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Particle Dark Matter - a theoretical overview

Maxim Pospelov
FTPI, U of Minnesota

• Introduction. 

• Quick implications of the recent LZ results. 

• Models with blind spots for direct detection: a. very light dark 
matter, b. strongly interacting dark matter.

• New opportunities in direct dark matter detection.

• Outlook.



2

Why identifying dark matter 
is difficult

Av. Density ~
0.3 GeV/cc – not a lot

Lmin ~ 1021 cm

L e
xp

~f
ew

* 
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2 
cm

We need to extrapolate 
19 orders of magnitude! 
Theory is the first step!



Current ideas about particle DM genesis
At some early cosmological epoch of hot Universe, with temperature      T >> DM mass, 
the abundance of these particles relative to a species of SM (e.g. photons) was

Normal: Sizable interaction rates ensure thermal equilibrium,        NDM/Ng =1. Stability 
of particles on the scale tUniverse is required. Freeze-out calculation gives the required 
annihilation cross section for DM -> SM of order ~ 1 pbn, which points towards weak 
scale. These are WIMPs. (asymmetric WIMPs are a variation.)

Very small: Very tiny interaction rates (e.g. 10-10 couplings from WIMPs). Never in 
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate 
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other 
“feeble” creatures – call them super-WIMPs] 

Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers of 
lowest momentum states, e.g.  NDM/Ng ~1010. “Super-cool DM”. Must be bosonic. 
Axions, or other very light scalar fields – call them super-cold DM. 

Many reasonable options. Signatures can be completely different. 

Macroscopic DM? Primordial Black holes, of course. But this is not the only 
possibility. Topological and non-topological solitons, clumps of DM etc. 
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Examples of DM-SM mediation
• Topic of WIMPs was 

dominated by SUSY 
neutralinos for a long time. 
In the absence of any 
experimental hints at SUSY 
at the LHC, the focus 
shifted to other models. 

• Current discussion of DM 
increasingly shifts away 
from SUSY to other 
“minimalistic” options. 

• Mass range of possible 
WIMPs is much larger than 
originally envisaged by Lee 
and Weinberg.

Supersymmetry may naturally provide 
a WIMP candidate 

�	�
The appeal of the model is in linking DM and the issues of stability of 
EW scale against rad corrections. Many new particles and parameters 
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§ Series of successful experiments: Xenon-100,1T; LUX, LZ; 
PandaX’s have pushed the limits on the nucleon cross section for 
weak-scale mediated Dark Matter.

§ While Z-exchange based models (a-la Lee and Weinberg) has long 
been ruled out, new constraints put significant pressure on Higgs-
mediated models, pushing them into multi-TeV territory. Loop-
induced Higgs/W-box models (e.g. SUSY Higgsino-like) will 
”soon” be probed. 

§ Large mass and self-shielding properties also allow for the 
breakthrough sensitivities for the electron recoil (Erecoil > 200 eV), 
providing strong constraints on light DM, and on exotic particle 
emission from the Sun.

Implication of the successful stream of Xe-
based DM experiments
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§ The best sensitivity at mDM ~ 
30 GeV  drops below           
10-47cm2 benchmark

§ In the scaling regime,       
mDM > mXe, the limit on the 
DM-nucleon cross section is 
s < 2.5 10-46 cm2 (mDM/TeV)

§ This has strong implications 
for particle physics models of 
WIMP DM.

Interpreting recent LZ results for the Higgs-
mediated scalar DM model
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2
H
H

†
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neutrino mass terms/e↵ective dim 5 operators

all lowest dim portals

L = LSM +
1

2
(@µS)

2 �m
2
0S

2 + �S
2(H†

H) (10)

2



7

Combining together a prior on the dark matter annihilation cross 
section, 

with the expression for the Higgs-boson-mediated nucleon-DM 
scattering cross section 

and using LZ limit spS < 2.5 10-46 cm2 (mS/TeV)  we obtain the limit

It implies that the coupling constant l becomes moderately large, 
l > 0.15, making it larger than the Higgs self-interaction coupling. 
Subsequent experimental improvements may completely rule out this 
minimal type of models. 

Interpreting recent LZ results for the Higgs-
mediated scalar DM model
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Models of heavy particles that have EW interactions but do not have a 
direct coupling to the Z-boson (e.g. due to small mass splitting) will 
interact via EW loops 

Next frontier – loop-mediated EW interaction
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D

SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0

� M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 , with
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FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,
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The couplings to the Higgs field and residual mass
matrix are respectively given by

f(H) =
g21
p
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#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0

� mW , im-
plies that the partner state contributes at leading

From Hill, Solon, 2013

+ = c1 + . . .

Figure 1: Matching condition for quark operators. Double lines denote heavy scalars, zigzag
lines denote W bosons, dashed lines denote Higgs bosons, single lines with arrows denote
quarks, and the solid square denotes an e↵ective theory vertex. Diagrams with crossed W
lines are not displayed.

with derivatives acting on �v or involving �5, since these lead to spin-dependent interactions
that are suppressed for low-velocity scattering. The basis of operators is then

L�0,SM =
1
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where we have chosen QCD operators of definite spin,
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1q = mq q̄q , O(0)
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Here A{µB⌫}
⌘ (AµB⌫ + A⌫Bµ)/2 denotes symmetrization. We employ dimensional regu-

larization with d = 4 � 2✏ the spacetime dimension. We use the background field method
for gluons in the e↵ective theory thus ignoring gauge-variant operators, and assume that ap-
propriate field redefinitions are employed to eliminate operators that vanish by leading order
equations of motion. The matrix elements of the gluonic operators, O(S)

2 , are numerically
large, representing a substantial contribution of gluons to the energy and momentum of the
nucleon. To account for the leading contributions from both quark and gluon operators, we
compute the coe�cients c(S)2 through O(↵s) and c(S)1q through O(↵0

s
).

4 Weak scale matching

The matching conditions for quark operators in the nf = 5 flavor theory at renormalization
scale µ = µt ⇠ mt ⇠ mW ⇠ mh are obtained from the diagrams in Fig. (1):

c(0)1U(µt) = C


�

1

x2
h

�
, c(0)1D(µt) = C


�

1

x2
h

� |VtD|
2 xt

4(1 + xt)3

�
,

c(2)1U(µt) = C


2

3

�
, c(2)1D(µt) = C


2

3
� |VtD|

2xt(3 + 6xt + 2x2
t
)

3(1 + xt)3

�
, (21)

where subscript U denotes u or c and subscript D denotes d, s or b. Here C = [⇡↵2
2(µt)][J(J +

1)/2], xh ⌘ mh/mW and xt ⌘ mt/mW . We ignore corrections of order mq/mW for q =
u, d, s, c, b, and have used CKM unitarity to simplify the results.

6

W-box, and loop-induced 
Higgs exchange
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Intriguing [excess!] results from the 2020 Xenon-1T study of the 
electron recoil will soon be tested by the LZ collaboration. 

