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Scattering meets absorption 
in dark matter detection
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DARK PHOTON MEDIATED DARK MATTER

ℒ = ℒSM + 𝜖𝜖𝜖𝜖𝑗𝑗𝐸𝐸𝐸𝐸
𝜇𝜇 𝐴𝐴𝑑𝑑,𝜇𝜇 +

𝑚𝑚𝑑𝑑
2

2
𝐴𝐴𝑑𝑑
𝜇𝜇𝐴𝐴𝑑𝑑,𝜇𝜇 + 𝜒̅𝜒 𝑖𝑖𝛾𝛾𝜇𝜇𝜕𝜕𝜇𝜇 −𝑚𝑚𝜒𝜒 𝜒𝜒 − 𝑔𝑔𝑑𝑑𝜒̅𝜒𝛾𝛾𝜇𝜇𝜒𝜒𝐴𝐴𝑑𝑑,𝜇𝜇

SM DMDark photons (𝑚𝑚𝑑𝑑)

𝑚𝑚𝜒𝜒

𝜖𝜖𝑒𝑒 𝑔𝑔𝑑𝑑
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DARK PHOTON MEDIATED DARK MATTER

ℒ = ℒSM + 𝜖𝜖𝜖𝜖𝑗𝑗𝐸𝐸𝐸𝐸
𝜇𝜇 𝐴𝐴𝑑𝑑,𝜇𝜇 +

𝑚𝑚𝑑𝑑
2

2
𝐴𝐴𝑑𝑑
𝜇𝜇𝐴𝐴𝑑𝑑,𝜇𝜇 + 𝜒̅𝜒 𝑖𝑖𝛾𝛾𝜇𝜇𝜕𝜕𝜇𝜇 −𝑚𝑚𝜒𝜒 𝜒𝜒 − 𝑔𝑔𝑑𝑑𝜒̅𝜒𝛾𝛾𝜇𝜇𝜒𝜒𝐴𝐴𝑑𝑑,𝜇𝜇

SM DMDark photons (𝑚𝑚𝑑𝑑)

𝑚𝑚𝜒𝜒

𝜖𝜖𝑒𝑒 𝑔𝑔𝑑𝑑

Both dark photons and dark matter can be observed 
at direct detection experiments.

very weak interaction!
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SOLAR DARK PHOTONS
An, Pospelov, Pradler (2013)

𝑒𝑒,𝑝𝑝,𝐷𝐷+, …
𝜖𝜖

Kelvinsong, Wikimedia

𝜖𝜖
𝛾𝛾 dark photons

dark photons



| 5

SOLAR DARK PHOTONS
An, Pospelov, Pradler (2013)

𝜖𝜖
𝛾𝛾 dark photons

dark photons Two observable effects:
• Sun loses energy much 

faster than observed
• Dark photons can be 

absorbed in detectors

Kelvinsong, Wikimedia

𝑒𝑒,𝑝𝑝,𝐷𝐷+, …
𝜖𝜖



𝑚𝑚𝑑𝑑Dark photon mass

𝜖𝜖 ≲ 10−12
eV
𝑚𝑚𝑑𝑑

Dark photon absorption 
visible at XENON1T
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SOLAR DARK PHOTONS
An, Pospelov, Pradler, Ritz (2020)

Sun loses energy much 
faster than observed
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RECOIL ENERGY SPECTRUM Theory 
predictions

Simulations

An, Pospelov, Pradler, Ritz (2020)

𝑚𝑚𝑑𝑑

𝑚𝑚𝑑𝑑

𝑚𝑚𝑑𝑑

Recoil Energy
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RECOIL ENERGY SPECTRUM Theory 
predictions

Simulations

An, Pospelov, Pradler, Ritz (2020)

𝑚𝑚𝑑𝑑

𝑚𝑚𝑑𝑑

𝑚𝑚𝑑𝑑

With only a few detected events, solar dark photons 
are indistinguishable from light dark matter.

