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DARK PHOTONS have been widely explored before…
…but not all of them.

1 GeV 𝑚𝑍

Is thermal DM still 
viable here?

Pospelov et al. (2008)
Arkani-Hamed et al (2009)

Frandsen et al. (2011)
Essig et al. (2012)

Knapen et al. (2017)
Feng & Somlinsky (2017)

Dutra et al. (2018)
Jung et al. (2020)

Fitszpatrick et al. (2022)
Rizzo et al (2021)

Balan et al. (2025)
Alenezi et al. (2025)

Krnjaic (2025)
…

Feldman et al. (2007)
Dudas et al. (2009)
Cassel et al. (2010)
Chun et al. (2011)
Arcadi et al. (2014)

Ko et al. (2014)
He et al. (2017)

Cheung et al. (2025)
…

𝑚𝑍𝐷
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DARK PHOTON ⟶ 𝑆𝑈 3 𝐶 × 𝑆𝑈 2 𝐿 × 𝑈 1 𝑌 × 𝑈 1 𝑋

: kinetic terms

: interaction terms

: mass terms

Bauer, Foldenauer (2022)
Fabbrichesi et al. (2020)

hypercharge 𝑈 1 𝑌 and 
neutral 𝑆𝑈 2 𝐿 SM 
gauge bosons

෠𝐵𝜇, ෡𝑊3,𝜇 : 

gauge boson of 𝑈 1 𝑋
෠𝑋𝜇 : 

𝜖: kinetic mixing

𝑔, 𝑔′: SM gauge couplings
𝑗𝜇
𝑌 , 𝑗𝜇

3 : SM fermionic currents

𝑗𝜇
𝑋 : 𝑈 1 𝑋 fermion current

𝑔𝐷: 𝑈 1 𝑋 gauge coupling
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DARK PHOTON

ℒ ⊃ −𝐴μ 𝑒𝑗μ
𝐸𝑀 +

−𝑍𝜇 𝑔𝑍𝑗μ
𝑍 𝑐𝛼 − 𝑠𝛼𝛿 + 𝑒𝑗μ

𝐸𝑀(𝑠𝛼𝛿/𝑡𝑊) − 𝑔𝐷𝑗μ
𝑋𝑠𝛼 +

−𝑍𝐷
𝜇
𝑔𝑍𝑗μ

𝑍 𝑠𝛼 + c𝛼𝛿 − 𝑒𝑗μ
𝐸𝑀 𝑐𝛼𝛿/𝑡𝑊 + 𝑔𝐷𝑗μ

𝑋𝑐𝛼

Interaction terms can be written now in terms of physical particles:

After diagonalizing the 
mass and kinetic terms 

through mixing angle 𝛼 we 
get the physical fields

෠𝐵𝜇

෡𝑊3,𝜇

෠𝑋𝜇
→

𝐴𝜇

𝑍𝜇

𝑍𝐷
𝜇

true, massless SM photon

physical Z boson

physical DARK PHOTON

(𝝐, 𝒈𝑫)

𝒈𝑫: 𝑼 𝟏 𝑿 gauge coupling

𝝐: kinetic mixing

How does the dark photon 
get its mass?

DARK SCALAR

In this sector of the model, we 
have introduced two parameters:

𝜹, 𝒔𝜶 ∝ 𝝐 𝒄𝜶 ∝ 𝟏 + 𝝐𝟐

Every interaction between the visible and invisible sectors 
is supressed by the kinetic mixing
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𝑉 𝐻, 𝑆 = −𝜇2𝐻†𝐻 + 𝜆 𝐻†𝐻
2
− 𝜇𝑆

2𝑆∗𝑆 + 𝜆𝑆 𝑆∗𝑆 2 + 𝜆𝐻𝑆𝑆
∗𝑆𝐻†𝐻

DARK SCALAR

𝐻 =
1

2

𝐺±

ℎ + 𝑣 + 𝑖𝐺0

𝑆 =
𝑠 + 𝑤 + 𝑖𝐺′

2

: SM Higgs Doublet ⟶𝑣 breaks 𝑆𝑈 2 𝐿 × 𝑈 1 𝑌

: Dark Scalar Singlet ⟶𝑤 breaks 𝑈 1 𝑋

Arcadi et al. (2019)
Assamagan (2016)
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(𝝁𝒔, 𝝀𝒔, 𝝀𝒉𝒔)