ExposureXenon1T = 240 day-ton         ExposureLZ = 330 day-ton

Implication for electron recoil?

Xenon1T collaboration’s model for the background is flat. Excess/signal 
is consistent with a peak at ~2.5 keV. LZ has a peak identified as the 
background (37Ar). Main intrigue: is it                                         ?                             

L2020s = m
2
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†
SMHSM + all dim 4 terms(ASM, SM, HSM)

neutrino mass terms/e↵ective dim 5 operators

all lowest dim portals
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37Ar / 2�t/(35 day) (15)
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Blind spots for WIMP scattering
(latest LZ, XENON 1T and PANDA-X results)

§ Optimum sensitivity, mWIMP ~ mNucleus (a little lighter because of 
nuclear form factor). 

§ No sensitivity below mWIMP ~ few GeV, due to exceedingly small 
recoil that does not give much light or scintillation. But there is 
sensitivity due to scattering on electrons

§ There is no sensitivity to strongly-interacting particles that thermalize 
on the way to an underground lab. 

Strongest constraints 
on nuclear recoil

This direction can still 
be improved at modest 
cost, by being clever

Requires 
enormous effort 
and investment



Two blind areas for direct detection

1. ~MeV scale dark matter: Kin Energy  = mv2/2 ~ (10-3)2MeV~eV.
Below the ionization threshold!

2. Strongly-interacting subdominant component of Dark Matter. 
Thermalizes before reaching the underground lab, 

Kinetic energy ~ kT ~0.03 eV

(Typically cannot be entire DM, but is limited to fraction f<10-3)

Below the ionization threshold!
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Direct detection, scattering of DM on 
electrons, 2017 slide

• For a given DM mass particle, in the MeV and sub-MeV range, the recoil energy 
of electrons is enhanced compared to nuclear recoil by Mnucl/me

• Sensitivity to energy depositions as low as 10 eV – reality now. 

• Near future – O(1eV) sensitivity and below. Impressive SENSEI results in 2020. 

• Huge number of proposals: using superconductors, graphene, Weyl semimetals, 
DNA, to push threshold lower. 

Main Science Goal Experiment Target Readout Estimated Timeline

Sub-GeV Dark

Matter (Electron

Interactions)

SENSEI Si charge ready to start project

(2 yr to deploy 100g)

DAMIC-1K Si charge ongoing R&D

2018 ready to start project

(2 yr to deploy 1 kg)

UA0(1)

liquid Xe TPC

Xe charge ready to start project

(2 yr to deploy 10kg)

Scintillator w/

TES readout

GaAs(Si,B) light 2 yr R&D

2020 in sCDMS cryostat

NICE; NaI/CsI

cooled crystals

NaI

CsI

light 3 yr R&D

2020 ready to start project

Ge Detector w/

Avalanche Ioniza-

tion Amplification

Ge charge 3 yr R&D

1 yr 10kg detector

1 yr 100kg detector

PTOLEMY-G3,

2d graphene

graphene charge

directionality

1 yr fab prototype

1 yr data

supercond. Al cube Al heat 10+ yr program

Sub-GeV Dark

Matter (Nucleon

Interactions)

Superfluid helium

with TES readout

He heat, light 1 yr R&D; 2018 ready to

start project; 2022 run

Evaporation &

detection of He-

atoms by field

ionization

superfluid helium,

crystals with long

phonon mean free

path (e.g. Si, Ge)

heat 3 yr R&D; 2020 ready to

start project R&D

color centers crystals (CaF) light R&D e↵ort ongoing

Magnetic bubble

chamber

Single molecule

magnet crystals

Spin-avalanche

(Magnetic flux)

R&D e↵ort ongoing

Searches down to

Neutrino Floor for

O(GeV) Dark

Matter

SuperCDMS-G2+ Ge heat, ionization 3 yr R&D; 1 yr fabrication;

2022 start running

NEWS-G H, He charge 140cm sphere installed at

SNOLAB in 2018

NEWS-dm

emulsions

Si, Br, I, C, O, N,

H, S

charge

directionality

R&D phase complete.

Now technical test

CYGNUS HD-10 SF6, He

flexible

charge

directionality

1 yr R&D; 1 yr 1 m3;

2 yr 10 m3

Scintillating bub-

ble chamber

Xe, Ar

C6F6, H20

light

heat(bubble)

2 yr program; test 10kg Xe

chamber with CENNS

Spin-Dependent

(Proton) Interactions

PICO

bubble chambers

wide range heat(bubble) 40 l chamber now

PICO 500 l next

TABLE I: Proposals and ideas for new experiments, grouped according to their main science target

as identified in Working Group 1: 1) Sub-GeV DM (Electron Interactions), 2) Sub-GeV DM (Nucleon

Interactions), 3) Searches down to the Neutrino Floor for O(GeV) Dark Matter, and 4) Spin-dependent

(Proton) Interactions. Note that several proposals can probe more than one science target. Within each

category, the proposal/idea is ordered roughly according to the timescale needed to start the project. The

target material and main readout channel are also listed.
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Main limitation of light WIMP searches
• The kinetic energy of galactic dark matter is limited by 

Egal, max =  mDM (vescape)2/2.

• For MeV-range DM, this energy is below the ionization energy of 
Xe (13 eV). For MeV DM maximum kinetic energy is ~ 1 eV

• Are there processes that bring DM energy above Egal, max ? 

DM velocity

DM flux

Galactic escape velocity
Are there any ”fast” DM particles?

Case 1: DM scattering on electrons. Case 2: DM scattering on nucleons

Looking at rare and more energetic fraction 
can be beneficial: solar n problem was 
solved that way. 
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“Reflected DM”: extending the reach of Xe experiments 
to WIMP scattering on electrons

• (An, MP, Pradler, Ritz, PRL 2018, An, Nie, MP, Pradler, Ritz, 2108.10332, 
Emken, 2102.12483)

• DM can scatter inside the Sun and get accelerated above the ionization threshold

• Initial kinetic energy mdm(vdm)2/2 with vdm~10-3c (that has an endpoint at ~600 
km/sec )can be changed by scattering with electrons, vel ~ (2 Tcore /me)1/2 ~ up to 
0.1 c. In particular Ereflected can become larger than Eionization. 

• Huge penalty in the flux of “reflected” DM ~ 10-6

2
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FIG. 2. Exclusion contours for reflected DM from a range of

experiments are shown in comparison to limits from XENON10

and XENON100 on scattering from the galactic DM halo popula-

tion [20, 23]. Filled contours reflect current limits, while dashed

contours denote future projections. The thick gray relic density

contour is for the DM model in Eq. (5). A vertical line at 100 keV

indicates a schematic lower limit from stellar energy loss while the

more model-dependent cosmological Ne↵ constraint is not shown

(see text).

