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Photon

Electromagnetism is mediated via the exchange of photons. 
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The Standard Model
Higgs is responsible for 
giving mass to the other 

particles. 



Final Keystone Piece: Higgs!

July 4, 2012 at CERN
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And yet… there’s more.
Standard Model



Most of the Universe’s 
Matter is Invisible



Non-Gravitational Searches for DM

“Break it” - Indirect Detection

Search for products of DM annihilation in 
regions of high DM density. 

“Make it” - Colliders

Produce DM and find anomalous missing 
energy. 

“Wait for it” 
Direct 

Detection
DM-SM scattering 

in detector 

DM

DM

SM

SM



Outline
• The Standard Model’s successes & 

limitations.

• The Hunt for New Physics: 

• Thermal relic hypothesis for DM

• Dark photons & kinetic mixing

• Complementarity of Experimental 
Probes.



Why should DM have 
non-gravitational interactions? 
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DM abundance “freezes”

X X

Universe 
expands



X X{
⇢DM ∝ 1

〈�v〉

Final “freeze-out” abundance
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X X{
⇢DM ∝ 1

〈�v〉

Final “freeze-out” abundance

DM as a Thermal Relic

“WIMP miracle” 

〈�v〉 = 3× 10�26 cm3 s�1

A thermal relic has the observed 
DM abundance if: 

WIMP = Weakly-Interacting Massive Particle

• The early Universe was a hot/dense place. 

X

X̄

DM 
annihilation

lighter  
particles

h�vi



Elegant, compelling,  
but not unique.
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What about baryons?

• The amounts of dark and visible matter are 
comparable:

• This could be 
•  A remarkable coincidence. 
•  An anthropic selection effect?  [Freivogel (2008)]
•  An indication of an underlying origin.

⌦DM

⌦B
! 5



Ordinary matter & the baryon asymmetry

• In the Universe today, visible matter is mostly comprised of      
and very little       : matter-antimatter asymmetry.

• Theoretically reasonable:                have large annihilation 
cross section.

p+ � p�

Visible matter
p+

p�

annihilated away in 
the early universe

} VM asymmetry / ⌦VM

baryon number 
conserved today

p�
p+



Asymmetric Dark Matter (ADM)

Visible matter

ordinary 
particles

ordinary 
anti-

particles

} VM asymmetry 

/ ⌦VM

[see reviews: Petraki, Volkas (2013); Zurek (2013)]
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Asymmetric Dark Matter (ADM)

Visible matter

ordinary 
particles

ordinary 
anti-

particles

annihilated away 

} VM asymmetry 

• DM relic abundance may also be due to a particle-antiparticle asymmetry. 

dark 
particles

dark 
anti-particles

dark matter

{DM asymmetry 

/ ⌦DM/ ⌦VM

• Dark and visible asymmetries are separately conserved today.

• DM and visible matter asymmetries are related dynamically by early Universe 
processes. 

same processes

[see reviews: Petraki, Volkas (2013); Zurek (2013)]

Michael Graesser, IMS, Luca Vecchi, 
JHEP 1110 (2011) 110

General case: requisite 
annihilation  depends on DM 
mass and dark asymmetry. 



ADM Miracle Cross Sections
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ADM Miracle Cross Sections

-Suppressed but detectable 
indirect signals. 

-Given indirect detection bounds,  
ADM has non-trivial bounds on 
annihilation. 
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ADM Miracle Cross Sections

-Suppressed but detectable 
indirect signals. 

-Given indirect detection bounds,  
ADM has non-trivial bounds on 
annihilation. 

Michael Graesser, IMS, and Luca Vecchi, JHEP 1110 (2011) 110.                                                                   
Lin, Yu, Zurek, Phys.Rev. D85 (2012) 063503.                                                                                               
Nicole Bell, Shunsaku Horiuchi, IMS, Phys.Rev. D91 (2015) 2, 023505. . 

n+ = 10�1n�

n+ = 10�2n�

n+ = 10�3n�

n+ = n� -What models are consistent with 
thermal relic? 



• The Lee-Weinberg bound (1977), tells us that if sub-GeV 
DM annihilates via weak force the DM, annihilation rate is 
small and a thermal relic is overproduced:   

⌦DM

⌦matter
> 1

• Can be circumvented with new light mediators. 

• Dark Matter may require more than one new 
state. 

Lee-Weinberg Bound 
• One of the few remaining options for thermal DM is < GeV. 



Dark Sectors

Standard
Model

Dark
Sector

portal

A dark sector hiding alongside ours only 
connected through a “portal” interaction 

(and gravity).



Effective field theory

Ovector = Bµ�V
µ�Vector

portal

ONeutrino = LHN
Neutrino 

portal

O
(1)

Higgs
= SH

†
H

O
(2)

Higgs
= �†�H†H

Higgs 
portals

Only 4 renormalizable operators!

[Silveira,Zee ’85]

[Minkowski ’77]

[Holdom ’86]

Possible Portals to a Dark World

Only 4 renormalizable portals!
Let’s test them!



DM coupled to a Dark Photon
•In ordinary EM, the photon is associated with a UEM(1) gauge symmetry.  

→As a result, the photon couples to anything with UEM(1) charge (electrons, 
protons, etc.) 



DM coupled to a Dark Photon
•In ordinary EM, the photon is associated with a UEM(1) gauge symmetry.  

→As a result, the photon couples to anything with UEM(1) charge (electrons, 
protons, etc.) 

•Similarly, the dark photon will couple directly to anything with the dark U(1) 
charge



DM coupled to a Dark Photon
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Testing Thermal-Relic Dark Matter with a Dark Photon Mediator
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(Dated: June 11, 2025)

In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

•In ordinary EM, the photon is associated with a UEM(1) gauge symmetry.  

→As a result, the photon couples to anything with UEM(1) charge (electrons, 
protons, etc.) 

•Similarly, the dark photon will couple directly to anything with the dark U(1) 
charge
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models
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which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

•In ordinary EM, the photon is associated with a UEM(1) gauge symmetry.  

→As a result, the photon couples to anything with UEM(1) charge (electrons, 
protons, etc.) 

•Similarly, the dark photon will couple directly to anything with the dark U(1) 
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models
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which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

•In ordinary EM, the photon is associated with a UEM(1) gauge symmetry.  

→As a result, the photon couples to anything with UEM(1) charge (electrons, 
protons, etc.) 

•Similarly, the dark photon will couple directly to anything with the dark U(1) 
charge

ϵ = dimensionless 
kinetic mixing 
parameter

•As a result of kinetic mixing with the ordinary SM photon, it will have a 
suppressed coupling to anything with UEM charge. 
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =
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µ
ϖ2 Pseudo-Dirac
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(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
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D =
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(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

Then we just ask: what’s Dark Matter made of? Answer to this question 
dictates the form of the dark current (assuming gauge/Lorentz invariance). 
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
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D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

ar
X

iv
:2

50
5.

04
62

6v
1 

 [h
ep

-p
h]

  7
 M

ay
 2

02
5

FERMILAB-PUB-25-0234-T

Testing Thermal-Relic Dark Matter with a Dark Photon Mediator

Gordan Krnjaic1, 2

1Theory Division, Fermilab, Batavia, IL, USA
2Department of Astronomy and Astrophysics, Kavli Institute for Cosmological Physics

University of Chicago, Chicago, IL, USA
(Dated: June 11, 2025)

In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
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relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
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where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

Then we just ask: what’s Dark Matter made of? Answer to this question 
dictates the form of the dark current (assuming gauge/Lorentz invariance). 

Upshot: each of these have 
different requirements to 
be a thermal relic & predict 
different phenomenology! 
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Explicit example: scalar DM annihilating to SM leptons

1) Lorentz Transformations of the Electromagnetic Field

Consider an initial inertial frame K in which the electric and magnetic

fields both lie in the (x→ y) plane. The electric field has a magnitude E0 is

aligned with the x-axis, while the magnetic field has a magnitude B0 = 3E0,

and makes an angle ω with the x-axis.

Part (a):

Find the components of the fields (e.g. E
→
x, E

→
y, E

→
z, B

→
x, B

→
y, B

→
z) in a new frame

K
→
which is moving at speed ε = v/c along the z-axis with respect to the

original frame.

Part (b):

Find the value of ε such that ϑE → and ϑB→ are parallel. Your result should be

a function of the angle ω.

Part (c):

In the ω = ϖ/2 limit, what boost ε is needed to get ϑE → and ϑB→ parallel.

ϱCEωNS ↑ N
2

L ↓ ςFµωF
→µω

+ gDA
→
µφ̄
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ς
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g
2
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2
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FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!

��̄) or e�p ! e�p(A0
! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

Beware: different groups use different combinations of these to report 
results!

2 couplings: (ϵ, gD) 
2 masses: (mX, mA’)

NOTE: Despite this fairly minimal model, we still have 4 new parameters:

Typically fix 2 of them, and report a constraint in plane of the other 2 
parameters. 
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duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

2 couplings: (ϵ, gD) 
2 masses: (mX, mA’)

NOTE: Despite this fairly minimal model, we still have 4 new parameters:

{
Common convention, fix gD and mass 
ratio R ≡ mA’ /mX 
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian
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→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models
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which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

2 couplings: (ϵ, gD) 
2 masses: (mX, mA’)

NOTE: Despite this fairly minimal model, we still have 4 new parameters:

{
Common convention, fix gD and mass 
ratio R ≡ mA’ /mX 

Report constraints in the y-mX plane. 

1) Lorentz Transformations of the Electromagnetic Field

Consider an initial inertial frame K in which the electric and magnetic

fields both lie in the (x→ y) plane. The electric field has a magnitude E0 is

aligned with the x-axis, while the magnetic field has a magnitude B0 = 3E0,

and makes an angle ω with the x-axis.

Part (a):

Find the components of the fields (e.g. E
→
x, E

→
y, E

→
z, B

→
x, B

→
y, B

→
z) in a new frame

K
→
which is moving at speed ε = v/c along the z-axis with respect to the

original frame.

Part (b):

Find the value of ε such that ϑE → and ϑB→ are parallel. Your result should be

a function of the angle ω.

Part (c):

In the ω = ϖ/2 limit, what boost ε is needed to get ϑE → and ϑB→ parallel.

ϱCEωNS ↑ N
2

L ↓ ςFµωF
→µω

+ gDA
→
µφ̄

↔ϱv↗ ↘ 1

6ϖ

ς
2
g
2
Dm

2
Xv

2

(m
2
A→ → 4m

2
X)

2
+m

2
A→!

2
A→

!A→ ≃ mA→

↔ϱv↗ ↑ y

m
2
X

y ⇐ ς
2
↼D

(
mX

mA→

)4
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FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!

��̄) or e�p ! e�p(A0
! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.
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Phenomenological probes of DM through 
Dark Photon Portal

• Broad range of possible probes: 
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FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

direct-detection experiments. However, future B-factory
and fixed-target accelerator experiments can comprehen-
sively cover these targets with dedicated searches in the
near future.

THERMAL RELIC TARGETS

Freeze Out Formalism. In the early universe, ω is
in equilibrium with the SM and the total DM number
density nω evolves as

ṅω + 3Hnω = →k↑εv↓[n2
ω → (neq

ω )2], (3)

where H is the Hubble rate, n
eq
ω is the ω number den-

sity in chemical equilibrium with the SM, and k = 1 or
1/2 for identical or non-identical annihilating particles,
respectively. The thermally-averaged cross section can
be written [14]

↑εv↓ =
1

8m4
ωTK

2
2

(mω

T

)
∫ →

s0

ds ε(s)
↔

s(s→s0)K1

(↔
s

T

)
, (4)

where ε(s) is the DM annihilation cross section, Kn is a
modified Bessel function of the n

th kind, and s0 = 4m
2
ω.

