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Structure of the Universe

Astrophysical observations based on gravitational effects:

1. Galaxy Rotation Curves
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2. Cosmic Microwave Background (CMB)
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Dark Matter Detection

Dark

Sector
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Dark Matter Detection Experiments Techniques

Recoil Energy of a collision SM-DM

e XENONRNT, SuperCDMS )

o DM nucleon scatering
4+ LUX, DAMA/LIBRA o Bubble chambers
 PandaX, DarkSide20k o Semiconductor detectos

Direct
Detection

DM Decays into SM

« Fermi-LAT o XX - SMSM
4 ¢ AMS-02. PAMELA o Neutrino telescopes

o X-rays from DM decays
* HESS,CTA, IceCube o Cosmic rays Anti-DM searches

Indirect
Dark Detection

Sector .
SM Decays into DM

Kinetic Mixing constraints
Fixed-target

Invisible higgs decays
Dilepton decays

Beam dump experiments

e ATLAS
=4 < BaBar
e CMS, Bellell

Particle
Colliders

0O O O O O

DM Scattering

. * Plack (CMB), WMAP o DM ThermalRelic Abundance
ASthphVSlcal 7 ¢ GAIA, DES o Self-Interacting DM
Probes « HUBBLE, LSST o Galaxy Rotation Curves

o Gravitational Lensing
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Dark Matter Portals

Dark
Sector
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Dark Matter Portals

Dark
Sector

Portal Mediator Particle

Operator

‘ <Vector =) Dark Photon
‘ <Neu'"i“° |:> Sterile neutrinos

)w (Higgs [—> Darkscalars
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0,? J <Axion =) Pseudoscalars

L D yyLHN

L > (up + 1¢p>)HTH

a . = @ v
L D — Fu P, — GG, ..
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— Gluon, fermion, dipolar Higher dimension op.
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Dark Matter Portals

Dark
Sector

Portal Mediator Particle

Operator

‘ <Neutrino |:> Sterile neutrinos

» ;#, (Higgs [—> Darkscalars
L? <Axion I:> Pseudoscalars

£ v
Vector I:> Dark Photon L D —EBWF

L D yyLHN
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Dark Photon Model with Dark Matter
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Dark Photon Model with Dark Matter

Lons . / Dark Photon \

1
E UV a2 AT A!
EpuvEy, L P Ey — s miAT A,
2
€ 2 2 Dirac Fermion
o = £2q U Y o4 . & /
B X Ax XY X
I8 = ¢ XX —
£ = Kinetic mixing parameter i(p'0tp — (0"¢")p)  Majorana Fermion
s
m; = Dark photon mass

-6 y
g, ™ Dark coupling constant O*'

m, =) Dark matter mass [ (8' my ) J [(“X AL )J Complex Scalar
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Kinematics m,(m,)

Invisible regime

my ¢4 ' Visible regime
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/ //
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2
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Kinematics m,(m,)

my 1 )
Invisible regime /qﬂ““’j/
74 -
U- DM ,“\,6/,”
U->SM
2 T UsSM
{8 My, 9x, m)(}
Visible regime
2
- {e7,my}
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Kinematics m,(m,)

my 4
Invisible regime
U—- DM
U->SM
2m,

gt
vz 7
W

U->SM

Visible regime

my =2m,

—

Invisible regime

Visible regime
- Below 2m, threshold
U- 1Tl

Is it possible to “detect”

dark photons in Heavy-lon
Collisions ?
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Dark photon decay modes.
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Dark photon decay modes.

U -> hadrons

dN/dM [a.u.]

Invisible regime

U-DM
U-SM

Joh H " P R
1 10
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Dark photon decay modes.
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Theoretical modelling of dark photon production

Parton-Hadron-String Dynamics (PHSD) is a non-equilibrium microscopic transport
approach for the description of strongly-interacting hadronic and partonic matter
created in heavy-ion collisions

Dynamics: based on the solution of generalized off-shell transport equations derived
from Kadanoff-Baym many-body theory

W
S/
i ; _Parti L N
QGP: described by the Dynamical Quasi-Particle Model (DQPM)
Initial State: Quark Gluon Plasma: IQCD Dynamical Hadronic interactions: Final hadrons+ leptons
Au+Au EoS. Non-perturbative QCD Hadronization 0 o o o o
200 GeV, b=2fm  duasiparticles @ i