Solar Reflection of Light DM. DM scattering on par-
ticles inside the Sun has been extensively studied as an
ingredient for the indirect signature of DM annihilation
to high energy neutrinos. The evolution of DM that in-
tercepts the Sun depends crucially on its mass. Given a
large enough elastic cross section on nuclei, WIMP dark
matter with mass above a few GeV can be e�ciently cap-
tured and thermalized. However, for light DM, the cap-
ture process is less e�cient, and DM tends to re-scatter
at larger radii and evaporate. The ‘evaporated’ compo-
nent of the DM flux impinging on the Earth may help
improve sensitivity to �n [24], and, as we are going to
show, the e↵ect mediated by �e is even more pronounced
for MeV and sub-MeV mass reflected DM; for a detailed
comparison between DM scattering on electrons vs. nu-
cleons inside the sun see [25].

Depending on the scattering cross section �e, and thus
the mean free path, reflection may occur after just one or
two interactions, or after partial thermalization through
multiple scatters within the Sun. The reflected DM flux
will be determined via a simulation which tracks the kine-
matics after initial entry into the Sun. We will assume
a velocity-independent s-wave cross section, but it is no-
table that the relative importance of the reflected flux
would be enhanced for models with a power-like depen-
dence of the cross section on the relative electron-DM
velocity, �e / (vrel)n, such as would occur e.g. for scat-
tering via higher multipoles.

To determine the reflected contribution to the DM flux,
the incoming velocity is assumed to follow a Maxwell-

Boltzmann distribution with an expectation value of
10�3, and an escape velocity cut-o↵ at 2⇥10�3. This ve-
locity is negligible compared to solar electrons, and thus
DM that scatters in the Sun acquires E

recoil
DM ⇠ T . To

gain some intuition, we note first that the probability of
scattering o↵ electrons in the solar core is approximately
�e⇥Rcore⇥n

core
e ⇠ �e/pb, and thus the Sun scatters e�-

ciently if �e � 1 pb. In this optically thick regime, scat-
tering occurs in the convective zone at a characteristic ra-

dius Rscatt given implicitly by �e

R R�
Rscatt

ne(R)dR ⇠ O(1).
It follows that the electron temperature, and thus the re-
coil energy, will depend on �e which in turn determines
Rscatt, through the radius-temperature relation [26]. As
the cross section is reduced, Rscatt also decreases and
E

refl,max
DM increases as scattering occurs in hotter regions

of the core. Further decreasing the cross section ulti-
mately increases the mean free path ⇠ (�ene)�1 beyond
the solar radius, and the strength of the reflected flux
is suppressed. The scattering probability and the back-
ground DM flux in the halo, defined through the number
density and average velocity as �halo

⌘ nDMv
halo
DM , may

be combined into a simple estimate for the reflected DM
flux incident on the Earth,

�refl ⇠
�halo

4
⇥

(
4Sg

3

�
Rcore
1A.U.

�2
�en

core
e Rcore, �e ⌧ 1 pb,

Sg

�
Rscatt
1A.U.

�2
, �e � 1 pb.

(2)
In the estimate (2), the overall coe�cient of 1/4 has a ge-
ometric origin from ⇡R

2
�/(4⇡(1A.U.)2). Sg denotes the

gravitational focussing e↵ect that enhances the area at
spatial infinity subtended by the e↵ective solar scatter-
ing disk ⇡R

2
scatt. For example, at Rscatt ⇠ R�, we have

Sg ⇠ 1+ v
2
esc/(v

halo
DM )2 ⇠ O(10), given the value of the so-

lar escape velocity vesc. We note that the overall energy
extracted from the Sun by reflected DM does not exceed
⇠ 10T ⇥ ⇡R

2
��

halo, and therefore is not constrained by
solar energetics being many orders of magnitude below
solar luminosity.
Taking a representative choice of mDM ⇠ 3MeV, one

can estimate the maximum value of the recoil energy dis-
tribution to be ⇠ 0.5T (Rscatt) at �e � 1pb. For exam-
ple, a single scatter would accelerate a 3 MeV DM parti-
cle up to ⇠ 100 eV energy for �e ⇠ 1 nb (Rscatt=0.8R�).
The reflected flux (2) in this optically thick regime is
105 cm�2s�1, leading to O(20) ionizations/day in 1kg of
Xe. This constitutes a detectable signal, and motivates
a more detailed analysis.
Our preliminary estimates (2) need to be augmented

to include the possibility of multiple scattering, which
can significantly impact the energy of the reflected par-
ticles. Since this is di�cult to treat analytically, we will
make use of a simulation to determine the energy spec-
trum and intensity of the reflected DM flux. The sim-
ulation scans the initial velocity and impact parameter
to determine the initial trajectory into the Sun. The
step size was chosen as 0.01R�, and the Standard So-
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FIG. 3. Normalized energy distributions FA⇢=16⇡R2
�
(E) (in eV ),

are shown for reflected DM with a mass of 3 MeV and the range of

scattering cross sections indicated. The initial velocity is assumed

to follow a Maxwell-Boltzmann distribution with an expectation

value of 10
�3

, and an escape velocity cut-o↵ at 2 ⇥ 10
�3

. It is

apparent that the distributions below 5-7 eV tend to that of the

background halo.

lar Model [26] was used to determine the temperature,
density and elemental abundance at each given radius.
For a given cross section �e, the scattering rate was then
determined probabilistically. If DM does not scatter, it
propagates to the next step with velocity shifted accord-
ing to the gravitational potential. If DM scatters, the
electron momentum was generated according to the tem-
perature distribution, and the new trajectory determined
by first boosting to the DM-electron rest frame, and as-
suming an s-wave cross section. The gravitational e↵ect
on the trajectory was included after each nontrivial scat-
tering. This process was repeated until the DM particle
exits the Sun.

We find that it is su�cient to limit our simulations
by a maximal impact parameter ⇢max = 4R�. Outside
that range, only the slowest DM particles will enter the
Sun, giving a highly subdominant contribution to the
reflected flux. Thus, we simulate the energy distribu-
tion FA⇢(E) of particles interacting with (or missing)
the Sun initially collected from the A⇢ = 16⇡R2

� im-
pact area. After accounting for the gravitational redshift,
E ! E � mDMv

2
esc/2, the distribution is normalized to

unity,
R1
0 dEFA⇢(E) = 1, and the resulting reflected DM

flux at Earth determined via

d�refl

dE
= �halo ⇥

A⇢FA⇢(E)

4⇡(1A.U.)2
. (3)

As there is some arbitrariness in A⇢, the simulated re-
flected flux contains an admixture of the initial un-
scattered distribution. This does not a↵ect subsequent
calculations because this component stays below detec-
tion thresholds.

Fig. 3 shows the final kinetic energy distribution at
Earth for 3 MeV DM particles. For �e ⇠ 1 nb, the distri-
bution turns over close to 100 eV, consistent with naive

estimates. Moreover, tracking the trajectories indicates
that DM does indeed have a higher probability to en-
ter the core region if the cross section is below about
10�34 cm2. Despite the lower cross-section, the enhanced
core temperature can in turn lead to less scatters for DM
to exit the Sun, resulting in the observed enhancement in
the tail of the distribution as the cross-section decreases.
However, the e↵ect eventually turns o↵ once the cross
section drops well below a pb, as the mean free path and
thus the collision rate becomes too low.