Starting from nω = n
eq
ω at early times, the observed relic

density is achieved for ↑εv↓ ↗ 10↑26cm3s↑1, with the pre-
cise value depending on mass and spin, which introduce
variations of order unity [15].

Since A
↓ couples to all charged SM species, the total

annihilation cross section is a sum of contributions from
all kinematically allowed channels, ωω ↘ f̄f . For DM
masses near the quantum chromodynamics confinement
scale ↗ 200 MeV, annihilation to hadronic final states
can be modeled as [16, 17]

εωω↔had = R(s) εωω↔µ+µ↑ , R(s) =
εe+e↑↔had

εe+e↑↔µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [18]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω↔ε̄ε + ↑εv↓ωω↔had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels. Near the resonance at mA→ ≃ 2mω, it is
necessary to include finite width e!ects for the A

↓ medi-
ator, where

”A→ =
∑

f

”A→↔f̄f + ”A→↔had + ”A→↔ωω, (7)

is the total width, ”A→↔had = R(mA→)”A→↔µ+µ↑ is the
hadronic component, and the sum is over elementary par-
ticles with ”A→↔f̄f = ϱ

2
ςmA→/3 in the mf = 0 limit.

CMB Energy Injection. Although thermal DM
freezes out at temperatures of order T ≃ mω/20 [15],
annihilation reactions still occur at much lower tempera-
tures, though they are ine#cient at changing the comov-
ing DM density. If the annihilation cross section is s-
wave and the comoving DM population does not change
appreciably between freeze out and recombination, the
resulting energy injection can modify the ionization his-
tory of the universe. Increased ionization a!ects CMB
temperature anisotropies after recombination and can be
constrained using existing data, with maximum sensitiv-
ity to energy injection around redshift z ≃ 600 [23]. The
Planck collaboration places stringent limits on the cross
section [24]

↑εv↓cmb
ωω↔vis.

<↗ 2 ⇐ 10↑26cm3s↑1

(
0.4

fe!

)(
mω

30 GeV

)
, (8)
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CMB Constraints on DM Annihilation

Dark Matter Annihilation During 
Recombination 

Image Credit: William Kinney
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Neelima Sehgal, Stony Brook

• Although any viable thermal DM candidate is frozen out well before recombination, 
out of equilibrium annihilation around z ∼ 1100 can still reionize hydrogen at the 
surface of last scattering and thereby modify the CMB power spectrum

Current Planck data [1807.06209]  
rule out thermal relic DM with 
mass < 10 GeV. 

annihilation rate @ thermal 
freeze-out = annihilation rate @ 
recombination

Key assumption: 

Image credit: William Kinney



Direct Detection of DM

DM
DM

e-

nucleus

e-

nucleus

Can transfer entire DM kinetic energy in inelastic scatters

• DM-e scattering

• DM-N scattering 
via Migdal effect
Migdal; Vergados & Ejiri; Bernabei; 
Ibe, Nakano, Shoji, Suzuki

RE, Mardon, Volansky

• DM scattering w/ 
collective modes 
(e.g. optical phonons)
Knapen, Lin, Pyle, Zurek

DM DM

e- nucleus

e-

nucleus

DM

DM

DM

•Notice that sub-GeV bounds 
get weak very quickly (like 
trying to move a boulder by 
throwing pebbles at it).  

•Simple idea for light DM: look 
for electron scattering 
instead



Current status thermal DM
• First, let’s just look at implications of direct detection bounds for MeV-GeV 

thermal relic DM.
2

5

µ, ω f+

f→

A↑
εε

e+

e→ϑ

A↑ εε

ϑ↓

↔

ϖ
ω

ω

Z

e→ e→

ϑϑ
A↑

ε

↔

5

µ, ω f+

f→

A↑
εε

e+

e→ϑ

A↑ εε

ϑ↓

↔

ϖ
ω

ω

Z

e→ e→

ϑϑ
A↑

ε

↔

4

µc

→H↑

µL

ω

{εi}

e

A↓

ω

ω

ω

ϑ1

ϑ2

A↓

ϑ

ϑ A↓

ϑ↔ A↓

<latexit sha1_base64="IPJ0FMBbcLm4sehA9nxRpdXOASI=">AAACDnicbVDLTgIxFO3gC/GFunTTSEhckRnia0nUhUtM5JEwSO6UAg2dtmk7JITwBW78FTcuNMata3f+jeWxUPAkTU7OuTe350SKM2N9/9tLrayurW+kNzNb2zu7e9n9g6qRiSa0QiSXuh6BoZwJWrHMclpXmkIccVqL+tcTvzag2jAp7u1Q0WYMXcE6jIB1UiubDw3rxoAHOFRaKitxCFz1oHWDQ6oM41I8FHErm/ML/hR4mQRzkkNzlFvZr7AtSRJTYQkHYxqBr2xzBNoywuk4EyaGKiB96NKGowJiapqjaZwxzjuljTtSuycsnqq/N0YQGzOMIzcZg+2ZRW8i/uc1Etu5bI6YUImlgswOdRKOXepJN7jNNCWWDx0Bopn7KyY90ECsazDjSggWIy+TarEQnBfO7k5zpat5HWl0hI7RCQrQBSqhW1RGFUTQI3pGr+jNe/JevHfvYzaa8uY7h+gPvM8fNkyblQ==</latexit>

ωv → εDϑ
2

<latexit sha1_base64="WPkSu+8dmH8fhu+jmkUwSc6qZ+M=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoqXmMFDIxFog+pCdGN67ZWncSynUpV1YWFX2FhACFW/oGNv8FtM0DLkSwdnXOvrs8JBWdKO863lVtaXlldy68XNja3tnfs3b26SlJJaI0kPJHNEBTlLKY1zTSnTSEpRCGnjbB/PfEbAyoVS+J7PRTUj6Absw4joI0U2IeeYt0I8AB7QiZCJ9gDLnoQ3DyUcWAXnZIzBV4kbkaKKEM1sL+8dkLSiMaacFCq5TpC+yOQmhFOxwUvVVQA6UOXtgyNIaLKH01TjPGxUdq4k0jzYo2n6u+NEURKDaPQTEage2rem4j/ea1Udy79EYtFqmlMZoc6Kccm7KQS3GaSEs2HhgCRzPwVkx5IINoUVzAluPORF0m9XHLPS2d3p8XKVVZHHh2gI3SCXHSBKugWVVENEfSIntErerOerBfr3fqYjeasbGcf/YH1+QM9eJfF</latexit>

ωv → ε
2
D

<latexit sha1_base64="xxbkJ2VcI4V/adWVY51NDrhZ/ps=">AAACD3icbVDLSgMxFM34tr6qLt0Ei+KqzBRfS1EXLhWsLXTqcCe9bUMzSUgyQin+gRt/xY0LRdy6deffmNYufB0IHM65l5tzUi24dWH4EUxMTk3PzM7NFxYWl5ZXiqtrV1blhmGVKaFMPQWLgkusOu4E1rVByFKBtbR3MvRrN2gsV/LS9TU2M+hI3uYMnJeS4nZseSeDBCmNtVHaKRqD0F1ITmmM2nKh5HWFJsVSWA5HoH9JNCYlMsZ5UnyPW4rlGUrHBFjbiELtmgMwjjOBt4U4t6iB9aCDDU8lZGibg1GeW7rllRZtK+OfdHSkft8YQGZtP0v9ZAaua397Q/E/r5G79mFzwKXOHUr2daidC+pTD8uhLW6QOdH3BJjh/q+UdcEAc77Cgi8h+h35L7mqlKP98t7FbunoeFzHHNkgm2SHROSAHJEzck6qhJE78kCeyHNwHzwGL8Hr1+hEMN5ZJz8QvH0C3hWb7Q==</latexit>

ωe → εDϑ
2

<latexit sha1_base64="duAGv6qUUli1T8oZOcMZms+u3ro=">AAACBHicbVC7SgNBFJ31GeMraplmMAhWYVd8lUEbywjmAckSZid3kyGzs8vMXTEsKWz8FRsLRWz9CDv/xsmj0MQDA4dz7uXOOUEihUHX/XaWlldW19ZzG/nNre2d3cLeft3EqeZQ47GMdTNgBqRQUEOBEpqJBhYFEhrB4HrsN+5BGxGrOxwm4Eesp0QoOEMrdQrFNsIDZiCBo44VNdZA0EL16KhTKLlldwK6SLwZKZEZqp3CV7sb8zQChVwyY1qem6CfMY2CSxjl26mBhPEB60HLUsUiMH42CTGiR1bp0jDW9imkE/X3RsYiY4ZRYCcjhn0z743F/7xWiuGlnwmVpAiKTw+FqaQY03EjtCu0DS+HljCuhf0r5X2mGbc9mLwtwZuPvEjqJ2XvvHx2e1qqXM3qyJEiOSTHxCMXpEJuSJXUCCeP5Jm8kjfnyXlx3p2P6eiSM9s5IH/gfP4AifGYrA==</latexit>

electron scattering
<latexit sha1_base64="vKXWd7JUQ6NrRvz4IcP3eMmj0ns=">AAACBXicbVC7SgNBFJ31GeMraqnFYBCswq74KoM2lhHMA5IQZic3yZDZ2WXmrhiWNDb+io2FIrb+g51/42SzhSYeGDiccy93zvEjKQy67rezsLi0vLKaW8uvb2xubRd2dmsmjDWHKg9lqBs+MyCFgioKlNCINLDAl1D3h9cTv34P2ohQ3eEognbA+kr0BGdopU7hoIXwgAntCg0cKVNKDIRMzTHtFIpuyU1B54mXkSLJUOkUvlrdkMcBKOSSGdP03AjbCdMouIRxvhUbiBgfsj40LVUsANNO0hRjemSVLu2F2j6FNFV/byQsMGYU+HYyYDgws95E/M9rxti7bCdCRTGC4tNDvVhSDOmkkiy7HFnCuBb2r5QPmGYcbXF5W4I3G3me1E5K3nnp7Pa0WL7K6siRfXJIjolHLkiZ3JAKqRJOHskzeSVvzpPz4rw7H9PRBSfb2SN/4Hz+AMCWmL8=</latexit>

direct annihilation
<latexit sha1_base64="l26k5LGM4NgDxdOVBC/qij6EXTE=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4Crvi6xj04jGCeUASwuxsJxkyO7vM9IphycmLv+LFgyJe/QZv/o2TZA+aWNBQVHXT3eXHUhh03W9nYXFpeWU1t5Zf39jc2i7s7NZMlGgOVR7JSDd8ZkAKBVUUKKERa2ChL6HuD67Hfv0etBGRusNhDO2Q9ZToCs7QSp3CQQvhAVMDXCYBBJQpJfpCTtwR7RSKbsmdgM4TLyNFkqHSKXy1gognISjkkhnT9NwY2ynTKLiEUb6VGIgZH7AeNC1VLATTTidvjOiRVQLajbQthXSi/p5IWWjMMPRtZ8iwb2a9sfif10ywe9lOhYoTBMWni7qJpBjRcSY0EBo4yqEljGthb6W8zzTjaJPL2xC82ZfnSe2k5J2Xzm5Pi+WrLI4c2SeH5Jh45IKUyQ2pkCrh5JE8k1fy5jw5L8678zFtXXCymT3yB87nD/83mXc=</latexit>

secluded annihilation
<latexit sha1_base64="d9idAqoK4uEYkrLfobAF5ilm6WY="></latexit>