‘ Antibaryons

@ WMesons
. Quarks
. Gluons

=» PHSD provides a good description of ‘bulk’ hadronic observables as well as dilepton spectra
from SIS to LHC energies

PHSD: W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing, EPJ ST 168 (2009)
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Dilepton mass spectra | Au+Au, 200 GeV, min-bias] @
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See A.Jorge et al. (2025) Phys. Rev. C 111, 064904 M., [GeVicT]
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Dilepton mass spectra| Au+Au, 200 GeV, min-bias'
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Dilepton mass spectra Au+Au, 200 GeV min- b|asI
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Dilepton mass spectra | Au+Au, 200 GeV, min-bias'
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Dilepton mass Spectra Au+Au, 200 GeV min- blasI

1 | | | T T T T
10 %b Q STAR PHSD g e— n é
: p; > 0.2 GeV ) DN, - J— A ]
ml<1,y*I<1  —.—BB s a, 1}
— primary DY ------ ¢ —=-n" ]
X Q 3 — i

: 0 q+9—>e e
. 0 Q 90 O ? e st
......... q+g_>q+e+e' i

...............
o

e
e
e
e
e
¢e
*e
®e
e
.
......
e
LTS
®e
LTS
o,
e
e

. camp © emEd o "mmm o oamp ¢ “Emm o

0.0 0.5 1.0 2 2.0

See A.Jorge et al. (2025) Phys. Rev. C 111, 064904 o [CEV/C ]

Adrian William Romero Jorge Combined constraints on dark photons from high-energy collisions, cosmology, and astrophysics



Identification of Dark Matter 2026, 1-5 Jun, 2026, Zaragoza, Spain

Dilepton mass spectra Au+Au, 200 GeV min- b|asI
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Dilepton spectra from PHSD from SIS to RHIC energies
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Dark photon production in PHSD

', nn - yU
A-> NU
w - TU
Kt - wtU

pdw—->U
qq - U

U-ete
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Dark photon production in PHSD

Total dilepton yield from dark photon decays of mass my:
,A'—> NU

OU +_,— +,— =
T WA AR =
h=1 h=1

h- X+U
p,ow—-U
qq »U Nyxy = Ny, Brh—-XU
U-ete”
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Dark photon production in PHSD

Total dilepton yield from dark photon decays of mass my:

A4 - NU
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o X4y

pow-U
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Br(P = yU) = €*Br(P - yy) (1 - —l2,> P=m, nn B.Batel, etal.(2009) PRD 80, 095024 DM: Dirac DM: Malorana
mp o Fermion
G.Agakishievet al. (2014) PLB, 731,
_ 2 232(mp,my,my) 265
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Procedure to obtain constraints on £*(my)

For each bin [m;,m; +dm] calculate the sum of all U->e+e- contributions (kinematically
possible in this mass bin)

AN SumU AN S¥mU Obtain constraints by requesting that the total dilepton yield
1) = g2 g2=1 cannot exceed the sum of SM channels by more than a factor
dM dM Cyin each bin dm.
dN sumU d N SumsM C,, =m) controls the allowed “surplus” dilepton
2) =Cy U yield resulting from dark photons on top of
dM dM _ the total SM yield

See arXiv:2507.11163 and
l. Schmidt et al. (2021)
Phys. Rev. D 104, 015008
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Procedure to obtain constraints on £?(my)

For each bin [m;,m; +dm] calculate the sum of all U->e+e- contributions (kinematically
possible in this mass bin)

AN SumU AN S¥mU Obtain constraints by requesting that the total dilepton yield
1) = g2 g2=1 cannot exceed the sum of SM channels by more than a factor
dM dM Cyin each bin dm.
dN sumU d N SumsM C,, =m) controls the allowed “surplus” dilepton
2) =Cy U yield resulting from dark photons on top of
dM dM _ the total SM yield

