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Dilepton production from RHIC to the LHC
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Abstract. The goal of ultrarelativistic heavy-ion collisions at RHIC and the LHC is to
study the properties of the quark-gluon plasma (QGP), a phase of matter with partonic
degrees of freedom. Electromagnetic radiation, in form of photons or lepton pairs, is a
penetrating probe that allows the investigation of the full time evolution and dynamics
of the produced matter as it does not undergo strong interaction in the ﬁnal state. The
dilepton spectrum is extremely rich in physics sources: Thermal black-body radiation is
of particular interest as it carries information about the QGP temperature. Modiﬁcations
of the spectral functions of light vector mesons are linked to the potential restoration of
chiral symmetry in the QGP phase. Correlated lepton pairs from semi-leptonic charm and
beauty decays provide additional information about the heavy-quark energy loss. Finally,
the suppression of quarkonia in the QGP give access to an independent temperature measurement. In this proceedings, dilepton results from RHIC are reviewed and the status as
well as prospects of low-mass dilepton measurements at the LHC are given.

1 Introduction
Dileptons, i. e. pairs of oppositely charged leptons (e+ e− or μ+ μ− ), have proven to be a useful tool to
study the properties of the strongly coupled medium created in ultrarelativistic heavy-ion collisions at
the Super Proton Synchrotron (SPS), the Relativistic Heavy Ion Collider (RHIC), and most recently
the Large Hadron Collider (LHC). Most dileptons result from hadron decays long after the ﬁreball
has ceased to exist. However, few of them are produced within the ﬁreball, either in the hadronic
phase from the decay of extremely short lived hadrons, such as the ρ meson (τ ≈ 1.3 fm/c), or as
thermal radiation, e. g. in the partonic phase via the annihilation of quark-antiquark pairs. With its
short lifetime the ρ spectral function should be very sensitive to the predicted restoration of chiral
symmetry inside the ﬁreball. Enhancements of the invariant-mass spectrum of dileptons above the
“cocktail” of ordinary hadron decays had been observed in heavy-ion collisions by the CERES and
NA60 experiments at the SPS [1, 2]. The latter was able to precisely determine that the enhancement
was consistent with a broadening of the ρ spectral function, but could not be described by a “dropping”
mass scenario as originally predicted by Brown and Rho [3].

2 The picture at RHIC
At RHIC, the PHENIX experiment presented ﬁrst measurements of the dielectron continuum in pp,
√
dAu, and Au-Au collisions at sNN = 200 GeV [4–6]. STAR has measured the dielectron continuum
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7KLVLVDQ2SHQ$FFHVVDUWLFOHGLVWULEXWHGXQGHUWKHWHUPVRIWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVHZKLFKSHUPLWV
XQUHVWULFWHGXVHGLVWULEXWLRQDQGUHSURGXFWLRQLQDQ\PHGLXPSURYLGHGWKHRULJLQDOZRUNLVSURSHUO\FLWHG

Article available at http://www.epj-conferences.org or http://dx.doi.org/10.1051/epjconf/20159700011

EPJ Web of Conferences

combinatorial background
correlated pairs
-9

10

cross pairs (EXODUS)
jet pairs (PYTHIA)

-10

10

10-11

10-6
Unlike Sign
all e+e- pairs

10-7

combinatorial background
correlated pairs

10-8

cross pairs (EXODUS)

p+p at s = 200 GeV
DATA

-4

10

|y| < 0.35
p > 0.2 GeV/c

-3

10

10

T

/0 A a ee

J/s A ee

d A a ee

s ’ A ee

d’ A a ee
-4

c c A ee (PYTHIA)

l A ee

bb A ee (PYTHIA)

t A ee & / ee

DY A ee (PYTHIA)

q A ee & dee

sum

0

10-5

-5

10

-6

10

10-6

10-7
0

10-7

0.2

0.4

0.6

0.8

1
2
mee (GeV/c )

10-8
10-9

10-10

jet pairs (PYTHIA)

-9

10

Data/Cocktail

counts/Nevt (c 2/5 MeV)

