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Photons:   measure γ (Calo, PCM)
Dileptons: measure e+e- or µ+µ- pairs 

•  Couple to EM current 
•  very low interaction with QCD 

medium (no strong interaction) 

•  Sensitive to 
Photons: 
•  Thermal radiation 
 
Dileptons: 
•  Thermal radiation 
•  Vector meson spectral shape 
•  Beyond SM particles with 

JPC=1-- (e.g. dark photons) 

2

qT , in terms of (i) an improved treatment of ρ decays
at thermal freezeout (which are subject to maximal blue
shift due to transverse flow), (ii) a component of pri-
mordial (hard-produced) ρ mesons subject to energy loss
when traversing the medium (using high-pT pion spec-
tra as a guideline), (iii) Drell-Yan (DY) annihilation in
primordial N -N collisions which we extrapolate to small
mass by imposing constraints from real photon produc-
tion, and (iv) meson t-channel exchange contributions
to the thermal production rate which are not included
in the many-body vector-meson spectral functions (but
which have been found to be a significant source at high
qT in real photon production [11])1. Another interest-
ing issue which has received little attention thus far is
how uncertainties in the critical temperature and hadro-
chemical evolution of the fireball affect dilepton spectra.
For hadro-chemical freezeout we investigate the sensitiv-
ity to temperatures in the range Tch ≃ 160-175 MeV, rep-
resentative for top SPS energy according to recent ther-
mal model analyses [21, 22]. In connection with updates
of lattice-QCD results indicating a critical temperature
up to Tc ≃ 190-200 MeV [23], this, in particular, opens
the possibility of a chemically equilibrated hot and dense
hadronic phase for, say, T = 160-190 MeV, which we
also consider. We furthermore conduct a quantitative
study of effective slope parameters of the NA60 qT spec-
tra, where the investigations of the fireball chemistry are
supplemented with variations of the transverse flow ve-
locity. Finally, we revisit the consequences of our fireball
refinements on our previous evaluations [24] of dielec-
tron spectra as measured by CERES/NA45 in semicen-
tral Pb-Au collisions [4], as well as recent data in central
Pb-Au [25].

Our article is organized as follows: in Sec. II we recall
the main ingredients of our approach to calculate thermal
emission rates, based on the e.m. spectral function in the
vacuum (Sec. II A), followed by discussing medium effects
on hadronic emission at low mass (due to in-medium ρ,
ω and φ spectral functions; Sec. II B) and at intermedi-
ate mass (due to finite-T chiral mixing; Sec. II C); a new
element not included in previous spectral-function cal-
culations are t-channel meson-exchange reactions which
therefore are elaborated in more detail in Sec. II D, while
we will be brief on partonic emission from a Quark-Gluon
Plasma (Sec. II E). In Sec. III we evaluate nonthermal
dilepton sources: ρ-meson decays at thermal freezeout
(whose decay kinematics differ from thermal radiation;
Sec. III A), an estimate of primordial ρ’s at large qT

(which do not thermalize; Sec. III B), and Drell-Yan an-

1 Note that contributions (ii)-(iv) have little bearing on the inclu-
sive invariant-mass spectra which are predominantly populated
by low-momentum sources with qT ! 1 GeV. Therefore, the in-
clusion of these contributions does not upset our earlier descrip-
tion of inclusive M spectra in terms of thermal radiation and
freezeout ρ’s. Initial results of these studies have been reported
in Refs. [19, 20].

nihilation (with an extrapolation to low mass; Sec. III C).
In Sec. IV we recollect the ingredients to our thermal fire-
ball model for the space-time evolution of the medium in
heavy-ion collisions, including variations in hadrochem-
ical freezeout and critical temperature. In Sec. V we
implement all dilepton sources into the fireball to com-
pute dimuon invariant-mass (Sec. VA) and transverse-
momentum spectra (Sec. VB) in comparison to NA60
data; the effect of hadrochemistry and Tc on NA60 spec-
tra is worked out in Sec. VC, followed by a slope analysis
of qT spectra (Sec. VD) in the context of which we also
investigate different radial flow scenarios; the improve-
ments in the fireball and dilepton source description as
deduced from the NA60 data are confronted with previ-
ous and new CERES/NA45 data in Sec. VE. Sec. VI
contains a summary and conclusions.

