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Exploring Dark Photon Production and Kinetic Mixing Constraints in Heavy-lon Collisions

Structure of Universe ENERGY DISTRIBUTION
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1933: F. Zwicky: observation of the DARK
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(1 DM detected by astrophysical
observations based on
gravitational effects: chandra.harvard.edu
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arxiv.org/abs/physics/0007025 Granett, Neyrinck, Szapudi NASA ESA and the Planck Collaboration.
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Dark Matter Detection

Dark Matter

Leptons
electrons, muons,
taus, neutrinos

Nuclear Matter
quarks, gluons

Photons, Other dark
W, Z, h bosons particles

DM DM

DM DM DM SM SM DM
Direct Indirect Particle Astrophysical
Detection Detection Colliders Probes
SM SM DM SM SM DM DM DM
Recoil Energy of a collision DM Decays into SM  SM Decays into DM DM Scattering
Atom-DM

Stars and

Experiments LUX,CoGeNT,
DAMA/LIBRA

CTA,HESS,AMS,

PAMELA galaxies, SIDM

Figure from D. Bauer et al. 2015, Physics of the Dark Universe, 7, 16
And M. Livio et al., 2014, J. Physics. Nature 507 429-31
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Dark Matter Portals

Search for non-gravitational dark matter interactions with normal matter,
I.e. with standard model (SM) particles

Figure from Brian Battel

_ DM SM Portal
Indlrec.t K Standard Dark
Detection Model T~ = "®"="| sector
i - Mediator
@
00 Qe . ( _2(:0;9 B, F'" vector portal
'Q'Q 'Q 'Q ortal VI; : -
£ (o + \o°)H'H | Higgs portal
@ g :g Mediator Yo LHN | neutrino portal
@ edtor LF, P axion portal.

Standard model \ fa

Credit: Warie Cassing

J. Alexander et al. (2016), 1608.08632
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Vector Portal

The 'vector' portal assumes the mixing of SM and DM via a U(1)-U(1)’
gauge symmetry group mixing

L.B. Okun, Sov. Phys. 56 JETP (1982);
1 ' ' ' 1 2 ' ' B. Holdom, Phys. Lett. B 166, 196 (1986)
4 2 2
Dark photon field strength: SM hypercharge field strength:
F!,u,y p— 8pA’y - 31,111!‘& B‘u,y = 8#,81} T 81/B‘u,
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Vector Portal

The 'vector' portal assumes the mixing of SM and DM via a U(1)-U(1)’
gauge symmetry group mixing

L.B. Okun, Sov. Phys. 56 JETP (1982);
1 ' ' ' 1 2 ' ' B. Holdom, Phys. Lett. B 166, 196 (1986)
4 2 2
Dark photon field strength: SM hypercharge field strength:
F', = 0,4, — 0,4, B,, = d,B, — 9,B,

m) Kinetic mixing parameter €

U

m) Dark photon mass

Due to the kinetic mixing the dark photon (U-boson) couples to the
electromagnetic current with strength

Unknown: Kinetic mixing parameter and mass

* Notation in literature for the ‘dark photon’ or * U- boson’: A6, V, U
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Dalitz decay of the dark photon to dileptons

M Dalitz decays of pseudoscalar mesons p%h and D-resonances to
dileptons via the U-boson mediator

kinetic mixing

Standard model Beyond SM: DM scenario
o ®
1 \
u(1)-u(1)’ : ‘<‘
(& (1)-U(1) : ©

3rd Workshop on Heavy lon Physics and Compact Stars, 21-25 October 2024, Havana, Cuba Adrian William Romero Jorge



Exploring Dark Photon Production and Kinetic Mixing Constraints in Heavy-lon Collisions

Dalitz decay of the dark photon to dileptons

M Dalitz decays of pseudoscalar mesons p%h and D-resonances to
dileptons via the U-boson mediator

Standard model

p° > gtd, B
h > gtg, g>e'er
D = N+¢, g
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Beyond SM: DM scenario

u(1)-u(1)’
kinetic mixing
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p° > g+U,
h 2> gtU, U>e'e
D = N+U,

NI[. M [GeV/c]

B. Batell, M. Pospelov, and A. Ritz, PRD 80,095024 (2009)

Adrian William Romero Jorge
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Possible dark photon observation by dilepton experiments

s @ @ % n,p,® ¢,A.. [ODilepton spectrafrom SM
sources are well studied by
-:\m dilepton experiments from SIS to
PtA O— @ Y ‘\Sg LHC energies (HADES, STAR,...)
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Possible dark photon observation by dilepton experiments
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Theoretical modeling of U-boson production

Goal: estimate the upper limit for the kinetic mixing parameter €’(m) of
the U-boson from the theoretical calculation of the dilepton spectra
using the microscopic PHSD transport approach

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

PHSD: W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing, EPJ ST 168 (2009)
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Theoretical modeling of U-boson production

Goal: estimate the upper limit for the kinetic mixing parameter €’(m) of
the U-boson from the theoretical calculation of the dilepton spectra
using the microscopic PHSD transport approach

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

Initial State: Quark Gluon Plasma: IQCD Dynamical Hadronic interactions: Final hadrons+ leptons
8 s."' @ i <«