10-12

10-3

2

Like Sign
all like sign pairs

-8

10

1/Nevt dN/dmee (c /GeV) IN PHENIX ACCEPTANCE

1/Nevt dN/dmee (c 2/GeV) IN PHENIX ACCEPTANCE

counts/Nevt (c 2/5 MeV)

√
in Au-Au collisions at ﬁve diﬀerent energies between sNN = 19.6 and 200 GeV [7–10]. Given the
higher multiplicities at RHIC, the combinatorial background is much larger than at the SPS, so that the
signal-to-background can be as low as 1% in the mass region of interest. The situation is worsened,
in case of PHENIX, by the limited azimuthal acceptance of its two-arm spectrometer, each of which
covers only about 90 degrees of the azimuth. Hence, one of the two electrons falls often outside the
detector acceptance so that the signal pair is lost while the other electron, if it falls into the acceptance, still contributes to the combinatorial background. The invariant-mass spectrum of background
pairs can be estimated with the same-sign pair spectrum that is free of signals from hadron decays1 .
However, the two-arm design of the PHENIX detector leads to diﬀerent acceptances for opposite-sign
and same-sign pairs. A correction for this diﬀerence is required before same-sign pairs can be used as
background estimate. Assuming that the background is mostly of combinatorial nature, this correction
can be calculated by comparing opposite and same-sign spectra obtained from mixed events, in which
electrons from one event are combined with electrons from other events with a similar topology (e. g.
primary vertex location and collision centrality).
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Figure 1. Left: Measured invariant-mass spectrum of e± e± (top) and e+ e− pairs (bottom) in pp collisions at
√
s = 200 GeV. The same-sign pair spectrum is well reproduced by correlated and combinatorial background
sources. Right: Invariant-mass spectrum of e+ e− pairs corrected for reconstruction and trigger eﬃciencies. The
data are well described by a cocktail of expected hadron decays.

Alternatively to the same-sign subtraction, the combinatorial background can be subtracted using the aforementioned mixed event technique. It is important to point out, however, that correlated
background sources cannot be reproduced in mixed events. As shown in the left panel of Fig. 1 there
are two apparent sources of correlated background, present both in opposite and same-sign spectra.
First, so called “cross pairs” from π0 and η Dalitz decays followed by a conversion of the emitted
photon in detector material: π0 → γe+ e− → e+ e− e+ e− . Electrons from the Dalitz decay combined
with an electron from the photon conversion will be correlated by the fact that their invariant mass
cannot exceed the mass of their parent hadron. The same eﬀect is also present in double Dalitz decays (π0 → e+ e− e+ e− ) though the branching fraction is small compared to the photon conversion
1 At RHIC and even more so at the LHC, BB oscillations, followed by semileptonic decays, produce a small signal in the
same-sign pair spectrum. Such oversubtraction would need to be considered in the comparison with the hadronic cocktail.
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probability in PHENIX. The increasing jet production cross section with centre-of-mass energy adds
another correlated background source that has been negligible at the SPS: hadron decays that occur
within the same jet or in a back-to-back dijet. The common jet axis introduces a preference for electrons from these hadron decays to have low mass and high pT (same jet) or high mass and low pT
(dijet). The latter contribution, while present in pp collisions, is strongly suppressed by jet quenching in Au-Au collisions. As these correlated background sources contribute equally to opposite and
same-sign spectra, the same-sign subtraction method properly subtracts these sources. Employing
a mixed event technique instead makes it necessary to separately calculate spectra of the correlated
backgrounds, e. g. based on Monte Carlo simulations that, in pp collisions, adds an uncertainty of
≈ 3% for m < 1 GeV/c2 and 11% above [4]. The presence of correlated background also complicates
the normalisation of the mixed event spectra. The same-sign mixed event spectrum is normalised
to the measured same-sign spectrum, in a mass and pT region free of correlated background (e. g.
is then scaled to
m > 0.7 GeV/c2 for Au-Au collisions). The opposite-sign mixed event spectrum
√
match the geometric mean of the normalised mixed event same-sign yields (2 B++ B−−
√).
The background subtracted invariant-mass spectrum of e+ e− in pp collisions at s = 200 GeV
is shown in the right panel of Fig. 1. The data have been corrected for reconstruction and trigger
ineﬃciencies, but without applying a correction for the geometric detector acceptance. The data are
compared to a cocktail of expected hadron decays. The cocktail is based on hadron cross sections
measured in the same experiment. The pT diﬀerential hadron cross sections are parameterized with a
modiﬁed Hagedorn function:


 pT −n
d3 σ
2
E 3 = A exp −apT − bpT +
(1)
p0
dp
While the combined charged and neutral pion spectra are ﬁtted with all parameters left free, the other
with a free normalisation parameter
hadron spectra (η, ω, φ, η , and J/ψ) can be successfully described