II. THERMAL DILEPTON RADIATION

A. Emission Rate and Electromagnetic Spectral
Function

In thermal equilibrium the rate of dilepton emission
per four-volume and four-momentum can be related to
the hadronic e.m. spectral function as [26]

dNll

d4xd4q
= −

α2

3π3

L(M2)

M2
ImΠµ

em,µ(M, q; µB, T )

× fB(q0; T ) ,

(1)

which in this article we will refer to as thermal dilep-
tons (or thermal radiation). The retarded e.m. current-
current correlator is given by

Πµν
em(q) = i

!

d4xeiqσxσ

Θ(x0) ⟨[Jµ
em(x),Jν

em(0)]⟩ , (2)

where α=e2/(4π)=1/137 denotes the fine structure con-
stant, M2 = q2

0 − q2 the dilepton invariant mass squared
with energy q0 and three-momentum q, and fB(q0; T )
the thermal Bose distribution function (T : temperature,
µB: baryon chemical potential). The final-state lepton
phase space factor,

L(M) =

"

1 +
2m2

l

M2

#

$

1 −
4m2

l

M2
, (3)

depends on the lepton mass, ml=0.511(105.6) MeV for
electrons (muons; l = e, µ), but quickly approaches one
above threshold, M = 2ml (e.g., L(M = 0.3 GeV) = 0.89
for dimuons).

In the vacuum, the e.m. spectral function, ImΠem(M),
is well known from e+e− annihilation into hadrons. It
is characterized by the light vector resonances ρ(770),
ω(782) and φ(1020) at low mass (vector dominance model
(VDM)) and a perturbative quark-antiquark continuum

Dilepton emission rate in thermal equilibrium: 
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•  No update on expected performance in this report  
•  See next slide 

•  All figures are place holders: 
•  Will either be kept (from ALICE upgrade documents) 
•  Or updated with new simulations (if available in time) 

•  Chapter for yellow report in preparation  
•  https://gitlab.cern.ch/miweber/HLLHC-WG5-photons-dileptons 
•  Structure, titles, etc. might still change though 



YELLOW REPORT STATUS 
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Photons Dielectrons Dimuons 

Spectra No projections yet ALICE LoI 
Fast simulation 

ALICE LoI 
Improved heavy 

flavour systematics/
lower pT threshold  

Temperature No projections yet ALICE LoI 
Fast simulation See above 

Flow No projections yet ALICE LoI 
Fast simulation ? 

Other 
Comparison to 
virtual photon 

method 

DCA method; 
Dark photons, 

Peripheral 
collisions 

Peripheral collisions 

Available 
In preparation 

Not for yellow report? 
GIT: https://gitlab.cern.ch/miweber/HLLHC-WG5-photons-dileptons 
Mailing list: hllhc-wg5-photons-dileptons@cern.ch 
 



INTRODUCTION/THEORY 
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•  Fireball model: Ralf Rapp 
•  Transport model: pHSD 
•  Flow (together with bulk observables): constraints on fundamental 

properties of the medium (e.g. transport coefficients) as well as its "initial 
conditions" or "pre-equilibrium" dynamics 

•  Lattice QCD, electromagnetic conductivity, directly comparable at LHC 
energies, discuss new developments in the next years 

•  New input: Functional Renormalization Group, see e.g. QM 2018 
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SMALL SYSTEMS/LIGHT IONS 
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•  Estimates for thermal radiation with dileptons in “small systems” chapter 
•  ToDo: use a scaled signal strength from models in p-Pb collisions and 

extract sensitivity 
•  Open question: systematic uncertainty form theory, especially are those 

models applicable at all? 
•  Additional: expectation for light ions (e.g. Ar-Ar)? 

