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Bounds on cosmic ray-boosted dark matter in simplified models
and its corresponding neutrino-floor
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We study direct detection bounds on cosmic ray-upscattered dark matter in simplified models including
light mediators. We find that the energy dependence in the scattering cross section is significant, and
produces stronger bounds than previously found (which assumed constant cross sections) by many orders
of magnitude at low dark matter mass. Finally, we compute the “neutrino-floor” that will limit future direct
detection searches for cosmic ray-upscattered dark matter. While we focus on vector interactions for
illustration, we emphasize that the energy dependence is critical in determining accurate bounds on any
particle physics model of dark matter-cosmic ray interactions from experimental data on this scenario.
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I. INTRODUCTION

The existence of a nonluminous class of matter dubbed
dark matter (DM) has been firmly established, albeit only
on the basis of its gravitational impact on visible matter.
Further, the particle nature of this DM is unknown. A non-
gravitational detection of DM would provide an enormous
first step in understanding its particle nature.

One of the most promising experimental avenues is to
search for the small energy depositions from DM elastically
scattering in very sensitive detectors on Earth [1]. This
“direct detection” of DM can proceed from scattering on
nuclei [2—11] or electrons [12,13]. In either case, the same
interactions with ordinary matter allow high energy cosmic
rays (CRs) to scatter on background DM. This has two
important phenomenological impacts with observable con-
sequences: (1) it can lead to additional CR energy losses
[14], and (2) can improve detection prospects for light DM
by giving such particles much larger energies so that they
are more easily detected via terrestrial nuclear [15,16] or
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electron scattering [16,17]. Other recent methods for
improving the bounds on light DM provide complementary
probes using e.g., the Migdal effect [2,18-22], bremsstrah-
lung [23], cosmic microwave background (CMB) distor-
tions [24-26], and inelastic CR collision with the
atmosphere producing energetic light dark matter via
meson decays [27]. We note as well that relativistic
scattering at DM direct detection experiments was pre-
viously considered in the context of models in which the
products of DM annihilation scatter with nuclei [28].
The existing literature on DM-CR interactions has
assumed cross sections that are energy independent. This
turns out to be a common occurrence for nonrelativistic
DM, but often not the case more generally. More typically,
in elementary particle physics models in which the CR-DM
interaction proceeds via the exchange of some new scalar or
vector particle, the relativistic differential cross section
depends non-trivially on the energy and mass of the
participants. Moreover, DM-CR interactions probe large
cross sections and can have large momentum transfers. If
these large cross sections are generated by a mediating
particle with mass my < ¢*, where ¢ is the exchanged

momentum, one must retain the full propagator term in the
cross section.

Here we formulate the DM-CR interactions within the
context of a simplified model of DM-nucleon interactions

Published by the American Physical Society
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(e.g., [29-34]). This allows us to remain agnostic of the
detailed UV-physics, yet still capture the relativistic
behavior of the scattering. This formalism is commonly
applied in dark matter searches using collider [35,36],
indirect detection [37] and direct detection approaches
[38]. We will consider simplified models of a light
vector, V,, and axial mediator, A,, allowing us to cover
the standard cases of spin-independent (SI) and spin-
dependent (SD) scattering.
The interaction Lagrangian takes the form,

Eint 2 g;(bvy)_m/ﬂ)( + gN?;VyNy”N
+ G A X + InaA NP PN (1)

where y refers to the DM, and N represents neutrons (n)
and protons (p). We have also introduced the DM and
nucleon couplings to the mediators g,; and gy;, where
j = v, a denotes the vector and axial couplings, respec-
tively. The dark matter can be treated as being at rest in the
galaxy given the large CR energies. However, for heavier
nuclei one must account for the momenta of the individual
nucleons participating in the scattering process within the
nucleus. For nonrelativistic dark matter-nucleus scattering
one can apply the standard treatment of [39]. In this work
we adopt the recent analysis of neutrino-nucleus scatter-
ing analyzed in [40], which closely resembles the physical
situation of cosmic-ray scattered dark matter due to the
relativistic nature of the incident neutrinos. This approach
incorporates the momentum of the interacting nucleon,
rather than treating it as being at rest, and also does not
include contributions from nuclear states whose spin is
flipped, which would not be present in the coherent
scattering process. Following this avenue allows us to
connect the nucleon cross-section to the full nuclear cross-
section by relating the nucleon momenta to the full
momentum transferred in the scattering process from
energy-momentum conservation. This, for example, pro-
duces the propagator as a function of m; in the denom-
inator rather than my as the momentum is transferred to
the full nucleus. Using this procedure we find that the
vector and axial interactions generate the differential cross
sections,

dG T
() —gawre)
X / vector,CR

G(m)(, my, Ti? T)()
X N2 T2
4ﬂ(2mXTX +my)*(T;7 +2m;T;)