𝝁𝒔: scalar mass parameter

𝝀𝒔: scalar self-coupling parameter

𝝀𝒉𝒔: scalar-Higgs coupling parameter



DARK MATTER (𝒒𝑿,𝒎𝝌)
𝒒𝑿: DM charge under 𝑼 𝟏 𝑿

𝒎𝝌: DM mass

𝑗𝜇
𝑋 = 𝑞𝜒 ҧ𝜒𝛾𝜇𝜒

with 𝜒 a Dirac Fermion

GAUGE-FERMION INTERACTIONS

∝ 𝜖0

∝ 𝜖1
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(𝑚𝑍𝐷 , 𝑚𝑠, 𝑚𝜒, 𝜖, 𝑠𝜃 , 𝑔𝐷, 𝑞𝜒)

𝑚𝑍𝐷

𝑚𝑠

𝑚𝜒

𝜖

𝑠𝜃

𝑔𝐷

𝑞𝑋

: Dark Photon Mass

: Dark Scalar Mass

: Dark Matter Mass

: Kinetic Mixing

: Scalar Mixing

: Dark Gauge Coupling

: DM vectorial charge

IN THE FOLLOWING…

• 𝜒 is lighter than 𝑍𝐷:

𝑚𝜒 < 𝑚𝑍𝐷

• Mass regime:

1 GeV < 𝑚𝑍𝐷 < 𝑚𝑍

• 𝜒 can be a fraction of the total DM content:

𝜌𝜒 = 𝜉𝜌𝐶𝐷𝑀

DAHM-DM

dilution factor 

(𝜖, 𝑔𝐷 , 𝜇𝑠, 𝜆𝑠, 𝜆ℎ𝑠 , 𝑞𝑋, 𝑚𝜒)
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FREEZE-OUT
• Dark Matter in thermal equilibrium with plasma at the beginning of the Universe.
• Dark Matter density freezes-out when interactions fall below the Hubble rate.
• Weak coupling with SM particles.
• DM relic abundance can be computed solving the Boltzmann equation

DM PRODUCTION MECHANISM

𝜎𝑎𝑛𝑛 ∝
𝜖2𝛼𝐷𝛼𝐸𝑀

𝑠 − 𝑚𝑍𝐷
2 2

+𝑚𝑍𝐷
2 Γ𝑍𝐷

2

𝛼 =
𝑒2

4𝜋
; 𝛼𝐷 =

𝑔𝐷
2

4𝜋
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CORNERING DAHM-DM

SM

DM

SM

DM

(dispersion)
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DIRECT 
DETECTION

COLLIDERS

INDIRECT 
DETECTION
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DARK
MATTER
DIRECT 
DETECTION 
EXPERIMENTS

University Of California, Berkeley

11



University Of California, Berkeley

𝑑𝑅

𝑑𝐸𝑅
=

𝜉𝜌0
𝑚𝑇𝑚𝜒

𝜖 𝐸𝑅 න𝑑𝐸𝑅
′ 𝐺𝑎𝑢𝑠𝑠(𝐸𝑅

′ , 𝐸𝑅)න
𝑣𝑚𝑖𝑛

𝑑3𝑣 𝑣 𝑓( Ԧ𝑣)
𝑑𝜎𝜒𝑇

𝑑𝐸𝑅
′

DD set constraints on the product 𝝃
𝒅𝝈𝝌𝑻

𝒅𝑬𝑹
′

𝑑𝜎𝜒𝑇
𝑆𝐼

𝑑𝐸𝑅
′ =

𝑚𝑇

2𝜋𝑣2
𝑔𝐷
2𝜖2𝐴2𝐹2 𝐸𝑅

𝑓𝑛
(𝑍𝐷)

𝑚𝑍𝐷
2 +

𝑓𝑛
(𝑍)
𝑠𝑊

𝑚𝑍
2 −𝑚𝑍𝐷

2

2

𝑓𝑛
(𝑋)

=
1

𝐴
(𝑍𝑓𝑝,𝑋 + 𝐴 − 𝑍 𝑓𝑛,𝑋)

𝑓𝑝,𝑋 = 2𝑔𝑢,𝑋 + 𝑔𝑑,𝑋
𝑓𝑛,𝑋 = 𝑔𝑢,𝑋 + 2𝑔𝑑,𝑋 → 0

Rate of DM-induced nuclear recoils per recoil energy: 
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XENON collaboration (2021)
DarkSide-50 collaboration (2023)
PandaX-4T collaboration (2021)
LZ collaboration (2025)
Global Argon Dark Matter 

collaboration (2023)
DARWIN collaboration (2016)
XLZD collaboration (2024)
O’Hare (2021)