R. Rapp 

Also other calculations available:  
e.g. Jean-Francois Paquet et al., Physical Review C 95 014906 (2017) 

pHSD 



PHOTONS 
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•  Soft exponential component of photon pT spectrum: T~300 MeV 
•  Direct photon elliptic flow: v2 > 0   
•  ToDo: Future measurement (Run3/4): reduce stat./syst. uncertainty 

(material budget)  

ALICE, Phys. Lett. B754 (2016) 235 

ALICE, arXiv:1805.04403 [nucl-ex]  

1.3 Real photons
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Fig. 3: Placeholder: Measurements of photon spectra (R�) and flow

– First measurement at LHC from soft exponential component of photon pT spectrum (ALICE,
Phys.Lett. B754 (2016) 235): T 300 MeV (effective temperature averaged over system evolution)

– "Photon puzzle"
– Projections for Run3/4 in preparation: reduce systematic error (material budget uncertainty)

3



DILEPTONS - SPECTRA 
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1.4 Dileptons

Fig. 4: Placeholder: Expected performance for invariant mass spectra for dielectrons and dimuons

– Low mass spectral function with 20% uncertainty
– Thermal radiation for dimuons (M > 1GeV/c

2) difficult due to large heavy-flavour (HF) system-
atic uncertainty

4

•  Low mass spectral function with ~20% uncertainty 
•  ToDo: Results from fast/full simulation with more realistic geometry and 

photon conversion in preparation 
•  Thermal radiation for dimuons (M > 1GeV/c2) difficult due to large heavy-

flavour (HF) systematic uncertainty 



DILEPTONS – TEMPERATURE AND FLOW 
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Fig. 5: Placeholder: Expected performance for dielectron temperature and flow

– Temperature and flow with 10% uncertainty
– Results from fast simulation with more realistic geometry and photon conversion in preparation
– In addition: determine HF yield via multidimensional fit (as for pp publications)

5

•  Temperature and flow with ~10% uncertainty 
•  ToDo: Results from fast/full simulation with more realistic geometry and 

photon conversion in preparation 
•  Additional: determine HF yield via multidimensional fit (as for pp 

publications) -> reduce syst. uncertainty, estimate requirement in statistics 



PLANNED UPDATES 
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•   Photons: 

•  Improvement in stat. and syst. uncertainties (main source: material 
budget uncertainty) 

•  Dielectrons – fast/full simulation: 

•  Updated geometry of Inner Tracking System with full reconstruction of 
central Pb-Pb collision events 

•  Conversion electrons   à Signal-to-Background ratio 
•  Combinatorial background  à Signal-to-Background ratio 
•  Pointing resolution    à HF rejection/subtraction 
•  DCA Template fits    à HF rejection/subtraction 

•  Updated systematic uncertainties 
•  Signal extraction/combinatorial background 
•  HF rejection/subtraction 

 



1.6 Peripheral collisions

Fig. 7: Placeholder: Expected performance for invariant mass measurement in peripheral collisions

– STAR and ALICE have observed an excess of dilepton pairs with pT < 100 MeV/c in peripheral
heavy ion collisions

– STAR sees J/y + a mass continuum
– ALICE sees only J/y

– The rate and kinematics are consistent with expectations from coherent photoproduction and gg ->
l+l- (see S. Klein, arXiv:1801.04320v1 [nucl-th])

– Expectations for LHC (ALICE acdpetance) in Run3/4 in preparation

7

PERIPHERAL COLLISIONS 
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•  Excess of dilepton pairs with pT < 100 MeV/c in peripheral heavy ion 
collisions 

•  STAR sees J/ψ + a mass continuum  
•  ALICE sees only J/ψ 

•  Rate and kinematics are consistent with expectations from coherent 
photoproduction and γγ-> l+l- (S. Klein, Phys. Rev. C97, 054903 (2018)) 

•  New: ATLAS results (QM2018) on two-photon production of dimuons, 
evidence for an in-medium effect? 

