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Dark matter all around 
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overwhelming evidence on all scales! 

Figure 1: The galaxy distribution obtained from spectroscopic redshift surveys and from mock

catalogues constructed from cosmological simulations. The small slice at the top shows the CfA2

“Great Wall”3, with the Coma cluster at the centre. Drawn to the same scale is a small section of the

SDSS, in which an even larger “Sloan Great Wall” has been identified100. This is one of the largest

observed structures in the Universe, containing over 10,000 galaxies and stretching over more than 1.37

billion light years. The wedge on the left shows one-half of the 2dFGRS, which determined distances

to more than 220,000 galaxies in the southern sky out to a depth of 2 billion light years. The SDSS

has a similar depth but a larger solid angle and currently includes over 650,000 observed redshifts

in the northern sky. At the bottom and on the right, mock galaxy surveys constructed using semi-

analytic techniques to simulate the formation and evolution of galaxies within the evolving dark matter

distribution of the “Millennium” simulation5 are shown, selected with matching survey geometries and

magnitude limits.
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Candidates?

WIMP   miracle

� SM

(annihilation)
� SM chemical decoupling

��Tcd � m�/25

(“freeze-out”)

relic density

“           ”

strong evidence for…         modified gravity

     BSM physics 
          many good(!) options <latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�

(scattering)

�

SMSM kinetic decoupling
McutTkd � m�/(102..105)

Freeze-out = decoupling/
~size of 
smallest 
subhalos
review: 
TB, NJP ’09

strongly 
model-
dependent!

~observed RD 
for weak-scale 
interactions



 (Torsten Bringmann) ‒Direct probes of light dark matter  4

Strategies for WIMP DM searches

directly indirectly

at colliders

not only!

this talk
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DarkSUSY
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http://darksusy.org

Fortran package to calculate 
“all” DM related quantities:
relic density + kinetic decoupling 

generic SUSY models + laboratory 
constraints implemented
cosmic ray propagation
indirect detection rates: gammas, 
positrons, antiprotons, neutrinos
direct detection rates
...

;) 

Significantly revised 
version 6 last year!

Module ...

..

.

Module generic_wimp
libds_generic_wimp.a

Interface functions
Internal routines

Particle physics modules
src_models/

Module mssm
libds_mssm.a

Interface functions
Internal routines

Linking to main library/user 
replaceable
Linking to chosen module

Possible (but not used) calling
Calling sequence

Main DS 
library
src/
libds_main.a

Observables 
(rates, relic 
density etc)

Main program
User-supplied, e.g. 
examples/dsmain.F

User
replaceables

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

TB, Edsjö, Gondolo, 
Ullio & Bergström,  
1802.03399 (JCAP)

since 6.1: DM self-interactions

(also for                               )Tdark 6= Tphoton
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since 6.2: CRDM (this talk)

http://darksusy.hepforge.org
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Direct detection
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• The nucleus is treated as a hard sphere described by the Helm form factor 18.

• The scattering is elastic.

There are multiple studies where the impact of di↵erent velocity distributions , form factors
and ineslatic scatterings are analysed. However, both cosmological simulations including baryons
and lattice QCD studies seem to tell us that the dark matter-scattering process is well described
by a Maxwellian velocity and Helm form factor 24,25,26. The elasticity of the scattering has
something do with the particle physics model in the case where excited dark matter states exist
27 though.

Figure 3 – Left: Illustrative dark matter-nucleus scattering which direct detection experiments are based on.
Right: Possible signal-background discriminating variables used in Germanium, liquid XENON and liquid ARGON
detectors.

In summary, if a signal (e.g. annual modulation and/or excess of nuclear recoil events) is
observed, we can related the scattering cross section and mass of the dark matter particle to its
local density. For this reason direct detection can truly discover the dark matter particle that
permeates our galaxy.

4 Indirect Detection

Dark matter particles that populate our universe in galactic and extragalactic scales may self-
annihilate and produce a flux of gamma-rays, cosmic-rays, neutrinos, anti-matter which can
appear as an excess over the expected background. The flux originated from dark matter
annihilation should be proportional to the number density squared of particles, i.e. ⇢2�/m

2
�, to

the annihilation cross section �v, to the element of volume of the sky observed accounted by ⌦,
and the number of particles of interest produced per annihilation (dN/dE). Hence, it can we
written as,

Diff.F lux
z }| {
d�

d⌦dE
=

Anni. Cross Sectionz}|{
�v

8⇡m2
�

⇥ dN

dE|{z}
Energy Spectrum

⇥
Z

l.o.s
ds ⇢2(�!r (s,⌦))

| {z }
DarkMatter Distribution

, (4)

where ⌦ is truly the solid angle of the region of interest, dN/dE is the energy spectrum (e.g.
the number of photons produced per annihilation in case of gamma-rays), and ⇢(�!r (s,⌦)) is the
dark matter density which should integrated over the line of sight (l.o.s) from the observer to
the source, which is often assumed to be described by either a Navarro-Frenk-White,

⇢(r) / rs
r[1 + r/rs]2

, (5)

or Einasto profile,

⇢(r) / exp
�2.0

↵
( (r/rs)

↵ � 1)
�
, (6)

Fig.: Queiroz,  1605.08788

Look for dark matter collisions with atomic nuclei

Experiments  
typically aim at  
‘background-
free’ setting !

DM

DM
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Elastic scattering cross section
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Spin-independent interactions couple to nuclear mass 

Spin-dependent interactions couple to nuclear spin 
(from axial-vector couplings) 

�SD
N ⇠ µ2

�NG2
F
SN + 1

SN
[aphSpi+ anhSni]2

<latexit sha1_base64="1VxZdBGXfizD4V4YcGe0iQhI/xc="></latexit>

(from scalar, vector and tensor couplings) 

�SI
N ⇠ �SI

p

✓
µ�N

µ�p

◆2

[Zfp + (A� Z)fn]
2

<latexit sha1_base64="zGPw3WHi2o5Phk1y3xncTrLsuvE="></latexit>
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component, and we can estimate the energy loss of DM
particles propagating through a medium as

dTDM

dx
= �

X

N

nN

Z Tmax
r

0

d��N

dTr
TrdTr . (9)

Here, Tr refers to the energy lost by a CRDM particle
in a collision with nucleus N . This process, in analogy
with neutrino scattering, can be elastic, quasi-elastic or
inelastic. The latter two are likely to dominate at high
energies T� > few 100MeV. (In a quasi-elastic process
one or more nucleons are dislodged from N , while in an
inelastic process additional hadrons are created in the
� � N collision.) In this work we will limit ourselves to
elastic scattering, leaving a more elaborate treatment for
future considerations. Using the uniform distribution of
the nuclear recoil energy for isotropic scattering, we have
d�N/dTr = �N/Tmax

r , and hence

dT�

dx
= �

1

2

X

N

nN��NTmax

r ⇡ �
1

2m�`

�
T 2

� + 2m�T�

�
,

where `�1
⌘

X

N

nN��N
2mNm�

(mN +m�)2
. (10)

In the last step we have assumed T� ⌧ mN in Eq. (1).
Integrating this equation, we can relate, very approxi-
mately, the di↵erential DM flux at depth z to the one at
the top of the atmosphere as

d��

dT z
�

=

✓
dT�

dT z
�

◆
d��

dT�
=

4m2

�e
z/`

�
2m� + T z

� � T z
�e

z/`
�2

d��

dT�
,

(11)
where d��/dT�, needs to be evaluated at

T� = T 0

�(T
z
�) = 2m�T

z
�e

z/`
⇣
2m�+T z

��T z
�e

z/`
⌘�1

. (12)

For T 0

� ⌧ m� our treatment of the energy attenuation
reduces to that previously considered in Ref. [28].

For the mean free path of the DM particles, `, we sum
over the 8 most abundant elements in Earth’s crust, with
number densities (and masses) from Table 2 in Ref. [30].
We also need to relate the nuclear cross sections to the
one on nucleons, ��. For spin-independent scattering,
there is the usual coherent enhancement, leading to

��N = �SI

� A2

✓
mN (m� +mp)

mp(m� +mN )

◆2

. (13)

We neglect nuclear form-factors in obtaining `. Along
with the energy-loss ansatz (9), as compared to full nu-
merical simulations [28], this leads to conservative limits.

Step 3: CRDM scattering in detectors.— Once a
CRDM particle reaches a detector at depth z, it can
transfer (part of its) energy to a target nucleus inside the
detector. Exploiting completely analogous formulae to

the case of DM!CR scattering discussed above, in par-
ticular the flat distribution of the target nucleus recoil
energy TN for a given DM energy, we find the di↵erential
recoil rate per target nucleus to be

d�N

dTN
= �0

�NG2

N (2mNTN )

Z 1

T�(T
z,min
� )

dT�

Tmax

r,N

d��

dT�
. (14)

Here GN (Q2) is a nuclear form-factor and d��/dT� is
given in Eq. (8); the quantities Tmax

r,N and T z,min

� follow
from Eqs. (1) and (2), by replacing � ! N and i ! �.
The broad energy distribution of CRDM particles al-

lows us, based on Eq. (14), to use both conventional di-
rect detection and neutrino experiments to set novel lim-
its on ��. It is clear that for small enough �� the overbur-
den mass above the detectors is transparent to CRDM,
and the overall strength of the signal hence scales as �2

�.
For large cross sections, on the other hand, the strong
attenuation of the CRDM energy as given in Eq. (12)
also leads to an exponential suppression of the signal.

Resulting limits.— We begin by addressing con-
straints from conventional direct detection experiments,
which we derive from reported limiting values for heavy
DM cross sections on nucleons as a function of the DM
particle mass, �SI,lim

DM
(mDM). Assuming a non-relativistic

DM velocity distribution fNR(v), and hence a standard
DM flux of d�DM/dTDM = m�2

DM
⇢local
DM

fNR, we relate the
count rate per target nucleus N to the heavy DM-nucleus
cross section �DM

�N in the limit of large DM masses:

�DM

N =

Z T2

T1

dTN �DM

�N

Z 1

0

dTDM

d�DM

dTDM

⇥ [Tmax

N (TDM)�TN ]

Tmax

N (TDM)

' 
�DM

�N

mDM

(v̄ ⇢DM)local for mDM � mN , (15)

where we assumed that �DM

�N only varies slowly inside
the experimentally accessible window of recoil energies
TN 2 {T1, T2}. Here v̄ denotes the mean DM velocity and
 is an O(1) constant that, for a Maxwellian distribution,
equals  = exp[�2T1/(⇡mN v̄2)]� exp[�2T2/(⇡mN v̄2)].
In order to constrain the CRDM component we now

need to compare Eq. (15) with Eq. (14), taking into ac-
count that �0

�N is evaluated for mDM � mN only in
the former case. For spin-independent scattering, we can
use Eq. (13) to compute the ratio of these cross sections.
Realizing that the coherence factors for ��N are identi-
cal between ordinary DM and CRDM scattering, then
allows us to recast conventional limits on the scattering
rate �SI,lim

DM
per nucleon to an equivalent limit resulting

from the CRDM component:

�SI.lim
� =  (v̄ ⇢DM)local

✓
m� +mN

m� +mp

◆2 ✓�SI,lim
DM

mDM

◆

mDM!1

⇥

✓Z T2

T1

dTN

Z 1

T�(T
z,min
� )

dT�

Tmax

r,N

d��

dT�

◆�1

(16)

fp = fn
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coherent enhancement of      to      ! A2 �A4
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per nucleon

�SI
N
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Form-factor (or spin-structure function) suppression for large 
momentum transfer �N ! �q=0

N ⇥GN (q2)
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The dark matter halo
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Fig.: Caldwell & Kamionkowski,  Nature ‘09
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Recoil rate
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dR

dER
=

⇢��
m�mN

Z vmax

vmin

d��N

dER
vf(v)dv

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Astrophysical input
⇢�� ⇠ 0.4GeVcm�3

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

                                  —  average DM density at Sun’s distance to             
.                                       Galactic center relatively well measured

                                  —  standard halo model  (SHM) in galactic          
.                                       frame rests on isothermal density profile
f(v) ⇠ (⇡v20)

� 3
2 e

� v2

v2
0

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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exact form only roughly corresponds 
to what is seen in simulations

[from       ]⇢��
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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 independent of DM mass!
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid
lines) and hints of WIMP signals (closed contours) from current dark matter experiments
and projections (dashed) for planned direct detection dark matter experiments. Also
shown is an approximate band where neutrino coherent scattering from solar neutrinos,
atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].
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Spin-dependent scattering
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4

signal region in the DM search data was blinded prior to
the determination of the event selection and background
models [8]. For each WIMP mass, the SD signal recoil
spectrum calculated from Eq. (4) is propagated through
the same MC to generate the expected distribution of S1s
and S2s from corresponding WIMP-nucleon interactions.
Statistical inference is done using a three-dimensional

(corrected S1, corrected S2 in the bottom PMT array,
and radius) unbinned extended likelihood, profiled over
nuisance parameters. As in [8], the likelihood distin-
guishes between events in an inner 0.65 t core and those
in an outer section of the fiducial mass to incorporate
the di↵erence in the expected neutron background rate.
Nuisance parameters are included to account for uncer-
tainties in ER response, detection and selection e�cien-
cies, and background rates. To safeguard against in-
terpreting an under-prediction of ERs as a signal ex-
cess, an additional WIMP-like component is added to
the background model and constrained by ER calibration
data [28]. Upper limits and two-sided intervals are com-
puted using a Feldman-Cousins-based method [29], with
a Neyman band constructed from a profiled likelihood
ratio test statistic [30]. Background-only simulations are
performed to calculate the range of possible upper limits
under many repetitions of the XENON1T exposure.

Results.—For all WIMP masses considered, and for
both the neutron- and proton-only cases, the data are
consistent with the background-only hypothesis. The lo-
cal discovery p-values at WIMP masses of 6, 50, and
200 GeV/c2 in the neutron-only (proton-only) case are

FIG. 2. XENON1T 90% C.L. upper limit on the spin-
dependent WIMP-neutron cross section from a 1 tonne-year
exposure. The range of expected sensitivity is indicated by
the green (1�) and yellow (2�) bands. Also shown are the
experimental results from XENON100 [24], LUX [31] and
PandaX-II [33]. We use the ‘chiral EFT’ limit from PandaX-
II, since it is based on the same SD interaction model as all
other shown results.

