=100 MeV

oy m,=10 MeV ---- m,=1 GeV

10!
& non—perturbative *
Ny
>
% 107!
%)
o
£ 3
= 10”
=
o
o DI PV DL A L 2 :
1073
Stellar cooling
i i i m
10°° 10 10* 10 102 10" 10°
Mediator mass, m, (GeV)
FIG. 3.

quark couplings to nucleon couplings is given in, e.g.,
[45,69,70]. In displaying the meson decay constraints on
the nucleon coupling, we have adhered to the minimal
flavor violation hypothesis. In practice this means we have
assumed the scalar and pseudoscalar couple to all the
quarks proportional to their masses, i.e., g, & m,/v. This
has a particularly large effect on the scalar mediator case,
where decays via top-quark loops dominate the bounds.
While the model-dependence of meson decay searches
imply that it may, in principle, be possible to weaken these
constraints, models that could achieve this would likely be
difficult to UV complete. Some model building attempts
have been sketched in Refs. [45,63,71], which introduced
new heavy degrees of freedom that couple only to a subset
of the quark generations; these models are still highly
constrained. Lastly, when displaying the meson constraints
on gy in the space of gyg,/4m, we conservatively assume
g, = 4m. Therefore any reasonable choice of g, <4x
weakens the CRDM constraints with respect to the meson
bounds.

Stellar cooling limits on the scalar boson mediator [67]
are adapted to the vector by making it a factor of two more
restrictive, as the two polarization states result in an
increased emission rate [72]. Similarly, the SN1987A
bounds from Ref. [68] on the light vector boson are made
a factor of two less restrictive when applied to the scalar.
Note that we adopt the vector constraints on the axial
vector, however the axial coupling is likely to have stronger
astrophysical constraints than those on a purely vector
coupling.

All of the CRDM bounds show similar characteristics:
the constraints are mediator mass independent until they

A F
A S m,=100 MeV
S m,=10 MeV ---- m,=1 GeV
10! 1
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& .
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=
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)
£ 1073
=3
=
S
1073
Stellar cooling
1077 —

SN1987A
1073
Mediator mass, my (GeV)

10°° 105 10 102 107" 10°

SI results: Constraints on the sub-GeV scalar (left) and vector (right) mediator coupling to the nucleon, from the direct

detection of CRDM in XenonIT, Borexino, SK and LZ, for DM masses m, = 1 MeV, 10 MeV, 100 MeV, 1 GeV. For comparison, we
show the regions where the new light-mediator is ruled out by prior constraints.
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FIG. 4. SD results: Constraints on the sub-GeV pseudoscalar (left) and axial-vector (right) mediator coupling to the nucleon, from the
direct detection of CRDM in Borexino and SK, for DM masses m, = 1 MeV, 10 MeV, 100 MeV, 1 GeV. For comparison, we show the
regions where the new light-mediator is ruled out by prior constraints.

weaken at approximately m,,.q ~ 10 MeV, where m2, ., < ¢*
no longer holds. In all cases, except the vector case, the
region where attenuation becomes important is in the
nonperturbative coupling regime. Note the difference in
the upper bounds of the vector and scalar models. This
difference can be traced back to the different dependence of
the cross sections on the incident kinetic energy T';.

The results in Fig. 3, show that, for all models consid-
ered, there is no additional parameter space where con-
straints from CRDM using current experiments surpass the
existing constraints on the mediators themselves.

Future detectors would require a significant improve-
ment in sensitivity to be able to probe unconstrained
regions for parameter space for these models—i.e., the
region below the SN1987A bounds (scalar and pseudo-
scalar cases) or below the meson bounds (vector and axial
vector cases). Furthermore, it should be noted that in this
parameter space the limits are improved proportional to the
fourth-root of the exposure, and thus large increases in
exposure are required for modest gains in sensitivity.

V. CONCLUSIONS

Using a general set of simplified models for DM-nucleon
interactions, we have shown that constraints on the medi-
ating particle greatly restrict the viability of CRDM as a
probe of the DM parameter space. While CR upscattering
of DM may allow for the exploration of sub-GeV DM with
existing DM direct detection and neutrino experiments, our
results highlight the model dependence of CRDM studies

and the importance of considering constraints on the
particle mediating the DM-nucleon interactions.

We derived constraints on the mediator couplings arising
from elastic scattering of CRDM in the XENONIT, LZ,
Borexino and Super-K detectors. The low threshold and
nuclear cross section enhancement of the xenon targets in
LZ produced the strongest bounds across the parameter
space for the SI models. For SD models, Borexino
produced the strongest bound. For all simplified models
considered, we find that there is essentially no regime
where the direct detection of CRDM is not already ruled
out by constraints on the mediator.

While future detectors such as JUNO, DUNE and Hyper-
K will improve the CRDM limit (albeit at a slow pace), the
existing constraints on the mediators already exclude large
regions of the parameter space within reach of these future
experiments.

Finally, these conclusions are applicable to DM-nucleon
couplings. Models in which DM couples to leptons,
exclusively or in addition to hadrons, would be interesting
to study.
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