Direct detection via electron scattering. With the re-
flected DM flux and velocity distribution in hand, the
scattering signatures can be determined along the lines of
the DM-electron scattering analysis of [19, 20], with the
modifications outlined below. We consider DM scattering
o↵ bound electrons in the detector, having fixed energy
Ee = me � Eb, with binding energy Eb and a range of
momenta. The process of interest corresponds to atomic
ionization DM + A ! DM + A

+ + e
� with DM three-

momentum transfer ~q. To match the literature, we write
the di↵erential scattering rate as a function of electron
recoil energy in terms of a reference cross-section �e [20],

dh�nlvi

d lnER,e
=

�e

8µ2
DM,e

Z
dq q|fnl(q, p

0
e)|

2
|FDM(q)|2⌘(Emin),

(4)

where the DM form factor FDM can be taken to 1 if the
interaction is short range. We only consider cases where
the angular dependence is trivial, q = |~q|. The dimen-
sionless atomic form factor describing the strength of the
ionization process from atomic state n, l is given by

|fnl(q, p
0
e)|

2 =
p
0
e

⇡2q

Z p0
e+q

|p0
e�q|

dp
0
p
0

lX

m=�l

|h~p
0
e|e

i~q·~r
|nlmi|

2
.

We evaluate the latter using radial Hartree-Fock atomic
wavefunctions Rnl(r) [27] in  nlm(~r) = Rnl(r)Ylm(r̂) and
the plane wave approximation |~p

0
ei = e

i~p0
e·~r, including a

Sommerfeld factor with e↵ective charge Ze↵ = 1 [19];
p
0
e =

p
2meER,e. When mDM ⌧ 0.1MeV, ~q · ~r ⌧ 1

is possible. In order to avoid spurious contributions
to fnl from potential numerical non-orthogonality in
h~p

0
e|1|nlmi, we subtract the identity operator, and eval-

uate h~p
0
e|e

i~q·~r
� 1|nlmi in these cases instead. The event

rate from level (n, l) is then determined by evaluating
the average over the incoming energy spectrum of the re-
flected DM component, that in the nonrelativistic limit
is ⌘(Emin) =

R
Emin

dE(mDM/(2E))1/2(d�refl/dE)��1
halo.

Multiplying it by the flux and target density NT ,
we arrive at the total rate from the (n, l) state,
dRnl/d lnER,e = NT�halodh�nlvi/d lnER,e, where Emin

is the minimum DM energy required to produce an elec-
tron with ER,e recoil energy.
The resulting electron recoil energy spectrum is con-

verted into scintillation (S1) and ionization (S2) re-
sponses in liquid xenon experiments, dRnl/dSi =
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Contact mediator, limits on se

• Large Xe-based detectors improve sensitivity to se through reflected flux. 

• If the scattering on ions is very strong, it can degrade energy of escaping 
particle and soften the constraining power. 

• See also similar investigation by Emken 2021. 

only electrons electrons and protons

An, Nie, MP, Pradler, Ritz, 2017, 2021



16

Massless mediators, limits on se

• Large Xe-based detectors improve sensitivity to se through reflected flux. 

• Second case, massless mediator = milli-charged dark matter, Xe1T is 
sensitive to Qeff ~10-9 e.

cross section normalized on q=mea Effective charge

An, Nie, MP, Pradler, Ritz, 2108.10332



Light DM accelerated by cosmic rays
• There is always a small energetic component to DM flux (Bringmann, 

Pospelov, PRL 2019, others) due to interaction with cosmic rays. 

• Typically: MeV DM mass à eV kinetic energy à sub-eV nuclear 
recoils. No limits for snucleon-DM for DM in the MeV range. 

• This is not quite true because there is always an energetic component 
for DM, not bound to the galaxy. Generated through the very same 
interaction cross section: sc

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 [17, 18] 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 [19] 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 [20–22], 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 [23],

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
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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) [24]). 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��

dT�
= De↵

⇢local�

m�
⇥ (8)

⇥

X

i

�0

�i G
2

i (2m�T�)

Z 1

Tmin
i

dTi
d�LIS

i /dTi

Tmax
� (Ti)

.

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 [25], 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 [26–29]. The
degradation in energy should also occur for the CRDM

Main idea: Collisions of DM 
with cosmic rays generate sub-
dominant DM flux with ~ 100 
MeV momentum – perfect for 
direct detection type recoil. 



Resulting limits on WIMP-nucleon scattering 

• Spin-independent limits. 
[Notice the constraint 
from Miniboone, from 
measurements of NC nu-p 
scattering]. Exclusion of s
= 10-29-10-31cm2 ! 

• Scattering on free protons 
in e.g. Borexino is also 
very constraining for the 
spin-dependent scattering. 



Updated limits on WIMP-nucleon scattering 

• More neutrino experiments can be used to “fill the gaps”, Beacom and 
Cappiello, 1906.11283 

• If the DM cross section is large-ish, an interesting spin-off can be 
considered in an underground laboratory environment where one could 
use existing particle beams to “accelerate” DM in a first collision and 
detect it using DM detectors in a second collision (in collaboration with 
Moore, McKeen, Morrissey, Ramani, 2202.08840)
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Using underground accelerators to “accelerate” 
dark matter

§ Some of the underground Labs that host Dark Matter detectors, also 
have nuclear accelerators (e.g. LUNA, JUNA etc) in a completely 
different setting: studies of nuclear reactions.

§ We propose to couple nuclear accelerators and dark matter 
detectors: accelerated protons (or other nuclei) can strike DM 
particles that can subsequently be detected with a nearby detector.

§ This is going to be relevant for models with large DM-nuclear cross 
section (blind spot #2), where A. interaction is enhanced, B. density 
is enhanced.  

7
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FIG. 4. Effective path length `(✓, z) in a spherical detector located along the beam axis.

the Born approximation by

�̄N =

✓
µ�N

µ�p

◆2

A2 ��n , (17)

for an effective per-nucleon cross section ��n.

Since we study very large cross sections in this work,
we also consider the possibility that the Born approxi-
mation on which Eq. (17) is based might break down.
While the way in which this occurs depends on the de-
tailed interactions between DM and nucleons, there exists
a simple prescription based on geometric saturation that
provides a reasonable approximation to calculations in
a wide range of models [46, 70]. Specifically, we bound
from above the total nuclear cross section derived from
Eq. (16) by the geometric cross section ��N  4⇡r2N with
rN ' 1.2 fmA1/3. This is equivalent to the replacement
of �̄N in Eq. (16) by �̄N,e↵ defined by

�̄N,e↵ =

8
><

>:

�̄N ; �tot < 4⇡ r2N

4⇡ r2NR 1
0 dx |FN (xEmax

R )|2 ; �tot > 4⇡ r2N

(18)

where

�tot = �̄N

Z
1

0

dx |FN (xEmax

R )|
2 . (19)

With this form, we can express the nuclear cross section
portion of Eq. (14) by

��N Pthr(✓;Ethr) = �̄N,e↵

⇥

Z
1

xthr

dx |FN (xEmax

R )|
2
⇥(1� xthr) ,

(20)

where xthr = Ethr/Emax

R .