Recoil Energy
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DARK MATTER SELF-INTERACTION

DM DMDark photons (𝑚𝑚𝑑𝑑)
𝑔𝑔𝑑𝑑 𝑔𝑔𝑑𝑑

𝑉𝑉DM−DM = ±
𝛼𝛼𝑑𝑑
𝑟𝑟
𝑒𝑒−𝑚𝑚𝑑𝑑𝑟𝑟

Adhikari et al. (2022)
Zavala, Lovell, Vogelsberger, Burger (2019)

Correa (2021)
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BOUNDS ON DARK MATTER SELF-INTERACTION

Bullet Cluster
Observation of colliding DM halos

Colliding DM 
halos

𝜎𝜎𝑇𝑇
𝑚𝑚𝐷𝐷𝐷𝐷

≲ 1 cm2/g

for 𝑣𝑣 = 1000 km/s

Randall, Markevitch, Clowe, Gonzalez, Bradac (2008)
Markevitch et al. (2004)
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BOUNDS ON DARK MATTER SELF-INTERACTION

Silverman et al. (2022)

DM self-interaction affects matter distribution

𝜎𝜎𝑇𝑇
𝑚𝑚𝐷𝐷𝐷𝐷

≲ 100 cm2/g for 𝑣𝑣 = 10 km/s
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DIRAC DARK MATTER
SENSEI (2023), XENON (2019), PandaX (2018,2023)

Carew, Caddell, Maity, O'Hare (2024)

𝑚𝑚𝜒𝜒 𝑚𝑚𝜒𝜒

𝜒𝜒

𝜒𝜒
1 meV ≲ 𝑚𝑚𝑑𝑑 ≲ 1 keV 1 meV ≲ 𝑚𝑚𝑑𝑑 ≲ 1 keV
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DIRAC DARK MATTER
SENSEI (2023), XENON (2019), PandaX (2018,2023)

Carew, Caddell, Maity, O'Hare (2024)
Bhattiprolu, McGehee, Pierce (2024)

𝑚𝑚𝜒𝜒 𝑚𝑚𝜒𝜒

𝜒𝜒

𝜒𝜒

Theory target

1 meV ≲ 𝑚𝑚𝑑𝑑 ≲ 1 keV 1 meV ≲ 𝑚𝑚𝑑𝑑 ≲ 1 keV
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DIRAC DARK MATTER

𝑚𝑚𝜒𝜒 𝑚𝑚𝜒𝜒

𝜒𝜒

𝜒𝜒

SENSEI (2023), XENON (2019), PandaX (2018,2023)
Carew, Caddell, Maity, O'Hare (2024)
Bhattiprolu, McGehee, Pierce (2024)

Excluded by dark matter self-interaction and non-observation of solar dark photon

1 meV ≲ 𝑚𝑚𝑑𝑑 ≲ 1 keV 1 meV ≲ 𝑚𝑚𝑑𝑑 ≲ 1 keV
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DIRAC DARK MATTER

𝑚𝑚𝜒𝜒 𝑚𝑚𝜒𝜒

𝜒𝜒

𝜒𝜒

SENSEI (2023), XENON (2019), PandaX (2018,2023)
Carew, Caddell, Maity, O'Hare (2024)
Bhattiprolu, McGehee, Pierce (2024)

1 meV ≲ 𝑚𝑚𝑑𝑑 ≲ 1 keV 1 meV ≲ 𝑚𝑚𝑑𝑑 ≲ 1 keV

Simultaneous dark photon 
absorption and dark matter 

scattering possible!
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ATOMIC DARK MATTER