A and mT scaling, i. e. replacing pT with the expression p2T + m2h − m2π where mh and mπ denote the
hadron and pion masses, respectively.
The contributions from semileptonic D and B meson decays as well as Drell-Yan are simulated
with the Pythia event generator. The charm cross section is set to the cross section measured by
PHENIX using non-photonic single electrons: σcc = 567±57 (stat)±224 (syst) μb [11]. The excellent
agreement between data and cocktail allows the subtraction of all but the heavy-ﬂavour contributions
from the data. One can then extract the cc and bb cross sections from a ﬁt to the invariant-mass
spectrum [4]:
σcc = 518 ± 47 (stat) ± 135 (syst) ± 200 (model) μb
σbb = 3.9 ± 2.4 (stat)+3
−2 (syst) μb.
With the pp baseline understood in terms of hadron decays, the next step is to look for possi√
ble modiﬁcations in dAu collisions at sNN = 200 GeV due to cold nuclear matter eﬀects such as
modiﬁcations of the nuclear parton distribution functions. No such eﬀects are observed as demonstrated by the good agreement between data and cocktail [6]. One should note that the input cross
sections used for the various quarkonium states (J/ψ, ψ(2S ), Υ(nS )) are based on measurements in
dAu collisions. Hence any modiﬁcations of their cross sections by cold nuclear matter eﬀects is already accounted for in the cocktail and not visible in the comparison to data. Utilising additionally
the diﬀerent pT dependence of e+ e− pairs from open charm and beauty decays, a bb cross section per
inelastic nucleon-nucleon collision can be extracted from the data in a 2-dimensional ﬁt to invariant
mass and pT as illustrated in Fig. 2: σNN = 3.4 ± 0.8 (stat) ± 1.1 (syst) ± 0.11 (model) μb. In this
bb

00011-p.3

EPJ Web of Conferences

case not only Pythia has been used but also MC@NLO, a next-to-leading order event generator. The
diﬀerence between the two event generators becomes larger in the measurement of the charm cross
section. In contrast to electrons originating from decays of the more massive b quarks, electrons from
semileptonic charm decays inherit most of the initial angular correlations from the cc pair. Therefore any diﬀerences in the cc angular correlations introduced by diﬀerent production mechanisms in
the event generator will aﬀect the acceptance correction. Currently, the diﬀerences between event
generators are too large to perform a measurement of the total charm cross section in dAu.

1/Nevt dN/dmee [(GeV/c2)-1]

10-6
0.0<p <0.5 GeV/c

2.0<p <2.5 GeV/c

T

10-8

T

(a)

(e)
Data
cc (MC@NLO)
bb (MC@NLO)
(cc+bb) (MC@NLO)

10-10
10-12

10-6
0.5<p <1.0 GeV/c

2.5<p <3.5 GeV/c

T

10-8

T

(b)

(f)

10-10
d+Au, sNN = 200 GeV
10-12
10-6
1.0<p <1.5 GeV/c

3.5<p <8.0 GeV/c

T

10-8

T

(c)

(g)

10-10
10-12
10-6
1.5<p <2.0 GeV/c

0.0<p <8.0 GeV/c

T

10-8

T

(d)

(h)

10-10
10-12

1

2

3

4 5 6 7 8 10

me+e-[GeV/c2]

1

2

3

4 5 6 7 8 910

me+e-[GeV/c2]

Figure 2. Invariant-mass spectra of e+ e− pairs from semileptonic heavy ﬂavour decays in bins of pT measured in
√
dAu collisions at sNN = 200 GeV. The data are ﬁtted to simulated distributions from MC@NLO.

