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Structure of Universe
❑ Dark matter (DM) ~24%
❑ DM detected by astrophysical
observations based on gravitational
effects:
1933: F. Zwicky: observation of galaxy clusters
1970: V. Rubin: rotation anomalies in
galaxies

WMAP
Hubble: gravitational lensing
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Dark matter portals
Search for non-gravitational dark matter (DM) interactions with normal
matter, i.e. with standard model (SM) particles

Figure from Brian Battel

J. Alexander et al. (2016), 1608.08632
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Dark matter detection

Figure from D. Bauer et al. 2015, Physics of the Dark Universe, 7, 16
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Vector portal
The 'vector' portal assumes the existence of a U(1)-U(1)’ gauge symmetry
group mixing
B. Holdom, Phys. Lett. B 166, 196 (1986)

Dark photon field strength:

𝝐- kinetic mixing parameter:

SM hypercharge field strength:

U

l-

e
l+

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

Unknown: kinetic mixing parameter 𝝐 and mass 𝑴𝑼
* Notation in literature for the ‘dark photon’: A’, V, U- boson
J. Alexander et al. (2016), 1608.08632
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Production of dark photons by SM particles
P. Fayet, Phys. Lett. B 95, 285 (1980)
M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Lett. B 662, 53 (2008)
L. Ackerman, M.R. Buckley, S.M. Carroll, M. Kamionkowski, Phys. Rev. D79, 023519 (2008)
B. Batell, M. Pospelov, and A. Ritz, Phys. Rev. D 80, 095024 (2009)
…

❑ The dominant production mechanisms of U-bosons (=‘V’=‘dark photons’)
and h’ – Higgs :
Dalitz decays of pseudoscalar p0,h mesons and D-resonance
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Dark photon observation by dileptons
❑ Dalitz decays of pseudoscalar mesons p0,h and D-resonances to dileptons
via U-boson production

U(1)-U(1)’
kinetic mixing
s

p0 → g+U,
h → g+U, U→e+eD → N+U,

Dilepton spectra at low M
(HADES ‘cocktail’)

❑ Dalitz p0,h and D decays are the
dominant dilepton sources at low M
➔ Possibility for an experimental
observation of dark photons
by electromagnetic decays U→ e+ein heavy-ion experiments
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Search for dark photons with HADES
G. Agakishiev et al. (HADES), Phys. Lett. B 731, 265 (2014)

HADES data:
p+p, p+Nb at 3.5 GeV, Ar+KCl at 1.76 A GeV
1) Search for a peak structure in the dN/dM
spectrum taking into account mass resolution:
Fit inspected M-region using sum of a 5th-order
polynomial and a Gauss peak of fixed M bin of 3 MeV

Mass resolution

2) If no peak found, get an UL (upper limit) on peak
3) Transform this UL into an UL on the
mixing parameter e2 based on the modelling of
U-boson production rate
(B. Batell, M. Pospelov, and A. Ritz, PRD 80,095024 (2009))

1.76AGeV

3.5 GeV

* Important requirements for the exp. dark
photon search:
1. Large e+e− data samples
(to reduce combintorial background)

2. Very good mass resolution
* based on presentation by Roman Holzmann at PANIC2014

3.5 GeV
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Search for dark photons with HADES
G. Agakishiev et al. (HADES), Phys. Lett. B 731, 265 (2014)

Upper limit on the mixing parameter e2

HADES coverage : 0.02 < MU < 0.6 GeV
Dark photons are not observed so far!
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Mixing parameter e2
Compilation of world wide exp. data on the upper limit of the mixing parameter e2

J. Alexander et al. (2016), 1608.08632
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Theoretical modeling of U-boson production
Goal: estimate the upper limit for the kinetic mixing parameter e2(MU) of the
U-boson from the theoretically calculated 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: Au+Au