We can also specify the upscattering rate more pre-
cisely if we specialize to a SI interaction. For a low-energy
beam of protons,

d��p

dc✓
= 2��p cos ✓ . (21)

If the interaction connects DM to protons and neutrons
with equal strength, we can identify ��p = ��n defined
in Eq. (17). This result can also be generalized to low-
energy beams of nuclei. Using the saturation prescription
described above, we find

d��b

dc✓
= 2 cos ✓ �̄b,e↵ |Fb(ER,b)|

2 , (22)

with

ER,b =
2µ2

�b

mb

✓
2Eb

mb

◆
cos

2 ✓ , (23)

and �b,e↵ defined as for �̄N,e↵ in Eq. (18) with N ! b,
ER ! ER,b, and Emax

R ! Emax

R,b = ER,b(c✓ = 1).
In Fig. 5 we show the estimated detector rates of beam

upscattered DM as a function of mass m� and per nu-
cleon cross section ��n assuming a point-like SI interac-
tion for a potential beam and detector apparatus. We
take beam parameters motivated by the LUNA accelera-
tor [49, 50] with an accelerated beam section of L = 5m
and a kinetic energy per particle of Eb = 0.4 MeV for
proton beams with current Ib = 1.0mA (left) and car-
bon 12C+ beams with current Ib = 0.1mA (right). For
both beam types, we assume a detector consisting of a
sphere containing liquid xenon of radius r = 10 cm lo-
cated along the beam axis at a distance d = 50 cm from
the end of the beam pipe with a lower detection energy
threshold of Ethr = 5 keV. See Fig. 4 for details of the
setup.

The detector scattering rates shown in Fig. 5 are sig-
nificant and suggest that this method could be used to
test strongly interacting DM even for fractional densities
f� ⌧ 1. These rates trace the DM density enhancements
shown in Fig. 2 to a large degree. They are largest for
m� ⇠ 1–10 GeV, corresponding to the enhanced thermal
DM population discussed in Sec. II, although there is also
a shoulder at larger masses from the traffic jam popula-
tion. For masses below m� ⇠ 1 GeV, the detection rates
are reduced by the lower DM population due to evapo-
ration as well as the energy threshold we assume for the
detector. This is most clearly visible in the right panel of



Dark matter traffic jam 
• Rapid thermalization 

• Flux conservation:  vinnhalo = 
vterminal nlab.

• Terminal sinking velocity is 
determined by the effective 
mobility and gravitational forcing

• Change in velocity from incoming 
~ 107 cm/s to typical sinking 
velocity of 10 cm/s (for a 100 mbn
s) results in  nlab ~ 106 nhalo . Not 
visible to direct detection.

• At masses < 10 GeV upward flux 
is important and density goes up.

Rapid thermalization

Incoming particles

Diffusion biased by 
gravitational drift

A lab

6

A. The DM Tra�c Jam

To estimate the density enhancement in the DM traf-
fic jam, we begin by first estimating the terminal velocity
with which the DM sinks through the ground. The den-
sity enhancement then follows from flux conservation.

We work in the limit where the DM interacts su�-
ciently strongly with nuclei so that it thermalizes when
it goes underground. This is the range of parameters that
is of most interest, since the scattering of DM is otherwise
constrained by low threshold detectors such as CRESST.
Thermalization is of course progressively harder at heav-
ier masses since several collisions are necessary for the
DM to thermalize with the rock. To avoid rather strong
constraints on anomalous isotopic abundances, we will
assume that the strongly interacting DM has repulsive
interaction with nuclei.

To perform an estimate of the density enhancement,
we need a coherent (transport) scattering cross-section �t

of DM with nuclei of atomic mass A. We notice that in
principle, there are two main regimes for such a scattering
cross section. The first regime can be achieved when
the perturbative treatment is possible. Then, given the
input cross section on an individual nucleon, the overall
elastic cross section on the nucleus could be described as
�el = A

2
�nµ

2(mA,m�)/m2
p
, which reduces to A

4
�n at

M� � mA. On the hand, if we keep increasing �n this
scaling with A breaks down. Describing the DM-nucleus
potential as a square barrier, we observed that the strong
interaction limit corresponds to RA � 1, where  is the
virtual momentum inside the barrier [18], and the elastic
cross section is expected to be 4⇡R2

A
. For the slow-down

process, we need a transport cross section, and we assume
it to be on the same order of magnitude as the elastic one.
Thus, we choose the following ansatz for the �-nucleus
transport cross section,

�t = Min(A4
�n, 4⇡R

2
A
). (13)

After DM is fully thermalized, it is not stationary, but
continues slowly sinking towards the center of the Earth
due to the Earth’s gravitational field. The average ter-
minal downward velocity in any medium is given by [19]

vterm =
3M�gT

m2
gasnh�tv

3
thi

(14)

where M� is the DM mass, mgas is the mass of gas par-
ticle, n is the number density of gas particles, �t is the
transport cross section, vth the thermal velocity of gas
particles (for solids, velocity due to vibrational motion)1.

1
This e↵ect was discussed in [2]. However, their estimate dif-

fers from the calculations of [19]. Moreover, [2] did not account

for the saturation of the DM nucleon scattering cross-section at

large A and did not use the correct reduced mass in the collision

between DM and nuclei.

This terminal velocity vterm is lower than the initial
(galactic) DM velocity, leading to the DM pile up and a
resulting density enhancement. From flux conservation,
the density enhancement is:

⌘ =
⇢lab

⇢ss
=

vvir

vterm
(15)

where ⇢lab is the DM density at a location of an under-
ground lab, ⇢ss is the solar system DM density, and vvir

is the local virial velocity of DM.
This density enhancement exists as long as the DM

thermalizes with the rock. However, for heavy enough
DM there are two additional e↵ects that need to be taken
into account. For large m� the thermalization requires
more scattering, and there will eventually not be enough
column depth in the rock to achieve thermal velocity at
a given laboratory depth. Moreover, when the downward
velocity of DM becomes smaller in magnitude than vterm,
the thermalization is not complete, as on average the
vertical component of the DM velocity is larger than the
terminal sinking velocity. Both of these e↵ects cut o↵ the
density enhancement for heavy DM, as shown in Fig. 2
and discussed below.
Many underground labs with developed DD program

are located at depths exceeding 1 km. However, the pre-
cision experiments with metastable tantalum were per-
formed in the Hades observatory, at a more shallow loca-
tion. For our estimates, we take the Hades observatory to
be 300 m below the surface. In our estimates, we take the
density of soil/rock to be ⇢ = 3 gm