(2)

where G(m,,my,T;.T,)=(m;/my)*(2m,(my+T;/A)*~
T,((my+m,)*+2m,T;/A)+m,T?), and

do >
N 2 2 5202
= Gya9naF*(q°)
<dT)( axial,CR e

% H(m)(,mN,Ti,TX)
4r(2m, T, + m2)*(T? + 2myT;)

(3)

respectively, where H (mx, my, T, Tx) = [2’")((2’"12\/ +
(m +T;)*) + T,((my +m,)* =2m,T;) + m,T7]. Here
A is the total nucleon number of the cosmic ray nucleus,
and m,, my, m;, m,, m, are the DM, nucleon, incident CR,
vector and axial mediator masses, while 7, is the outgoing
DM kinetic energy. While the couplings may in principle
be different, throughout this analysis we fix g; = g,; = gn;
where i =V, A for simplicity. For the form factor,
F?(q*), we follow [15] and use the dipole form of [41]
for protons but adopt the Helm model [42] for all larger
nuclei (nuclei as light as the deuteron are reasonably well
described by the Helm form factor [43]). In the case of the
axial cross section, only proton scattering is considered
and so the dipole form factor with the axial mass is
sufficient [44].

In Fig. 1 we plot the total integrated cross section for
DM incident on a nucleus at rest, for a 1 GeV mediator
and a variety of DM masses. The coupling choice g =

/MeV/m, is chosen for illustration such that the cross
sections converge to a common value in the nonrelativistic
limit. As can be seen, there is a strong dependence on the
DM mass, with light DM (m, < 1 MeV) masses the cross
section grows substantially with increasing CR energy,

my =1 GeV, gy = /MeV/m,
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FIG. 1. Direct detection DM-nucleus cross section as a function
of incoming DM kinetic energy for a variety of DM masses (for at
rest nuclei). For illustration, the vector mediator mass is chosen
to be my = 1 GeV. The coupling choice g = /MeV/m, en-
sures that the cross sections converge to the same value in the
nonrelativistic limit.
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while for heavier DM (m, > 50 MeV), the cross section
drops precipitously.

This simple result motivates a careful reexamination of
the sensitivity of direct detection experiments to this
relativistic flux of DM.

II. CALCULATIONAL FRAMEWORK

Next we reformulate the cosmic ray dark matter spec-
trum retaining energy dependence of the cross section,
which is required for even the simplest vector-vector
interaction. The double-differential collision rate of CR
particles i with dark matter within an infinitesimal volume
dV is [15]

2
d°Tcg.—, _ p_xdoﬂ- doHs J ()
dar,dr, m,dT, dT;

The scattered dark matter flux is then obtained by integrat-
ing this over the relevant volume and cosmic ray energies

d*Tcg,,
dv dT, ———% 5
dT / /mm dT dT ( )

do,; d®HS
=D 3 [

dTX dT;
where D = 1 kpc is an effective diffusion zone param-
eter, p, = 0.3 GeV cm™> is the local DM density,
d®YS /dT; is the local interstellar (LIS) flux of nuclear
species i [45], and T™M" is the minimum incoming CR
kinetic energy needed to produce an upscattered DM
particle with kinetic energy T, TM"=(T,/2-m,)
(1= (1+2T,(m; + m,)*/(m,(2m; — T,)*)"/?. We follow
Ref. [15] and include upscattering due to protons and
helium, with the fluxes of CRs drawn from Ref. [45].
Note that the parameter D is essentially the distance over
which the calculation accounts for CRs as the source of
high-energy DM flux. While there is uncertainty in the
precise value of this parameter, we follow Ref. [15] and
conservatively set Doy = 1 kpc throughout.
Finally we compute the differential event rate (per unit
detector mass) from the incoming relativistic DM flux in a
direct detection experiment via

(6)

dR 1 [

dET mr T)I(Hin

d®, do,;
*dT, dEr

(7)

where E7 is the target recoil energy, and T)‘}flin can be found
by taking the previously given expression for 7" and
making the substitutions i <> y, essentially reversing the
roles of the incident and scattered particles. For vector and
axial-vector exchange the total differential cross section
do,r/dE7 can be obtained from Egs. (2) and (3) through

the substitutions m, <> my, T; > T,, T, > Er, and the

exchanged four-momentum will become ¢> = —2myEq,
where mry is the target mass of the detector nuclei.

III. ATTENUATION

Most direct detection experiments are deep underground
in order to suppress large backgrounds from activity at
the surface. For example, XENONIT is operated at the
Laboratori Nazionali del Gran Sasso (LNGS) situated at a
depth of z ~ 1.4 km. As a result of the Earth overburden,
cross sections above some critical value will attenuate and
decelerate the DM flux to such small energies that it is
rendered undetectable (see e.g., Refs. [46—55] for studies of
the attenuation of nonrelativistic DM).