Quark-Gluon Plasma: lQCD EoS
non-perturbative QCD - quasiaprticles

Dynamical
Hadronization

Hadronic interactions
➔final hadrons + leptons

time

➔ 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) 3
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Dilepton sources
❑

from the QGP via partonic (q,qbar, g) interactions:
PHSD: non-perturbative QGP → DQPM (Dynamical Quasiparticle Model)
g*
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q

q

in-medium effects

Plot from A. Drees

from hadronic sources:

•direct decay of vector

‚QGP‘

mesons (r,w,f,J/Y,Y‘)

•Dalitz decay of mesons
and baryons

(p0,h,

K+

D,…)

−



+qq

D0

•correlated D+Dbar pairs

c
K−
+

c

D0



•radiation from multi-meson reactions
(p+p, p+r, p+w, r+r , p+a1) - ‚4p‘

Cf. review: O. Linnyk, E. Bratkovskaya, W. Cassing, Prog. Part. Nucl. Phys. 87 (2016) 50
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Dileptons at SIS energies - HADES
❑ HADES: dilepton yield dN/dM scaled
with the number of pions Np0

❑ Dominant hadronic sources for M>mp:
▪ h, D Dalitz decays
▪ NN bremsstrahlung
▪ direct r decay

➢ r meson = strongly interacting resonance
strong collisional broadening of the r width

• In-medium effects are more pronounced for
heavy systems such as Ar+KCl than C+C

• The peak at M~0.78 GeV relates to w/r
mesons decaying in vacuum

E. Bratkovskaya, J. Aichelin, M. Thomere, S. Vogel, and M. Bleicher, PRC 87 (2013) 064907

13

PHSD: Dileptons from p+p, p+d, A+A - DLS

• bremsstrahlung and D-Dalitz decay are the dominant contributions in low
energy p+p, p+d and A+A collisions for 0.15 < M < 0.55 GeV
E.B., W. Cassing, Nucl.Phys.A 807 (2008) 214
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Dileptons from RHIC BES: STAR

❑ Low M: a collisional broadening scenario for the vector meson spectral functions
❑ QGP and charm are dominant contributions for intermediate masses at BES-RHIC
T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, PRC 97 (2018) 064907
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Dileptons at RHIC and LHC
LHC

RHIC

QGP

STAR data at 200 GeV and the ALICE data at 2.76 TeV are described by PHSD within
1) a collisional broadening scenario for the vector meson spectral functions
+ QGP + correlated charm
2) Charm contribution is dominant for 1.2 < M < 2.5 GeV
T. Song, W.Cassing, P.Moreau and E.Bratkovskaya, PRC 97 (2018) 064907
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Dark photon production in PHSD
The dilepton yield from U-boson decay of mass MU:

p0 → g+U,
h → g+U, U→e+eD → N+U,
❑ Dalitz decays of p0,h mesons and D-resonances to U-bosons and real photons or N
Based on the model:
(used in the HADES analysis)

B. Batell, M. Pospelov, and A. Ritz, Phys. Rev. D 79, 115008 (2009);
Phys. Rev. D 80,095024 (2009)

▪ Ratio of the partial widths p0(h) → g+U and p0(h) → g+g :
Formfactors:

▪ Ratio of the partial widths D→ N+U and D → g+N :

Spectral function of D-resonance:
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Dark photon production in PHSD
I.)
The yield of U-bosons of mass MU:

II.)

Branching ratio for the decay of U-bosons to e+e- :
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Dalitz decays of p0,h and D to U-bosons and e+e❑ Dalitz decay width of p0,h mesons and D-resonance to U-bosons normalized to e2

❑ Decay width of p0,h mesons and D-resonances to dileptons (via U-bosons)
normalized to e2
p0 → g+U,
h → g+U, U→e+eD → N+U,