Electron Scattering Direct Annihilation Secluded Annihilation

5

µ, ω f+

f→

A↑
εε

e+

e→ϑ

A↑ εε

ϑ↓

↔

ϖ
ω

ω

Z

e→ e→

ϑϑ
A↑

ε

↔

5

µ, ω f+

f→

A↑
εε

e+

e→ϑ

A↑ εε

ϑ↓

↔

ϖ
ω

ω

Z

e→ e→

ϑϑ
A↑

ε

↔

4

µc

→H↑

µL

ω

{εi}

e

A↓

ω

ω

ω

ϑ1

ϑ2

A↓

ϑ

ϑ A↓

ϑ↔ A↓

<latexit sha1_base64="IPJ0FMBbcLm4sehA9nxRpdXOASI=">AAACDnicbVDLTgIxFO3gC/GFunTTSEhckRnia0nUhUtM5JEwSO6UAg2dtmk7JITwBW78FTcuNMata3f+jeWxUPAkTU7OuTe350SKM2N9/9tLrayurW+kNzNb2zu7e9n9g6qRiSa0QiSXuh6BoZwJWrHMclpXmkIccVqL+tcTvzag2jAp7u1Q0WYMXcE6jIB1UiubDw3rxoAHOFRaKitxCFz1oHWDQ6oM41I8FHErm/ML/hR4mQRzkkNzlFvZr7AtSRJTYQkHYxqBr2xzBNoywuk4EyaGKiB96NKGowJiapqjaZwxzjuljTtSuycsnqq/N0YQGzOMIzcZg+2ZRW8i/uc1Etu5bI6YUImlgswOdRKOXepJN7jNNCWWDx0Bopn7KyY90ECsazDjSggWIy+TarEQnBfO7k5zpat5HWl0hI7RCQrQBSqhW1RGFUTQI3pGr+jNe/JevHfvYzaa8uY7h+gPvM8fNkyblQ==</latexit>

ωv → εDϑ
2

<latexit sha1_base64="WPkSu+8dmH8fhu+jmkUwSc6qZ+M=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoqXmMFDIxFog+pCdGN67ZWncSynUpV1YWFX2FhACFW/oGNv8FtM0DLkSwdnXOvrs8JBWdKO863lVtaXlldy68XNja3tnfs3b26SlJJaI0kPJHNEBTlLKY1zTSnTSEpRCGnjbB/PfEbAyoVS+J7PRTUj6Absw4joI0U2IeeYt0I8AB7QiZCJ9gDLnoQ3DyUcWAXnZIzBV4kbkaKKEM1sL+8dkLSiMaacFCq5TpC+yOQmhFOxwUvVVQA6UOXtgyNIaLKH01TjPGxUdq4k0jzYo2n6u+NEURKDaPQTEage2rem4j/ea1Udy79EYtFqmlMZoc6Kccm7KQS3GaSEs2HhgCRzPwVkx5IINoUVzAluPORF0m9XHLPS2d3p8XKVVZHHh2gI3SCXHSBKugWVVENEfSIntErerOerBfr3fqYjeasbGcf/YH1+QM9eJfF</latexit>

ωv → ε
2
D

<latexit sha1_base64="xxbkJ2VcI4V/adWVY51NDrhZ/ps=">AAACD3icbVDLSgMxFM34tr6qLt0Ei+KqzBRfS1EXLhWsLXTqcCe9bUMzSUgyQin+gRt/xY0LRdy6deffmNYufB0IHM65l5tzUi24dWH4EUxMTk3PzM7NFxYWl5ZXiqtrV1blhmGVKaFMPQWLgkusOu4E1rVByFKBtbR3MvRrN2gsV/LS9TU2M+hI3uYMnJeS4nZseSeDBCmNtVHaKRqD0F1ITmmM2nKh5HWFJsVSWA5HoH9JNCYlMsZ5UnyPW4rlGUrHBFjbiELtmgMwjjOBt4U4t6iB9aCDDU8lZGibg1GeW7rllRZtK+OfdHSkft8YQGZtP0v9ZAaua397Q/E/r5G79mFzwKXOHUr2daidC+pTD8uhLW6QOdH3BJjh/q+UdcEAc77Cgi8h+h35L7mqlKP98t7FbunoeFzHHNkgm2SHROSAHJEzck6qhJE78kCeyHNwHzwGL8Hr1+hEMN5ZJz8QvH0C3hWb7Q==</latexit>

ωe → εDϑ
2

<latexit sha1_base64="duAGv6qUUli1T8oZOcMZms+u3ro=">AAACBHicbVC7SgNBFJ31GeMraplmMAhWYVd8lUEbywjmAckSZid3kyGzs8vMXTEsKWz8FRsLRWz9CDv/xsmj0MQDA4dz7uXOOUEihUHX/XaWlldW19ZzG/nNre2d3cLeft3EqeZQ47GMdTNgBqRQUEOBEpqJBhYFEhrB4HrsN+5BGxGrOxwm4Eesp0QoOEMrdQrFNsIDZiCBo44VNdZA0EL16KhTKLlldwK6SLwZKZEZqp3CV7sb8zQChVwyY1qem6CfMY2CSxjl26mBhPEB60HLUsUiMH42CTGiR1bp0jDW9imkE/X3RsYiY4ZRYCcjhn0z743F/7xWiuGlnwmVpAiKTw+FqaQY03EjtCu0DS+HljCuhf0r5X2mGbc9mLwtwZuPvEjqJ2XvvHx2e1qqXM3qyJEiOSTHxCMXpEJuSJXUCCeP5Jm8kjfnyXlx3p2P6eiSM9s5IH/gfP4AifGYrA==</latexit>

electron scattering
<latexit sha1_base64="vKXWd7JUQ6NrRvz4IcP3eMmj0ns=">AAACBXicbVC7SgNBFJ31GeMraqnFYBCswq74KoM2lhHMA5IQZic3yZDZ2WXmrhiWNDb+io2FIrb+g51/42SzhSYeGDiccy93zvEjKQy67rezsLi0vLKaW8uvb2xubRd2dmsmjDWHKg9lqBs+MyCFgioKlNCINLDAl1D3h9cTv34P2ohQ3eEognbA+kr0BGdopU7hoIXwgAntCg0cKVNKDIRMzTHtFIpuyU1B54mXkSLJUOkUvlrdkMcBKOSSGdP03AjbCdMouIRxvhUbiBgfsj40LVUsANNO0hRjemSVLu2F2j6FNFV/byQsMGYU+HYyYDgws95E/M9rxti7bCdCRTGC4tNDvVhSDOmkkiy7HFnCuBb2r5QPmGYcbXF5W4I3G3me1E5K3nnp7Pa0WL7K6siRfXJIjolHLkiZ3JAKqRJOHskzeSVvzpPz4rw7H9PRBSfb2SN/4Hz+AMCWmL8=</latexit>

direct annihilation
<latexit sha1_base64="l26k5LGM4NgDxdOVBC/qij6EXTE=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4Crvi6xj04jGCeUASwuxsJxkyO7vM9IphycmLv+LFgyJe/QZv/o2TZA+aWNBQVHXT3eXHUhh03W9nYXFpeWU1t5Zf39jc2i7s7NZMlGgOVR7JSDd8ZkAKBVUUKKERa2ChL6HuD67Hfv0etBGRusNhDO2Q9ZToCs7QSp3CQQvhAVMDXCYBBJQpJfpCTtwR7RSKbsmdgM4TLyNFkqHSKXy1gognISjkkhnT9NwY2ynTKLiEUb6VGIgZH7AeNC1VLATTTidvjOiRVQLajbQthXSi/p5IWWjMMPRtZ8iwb2a9sfif10ywe9lOhYoTBMWni7qJpBjRcSY0EBo4yqEljGthb6W8zzTjaJPL2xC82ZfnSe2k5J2Xzm5Pi+WrLI4c2SeH5Jh45IKUyQ2pkCrh5JE8k1fy5jw5L8678zFtXXCymT3yB87nD/83mXc=</latexit>

secluded annihilation
<latexit sha1_base64="d9idAqoK4uEYkrLfobAF5ilm6WY="></latexit>

Electron Scattering Direct Annihilation Secluded Annihilation

f

FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

direct-detection experiments. However, future B-factory
and fixed-target accelerator experiments can comprehen-
sively cover these targets with dedicated searches in the
near future.

THERMAL RELIC TARGETS

Freeze Out Formalism. In the early universe, ω is
in equilibrium with the SM and the total DM number
density nω evolves as

ṅω + 3Hnω = →k↑εv↓[n2
ω → (neq

ω )2], (3)

where H is the Hubble rate, n
eq
ω is the ω number den-

sity in chemical equilibrium with the SM, and k = 1 or
1/2 for identical or non-identical annihilating particles,
respectively. The thermally-averaged cross section can
be written [14]

↑εv↓ =
1

8m4
ωTK

2
2

(mω

T

)
∫ →

s0

ds ε(s)
↔

s(s→s0)K1

(↔
s

T

)
, (4)

where ε(s) is the DM annihilation cross section, Kn is a
modified Bessel function of the n

th kind, and s0 = 4m
2
ω.

Starting from nω = n
eq
ω at early times, the observed relic

density is achieved for ↑εv↓ ↗ 10↑26cm3s↑1, with the pre-
cise value depending on mass and spin, which introduce
variations of order unity [15].

Since A
↓ couples to all charged SM species, the total

annihilation cross section is a sum of contributions from
all kinematically allowed channels, ωω ↘ f̄f . For DM
masses near the quantum chromodynamics confinement
scale ↗ 200 MeV, annihilation to hadronic final states
can be modeled as [16, 17]

εωω↔had = R(s) εωω↔µ+µ↑ , R(s) =
εe+e↑↔had

εe+e↑↔µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [18]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω↔ε̄ε + ↑εv↓ωω↔had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels. Near the resonance at mA→ ≃ 2mω, it is
necessary to include finite width e!ects for the A

↓ medi-
ator, where

”A→ =
∑

f

”A→↔f̄f + ”A→↔had + ”A→↔ωω, (7)

is the total width, ”A→↔had = R(mA→)”A→↔µ+µ↑ is the
hadronic component, and the sum is over elementary par-
ticles with ”A→↔f̄f = ϱ

2
ςmA→/3 in the mf = 0 limit.

CMB Energy Injection. Although thermal DM
freezes out at temperatures of order T ≃ mω/20 [15],
annihilation reactions still occur at much lower tempera-
tures, though they are ine#cient at changing the comov-
ing DM density. If the annihilation cross section is s-
wave and the comoving DM population does not change
appreciably between freeze out and recombination, the
resulting energy injection can modify the ionization his-
tory of the universe. Increased ionization a!ects CMB
temperature anisotropies after recombination and can be
constrained using existing data, with maximum sensitiv-
ity to energy injection around redshift z ≃ 600 [23]. The
Planck collaboration places stringent limits on the cross
section [24]

↑εv↓cmb
ωω↔vis.

<↗ 2 ⇐ 10↑26cm3s↑1

(
0.4

fe!

)(
mω

30 GeV

)
, (8)
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

(σv) ~ v2

(σv) ~ v2

No Excited DM

No anti-DM

σe ~ v0

σe ~ v2

Loop-suppressed

σe ~ v0

Direct Detection 
Cross Section

Why is thermal 
relic CMB safe? 



Current status thermal DM
• For scalar DM, the CMB bounds 

on thermal relics are satisfied since 
annihilation cross section ~ v^2. 