Au+Au EoS. Non-perturbative QCD Hadronization

200 GeV, b=2 fm Quasiparticies et e @ Banyons

‘ Antibaryons

y
g -
e
% %
¢  Sge
oS @ Mesons
3l
& &
O o<y
¢ w ¢
e JE S Quarks
&
¢ ed
© Py &
oo ®% %k %, @ Gluons
Ny 8 O
Cee

=» PHSD provides a good description of ‘bulk’ hadroﬁié 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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Dark photon production in PHSD

[ Dalitz Decay ]

[ Direct Decay ]

—
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Dark photon production in PHSD

Production of hadron =» decay to U = dilepton yield from U-

Dalitz Decay boson decay of mass my;:

: + - + -
Direct Decay - L =

—

Havana, Cuba

Adrian William Romero Jorge
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Dark photon production in PHSD

Production of hadron =» decay to U = dilepton yield from U-
Dalitz Decay boson decay of mass my;:
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Dark photon production in PHSD
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Dark photon production in PHSD
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Procedure to obtain constraints on 82( )

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

— 08:1 -2 _ %=1 (1)

2) Calculate the sum of all SM contributions and ‘dark matter’ (DM) contributions :

- + _ He?) —2=1 2)
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Procedure to obtain constraints on 82( )

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

g2 g%=1 (1)

2) Calculate the sum of all SM contributions and ‘dark matter’ (DM) contributions :

— + _ He?) —2=1 2)

3) Obtain constraints by requesting that dN®©@/dM (SM+DM) cannot exceed the

sum of SM channels (i.e. exp. data!) by more than a factor C, in each bin dm,
l.e.

- = (1.|.

|:> C, controls the allowed "surplus” dilepton yield resulting
) from dark photons on top of the total SM yield

4) Calculate €¢(m) by assuming C : e.g. C,=0.1 - 10% DM extrayield to the
SMyield

= —)=)
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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-bias'
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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-bias'
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10"

10° K}

Au+Au, 200 GeV, min-bias

@ STAR

p; > 0.2 GeV
M <1, ly™| <1

® ®
fveeassesstesenn, .

Dilepton mass spectra I

PHSD:
— DD
—.— BB

“a/; ° © e $ °
L oo ® v N\ =~
|°4 L ST ’.I\ | |\f,L 1

sum

TEO .............. n
—————® - A
—_——— a,
...... 6 ——-n'
- P

q+a_>e+e_

- = graogree |

.......... q+g_>q+e+e' §

M__ [GeV/c?]

3rd Workshop on Heavy lon Physics and Compact Stars, 21-25 October 2024, Havana, Cuba

Adrian William Romero Jorge



Exploring Dark Photon Production and Kinetic Mixing Constraints in Heavy-lon Collisions

Dilepton spectra from PHSD from SIS18 to RHIC energies
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Dilepton mass spectra p+p, 5 02 TeVI
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Dilepton mass spectra
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Dilepton spectra from U-boson decays
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Kinetic Mixing parameter (M)

The upper limit for the kinetic mixing parameter €2(M)) of dark photons extracted
from the PHSD dilepton spectra - with allowed surplus of the total SM yield
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Kinetic Mixing parameter (M)

The upper limit for the kinetic mixing parameter €(M)) of dark photons extracted
from the PHSD dilepton spectra - with allowed surplus of the total SM yield
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Kinetic Mixing parameter (M)

The upper limit for the kinetic mixing parameter €(M)) of dark photons extracted
from the PHSD dilepton spectra - with
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Kinetic Mixing parameter (M)

The upper limit for the kinetic mixing parameter €(M)) of dark photons extracted
from the PHSD dilepton spectra - with allowed surplus of the total SM yield
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Kinetic Mixing parameter (M)

The upper limit for the kinetic mixing parameter €(M)) of dark photons extracted
from the PHSD dilepton spectra - with
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Limits for the mixing parameter €¢(m)

0 The PHSD predictions for () with 1% and 10% allowed surplus of the U-
boson contributions over the total SMyield and fixed ( )=

Au+Au R 200 GeV, min-bias
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The theoretically extracted upper limit of the kinetic mixing parameter €¢(m))
of light dark photons from dark photon decays:

- strongly reduces by lowering the allowed ,surplus’

=» exp. data of high precision are needed to reduce the upper limit for (M)
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Summary

L We presented microscopic transport calculations, based on the PHSD approach, for the
dilepton yield from the decay of hypothetical dark photons (or U-bosons), U>e+e-from p
+ p and A + A collisions from SIS18 up to RHIC energies

U For that we incorporated in the PHSD the production of U-bosons by the Dalitz decay of

e , - , " - % andthedirectdecayof , , -  withfurther

dilepton decays - * T, which describes the interaction of DM and SM particles by the
U(1)-U(1)" mixing

O We found that the extracted upper limit of €4(M)) is consistent with the experimental

results of the BaBar, KLOE experiment between 0.2<m;<1GeVwith = %and Al
exp.for 0.01<m;<0.3GeVwith = %as well as with the world-wide experimental
compilation

U We introduced a procedure to define theoretical constraints on the upper limit of the
kinetic mixing parameter €2(m) : Since dark photons are not observed in dilepton
experiments so far, we can require that their contribution can not exceed some limit
which would make them visible in experimental data

=>Perspectives:

* |nclude dark photon decays from other possible = | ook for constraints in
channels

astrophysics and cosmology
= Explore the axion portal
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Thanks to the Organizers !

Thank you for your attention !
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