0.6, 0.4, and 0.2 (0.6, 0.3, and 0.1), respectively. Fig. 2
and Fig. 3 show the 90% C.L. upper limits, as well as the
1� and 2� sensitivity bands, on the SD WIMP-neutron
and WIMP-proton cross sections, respectively. Di↵er-
ences between the limit and the median sensitivity due
to fluctuation of the background are within the 2� sta-
tistical uncertainty.

The mean values of the structure factors are used both
for the observed limits and the sensitivity distributions.
To estimate the impact of the theoretical uncertainty on
the result, a cross-check was performed by taking the
minimum and maximum values of the structure factors,
and using the asymptotic distribution of the test statistic
to set limits for each case [32]. At 50 GeV/c2, the upper
limit on the WIMP-neutron cross section shifts down-
wards (upwards) by a factor of 1.1 (1.1) when taking the
minimum (maximum) structure factor values. Similarly,
the upper limit on the WIMP-proton cross section shifts
downwards (upwards) by a factor of 1.6 (2.2) due to the
larger dependence of the proton-only sensitivity on the
uncertain two-body component.

The neutron-only limit (Fig. 2) is the most strin-
gent constraint from a direct detection experiment for
WIMP masses above 6 GeV/c2, with a minimum of
6.3⇥10�42 cm2 for a 30 GeV/c2 WIMP. The proton-only
limit (Fig. 3) is the most stringent constraint from a LXe
direct detection experiment, though fluorine-based bub-
ble chamber experiments like PICO-60 have consistently
led the field in directly constraining the WIMP-proton
cross section [34].
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FIG. 3. XENON1T 90% C.L. upper limit on the spin-
dependent WIMP-proton cross section from a 1 tonne-year
exposure. The range of expected sensitivity is indicated by
the green (1�) and yellow (2�) bands. Selected experimental
results are shown for XENON100 [24], LUX [31], PandaX-II
[33] and PICO-60 [34]. We use the ‘chiral EFT’ limit from
PandaX-II, since it is based on the same SD interaction model
as all other shown results.
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Dark matter scattering too efficiently with nucleons 
would not reach the detector! 

Starkman, Gould, Esmailzadeh 
& Dimopoulos, PRD ‘90

Possibility of unconstrained window of 
strongly interacting dark matter
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Towards Closing the Window on Strongly Interacting Dark Matter:
Far-Reaching Constraints from Earth’s Heat Flow
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, applying when this quantity is larger than for typical weakly interacting
dark matter candidates. When the dark matter capture rate in Earth is efficient, the rate of
energy deposition by dark matter self-annihilation products would grossly exceed the measured
heat flow of Earth. This improves the spin-independent cross section constraints by many orders of
magnitude, and closes the window between astrophysical constraints (at very large cross sections)
and underground detector constraints (at small cross sections). In the applicable mass range, from
∼ 1 to ∼ 1010 GeV, the scattering cross section of dark matter with nucleons is then bounded from
above by the latter constraints, and hence must be truly weak, as usually assumed.

PACS numbers: 95.35.+d, 95.30.Cq, 91.35.Dc

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties – especially its mass
and scattering cross section with nucleons – remain un-
known. Assuming dark matter is a thermal relic of the
early universe, weakly interacting massive particles are
prime candidates, suggested by constraints on the dark
matter mass and self-annihilation cross section from the
present average mass density [1]. However, as this re-
mains unproven, it is important to systematically test
the properties of dark matter particles using only late-
universe constraints. In 1990, Starkman, Gould, Es-
mailzadeh, and Dimopoulos [2] examined the possibility
of strongly interacting dark matter, noting that it indeed
had not been ruled out. Many authors since have ex-
plored further constraints and candidates. In this litera-
ture, “strongly interacting” denotes cross sections signif-
icantly larger than those of the weak interactions; it does
not necessarily mean via the usual strong interactions be-
tween hadrons. We generally consider the constraints in
the plane of dark matter mass mχ and spin-independent
scattering cross section with nucleons σχN .

Figure 1 summarizes astrophysical, high-altitude bal-
loon/rocket/satellite detector, and underground detector
constraints in the σχN–mχ plane. Astrophysical limits
such as the stability of the Milky Way disk constrain
very large cross sections [2, 3]. Accompanying and com-
parable limits include those from cosmic rays and the
cosmic microwave background [4, 5]. Small cross sec-
tions are probed by CDMS and other underground de-
tectors [6, 7, 8, 9]. A dark matter (DM) particle can be
directly detected if σχN is strong enough to cause a nu-
clear recoil in the detector, but only if it is weak enough
to allow the DM to pass through Earth to the detector.
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FIG. 1: Excluded regions in the σχN–mχ plane, not yet in-
cluding the results of this paper. From top to bottom, these
come from astrophysical constraints (dark-shaded) [2, 3, 4, 5],
re-analyses of high-altitude detectors (medium-shaded) [2, 10,
11, 12], and underground direct dark matter detectors (light-
shaded) [6, 7, 8, 9]. The dark matter number density scales as
1/mχ, and the scattering rates as σχN/mχ; for a fixed scat-
tering rate, the required cross section then scales as mχ. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.

In between the astrophysical and underground limits
is the window in which σχN can be relatively large [2].
High-altitude detectors in and above the atmosphere

Exponential suppression, with mean free path 

Simplest approach: model continuous loss of 
average energy down to detector location  

3

component, and we can estimate the energy loss of DM
particles propagating through a medium as

dTDM

dx
= �

X

N

nN

Z Tmax
r

0

d��N

dTr
TrdTr . (9)

Here, Tr refers to the energy lost by a CRDM particle
in a collision with nucleus N . This process, in analogy
with neutrino scattering, can be elastic, quasi-elastic or
inelastic. The latter two are likely to dominate at high
energies T� > few 100MeV. (In a quasi-elastic process
one or more nucleons are dislodged from N , while in an
inelastic process additional hadrons are created in the
� � N collision.) In this work we will limit ourselves to
elastic scattering, leaving a more elaborate treatment for
future considerations. Using the uniform distribution of
the nuclear recoil energy for isotropic scattering, we have
d�N/dTr = �N/Tmax

r , and hence

dT�

dx
= �

1

2

X

N

nN��NTmax

r ⇡ �
1

2m�`

�
T 2

� + 2m�T�

�
,

where `�1
⌘

X

N

nN��N
2mNm�

(mN +m�)2
. (10)

In the last step we have assumed T� ⌧ mN in Eq. (1).
Integrating this equation, we can relate, very approxi-
mately, the di↵erential DM flux at depth z to the one at
the top of the atmosphere as

d��

dT z
�

=

✓
dT�

dT z
�

◆
d��

dT�
=

4m2

�e
z/`

�
2m� + T z
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�2

d��

dT�
,

(11)
where d��/dT�, needs to be evaluated at

T� = T 0

�(T
z
�) = 2m�T

z
�e

z/`
⇣
2m�+T z

��T z
�e

z/`
⌘�1

. (12)

For T 0

� ⌧ m� our treatment of the energy attenuation
reduces to that previously considered in Ref. [28].

For the mean free path of the DM particles, `, we sum
over the 8 most abundant elements in Earth’s crust, with
number densities (and masses) from Table 2 in Ref. [30].
We also need to relate the nuclear cross sections to the
one on nucleons, ��. For spin-independent scattering,
there is the usual coherent enhancement, leading to

��N = �SI

� A2

✓
mN (m� +mp)

mp(m� +mN )

◆2

. (13)

We neglect nuclear form-factors in obtaining `. Along
with the energy-loss ansatz (9), as compared to full nu-
merical simulations [28], this leads to conservative limits.

Step 3: CRDM scattering in detectors.— Once a
CRDM particle reaches a detector at depth z, it can
transfer (part of its) energy to a target nucleus inside the
detector. Exploiting completely analogous formulae to

the case of DM!CR scattering discussed above, in par-
ticular the flat distribution of the target nucleus recoil
energy TN for a given DM energy, we find the di↵erential
recoil rate per target nucleus to be

d�N

dTN
= �0

�NG2

N (2mNTN )

Z 1

T�(T
z,min
� )

dT�

Tmax

r,N

d��

dT�
. (14)

Here GN (Q2) is a nuclear form-factor and d��/dT� is
given in Eq. (8); the quantities Tmax

r,N and T z,min

� follow
from Eqs. (1) and (2), by replacing � ! N and i ! �.
The broad energy distribution of CRDM particles al-

lows us, based on Eq. (14), to use both conventional di-
rect detection and neutrino experiments to set novel lim-
its on ��. It is clear that for small enough �� the overbur-
den mass above the detectors is transparent to CRDM,
and the overall strength of the signal hence scales as �2

�.
For large cross sections, on the other hand, the strong
attenuation of the CRDM energy as given in Eq. (12)
also leads to an exponential suppression of the signal.

Resulting limits.— We begin by addressing con-
straints from conventional direct detection experiments,
which we derive from reported limiting values for heavy
DM cross sections on nucleons as a function of the DM
particle mass, �SI,lim

DM
(mDM). Assuming a non-relativistic

DM velocity distribution fNR(v), and hence a standard
DM flux of d�DM/dTDM = m�2

DM
⇢local
DM

fNR, we relate the
count rate per target nucleus N to the heavy DM-nucleus
cross section �DM

�N in the limit of large DM masses:

�DM

N =

Z T2

T1

dTN �DM

�N

Z 1

0

dTDM

d�DM

dTDM

⇥ [Tmax

N (TDM)�TN ]

Tmax

N (TDM)

' 
�DM

�N

mDM

(v̄ ⇢DM)local for mDM � mN , (15)

where we assumed that �DM

�N only varies slowly inside
the experimentally accessible window of recoil energies
TN 2 {T1, T2}. Here v̄ denotes the mean DM velocity and
 is an O(1) constant that, for a Maxwellian distribution,
equals  = exp[�2T1/(⇡mN v̄2)]� exp[�2T2/(⇡mN v̄2)].
In order to constrain the CRDM component we now

need to compare Eq. (15) with Eq. (14), taking into ac-
count that �0

�N is evaluated for mDM � mN only in
the former case. For spin-independent scattering, we can
use Eq. (13) to compute the ratio of these cross sections.
Realizing that the coherence factors for ��N are identi-
cal between ordinary DM and CRDM scattering, then
allows us to recast conventional limits on the scattering
rate �SI,lim

DM
per nucleon to an equivalent limit resulting

from the CRDM component:
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Full simulations needed:
DaMaSCUS

Emken & Kouvaris, JCAP ‘17

Simple analytical approach overestimates stopping power 

(upper limit on         too conservative by factor of ~few)��N
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Analytic approach simplistic:
particles do not only arrive from azimuthal direction
multiple scatterings in overburden
high-energy tail has higher penetration power 
…
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Figure 5: The 90% CL DM-proton cross section lower bounds deduced by the importance
sampling Monte-Carlo simulation (solid lines) and the SGED/KS method (dashed lines) for
the three detector depths of 10, 30, and 106.7 meters underground.

approximation is “remarkably good over a wide range of masses”. While true — indeed,
guaranteed by the central-limit theorem — this agreement does not bear on the validity of
using the SGED/KS approximation for determining the cross section reach of some experiment
as discussed in eqs (2.2) and (2.4) and in more detail in the Appendix. A simulation is required
to know the mean value of the energy loss per collision and mean number of collisions of capable
particles at the detector – not the mean values for all particles after a fixed total path length
d.

Although EKS simulate trajectories, they use a seemingly ad-hoc shortcut to find �max,
c.f., their equation (16) [5]. They introduce a “critical cross section”, defined to be the cross
section such that the mean DM speed at the detector depth, �v�, is at least 5�v below the
minimum speed to produce a signal in the detector, where �v is the standard deviation in the
arrival speeds at the detector, given the assumed starting DM speed. This 5�v prescription
is not demonstrated to be correct. Its rationale is probably that if the distribution of final
velocities is Gaussian, then the tail above 5�v contains a fraction 2.8 × 10−7 of the distribu-
tion. A high statistics simulation would be required to demonstrate that the distribution is
Gaussian or that specifically the 5�v prescription assures the correct attenuation.

We tested the EKS procedure by using importance sampling to perform a full simulation
of the expected spectrum in DAMIC, for the critical cross sections found by EKS for two DM
masses: 50 MeV and 1 GeV. Figure 6 shows the final energy spectrum of capable DM particles
at DAMIC’s depth that we found using the EKS critical cross sections. Had the EKS result
been correct, we should have obtained 106 events for both masses, but instead we found
4.5 × 108 events for 50 MeV and 2.5 × 106 events for 1 GeV.

To determine the correct prescription to replace the EKS “5�v” criterion requires a much
higher-statistics simulation, with > 108 particles for each mass and cross section combination,
to measure the high-speed tail of the distribution. In the end, that amounts to performing
the full, high statistics simulation. Perhaps in the small energy loss case, regularities can be

– 8 –

Mahdawi & Farrar, 1712.01170

E.g. Emken & Kouvaris, PRD ‘18
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid
lines) and hints of WIMP signals (closed contours) from current dark matter experiments
and projections (dashed) for planned direct detection dark matter experiments. Also
shown is an approximate band where neutrino coherent scattering from solar neutrinos,
atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].

14

6

FIG. 3. The expected number of events and likelihood at XENON1T
as a function of the DM-nucleon scattering cross section for a DM
mass of 10 GeV. Note that for intermediate cross sections, particles
arriving at the detector from below will also contribute and attenuate
event counts, giving rise to diurnal modulations. This is not taken
into account here, where all particles are assumed to reach the detec-
tor from above and the focus lies on finding the critical cross section
of strongly interacting DM.

alytic stopping equation obviously overestimates the stopping
power of an overburden and makes the event number drop too
fast with increasing cross section. In reality, particles which
scatter fewer times than the average still reach the detector
capable of triggering it. Therefore MC simulations make con-
straints on strongly interacting DM more stringent, extending
to higher cross sections. The resulting limits are not just more
restrictive, but also more accurate, robust and consistent, since
upper and lower bounds are on equal footing.

In a recent paper [33] the authors claim that the analytic de-
scription fails in deriving the critical cross section of strongly
interacting DM, quoting a discrepancy in the number of events
of multiple orders of magnitude. However, looking at fig. 3 it
is clear that any method which conservatively underestimates
the critical cross section, will lead to much higher event num-
bers compared to the corresponding MC simulations. Yet, this
discrepancy says very little about the accuracy of the critical
cross section estimate as the actual quantity of interest, since
the event number drops very steeply. The limits obtained with
the analytic descriptions may be conservative and improvable,
but they are still valid. They typically underestimate the criti-
cal cross section just by a factor of a few.