𝜞(𝚫 → 𝑵𝑼 → 𝑵𝒆+ 𝒆−)/𝜺𝟐

𝜞(𝒊 → 𝜸𝑼 → 𝜸𝒆+ 𝒆− )/𝜺𝟐
𝜞(𝚫 → 𝑵𝑼 → 𝑵𝒆+ 𝒆− )/𝜺𝟐
➔ to PHSD calculations
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How to obtain theoretical constraints on e2(MU) ?
Basic ideas:
1) There is NO evidence for an experimental observation of dark photons in
dilepton experiments so far
2) Theoretical model (PHSD) provides a good description of exp. data on SM
dileptons (from SIS to LHC energies)
3) Dark photon yield is proportional to e2(MU)
4) Use the theoretical spectra – instead of exp. data – to estimate an upper
limit for e2(MU) from the constraint that an additional yield from dark
photons can not exceed the total yield from standard sources by more than
a small factor (for each MU) which we can vary in our calculations
5) Variation of this ‘surplus’ factor can provide the range of possible e2(MU)
and be related to experimental accuracy e.g. via error bars, mass
resolution, acceptance etc.
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Procedure to obtain constraints on e2(MU)
1) For each bin [MU,MU +dM] calculate the sum of all U→e+e- contributions
(kinematically possible in this mass bin)
𝑑𝑁𝑠𝑢𝑚𝑈
𝑑𝑀

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

3) Obtain constraints by requesting that dNtotal/dM cannot exceed the sum of SM

channels (i.e. exp. data!) by more than a factor CU in each bin dM, i.e.
CU controls the additionally "allowed" dilepton yield
resulting from dark photons on top of the total SM yield

4) Calculate e2(MU) by assuming CU : e.g. CU =0.1 → 10% DM extra yield to the SM yield
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Dileptons yields including dark photons vs. HADES data

▪ The HADES data, i.e. SM contributions (including exp. acceptance) are well
described by the PHSD
▪ The contributions from U→e+e- are added with CU=10% allowed surplus of the total
SM yield ➔ the total sum is still in a good agreement with exp. data
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Dileptons yields including dark photons
▪ The PHSD predictions for Au+Au at 4.0 A GeV - without exp. acceptance

▪ The contributions from U→e+e- are added with CU=10% and alternatively 50%
allowed surplus of the total SM yield
▪ With increasing beam energy other channels are getting important at M > 0.5 GeV
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Mixing parameter e2(MU)
The upper limit for the kinetic mixing parameter e2(MU) of light dark photons extracted
from the PHSD dilepton spectra - with 10% allowed surplus of the total SM yield

combined

Validity range of extracted kinetic mixing
parameter: 0 < MU < 0.6 GeV
based on low energy dilepton spectra

Possible contribution from
other dark photon channels
arXiv:2105.00569
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Mixing parameter e2(MU)
❑ How sensitive is the extraction procedure of e2(MU) on acceptance, system
size, beam energy?

With increasing beam energy the
contribution of vector mesons are
getting dominant for M>0.5 GeV

The theoretically extracted upper limit of the kinetic mixing parameter e2(MU) of light
dark photons from Dalitz decays of p0,h mesons and D-resonances:
- only very weakly depends on the experimental acceptance
- is more accurate (i.e. lower) for light systems and for low energies since the
Dalitz decays of p0,h -mesons and D-resonances are the dominant channels
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Summary
❑ 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, p + A and heavy-ion collisions at SIS18 energies
❑ For that we incorporated in the PHSD the production of U-bosons by the Dalitz
decay p0 → g+U, h → g+U, D → N+U with further dilepton decays U→e+ebased on the theoretical model by Batell, Pospelov and Ritz which describes the
interaction of DM and SM particles by the U(1)-U(1)’ mixing

❑ We introduced a procedure to define theoretical constraints on the upper limit
of the kinetic mixing parameter e2(MU) :
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
❑ We found that the extracted upper limit of e2(MU) is consistent with the
experimental results of the HADES experiment for 0.15 < MU < 0.4 GeV, as well
as with the world-wide experimental compilation
➔
▪
▪
▪

Proposed theoretical procedure allows:
to check any theoretical ideas on the e2(MU) independent on exp. data
to study the influence of exp. acceptance, system and centrality selection
to perform the simulation for testing experimental set-ups for the search of U-bosons
26