•  ToDo: Expectations for LHC (ALICE acceptance) in Run3/4 in preparation 



DARK PHOTONS 
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1.5 dark photons

Fig. 6: Placeholder: Expected performance for dark photon limits

– Preliminary Run1 results from ALICE
– Missing updated projections for Run 3/4
– Overlap with "Dark WG"? Divide expectations in Pb-Pb and pp collisions?

6

•  Preliminary Run1 results from ALICE 
•  ToDo: Missing updated projections for Run 3/4 
•  Open question: Overlap with "Dark WG"? Divide expectations in Pb-Pb/p-

Pb and pp collisions? 



LUMINOSITY REQUIREMENTS 
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Used so far in current estimates: 
 
•  Pb-Pb: 

•  Dielectrons:  3 nb-1 with B=0.2T (instead of B=0.5T) 
•  Dimuons:   10 nb-1 

•  p-Pb: 
•  Dielectrons (very simple estimate):  50 nb-1 

•  pp: 
•  No estimate (yet) 
•  Could compare to Run 2 results (as for simple estimate p-Pb):  

•  LMB = 7.87 ± 0.40 nb−1  
•  LHM = 2.79 ± 0.15 pb−1  
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Used so far in current estimates: 
 
•  Pb-Pb: 

•  Dielectrons:  3 nb-1 with B=0.2T (instead of B=0.5T) 
•  Dimuons:   10 nb-1 

•  p-Pb: 
•  Dielectrons (very simple estimate):  50 nb-1 

•  pp: 
•  No estimate (yet) 
•  Could compare to Run 2 results (as for simple estimate p-Pb):  

•  LMB = 7.87 ± 0.40 nb−1  
•  LHM = 2.79 ± 0.15 pb−1  

 

First results for B=0.2 T 
presented at QM2018 



INSTEAD OF A SUMMARY 
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Photons Dielectrons Dimuons 

Spectra No projections yet ALICE LoI 
Fast simulation 

ALICE LoI 
Improved heavy 

flavour systematics/
lower pT threshold  

Temperature No projections yet ALICE LoI 
Fast simulation See above 

Flow No projections yet ALICE LoI 
Fast simulation ? 

Other 
Comparison to 
virtual photon 

method 

DCA method; 
Dark photons, 

Peripheral 
collisions 

Peripheral collisions 

Available 
In preparation 

Not for yellow report? 
GIT: https://gitlab.cern.ch/miweber/HLLHC-WG5-photons-dileptons 
Mailing list: hllhc-wg5-photons-dileptons@cern.ch 
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Dilepton rates - preliminary
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I clear changes are visible with increasing temperature

I no distinct signatures for the critical endpoint yet ! improve truncation

30 / 31R. Tripolt, QM 2018 
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Low-mass dielectrons with ALICE, QM2018, Venezia Raphaelle Bailhache 9

Observable:                                        
                        
                          DCA = Distance-Of-Closest-Approach to primary vertex of e± 
                                   σ

  
= DCA resolution for e± 

→ Can separate prompt and non-prompt sources with DCA
ee

 (Useful in Pb-Pb to study the origin of possible enhancement)

DCA
ee

 resolution better in Run-3
→ higher separation power

DCA
ee

 analysis in pp collisions at √s = 7 TeV

prompt
D mesons: cτ ≈ 150 μm
B mesons: cτ ≈ 470 μm

S.Scheid
ELW-25

0.14 < m
ee

 < 1.1 GeV/c2

 arXiv:1805.04391 [hep-ex]
submitted to JHEP

R. Bailhache, QM 2018 



DCA ANALYSIS 
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R. Bailhache, QM 2018 



DCA ANALYSIS 
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R. Bailhache, QM 2018 