cm3 , ambient temperature
T = 300K, mgas ⇠ A ⇥ GeV and take A ⇠ 30 for rock.
With these numbers, we plot the density enhancement ⌘
for three di↵erent masses M� = 100GeV, 1TeV, 10TeV
in Fig. 2 (Left). There are three distinct regimes at play.
For small cross-sections, there is an exponential regime
where the column density is not enough to slow DM par-
ticles down to the thermal velocity vth. As the downward
velocity approaches the thermal velocity, the slow down
is enhanced leading to a jump to vth. Next, for cross-
sections where vertical velocity drops below vth, the ad-
ditional column density leads to further slowing down,
leading to a linear regime: the DM density enhancement
is linearly proportional to the size of the elastic cross sec-
tion. Finally, once vterm is reached, there is no further
slow down and a flat regime for the density enhancement
is achieved.
Fig. 2 (Right) shows contours of equal ⌘ in the �N

vs M� plane. ⌘ increases as a function of �n till �n ⇠

10�30 cm2 which corresponds to the saturated geometric
cross-section in Eqn.(13) and there is no further enhance-
ment. As mass of DM, M� is dialed up, the terminal
velocity increases linearly as in (14), and as a result ⌘

decreases linearly. However for large enough mass, the
relevant column depth is not enough to thermalize and
hence there is an exponential decrease in ⌘ as a function
of M�. Thus, we conclude that the value of the enhance-
ment factor is quite sensitive to particular details of the
strongly-interacting DM model (mass, cross section), and
can vary in a large range.

MP, Rajendran, Ramani 2019 MP, 
Ramani 2020, Berlin, Liu, MP, 
Ramani, in prep
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Density of trapped particles: best mass range = 
few GeV. 

§ Lowest mass – evaporation, Highest mass – traffic jam, intermediate 
mass – trapping with almost uniform distribution inside Earth’s 
volume.

§ Enhancement of the density can be as high as 1014.
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FIG. 2. Enhanced density of a strongly interacting dark mat-
ter species � at a depth of 1.4 km under the surface of the
Earth as a function of mass (m�) and per-nucleon cross sec-
tion (��n), with both thermal and traffic jam populations
included. The DM-nuclear interaction is assumed to be spin-
independent with equal couplings to protons and neutrons.

C. Enhanced Densities

In Fig. 2 we show the enhanced density of DM at
a depth of z = 1.4 km under the Earth, correspond-
ing to the overburden at LNGS, as a function of mass
m� and per-nucleon cross section ��n. Both the ther-
mal and traffic jam contributions to the enhanced den-
sity are included. To connect the per-nucleon cross
section to cross sections on nuclei, we take �T,N =

min{A2
(µ�N/µ�n)

2��n, 4⇡ r2N}, where A is the atomic
mass of nucleus N and rN ' (1.2 fm)A1/3 is the nuclear
radius. This form corresponds to a SI point interaction
with a nuclear form factor of unity together with a sat-
uration of the cross section at the geometric area of the
nucleus [46, 70]. Since most of the scatterings leading to
capture and accumulation have a low momentum trans-
fer relative to the inverse nuclear radii 1/rN , we expect
that setting the nuclear form factor to unity should be a
good approximation.

The DM densities shown in Fig. 2 are much larger than
the local halo density, particularly for larger cross sec-
tions. This enhancement has two primary features corre-
sponding to the thermal and traffic jam components, re-
spectively. The greatest enhancement between m� ⇠ 1–
10 GeV comes from thermal accumulation, and coincides
with that found in Ref. [43]. Evaporation depletes this
population for m� . 1 GeV, while for m� & 10 GeV the
thermal population is mainly located deeper within the
Earth.3 Instead, the dominant enhancement at larger
masses m� & 10 GeV comes from the traffic jam popu-
lation. If � makes up only a fraction f� of the total DM
energy density, the densities shown in Fig. 2 are reduced
by the same factor.

3
Since we do not consider evaporation effects in our traffic jam

calculations, we only include this component of the enhanced

density for m� � 1 GeV.

III. UPSCATTERING OF DARK MATTER BY
ACCELERATOR BEAMS

In this section we investigate the upscattering of
strongly interacting dark matter by the beams of deep
underground accelerators such as LUNA [49, 50], LUNA-
MV [51, 52], JUNA [53], and CASPAR [54]. We com-
pute the upscattering rates as well as the detection rates
through elastic nuclear scattering in a xenon detector of
modest size.

A. Dark Matter Upscattering by Accelerator
Beams

Consider a beam of nuclei of mass mb and kinetic en-
ergy Eb ⌧ mb incident on a cloud of DM particles �
effectively at rest. If a beam nucleus collides with a DM
particle in the cloud, the DM will be upscattered to a
velocity

v� =

✓
2µ�b

m�

◆r
2Eb

mb
cos ✓ , (10)

where ✓ is the angle of the outgoing DM relative to the
beam direction. Should the upscattered DM particle col-
lide with a target nucleus N = (A,Z) in a detector, the
nucleus will recoil with kinetic energy

ER =
(2µ�N v� cos↵)2

2mN
(11)

= Eb

✓
2µ�N

mN

◆✓
2µ�N

m�

◆✓
2µ�b

mb

◆✓
2µ�b

m�

◆
cos

2 ✓ cos
2 ↵

⌘ Emax

R cos
2 ↵ ,

where ↵ is the angle between the recoiling nucleus and
the incident DM direction. We note that all the factors
multiplying Eb in this expression are less than unity and
represent the combined kinematic suppression from the
two scattering reactions involved.

In Fig. 3 we show the maximum nuclear recoil energies
Emax

R setting cos ✓ = 1 for DM upscattered by beams
of protons (left) or carbon (right) with kinetic energies
Eb = 0.4 MeV (solid) and Eb = 1.0 MeV (dashed) on
targets of hydrogen (H), helium (He), germanium (Ge),
and xenon (Xe). These recoil energies fall within the
sensitivity windows of typical underground nuclear recoil
DM detectors.

Given an accelerator beam of particles with energy Eb,
total current Ib, and charge per particle Qb, the differen-
tial rate of DM upscattering per unit beam travel length
is

dN�

dt dz dc✓
=

Ib
Qb

n�
d��b

dc✓
, (12)

where c✓ = cos ✓ corresponds to the outgoing DM angle
relative to the beam, z 2 [�L/2, L/2] ranges over the
beam travel region after full acceleration, and n� is the
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Spectrum of recoil

§ Energy of nuclei in the detector after experiencing collision with the 
accelerated DM. 

Energy of accelerator is ~ MeV, and given that the thresholds in many 
detectors are keV and lower, this detection scheme is realistic. 
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FIG. 3. Maximum nuclear target recoil energies Emax
R for dark matter upscattered by beams of protons (left) or carbon (right)

with kinetic energies Eb = 0.4 MeV (solid) and Eb = 1.0 MeV (dashed) for a selection of target nuclei.

local � DM number density. From this we see that total
rate of upscattered DM is proportional to the quantity

Ib
Qb

L = 6⇥ 10
17

cm

s

✓
Ib

1 mA

◆✓
Qp

Qb

◆✓
L

100 cm

◆
, (13)

where L is the total length over which the fully acceler-

ated beam travels.