For completeness we also include the corresponding bound
obtained with method a, i.e. the simple speed cut-off crite-
rion. In this case it gives a reasonable and conservative esti-
mate, which is more restrictive than the limit of method b as
expected. However, without the MC results a quality assess-
ment would not have been possible, as discussed in sec. II.

We show the main results of this study in fig. 4, the
constraints on DM with masses between 100 MeV and 20
GeV from CRESST-II, XENON1T, DAMIC(2011), and the
CRESST 2017 surface run, together with constraints from the

0.1 0.5 1 5 10
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CRESST
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CRESST II

DAMIC(2011)

XQC

CMB

XENON1T

neutrino backg
round

FIG. 4. Our results for the 90% CL constraints on light
DM for CRESST-II [39], the CRESST 2017 surface run [7],
DAMIC(2011) [46], and XENON1T [5]. Also included are con-
straints from XQC [21], and the CMB [13]. At the bottom of the
plot we included the neutrino background [47], and in black dashed
lines we indicate the new constraints from CRESST-III [6].

XQC experiment and the CMB. For each mass and detector4,
we obtain an excluded band of cross sections, from a lower
limit to the upper critical cross section due to shielding of
strongly interacting DM.

The DAMIC(2011) constraints are fully covered by the two
experiments of the CRESST collaboration. The purpose of
including these result is to compare them to limits obtained
with the DMATIS code [28] as an independent and valuable
cross-check of our simulation. For the masses between 1 and
100 GeV we find an average relative deviation between the
two limits of about 15% with slightly higher deviations for
masses of order O(1 GeV). But overall the two limits seem
to agree to a reasonable precision. Further cross-checks and
comparisons might be desirable, though the DMATIS code
has not been released at the time of submission of this paper.

Both CRESST-II and XENON1T are located deep under-
ground at LNGS. Hence it comes to no surprise that they
turn out to be rather insensitive to strongly interacting DM.
In the low-mass regime they constrain cross sections up to
⇠ 10�30cm2 and ⇠ 10�31cm2 respectively.

Most interesting is last year’s CRESST 2017 surface run
of a prototype detector developed for the ⌫-cleus experi-
ment. As opposed to the vast majority of DM detectors it
was not placed underground and is therefore ideal to constrain
strongly interacting DM. It probes and constraints cross sec-

4 For details on the considered detectors we refer to app. B.

DaMaSCUS

Emken & Kouvaris, PRD ‘18
+ CRESST / Xenon

Rocket-based X-ray 
Quantum Calorimeter 

Erickcek, Steinhardt, 
McCammon & McGuire, 

PRD ‘07

would need 
larger DM 
momenta to 
probe this 
region!
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+ diffusive (magnetic) halo ! 

Image: GALEX, JPL-Caltech, NASA; Drawing: APS/Alan Stonebraker
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Local interstellar(!) flux well 
constrained by Voyager and 
PAMELA,  AMS, … 

Image: www. helmod.org

PoS(ICRC2015)539

Theoretical uncertainties in extracting cosmic-ray di↵usion parameters Y. Genolini

Figure 1: On the left panel : a sketch of the 1D slab model of the Galaxy, with matter homogeneously
distributed inside an infinite plane of thickness 2h sandwiched between two thick di↵usive layers of thickness
2H. On the right panel, the cylindric model: the matter is homogeneously distributed inside a thin disk of
thickness 2h and radius Rgal = 20 kpc. The solar system is at R� ' 8 kpc from the Galactic centre.

where the spatial di↵usion coe�cient D has been defined in Eq. (1). The cross-section for the
production of the species a from the species b through its interactions with the interstellar medium
(ISM) is denoted by �b!a, whereas �a is the total inelastic interaction (destruction) cross-section
of the species a with the ISM. The surface density of the Galactic disk is denoted by µ, while mISM

is the average mass of the atomic gas that it contains. The values of �b!a and �a are taken from the
most recent formulae of [4] and [5, 6] respectively. At 10GeV/nuc they exhibit a plateau that allows
one to approximate them as constants in this energy range. Solving the propagation Eq. (1.1) in
the steady-state regime allows expressing the fluxJa ⌘ (v/4⇡) a of a nucleus a inside the Galactic
disk (z = 0). However as measurements performed at Earth, in general, collect together nuclei with
the same charge Z irrespectively of their mass, we define the flux of one element JZ as the sum
over all its isotopes. Considering only the dominant contribution from stable nuclei, the B/C ratio
writes :

JB(Ek)
JC(Ek)

=

8>>><
>>>:

QB

JC
+�C!B+

ZmaxX

Zb>ZC

�b!B ·
Jb

JC

9>>>=
>>>;
/
n
�di↵+�B

o
(1.1)

where �di↵ =
2DmISM

µvH
and QB =

1
4⇡
· qB

nISM
⌘ NB

 R
1GV

!↵
.

which stands for the boron source term is expressed in units of particles (GeV/nuc)�1s�1sr�1. Sev-
eral reasonable hypotheses are hidden behind this derivation : we assume an injetcion spectrum
with the same spectral index ↵ for all nuclei, and the normalisation Na of each isotope source term
is given by the normalisation of each element NZ weighted by the isotopic fraction from [7].

If we assume no primary boron sources, that is, QB = 0, this expression simplifies into:

JB(Ek)
JC(Ek)

=
�C!B

�di↵+�B

+

ZmaxX

Zb>ZC

�b!B

�di↵+�B
· Jb

JC
. (1.2)

The impact of relaxing this hypothesis is explored in the following.
The primary purpose of our analysis is to determine the di↵usion parameters D0 and � from the

B/C flux ratio F ⌘JB/JC. Basically we solve a system of triangular form(from iron to berylium),

3
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An inevitable CRDM component:
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Differential CRDM flux wrt CR energy     :
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like) momentum transfer in the collision is given by Q2 =
2m�T�. For isotropic CR-DM scattering, both T� and
Q2 thus follow a flat distribution, with T� ranging from
0 to Tmax

� . Inverting Eq. (1) gives the minimal incoming
CR energy required to obtain a DM recoil energy T�:

Tmin

i =

✓
T�

2
�mi

◆"
1±

s

1 +
2T�

m�

(mi+m�)
2

(2mi�T�)
2

#
, (2)

where the + (�) sign applies for T� > 2mi (T� < 2mi).
The local interstellar (LIS) population of CRs is well

measured and typically described by their di↵erential in-
tensity dI/dR, where R is the particle’s rigidity. We
adopt parameterizations [16, 17] for dIi/dRi of protons
and 4He nuclei, the two dominant CR components. The
di↵erential CR flux (number of particles per area, ki-
netic energy and time) is then obtained as d�/dT =
4⇡ (dR/dT ) (dI/dR). For an elastic scattering cross sec-
tion ��i, the collision rate of CR particles i with energy in
the range [Ti, Ti + dTi] inside a volume dV thus becomes

d�CRi!� = ��i ⇥
⇢�
m�

d�LIS
i

dTi
dTidV . (3)

The resulting CR-induced DM flux is thus obtained by
dividing by 4⇡d2, where d is the distance to the source,
implying that the volume integration reduces to an an-
gular average over a line-of-sight integral:
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dTi
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Z
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d�i

dTi
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d�LIS
i

dTi
De↵ .(4)

In the second step, we have introduced an e↵ective dis-
tance out to which we take into account CRs as the source
of a possible high-velocity tail in the DM velocity dis-
tribution. Assuming an NFW profile [18] for the DM
distribution and a homogeneous CR distribution, e.g.,
performing the full line-of-sight integration out to 1 kpc
(10 kpc) results in De↵ = 0.997 kpc (De↵ = 8.02 kpc).
While the simplest models indeed assume homogeneous
CR di↵usion, with the di↵usion zone stretching out to at
least several kpc from the galactic disk [19–21], we note
that our e↵ective parameter De↵ in principle also covers
situations with inhomogeneous di↵usion coe�cients. Us-
ing Eq. (1), we can finally express the DM flux in terms
of the DM energy by integrating over all CR energies Ti:

d��

dT�
=

Z 1

0

dTi
d��

dTi

1

Tmax
� (Ti)

⇥
⇥
Tmax

� (Ti)� T�

⇤
. (5)

The flat distribution over recoil energies that follows
from Eq. (1) for isotropic scattering is an assumption
that we modify by the inclusion of the hadronic elastic
scattering form-factor in the simplest dipole form [22],

Gi(Q
2) = 1/(1 +Q2/⇤2

i )
2 . (6)

Here, ⇤i scales inversely proportional with the charge
radius and is hence smaller for heavier nuclei; for proton

FIG. 1. Expected flux of CRDM for di↵erent DM masses
m� = 0.001, 0.01, 0.1, 1, 10GeV (from top to bottom). Dotted
lines show the contribution from CR proton scattering alone.
The flux is directly proportional to the elastic scattering cross
section, here chosen as �� = 10�30 cm2. In the inset, we
compare the corresponding 1D velocity distributions f(v) to
that of the standard halo model (dashed line).

(Helium) scattering due to a vector current, one has ⇤p '

770MeV (⇤He ' 410MeV) [23]). We thus relate the
scattering cross section to that in the point-like limit by

d��i

d⌦
=

d��i

d⌦

����
Q2=0

G2

i (2m�T�) . (7)

Putting everything together, we expect the following
CR-induced DM flux:

d��
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Here, we only include i 2 {p, 4He} in the sum. In
Fig. 1 we plot these CRDM fluxes for various DM masses,
for spin-independent �� = �n = �p. The contribution
from Helium can be even larger than that from pro-
tons, but is formfactor-suppressed at large recoil ener-
gies. The flux is related to the 1D velocity distribu-
tion f(v), more familiar in the context of direct DM
searches, as f(v) = m2

�(⇢
local

� )�1�3d��/dT�. For illus-
tration, we compare this to the Maxwellian distribution
of the standard halo model [24], displayed as a dashed line
in the inset. As expected, the CRDM population peaks
at (semi-)relativistic velocities, and is highly subdomi-
nant at the galactic DM velocities typically considered.

Step 2: Attenuation of CRDM flux.— Very large
scattering cross sections generally constitute a blind spot
for direct DM detection, because they would lead to a sig-
nificant attenuation of the DM flux from the top of the
atmosphere to the location of the detector [25–29]. The
degradation in energy should also occur for the CRDM

Astrophysical uncertainties:
local DM density relatively well measured, small anisotropy
local CR flux relatively well measured, tiny anisotropy
but how far out is this valid ?
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like) momentum transfer in the collision is given by Q2 =
2m�T�. For isotropic CR-DM scattering, both T� and
Q2 thus follow a flat distribution, with T� ranging from
0 to Tmax

� . Inverting Eq. (1) gives the minimal incoming
CR energy required to obtain a DM recoil energy T�:
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where the + (�) sign applies for T� > 2mi (T� < 2mi).
The local interstellar (LIS) population of CRs is well

measured and typically described by their di↵erential in-
tensity dI/dR, where R is the particle’s rigidity. We
adopt parameterizations [16, 17] for dIi/dRi of protons
and 4He nuclei, the two dominant CR components. The
di↵erential CR flux (number of particles per area, ki-
netic energy and time) is then obtained as d�/dT =
4⇡ (dR/dT ) (dI/dR). For an elastic scattering cross sec-
tion ��i, the collision rate of CR particles i with energy in
the range [Ti, Ti + dTi] inside a volume dV thus becomes

d�CRi!� = ��i ⇥
⇢�
m�
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dTi
dTidV . (3)

The resulting CR-induced DM flux is thus obtained by
dividing by 4⇡d2, where d is the distance to the source,
implying that the volume integration reduces to an an-
gular average over a line-of-sight integral:
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In the second step, we have introduced an e↵ective dis-
tance out to which we take into account CRs as the source
of a possible high-velocity tail in the DM velocity dis-
tribution. Assuming an NFW profile [18] for the DM
distribution and a homogeneous CR distribution, e.g.,
performing the full line-of-sight integration out to 1 kpc
(10 kpc) results in De↵ = 0.997 kpc (De↵ = 8.02 kpc).
While the simplest models indeed assume homogeneous
CR di↵usion, with the di↵usion zone stretching out to at
least several kpc from the galactic disk [19–21], we note
that our e↵ective parameter De↵ in principle also covers
situations with inhomogeneous di↵usion coe�cients. Us-
ing Eq. (1), we can finally express the DM flux in terms
of the DM energy by integrating over all CR energies Ti:

d��

dT�
=

Z 1

0

dTi
d��

dTi

1

Tmax
� (Ti)

⇥
⇥
Tmax

� (Ti)� T�

⇤
. (5)

The flat distribution over recoil energies that follows
from Eq. (1) for isotropic scattering is an assumption
that we modify by the inclusion of the hadronic elastic
scattering form-factor in the simplest dipole form [22],

Gi(Q
2) = 1/(1 +Q2/⇤2

i )
2 . (6)

Here, ⇤i scales inversely proportional with the charge
radius and is hence smaller for heavier nuclei; for proton

FIG. 1. Expected flux of CRDM for di↵erent DM masses
m� = 0.001, 0.01, 0.1, 1, 10GeV (from top to bottom). Dotted
lines show the contribution from CR proton scattering alone.
The flux is directly proportional to the elastic scattering cross
section, here chosen as �� = 10�30 cm2. In the inset, we
compare the corresponding 1D velocity distributions f(v) to
that of the standard halo model (dashed line).

(Helium) scattering due to a vector current, one has ⇤p '

770MeV (⇤He ' 410MeV) [23]). We thus relate the
scattering cross section to that in the point-like limit by
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Putting everything together, we expect the following
CR-induced DM flux:
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Here, we only include i 2 {p, 4He} in the sum. In
Fig. 1 we plot these CRDM fluxes for various DM masses,
for spin-independent �� = �n = �p. The contribution
from Helium can be even larger than that from pro-
tons, but is formfactor-suppressed at large recoil ener-
gies. The flux is related to the 1D velocity distribu-
tion f(v), more familiar in the context of direct DM
searches, as f(v) = m2

�(⇢
local

� )�1�3d��/dT�. For illus-
tration, we compare this to the Maxwellian distribution
of the standard halo model [24], displayed as a dashed line
in the inset. As expected, the CRDM population peaks
at (semi-)relativistic velocities, and is highly subdomi-
nant at the galactic DM velocities typically considered.