3

FIG. 2. Limits on the e!ective dark matter-electron scatter-
ing cross section ω̄e from Eq. (15) plotted against thermal
relic targets for complex scalar DM with di!erent values of
R = mA→/mω. We also show projections for SENSEI [19],
DAMIC-M [20], and Oscura [21]; the bottom shaded region
is the neutrino fog for electron recoils in Si [22]. We only
include direct detection limits since these do not require any
assumption about the specific values of εD. The bottom re-
gion is the neutrino fog for electron scattering o! a silicon
target [22]. Importantly, we do not show any limits from ac-
celerator searches as these require an assumption about the
specific values of εD and R. Here we emphasize that, away
from the fine-tuned resonant region at mA→ → 2mω the com-
plex scalar model is ruled out solely based on direct detection
limits.

where vis. represents any visible SM final state, fe! is
an ionization e!ciency factor that ranges approximately
from 0.1 → 1, depending on the final state, and asymp-
totes to fe! ↑ 0.4 for mω

>↓ GeV, assuming ωω ↔ e
+
e
→

annihilation [25].

For s-wave annihilation, the cross-section has the same
value at freeze-out as it does during recombination, so
models with this kind of annihilation are excluded unless
the DM population changes in between freeze out and
recombination. Although the pseudo-Dirac and asym-
metric Dirac models undergo s-wave annihilation, their
population changes in between chemical decoupling and
recombination, so annihilation shuts o” at late times
and Eq. (8) can easily be satisfied. For the complex
scalar and Majorana models considered here, the anni-
hilation is p-wave, so the bound in Eq. (8) is trivially
satisfied since the DM velocity is significantly redshifted
in between freeze out and recombination, ↗εv↘cmb

ωω↑vis. ≃
10→26cm3s→1.

DIRECT ANNIHILATION REGIME

In this section we describe representative DM models
that are safe from the strong CMB limits from Eq. (8)
and allow for the predictive direct-annihilation topology
shown in Fig. 1 (middle).

Complex Scalar. In this model, ω couples to A
↓

through the current J
µ
D = i(ω↔

ϑ
µ
ω → ωϑ

µ
ω
↔) from Eq.

(2), and the annihilation cross section for each channel is

εωω↑↑f̄f =
4ϖϱϱDς

2
φωφf (s + 2m

2
ω)

3s[(s → m
2
A→)2 + m

2
A→#2

A→ ]
, (9)

where φi =
√

1 → 4m
2
i /s. Note that, because this process

is p-wave, the annihilation rate is sharply suppressed at
recombination, so energy injection into the CMB does not
constrain the thermal-relic cross section [24]. The non-
relativistic direct-detection cross section for scattering o”
target particle f can be written

εf =
16ϖς

2
ϱϱDµ

2
ωf

m
4
A→

, (10)

where µωf is the ω-f reduced mass and we have ne-
glected small corrections from the momentum transfer,
corresponding to the FDM = 1 form factor [35].

In Fig. 2 we show the thermal-relic parameter space
in terms of the ω-e scattering cross section alongside
existing experimental limits and projections for future
searches. The left panel presents the mA→ > 2mω regime
in which the total width satisfies #A→ ↑ #A→↑ωω↑ and
is nearly independent of ς. Similar results hold for the
2mω > mA→ > mω (not shown in Fig. 2) in which the
relic abundance still arises from direct annihilation (Fig.
1, middle), but A

↓ can only decay to SM particles, so
#A→ ⇐ ς

2. In both regimes, the complex scalar model
is completely excluded except for the narrow resonance
region around mA→ ↑ 2mω.

Majorana. In this model, the ω-A↓ coupling is J
µ
D =

1
2A

↓
µω↼

µ
↼

5
ω from Eq. (2). Here the annihilation cross

section has the same form as Eq. (9), which is also p-wave
and, therefore, safe from CMB energy injection limits
[24]. The direct-detection cross section for scattering o”
free particle f at rest is [36]

εf =
8ϖϱϱDς

2
µ

2
ωf (3m

2
ω + 2mωmf + m

2
e)v

2

m
4
A→(mω + mf )2

, (11)

where v is the DM velocity.

Pseudo-Dirac. In this scenario, the DM-A↓ its interac-
tion is J

µ
D = iω1↼

µ
ω2 + h.c., in Eq. (2), where ω1 and

ω2 are respectively the ground and excited states with
corresponding masses m1,2. Here the relic abundance is
governed by ω1ω2 ↔ SM coannihilation with the cross
section

εω1ω2↑f̄f =
4ϖϱϱDς

2(s + 2m
2
f )(s + 2m

2
ω)

3s[(s → m
2
A→)2 + m

2
A→#2

A→ ]

φf

φω
, (12)

2
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µ, ω f+

f→

A↑
εε

e+

e→ϑ

A↑ εε

ϑ↓

↔

ϖ
ω

ω

Z

e→ e→

ϑϑ
A↑

ε

↔

5

µ, ω f+

f→

A↑
εε

e+

e→ϑ

A↑ εε

ϑ↓

↔

ϖ
ω

ω

Z

e→ e→

ϑϑ
A↑

ε

↔

4

µc

→H↑

µL

ω

{εi}

e

A↓

ω

ω

ω

ϑ1

ϑ2

A↓

ϑ
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FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

direct-detection experiments. However, future B-factory
and fixed-target accelerator experiments can comprehen-
sively cover these targets with dedicated searches in the
near future.

THERMAL RELIC TARGETS

Freeze Out Formalism. In the early universe, ω is
in equilibrium with the SM and the total DM number
density nω evolves as

ṅω + 3Hnω = →k↑εv↓[n2
ω → (neq

ω )2], (3)

where H is the Hubble rate, n
eq
ω is the ω number den-

sity in chemical equilibrium with the SM, and k = 1 or
1/2 for identical or non-identical annihilating particles,
respectively. The thermally-averaged cross section can
be written [14]

↑εv↓ =
1

8m4
ωTK

2
2

(mω

T

)
∫ →

s0

ds ε(s)
↔

s(s→s0)K1

(↔
s

T

)
, (4)

where ε(s) is the DM annihilation cross section, Kn is a
modified Bessel function of the n

th kind, and s0 = 4m
2
ω.

Starting from nω = n
eq
ω at early times, the observed relic

density is achieved for ↑εv↓ ↗ 10↑26cm3s↑1, with the pre-
cise value depending on mass and spin, which introduce
variations of order unity [15].

Since A
↓ couples to all charged SM species, the total

annihilation cross section is a sum of contributions from
all kinematically allowed channels, ωω ↘ f̄f . For DM
masses near the quantum chromodynamics confinement
scale ↗ 200 MeV, annihilation to hadronic final states
can be modeled as [16, 17]

εωω↔had = R(s) εωω↔µ+µ↑ , R(s) =
εe+e↑↔had

εe+e↑↔µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [18]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω↔ε̄ε + ↑εv↓ωω↔had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels. Near the resonance at mA→ ≃ 2mω, it is
necessary to include finite width e!ects for the A

↓ medi-
ator, where

”A→ =
∑

f

”A→↔f̄f + ”A→↔had + ”A→↔ωω, (7)

is the total width, ”A→↔had = R(mA→)”A→↔µ+µ↑ is the
hadronic component, and the sum is over elementary par-
ticles with ”A→↔f̄f = ϱ

2
ςmA→/3 in the mf = 0 limit.

CMB Energy Injection. Although thermal DM
freezes out at temperatures of order T ≃ mω/20 [15],
annihilation reactions still occur at much lower tempera-
tures, though they are ine#cient at changing the comov-
ing DM density. If the annihilation cross section is s-
wave and the comoving DM population does not change
appreciably between freeze out and recombination, the
resulting energy injection can modify the ionization his-
tory of the universe. Increased ionization a!ects CMB
temperature anisotropies after recombination and can be
constrained using existing data, with maximum sensitiv-
ity to energy injection around redshift z ≃ 600 [23]. The
Planck collaboration places stringent limits on the cross
section [24]

↑εv↓cmb
ωω↔vis.

<↗ 2 ⇐ 10↑26cm3s↑1

(
0.4

fe!

)(
mω

30 GeV

)
, (8)

Even with only these DD bounds, all ratios R>3 thermal relics are now ruled out. 
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Fine-tuned region near resonance is still viable. 
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FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

direct-detection experiments. However, future B-factory
and fixed-target accelerator experiments can comprehen-
sively cover these targets with dedicated searches in the
near future.

THERMAL RELIC TARGETS

Freeze Out Formalism. In the early universe, ω is
in equilibrium with the SM and the total DM number
density nω evolves as

ṅω + 3Hnω = →k↑εv↓[n2
ω → (neq

ω )2], (3)

where H is the Hubble rate, n
eq
ω is the ω number den-

sity in chemical equilibrium with the SM, and k = 1 or
1/2 for identical or non-identical annihilating particles,
respectively. The thermally-averaged cross section can
be written [14]

↑εv↓ =
1

8m4
ωTK

2
2

(mω

T

)
∫ →

s0

ds ε(s)
↔

s(s→s0)K1

(↔
s

T

)
, (4)

where ε(s) is the DM annihilation cross section, Kn is a
modified Bessel function of the n

th kind, and s0 = 4m
2
ω.

Starting from nω = n
eq
ω at early times, the observed relic

density is achieved for ↑εv↓ ↗ 10↑26cm3s↑1, with the pre-
cise value depending on mass and spin, which introduce
variations of order unity [15].

Since A
↓ couples to all charged SM species, the total

annihilation cross section is a sum of contributions from
all kinematically allowed channels, ωω ↘ f̄f . For DM
masses near the quantum chromodynamics confinement
scale ↗ 200 MeV, annihilation to hadronic final states
can be modeled as [16, 17]

εωω↔had = R(s) εωω↔µ+µ↑ , R(s) =
εe+e↑↔had

εe+e↑↔µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [18]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω↔ε̄ε + ↑εv↓ωω↔had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels. Near the resonance at mA→ ≃ 2mω, it is
necessary to include finite width e!ects for the A

↓ medi-
ator, where

”A→ =
∑

f

”A→↔f̄f + ”A→↔had + ”A→↔ωω, (7)

is the total width, ”A→↔had = R(mA→)”A→↔µ+µ↑ is the
hadronic component, and the sum is over elementary par-
ticles with ”A→↔f̄f = ϱ

2
ςmA→/3 in the mf = 0 limit.

CMB Energy Injection. Although thermal DM
freezes out at temperatures of order T ≃ mω/20 [15],
annihilation reactions still occur at much lower tempera-
tures, though they are ine#cient at changing the comov-
ing DM density. If the annihilation cross section is s-
wave and the comoving DM population does not change
appreciably between freeze out and recombination, the
resulting energy injection can modify the ionization his-
tory of the universe. Increased ionization a!ects CMB
temperature anisotropies after recombination and can be
constrained using existing data, with maximum sensitiv-
ity to energy injection around redshift z ≃ 600 [23]. The
Planck collaboration places stringent limits on the cross
section [24]

↑εv↓cmb
ωω↔vis.

<↗ 2 ⇐ 10↑26cm3s↑1

(
0.4

fe!

)(
mω

30 GeV

)
, (8)

Nearly excluded for parameter space off resonance.

2505.04626
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FIG. 4. Parameters space for asymmetric Dirac DM where
gray shaded regions are excluded by direct detection searches
and the orange shaded region is excluded by CMB energy
injection bounds from the residual antiparticle population at
recombination. Unlike the other targets shown in Figs. 2
and 3, here every unshaded white region is compatible with
the observed DM density, though the DM particle-antiparticle
asymmetry is di!erent at each value point [38]. Here the CMB
exclusion region is computed for R = 3 but is insensitive to
this ratio away from the tuned resonance region mA→ → 2mω.
Thus, this model is now nearly excluded for parameter space
o! resonance.

dent of the SM coupling ω [39]. However, since A
→ is the

lightest particle in the dark sector, it promptly2 decays
to SM particles, so secluded annihilation is subject to the
CMB bound mentioned above.