𝜎𝑆𝐼
𝑝
∝ 𝜖2

𝜉 ∝ 1/ 𝜎𝑣 ∝ 𝜖−2

DD bounds are 
independent of the 

value of 𝜖
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DARK
MATTER
INDIRECT 
DETECTION

Fermi-Large Area Telescope (LAT)

Planck Satellite
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GAMMA RAYS FROM DWARF SPHEROIDAL GALAXIES (dSphs)

𝐽 = න
ΔΩ

𝑑Ωන𝑑𝑙 𝜌𝜒
2(𝑟)

gamma-ray flux will be 
re-scaled by ∝ 𝜉2

Fermi-LAT collaboration (2014)

𝑑Φ

𝑑𝐸
ΔΩ =

𝐽

4𝜋
෍

𝑓

𝜎𝑣 𝑓

2𝑚𝜒
2

𝑑𝑁𝛾
𝑓

𝑑𝐸

dSphs are some of the most DM-rich environments in the 
universe, so we can set DM constraints from the 

observation of gamma rays from them.

Gamma Ray flux per solid angle:
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GAMMA RAYS FROM DWARF SPHEROIDAL GALAXIES (dSphs)

𝑑Φ

𝑑𝐸
ΔΩ =

𝐽

4𝜋
෍

𝑓

𝜎𝑣 𝑓

2𝑚𝜒
2

𝑑𝑁𝛾
𝑓

𝑑𝐸

𝐽 = න
ΔΩ

𝑑Ωන𝑑𝑙 𝜌𝜒
2(𝑟)

dSphs are some of the most DM-rich environments in the 
universe, so we can set DM constraints from the 

observation of gamma rays from them.

gamma-ray flux will be 
re-scaled by ∝ 𝜉2

McDaniel, Ajello, Karwin, Di Mauro,
Drlica-Wagner & Sánchez-Conde (2024)

Gamma Ray flux per solid angle:
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McDaniel, Ajello, Karwin, Di Mauro,
Drlica-Wagner & Sánchez-Conde (2024)

𝜉2 𝜎𝑣 increases 
as 𝜖 decreases

Gamma ray flux 
increases as 𝜖

decreases

We obtain a 
lower bound on 𝜖

(and on 𝜉2 𝜎𝑣 )

G
A

M
M

A
 R

A
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 B
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N
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CMB IONISATION CONSTRAINTS

Since DM can annihilate into charged 
SM particles, it can reintroduce a 

certain amount of ionization during 
and after recombination

This amount of extra ionization can be 
constrained with the CMB, since it 

would distort the theoretically clean 
CMB polarization spectrum

Rate of released energy into the primordial bath of particles from DM annihilations: 

𝑑2𝐸

𝑑𝑉𝑑𝑡
= 𝜌𝜒

2 1 + 𝑧 6 𝑃𝑎𝑛𝑛(𝑧)

energy rate will be 
re-scaled by ∝ 𝜉2

𝑃𝑎𝑛𝑛 𝑧 =෍

𝑖

𝑓𝑖 𝑧
𝜎𝑣 𝑖

𝑚𝜒
with

𝜎𝑣 𝑖

𝑓𝑖 𝑧

thermal average annihilation 
cross-section 
redshift-dependent ionization 
efficiency factor 

For each annihilation channel i:

…constrained by the Planck mission from 
CMB anisotropies measurement

𝑃𝑎𝑛𝑛 < 3.5 × 10−28 cm2 s−1 GeV−1 16



Planck collaboration (2020)

𝑃𝑎𝑛𝑛 ∝ 𝜉2 increases 
as 𝜖 decreases

We obtain a 
lower bound on 𝜖
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COLLIDER SEARCHES

18



INVISIBLE SEARCHES
If 𝑚𝑍𝐷 > 2𝑚𝜒, the decay channel 𝑍𝐷 → ҧ𝜒𝜒 is 

kinematically open and dominates the decay width

MONO-JET 
SEARCHES IN LHC

MONO-PHOTON
SEARCHES IN LEP 

AND BaBar

VISIBLE SEARCHES

Given the strong sensitivity of di-lepton searches, they 
can still be relevant, in particular when 𝛼𝐷 ≪ 𝛼𝐸𝑀𝜖