B. Detection of Upscattered Dark Matter

For a detector placed downstream of the beam, the
measured rate of DM scattering in the detector is

R =

Z L/2

�L/2
dz

Z
dc✓

dN�

dt dz dc✓
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1� e�` ��N nN

◆
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where ` = `(✓, z) is the path length in the detector for a
DM particle upscattered at point z through angle ✓, nN

is the number density of the target nucleus, ��N is the
total DM-nucleus cross section, Pthr(✓, Ethr) is the prob-
ability that the scattering will yield a recoil energy above
the detector threshold Ethr, and Psh(✓, z) is the proba-
bility for DM to scatter in material before reaching the
detector. The exponential factor is the probability for
a DM particle from (z, ✓) to scatter at least once in the
detector; it reduces to ` ��N nN when this combination
is much less than unity. In the second line of Eq. (14),
we have factored the expression into a total upscattering
rate times a dimensionless acceptance factor for scatter-
ing above threshold in the detector.

The result of Eq. (14) is very general, and it is instruc-
tive to evaluate its components for a specific detector
geometry. We consider a spherical detector of radius r
located along the beam axis a distance d from the end of
the beam pipe, as illustrated in Fig. 4. For this configu-

ration, the DM path length is

`(✓, z) = ⇥(✓s � ✓) 2 r
q

1�D2 sin
2 ✓/r2 , (15)

where D = L/2� z + d+ r and ✓s = sin
�1

(r/D).

C. Application to Spin-Independent Point-Like
DM

If we specialize further to DM that scatters primarily
through a spin-independent point interaction, the differ-
ential DM-nucleus cross section is

d��N

dER
=

1

Emax

R

|FN (ER)|
2 �̄N , (16)

where ER  Emax

R = 2µ2

�Nv2�/mN , FN (ER) is a nuclear
form factor for SI scattering [71, 72], and �̄N is given in
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New reach in the parameter space
§ While 100% fraction of these DM particles is excluded by 

combination of ballon + underground experiments (gray area), the 
accelerator+detector scheme is sensitive to small f_chi. 

§ This is a promising scheme that can be tried without additional 
enormous investment, with existing accelerators (LUNA, JUNA) 
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Final idea: dark photon mediated interaction may 
lead to  Dark Matter – Nucleus bound state

• Consider a stable elementary particle charged under U(1)’. 

• The choice of parameters of interest: e ~ up to 10-3; mA’ ~ 10-100 
MeV, mc ~ 10 - 1000s GeV or larger, adark ~ 10-2 – 1.

• Given the choice of parameters abundance can be calculated, 
assuming the standard cosmological history. However, I am going to 
treat fraction fc as a free parameter taking it small. 

• Thus, the standard visible dark photon constraints apply. 

• With Berlin, Liu, Ramani, 2110.06217
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Electroweak scale dark matter particles may form bound states with nuclei If there exists an
attractive force of su�cient strength. In this paper we show that the dark photon (A0) with O(10�3)
kinetic mixing and mass in the MeV-to-100-MeV range provides enough attractive strength to
generate keV-scale binding with nuclei. The process of DM-nucleus bound state formation liberates
energy in the form of electron and gamma radiation, and for direct detection experiments this will
be consistent with monno-energetic electron-like events. We show that the small concentrations of
such dark matter particles, O(10�14), from the total DM energy density is su�cient to generate the
observable signal consistent with XENON1T electron recoil excess, provided that the strength of
DM-Xe binding is in ⇠ 2.5 keV range. The recombination signal can have a time structure built to
it, with daily and seasonal modulations present.

I. INTRODUCTION

Over the years, direct detection dark matter exper-
iments have developed into a precision tool of learn-
ing about sub-MeV energy deposition by exotic sources.
While primary focus and motivation for these experi-
ments is to search for the weakly interacting massive par-
ticle (WIMP) elastic scattering in nuclei, the scope of the
searches has been extended to include electron scattering,
the absorption of dark matter, exo-and endo-thermic in-
elasticity in the WIMP-nucleus scattering etc [].

Among the direct detection dark matter experiments
the suit of large scale dual-phase xenon detectors play
especially important role. With the background counts
below 10�5 kg�1day�1keV�1, XENON1T experiment is
setting new benchmark sensitivity not only in the WIMP
nucleus scattering, but also for the electron recoil of
O(keV) and below [1]. Recently, the collaboration re-
ported O(2 � 3)� excess of events consistent with elec-
tron recoil, and centered around the 2 � 3 keV energy
deposition [2]. As pointed out in the variety of theoreti-
cal studies, this energy can be consistent with a variety
of models. These models are typically based on a rather
substantial fluxes of particles (neutrinos, DM, axions etc)
that traverse the detector and have a very small rate of
interaction with matter due to very small coupling (e.g.
dark photon dark matter with the ⇠ 10�16 coupling to
electrons [3, 4], tiny electromagnetic moments of neutri-
nos and dark radiation [5–9], exothermic dark matter [10]
etc.)

In this paper, we explore a conceptually di↵erent possi-
bility. A very subdominant flux of dark matter particles,
that can be as small as O(10�14) fraction of galactic dark
matter, having a relatively sizeable interaction with mat-
ter, can induce an electron recoil signal via the formation

⇤ pospelov@umn.edu
† hramani@stanford.edu

of bound states. Specifically, we are exploring the process
of �-atom “recombination”,

A + � ! (A�)b.s. +Q, (1)

where Q represents electromagnetic energy release coin-
ciding with the binding energy. For the process (1) to
occur, the �-nucleus coupling have to be sizeable, which
in turn leads to quick thermalization and drastic over-
concentration of � inside the Earth [11–13] (+ our paper
in prep). Thermal energies at depths corresponding to
locations of underground laboratories housing the direct
detection experiments means that this component of DM
is invisible in the elastic scattering channels. The forma-
tion of the bound states, however, can release a substan-
tial amount of energy, and Q < 10 keV is of primary
consideration in this paper.
The possibility of observing DM bound states with

nuclei has been pointed out several times in the liter-
ature [14–16] with the main focus on MeV-to-10-MeV
energy release range. Specifically, the charged-neutral
pairs of DM states can undergo charge exchange reaction
with nuclei and form stable bound states, provided that
mcharged�mneutral < 20MeV. The search of such process
has been performed recently by the KamLAND-Zen col-
laboration [17]. Other examples include a possibility of
DM-neutron transition in the field of the nucleus, with
the capture of resulting neutron into a bound state [16].
While these models require a certain degree of intricate
model building, the model considered here is perhaps one
of the most studied in the literature of the last fifteen
years [18–20].
Specifically, we consider a WIMP charged under new

U(1)0 force that has kinetic mixing with the SM photon,
which a↵ords bound states with nuclei in a very well de-
fined corner of the parameter space. Namely, we consider
the dark sector Lagrangian with m� � mA0 ,

L = �1

4
(F 0

µ⌫)
2� "