For the models considered in Eq. (2), in the secluded
regime the annihilation cross sections all satisfy

εvωω↑A→A→ =
ϑϖϱ

2
D

m2
ω

, (14)

where we have taken the the mω → mA→ limit and
ϑ = 1, 5/2, 11/2 for complex scalar, Majorana fermion,
and (pseudo) Dirac fermions, respectively. Since this ex-
pression is independent of the SM coupling ω, the freeze
out requirement εvωω↑A→A→ ↑ 10↓26cm3s↓1 does not pre-
dict a testable milestone for experimental searches, whose
signal rates all depend on ω.

2
If ω is su!ciently small, the A→

lifetime can be arbitrarily long.

However, for ω <→
√

mA→/MPl is the asymmetry ratio, where MPl

is the Planck mass, the ε and A→
both lose thermal contact with

the SM, so thermal freeze out is no longer viable.

EXPERIMENTAL SEARCHES

Electron Recoils. Electron recoil experiments probe
the ς-e cross section, parametrized as the e!ective quan-
tity [35]

ε̄e =
16ϖϱϱDω

2
µ

2
ωe

(m2
A→ + ϱ2m2

e)
2
, (15)

which is multiplied by a material-specific structure func-
tion to calculate the total event rate. Note that a viable
thermal cosmology requires mA→ > MeV, so the models
studied here all correspond to the heavy-mediator form-
factor FDM = 1 [35].

The DAMIC-M collaboration has recently published
new constraints on DM-e interactions in a Si target with
a ↑ 1.3 kg·day exposure [12]. The PandaX-4T exper-
iment has placed limits on sub-GeV DM scattering o!
electrons using a xenon target with 0.55 ton·year expo-
sure [40]. The DarkSide-50 collaboration has reported
DM-e scattering constraints in a liquid-Ar target with
12,306 kg·day exposure, and these limits are all shown
in Figs. 2 and 4 for the complex scalar and asymmetric
fermion scenarios, respectively [41]. These figures also
show projections for SENSEI [19], DAMIC-M [20], and
Oscura [21]. Electron recoil sensitivity can also be en-
hanced at low mass through the process of solar reflec-
tion, in which a small fraction of DM particles are up-
sacttered to higher velocities through their interactions
with the sun, and can thereby deposit more energy in
terrestrial detectors [42].

Nuclear Recoils. For an A
→ mediator, nuclear recoil

searches constrain the cross section for scattering o! de-
tector protons

εp =
16ϖω

2
ϱDϱµ

2
ωp

m
2
A→

=
µ

2
ωp

µ2
ωe

ε̄
2
ωe, (16)

where ε̄e is defined in Eq. (15). In Figs. 2 and 4 we
show CRESST-III limits from Ref. [43, 44] which are
based on a 3.64 kg·day exposure with a CaWO4 target;
here we translate εp into the ε̄e using Eq. (16) and note
that the limits in Ref. [43, 44] assume that DM couples
to all nucleons in the target, but for an A

→ mediator it
only couples to the protons.

Nuclear recoil search sensitivity can be extended down
to lower mass through the Migdal e!ect [45] in which
DM-nucleus interactions catalyze atomic ionization [34,
46–50]. Due to the di”culty of calibrating this phe-
nomenon [51], in Fig. 2 we conservatively omit limits
based the Migdal e!ect, even though such searches have
been reported by several experiments [52–56]. However,
this situation could change significantly as there are sev-
eral proposals to calibrate this e!ect for dark matter
detection in the near future [57, 58]. Related ideas for
detecting phonon excitation energy from nuclear targets
may also be promising [34, 59, 60].



Current status thermal DM
• First, let’s just look at implications of direct detection bounds for MeV-GeV 

thermal relic DM.
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FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

direct-detection experiments. However, future B-factory
and fixed-target accelerator experiments can comprehen-
sively cover these targets with dedicated searches in the
near future.

THERMAL RELIC TARGETS

Freeze Out Formalism. In the early universe, ω is
in equilibrium with the SM and the total DM number
density nω evolves as

ṅω + 3Hnω = →k↑εv↓[n2
ω → (neq

ω )2], (3)

where H is the Hubble rate, n
eq
ω is the ω number den-

sity in chemical equilibrium with the SM, and k = 1 or
1/2 for identical or non-identical annihilating particles,
respectively. The thermally-averaged cross section can
be written [14]

↑εv↓ =
1

8m4
ωTK

2
2

(mω

T

)
∫ →

s0

ds ε(s)
↔

s(s→s0)K1

(↔
s

T

)
, (4)

where ε(s) is the DM annihilation cross section, Kn is a
modified Bessel function of the n

th kind, and s0 = 4m
2
ω.

Starting from nω = n
eq
ω at early times, the observed relic

density is achieved for ↑εv↓ ↗ 10↑26cm3s↑1, with the pre-
cise value depending on mass and spin, which introduce
variations of order unity [15].

Since A
↓ couples to all charged SM species, the total

annihilation cross section is a sum of contributions from
all kinematically allowed channels, ωω ↘ f̄f . For DM
masses near the quantum chromodynamics confinement
scale ↗ 200 MeV, annihilation to hadronic final states
can be modeled as [16, 17]

εωω↔had = R(s) εωω↔µ+µ↑ , R(s) =
εe+e↑↔had

εe+e↑↔µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [18]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω↔ε̄ε + ↑εv↓ωω↔had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels. Near the resonance at mA→ ≃ 2mω, it is
necessary to include finite width e!ects for the A

↓ medi-
ator, where

”A→ =
∑

f

”A→↔f̄f + ”A→↔had + ”A→↔ωω, (7)

is the total width, ”A→↔had = R(mA→)”A→↔µ+µ↑ is the
hadronic component, and the sum is over elementary par-
ticles with ”A→↔f̄f = ϱ

2
ςmA→/3 in the mf = 0 limit.

CMB Energy Injection. Although thermal DM
freezes out at temperatures of order T ≃ mω/20 [15],
annihilation reactions still occur at much lower tempera-
tures, though they are ine#cient at changing the comov-
ing DM density. If the annihilation cross section is s-
wave and the comoving DM population does not change
appreciably between freeze out and recombination, the
resulting energy injection can modify the ionization his-
tory of the universe. Increased ionization a!ects CMB
temperature anisotropies after recombination and can be
constrained using existing data, with maximum sensitiv-
ity to energy injection around redshift z ≃ 600 [23]. The
Planck collaboration places stringent limits on the cross
section [24]

↑εv↓cmb
ωω↔vis.

<↗ 2 ⇐ 10↑26cm3s↑1

(
0.4

fe!

)(
mω

30 GeV

)
, (8)
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

Dead as of 2025

Verge of death: narrow ranges still allowed 
[~15-30 MeV, or ~200 MeV]

Orders of magnitude away

Direct detection of thermal relic?

Orders of magnitude away



Need another strategy to test 
remaining thermal targets!



Need another strategy to test 
remaining thermal targets!

Produce it!



Recipes for Making Dark Photons from Scratch

ar
X

iv
:2

50
5.

04
62

6v
1 

 [h
ep

-p
h]

  7
 M

ay
 2

02
5

FERMILAB-PUB-25-0234-T

Testing Thermal-Relic Dark Matter with a Dark Photon Mediator

Gordan Krnjaic1, 2

1Theory Division, Fermilab, Batavia, IL, USA
2Department of Astronomy and Astrophysics, Kavli Institute for Cosmological Physics

University of Chicago, Chicago, IL, USA
(Dated: June 11, 2025)

In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

First, assume DM isn’t kinematically accessible:

a renormalizable operator and the size of " depends upon how it is generated [54]; we will be interested in

" < 10�4.

As discussed in Section 1, many new physics search strategies utilizing neutrino detectors have been

proposed, specifically in searches for dark matter and associated dark sectors. One particular intensely

studied new physics model, due to its simplicity, is one in which dark matter is charged under U(1)0 and

couples to the SM via the dark photon introduced in Eq. (4.1). Such dark matter can be fermionic or scalar,

and current and future neutrino experiments are capable of probing well-motivated regions of parameter

space in which the dark matter is a thermal relic, symmetric between dark matter particles and antiparticles

in the early universe. The search strategy adopted in these proposals typically calls for the dark matter to

be produced in meson decays either via an o↵-shell dark photon, or a dark photon that decays promptly

into dark matter pairs. The dark matter then travels to the detector and scatters, depositing energy that

can be measured at the neutrino near detector (typically scattering o↵ nuclei or electrons, although more

exotic signatures have been proposed [17, 55]). In this section, we focus on searching only for the dark

photon without requiring the existence of dark matter, �. Should the dark photon be part of a larger

sector containing dark matter, we require that decays of the dark photon, A
0

! 2�, are forbidden, i.e.,

m� < MA0 < 2m�. Thus, any dark photon that is produced on-shell will only decay into SM particles.

Depending on the strength of the kinetic mixing ", such decays may lead to long-lived dark photons. This is

the region of parameter space in which we are interested for this study.

Previous experiments – among them, E141 [56–59], Orsay [60], NuCal [20, 61, 62], and E137 [57] –

have probed a similar region of parameter space in this fashion.⇤ The main di↵erences between the various

experiments is the production mechanism and the distance between the target where the dark photons are

produced and the instrumented detector region. The interplay between these means each experiment has a

sweet spot where it will be best suited to search for a particular combination of dark photon mass and kinetic

mixing parameter. For the DUNE MPD, we will be interested in A
0 produced via the decays of light mesons

⇡
0 and ⌘ into �A

0, as well as production from the continuum process pp ! ppA
0. Dark photons produced

in these ways have energies of several GeV. The DUNE MPD will be sensitive to regions of parameter space

for which the lab-frame decay length of the A
0 is O(100 m) or longer, where decays at the location of the

MPD will be optimal. In this section, we discuss the production and decay mechanisms of dark photons in

the parameter space of interest for the DUNE MPD. We discuss the associated backgrounds for searches of

this type in Section 4.3, and provide our estimates for the DUNE MPD sensitivity to these dark photons in

Section 4.4.

4.1 Dark Photon Production

For the DUNE MPD, the dominant production mechanism for dark photons is the decay of neutral mesons,

specifically ⇡
0 and ⌘. We simulate the production of these as described in Section 3. The branching ratio of

a given neutral meson m into �A
0 is

Br(m ! �A
0) = Br(m ! ��) ⇥ 2"

2

✓
1 �

M
2
A0

m2
m

◆3

. (4.2)

From Ref. [64], Br(⇡0
! ��) = 98.823% and Br(⌘ ! ��) = 39.41%. Given the spectra of ⇡

0 and ⌘ produced

in the DUNE target and the kinematics of m ! �A
0 decay, we estimate (a) the fraction of produced A

0 that

reach the HPTPC detector and (b) the energy spectrum of the A
0 flux that reaches the detector, as described

in Section 3.
⇤Ref. [63] provides a thorough review of searches for dark photons and existing constraints.
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

First, assume DM isn’t kinematically accessible:

a renormalizable operator and the size of " depends upon how it is generated [54]; we will be interested in

" < 10�4.