Low-mass dielectrons with ALICE, QM2018, Venezia Raphaelle Bailhache 12

Model dependences

POWHEG (NLO) + PYTHIA 6 parton shower

Significant model dependence of the extracted σ
cc

 and σ
bb

 
 Sensitivity to the different implementation of heavy-quark production mechanisms 

S.Scheid
ELW-25

PYTHIA 6 Perugia 2011 tune 
(LO with parton shower)

 arXiv:1805.04391 [hep-ex]
submitted to JHEP



LOW B FIELD RESULTS 
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J. Jung, QM 2018 
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•  B=0.2T compared to B=0.5T (pp collisions, 13 TeV) 
•  Higher signal-to-background ratio and significance 
•  Consistent dielectron cross section 
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P. Steinberg, QM 2018 
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DARK PHOTONS: WORLD DATA + ALICE 
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GeV scale? 
J. Davis, C. Boehm, arXiv:1306.3653 



OTHER LHC EXPERIMENTS,  
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 LHCb, arXiv:1710.02867 [hep-ex]  
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Figure 2: Regions of the [m(A0), "2] parameter space excluded at 90% CL by the prompt-like A0

search compared to the best existing limits [27, 38].

nA

0
ob

[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The
signal PDFs are determined using a combination of simulated A0 ! µ+µ� decays and
the widths of the large resonance peaks observed in the data. The strategy proposed in
Ref. [65] is used to select the background model and assign its uncertainty. This method
takes as input a large set of potential background components, which here includes all
Legendre modes up to tenth order and dedicated terms for known resonances, and then
performs a data-driven model-selection process whose uncertainty is included in the
profile likelihood following Ref. [66]. More details about the fits, including discussion on
peaking backgrounds, are provided in Ref. [61]. The most significant excess is 3.3� at
m(A0) ⇡ 5.8GeV, corresponding to a p-value of 38% after accounting for the trials factor
due to the number of prompt-like signal hypotheses.

Regions of the [m(A0), "2] parameter space where the upper limit on nA

0
ob

[m(A0)] is
less than nA

0
ex

[m(A0), "2] are excluded at 90% CL. Figure 2 shows that the constraints
placed on prompt-like dark photons are comparable to the best existing limits below
0.5GeV, and are the most stringent for 10.6 < m(A0) < 70GeV. In the latter mass
range, a nonnegligible model-dependent mixing with the Z boson introduces additional
kinetic-mixing parameters altering Eq. 1; however, the expanded A0 model space is highly
constrained by precision electroweak measurements. This search adopts the parameter
values suggested in Refs. [67,68]. The LHCb detector response is found to be independent
of which quark-annihilation process produces the dark photon above 10GeV, making it
easy to recast the results in Fig. 2 for other models.

For the long-lived dark photon search, the stringent criteria applied in the trigger
make contamination from prompt muon candidates negligible. The dominant background
contributions to the long-lived A0 search are as follows: photon conversions to µ+µ� in
the silicon-strip vertex detector (the VELO) that surrounds the pp interaction region [69];
b-hadron decays where two muons are produced in the decay chain; and the low-mass
tail from K0

S ! ⇡+⇡� decays, where both pions are misidentified as muons. Additional
sources of background are negligible, e.g. kaon and hyperon decays, and Q-hadron decays
producing a muon and a hadron that is misidentified as a muon.

Photon conversions in the VELO dominate the long-lived data sample at low masses. A

4

•  Possibility to measure below 100 MeV? 

e.g. LHCb 



DARK PHOTONS – LHC B 
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FIG. 3. Same as Fig. 1 of the main text, but scaling the 15 fb�1 baseline up to 50 fb�1 and 500 fb�1, for both the D⇤ ! D0A0

search [48] and the inclusive di-muon search (this work). For reference, the green dashed line shows where the A0 lifetime is the
same as the LHCb di-muon lifetime resolution and the orange dashed line shows where the average A0 transverse displacement
matches the distance at which the muons from A0 ! µ+µ� decays likely no longer have enough hits in the LHCb VELO.

• Search strategy: Here, we considered the reach as-
suming three distinct search regions: prompt, pre-
module, post-module. One could optimally com-
bine these regions following [73] which should im-
prove the reach in the low-mass region.