Step 2: Attenuation of CRDM flux.— Very large
scattering cross sections generally constitute a blind spot
for direct DM detection, because they would lead to a sig-
nificant attenuation of the DM flux from the top of the
atmosphere to the location of the detector [25–29]. The
degradation in energy should also occur for the CRDM

same as for 
direct detection!

highly conservative choice: [e.g. from integrating NFW out to 1 kpc, 
constant CR density]

De↵ ⇡ 1 kpc
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more realistic choice: De↵ ⇡ 8 kpc
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[e.g. from integrating NFW out to 10 kpc, 
constant CR density]

Parameterize by effective distance De↵
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All attempts to directly detect particle dark matter (DM) scattering on nuclei su↵er from the partial
or total loss of sensitivity for DM masses in the GeV range or below. We derive novel constraints
from the inevitable existence of a subdominant, but highly energetic, component of DM generated
through collisions with cosmic rays. Subsequent scattering inside conventional DM detectors, as
well as neutrino detectors sensitive to nuclear recoils, limits the DM-nucleon scattering cross section
to be below 10�31 cm2 for both spin-independent and spin-dependent scattering of light DM.

Introduction.— Attempts to discover non-
gravitational interactions of dark matter (DM) are
a global e↵ort, pursuing many possible avenues –
perhaps as many as there are viable microscopic models
that link DM with the rest of fundamental physics [1, 2].
The simplicity of the early Universe suggests that DM
may be realized in the form of some relic particles [3, 4],
remnants of the Big Bang, that we denote here as �.

Among the very few things known about the galac-
tic component of DM is the scale of its velocity,
v�,gal ⇠ 10�3c. The energy carried by DM particles,
E� ⇠ m�v2�,gal, can be shared with an atomic nucleus
in the process of a collision, and therefore in principle be
detected [5]. The search for such DM-nucleus scatterings
– commonly referred to as direct DM detection – has seen
several generations of experiments with ever improving
sensitivity. In the absence of a credible positive signal,
this has translated to continuously tightening limits. The
latest results from the XENON1T collaboration [6] bring
the sensitivity to the cross section per nucleon below the
�� = 10�46 cm2 level for the “optimal” DM mass range,
m� 2 15 � 100GeV. This significantly constrains many
models of weak-scale DM (see, e.g. [7]).

Below that mass range, and especially below 1GeV,
the direct sensitivity to DM worsens rapidly. This is
because the nuclear recoil energy becomes smaller, and
cannot exceed Emax

recoil
= 2m2

�(vesc)
2/mA, where vesc ⇠

540 km/s is the galactic escape velocity and mA the nu-
clear mass. If Emax

recoil
is below some detector threshold

Ethr, the sensitivity completely disappears, making even
cross sections parametrically larger than weak-scale cross
sections (e.g. � � 10�36 cm2) completely undetectable.

Recently, it has been realized that several physical pro-
cesses allow to circumvent this limitation. For example,
if the scattering on the nucleus results in the emission of a
photon or ejection of an atomic electron, the electromag-
netic fraction of the deposited energy can be larger than
for elastic nuclear recoils, improving the sensitivity for
m� in the few 100MeV range [8, 9]. Further constraints
derive from multiple collisions of light DM. For example,
interactions with fast moving nuclei or electrons inside
the Sun can accelerate the DM above threshold for direct

detection [10–12]. This contribution typically does not
exceed a fraction of O(10�5) times the total DM flux on
Earth, but nevertheless greatly enhances the mass reach
of existing detectors, especially for ��e� scattering [11].
In this Letter, we consider another inevitable compo-

nent of the DM flux, with velocities much higher than
vesc. It originates from energetic galactic cosmic rays
(CRs) colliding with cold DM particles in the Milky Way
halo, creating a secondary DM component of CRs with
(semi-)relativistic momenta. This new component of the
DM flux, called CRDM throughout this work, will scat-
ter again in the detectors, but now with much greater
energy available. The goal of this work is to make use of
this idea, employing data from the most sensitive current
direct detection and neutrino experiments, to establish
new direct limits on DM-nucleon scattering that extend
to small DM masses (formally even to m� ! 0).
We will adopt a simple two parameter model,

{m�,��}, without reference to a specific underlying the-
ory. For the DM-nucleon elastic cross section we as-
sume for simplicity the isospin-singlet structure, ��n =
��p ⌘ ��, but will consider both spin-dependent and
spin-independent scattering. DM models with light m�

often require sub-electroweak scale mediators [13, 14],
and therefore can be amenable to additional constraints
from cosmology, colliders, neutrino and beam dump ex-
periments (see e.g. Ref. [15] for a review). However, all
such constraints are necessarily model-dependent, while
constraints derived in this Letter have greater generality.
Despite invoking DM-CR interactions, in particular, they
build on the same microscopic picture of DM-nucleon
scattering as adopted in the standard presentation of lim-
its from conventional direct detection experiments.

Step 1: From CR to DM fluxes.— Compared to
CR velocities, DM can be considered e↵ectively at rest.
Then, the kinetic energy transferred to a DM particle in
a single collision is

T�= Tmax

�
1�cos ✓

2
, Tmax

� =
T 2

i + 2miTi

Ti+(mi+m�)2/(2m�)
, (1)

where ✓ is the c.m.s. scattering angle and Ti ⌘ Ei�mi the
kinetic energy of the incoming CR particle i. The (space-

ar
X

iv
:1

81
0.

10
54

3v
1 

 [h
ep

-p
h]

  2
4 

O
ct

 2
01

8

Additional terms compared 
to corresponding (non-rel.) 
DD expression

 Tmin
i (T�)

<latexit sha1_base64="b8cyUqZgpSU4uP9PMQgwDRvs6WY=">AAACH3icbVC7TsMwFHV4lvIKMLJYrZDKUiUFCcZKLIxF6ktqQuQ4bmvVdiLbQaqi7vwGP8AKf8CGWPsDfAdOmwFajmTp6Jz78gkTRpV2nLm1sbm1vbNb2ivvHxweHdsnp10VpxKTDo5ZLPshUoRRQTqaakb6iSSIh4z0wsld7veeiFQ0Fm09TYjP0UjQIcVIGymwKx4jKFI6hu2APnoc6bHkGadiBmvtwMNjehnYVafuLADXiVuQKijQCuxvL4pxyonQmCGlBq6TaD9DUlPMyKzspYokCE/QiAwMFYgT5WeLv8zghVEiOIyleULDhfq7I0NcqSkPTWV+rFr1cvFfL6H5wJXtenjrZ1QkqSYCL5cPUwZNHHlYMKKSYM2mhiAsqbkf4jGSCGsTadkE467GsE66jbp7VXcerqvNRhFRCZyDCqgBF9yAJrgHLdABGDyDV/AG3q0X68P6tL6WpRtW0XMG/sCa/wDBHKMn</latexit>

b= vmin(ER)
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in standard DD

CRDM flux (2)

cm
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For isotropic scattering (in CMS):

2

like) momentum transfer in the collision is given by Q2 =
2m�T�. For isotropic CR-DM scattering, both T� and
Q2 thus follow a flat distribution, with T� ranging from
0 to Tmax

� . Inverting Eq. (1) gives the minimal incoming
CR energy required to obtain a DM recoil energy T�:

Tmin

i =

✓
T�

2
�mi

◆"
1±

s

1 +
2T�

m�

(mi+m�)
2

(2mi�T�)
2

#
, (2)

where the + (�) sign applies for T� > 2mi (T� < 2mi).
The local interstellar (LIS) population of CRs is well

measured and typically described by their di↵erential in-
tensity dI/dR, where R is the particle’s rigidity. We
adopt parameterizations [16, 17] for dIi/dRi of protons
and 4He nuclei, the two dominant CR components. The
di↵erential CR flux (number of particles per area, ki-
netic energy and time) is then obtained as d�/dT =
4⇡ (dR/dT ) (dI/dR). For an elastic scattering cross sec-
tion ��i, the collision rate of CR particles i with energy in
the range [Ti, Ti + dTi] inside a volume dV thus becomes

d�CRi!� = ��i ⇥
⇢�
m�

d�LIS
i

dTi
dTidV . (3)

The resulting CR-induced DM flux is thus obtained by
dividing by 4⇡d2, where d is the distance to the source,
implying that the volume integration reduces to an an-
gular average over a line-of-sight integral:

d��

dTi
=

Z
d⌦

4⇡

Z

l.o.s.
d` ��i

⇢�
m�

d�i

dTi
⌘ ��i

⇢local�

m�

d�LIS
i

dTi
De↵ .(4)

In the second step, we have introduced an e↵ective dis-
tance out to which we take into account CRs as the source
of a possible high-velocity tail in the DM velocity dis-
tribution. Assuming an NFW profile [18] for the DM
distribution and a homogeneous CR distribution, e.g.,
performing the full line-of-sight integration out to 1 kpc
(10 kpc) results in De↵ = 0.997 kpc (De↵ = 8.02 kpc).
While the simplest models indeed assume homogeneous
CR di↵usion, with the di↵usion zone stretching out to at
least several kpc from the galactic disk [19–21], we note
that our e↵ective parameter De↵ in principle also covers
situations with inhomogeneous di↵usion coe�cients. Us-
ing Eq. (1), we can finally express the DM flux in terms
of the DM energy by integrating over all CR energies Ti:

d��

dT�
=

Z 1

0

dTi
d��

dTi

1

Tmax
� (Ti)

⇥
⇥
Tmax

� (Ti)� T�

⇤
. (5)

The flat distribution over recoil energies that follows
from Eq. (1) for isotropic scattering is an assumption
that we modify by the inclusion of the hadronic elastic
scattering form-factor in the simplest dipole form [22],

Gi(Q
2) = 1/(1 +Q2/⇤2

i )
2 . (6)

Here, ⇤i scales inversely proportional with the charge
radius and is hence smaller for heavier nuclei; for proton

FIG. 1. Expected flux of CRDM for di↵erent DM masses
m� = 0.001, 0.01, 0.1, 1, 10GeV (from top to bottom). Dotted
lines show the contribution from CR proton scattering alone.
The flux is directly proportional to the elastic scattering cross
section, here chosen as �� = 10�30 cm2. In the inset, we
compare the corresponding 1D velocity distributions f(v) to
that of the standard halo model (dashed line).

(Helium) scattering due to a vector current, one has ⇤p '

770MeV (⇤He ' 410MeV) [23]). We thus relate the
scattering cross section to that in the point-like limit by

d��i

d⌦
=

d��i

d⌦

����
Q2=0

G2

i (2m�T�) . (7)

Putting everything together, we expect the following
CR-induced DM flux:
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Here, we only include i 2 {p, 4He} in the sum. In
Fig. 1 we plot these CRDM fluxes for various DM masses,
for spin-independent �� = �n = �p. The contribution
from Helium can be even larger than that from pro-
tons, but is formfactor-suppressed at large recoil ener-
gies. The flux is related to the 1D velocity distribu-
tion f(v), more familiar in the context of direct DM
searches, as f(v) = m2

�(⇢
local

� )�1�3d��/dT�. For illus-
tration, we compare this to the Maxwellian distribution
of the standard halo model [24], displayed as a dashed line
in the inset. As expected, the CRDM population peaks
at (semi-)relativistic velocities, and is highly subdomi-
nant at the galactic DM velocities typically considered.

Step 2: Attenuation of CRDM flux.— Very large
scattering cross sections generally constitute a blind spot
for direct DM detection, because they would lead to a sig-
nificant attenuation of the DM flux from the top of the
atmosphere to the location of the detector [25–29]. The
degradation in energy should also occur for the CRDM

2

like) momentum transfer in the collision is given by Q2 =
2m�T�. For isotropic CR-DM scattering, both T� and
Q2 thus follow a flat distribution, with T� ranging from
0 to Tmax

� . Inverting Eq. (1) gives the minimal incoming
CR energy required to obtain a DM recoil energy T�:
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where the + (�) sign applies for T� > 2mi (T� < 2mi).
The local interstellar (LIS) population of CRs is well

measured and typically described by their di↵erential in-
tensity dI/dR, where R is the particle’s rigidity. We
adopt parameterizations [16, 17] for dIi/dRi of protons
and 4He nuclei, the two dominant CR components. The
di↵erential CR flux (number of particles per area, ki-
netic energy and time) is then obtained as d�/dT =
4⇡ (dR/dT ) (dI/dR). For an elastic scattering cross sec-
tion ��i, the collision rate of CR particles i with energy in
the range [Ti, Ti + dTi] inside a volume dV thus becomes

d�CRi!� = ��i ⇥
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dTi
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The resulting CR-induced DM flux is thus obtained by
dividing by 4⇡d2, where d is the distance to the source,
implying that the volume integration reduces to an an-
gular average over a line-of-sight integral:
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In the second step, we have introduced an e↵ective dis-
tance out to which we take into account CRs as the source
of a possible high-velocity tail in the DM velocity dis-
tribution. Assuming an NFW profile [18] for the DM
distribution and a homogeneous CR distribution, e.g.,
performing the full line-of-sight integration out to 1 kpc
(10 kpc) results in De↵ = 0.997 kpc (De↵ = 8.02 kpc).
While the simplest models indeed assume homogeneous
CR di↵usion, with the di↵usion zone stretching out to at
least several kpc from the galactic disk [19–21], we note
that our e↵ective parameter De↵ in principle also covers
situations with inhomogeneous di↵usion coe�cients. Us-
ing Eq. (1), we can finally express the DM flux in terms
of the DM energy by integrating over all CR energies Ti:
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The flat distribution over recoil energies that follows
from Eq. (1) for isotropic scattering is an assumption
that we modify by the inclusion of the hadronic elastic
scattering form-factor in the simplest dipole form [22],

Gi(Q
2) = 1/(1 +Q2/⇤2
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2 . (6)

Here, ⇤i scales inversely proportional with the charge
radius and is hence smaller for heavier nuclei; for proton

FIG. 1. Expected flux of CRDM for di↵erent DM masses
m� = 0.001, 0.01, 0.1, 1, 10GeV (from top to bottom). Dotted
lines show the contribution from CR proton scattering alone.
The flux is directly proportional to the elastic scattering cross
section, here chosen as �� = 10�30 cm2. In the inset, we
compare the corresponding 1D velocity distributions f(v) to
that of the standard halo model (dashed line).

(Helium) scattering due to a vector current, one has ⇤p '

770MeV (⇤He ' 410MeV) [23]). We thus relate the
scattering cross section to that in the point-like limit by
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Putting everything together, we expect the following
CR-induced DM flux:
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Here, we only include i 2 {p, 4He} in the sum. In
Fig. 1 we plot these CRDM fluxes for various DM masses,
for spin-independent �� = �n = �p. The contribution
from Helium can be even larger than that from pro-
tons, but is formfactor-suppressed at large recoil ener-
gies. The flux is related to the 1D velocity distribu-
tion f(v), more familiar in the context of direct DM
searches, as f(v) = m2

�(⇢
local

� )�1�3d��/dT�. For illus-
tration, we compare this to the Maxwellian distribution
of the standard halo model [24], displayed as a dashed line
in the inset. As expected, the CRDM population peaks
at (semi-)relativistic velocities, and is highly subdomi-
nant at the galactic DM velocities typically considered.