=1
dM e.g. C,=5% DM extra yield to the SM

dNS“mSM> (szgmU) Calculate (M) by assuming Cy :
aM yield

e2(my,m, a,) = Cy - (

See arXiv:2507.11163 and
l. Schmidt et al. (2021)
Phys. Rev. D 104, 015008
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Kinetic Mixing parameter £2(my,) @
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Kinetic Mixing parameter £?(m))
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Kinetic Mixing parameter £?(m))
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Constraints from Astrophysics and Cosmology
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Self-Interacting Dark Matter (SIDM)
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Self-Interacting Dark Matter (SIDM)
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Self-Interacting Dark Matter (SIDM)
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Effective cross-section Constraints
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Effective cross-section Constraints
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Dark Photon Mass vs Dark Matter Mass My (mX)
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Dark Photon Mass vs Dark Matter Mass My (mX)
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Dark Photon Mass vs Dark Matter Mass My (mX)
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Dark Photon Mass vs Dark Matter Mass My (mX)

Galaxy Groups and Clusters Constraints
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Dark Photon Mass vs Dark Matter Mass My (mX)
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Dark Photon Mass vs Dark Matter Mass My (mX)
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Dark Photon Mass vs Dark Matter Mass My (mX)
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Thermal Relic Abundance
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Kinetic Mixing parameter s(mu)and DM thermal Relic Abundance
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Combined constraints on dark photons from high-energy collisions, cosmology, and astrophysics
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Dark Photon Mass vs Dark Matter Mass My (mX)
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Dark Photon Mass vs Dark Matter Mass My (mX)
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Possible Benchmark Points

1. my ~0.1—0.2 GeV Good for HIC Searches

my ~ 5 — 10 GeV Dark |(3)hoton produced by
T, 1, w, A decays

2. my =2 MeV
my ~ 190 GeV

Light dark photon and heavy
DM.

It satisfies 0,7 constraints

3. my <2m,
my ~ 200 — 800 GeV

Stable and long-lived
dark photon

Combined constraints on dark photons from high-energy collisions, cosmology, and astrophysics
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Summary

[ Heavy-ion dilepton spectra provide a complementary probe of vector portal dark sectors }

» Experimental accuracy has to be less or equal to 0.1% to “observe” dark photons in the visible
regime in dilepton experiments.

Dark matter thermalrelic abundance condition must be satisfied to ensure compatibility
with cosmological observations.

» Different DM candidates require different kinetic mixing values to reproduce the same energy
distribution.
« D
Combined constraints from SIDM, HIC and Thermal relic abundance in the my(my) phase

space, allow us to identify the most promising benchmark points for future searches.
< 4

» Heavy (GeV) DM and sub-GeV dark photon mediator might be a promising benchmark area

Adrian William Romero Jorge Combined constraints on dark photons from high-energy collisions, cosmology, and astrophysics
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Dilepton spectra from dark photon decays
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- * for the ‘dark photon’ or * U- boson’: A’,V,U, ¢
Dark Photon Model with Dark Matter A1 411 1404

Arxiv:2005.01515

L= Lsy —=F'™E;, —-mjA™A, +2BWE), + g, Xy* X A, + f(m,)

N .. . =
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g, = Dark coupling constant o
107k
m, =) Dark matter mass 4
Arxiv.1801.04847 10° 10 10_’" - 'l — 1'0 — NAG4 Couaboraﬁo'r‘,’f . m,,GeV v 1
. | mAIGV] 5psC-SR-255
4-free parameters my(My) L My(my) o~
A 3‘ ':- ap= 0.1 P ’,/
E%’; 3t | | é 0.01
[ (8) mU) J [(aX’ mX) ] i} XENONI(SL SIDI\E/I L
(electron recoi,‘l) ‘
Arxiv.1510.05020 %.005 0.01 " 0.03 01 0.3 1 Arxiv.1308.0618 1074

my (GeV)




Local Experimental Presicion from Experiments
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Kinetic Mixing parameter e?(m,;) from Experimental Data

* From PHSD (dark photons)
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Dark alpha a, Limits
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https://cds.cern.ch/record/2677228/files/SPSC-SR-255.pdf



Dark alpha a, Limits
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Thermal Target: Inelastic Dark Matter
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Type of DM particle in CLASSICS

Comments

Particle spin  dof
3 1
1/2 2'4 O fermion — io-odd + deven

1 2
1 3 Ovector — go-odd + gaeven

Scalar: Scalar, Complex Scalar

Fermion: Dirac, Majorana
Vector: Massive real vector

ldentical scalar particles must have a
symmetric spatial wavefunction.

For identical fermions (Majorana or x—x for Dirac DM):

Antisymmetric spatial wavefunction >
odd partial waves dominate.