𝑉𝑉SM−DM = ±
𝜖𝜖𝑞𝑞𝑆𝑆𝑆𝑆 𝛼𝛼𝛼𝛼𝑑𝑑

𝑟𝑟
𝑒𝑒−𝑚𝑚𝑑𝑑𝑟𝑟 𝑉𝑉DM−DM = ±

𝛼𝛼𝑑𝑑
𝑟𝑟
𝑒𝑒−𝑚𝑚𝑑𝑑𝑟𝑟

ℒ = ℒSM + 𝜖𝜖𝜖𝜖𝑗𝑗𝐸𝐸𝐸𝐸
𝜇𝜇 𝐴𝐴𝑑𝑑,𝜇𝜇 +

𝑚𝑚𝑑𝑑
2

2
𝐴𝐴𝑑𝑑
𝜇𝜇𝐴𝐴𝑑𝑑,𝜇𝜇 + 𝑒̅𝑒′ 𝑖𝑖𝛾𝛾𝜇𝜇𝜕𝜕𝜇𝜇 −𝑚𝑚𝑒𝑒′ 𝑒𝑒𝑒 − 𝑔𝑔𝑑𝑑𝑒̅𝑒′𝛾𝛾𝜇𝜇𝑒𝑒𝑒𝐴𝐴𝑑𝑑,𝜇𝜇

+𝑝̅𝑝′ 𝑖𝑖𝛾𝛾𝜇𝜇𝜕𝜕𝜇𝜇 − 𝑚𝑚𝑝𝑝′ 𝑝𝑝′ + 𝑔𝑔𝑑𝑑𝑝̅𝑝′𝛾𝛾𝜇𝜇𝑝𝑝𝑝𝐴𝐴𝑑𝑑,𝜇𝜇

SM

𝒆𝒆𝒆

𝒑𝒑𝒑

𝑚𝑚𝑒𝑒𝑒

𝑚𝑚𝑝𝑝𝑝

𝜖𝜖𝑒𝑒

𝜖𝜖𝑒𝑒

−𝑔𝑔𝑑𝑑

𝑔𝑔𝑑𝑑

𝑔𝑔𝑑𝑑

−𝑔𝑔𝑑𝑑
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ATOMIC DARK MATTER

𝑉𝑉DM−DM = ±
𝛼𝛼𝑑𝑑
𝑟𝑟
𝑒𝑒−𝑚𝑚𝑑𝑑𝑟𝑟

𝒑𝒑𝒑

𝒆𝒆𝒆𝒆𝒆𝒆

𝒑𝒑𝒑

1
𝑚𝑚𝑑𝑑

> 𝑎𝑎0′

Dark atom 
Bohr radius

Harris (1962)

−

+ +

−

Neutral dark atom

We require that neutral dark atoms dominate the DM abundance today
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COSMOLOGICAL EVOLUTION

time

Dark sector in 
thermal equilibrium

𝑒𝑒′𝑒̅𝑒′ 𝐴𝐴𝑑𝑑𝐴𝐴𝑑𝑑
𝑝𝑝′𝑝̅𝑝′ 𝐴𝐴𝑑𝑑𝐴𝐴𝑑𝑑

𝑝𝑝𝑝 freezes-out

𝑝𝑝′𝑝̅𝑝′ → 𝐴𝐴𝑑𝑑𝐴𝐴𝑑𝑑

𝑒𝑒𝑒 and 𝑝𝑝𝑝 “re”combine

𝑒𝑒′ + 𝑝𝑝′ → 𝐻𝐻′ + 𝐴𝐴𝑑𝑑

𝑒𝑒𝑒 freezes-out

𝑒𝑒′𝑒̅𝑒′ → 𝐴𝐴𝑑𝑑𝐴𝐴𝑑𝑑

Kaplan, Krnjaic, Rehermann, Wells (2010)
Cyr-Racine, Sigurdson (2013)
Cline, Liu, Moore, Xue (2014)

Cline (2022)