As discussed in Section 1, many new physics search strategies utilizing neutrino detectors have been

proposed, specifically in searches for dark matter and associated dark sectors. One particular intensely

studied new physics model, due to its simplicity, is one in which dark matter is charged under U(1)0 and

couples to the SM via the dark photon introduced in Eq. (4.1). Such dark matter can be fermionic or scalar,

and current and future neutrino experiments are capable of probing well-motivated regions of parameter

space in which the dark matter is a thermal relic, symmetric between dark matter particles and antiparticles

in the early universe. The search strategy adopted in these proposals typically calls for the dark matter to

be produced in meson decays either via an o↵-shell dark photon, or a dark photon that decays promptly

into dark matter pairs. The dark matter then travels to the detector and scatters, depositing energy that

can be measured at the neutrino near detector (typically scattering o↵ nuclei or electrons, although more

exotic signatures have been proposed [17, 55]). In this section, we focus on searching only for the dark

photon without requiring the existence of dark matter, �. Should the dark photon be part of a larger

sector containing dark matter, we require that decays of the dark photon, A
0

! 2�, are forbidden, i.e.,

m� < MA0 < 2m�. Thus, any dark photon that is produced on-shell will only decay into SM particles.

Depending on the strength of the kinetic mixing ", such decays may lead to long-lived dark photons. This is

the region of parameter space in which we are interested for this study.

Previous experiments – among them, E141 [56–59], Orsay [60], NuCal [20, 61, 62], and E137 [57] –

have probed a similar region of parameter space in this fashion.⇤ The main di↵erences between the various

experiments is the production mechanism and the distance between the target where the dark photons are

produced and the instrumented detector region. The interplay between these means each experiment has a

sweet spot where it will be best suited to search for a particular combination of dark photon mass and kinetic

mixing parameter. For the DUNE MPD, we will be interested in A
0 produced via the decays of light mesons

⇡
0 and ⌘ into �A

0, as well as production from the continuum process pp ! ppA
0. Dark photons produced

in these ways have energies of several GeV. The DUNE MPD will be sensitive to regions of parameter space

for which the lab-frame decay length of the A
0 is O(100 m) or longer, where decays at the location of the

MPD will be optimal. In this section, we discuss the production and decay mechanisms of dark photons in

the parameter space of interest for the DUNE MPD. We discuss the associated backgrounds for searches of

this type in Section 4.3, and provide our estimates for the DUNE MPD sensitivity to these dark photons in

Section 4.4.

4.1 Dark Photon Production

For the DUNE MPD, the dominant production mechanism for dark photons is the decay of neutral mesons,

specifically ⇡
0 and ⌘. We simulate the production of these as described in Section 3. The branching ratio of

a given neutral meson m into �A
0 is

Br(m ! �A
0) = Br(m ! ��) ⇥ 2"

2

✓
1 �

M
2
A0

m2
m

◆3

. (4.2)

From Ref. [64], Br(⇡0
! ��) = 98.823% and Br(⌘ ! ��) = 39.41%. Given the spectra of ⇡

0 and ⌘ produced

in the DUNE target and the kinematics of m ! �A
0 decay, we estimate (a) the fraction of produced A

0 that

reach the HPTPC detector and (b) the energy spectrum of the A
0 flux that reaches the detector, as described

in Section 3.
⇤Ref. [63] provides a thorough review of searches for dark photons and existing constraints.

– 13 –



Decaying Dark Photons

ar
X

iv
:2

50
5.

04
62

6v
1 

 [h
ep

-p
h]

  7
 M

ay
 2

02
5

FERMILAB-PUB-25-0234-T

Testing Thermal-Relic Dark Matter with a Dark Photon Mediator

Gordan Krnjaic1, 2

1Theory Division, Fermilab, Batavia, IL, USA
2Department of Astronomy and Astrophysics, Kavli Institute for Cosmological Physics

University of Chicago, Chicago, IL, USA
(Dated: June 11, 2025)

In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

First, assume DM isn’t kinematically accessible:

a renormalizable operator and the size of " depends upon how it is generated [54]; we will be interested in

" < 10�4.

As discussed in Section 1, many new physics search strategies utilizing neutrino detectors have been

proposed, specifically in searches for dark matter and associated dark sectors. One particular intensely

studied new physics model, due to its simplicity, is one in which dark matter is charged under U(1)0 and

couples to the SM via the dark photon introduced in Eq. (4.1). Such dark matter can be fermionic or scalar,

and current and future neutrino experiments are capable of probing well-motivated regions of parameter

space in which the dark matter is a thermal relic, symmetric between dark matter particles and antiparticles

in the early universe. The search strategy adopted in these proposals typically calls for the dark matter to

be produced in meson decays either via an o↵-shell dark photon, or a dark photon that decays promptly

into dark matter pairs. The dark matter then travels to the detector and scatters, depositing energy that

can be measured at the neutrino near detector (typically scattering o↵ nuclei or electrons, although more

exotic signatures have been proposed [17, 55]). In this section, we focus on searching only for the dark

photon without requiring the existence of dark matter, �. Should the dark photon be part of a larger

sector containing dark matter, we require that decays of the dark photon, A
0

! 2�, are forbidden, i.e.,

m� < MA0 < 2m�. Thus, any dark photon that is produced on-shell will only decay into SM particles.

Depending on the strength of the kinetic mixing ", such decays may lead to long-lived dark photons. This is

the region of parameter space in which we are interested for this study.

Previous experiments – among them, E141 [56–59], Orsay [60], NuCal [20, 61, 62], and E137 [57] –

have probed a similar region of parameter space in this fashion.⇤ The main di↵erences between the various

experiments is the production mechanism and the distance between the target where the dark photons are

produced and the instrumented detector region. The interplay between these means each experiment has a

sweet spot where it will be best suited to search for a particular combination of dark photon mass and kinetic

mixing parameter. For the DUNE MPD, we will be interested in A
0 produced via the decays of light mesons

⇡
0 and ⌘ into �A

0, as well as production from the continuum process pp ! ppA
0. Dark photons produced

in these ways have energies of several GeV. The DUNE MPD will be sensitive to regions of parameter space

for which the lab-frame decay length of the A
0 is O(100 m) or longer, where decays at the location of the

MPD will be optimal. In this section, we discuss the production and decay mechanisms of dark photons in

the parameter space of interest for the DUNE MPD. We discuss the associated backgrounds for searches of

this type in Section 4.3, and provide our estimates for the DUNE MPD sensitivity to these dark photons in

Section 4.4.

4.1 Dark Photon Production

For the DUNE MPD, the dominant production mechanism for dark photons is the decay of neutral mesons,

specifically ⇡
0 and ⌘. We simulate the production of these as described in Section 3. The branching ratio of

a given neutral meson m into �A
0 is

Br(m ! �A
0) = Br(m ! ��) ⇥ 2"

2

✓
1 �

M
2
A0

m2
m

◆3

. (4.2)

From Ref. [64], Br(⇡0
! ��) = 98.823% and Br(⌘ ! ��) = 39.41%. Given the spectra of ⇡

0 and ⌘ produced

in the DUNE target and the kinematics of m ! �A
0 decay, we estimate (a) the fraction of produced A

0 that

reach the HPTPC detector and (b) the energy spectrum of the A
0 flux that reaches the detector, as described

in Section 3.
⇤Ref. [63] provides a thorough review of searches for dark photons and existing constraints.
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Figure 2: Branching ratios for the gauge bosons of a secluded U(1)X gauge group mixing with the SM
hypercharge gauge boson. See text for details.

3 Searching for Hidden Photons

In Section 4 we present and discuss the results of recomputing the limits from searches for secluded,
hidden photons for U(1)B�L and U(1)Lµ�Le , U(1)Le�L⌧ , U(1)Lµ�L⌧ gauge bosons. Before we do so,
let us describe our strategy for recasting electron and proton beam dumps and fixed target experiments as
well as collider searches. In addition, we consider bounds from white dwarfs and neutrino experiments.

3.1 Decay widths and branching ratios

A crucial ingredient in all laboratory searches are the decay widths and branching ratios. The decay
widths for the gauge boson of a secluded U(1)X are purely determined by mixing with the hypercharge
gauge boson. For charged SM leptons, the decay widths are straightforwardly computed by replacing
the coupling of a (massive) photon by ↵ ! ↵✏

2. Decays into hadrons can be determined with a data-
driven approach by taking advantage of measurements of the ratio between the production cross section
of hadronic final states and muon pairs in e

+
e
� colissions, R(s) = �(e

+
e
�

! hadrons)/�(e
+
e
�

!

µ
+
µ
�
) [91, 92]. The hadronic decay width is then given by

�(A
0
! hadrons) = ✏

2
�(�

⇤
! µ

+
µ
�
) R(M

2

A0) for U(1)X , (12)

where �(�
⇤

! µ
+
µ
�
) is the partial decay width for a virtual SM photon of mass MA0 . We show the

results in Fig. 2.
For gauge bosons of charged lepton family number differences, decays into hadronic final states

are also only possible through kinetic mixing, and can be determined analogous to the universal gauge
boson,

�(A
0
! hadrons) = ✏µ⌧ (M

2

A0)
2
�(�

⇤
! µ

+
µ
�
)R(M

2

A0) for U(1)Lµ�L⌧ , (13)

where the kinetic mixing parameter is given by (9) and the obvious replacements hold for U(1)Lµ�Le

and U(1)Le�L⌧ . The partial decay width into the leptons charged under the corresponding gauge group
can be directly deduced from (3) and (51) from Appendix A. The respective uncharged lepton family

7

•Visible dark photon: decays 100% 
to SM states

•Depending on ϵ, decay length 
scales can be macroscopic: 

LD ~ 1/(ϵ2 mA’)

•Couples to everything the photon 
does but reduced strength.
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In light of recent DAMIC-M results, we present the status of thermal-relic dark matter ω coupled
to a kinetically-mixed dark photon A→. In the predictive “direct annihilation” regime, mA→ > mω, the
relic abundance depends on the kinetic mixing parameter, and there is a minimum value compatible
with thermal freeze out. Using only electron and nuclear recoil direct detection results, we find that
for complex scalar dark matter, the direct-annihilation regime is now excluded for nearly all values of
mω; the only exception is the resonant annihilation regime where mA→ → 2mω. Direct annihilation
relic targets for other representative models, including Majorana and Pseudo-Dirac candidates,
remain viable across a wide range of model parameters, but will be tested with a combination of
dedicated accelerator searches in the near future. In the opposite “secluded annihilation” regime,
where mω > mA→ , this scenario is excluded by cosmic microwave background measurements for all
mω

<↑ 30 GeV. Similar conclusions in both the direct and secluded regimes hold for all anomaly-free
vector mediators that couple to the first generation of electrically-charged Standard Model particles.

INTRODUCTION

Thermal freeze out is the only dark matter (DM) pro-
duction mechanism that is insensitive to the initial con-
ditions of our universe [1]. In this framework, DM main-
tains chemical equilibrium with Standard Model (SM)
particles until annihilation reactions become ine!cient
relative to Hubble expansion and the comoving DM den-
sity is conserved. If DM annihilates directly to SM final
states, there is a minimum DM-SM coupling compatible
with thermal production, and a corresponding experi-
mental target for discovering or falsifying this compelling
scenario.

Although freeze out has historically been associated
with DM masses near the electroweak scale [2], under
standard cosmological assumptions, the mechanism is
compatible with masses anywhere in the MeV-100 TeV
range.1 For DM below the GeV scale, freeze out via
direct annihilation to SM particles requires comparably-
light new mediators, otherwise the suppression from weak
scale masses in the annihilation rate results in DM over-
production [7]. Since such light mediators must be neu-
tral under the SM gauge group and must also couple to
visible matter through renormaliazble “portal” operators
– the vector portal [8], the Higgs portal [9], the neutrino
portal [10, 11] – there is a relatively short list of viable
options for these particles.

In this Letter, we present the status of thermal-relic
dark matter whose interactions with the SM are mediated
through a massive dark photon A

→
, with the interaction

1
If DM-neutrino equilibrium is only established after neutrino de-

coupling, the mass range can extend down to the keV-scale [3, 4].