The dark matter candidate is a spin-1 field
(massive vector boson),




DM Widths

Dirac Fermion

~ 1 2m> 4m?
(U —xx) = 304me(1+7,”2><> 1 - —%

U my
Majorana
| A2 3/2
X
U —xx) = 5 QMU (1 — m—%)
Complex Scalar
] 4,2 3/2
TNU =0 = —a,my|1 - —X

—my XX, Dirac fermion,

1
Llass = — 5 m, XX, Majorana fermion,

— mi o'y, complex scalar.

XY XS Dirac fermion,

S
I

XYY Majorana fermion,

i(pTorp — (0"p)p), complex scalar,



Dark photon coupling to DM

Dark photon
Complex Scalar is the gauge boson Real Scalar

of a dark gauge symmetry
1 i
b — 10a(@) . x Auly

This requires ¢ to be a complex scalar field. A real scalar satisfies qb — ¢*

The covariant derivativeis  D,¢ = (8, +igngpA,,) ¢.

The kinetic term is L =|D,¢|* - mi|¢|2. But a charged U(1) ptransformation would give
Expanding the kinetic term gives the interaction ¢ — e,
Line = igpgpA), (" 0" ¢ — ¢8"¢*) + gpap A, A™|¢|>. which is generally complex. For the field to remain real

. . forany a, one needs
The corresponding U(1) ,currentis

dp — 0.
Jp =iqp (¢p* 0" — pO* ) Therefore, a real scalar cannot carry a

continuous U(1) pcharge.
So a dark photon can couple directly to complex scalar DM.



Dark photon coupling to DM

Dirac Fermion

A Dirac fermion charged under U(1) ptransforms as

x — €@y

Majorana Fermion

A Majorana fermion satisfies X = XC.

That means the particle is its own antiparticle.

The covariant derivative is D,x = (8, +igpap4,) x. Under U(1)p, Y — €%y,

The Lagrangian is while its charge conjugate transformsas X — € ",

L =X (iv"Dy — my) x.
For the Majorana condition, to remain true after the

Lint = Al oty ,
int = gDIDLELXT X transformation, we need clapa _ p—igpa

Expanding it gives

The dark current is J5 = apxy'x. . o
for arbitrary a. This implies gp = 0.

This is the standard dark-photon coupling to fermionic DM:
Therefore, a pure Majorana fermion cannot

Lint = gDAL)_(’)fﬂX. carry a diagonal U(1) pcharge.

Also, the vector current vanishes identically for a Majorana
fermion: )_C’THX — 0.

So a dark photon can couple directly to Dirac fermion DM.



Dark photon coupling to DM

In a broken or chiral dark gauge theory, a Majorana state may

Axial Majorana coupling have an axial coupling:

But this is not the minimal vector dark photon coupling. It

requires a more specific model structure. Lint = QDAL)Z'Y#'YE)X-
DM Candidate Direct dark photon coupling? Reason
Real Scalar No Cannot carry a continuous U(1) charge
Complex Scalar Yes Has a conserved U(1) current
Dirac Fermion Yes Has a vector current y y*y
Pure Majorana Not diagonally The vector current vanishes
Majorana with Possible Requires a broken/chiral dark gauge
Axial coupling structure




Cross-Section SIDM: Number of collisions

] 0,, =10cm?/g ~ 1.78 x 10723 cm?/GeV
Elastic p+p 0y = 30 mbar *

ForaDM mass Number of collisions:

. _ o
Inelastic p+p Opp = 60 mbar « m, =100 GeV Neon = Px% vi
X
v~ 200 km/s

0yy = 1.8 x 10721 cm?
G,y = 1.8 X 106 mbar t~4x10%7s

N.ouy ~ 50 Age of the universe

nyc = 0.1 fm3 ~ 1038 cm™3

[ = n, ov
n, ~ 0.003 cm ™3

1 mbar = 10727 cm?

1GeV~2 =0.389 x 10727 ¢m?