• Semi-inclusive search: Instead of using the in-
clusive di-muon spectrum, a similar search could
be done in semi-inclusive hadron decays such as
M ! `+`�Y , more in the spirit of [48]. Depending
on the channel, one could use the invariant mass of
the M or Y system as a constraint to help control
fake muon backgrounds.

• Di-electron search. To cover the mass range m
A

0 2
[2m

e

, 2m
µ

], one could pursue a similar inclusive
search strategy for the di-electron final state. That
said, the di-electron mass resolution is significantly
degraded by Bremsstrahlung radiation and multi-
ple scattering [48]. In [48], the m

ee

resolution could
be improved by imposing the kinematic constraints
from charm meson decays, which is not an option
in an inclusive search. For the displaced A0 search,
these same e↵ects degrade the vertex resolution,

and e+e� pairs from photon conversion are a chal-
lenging background in the post-module region. For
these reasons, we suspect that A0 ! e+e� is best
probed using an exclusive (or semi-inclusive) strat-
egy, but it would be worth testing the fully inclusive
approach on LHCb data.

• Luminosity: Our study is based on 15 fb�1 of data
collected by LHCb, which is a conservative esti-
mate of what is expected in Run 3. LHCb expects
to collect at least 50 fb�1 of data in Runs 3 and 4
combined, and may eventually collect 10–30 times
more data than considered in this study. The im-
pact on the dark photon reach from scaling up the
LHCb luminosity is shown in Fig. 4.

Extended Reach Plot

To better show the array of proposed dark photon ex-
periments, in Fig. 4 we show the same reach plot from
the main text, but with an extended ✏2 range including
supernova bounds (SN) [78, 79].

LHCb, Phys. Rev. Lett. 116, 251803 (2016) 
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FIG. 3: Spectra of dileptons produced via qq̄ ! e+e�, where the quarks exist as thermal partons in the QGP and the mediator
is either a virtual photon or �0. This is compared with PHENIX heavy-ion data [37] and the hadronic background cocktail,
dominated by either random cc̄ (left) or correlated cc̄ (right). The resonance from the virtual �0 is just visible due to its
suppressed couplings to quarks and leptons. The photon and �0 spectra have been calculated at the measured values of mee

and binned in units of �mee = 0.25GeV (shown as ⌅ when added to the background). Their normalisation has been allowed
to vary, with the best-fit value used here. The lines are obtained by interpolating between these points, hence the width of the
resonance is only an approximation to the true decay width to e+e�, as discussed in the text.

smaller opening angles on average and hence a softer cc̄

background for nuclear collisions [37, 45, 77, 81]. The
first such scenario is referred to as the “cocktail” with
correlated cc̄ background, while the second is described
as originating from random cc̄ and is referred to as “cock-
tail” plus random cc̄. In principle the expected back-
ground is somewhere in between the two scenarios, de-
pending on the degree to which cc̄ scatter in the nuclear
fireball. Hence both backgrounds are considered when
setting limits in this work, similarly to the method of the
PHENIX collaboration [37].

C. Signature of the new gauge boson

Shown in figure 3 is an example of the dilepton spec-
tra originating from thermal quark interactions in the
QGP in presence of a new gauge boson (f�0(mee,�), here
taken to be a �

0 for the sake of the illustration with a
mass of 1.6 GeV) and in the case of virtual photons only
f

photon

(mee). Additionally the two hadronic background
scenarios f

bg

(mee) are displayed, as mentioned above.
The couplings in this figure have been chosen so that the
contribution of the �

0 becomes visible above the photon
signal and background. Note that only the qq̄ ! e

+

e

�

process has been used here, since it is dominant in the in-
variant mass region considered, and the plasma has been
assumed to be in equilibrium throughout its evolution.
However the same resonance is present in all partonic
spectra (e.g. q + q̄ ! g + e

+

e

�), and so our results are
largely independent of the exact production process, pro-
vided perturbation theory holds.