Step 2: Attenuation of CRDM flux.— Very large
scattering cross sections generally constitute a blind spot
for direct DM detection, because they would lead to a sig-
nificant attenuation of the DM flux from the top of the
atmosphere to the location of the detector [25–29]. The
degradation in energy should also occur for the CRDM

2

like) momentum transfer in the collision is given by Q2 =
2m�T�. For isotropic CR-DM scattering, both T� and
Q2 thus follow a flat distribution, with T� ranging from
0 to Tmax

� . Inverting Eq. (1) gives the minimal incoming
CR energy required to obtain a DM recoil energy T�:
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where the + (�) sign applies for T� > 2mi (T� < 2mi).
The local interstellar (LIS) population of CRs is well

measured and typically described by their di↵erential in-
tensity dI/dR, where R is the particle’s rigidity. We
adopt parameterizations [16, 17] for dIi/dRi of protons
and 4He nuclei, the two dominant CR components. The
di↵erential CR flux (number of particles per area, ki-
netic energy and time) is then obtained as d�/dT =
4⇡ (dR/dT ) (dI/dR). For an elastic scattering cross sec-
tion ��i, the collision rate of CR particles i with energy in
the range [Ti, Ti + dTi] inside a volume dV thus becomes

d�CRi!� = ��i ⇥
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d�LIS
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The resulting CR-induced DM flux is thus obtained by
dividing by 4⇡d2, where d is the distance to the source,
implying that the volume integration reduces to an an-
gular average over a line-of-sight integral:
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In the second step, we have introduced an e↵ective dis-
tance out to which we take into account CRs as the source
of a possible high-velocity tail in the DM velocity dis-
tribution. Assuming an NFW profile [18] for the DM
distribution and a homogeneous CR distribution, e.g.,
performing the full line-of-sight integration out to 1 kpc
(10 kpc) results in De↵ = 0.997 kpc (De↵ = 8.02 kpc).
While the simplest models indeed assume homogeneous
CR di↵usion, with the di↵usion zone stretching out to at
least several kpc from the galactic disk [19–21], we note
that our e↵ective parameter De↵ in principle also covers
situations with inhomogeneous di↵usion coe�cients. Us-
ing Eq. (1), we can finally express the DM flux in terms
of the DM energy by integrating over all CR energies Ti:
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The flat distribution over recoil energies that follows
from Eq. (1) for isotropic scattering is an assumption
that we modify by the inclusion of the hadronic elastic
scattering form-factor in the simplest dipole form [22],

Gi(Q
2) = 1/(1 +Q2/⇤2

i )
2 . (6)

Here, ⇤i scales inversely proportional with the charge
radius and is hence smaller for heavier nuclei; for proton

FIG. 1. Expected flux of CRDM for di↵erent DM masses
m� = 0.001, 0.01, 0.1, 1, 10GeV (from top to bottom). Dotted
lines show the contribution from CR proton scattering alone.
The flux is directly proportional to the elastic scattering cross
section, here chosen as �� = 10�30 cm2. In the inset, we
compare the corresponding 1D velocity distributions f(v) to
that of the standard halo model (dashed line).

(Helium) scattering due to a vector current, one has ⇤p '

770MeV (⇤He ' 410MeV) [23]). We thus relate the
scattering cross section to that in the point-like limit by
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Putting everything together, we expect the following
CR-induced DM flux:
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Here, we only include i 2 {p, 4He} in the sum. In
Fig. 1 we plot these CRDM fluxes for various DM masses,
for spin-independent �� = �n = �p. The contribution
from Helium can be even larger than that from pro-
tons, but is formfactor-suppressed at large recoil ener-
gies. The flux is related to the 1D velocity distribu-
tion f(v), more familiar in the context of direct DM
searches, as f(v) = m2

�(⇢
local

� )�1�3d��/dT�. For illus-
tration, we compare this to the Maxwellian distribution
of the standard halo model [24], displayed as a dashed line
in the inset. As expected, the CRDM population peaks
at (semi-)relativistic velocities, and is highly subdomi-
nant at the galactic DM velocities typically considered.

Step 2: Attenuation of CRDM flux.— Very large
scattering cross sections generally constitute a blind spot
for direct DM detection, because they would lead to a sig-
nificant attenuation of the DM flux from the top of the
atmosphere to the location of the detector [25–29]. The
degradation in energy should also occur for the CRDM
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tance out to which we take into account CRs as the source
of a possible high-velocity tail in the DM velocity dis-
tribution. Assuming an NFW profile [18] for the DM
distribution and a homogeneous CR distribution, e.g.,
performing the full line-of-sight integration out to 1 kpc
(10 kpc) results in De↵ = 0.997 kpc (De↵ = 8.02 kpc).
While the simplest models indeed assume homogeneous
CR di↵usion, with the di↵usion zone stretching out to at
least several kpc from the galactic disk [19–21], we note
that our e↵ective parameter De↵ in principle also covers
situations with inhomogeneous di↵usion coe�cients. Us-
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section, here chosen as �� = 10�30 cm2. In the inset, we
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Here, we only include i 2 {p, 4He} in the sum. In
Fig. 1 we plot these CRDM fluxes for various DM masses,
for spin-independent �� = �n = �p. The contribution
from Helium can be even larger than that from pro-
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tion f(v), more familiar in the context of direct DM
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tration, we compare this to the Maxwellian distribution
of the standard halo model [24], displayed as a dashed line
in the inset. As expected, the CRDM population peaks
at (semi-)relativistic velocities, and is highly subdomi-
nant at the galactic DM velocities typically considered.

Step 2: Attenuation of CRDM flux.— Very large
scattering cross sections generally constitute a blind spot
for direct DM detection, because they would lead to a sig-
nificant attenuation of the DM flux from the top of the
atmosphere to the location of the detector [25–29]. The
degradation in energy should also occur for the CRDM
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component, and we can estimate the energy loss of DM
particles propagating through a medium as
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Here, Tr refers to the energy lost by a CRDM particle
in a collision with nucleus N . This process, in analogy
with neutrino scattering, can be elastic, quasi-elastic or
inelastic. The latter two are likely to dominate at high
energies T� > few 100MeV. (In a quasi-elastic process
one or more nucleons are dislodged from N , while in an
inelastic process additional hadrons are created in the
� � N collision.) In this work we will limit ourselves to
elastic scattering, leaving a more elaborate treatment for
future considerations. Using the uniform distribution of
the nuclear recoil energy for isotropic scattering, we have
d�N/dTr = �N/Tmax

r , and hence
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In the last step we have assumed T� ⌧ mN in Eq. (1).
Integrating this equation, we can relate, very approxi-
mately, the di↵erential DM flux at depth z to the one at
the top of the atmosphere as
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where d��/dT�, needs to be evaluated at
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For T 0

� ⌧ m� our treatment of the energy attenuation
reduces to that previously considered in Ref. [28].

For the mean free path of the DM particles, `, we sum
over the 8 most abundant elements in Earth’s crust, with
number densities (and masses) from Table 2 in Ref. [30].
We also need to relate the nuclear cross sections to the
one on nucleons, ��. For spin-independent scattering,
there is the usual coherent enhancement, leading to

��N = �SI
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✓
mN (m� +mp)

mp(m� +mN )
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. (13)

We neglect nuclear form-factors in obtaining `. Along
with the energy-loss ansatz (9), as compared to full nu-
merical simulations [28], this leads to conservative limits.

Step 3: CRDM scattering in detectors.— Once a
CRDM particle reaches a detector at depth z, it can
transfer (part of its) energy to a target nucleus inside the
detector. Exploiting completely analogous formulae to

the case of DM!CR scattering discussed above, in par-
ticular the flat distribution of the target nucleus recoil
energy TN for a given DM energy, we find the di↵erential
recoil rate per target nucleus to be
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Here GN (Q2) is a nuclear form-factor and d��/dT� is
given in Eq. (8); the quantities Tmax

r,N and T z,min

� follow
from Eqs. (1) and (2), by replacing � ! N and i ! �.
The broad energy distribution of CRDM particles al-

lows us, based on Eq. (14), to use both conventional di-
rect detection and neutrino experiments to set novel lim-
its on ��. It is clear that for small enough �� the overbur-
den mass above the detectors is transparent to CRDM,
and the overall strength of the signal hence scales as �2

�.
For large cross sections, on the other hand, the strong
attenuation of the CRDM energy as given in Eq. (12)
also leads to an exponential suppression of the signal.

Resulting limits.— We begin by addressing con-
straints from conventional direct detection experiments,
which we derive from reported limiting values for heavy
DM cross sections on nucleons as a function of the DM
particle mass, �SI,lim

DM
(mDM). Assuming a non-relativistic

DM velocity distribution fNR(v), and hence a standard
DM flux of d�DM/dTDM = m�2

DM
⇢local
DM

fNR, we relate the
count rate per target nucleus N to the heavy DM-nucleus
cross section �DM

�N in the limit of large DM masses:
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where we assumed that �DM

�N only varies slowly inside
the experimentally accessible window of recoil energies
TN 2 {T1, T2}. Here v̄ denotes the mean DM velocity and
 is an O(1) constant that, for a Maxwellian distribution,
equals  = exp[�2T1/(⇡mN v̄2)]� exp[�2T2/(⇡mN v̄2)].
In order to constrain the CRDM component we now

need to compare Eq. (15) with Eq. (14), taking into ac-
count that �0

�N is evaluated for mDM � mN only in
the former case. For spin-independent scattering, we can
use Eq. (13) to compute the ratio of these cross sections.
Realizing that the coherence factors for ��N are identi-
cal between ordinary DM and CRDM scattering, then
allows us to recast conventional limits on the scattering
rate �SI,lim
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per nucleon to an equivalent limit resulting

from the CRDM component:
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We neglect nuclear form-factors in obtaining `. Along
with the energy-loss ansatz (9), as compared to full nu-
merical simulations [28], this leads to conservative limits.

Step 3: CRDM scattering in detectors.— Once a
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detector. Exploiting completely analogous formulae to

the case of DM!CR scattering discussed above, in par-
ticular the flat distribution of the target nucleus recoil
energy TN for a given DM energy, we find the di↵erential
recoil rate per target nucleus to be

d�N

dTN
= �0

�NG2

N (2mNTN )

Z 1

T�(T
z,min
� )

dT�

Tmax

r,N

d��

dT�
. (14)

Here GN (Q2) is a nuclear form-factor and d��/dT� is
given in Eq. (8); the quantities Tmax

r,N and T z,min

� follow
from Eqs. (1) and (2), by replacing � ! N and i ! �.
The broad energy distribution of CRDM particles al-

lows us, based on Eq. (14), to use both conventional di-
rect detection and neutrino experiments to set novel lim-
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den mass above the detectors is transparent to CRDM,
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For large cross sections, on the other hand, the strong
attenuation of the CRDM energy as given in Eq. (12)
also leads to an exponential suppression of the signal.

Resulting limits.— We begin by addressing con-
straints from conventional direct detection experiments,
which we derive from reported limiting values for heavy
DM cross sections on nucleons as a function of the DM
particle mass, �SI,lim

DM
(mDM). Assuming a non-relativistic

DM velocity distribution fNR(v), and hence a standard
DM flux of d�DM/dTDM = m�2

DM
⇢local
DM

fNR, we relate the
count rate per target nucleus N to the heavy DM-nucleus
cross section �DM

�N in the limit of large DM masses:

�DM

N =

Z T2

T1

dTN �DM

�N

Z 1

0

dTDM

d�DM

dTDM

⇥ [Tmax

N (TDM)�TN ]

Tmax

N (TDM)

' 
�DM

�N

mDM

(v̄ ⇢DM)local for mDM � mN , (15)

where we assumed that �DM
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In order to constrain the CRDM component we now
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the former case. For spin-independent scattering, we can
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But extend to fully relativistic treatment  

Mean free path
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particles propagating through a medium as
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in a collision with nucleus N . This process, in analogy
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inelastic. The latter two are likely to dominate at high
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one or more nucleons are dislodged from N , while in an
inelastic process additional hadrons are created in the
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In the last step we have assumed T� ⌧ mN in Eq. (1).
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For T 0

� ⌧ m� our treatment of the energy attenuation
reduces to that previously considered in Ref. [28].

For the mean free path of the DM particles, `, we sum
over the 8 most abundant elements in Earth’s crust, with
number densities (and masses) from Table 2 in Ref. [30].
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We neglect nuclear form-factors in obtaining `. Along
with the energy-loss ansatz (9), as compared to full nu-
merical simulations [28], this leads to conservative limits.
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Here GN (Q2) is a nuclear form-factor and d��/dT� is
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� follow
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and the overall strength of the signal hence scales as �2
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For large cross sections, on the other hand, the strong
attenuation of the CRDM energy as given in Eq. (12)
also leads to an exponential suppression of the signal.

Resulting limits.— We begin by addressing con-
straints from conventional direct detection experiments,
which we derive from reported limiting values for heavy
DM cross sections on nucleons as a function of the DM
particle mass, �SI,lim
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(mDM). Assuming a non-relativistic

DM velocity distribution fNR(v), and hence a standard
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where we assumed that �DM

�N only varies slowly inside
the experimentally accessible window of recoil energies
TN 2 {T1, T2}. Here v̄ denotes the mean DM velocity and
 is an O(1) constant that, for a Maxwellian distribution,
equals  = exp[�2T1/(⇡mN v̄2)]� exp[�2T2/(⇡mN v̄2)].
In order to constrain the CRDM component we now

need to compare Eq. (15) with Eq. (14), taking into ac-
count that �0

�N is evaluated for mDM � mN only in
the former case. For spin-independent scattering, we can
use Eq. (13) to compute the ratio of these cross sections.
Realizing that the coherence factors for ��N are identi-
cal between ordinary DM and CRDM scattering, then
allows us to recast conventional limits on the scattering
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Here, Tr refers to the energy lost by a CRDM particle
in a collision with nucleus N . This process, in analogy
with neutrino scattering, can be elastic, quasi-elastic or
inelastic. The latter two are likely to dominate at high
energies T� > few 100MeV. (In a quasi-elastic process
one or more nucleons are dislodged from N , while in an
inelastic process additional hadrons are created in the
� � N collision.) In this work we will limit ourselves to
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In the last step we have assumed T� ⌧ mN in Eq. (1).
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For T 0

� ⌧ m� our treatment of the energy attenuation
reduces to that previously considered in Ref. [28].