𝑇𝑇 ∼ 𝑚𝑚𝑝𝑝′/20 𝑇𝑇 ∼ 𝑚𝑚𝑒𝑒′/20 𝑇𝑇 ∼ 𝐵𝐵𝐻𝐻′

𝑓𝑓𝑖𝑖 ≡
𝑛𝑛𝑒𝑒′

𝑛𝑛𝑒𝑒′ + 𝑛𝑛𝐻𝐻′
≈ min 1,10−10

𝑇𝑇dark
𝑇𝑇CMB

𝛼𝛼𝑑𝑑−4
𝑚𝑚𝑒𝑒′

𝑚𝑚𝑝𝑝′

𝑚𝑚𝐻𝐻′

GeV

2
Ionization fraction

𝐻𝐻′ freezes-out

Γ𝑒𝑒′𝑝𝑝′→𝐻𝐻′𝐴𝐴𝑑𝑑 ≲ 𝐻𝐻

Dark atom 
binding energy

Hubble 
parameter
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REIONIZATION

• Dark atoms can be ionized at late time due to virialization → strong self-
interaction

• We require no reionization at late time

Ghalsasi, McQuinn (2018)
Cline (2022)

𝑇𝑇virial ∼ 𝐺𝐺𝑀𝑀halo
2/3 𝜌𝜌𝐷𝐷𝐷𝐷

1/3𝑚𝑚𝐻𝐻′ 1 + 𝑧𝑧 ≲ 0.1 𝐵𝐵𝐻𝐻′

𝛼𝛼𝑑𝑑 ≳ 1.4 × 10−3
𝑚𝑚𝑝𝑝′

𝑚𝑚𝑒𝑒′
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RESULTS
𝑚𝑚𝑝𝑝′

𝑚𝑚𝑒𝑒′
= 150
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RESULTS
𝑅𝑅 =

𝑚𝑚𝑝𝑝′

𝑚𝑚𝑒𝑒′
= 150
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RESULTS

Dark atom searches
(Point-like interaction)

𝑒𝑒′,𝑝𝑝′ searches
(Long-range interaction)

Electron scattering Nucleon scattering
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RESULTS
Electron scattering Nucleon scattering

Dark atom searches
(Point-like interaction)

𝑒𝑒′,𝑝𝑝′ searches
(Long-range interaction)

𝑅𝑅 =
𝑚𝑚𝑝𝑝′

𝑚𝑚𝑒𝑒′
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RESULTS
Electron scattering Nucleon scattering

Dark atom searches
(Point-like interaction)

𝑒𝑒′,𝑝𝑝′ searches
(Long-range interaction)

𝑅𝑅 =
𝑚𝑚𝑝𝑝′

𝑚𝑚𝑒𝑒′



• Astrophysics complements direct detection searches for dark matter with light 
mediators. 

• For Dark Photon Mediated Dark Matter, scattering and absorption can be 
observed simultaneously. Astrophysics allows for freeze-in for 𝑚𝑚𝜒𝜒 ≳ 1 GeV.

• Determining the underlying model from data requires care when interpreting the 
various signals.

• Detecting multiple signatures can help pinning down the dark matter model.

Thank you for listening!

Conclusions
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DIRAC DARK MATTER

Light mediator Light mediator

𝑚𝑚𝜒𝜒 𝑚𝑚𝜒𝜒

𝜒𝜒

𝜒𝜒

SENSEI (2023), XENON (2019), PandaX (2018,2023)
Carew, Caddell, Maity, O'Hare (2024)
Bhattiprolu, McGehee, Pierce (2024)
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RESULTS
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SCATTERING CROSS SECTIONS