The sum of these contributions (f(�, N) in eq. 9) is

represented by the red solid line in fig. 3. There should
also in principle be a contribution from the hot hadron
gas (HHG) i.e. dileptons from interactions between the
mesons and baryons produced in the nuclear fireball
[43, 56, 65, 67, 82]. The dilepton rate from the HHG
should be subdominant to that from the QGP for the
range of mee considered here, and so is not incorporated
into our analysis. The same is also assumed for prompt
Drell-Yan production of dileptons [43, 45, 75, 76, 83],
produced when the nucleons collide before the plasma is
formed. Note that these are additional potential sources
of a dilepton enhancement due to an �

0 or Z

0 and their
inclusion would likely strengthen our derived limit5.

The results are compared with the most recent Au-Au
data from the PHENIX experiment [37]. As one can see
the main feature of the new gauge boson is an excess
of dileptons, from thermal production in the QGP, at
1.6 GeV (for m�0 = 1.6 GeV) in the total spectrum,
due to the resonance in the s-channel production of the
dilepton final state. Replacing the �

0 with a Z

0 results
in a similar resonance, hence it should be possible to set
strong limits on the quark and lepton couplings, similarly
to searches in proton-proton dilepton spectra for heavier
gauge bosons.

One can draw a direct comparison between the reso-
nance here, from the s-channel exchange of a new gauge

5 Indeed, although the prompt Drell-Yan contribution is smaller
than the cc̄ background in this invariant mass region, a limit
could also be set in principle using this prompt signal. However
such a limit would always be weaker than that set using the larger
thermal yield from the QGP, or using both signals together.
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III. SEARCHES FOR NEW GAUGE BOSONS
AT PHENIX

Since our calculations successfully reproduce previous
determinations of the expected thermal QGP dilepton
spectra, we can now study the contribution of a new vir-
tual gauge boson to these spectra and confront our results
to the Au-Au data from the PHENIX experiment [37].

A. New gauge boson characteristics

The simplest implementation of a dark photon is to
consider a new (massive) particle with vector-like inter-
actions, proportional to that of the photon (see [74] for
a review). The ratio of the �

0 coupling to that of the
photon is labelled as �i, with i any SM particle that is
electromagnetically charged. We thus have the following
relation Q

0
i = �iQi, where Qi is the charge of the SM

particle i). Alternatively one can consider a gauge boson
with possibly both vectorial and axial-vector couplings
to quarks and leptons, like a Z boson. Such a particle
is generally referred to as a Z

0 and can have a di↵erent
mass mZ0 and also suppressed couplings to the Standard
Model particles, relative to the Z (also labelled �i). For
simplicity hereafter we will assume a universal suppres-
sion for all quark flavours, but one can easily extend our
results to non universal couplings.

Light (sub 10 GeV) dark gauge bosons are expected
to contribute to dileptons production through the same
processes as virtual photons. The Feynman diagrams for
the dilepton production processes qq̄ ! e

+

e

�, q + g !
q + e

+

e

� and q + q̄ ! g + e

+

e

� are shown in fig. 2,
mediated by either a �

0 or Z 0. The rate for such a process
should be greatly enhanced when the invariant mass of
the pair mee is around the mass of the new gauge boson,
due to the s-channel resonance (even if the couplings are
suppressed).

Here we propose to exploit such a resonance to set
limits on new, GeV-mass, dark gauge bosons. Before
we proceed, it is worth considering whether such a signal
could be detected in dilepton spectra from proton-proton
collisions at GeV-scale, as well as from the QGP in heavy-
ion collisions. The signal from Drell-Yan production of
dileptons, used to set bounds for heavier gauge bosons
[20, 21], is approximately an order of magnitude below
the hadronic background for GeV-scale invariant masses
[73, sec. 4.1]. Hence any enhancement due to the ex-
change of a dark gauge boson would be e↵ectively invisi-
ble in prompt (proton-proton) collisions. The situation is
di↵erent for heavy-ion collisions, since the QGP presents
an additional thermal source of dileptons for mee of GeV-
scale, which is much stronger than that from non-thermal
prompt production [43, 75, 76]. This is why we focus only
on thermal production from the QGP in this work and
disregard the sub-dominant non-thermal production.