For the mean free path of the DM particles, `, we sum
over the 8 most abundant elements in Earth’s crust, with
number densities (and masses) from Table 2 in Ref. [30].
We also need to relate the nuclear cross sections to the
one on nucleons, ��. For spin-independent scattering,
there is the usual coherent enhancement, leading to
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We neglect nuclear form-factors in obtaining `. Along
with the energy-loss ansatz (9), as compared to full nu-
merical simulations [28], this leads to conservative limits.

Step 3: CRDM scattering in detectors.— Once a
CRDM particle reaches a detector at depth z, it can
transfer (part of its) energy to a target nucleus inside the
detector. Exploiting completely analogous formulae to

the case of DM!CR scattering discussed above, in par-
ticular the flat distribution of the target nucleus recoil
energy TN for a given DM energy, we find the di↵erential
recoil rate per target nucleus to be
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Here GN (Q2) is a nuclear form-factor and d��/dT� is
given in Eq. (8); the quantities Tmax

r,N and T z,min

� follow
from Eqs. (1) and (2), by replacing � ! N and i ! �.
The broad energy distribution of CRDM particles al-

lows us, based on Eq. (14), to use both conventional di-
rect detection and neutrino experiments to set novel lim-
its on ��. It is clear that for small enough �� the overbur-
den mass above the detectors is transparent to CRDM,
and the overall strength of the signal hence scales as �2

�.
For large cross sections, on the other hand, the strong
attenuation of the CRDM energy as given in Eq. (12)
also leads to an exponential suppression of the signal.

Resulting limits.— We begin by addressing con-
straints from conventional direct detection experiments,
which we derive from reported limiting values for heavy
DM cross sections on nucleons as a function of the DM
particle mass, �SI,lim
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(mDM). Assuming a non-relativistic

DM velocity distribution fNR(v), and hence a standard
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where we assumed that �DM

�N only varies slowly inside
the experimentally accessible window of recoil energies
TN 2 {T1, T2}. Here v̄ denotes the mean DM velocity and
 is an O(1) constant that, for a Maxwellian distribution,
equals  = exp[�2T1/(⇡mN v̄2)]� exp[�2T2/(⇡mN v̄2)].
In order to constrain the CRDM component we now

need to compare Eq. (15) with Eq. (14), taking into ac-
count that �0

�N is evaluated for mDM � mN only in
the former case. For spin-independent scattering, we can
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Realizing that the coherence factors for ��N are identi-
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Sum over 11 most abundant elements, 
averaging Earth’s mass density profile 
down to detector location
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Final result: differential recoil rate per target nucleus

3

component, and we can estimate the energy loss of DM
particles propagating through a medium as
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Here, Tr refers to the energy lost by a CRDM particle
in a collision with nucleus N . This process, in analogy
with neutrino scattering, can be elastic, quasi-elastic or
inelastic. The latter two are likely to dominate at high
energies T� > few 100MeV. (In a quasi-elastic process
one or more nucleons are dislodged from N , while in an
inelastic process additional hadrons are created in the
� � N collision.) In this work we will limit ourselves to
elastic scattering, leaving a more elaborate treatment for
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In the last step we have assumed T� ⌧ mN in Eq. (1).
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For T 0

� ⌧ m� our treatment of the energy attenuation
reduces to that previously considered in Ref. [28].

For the mean free path of the DM particles, `, we sum
over the 8 most abundant elements in Earth’s crust, with
number densities (and masses) from Table 2 in Ref. [30].
We also need to relate the nuclear cross sections to the
one on nucleons, ��. For spin-independent scattering,
there is the usual coherent enhancement, leading to
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We neglect nuclear form-factors in obtaining `. Along
with the energy-loss ansatz (9), as compared to full nu-
merical simulations [28], this leads to conservative limits.

Step 3: CRDM scattering in detectors.— Once a
CRDM particle reaches a detector at depth z, it can
transfer (part of its) energy to a target nucleus inside the
detector. Exploiting completely analogous formulae to

the case of DM!CR scattering discussed above, in par-
ticular the flat distribution of the target nucleus recoil
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Here GN (Q2) is a nuclear form-factor and d��/dT� is
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� follow
from Eqs. (1) and (2), by replacing � ! N and i ! �.
The broad energy distribution of CRDM particles al-

lows us, based on Eq. (14), to use both conventional di-
rect detection and neutrino experiments to set novel lim-
its on ��. It is clear that for small enough �� the overbur-
den mass above the detectors is transparent to CRDM,
and the overall strength of the signal hence scales as �2

�.
For large cross sections, on the other hand, the strong
attenuation of the CRDM energy as given in Eq. (12)
also leads to an exponential suppression of the signal.

Resulting limits.— We begin by addressing con-
straints from conventional direct detection experiments,
which we derive from reported limiting values for heavy
DM cross sections on nucleons as a function of the DM
particle mass, �SI,lim
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where we assumed that �DM

�N only varies slowly inside
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TN 2 {T1, T2}. Here v̄ denotes the mean DM velocity and
 is an O(1) constant that, for a Maxwellian distribution,
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In order to constrain the CRDM component we now

need to compare Eq. (15) with Eq. (14), taking into ac-
count that �0

�N is evaluated for mDM � mN only in
the former case. For spin-independent scattering, we can
use Eq. (13) to compute the ratio of these cross sections.
Realizing that the coherence factors for ��N are identi-
cal between ordinary DM and CRDM scattering, then
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Integrate over experimentally accessible window of nuclear 
recoil energies TN

NB: form factor only depends on Q2, and hence not on Tχ !

CRDM scattering in (underground or near-surface) 
detector like ordinary direct detection

But need to use fully relativistic kinematics, 
as for CR      DM
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.

We gratefully acknowledge support from the National
Science Foundation, Swiss National Science Foundation,
German Ministry for Education and Research, Max
Planck Gesellschaft, Deutsche Forschungsgemeinschaft,
Netherlands Organisation for Scientific Research (NWO),
NLeSC, Weizmann Institute of Science, I-CORE, Pazy-
Vatat, Initial Training Network Invisibles (Marie Curie
Actions, PITNGA-2011-289442), Fundacao para a Cien-
cia e a Tecnologia, Region des Pays de la Loire, Knut and
Alice Wallenberg Foundation, Kavli Foundation, and Is-
tituto Nazionale di Fisica Nucleare. Data processing is
performed using infrastructures from the Open Science
Grid and European Grid Initiative. We are grateful to
Laboratori Nazionali del Gran Sasso for hosting and sup-
porting the XENON project.

⇤ daniel.coderre@physik.uni-freiburg.de
† pdeperio@astro.columbia.edu
‡ feigao@astro.columbia.edu
§ Also at Albert Einstein Center for Fundamental Physics,
University of Bern, Bern, Switzerland

¶ Also at Kobayashi-Maskawa Institute, Nagoya Univer-
sity, Nagoya, Japan

⇤⇤ Also at Coimbra Polytechnic - ISEC, Coimbra, Portugal
†† xenon@lngs.infn.it
[1] G. Bertone, D. Hooper and J. Silk, Phys. Rep. 405, 279

(2005).
[2] L. Roszkowski et al. Rep. Prog. Phys. 81, 066201 (2018).
[3] T. Marrodán Undagoitia and L. Rauch, J. Phys. G 43,

no. 1, 013001 (2016)
[4] L. E. Strigari, Phys. Rep. 531, 1 (2012).
[5] E. Aprile et al. (XENON Collaboration), Phys. Rev.

Lett. 119, 181301 (2017).
[6] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.

118, 021303 (2016).
[7] X. Cui et al. (PandaX-II Collaboration), Phys. Rev. Lett.

119, 181302 (2017).
[8] E. Aprile et al. (XENON Collaboration), Eur. Phys. J.

C 77: 881 (2017).
[9] E. Aprile et al. (XENON Collaboration), Eur. Phys. J.

C 75: 546 (2015).
[10] P. Barrow et al. JINST 12, no. 01, P01024 (2017).
[11] E. Aprile et al. (XENON Collaboration), JINST 9,

P11006 (2014).
[12] P. Sorensen, K. Kamdin. JINST 13, P02032 (2018).
[13] D. Furse et al.. New J. Phys. 19 053012 (2017)
[14] E. Aprile et al. (XENON Collaboration), Phys. Rev. D

95, 072008 (2017).
[15] R. F. Lang et al., Nucl. Inst. and Meth. A 879, 31 (2018).
[16] B. Riedel et al. PEARC ’18, ISBN 978-1-4503-6446-1

(2018). doi:10.1145/3219104.3219155.
[17] XENON Collaboration. (2018). The pax data processor

v6.8.0. Zenodo. http://doi.org/10.5281/zenodo.1195785
[18] R. Saldanha et al., Nucl. Inst. and Meth. A 863, 35

Limits derived from window

4

FIG. 2. Constraints on spin-independent DM-nucleon scat-
tering imposed by the XENON-1T and MiniBooNE experi-
ments. Solid (dashed) lines assume a CR density that equals,
on average, the local value out to a distance of 1 kpc (10 kpc).
We compare our limits to those deriving from CMB ob-
servations [31], gas cloud cooling [32], the X-ray Quantum
Calorimeter experiment (XQC) [33], and a selection of direct
detection experiments [35–37] after taking into account the
absorption of DM in soil and atmosphere [28].

For the recent Xenon 1T data (Fig. 5 of [6]), e.g., one has
�SI,lim
DM

/mWIMP = 8.3·10�49 cm2/GeV form� & 100GeV,
and TXe 2 [4.9, 40.9] keV implies  ' 0.23. The resulting
limits on �� are shown in Fig. 2, for di↵erent assumptions
about the size of the di↵usion zone (with solid lines corre-
sponding to an ultra-conservative choice). For small DM
masses these limits exclude cross sections in the range
10�31 cm2 . �SI

� . 10�28 cm2, almost independently of
m�. Clearly, these constraints are highly complementary
to existing limits on light DM [28, 31–33]. Direct de-
tection of light energetic dark sector particles was also
discussed in Ref. [34].

Due to its shallow location, MiniBooNE [38] gives a
particular advantage in limiting CRDM fluxes with large
scattering cross sections that prevent � from reaching
deeply placed experiments. We utilize the measure-
ment of elastic ⌫ � p scattering [39], and a recent DM
run [40] that allows to extract the beam-unrelated scat-
tering rate. Requiring the scattering rate of CRDM on
protons at MiniBooNE depth not to exceed the beam-
unrelated background, we obtain

�p(Tp > 35MeV) < 1.5⇥ 10�32 s�1. (17)

This additional exclusion region is also shown in Fig. 2.
Strong constraints on spin-dependent scattering, fi-

nally, can be obtained from proton upscattering by
CRDM in neutrino detectors like Borexino [44]. From a
search for events with higher energy than solar neutrino
scattering [45, 46], we deduce that the limiting scattering
rate per proton is

�p(Te > 12.5MeV) < 2⇥ 10�39 s�1. (18)

FIG. 3. Constraints on the spin-dependent part of the
cross section imposed by the Borexino experiment. Solid and
dashed lines as in Fig. 2. Dotted lines result from adopting the
much greater stopping power expected for spin-independent
scattering (so this contour also applies to �SI). For compari-
son, we also indicate limits from the direct detection experi-
ments CDMS light [41], PICO60 [42] and PICASSO [43].

To apply this limit, we need to convert the proton recoil
energy to an apparent electron Te equivalent. For liquid
scintillators the recoil energy of the nucleus, TN , and the
detected energy Te are related by the empirical law

Te(TN ) =

Z TN

0

dTN

1 + kBhdTN/dxi
, (19)

where kB is a material-dependent constant. Follow-
ing the procedure outlined in Ref. [47], and thus us-
ing PSTAR tables from http://physics.nist.gov for
hdTN/dxi, we numerically tabulate and invert Eq. (19)
for pseudocumene (the scintillator used by Borexino).
The resulting constraint on spin-dependent scattering is
plotted in Fig. 3. Here the CRDM component is pro-
duced exclusively by p � � collisions, since 4He nuclei
do not carry spin. For the mean free path in Eq. (10),
we assumed exclusively elastic scattering on nuclei as de-
rived from spin-dependent couplings �� = �n = �p to
nucleons (dashed and solid lines). In reality, quasi-elastic
scattering on nucleons would dominate for energy trans-
fers above typical nuclear binding energies. While a full
treatment of these processes is beyond the scope of this
work, we indicate for comparison (dotted lines) the limits
that would result in the extreme case of adopting a stop-
ping power as e�cient as in the case of spin-independent
scattering, c.f. Eq. (13). For m� . 0.5GeV we thus find
highly competitive limits on (both spin-independent and)
spin-dependent scattering with protons, independent of
the attenuation of the CRDM flux.

Conclusions.— We have shown that the DM-nucleon
interaction cross section �� necessarily generates a small
but very energetic component of the DM flux, the
CRDM. Subsequent scattering of CRDM in DM and neu-
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FIG. 2. Constraints on spin-independent DM-nucleon scat-
tering imposed by the XENON-1T and MiniBooNE experi-
ments. Solid (dashed) lines assume a CR density that equals,
on average, the local value out to a distance of 1 kpc (10 kpc).
We compare our limits to those deriving from CMB ob-
servations [31], gas cloud cooling [32], the X-ray Quantum
Calorimeter experiment (XQC) [33], and a selection of direct
detection experiments [35–37] after taking into account the
absorption of DM in soil and atmosphere [28].

For the recent Xenon 1T data (Fig. 5 of [6]), e.g., one has
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/mWIMP = 8.3·10�49 cm2/GeV form� & 100GeV,
and TXe 2 [4.9, 40.9] keV implies  ' 0.23. The resulting
limits on �� are shown in Fig. 2, for di↵erent assumptions
about the size of the di↵usion zone (with solid lines corre-
sponding to an ultra-conservative choice). For small DM
masses these limits exclude cross sections in the range
10�31 cm2 . �SI

� . 10�28 cm2, almost independently of
m�. Clearly, these constraints are highly complementary
to existing limits on light DM [28, 31–33]. Direct de-
tection of light energetic dark sector particles was also
discussed in Ref. [34].