If additional entropy transfers occur after freeze-out, the mass

range can extend beyond →100 TeV [5, 6]

Lagrangian

Lint = →A
→
µ(gDJ

µ
D + ωeJ

µ
EM), (1)

where gD =
↑

4εϑD is the dark gauge coupling, and ω

is the kinetic mixing parameter that governs interactions
with the electromagnetic current, J

µ
EM [8]. In predictive

“direct annihilation” models (Fig. 1), the relic density is
in one-to-one correspondence direct-detection cross sec-
tion and we consider the benchmark models

J
µ
D =






iϖ
↑
ϱ

µ
ϖ + c.c. Scalar

1
2ϖς

µ
ς

5
ϖ Majorana

iϖ1ς
µ
ϖ2 Pseudo-Dirac

ϖς
µ
ϖ Dirac (Asymmetric)

(2)

which feature direct-annihilation targets for thermal pro-
duction. In the Pseudo-Dirac case, DM consists of two
nearly mass-degenerate states ϖ1,2 with an inelastic cou-
pling to A

→. In the degenerate limit, these states form a
Dirac fermion, but in order for this model to be viable,
there must be a particle-antiparticle asymmetry (see be-
low). Nonetheless, avoiding overproduction requires a
minimum annihilation cross section, so this model still
has a predictive discovery target.

Taking into account recent DAMIC-M results [12],
we find that the scalar scenario is now fully excluded
by a combination of electron- and nuclear-recoil direct-
detection bounds. The only exception is the fine-tuned
resonance region mA→ ↓ 2mω, and similar considerations
apply to the asymmetric Dirac model, which also pre-
dicts appreciable direct-detection rates in the thermal
production regime. For the scalar model, this finding
updates the conclusion of Ref. [13] in light of decisive
new data. By contrast, the Majorana and Pseudo-Dirac
models predict sharply suppressed scattering cross sec-
tions, so these are currently beyond the reach of existing

Now, assume DM is kinematically accessible:

a renormalizable operator and the size of " depends upon how it is generated [54]; we will be interested in

" < 10�4.

As discussed in Section 1, many new physics search strategies utilizing neutrino detectors have been

proposed, specifically in searches for dark matter and associated dark sectors. One particular intensely

studied new physics model, due to its simplicity, is one in which dark matter is charged under U(1)0 and

couples to the SM via the dark photon introduced in Eq. (4.1). Such dark matter can be fermionic or scalar,

and current and future neutrino experiments are capable of probing well-motivated regions of parameter

space in which the dark matter is a thermal relic, symmetric between dark matter particles and antiparticles

in the early universe. The search strategy adopted in these proposals typically calls for the dark matter to

be produced in meson decays either via an o↵-shell dark photon, or a dark photon that decays promptly

into dark matter pairs. The dark matter then travels to the detector and scatters, depositing energy that

can be measured at the neutrino near detector (typically scattering o↵ nuclei or electrons, although more

exotic signatures have been proposed [17, 55]). In this section, we focus on searching only for the dark

photon without requiring the existence of dark matter, �. Should the dark photon be part of a larger

sector containing dark matter, we require that decays of the dark photon, A
0

! 2�, are forbidden, i.e.,

m� < MA0 < 2m�. Thus, any dark photon that is produced on-shell will only decay into SM particles.

Depending on the strength of the kinetic mixing ", such decays may lead to long-lived dark photons. This is

the region of parameter space in which we are interested for this study.

Previous experiments – among them, E141 [56–59], Orsay [60], NuCal [20, 61, 62], and E137 [57] –

have probed a similar region of parameter space in this fashion.⇤ The main di↵erences between the various

experiments is the production mechanism and the distance between the target where the dark photons are

produced and the instrumented detector region. The interplay between these means each experiment has a

sweet spot where it will be best suited to search for a particular combination of dark photon mass and kinetic

mixing parameter. For the DUNE MPD, we will be interested in A
0 produced via the decays of light mesons

⇡
0 and ⌘ into �A

0, as well as production from the continuum process pp ! ppA
0. Dark photons produced

in these ways have energies of several GeV. The DUNE MPD will be sensitive to regions of parameter space

for which the lab-frame decay length of the A
0 is O(100 m) or longer, where decays at the location of the

MPD will be optimal. In this section, we discuss the production and decay mechanisms of dark photons in

the parameter space of interest for the DUNE MPD. We discuss the associated backgrounds for searches of

this type in Section 4.3, and provide our estimates for the DUNE MPD sensitivity to these dark photons in

Section 4.4.

4.1 Dark Photon Production

For the DUNE MPD, the dominant production mechanism for dark photons is the decay of neutral mesons,

specifically ⇡
0 and ⌘. We simulate the production of these as described in Section 3. The branching ratio of

a given neutral meson m into �A
0 is

Br(m ! �A
0) = Br(m ! ��) ⇥ 2"

2

✓
1 �

M
2
A0

m2
m

◆3

. (4.2)

From Ref. [64], Br(⇡0
! ��) = 98.823% and Br(⌘ ! ��) = 39.41%. Given the spectra of ⇡

0 and ⌘ produced

in the DUNE target and the kinematics of m ! �A
0 decay, we estimate (a) the fraction of produced A

0 that

reach the HPTPC detector and (b) the energy spectrum of the A
0 flux that reaches the detector, as described

in Section 3.
⇤Ref. [63] provides a thorough review of searches for dark photons and existing constraints.
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Figure 2: Branching ratios for the gauge bosons of a secluded U(1)X gauge group mixing with the SM
hypercharge gauge boson. See text for details.

3 Searching for Hidden Photons

In Section 4 we present and discuss the results of recomputing the limits from searches for secluded,
hidden photons for U(1)B�L and U(1)Lµ�Le , U(1)Le�L⌧ , U(1)Lµ�L⌧ gauge bosons. Before we do so,
let us describe our strategy for recasting electron and proton beam dumps and fixed target experiments as
well as collider searches. In addition, we consider bounds from white dwarfs and neutrino experiments.

3.1 Decay widths and branching ratios

A crucial ingredient in all laboratory searches are the decay widths and branching ratios. The decay
widths for the gauge boson of a secluded U(1)X are purely determined by mixing with the hypercharge
gauge boson. For charged SM leptons, the decay widths are straightforwardly computed by replacing
the coupling of a (massive) photon by ↵ ! ↵✏

2. Decays into hadrons can be determined with a data-
driven approach by taking advantage of measurements of the ratio between the production cross section
of hadronic final states and muon pairs in e

+
e
� colissions, R(s) = �(e

+
e
�

! hadrons)/�(e
+
e
�

!

µ
+
µ
�
) [91, 92]. The hadronic decay width is then given by

�(A
0
! hadrons) = ✏

2
�(�

⇤
! µ

+
µ
�
) R(M

2

A0) for U(1)X , (12)

where �(�
⇤

! µ
+
µ
�
) is the partial decay width for a virtual SM photon of mass MA0 . We show the

results in Fig. 2.
For gauge bosons of charged lepton family number differences, decays into hadronic final states

are also only possible through kinetic mixing, and can be determined analogous to the universal gauge
boson,

�(A
0
! hadrons) = ✏µ⌧ (M

2

A0)
2
�(�

⇤
! µ

+
µ
�
)R(M

2

A0) for U(1)Lµ�L⌧ , (13)

where the kinetic mixing parameter is given by (9) and the obvious replacements hold for U(1)Lµ�Le

and U(1)Le�L⌧ . The partial decay width into the leptons charged under the corresponding gauge group
can be directly deduced from (3) and (51) from Appendix A. The respective uncharged lepton family
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•Invisible dark photon: decays 
100% to DM

•Why? Experimental bounds 
constrain ϵ to be small, need αD 

large for thermal relic DM:

Branching = 100% DM
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Figure 11: Projected sensitivities in terms of the kinetic-mixing parameter ✏ as function of
dark-photon mass in (left planel) visible and (right panel) invisible signatures.

10.2.2 Extended dark photon models

An hypothetical A0 may acquire mass through a spontaneous symmetry breaking of dark
Higgs potential that introduces a physical dark Higgs boson h

0. The mass of the dark
Higgs can be either larger or smaller than the dark photon mass. Low-mass dark Higgs
can be produced at SuperKEKB via the dark Higgsstrahlung process e+

e
�

! �
⇤

! A
0⇤

!

A
0
h

0 [207], with cross section proportional to "
2
↵D, where ↵D is the coupling constant

of the dark gauge sector. If the dark Higgs is less massive than the dark photon and
any other dark-sector particle, the dark Higgs is stable and invisible in the range of the
detector. Belle II searches for dark Higgs h0 with the signature e

+
e

�
! µ

+
µ

� + nothing
if the A

0 decays to dimuon. A counting technique is used, relying on current Belle II
results [208] and simulated background. Figure 13 shows the expected sensitivities for
the dark Higgsstrahlung search. Systematic uncertainties are assumed to be at the same
present level of 2% both for signal and background.The Belle II sensitivity for this

topology is unique and limited by sample size even at the highest projected

integrated luminosities. Dark Higgs particles more massive than dark photons will be
also searched for in six-fermion final states.

10.3 Z’ in an Lµ � L⌧ model

A particularly economic SM extension that could explain the muon g�2 anomaly [209,210]
implies an anomaly-free addition of a new U(1)Lµ�L⌧ gauge symmetry [211], where Lµ

and L⌧ are the lepton family numbers. The new vector gauge boson Z
0 couples to second

and third generation leptons, µ, ⌫µ, ⌧ and ⌫⌧ , with the new coupling constant of g0. At
Belle II, an hypothetical Z 0 can be radiated o↵ muons, e+

e
�

! µ
+
µ

�
Z

0. If the couplings
of Z 0 to dark-sector particles are strong, invisible decays can dominate. Belle II searches
for the Z

0 with the same signature e
+
e

�
! µ

+
µ

� + nothing as used in the dark Higgs
search. Figure 13 shows expected sensitivities for Z 0 in Lµ � L⌧ model. The parameter

space relevant for the muon g � 2 anomaly will be nearly completely probed
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Here, gX is the gauge coupling of U(1)X , and we have assumed that  has a U(1)X charge

of unity.

2.3 Couplings to the Standard Model

In order to fully define the set-up we have to specify the couplings to SM states. Potential

renormalisable inter-sector couplings which are allowed by the gauge symmetry correspond

to kinetic mixing of the new gauge boson X̂ with the SM hypercharge gauge boson Y ,

or to a mixing of the dark sector scalar � with the SM Higgs boson H. In general both

couplings are expected to be present, resulting in a ‘two mediator’ model with a rather

complex phenomenology as discussed e.g. in Refs. [28, 29]. For the present discussion we

will assume that the dominant interaction is generated by kinetic mixing and neglect a

potential scalar mixing.4

The most general renormalisable Lagrangian for the SM with a new U(1)X gauge boson

X̂ with mass mX̂ is given by

L = LSM �
1

4
X̂µ⌫X̂

µ⌫ +
1

2
m

2
X̂

X̂µX̂
µ

�
✏

2cW
X̂µ⌫B̂

µ⌫
, (2.7)

where the SM Lagrangian contains

LSM � �
1

4
B̂µ⌫B̂

µ⌫
�

1

4
Ŵ

a
µ⌫Ŵ

aµ⌫ +
1

2
m

2
Ẑ
ẐµẐ

µ
. (2.8)

We denote the gauge fields (and the corresponding masses) in the original basis before

diagonalisation by hats, such that B̂µ⌫ , Ŵµ⌫ , and X̂µ⌫ are the field strength tensors of

U(1)Y , SU(2)L, and U(1)X , respectively. We choose to normalize the kinetic mixing

parameter ✏ by the (physical) value of the cosine of the Weinberg angle cW such that the

coupling to electromagnetism is given by ✏
2X̂

µ⌫
F̂

em
µ⌫ to match the usual notation of the

kinetic mixing term in the dark photon literature. We assume that there is no mass mixing

between X̂ and Ẑ, which could arise if either the SM Higgs is charged under U(1)X or the

new scalar field is charged under both the SM gauge group and U(1)X .