We will therefore search for an enhancement due to a
�

0 or Z

0 in the Au-Au dilepton spectrum for 1.2GeV <

q

q

e

e

+

-

‘
 Q  Qeeq q

ieγνieγμ

q

q

e

e

+

-

μ
Z ‘

e

۬ igγν

(V -A γ )5
~

e
e .

q

۬ igγ
(V -A γ )5

~
q

q .

q q

g

ܜ ‘ Z ‘/

e+
e- q g

ܜ ‘ Z ‘/

e+

e-

q

FIG. 2: Feynman diagrams for the QGP processes qq̄ !
e+e�, q + g ! q + e+e� and q + q̄ ! g + e+e�. In each
case the e+e� production is mediated by either the exchange
of a virtual �0 or Z0. We define Qi as the SM charge of species
i relative to the elementary charge unit e. For the Z0, Vi and
Ai are the SM vector and axial-vector couplings for species
i and g̃ = e

2 sin ✓W cos ✓W
. Note that t-channel and u-channel

versions of the lower diagrams are also present.

mee < 2.6GeV, where the contribution from the QGP is
expected to be largest, and competitive with the hadronic
background. To calculate the dilepton spectrum for �0 or
Z

0 we follow the same method as for virtual photons in
sec. IID, but replace the photon in the propagator by
the dark gauge boson, as in the processes of fig. 2.

B. Dilepton backgrounds at PHENIX

The background for dilepton emission, over the full
possible invariant mass range, originates from various
hadronic decays, referred to collectively as the “cock-
tail”. In the IMR, there is some ambiguity in exactly
how large the hadronic background is. One nevertheless
expects the dominant background to be from W -boson
decays of charm and anti-charm quarks; where the elec-
trons and positrons are mistaken for dilepton pairs orig-
inating from a single vertex [37, 75, 77, 78].
In proton-proton collisions the production of c and

c̄ quarks results in correlated decays, since they are
themselves produced back-to-back from the same vertex.
Hence the correlated opening angle of the detected e

+

and e

� from the decaying c and c̄ is more likely to be
close to ⇡ than 0, increasing the likelihood that they
will be mistaken for a high invariant-mass pair. This
results in a large dilepton background in the IMR, pre-
cisely where we hope to see a signal from the QGP in
heavy-ion collisions.
However for Au-Au there is evidence to indicate that

c and c̄ scatter in the nuclear medium [79, 80], which
should e↵ectively destroy such correlation, resulting in
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mee < 2.6GeV, where the contribution from the QGP is
expected to be largest, and competitive with the hadronic
background. To calculate the dilepton spectrum for �0 or
Z

0 we follow the same method as for virtual photons in
sec. IID, but replace the photon in the propagator by
the dark gauge boson, as in the processes of fig. 2.

B. Dilepton backgrounds at PHENIX

The background for dilepton emission, over the full
possible invariant mass range, originates from various
hadronic decays, referred to collectively as the “cock-
tail”. In the IMR, there is some ambiguity in exactly
how large the hadronic background is. One nevertheless
expects the dominant background to be from W -boson
decays of charm and anti-charm quarks; where the elec-
trons and positrons are mistaken for dilepton pairs orig-
inating from a single vertex [37, 75, 77, 78].
In proton-proton collisions the production of c and

c̄ quarks results in correlated decays, since they are
themselves produced back-to-back from the same vertex.
Hence the correlated opening angle of the detected e
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and e

� from the decaying c and c̄ is more likely to be
close to ⇡ than 0, increasing the likelihood that they
will be mistaken for a high invariant-mass pair. This
results in a large dilepton background in the IMR, pre-
cisely where we hope to see a signal from the QGP in
heavy-ion collisions.
However for Au-Au there is evidence to indicate that

c and c̄ scatter in the nuclear medium [79, 80], which
should e↵ectively destroy such correlation, resulting in