Due to its shallow location, MiniBooNE [38] gives a
particular advantage in limiting CRDM fluxes with large
scattering cross sections that prevent � from reaching
deeply placed experiments. We utilize the measure-
ment of elastic ⌫ � p scattering [39], and a recent DM
run [40] that allows to extract the beam-unrelated scat-
tering rate. Requiring the scattering rate of CRDM on
protons at MiniBooNE depth not to exceed the beam-
unrelated background, we obtain

�p(Tp > 35MeV) < 1.5⇥ 10�32 s�1. (17)

This additional exclusion region is also shown in Fig. 2.
Strong constraints on spin-dependent scattering, fi-

nally, can be obtained from proton upscattering by
CRDM in neutrino detectors like Borexino [44]. From a
search for events with higher energy than solar neutrino
scattering [45, 46], we deduce that the limiting scattering
rate per proton is

�p(Te > 12.5MeV) < 2⇥ 10�39 s�1. (18)

FIG. 3. Constraints on the spin-dependent part of the
cross section imposed by the Borexino experiment. Solid and
dashed lines as in Fig. 2. Dotted lines result from adopting the
much greater stopping power expected for spin-independent
scattering (so this contour also applies to �SI). For compari-
son, we also indicate limits from the direct detection experi-
ments CDMS light [41], PICO60 [42] and PICASSO [43].

To apply this limit, we need to convert the proton recoil
energy to an apparent electron Te equivalent. For liquid
scintillators the recoil energy of the nucleus, TN , and the
detected energy Te are related by the empirical law

Te(TN ) =

Z TN

0

dTN

1 + kBhdTN/dxi
, (19)

where kB is a material-dependent constant. Follow-
ing the procedure outlined in Ref. [47], and thus us-
ing PSTAR tables from http://physics.nist.gov for
hdTN/dxi, we numerically tabulate and invert Eq. (19)
for pseudocumene (the scintillator used by Borexino).
The resulting constraint on spin-dependent scattering is
plotted in Fig. 3. Here the CRDM component is pro-
duced exclusively by p � � collisions, since 4He nuclei
do not carry spin. For the mean free path in Eq. (10),
we assumed exclusively elastic scattering on nuclei as de-
rived from spin-dependent couplings �� = �n = �p to
nucleons (dashed and solid lines). In reality, quasi-elastic
scattering on nucleons would dominate for energy trans-
fers above typical nuclear binding energies. While a full
treatment of these processes is beyond the scope of this
work, we indicate for comparison (dotted lines) the limits
that would result in the extreme case of adopting a stop-
ping power as e�cient as in the case of spin-independent
scattering, c.f. Eq. (13). For m� . 0.5GeV we thus find
highly competitive limits on (both spin-independent and)
spin-dependent scattering with protons, independent of
the attenuation of the CRDM flux.

Conclusions.— We have shown that the DM-nucleon
interaction cross section �� necessarily generates a small
but very energetic component of the DM flux, the
CRDM. Subsequent scattering of CRDM in DM and neu-
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component, and we can estimate the energy loss of DM
particles propagating through a medium as

dTDM

dx
= �

X

N

nN

Z Tmax
r

0

d��N

dTr
TrdTr . (9)

Here, Tr refers to the energy lost by a CRDM particle
in a collision with nucleus N . This process, in analogy
with neutrino scattering, can be elastic, quasi-elastic or
inelastic. The latter two are likely to dominate at high
energies T� > few 100MeV. (In a quasi-elastic process
one or more nucleons are dislodged from N , while in an
inelastic process additional hadrons are created in the
� � N collision.) In this work we will limit ourselves to
elastic scattering, leaving a more elaborate treatment for
future considerations. Using the uniform distribution of
the nuclear recoil energy for isotropic scattering, we have
d�N/dTr = �N/Tmax

r , and hence

dT�

dx
= �

1

2

X

N

nN��NTmax

r ⇡ �
1

2m�`

�
T 2

� + 2m�T�

�
,

where `�1
⌘

X

N

nN��N
2mNm�

(mN +m�)2
. (10)

In the last step we have assumed T� ⌧ mN in Eq. (1).
Integrating this equation, we can relate, very approxi-
mately, the di↵erential DM flux at depth z to the one at
the top of the atmosphere as

d��

dT z
�

=

✓
dT�

dT z
�

◆
d��

dT�
=

4m2

�e
z/`

�
2m� + T z

� � T z
�e

z/`
�2

d��

dT�
,

(11)
where d��/dT�, needs to be evaluated at

T� = T 0

�(T
z
�) = 2m�T

z
�e

z/`
⇣
2m�+T z

��T z
�e

z/`
⌘�1

. (12)

For T 0

� ⌧ m� our treatment of the energy attenuation
reduces to that previously considered in Ref. [28].

For the mean free path of the DM particles, `, we sum
over the 8 most abundant elements in Earth’s crust, with
number densities (and masses) from Table 2 in Ref. [30].
We also need to relate the nuclear cross sections to the
one on nucleons, ��. For spin-independent scattering,
there is the usual coherent enhancement, leading to

��N = �SI

� A2

✓
mN (m� +mp)

mp(m� +mN )

◆2

. (13)

We neglect nuclear form-factors in obtaining `. Along
with the energy-loss ansatz (9), as compared to full nu-
merical simulations [28], this leads to conservative limits.

Step 3: CRDM scattering in detectors.— Once a
CRDM particle reaches a detector at depth z, it can
transfer (part of its) energy to a target nucleus inside the
detector. Exploiting completely analogous formulae to

the case of DM!CR scattering discussed above, in par-
ticular the flat distribution of the target nucleus recoil
energy TN for a given DM energy, we find the di↵erential
recoil rate per target nucleus to be

d�N

dTN
= �0

�NG2

N (2mNTN )

Z 1

T�(T
z,min
� )

dT�

Tmax

r,N

d��

dT�
. (14)

Here GN (Q2) is a nuclear form-factor and d��/dT� is
given in Eq. (8); the quantities Tmax

r,N and T z,min

� follow
from Eqs. (1) and (2), by replacing � ! N and i ! �.
The broad energy distribution of CRDM particles al-

lows us, based on Eq. (14), to use both conventional di-
rect detection and neutrino experiments to set novel lim-
its on ��. It is clear that for small enough �� the overbur-
den mass above the detectors is transparent to CRDM,
and the overall strength of the signal hence scales as �2

�.
For large cross sections, on the other hand, the strong
attenuation of the CRDM energy as given in Eq. (12)
also leads to an exponential suppression of the signal.

Resulting limits.— We begin by addressing con-
straints from conventional direct detection experiments,
which we derive from reported limiting values for heavy
DM cross sections on nucleons as a function of the DM
particle mass, �SI,lim

DM
(mDM). Assuming a non-relativistic

DM velocity distribution fNR(v), and hence a standard
DM flux of d�DM/dTDM = m�2

DM
⇢local
DM

fNR, we relate the
count rate per target nucleus N to the heavy DM-nucleus
cross section �DM

�N in the limit of large DM masses:

�DM

N =

Z T2

T1

dTN �DM

�N

Z 1

0

dTDM

d�DM

dTDM

⇥ [Tmax

N (TDM)�TN ]

Tmax

N (TDM)

' 
�DM

�N

mDM

(v̄ ⇢DM)local for mDM � mN , (15)

where we assumed that �DM

�N only varies slowly inside
the experimentally accessible window of recoil energies
TN 2 {T1, T2}. Here v̄ denotes the mean DM velocity and
 is an O(1) constant that, for a Maxwellian distribution,
equals  = exp[�2T1/(⇡mN v̄2)]� exp[�2T2/(⇡mN v̄2)].
In order to constrain the CRDM component we now

need to compare Eq. (15) with Eq. (14), taking into ac-
count that �0

�N is evaluated for mDM � mN only in
the former case. For spin-independent scattering, we can
use Eq. (13) to compute the ratio of these cross sections.
Realizing that the coherence factors for ��N are identi-
cal between ordinary DM and CRDM scattering, then
allows us to recast conventional limits on the scattering
rate �SI,lim

DM
per nucleon to an equivalent limit resulting

from the CRDM component:

�SI.lim
� =  (v̄ ⇢DM)local

✓
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◆2 ✓�SI,lim
DM
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◆�1
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one or more nucleons are dislodged from N , while in an
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For the mean free path of the DM particles, `, we sum
over the 8 most abundant elements in Earth’s crust, with
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                  fraction of DM particles to give recoils inside window

                      (high-mass limit!)   

NB:  ⇠ 0.23 ⇠
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Testing uncharted territory at small masses!
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Deep underground detectors 
looking for          scattering⌫ � p
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Neutrino detectors can be 
used to search for CRDM !
[But recoil energy way too high for ordinary DM]

Constraints stated in terms of equivalent electron recoil energy

Supplemental material for “Novel direct detection constraints on light dark matter”
by T. Bringmann and M. Pospelov

Counting rate in deep underground neutrino
detectors.— We focus on Borexino (a similar analysis
would apply to Kamland and SNO+), and study the
proton recoil, with some recoil energy Tp. In the
Borexino detector, Tp is quoted in terms of an equivalent
electron recoil energy Te, Te < Tp. The main text of our
Letter contains all relevant details to obtain Te(Tp).

The most relevant for our purposes are the “high-
energy” data by Borexino. These include studies of the
8B solar neutrino spectrum [1, 2], and searches of some
exotic phenomena, namely violation of Pauli statistics
and sterile neutrino decay [3, 4]. The most important
feature of the Borexino spectrum is a significant reduc-
tion of the radioactive backgrounds at higher Te. For
Te >5 MeV these backgrounds are very small and domi-
nated by solar 8B neutrinos, and above 10-12 MeV, there
are “no events” quoted in Ref. [4].

We use Ref. [4] to determine the total rate of proton
recoil with Te > 12.5MeV. The constraint on the rate
per individual proton is given by

�Borexino
p (Te > 12.5MeV) =

Slim

✏Np T
< 1.9⇥ 10�39 s�1

(1)
In this formula, Slim = 2.44 at 90% c.l., T = 1.282yr
is the data-taking period, and Np = 3.2 ⇥ 1031 is the
total number of protons. (Np is recalculated from the
number of Carbon atoms, NC = 2.37 ⇥ 1031 [4]). The
Borexino collaboration used an e�ciency ✏ = 0.5 for the
specific search of gamma emission at E ⇠16 MeV, but
this measures the e�ciency of detecting a peak. Since we
are not concerned with exact energy reconstruction, we
can take ✏ = 1 (meaning that every recoil with Te > 12.5
MeV would be detected). Result (1) is shortened in the
main text as Eq. (18).

Shallow near surface detectors.— Shallow-site neu-
trino detectors, where the counting rates are much larger
due to large backgrounds, nevertheless can be used as a
useful limit when the penetration into ⇠ km depths is
impeded by a relatively large cross section. Shallow de-
tectors include MiniBooNE that have measured out-of-
beam-pulse backgrounds consistent with p + � ! p + �

scatterings.

To estimate the limiting counting rates we use the re-
cent MiniBooNE dark matter search (where the proton
beam is passed around the Be target to minimize the
beam neutrino background) [5]. This paper draws on the

measurement by the same collaboration of the neutral
current (NC) scattering of beam neutrinos [6].

To determine the limiting counting rate, we take the
number of beam-unrelated background events [5], and
the e↵ective running time T given by the product of the
recorded time around the beam pulse �t = 19.2µsec,
times the number of bunches received, determined by the
total proton-on-target for the run, POT = 1.86 ⇥ 1020,
divided by the average number of protons per bunch
Np,bunch = 4⇥ 1012,

�MiniBooNE
p (Tp > 35MeV) =

Slim

✏Np �t (POT/Np,bunch)
.

(2)
This way we get �t ⇥ (POT/Np,bunch) = 893 seconds.
Using the reported beam-unrelated background, we find
less than Slim = 800 events, i.e. the background rate is
⇠ Hz. Taking the total number of free protons in the
MiniBoone inner volume to be Np = 5.83 ⇥ 1031, we
arrive at the limiting counting rate per proton as

�MiniBooNE
p (Tp > 35MeV) < 1.5⇥ 10�32 s�1

. (3)

This is a conservative limit, as the (only approximately
known) cosmic ray background is not subtracted from
this counting rate. It is quoted as Eq. (17) in the main
text.

We note that the MiniBooNE counting rates are many
orders of magnitude larger than for Borexino, but they
make a di↵erence for cross sections around 10�27cm2,
where energetic particles do not reach deep locations, but
can still penetrate the atmosphere and ⇠ 3m of soil to
the MiniBooNE detector.
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Borexino analysis
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Use Birk’s law to convert to proton recoil energy in liquid scintillator
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FIG. 2. Constraints on spin-independent DM-nucleon scat-
tering imposed by the XENON-1T and MiniBooNE experi-
ments. Solid (dashed) lines assume a CR density that equals,
on average, the local value out to a distance of 1 kpc (10 kpc).
We compare our limits to those deriving from CMB ob-
servations [31], gas cloud cooling [32], the X-ray Quantum
Calorimeter experiment (XQC) [33], and a selection of direct
detection experiments [35–37] after taking into account the
absorption of DM in soil and atmosphere [28].

For the recent Xenon 1T data (Fig. 5 of [6]), e.g., one has
�SI,lim
DM

/mWIMP = 8.3·10�49 cm2/GeV form� & 100GeV,
and TXe 2 [4.9, 40.9] keV implies  ' 0.23. The resulting
limits on �� are shown in Fig. 2, for di↵erent assumptions
about the size of the di↵usion zone (with solid lines corre-
sponding to an ultra-conservative choice). For small DM
masses these limits exclude cross sections in the range
10�31 cm2 . �SI

� . 10�28 cm2, almost independently of
m�. Clearly, these constraints are highly complementary
to existing limits on light DM [28, 31–33]. Direct de-
tection of light energetic dark sector particles was also
discussed in Ref. [34].

Due to its shallow location, MiniBooNE [38] gives a
particular advantage in limiting CRDM fluxes with large
scattering cross sections that prevent � from reaching
deeply placed experiments. We utilize the measure-
ment of elastic ⌫ � p scattering [39], and a recent DM
run [40] that allows to extract the beam-unrelated scat-
tering rate. Requiring the scattering rate of CRDM on
protons at MiniBooNE depth not to exceed the beam-
unrelated background, we obtain

�p(Tp > 35MeV) < 1.5⇥ 10�32 s�1. (17)

This additional exclusion region is also shown in Fig. 2.
Strong constraints on spin-dependent scattering, fi-

nally, can be obtained from proton upscattering by
CRDM in neutrino detectors like Borexino [44]. From a
search for events with higher energy than solar neutrino
scattering [45, 46], we deduce that the limiting scattering
rate per proton is

�p(Te > 12.5MeV) < 2⇥ 10�39 s�1. (18)

FIG. 3. Constraints on the spin-dependent part of the
cross section imposed by the Borexino experiment. Solid and
dashed lines as in Fig. 2. Dotted lines result from adopting the
much greater stopping power expected for spin-independent
scattering (so this contour also applies to �SI). For compari-
son, we also indicate limits from the direct detection experi-
ments CDMS light [41], PICO60 [42] and PICASSO [43].