The analysis of angular correlations of e± μ∓ pairs provides another promising approach to measure
charm and bottom cross section and to gain a deeper understanding of the production mechanisms.
This approach identiﬁes correlated heavy-ﬂavoured mesons that both decayed semileptonically, one
into an electron and the other into a muon. By construction, there are no pairs from Dalitz and
resonance decays as these are only produced as e+ e− or μ+ μ− pairs. First results have been presented
in pp and dAu collisions by PHENIX [12] that exhibit signs of a modiﬁcation in dAu, possibly due
to cold nuclear matter eﬀects such as shadowing in nuclear parton distribution functions.
√
The dielectron spectrum measured in Au-Au collisions at sNN = 200 GeV is shown in Fig. 3.
2
With the exception of the mass region 150 < m < 750 MeV/c , the data show an excellent agreement
with the hadronic cocktail. The agreement in the open-charm dominated intermediate mass region,
between the φ and the J/ψ, with a binary scaled Pythia calculation (the same total cross section as for
pp case has been used) is a bit surprising, as single electron measurements clearly show that the open
charm pT spectrum is strongly modiﬁed in Au-Au collisions [13]. Furthermore, charmed mesons
exhibit a strong azimuthal anisotropy. Both eﬀects should lead to a modiﬁcation (softening) of the
invariant mass spectrum. An extreme scenario, in which all cc pairs are generated with a random
angular correlation and the single electron pT spectrum matches the measured Au-Au spectrum, is
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Figure 3. Invariant-mass spectrum of e+ e− pairs corrected for reconstruction and trigger eﬃciencies in Au-Au
√
(right) collisions at sNN = 200 GeV. The data exhibit an enhancement above the cocktail in the region 150 <
m < 750 MeV/c2 .

sketched as dotted line in Fig. 3. It is indeed softer than the default Pythia shape and falls below the
data, leaving room for a possible thermal contribution from qq annihilation.
In the mass region 150 < m < 750 MeV/c2 a strong enhancement by a factor 4.7 ± 0.4 (stat) ±
1.5 (syst) ± 0.9 (model) above the hadronic cocktail is observed by PHENIX. This enhancement exhibits a pronounced centrality dependence and is concentrated at rather low pT [5]. Such observation is not corroborated by the STAR experiment [7]. STAR measures a smaller enhancement,
shown in the left panel of Fig. 4, that does not depend as strongly on centrality and is well described by theoretical models of a broadened ρ spectral function [14, 15]. Besides a slightly different mass region, in which the enhancement is deﬁned, one should point out two further diﬀerences in the calculation of the “enhancement above hadron cocktail” factor: the charm cross secNN
/dy = 171 ± 26 μb) is a factor 1.4 larger than the one used by PHENIX
tion used by STAR (dσcc
NN
(dσcc /dy = 123 ± 12 ± 37 μb). With the charm cross section dominating the mass region around
500 MeV/c2 , the STAR cocktail will account for more of the measured dielectron yield reducing the
apparent enhancement. On the other hand, STAR quotes the enhancement above a cocktail that does
not include the vacuum ρ, while the PHENIX cocktail includes this contribution. It will be interesting
to see whether the discrepancy between the low-mass enhancements observed by STAR and PHENIX
will be resolved with the data collected by PHENIX with the Hadron Blind Detector upgrade [16].
During the RHIC beam energy scan, STAR has measured the dielectron invariant mass spectrum
for ﬁve diﬀerent centre-of-mass energies between 19.6 GeV and 200 GeV [9, 10]. The low-mass
√
dielectron enhancement, present at all collision energies, does not show any dependence with sNN as
shown in the right panel of Fig. 4. This is expected for ρ modiﬁcations that are sensitive to the total
baryon density that, in contrast to the net-baryon density, remains relatively constant over the studied
energy range. Hence it will be interesting to study dielectron production at even lower centre-of-mass
energies, at which the total baryon density will increase. Such programmes are planned for the second
beam energy scan RHIC and, with even lower energies, at FAIR [17].
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Figure 4. The top left panel shows the invariant-mass spectrum of e+ e− pairs measured by STAR in Au-Au
√
collisions at sNN = 200 GeV. The data exhibit an enhancement above the cocktail in the region 300 < m <
700 MeV/c2 quantiﬁed as data-to-cocktail ratio in the bottom left panel. The enhancement is well described by
theoretical models that include an in-medium broadening of the ρ spectral function. The right panel shows the
√
sNN dependence of the enhancement.