As in Ref. [15], we evaluate the energy loss of dark
matter of energy 7, with respect to the distance x traveled
through the Earth. This depends on the energy T, lost by
the dark matter in each collision through the relation

dT do
R A —_
dx XT:”T / ar,

where the sum is over the average nuclei densities ny of
elements within the Earth. We use the values of n; provided
by DARKSUSY [56].

While a detailed study of the effects of attenuation on
CR-boosted DM is beyond the scope of this paper, we
adopt the following prescription for determining the largest
cross section underground experiments can probe. CRDM
of a given mass will impinge upon the Earth with an initial
energy, T, i,. As the dark matter travels through the Earth,
it will lose energy as described in Eq. (8) leaving it with a
kinetic energy of T, . once it reaches the depth, z, of
XENONIT. For a given T, ., the maximal nuclear recoil

e . 2. 42m,T,.
within the detector is Ep = Tﬁé,,f% Thus, there
yas 4 T T

will be a maximal cross-section above which CRDM
striking the Earth with an energy T, ;,, will be decelerated
below the detector threshold energy Eg. As a simple
prescription we determine the upper bounds of the cross
section exclusion plot by finding the cross sections above
which an initial 7, = 1 GeV would attenuate below thresh-
old. We only consider the effects from elastic scattering,
and the upper bounds may change if inelastic effects are
included.

T dT, (8)

X2

IV. RESULTS

In Fig. 2 we present our results by computing constraints
on SI and SD cross-sections within our simplified model
framework, using XENONIT and Borexino data respec-
tively. Here the coupling is fixed to g = 1 and the mediator
mass is varied as ¢ = 4g*u?/(zm?,). One can see that the
exclusion region now strongly depends on m,,, and in the
vector case these bounds are extended by orders of
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FIG. 2. Bounds on the SI (left) and SD (right) DM-proton cross sections. For vector interactions (SI) we examine XENONIT data
(solid red, Ey, = 5 keV), and for axial vector interactions (SD) we use Borexino data (green). In both cases the coupling is g = 1. In the
vector case, the upper dashed line shows the sensitivity to dark matter attenuated by the Earth due to a lower detector threshold of
Ey, =1 keV, approximately corresponding to the threshold of the XENONIT S2-only analysis [57]. For comparison, bounds from [15]
which use an energy independent cross section are shown in dotted gray. We also display bounds from the conventional non-relativistic
local DM. The additional bounds we display include gas cloud cooling [58], Milky Way satellites [59], above ground CRESST-II [8],

CDMSlite [7], and Collar [60].

magnitude relative to an energy independent cross
section as in Ref. [15]. We also note that the upper
bound on the cross section displays a detector threshold
dependence, emphasizing the enhanced reach of low
threshold detection.

The neutrino background due to coherent elastic neutrino
nucleus scattering (CEvNS) originating from solar and
atmospheric neutrinos will provide an irreducible back-
ground to CRDM scattering in liquid xenon experiments.
Since the nuclear recoil spectrum of CRDM differs from
the CEvNS spectrum, there will not be a true “neutrino
floor” in the sense of having a nearly identical spectral
form [61]. To illustrate the sensitivity for which the
neutrino background will start to become relevant, we
calculate the cross section at which the total rate from
CRDM is equal to the total rate of atmospheric neutrinos
above 5 keV. The curve denotes the approximate point
at which the experiment’s sensitivity to CRDM is altered
from depending on the inverse square root of exposure, to
the inverse fourth-root. In the case of the SD scenario,
Borexino is already sensitive to atmospheric neutrinos (see
[62]) and thus can be considered to have already surpassed
the floor.

We note that in Fig. 2, the constraints on the cross section
values are quoted in the limit of no momentum transfer.
This can obscure the bounds on the simplified model since
there will be an interplay between the mediator mass and
momentum transfer. Therefore, it can be insightful to
examine bounds in the, my vs m, plane, as shown in

Fig. 3. The coupling remains a free parameter and so we
calculate the bounds for g = 1. Larger couplings would
enable bounds on larger mediator masses. Conversely,
lighter mediators enhance the rate and enable bounds with
smaller couplings, but when m? < ¢? the rate will not be
enhanced further and g ~ 0.1 is an approximate lower limit
on the couplings accessible.