2
F

0
µ⌫Fµ⌫+

m
2
A0

2
(A0

µ)
2+�̄(iDµ�µ�m�)�,

(2)
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Constraints on visibly decaying dark photons

Bound state formation is possible in this corner
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Figure 17: Dark photon into visible final states: Á versus mAÕ . Filled ar-
eas are existing limits from searches at experiments at collider/fixed target (A1 [412],
LHCb [235],CMS [413],BaBar [354], KLOE [256, 355, 414, 415], and NA48/2 [358]) and
old beam dump: E774 [352], E141 [353], E137 [346, 416, 417]), ‹-Cal [418, 419], CHARM
(from [420]), and BEBC (from [421]).Bounds from supernovae [126] and (g ≠ 2)e [422] are
also included. Coloured curves are projections for existing and proposed experiments: Belle-
II [423]; LHCb upgrade [424, 425]; NA62 in dump mode [426] and NA64(e)++ [338, 339];
FASER and FASER2 [376]; seaQUEST [194]; HPS [427]; Dark MESA [428], Mu3e [429],
and HL-LHC [372]. Figure revised from Ref. [9].
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Nucleus-DM potential

• For a point-like nucleus = Yukawa potential. 

• Since adark can be large, 

Two important consequences of sizeable couplings:

1. Elastic scattering cross section on nuclei is large

2. Strong enough attractive force affords bound states 

2

where “primed” fields stand for dark photon, Dµ =
@µ � igdA

0 is the covariant derivative w.r.t. dark U(1),
and � is a stable particle, the sub-component of DM. The
fermionic nature of � is not essential, and all considera-
tions in this paper equally apply to scalar � as well. The
self-interaction of ��̄ pairs induced by the attractive in-
teraction mediated by A

0 has important consequence for
� annihilation, as resonances and capture to (��̄) bound
states can significantly increase the annihilation cross
section [19, 21–23]. As a result, the annihilation rate can
significantly exceed the WIMP benchmark rate 1pbn⇥c,
possibly making � a subdominant component of DM. We
are going to consider modern value of f� ⌘ ⇢�/⇢DM to
be a small free parameter, noting that deviations from
the standard thermal cosmological scenario could result
in tiny f�. Furthermore, we assume unbroken charge
symmetry in the � sector, ı.e. no mass splitting among
� states. At the same time, the phenomenology of A0 is
“standard”, and usual limits on dark photon apply [24],
so that e↵ectively for all .

II. BOUND STATE PARAMETER SPACE

The Yukawa interaction between point-like � and elec-
trons and protons is given by

V (r�) = �"
p
↵↵d

X

i=e,p

Qi
exp(�mA0 |r� � ri|)

|r� � ri|
(3)

! "e↵↵

X

e

exp(�mA0 |r� � re|)
|r� � re|

� Z↵"e↵V (r�, RN ),

where in the second line we take into account that pro-
tons are incorporated in a single nucleus of charge Z and
radius RN . In the limit of small nuclear radius, for a
nucleus located at rN ,

V (r�, 0) = exp(�mA0 |r� � rN |)/|r� � rN |. (4)

The �̄ potential has an opposite sign and is of no interest
for us in this paper. The parameter entering these for-
mulae, "e↵ (which we define to be positive), importantly
depends on the kinetic mixing and the dark charge,

"e↵ ⌘ "⇥
p

↵d/↵ ⇠< O(10)", (5)

where in the last inequality we took ↵d ⇠< O(1).
It is easy to see that there are two important conse-

quences of relatively large "e↵ and mediator mass giving
the range of the force comparable or larger than RN : i.
The elastic scattering cross section on nuclei are signif-
icant, ii. bound states with nuclei may form. Indeed,

for a heavy m� and small mediator mass, i.e. taking ef-
fectively mA0 , RN ! 0 limit, the approximate Bohr-like
expression must be valid:
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FIG. 1: Critical value of coupling, as function of m�

that allow binding to di↵erent elements. Mediator mass
is fixed to 15 MeV.

In this expression, µ is the reduced mass of a WIMP-
nucleus pair, and normalization of Z corresponds to
Xenon atom. In reality, very low mass of mediator
mA0 is cut o↵ by particle physics constraints so that
mA0 � 10MeV. Saturating this inequality and equating
RN to that of Xenon, and for the same choice of µ, "e↵ ,
one can calculate the binding energy to be 2.58 keV, a
factor of three less than naive estimate (6).

It is clear that the binding energy is very sensitive to
the choice of µ,e↵ ,mA0 . However, it is always true that
� would preferentially bind to heavy elements, while not
forming bound states with light elements at all. This
opens up an opportunity to search for the bound state
formation using the direct detection experiments, sensi-
tive to O(keV) energy release. In Fig. 1, we plot the
critical binding curves,
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A possible scenario for direct detection 
(including Xenon excess)  

• Small enough fc so that surface and balloon experiments are not 
sensitive.  

• Density enhancement after thermalization (traffic jam). Becomes 
invisible to elastic scattering.

• No bound states with light elements – no efficient capture during 
the sinking

• Efficient capture in an experiment containing heavy enough 
elements (Xenon, of course. Also, Iodine, Tl etc…). 

Z + c à (Z c) + Energy

• Main feature of the signal: electron-like mono-energetic energy 
release. 

• Possibly non-trivial time structure (i.e. daily and seasonal 
modulation)
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Capture process
• Auger-style process with the ejection of an atomic electron.

A + c à (A+-ion c) + electron

Dominates over photon emission.

• Calculable using perturbation theory   
Unbound electron

Bound electron orbit

Unbound nucleus-DM Bound nucleus-DM

RN Rbound state
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One can probe exceedingly small admixtures of 
DM particles that can bind to Xe nucleus

§ Anywhere along the boundary of green, Xenon1T excess can be 
explained.  

§ If the unknown adark, we do not know “exact” e parameter that can 
explain the excess. 



31

Zooming in onto dark photon target parameter 
space

§ A roughly triangular shape of the parameter space, ~ one decade 
long on each side can explain the Xenon1T excess at small fc . 

§ This parameter space is [hopefully] going to be explored by the 
LHCb and HPS experiments. 
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Conclusions

§ Considerable investment goes into attempts to directly detect dark 
matter – it is a distinct possibility, especially if DM is a WIMP. 

§ LZ experiment is another milestone in the WIMP searches, toping the 
competitors at the moment, for the search of mDM > few GeV. Has a 
huge potential of improving limits on electron recoil. 

§ Strong limits can be imposed even in “blind spot” areas – using 
subdominant components of the flux. Dark matter “reflected” from 
solar electrons, Dark Matter “accelerated” by cosmic rays. 

§ Coupling of underground accelerators with dark matter detectors will 
allow probing strongly-interacting sub-component of dark matter. If 
the coupling is strong enough and force is attractive, bound states with 
heavy elements can form, providing exquisite sensitivity in DD exp.

§ The diversity of DM models creates a diversity of experimental 
signatures – now it is the right time to explore them, as much 
investment is made into direct detection of dark matter. 