To apply this limit, we need to convert the proton recoil
energy to an apparent electron Te equivalent. For liquid
scintillators the recoil energy of the nucleus, TN , and the
detected energy Te are related by the empirical law

Te(TN ) =

Z TN

0

dTN

1 + kBhdTN/dxi
, (19)

where kB is a material-dependent constant. Follow-
ing the procedure outlined in Ref. [47], and thus us-
ing PSTAR tables from http://physics.nist.gov for
hdTN/dxi, we numerically tabulate and invert Eq. (19)
for pseudocumene (the scintillator used by Borexino).
The resulting constraint on spin-dependent scattering is
plotted in Fig. 3. Here the CRDM component is pro-
duced exclusively by p � � collisions, since 4He nuclei
do not carry spin. For the mean free path in Eq. (10),
we assumed exclusively elastic scattering on nuclei as de-
rived from spin-dependent couplings �� = �n = �p to
nucleons (dashed and solid lines). In reality, quasi-elastic
scattering on nucleons would dominate for energy trans-
fers above typical nuclear binding energies. While a full
treatment of these processes is beyond the scope of this
work, we indicate for comparison (dotted lines) the limits
that would result in the extreme case of adopting a stop-
ping power as e�cient as in the case of spin-independent
scattering, c.f. Eq. (13). For m� . 0.5GeV we thus find
highly competitive limits on (both spin-independent and)
spin-dependent scattering with protons, independent of
the attenuation of the CRDM flux.

Conclusions.— We have shown that the DM-nucleon
interaction cross section �� necessarily generates a small
but very energetic component of the DM flux, the
CRDM. Subsequent scattering of CRDM in DM and neu-

PSTAR tables for stopping of protons in 
pseudocumene from http://physics.nist.gov 

e.g. Dasgupta & Beacom, PRD ‘11
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This leads to low-mass limits comparable to 
those from the re-analysis of Xenon 1t results
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Near surface detectors looking for          scattering         ⌫ � p

<latexit sha1_base64="oXhk7fcn3tEtzucUY+qSXZYc/gM=">AAACAHicbVDLSsNAFL3xWesr1Z1ugkVwY0kU1GXBjcsKpi20oUymk3boZDLMTIQSunEvbvUP3Klb/8BP8Af8A/dO2i609cCFwzn3xQkFo0q77qe1sLi0vLJaWCuub2xubdulnbpKUomJjxOWyGaIFGGUE19TzUhTSILikJFGOLjM/cYtkYom/EYPBQli1OM0ohhpI/ltnh6Ljl12K+4YzjzxpqRcLd3b33sfr7WO/dXuJjiNCdeYIaVanit0kCGpKWZkVGynigiEB6hHWoZyFBMVZONnR86hUbpOlEhTXDtj9fdEhmKlhnFoOmOk+2rWy8V/PUHzhTPXdXQRZJSLVBOOJ8ejlDk6cfI0nC6VBGs2NARhSc3/Du4jibA2mRVNMN5sDPOkflLxTivutUnoDCYowD4cwBF4cA5VuIIa+ICBwgM8wpN1Zz1bL9bbpHXBms7swh9Y7z/YuZpv</latexit>

Large backgrounds
Still useful for constraining very large cross sections

Supplemental material for “Novel direct detection constraints on light dark matter”
by T. Bringmann and M. Pospelov

Counting rate in deep underground neutrino
detectors.— We focus on Borexino (a similar analysis
would apply to Kamland and SNO+), and study the
proton recoil, with some recoil energy Tp. In the
Borexino detector, Tp is quoted in terms of an equivalent
electron recoil energy Te, Te < Tp. The main text of our
Letter contains all relevant details to obtain Te(Tp).

The most relevant for our purposes are the “high-
energy” data by Borexino. These include studies of the
8B solar neutrino spectrum [1, 2], and searches of some
exotic phenomena, namely violation of Pauli statistics
and sterile neutrino decay [3, 4]. The most important
feature of the Borexino spectrum is a significant reduc-
tion of the radioactive backgrounds at higher Te. For
Te >5 MeV these backgrounds are very small and domi-
nated by solar 8B neutrinos, and above 10-12 MeV, there
are “no events” quoted in Ref. [4].

We use Ref. [4] to determine the total rate of proton
recoil with Te > 12.5MeV. The constraint on the rate
per individual proton is given by

�Borexino
p (Te > 12.5MeV) =

Slim

✏Np T
< 1.9⇥ 10�39 s�1

(1)
In this formula, Slim = 2.44 at 90% c.l., T = 1.282yr
is the data-taking period, and Np = 3.2 ⇥ 1031 is the
total number of protons. (Np is recalculated from the
number of Carbon atoms, NC = 2.37 ⇥ 1031 [4]). The
Borexino collaboration used an e�ciency ✏ = 0.5 for the
specific search of gamma emission at E ⇠16 MeV, but
this measures the e�ciency of detecting a peak. Since we
are not concerned with exact energy reconstruction, we
can take ✏ = 1 (meaning that every recoil with Te > 12.5
MeV would be detected). Result (1) is shortened in the
main text as Eq. (18).

Shallow near surface detectors.— Shallow-site neu-
trino detectors, where the counting rates are much larger
due to large backgrounds, nevertheless can be used as a
useful limit when the penetration into ⇠ km depths is
impeded by a relatively large cross section. Shallow de-
tectors include MiniBooNE that have measured out-of-
beam-pulse backgrounds consistent with p + � ! p + �

scatterings.

To estimate the limiting counting rates we use the re-
cent MiniBooNE dark matter search (where the proton
beam is passed around the Be target to minimize the
beam neutrino background) [5]. This paper draws on the

measurement by the same collaboration of the neutral
current (NC) scattering of beam neutrinos [6].

To determine the limiting counting rate, we take the
number of beam-unrelated background events [5], and
the e↵ective running time T given by the product of the
recorded time around the beam pulse �t = 19.2µsec,
times the number of bunches received, determined by the
total proton-on-target for the run, POT = 1.86 ⇥ 1020,
divided by the average number of protons per bunch
Np,bunch = 4⇥ 1012,

�MiniBooNE
p (Tp > 35MeV) =

Slim

✏Np �t (POT/Np,bunch)
.

(2)
This way we get �t ⇥ (POT/Np,bunch) = 893 seconds.
Using the reported beam-unrelated background, we find
less than Slim = 800 events, i.e. the background rate is
⇠ Hz. Taking the total number of free protons in the
MiniBoone inner volume to be Np = 5.83 ⇥ 1031, we
arrive at the limiting counting rate per proton as

�MiniBooNE
p (Tp > 35MeV) < 1.5⇥ 10�32 s�1

. (3)

This is a conservative limit, as the (only approximately
known) cosmic ray background is not subtracted from
this counting rate. It is quoted as Eq. (17) in the main
text.

We note that the MiniBooNE counting rates are many
orders of magnitude larger than for Borexino, but they
make a di↵erence for cross sections around 10�27cm2,
where energetic particles do not reach deep locations, but
can still penetrate the atmosphere and ⇠ 3m of soil to
the MiniBooNE detector.
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Supplemental material for “Novel direct detection constraints on light dark matter”
by T. Bringmann and M. Pospelov

Counting rate in deep underground neutrino
detectors.— We focus on Borexino (a similar analysis
would apply to Kamland and SNO+), and study the
proton recoil, with some recoil energy Tp. In the
Borexino detector, Tp is quoted in terms of an equivalent
electron recoil energy Te, Te < Tp. The main text of our
Letter contains all relevant details to obtain Te(Tp).

The most relevant for our purposes are the “high-
energy” data by Borexino. These include studies of the
8B solar neutrino spectrum [1, 2], and searches of some
exotic phenomena, namely violation of Pauli statistics
and sterile neutrino decay [3, 4]. The most important
feature of the Borexino spectrum is a significant reduc-
tion of the radioactive backgrounds at higher Te. For
Te >5 MeV these backgrounds are very small and domi-
nated by solar 8B neutrinos, and above 10-12 MeV, there
are “no events” quoted in Ref. [4].

We use Ref. [4] to determine the total rate of proton
recoil with Te > 12.5MeV. The constraint on the rate
per individual proton is given by

�Borexino
p (Te > 12.5MeV) =

Slim

✏Np T
< 1.9⇥ 10�39 s�1

(1)
In this formula, Slim = 2.44 at 90% c.l., T = 1.282yr
is the data-taking period, and Np = 3.2 ⇥ 1031 is the
total number of protons. (Np is recalculated from the
number of Carbon atoms, NC = 2.37 ⇥ 1031 [4]). The
Borexino collaboration used an e�ciency ✏ = 0.5 for the
specific search of gamma emission at E ⇠16 MeV, but
this measures the e�ciency of detecting a peak. Since we
are not concerned with exact energy reconstruction, we
can take ✏ = 1 (meaning that every recoil with Te > 12.5
MeV would be detected). Result (1) is shortened in the
main text as Eq. (18).

Shallow near surface detectors.— Shallow-site neu-
trino detectors, where the counting rates are much larger
due to large backgrounds, nevertheless can be used as a
useful limit when the penetration into ⇠ km depths is
impeded by a relatively large cross section. Shallow de-
tectors include MiniBooNE that have measured out-of-
beam-pulse backgrounds consistent with p + � ! p + �

scatterings.

To estimate the limiting counting rates we use the re-
cent MiniBooNE dark matter search (where the proton
beam is passed around the Be target to minimize the
beam neutrino background) [5]. This paper draws on the

measurement by the same collaboration of the neutral
current (NC) scattering of beam neutrinos [6].

To determine the limiting counting rate, we take the
number of beam-unrelated background events [5], and
the e↵ective running time T given by the product of the
recorded time around the beam pulse �t = 19.2µsec,
times the number of bunches received, determined by the
total proton-on-target for the run, POT = 1.86 ⇥ 1020,
divided by the average number of protons per bunch
Np,bunch = 4⇥ 1012,

�MiniBooNE
p (Tp > 35MeV) =

Slim

✏Np �t (POT/Np,bunch)
.

(2)
This way we get �t ⇥ (POT/Np,bunch) = 893 seconds.
Using the reported beam-unrelated background, we find
less than Slim = 800 events, i.e. the background rate is
⇠ Hz. Taking the total number of free protons in the
MiniBoone inner volume to be Np = 5.83 ⇥ 1031, we
arrive at the limiting counting rate per proton as

�MiniBooNE
p (Tp > 35MeV) < 1.5⇥ 10�32 s�1

. (3)

This is a conservative limit, as the (only approximately
known) cosmic ray background is not subtracted from
this counting rate. It is quoted as Eq. (17) in the main
text.

We note that the MiniBooNE counting rates are many
orders of magnitude larger than for Borexino, but they
make a di↵erence for cross sections around 10�27cm2,
where energetic particles do not reach deep locations, but
can still penetrate the atmosphere and ⇠ 3m of soil to
the MiniBooNE detector.
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~900s effective running time

~800 beam-unrelated BG events
[from Aguilar-Arevalo+, PRD ’15]

NB: quite conservative 
because no BG subtraction!

Re-analyse MiniBooNE dark matter search 
Aguilar-Arevalo+, PRL ‘17

No excess seen
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to a 90% confidence limit on the dark-matter
cross section parameter, Y = ✏2↵D(m�/mV )4 . 10�8, for ↵D = 0.5 and for dark-matter masses
of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from a
dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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Results for SI scattering
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(Almost) no window of large cross sections left!

TB & Pospelov, 1810.10543
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If dark matter can elastically scatter with nuclei, there 
is an inevitable high-energy component in DM flux

Thanks for your attention!

Only outlined main principle — much to be refined :
more detailed investigation of (effective) source volume
multiple scatterings in overburden
revisit instrumental responses (high recoil energies!)
specific DM models, e.g. inelastic or non-trivial energy dependence
…

Can use conventional DD and neutrino detectors to 
probe dark matter much lighter than ~GeV

Improved constraints by 4-5 orders of magnitude!
but still much weaker than at high masses (in particular for SI scattering)…

NEW
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Backup slides
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Analytical vs. numerical
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How to solve the diffusion equation?
Numerically

3D possible
any magnetic field model
realistic gas distribution, full energy losses
computations time-consuming
“black box” 

+
+
+
‒
‒

Strong, Moskalenko, … 

DRAGON
Evoli, Gaggero, Grasso & Maccione

e.g.

(Semi-)analytically
Physical insight from analytic solutions
fast computations allow to sample
full parameter space
only 2D possible
simplified gas distribution, energy losses

+
+

‒
‒

e.g.  Donato, Fornengo, Maurin, Salati, Taillet, ...

2h

R = 20kpc

ISM

L � 1kpc

vc
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Galactic cosmic ray composition
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! !

Abundances: GCR vs Solar System 
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(secondary species to “calibrate” propagation)

II. Facts and questions

Fig. from D. Maurin

Secondary species 
much larger relative abundance 
than in stellar environments
produced by interaction of 
primary CRs with ISM

B

Primary species
present in sources
element distribution following 
stellar nucleosynthesis
accelerated in SN shockwaves

C

Propagation parameters                      of two-zone 
diffusion model strongly constrained by B/C

Maurin, Donato, Taillet & Salati, ApJ ’01

(K0, �, L, va, vc)

Test model by successfully predicting other CR fluxes!
E.g. TB & Salati, PRD ‘07
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Degeneracies
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Fig. 7.— Models with different values of δ are shown. As in the previous figures, for each value

of L and K0/L, only the best χ2 value is retained when the other parameters Vc and Va/
√

K0

are varied. The figure in the left panel displays the contour levels for χ2 < 40 for the indicated

values of δ. It is possible to scale the K0/L values by a function f(δ) to superimpose the contours

corresponding to different values of δ (see text). This is displayed in the right panel.

Maurin, Donato, Taillet & Salati, ApJ ’01

B/C analysis leaves large 
degeneracies, in particular on 
size L of diffuse halo 
Complementary information 
e.g. from radio observations

TB, F. Donato & R. Lineros, JCAP ‘12

}range 
allowed 
by B/CL=15 kpc

L=4 kpc

L=1 kpc