The field strengths are diagonalized and canonically normalized by two consecutive

transformations, to connect the original (hatted) fields to the physical photon Aµ, the

physical Z-boson Zµ, and the new physical gauge boson A
0
µ with mass mA0 (‘dark photon’),

as discussed in detail in Refs. [30, 31].

The free parameters of the model are then mA0 , m�1 , � = m�2 � m�1 , ✏, and ↵D =

g
2
X/4⇡. Here we will concentrate on the case mA0 > m�1 + m�2 such that the decay

A
0
! �1�2 is kinematically allowed and hence the dominant decay channel.5

4
In fact, for the mass range we are going to consider, the scalar portal will not be able to accommodate

the measured relic abundance while being compatible with experimental constraints due to the Yukawa

suppression of couplings to light SM fermions.
5
For mA0 < m�1 + m�2 the dark photon has to decay to SM states, a scenario which is covered by a

large number of searches.
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Figure 2: The Feynman diagram depicting the photon and displaced fermion signature in

the context of the inelastic DM scenario.

the decay vertex can be reconstructed, one obtains a displaced signature. In this section we

will first review the relevant aspects of the Belle II experiment, present our implementation

of the inelastic DM model and then discuss the sensitivity of Belle II for both of these

signatures.

3.1 The Belle II experiment

The Belle II experiment at the SuperKEKB accelerator is a second generation B -factory

and successor of the Belle and BaBar experiments [19]. Construction was completed in

early 2019. SuperKEKB is a circular asymmetric e
+
e
� collider with a nominal collision

energy of
p

s = 10.58 GeV. The design instantaneous luminosity is 8 ⇥ 1035 cm�2 s�1,

which is about 40 times higher than at the predecessor collider KEKB.

The Belle II detector is a large-solid-angle magnetic spectrometer. The following sub-

detectors are particularly relevant for the searches described in this paper: a tracking

system that consists of six layers of vertex detectors (VXD), including two inner layers of

silicon pixel detectors (PXD)10 and four outer layers of silicon vertex detectors (SVD), and

a 56-layer central drift chamber (CDC) which covers a polar angle region of (17�150)�. The

electromagnetic calorimeter (ECL) comprising CsI(Tl) crystals with an upgraded waveform

sampling readout for beam background suppression covers a polar angle region of (12�155)�

and is located inside a superconducting solenoid coil that provides a 1.5T magnetic field.

The ECL has ine�cient gaps between the endcaps and the barrel for polar angles between

(31.3�32.2)� and (128.7�130.7)�. An iron flux-return is located outside of the magnet coil

and is instrumented with resistive plate chambers and plastic scintillators to mainly detect

K
0
L mesons, neutrons, and muons (KLM) that covers a polar angle region of (25 � 145)�.

We study the Belle II sensitivity for a dataset corresponding to an integrated luminosity

of 20 fb�1 for consistency with [20]. This dataset is expected to be recorded by Belle II in

early 2020. To show the potential reach of Belle II we also estimate the sensitivities for both

10
During the first years of Belle II only the first layer and a fraction of the second PXD layer are instru-

mented. We assume that this has a negligible e↵ect for the searches described in this paper.
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Figure 5: Sensitivity of Belle II to the parameter space of inelastic DM for an integrated

luminosity of 20 fb�1 for mA0 = 3m�1 .

We make the following observations: For small mass splitting �, corresponding to

large decay length of �2 the bound from BaBar and the projected sensitivity of the mono-

photon search at Belle II are very similar to the ones obtained for invisibly decaying dark

photons, because the �2 simply escapes from the detector before decaying. As soon as the

decay length of the �2 becomes comparable to the size of the detector, the sensitivity of

these searches is significantly suppressed. Note that the bound does however not disappear

entirely even for very short-lived �2. The reason is that there always is a non-zero prob-

ability that the particles produced in the �2 decay have very little transverse momentum

(i.e. they travel in the direction of the beam pipe) and will not be reconstructed, so that

the event resembles a single-photon event. The BaBar bound that we obtain is therefore

considerably stronger than the one from Ref. [27], where no requirement on the angle ✓lab

of the vertex is imposed.
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Here, gX is the gauge coupling of U(1)X , and we have assumed that  has a U(1)X charge

of unity.
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ẐµẐ

µ
. (2.8)

We denote the gauge fields (and the corresponding masses) in the original basis before
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coupling to electromagnetism is given by ✏
2X̂

µ⌫
F̂

em
µ⌫ to match the usual notation of the

kinetic mixing term in the dark photon literature. We assume that there is no mass mixing

between X̂ and Ẑ, which could arise if either the SM Higgs is charged under U(1)X or the

new scalar field is charged under both the SM gauge group and U(1)X .

The field strengths are diagonalized and canonically normalized by two consecutive

transformations, to connect the original (hatted) fields to the physical photon Aµ, the

physical Z-boson Zµ, and the new physical gauge boson A
0
µ with mass mA0 (‘dark photon’),

as discussed in detail in Refs. [30, 31].

The free parameters of the model are then mA0 , m�1 , � = m�2 � m�1 , ✏, and ↵D =

g
2
X/4⇡. Here we will concentrate on the case mA0 > m�1 + m�2 such that the decay

A
0
! �1�2 is kinematically allowed and hence the dominant decay channel.5

4
In fact, for the mass range we are going to consider, the scalar portal will not be able to accommodate

the measured relic abundance while being compatible with experimental constraints due to the Yukawa

suppression of couplings to light SM fermions.
5
For mA0 < m�1 + m�2 the dark photon has to decay to SM states, a scenario which is covered by a

large number of searches.
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Many other possibilities

•We looked at one of the renormalizable portals. 

•Can be non-renormalizable portals: e.g. axion-like particles. 

•Anomaly free gauge bosons:  (B - L),  (Lμ − Lτ ), etc.

•In some cases, can have additional motivation: connect to models of neutrino 
masses, Strong CP problem, experimental anomalies, etc. 

•Can also consider non-thermal mechanisms for DM abundance. 

Standard
Model

Dark
Sector

portal



Outlook
• The landscape for DM is vast, but thermal relic hypothesis can offer 

compelling experimental target. 

• Dark photons are a well-motivated portal to dark sector physics. 

• Different dark sector states can drastically impact phenomenology.

• Need an array of complementary experimental probes: CMB, direct 
detection, colliders, beam-dumps.

• Belle-II will be crucial in probing remanning territory for thermal DM via 
dark photon mediator.  

See upcoming DM talks this afternoon: Savino Longo, 
Tommy Lam, and Haurki Kindo



Higgs Portal exampleSide note: the invisible dark scalar

S.Gori 31

(ms = 3mχ) Krnjaic, 1512.04119

We can do the same exercise for a Dirac fermion DM with a dark scalar singlet mediator, s:

It is fully probed by a combination of LHC Higgs invisible decays, 
DM direct detection, and meson decays! 

(

Already ruled out by 
combination of LHC 
invisible Higgs decays, 
meson decays, and Direct 
detection. 



 Visible Dark Photons @ Belle II 

The Belle II physics book, 1808.10567S.Gori 34
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Belle II: Projected limits scaled from BaBar, 
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 twice as good mass resolution

 better trigger efficiency for both muons 
(∼ factor 1.1) and electrons (∼ factor 2) 
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Future status thermal DM

In Majorana and Pseudo-Dirac cases, need to produce DM in the lab to 
test thermal relic hypothesis . 

2505.04626

4

FIG. 3. Left: Limits on the e!ective dark matter-electron scattering cross section ω̄e from for Majorana DM plotted against
accelerator limits from BABAR [26], MiniBooNE [27], and NA64 [28]. We also show projections for BDX [29], PIP2 [30],
Belle-II [26, 31], and LDMX [32]. For all accelerator curves, we adopt the conservative choices εD = 0.5 and mA→ = 3mω; other
choices move these curves down relative to the thermal target, except near the fine-tuned resonant regime mA→ → 2mω [16, 33].
The dotted purple curve labeled “Si phonon” is based on a concept for involving phonon excitation from DM scattering o!
bound nuclear targets, assuming a 1 eV threshold translated into the ωe parameter space [34]. We do not show direct detection
projection for electron recoil searches because the DM form factor for this is proportional to q2, which is unlike the commonly
studied FDM = 1 or 1/q2 scenarios. Thus, the known projections for these cases cannot be reliably adapted to the Majorana
case at this time. Right: Same as left, but for the Pseudo-Dirac model instead. Note that for both panels we do not show the
neutrino fog shown in Fig. 2 as it covers much of each plane for electron recoil searches [22].

where we have assumed that the mass splitting m2 →
m1 ↑ m1 ↓ mω so that the kinematics of freeze out are
una!ected by this di!erence. Although this process is
s-wave, the excited state is generically depopulated via
ω2ω2 ↔ ω1ω1 downscattering after freeze out, so coanni-
hilation shuts o! before recombination and this model is
safe from CMB energy injection bounds [17].

For su”ciently large mass splitting, the leading elas-
tic contribution to the scattering cross section o! point-
particles f arises from a one-loop box diagram with two
A

→ propagators [37]

εf =
ϑ

2
ϑ

2
Dϖ

4
m

4
fm

2
ω

9ϱm
8
A→

(
11 → 60 log

mA→

mω

)2

, (13)

which is sharply suppressed relative to all other mod-
els considered here. Correspondingly, as shown in Fig. 3
(right), the thermal target parameter space is beyond
the reach of current and planned direct detection exper-
iments, but can still be tested with accelerator searches,
as discussed below.

Asymmetric Dirac. Since Dirac particles with J
µ
D =

ω̄ς
µ
ω from Eq. (2) have an s-wave annihilation cross

section, identical to the expression in Eq. (12), they
are excluded by CMB limits for masses below ↗ 20 GeV
[24]. However, this model can remain viable if the DM
has a su”ciently large particle-antiparticle asymmetry,

so that annihilation is suppressed during the CMB era
[16, 38] because the antiparticle density satisfies nω̄ ↘
nω exp(→0.03φωmPlmω≃εv⇐), where φω = (nω → nω̄)/s, s

is the entropy density, and mPl is the Planck mass [38].
Note that the dark sector is initially in chemical equi-
librium so achieving the observed density with a parti-
cle asymmetry requires a larger value of εv than in the
symmetric case in order to annihilate away more of the
symmetric population.

In the non-relativistic limit, the Dirac cross section for
scattering o! point-particle target f is has the same form
as Eq. (10) and in Fig. 4 we present the viable parame-
ter space for this scenario. The orange shaded region is
excluded by Planck [16] and, unlike the other scenarios,
here every point above this region can yield the observed
DM density, though each one has a di!erent value of φω.
As in the complex scalar case, here the parameter space
is nearly excluded solely by direct detection experiments.

SECLUDED ANNIHILATION REGIME

Thus far, we have only considered the direct annihila-
tion regime in which the relic density depends on the SM
coupling ϖ. Naively, there should not be strong generic
bounds on the “secluded” regime (mω > mA→) because
the ωω ↔ A

→
A

→ annihilation (Fig. 1, right) is indepen-



LDMX: missing momentum

This missing momentum and missing energy signature drives the 
design of LDMX.

Erik Wallin, erik.wallin@cern.ch 5Light Dark Matter @ Accelerators 2025
[Slide credit: Erik Wallen, Light Dark Matter @ Accelerators 2025]