Sommerfeld enhancement

* Long range force in the Yukawa potential (1/my) a,m, > my
* Attractive Potential for enhancement

 Small relative velocity Urel K @y

* Enhancement of the cross-section:

S(v) Sommerfeld Factor

(oV)err = S(v){(oV)g

¥ (0)]° i

110 (0)]2 Ay + repulsive
Yo V(r) = +— e Mu"-

1
S(w) ~ = r _
v

S(v) =

- attractive




Sommerfeld enhancement

r
naX /’U v K aX Sommerfeld Enhancement for a Yukawa potential
S(v) 4 _ ,mTay, /v 1051
S(v) ~ —=
(% 10"+ X
S 10°+ P
| Q{,\Q
_1 21 /
e |f my + O, g = 10 v=10"3
my
0L~ v=10"? l
v=10"
Smax (V) = " - . - : -
my 1000 2000 5000 1x10*  2x10° 5100 1x10°
M (GeV)



10° £ Resonances (Sommerfeld) .
: o, m,/m,~ 1 1 Quasi-bound state for attractive

Potential near zero energy

Classical regime
oL, M, /m, >>1

NI_I

&)

".‘-‘ =

= A .

8 L bornregime
— a,m,./m <<1
=

SIDM in dwarfs
0.1-10 cm?/g

10° 10 10° 10° 10*
m, [GeV/c?]

Short distance force large distance force



Sommerfeld Enhancement in the Relic density
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Elastic DM self-scattering

Born limit aymy < my
10° b Resonances (Sommerfeld) E
£ o, m, /m, ~ 1 ]
2002

do QMM —
dQ = 5 - o107 E
9 9 . 9 ] \ = : _ Classical regime

[mX’Urel(l COS 6)/2 + 'm,d) do C()z( m)z( é : 20;:1 /r:qglinz a,m /m >>1
— 102 b x Ty .
dQ  my = ]
L SIDM in dwarfs .
10° 0.1-10 cm®g J
o Amagz my
= 10-4 L R | M | L LN e
my m;) 10° 10’ 102 10° 10°
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Cosmological Constraint




Thermal Relic Density: Comparison

" ff;i Vs(s—4m2) oann(s) K1(v/s/T) ds

(Tannv) = 2 8m§TK§(mX /T) 102
mU >> mX 10-3 2
2 4 2 4
N Taeg ap m, TQQpE My 4
(O"U> - m2 m4 ~ m2 my 10_ E
X Al X %
A |
2 (O"U> mi ma ~ -8 ™y 4 1 MeV 2 102 1 0-5 3
© = Taap (mx) = 1.3>10 (wMeV) ( X ) (D‘D) 3

Thermal Target DM

DM: Dirac Fermion
MU:3 m,

. | Red Deliver

4 (MeV\” (1072 10" e
2 _8 ma’ (& - mU mx
e ~1.3x10 (10 MeV) ( m, ) ( on ) 107 Non-Relativistic ]
Arxiv.1411.1404 107 10 10° 10’

PhysRevD.99.075001
Arxiv.1801.05447
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Effective cross-section Constraints
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CLASSICS

CalcuLAtionS of Self Interaction Cross Sections
github.com/kahlhoefer/CLASSICS Arxiv: 2011.04679

Computes approximate self-scattering cross sections for dark matter (DM)
particles interacting via a Yukawa potential:

* Momentum-transfer cross section

®x —MeT
U(r) — i?e d) UT:/dQ(l—COSB)j—g,

» Viscosity cross section

d
oy :/dﬂ sin29£.

Maxwell-Boltzmann distribution to compute velocity-averaged cross sections

3/2
m myv

mxv f(v) —47r( X ) v’ e FsT
¢ mXU > 1 Classicaltrajectory methods 2mkpT
. XY _ 1 Classicalwith leading quantum corrections.

my
. mxv <1 Schrodinger Equation in the Born limit (weak dispersion)

my (Tulin, Yu & Zurek, arXiv:1302.3898)



Thermal Relic Abundance Red DeliVeR  Amxiv:2410.00881

0 Solve the Boltzmann Equation for the

DM ) .
Qpy =—~26.14% DM relic density at freeze-out _
Pcr Complex Scalar

Mediator: Dark Photon - Dirac Fermion

1 Majorana Fermion
h =0.674 -

Plack mission CMB: arxiv.1807.06209

2pyh*~0.120 + 0.001

Qpph? > 0.12 Overproduction
Qpyh? < 0.12 Underproduction ‘ (81 my, @y, mX)

onen W e bk \ . xx—- U > ff Direct Annihilation

Matter \\\X €
Al ot s — channel

* My = 2 My Cross-Section is dependent of &2
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Kinetic Mixing parameter £2(my)
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