2

Γ𝑍𝐷 = Γ𝑍𝐷→𝑆𝑀 + Γ𝑍𝐷→ഥ𝜒𝜒

𝜖 < 𝜖90
𝑙𝑙 ×

Γ𝑍𝐷→𝑆𝑀 + Γ𝑍𝐷→ഥ𝜒𝜒

Γ𝑍𝐷→𝑆𝑀

90% C.L. di-lepton limit for Γ𝑍𝐷→ഥ𝜒𝜒 = 0

BaBar collaboration (2017)
LHCb collaboration (2020)
CMS collaboration (2020)
CMS collaboration (2023)
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EW PRECISION OBSERVABLES

ℒ𝑁𝐶 =
−𝑒

𝑠𝑊𝑐𝑤
1 +

𝛼𝐸𝑀𝑇

2
ഥ𝑓𝑖𝛾

𝜇 𝑇3𝑖𝑃𝐿 − 𝑄𝑖 𝑠𝑊
2 +

𝛼𝐸𝑀𝑆

4(𝑐𝑊
2 − 𝑠𝑊

2 )
−
𝑐𝑊
2 𝑠𝑊

2 𝛼𝐸𝑀𝑇

𝑐𝑊
2 − 𝑠𝑊

2 𝑓𝑖𝑍𝜇

Our model introduces modifications on the couplings 
of the Z-boson with the SM fermion content that 

depend on its mixing with the dark photon

Electroweak precision observables yield an 
indirect constraint on the kinetic mixing  

parameter 𝜖

ℒ𝑁𝐶 =
−𝑒

𝑠𝑊𝑐𝑤
𝑐𝛼ഥ𝑓𝑖𝛾

𝜇 𝑇3𝑖𝑃𝐿 1 −
𝑠𝛼
𝑐𝛼
𝛿 − 𝑄𝑖 𝑠𝑊

2 −
𝑠𝛼
𝑐𝛼
𝛿 𝑓𝑖𝑍𝜇

Parametrization of the neutral current interactions of physical Z-boson with SM fermions:

In DAHM-DM:

By comparison:

𝑆(𝜖,𝑚𝑍𝐷)

𝑇(𝜖,𝑚𝑍𝐷)

OBLIQUE PARAMETERS

𝑆 = −0.05 ± 0.07

𝑇 = 0.00 ± 0.06
Particle Data Group (2024)
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DELPHI collaboration (2009)
BaBar collaboration (2017)
LHCb collaboration (2020)
CMS collaboration (2020)
CMS collaboration (2023) C
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• DD, ID and colliders probe 
complementary regions of the 
parameter space.

• Scenarios with large 𝛼𝐷 are ruled out by 
DD, even in the resonance regime.

• ID constraints are relevant for 𝜉 → 1 and 
away from the resonant region.

• Next generation DD experiments will be 
able to probe most of the remaining 
allowed resonant DM scenarios.

• Current and future collider searches 
can probe complementary regions with 
sizeable kinetic mixing.
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NON-
RELATIVISTIC 
EFFECTIVE 
FIELD 
THEORY