�𝜎𝜎𝜒𝜒𝜒𝜒,eff𝑚𝑚𝑑𝑑
4 = 2.4 × 10−34 cm2MeV4 𝛼𝛼𝑑𝑑

0.1
𝜖𝜖

10−8
2 𝜇𝜇𝜒𝜒𝜒𝜒

𝑚𝑚𝑝𝑝

2 𝑚𝑚𝜒𝜒

𝑚𝑚𝐻𝐻′
𝑓𝑓𝑖𝑖 𝑚𝑚𝐻𝐻′ ,𝑅𝑅,𝛼𝛼𝑑𝑑

Dark constituents - nucleon scatterings

𝜎𝜎𝐻𝐻′𝑛𝑛
el = 7.8 × 10−36 cm2 𝑅𝑅

103
4 0.04

𝛼𝛼𝑑𝑑

3 𝜖𝜖
10−8

2 50 GeV
𝑚𝑚𝐻𝐻′

4
Dark atom - nucleon scatterings
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DARK MATTER DIRECT DETECTION

DM 𝒆𝒆 �𝜎𝜎𝑒𝑒 = 16𝜋𝜋𝜋𝜋𝛼𝛼𝑑𝑑𝜖𝜖2
𝜇𝜇𝑒𝑒𝑒𝑒2

𝑚𝑚𝑑𝑑
2 + 𝑞𝑞ref

2 2

�𝜎𝜎𝑛𝑛 = 16𝜋𝜋𝜋𝜋𝛼𝛼𝑑𝑑𝜖𝜖2
𝜇𝜇𝑝𝑝𝑝𝑝2

𝑚𝑚𝑑𝑑
4

𝑍𝑍
𝐴𝐴

2
DM 𝒑𝒑

Dark photons

Dark photons

ℳ =
𝑒𝑒𝑞𝑞𝑓𝑓𝜖𝜖𝑔𝑔𝑑𝑑
𝑞𝑞2 − 𝑚𝑚𝑑𝑑

2
̅𝑓𝑓𝛾𝛾𝜇𝜇𝑓𝑓 𝜒̅𝜒𝛾𝛾𝜇𝜇𝜒𝜒Light mediator!𝐴𝐴𝑑𝑑

𝜇𝜇

𝑒𝑒, 𝑞𝑞

𝜒𝜒

𝜇𝜇𝑓𝑓𝑓𝑓 =
𝑚𝑚𝑓𝑓𝑚𝑚𝜒𝜒

𝑚𝑚𝑓𝑓 + 𝑚𝑚𝜒𝜒

𝑞𝑞ref = 𝛼𝛼𝑚𝑚𝑒𝑒

𝛼𝛼𝑑𝑑 = 𝑔𝑔𝑑𝑑2/4𝜋𝜋
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DARK MATTER
FREEZE-IN

Hall, Jedamzik, March-Russell, West (2010)
Lin (2019)

Thermal freeze-out

time

D
M

 a
bu

nd
an

ce

Production
SM + SM → 𝜒𝜒 + 𝜒̅𝜒

Freeze-in
Not enough thermal 

energy to produce DM
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STELLAR PRODUCTION
An, Pospelov, Pradler (2013)

𝑔𝑔𝑑𝑑
𝑔𝑔𝑑𝑑

𝑚𝑚𝑑𝑑

𝑚𝑚𝑑𝑑

Dark photon energy

0.1 eV

10 eV

103 eV
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STELLAR PRODUCTION
An, Pospelov, Pradler (2013)

with dark Higgs: Rate𝐴𝐴𝑑𝑑ℎ𝑑𝑑 ∝ 𝛼𝛼𝑑𝑑𝜖𝜖2

transverse:           Rate𝐴𝐴𝑑𝑑,𝑇𝑇 ∝ �
𝜖𝜖2𝑚𝑚𝑑𝑑

4𝜔𝜔𝑝𝑝−4 if 𝑚𝑚𝑑𝑑 ≪ 𝜔𝜔𝑝𝑝
𝜖𝜖2 if 𝑚𝑚𝑑𝑑 ≫ 𝜔𝜔𝑝𝑝

longitudinal:         Rate𝐴𝐴𝑑𝑑,𝑇𝑇 ∝ 𝜖𝜖2𝑚𝑚𝑑𝑑
2𝜔𝜔−2

𝑔𝑔𝑑𝑑
𝑔𝑔𝑑𝑑

𝑚𝑚𝑑𝑑

𝑚𝑚𝑑𝑑

Dark photon energy

0.1 eV

10 eV

103 eV
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