10 :
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—  [=ee-- MW Satellites
E .............
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FIG. 3. Combination of bounds on the vector model with
couplings set to unity. The red region shows the mediator and DM
masses excluded by the search by XENONI1T. The orange region
is excluded by Milky Way satellites [59].
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The shapes of the constraints in Fig. 2 can be explained
using Fig. 3 roughly as follows. For the energy independent
interactions of [15] the propagator depends solely on a
fixed scale for the propagator with no m,, or T, dependence,
and the bounds are flat. However, in the present case the
differential cross sections have a dependence from the
propagator of (2m, T, 4+ m3,)™%. As m,, is varied, in order to
maintain the same rate that is on the boundary of detect-
ability, my will also vary. For the sub-GeV m,, range under
consideration, y ~ m,, and, as can be seen from Fig. 3, as
m,, decreases from 1 GeV down to 10~* GeV, my, declines
by about a factor of four. Thus, the ratio m2/m{, and
therefore ¢, has decreased by about 10~ (modulo order one
factors) over the same mass range.

In this paper we do not use any model but our results
can be applied to a model where the constraints on the
coupling constants may need to include the RG running
[63]. As a UV completion of these models with light
mediators, one can utilize the U(1);s; gauge symmetry
extensions of the SM [34] in order to have a concrete
model of light mediators. In the context of a light
DM model with light mediators, the CMB constraints
need to be satisfied, which however, can be addressed
by having the relic abundance emerging mostly from a
p-wave dominated process [34] or from a DM particle-
antiparticle asymmetry.

V. CONCLUSIONS

In this paper we considered the impact of realistic energy
dependence on the flux and scattering rate of CR-boosted
DM. Our work suggests a number of avenues for future
exploration. First, we have mostly focused on direct
detection experiments, though as seen in the axial vector
case, neutrino experiments can probe relevant parameter
space, (see also [15,17]). These bounds also need to be
revisited in light of the importance of energy dependent
scattering. A more complete treatment would include
hadronic inelastic processes, which may be relevant for
the initial upscattering, DM attenuation, and detector
energy deposition.

In addition, the energy dependence in realistic models
explored here also modifies the bounds from Ref. [14]
derived from cosmic ray energy losses, as well as those
obtained in [17] for a simplified model approach to DM-
electron scattering when DM-electron couplings are intro-
duced. For purposes of illustration we have focused on
CR-DM interactions mediated by the exchange of a (axial-)
vector mediator. This is of course only one possible class of
models, and we plan to follow-up on this paper with
an exploration of additional interactions mediating SI and
SD scattering including momentum dependent scattering.
The bounds would be interesting for pseudoscalar models
where the usual direct detection bounds are weak. Finally,
due to the size of the energy transfer in the CRDM

paradigm, it may be an intriguing space to explore inelastic
dark matter models, as recently examined within boosted
dark matter scenarios [64—67].
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APPENDIX: MILKY WAY SATELLITE
BOUND PROJECTION

In this Appendix we discuss possible effects of momen-
tum dependence of the Milky Way satellite bounds found
in [59] on their projection in Fig. 2. We find that the
maximum possible momentum transfer is negligible for the
mediator masses under consideration.

The momentum transfer needs to be found at the redshift,
z, where [59]

aH =R, (A1)

T Zerit

From Fig. 1 (left) of [25], we see this occurs at z > 10%,
The temperature at this time is

1eV
T(zei) = To(1 L) =2725(1 + 10%) ————
(ZCrl[) 0( + cht) ( + ) 11606 K
— 2.34816 eV (A2)
1x108 r T T : :
5x104F g
%
H:gf 1x 104 1
5000 4
105 100 107 108 10°
myleV]

FIG. 4. The maximum value of momentum transfer as a
function of dark matter mass evaluated at z = 10,
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The dark matter temperature is actually less than this at
z = 10* (as seen in Fig. 1 (right) of [25]), meaning this is a
conservative limit. The dark matter in the mass range of
interest in the present work should be deep in the non-
relativistic regime at this time with a speed given by

2 T To(1 ‘
i :ET:>1): 3_: M (A3)
2 2 m, m,

The maximum momentum transfer in the interaction
x + p — y+ pis given in terms of the dark matter-proton
reduced mass g, as

|Zimax| = 2)“)(;7”' (A4)

Using Eq. (A3) this becomes

> 3T0(1 + Zeri )
|(’Imax‘ = 2)“)(;7 —Cm'
my

(AS)

In Fig. 4 we have plotted |G| as a function of dark matter
mass for the range m, € [10° eV, 10 eV]. The maximal
value attained is |Gpq| = 81.3 keV.

As seen in Fig. 3, the smallest mediator mass considered
in this dark matter range is approximately 10 MeV, mean-
ing that the momentum dependence will be negligible in the
propagator term. The dipole form of the propagator con-
tains a momentum dependent term that contains Q2/A?
where A = 770 MeV for the proton, which will therefore
create a minimal contribution at the maximum momentum
value, and the Helm form factor will also produce a
negligible effect with this momentum transfer.
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