STAR has also measured the azimuthal anisotropy of dielectrons in bins of mass and as a function
of pT [8]. For the moment, these measurements do not isolate the enhancement but include dielectrons
from hadron decays. The results are in agreement with the known azimuthal anisotropies of hadrons.
Photon conversions in the beam pipe and detector material are a background to dielectron continuum analyses. They can, however, also be used to measure the radiation of thermal photons from
a quark-gluon plasma in heavy-ion collisions. PHENIX has published results of an enhanced direct
photon signal [18] that nicely complement the analysis of virtual photons [19] and validate the extrapolation from virtual photon to real photon cross sections. The centrality dependence of the direct
photon enhancement shows an increase of the yield that scales with the number of participant nucle1.5
ons as ≈ Npart
. These photons exhibit a strong collective ﬂow [20] that is comparable to hadronic
ﬂow. This suggests a rather late emission of these photons, in combination with a signiﬁcant blue
shift of the pT spectrum, providing hence only information about the temperature close to the phase
transition [21]. To gain access to thermal radiation from the earliest and hottest stage, one will need
to extract a thermal dilepton signal in the intermediate mass region [22], following the example of
NA60 [23].

3 The future at the LHC
The energy frontier of heavy-ion collisions is pushed further at the LHC. During the ﬁrst running
period from 2010 to 2013, lead ions were collided at a centre-of-mass energy per nucleon-nucleon
√
pair of sNN = 2.76 TeV. The upcoming second running period will almost double this energy in the
fall of 2015. First attempts to study the dielectron continuum in pp, pPb, and Pb-Pb collisions have
√
been made. In Fig. 5, dielectron spectra in pp and pPb collisions at sNN = 7 TeV and 5.02 TeV,
respectively, are compared to hadron cocktails [24]. Both show a good agreement with the expected
hadron decay contributions, however, the intermediate mass region shows potential for improving the
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Figure 5. Invariant-mass spectra of e+ e− pairs measured by ALICE in pp collisions at s = 7 TeV and pPb
√
collisions at sNN = 5.02 TeV. The data are compared to a cocktail of expected hadron decays.

The large background rates make the analysis of Pb-Pb collisions extremely challenging [24].
Signiﬁcantly larger data sets than the existing ones are necessary to perform detailed studies of the
dielectron continuum in an environment of essentially zero net-baryon density. Such environment
provides a unique opportunity to test lattice QCD calculations of chiral symmetry restoration [25, 26].
Current measurements are limited at low mass to e+ e− pairs with relatively high pT . Electrons need
to have a transverse momentum of at least 0.4 GeV/c in order to reach the time of ﬂight detector,
the outermost detector system of ALICE, that plays an important role in the electron identiﬁcation in
√
Pb-Pb. This imposes a threshold on the transverse mass of e+ e− pairs of mT = pT + m > 0.8 GeV/c.
Plans exist to have a dedicated run with a lowered magnetic ﬁeld strength that would lower this mT
threshold. Together with the foreseen detector upgrades, most notably the GEM-TPC [27] and the
ITS [28], the third running period at the LHC will be most fruitful for the physics of the dielectron
continuum. These upgrades will enable ALICE to cope with the foreseen increase in instantaneous
luminosity and record Pb-Pb collisions at a rate of up to 50 kHz. Furthermore, the ITS will be instrumental in identifying non-prompt electrons from semileptonic open heavy ﬂavour decays to separate
non-prompt e+ e− pairs from prompt thermal radiation.

4 Summary
Dielectron measurements at RHIC have revealed a number of highly interesting results. The collision√
energy (in)dependence of the low-mass enhancement between sNN ≈ 20 and 200 GeV further supports that the source is a modiﬁcation of the ρ spectral function. Signs of thermal radiation provide
evidence of a thermalised system above the phase transition temperature, despite the complications
caused by the collective ﬂow eﬀects. Future measurements at the LHC will provide an excellent test
bench for models so far successful in describing data at the SPS and RHIC.
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