𝒪1
𝑁 = 𝟙𝑋𝟙𝑁

𝒪2
𝑁 = 𝑣⊥

2𝟙𝑋𝟙𝑁

𝒪3
𝑁 = 𝟙𝑋𝑆𝑁 ⋅ 𝑣⊥ ×

𝑖 Ԧ𝑞

𝑚𝑁

𝒪4
𝑁 = 𝑆𝑋 ⋅ 𝑆𝑁

𝒪5
𝑁 = 𝑆𝑋 ⋅ 𝑣⊥ ×

𝑖 Ԧ𝑞

𝑚𝑁

𝒪6
𝑁 = 𝑆𝑋 ⋅

Ԧ𝑞

𝑚𝑁
𝑆𝑁 ⋅

Ԧ𝑞

𝑚𝑁

𝒪7
𝑁 = 𝟙𝑋 𝑆𝑁 ⋅ 𝑣⊥

𝒪8
𝑁 = 𝑆𝑋 ⋅ 𝑣⊥ 𝟙𝑁

𝒪9
𝑁 = 𝑆𝑋 ⋅

𝑖 Ԧ𝑞

𝑚𝑁
× 𝑆𝑁

𝒪10
𝑁 = −𝟙𝑋 𝑆𝑁 ⋅

𝑖 Ԧ𝑞

𝑚𝑁

𝒪11
𝑁 = − 𝑆𝑋 ⋅

𝑖 Ԧ𝑞

𝑚𝑁
𝟙𝑁

𝒪12
𝑁 = 𝑆𝑋 ⋅ 𝑆𝑁 × 𝑣⊥

𝒪13
𝑁 = − 𝑆𝑋 ⋅ 𝑣⊥ 𝑆𝑁 ⋅

𝑖 Ԧ𝑞

𝑚𝑁

𝒪14
𝑁 = − 𝑆𝑋 ⋅

𝑖 Ԧ𝑞

𝑚𝑁
𝑆𝑁 ⋅ 𝑣⊥

ℒ𝑁𝑅𝐸𝐹𝑇 =෍

𝑖,𝑁

𝑐𝑖
𝑁(𝑞2)𝒪𝑖

𝑁

Bishara et al. [1707.06998]



LZ collaboration (2025)
DARWIN collaboration (2016)

XLZD collaboration (2024)
O’Hare (2021)



GAMMA RAYS STATISTICAL ANALYSIS

Fermi-LAT legacy analysis provides single-source, binned likelihood profiles ℒ𝑖
𝑑𝜙

𝑑𝐸
, 𝐸 as a function of the 

differential gamma ray flux 𝑑𝜙
𝑑𝐸

and energy 𝐸 for different sets of dSPhs source catalogues.

We can obtain the full model likelihood computing the theoretical 𝑑𝜙
𝑑𝐸

and multiplying all the single-source 
likelihoods for the observed dSPhs.

For each source, the uncertainty on the observed J-factor is taken as a nuisance parameter: 



GAMMA RAYS STATISTICAL ANALYSIS

From the model likelihoods, we build a test statistic according to the profile log-likelihood ratio:

where 𝜃 denotes the model parameters and 𝜃0 the model parameters that maximize the likelihood.

Under random fluctuations in data, the test statistic −2 log 𝜆(𝜃) is asymptotically distributed as a 𝜒2 function 
with the number of degrees 𝑑 equal to the number of tested parameters 𝜃. Hence, for a fixed DM mass we  leave 

the kinetic mixing freely floating.

We thus can reject the model at the 1 − 𝑝 level if 

with 𝐹𝜒2 beint the cumulative 𝜒2 distribution with 𝑑 = 1 d.o.f. We compute the one-sided 90% C.L. exclusion 
limit from −2 log 𝜆 𝜃 > 2.71



CMB IONISATION CONSTRAINTS 𝑃𝑎𝑛𝑛 𝑧 =෍

𝑖

𝑓𝑖 𝑧
𝜎𝑣 𝑖

𝑚𝜒

We can compute approximate mass-dependent efficiency factors for all the primary annihilation channels of 𝜒 at
𝑧 ∼ 600 where energy injection becomes the most efficient 

𝑓𝑖 𝑚𝜒 ≈ න
0

𝑚𝜒𝐸 𝑑𝐸

2𝑚𝜒
2𝑓𝑒𝑓𝑓

𝑒+𝑒− 𝐸
𝑑𝑁𝑒+

𝑑𝐸
𝑖

+ 𝑓𝑒𝑓𝑓
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efficiency factors at 𝑧 = 600

secondary positron and photon spectra produced from EM showers and 
decays of the primary particles i
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We can compute approximate mass-dependent efficiency factors for all the primary annihilation channels of 𝜒 at
𝑧 ∼ 600 where energy injection becomes the most efficient 

𝑓𝑖 𝑚𝜒 ≈ න
0

𝑚𝜒𝐸 𝑑𝐸

2𝑚𝜒
2𝑓𝑒𝑓𝑓

𝑒+𝑒− 𝐸
𝑑𝑁𝑒+
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𝑖

+ 𝑓𝑒𝑓𝑓
𝛾

𝐸
𝑑𝑁𝛾

𝑑𝐸
𝑖

efficiency factors at 𝑧 = 600

secondary positron and photon spectra produced from EM showers and 
decays of the primary particles i

Thus, we can define an 
effective, mass-dependent 

annihilation parameter…
𝑃𝑒𝑓𝑓 𝑚𝜒 = 𝜉2෍

𝑖

𝑓𝑖 𝑚𝜒

𝜎𝑣 𝑖

𝑚𝜒

… which is constrained by the Planck mission 
from CMB anisotropies measurement

𝑃𝑎𝑛𝑛 < 3.5 × 10−28 cm2 s−1 GeV−1
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