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The electric conductivity, σel, is a fundamental transport coefficient of QCD matter that can be related to the

zero-energy limit of the electromagnetic (EM) spectral function at vanishing three-momentum in the medium.

The EM spectral function is also the central quantity to describe the thermal emission rates and pertinent spectra

of photon and dilepton radiation in heavy-ion collisions. Employing a model for dilepton rates that combines

hadronic many-body theory with nonperturbative QGP emission constrained by lattice QCD which describes

existing dilepton measurements in heavy-ion collisions, I investigate the sensitivity of low-mass dilepton spectra

in Pb-Pb collisions at the CERN Large Hadron Collider (LHC) to σel. In particular, I separately evaluate the

contributions from QGP and hadronic emission, and identify signatures that can help to extract σel from high-

precision experimental data expected to be attainable with future detector systems at the LHC.
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I. INTRODUCTION

The hot QCD medium as produced in experiments us-

ing ultrarelativistic heavy-ion collisions (URHICs) exhibits

remarkable transport properties. Most of the information on

those to date has been deduced from phenomenological ex-

tractions of the shear viscosity, η, characterizing the transport

of energy-momentum, and the charm-diffusion coefficient,

Ds, characterizing the transport of the heavy-flavor (HF)

quantum number, within the expanding medium. Utilizing

relativistic hydrodynamic [1,2] and Brownian motion ap-

proaches [3,4] to simulate the momentum spectra of light

hadrons and of HF particles, respectively, the dimensionless

ratios, 4Ãη/s (s: entropy density) and 2ÃTDs (T : temper-

ature), have been estimated to be as small as a factor 2

within lower bounds conjectured for the strong-coupling limit

of quantum field theory [5]. Much less is known about the

electric conductivity, σel, where only recently phenomeno-

logical analyses using charge balance function have been

conducted, while theoretical calculations in both hadronic and

quark-gluon matter [6–11], including lattice-QCD (lQCD)

computations [12–14], give rather widely varying results, by

over a factor of ≈5.

In thermal field theory, transport coefficients can be re-

lated to the low-energy limit of the zero-momentum spectral

function of the pertinent current of the conserved quantity

(e.g., energy-momentum, flavor, or charge). For the electric

conductivity this corresponds to the (spatial components of

the) electromagnetic (EM) spectral function, Äem. The lat-

ter, in turn, is the only spectral function whose medium
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modifications can be directly measured in nuclear-collision

experiments, through the radiation of dileptons which, due to

their long mean-free path, can penetrate the strongly interact-

ing system essentially unscathed. Over the past ≈ 25 years,

a robust understanding has been achieved of the observed

low-mass excess of dilepton spectra in heavy-ion collisions

over a large range of energies [15,16]. A main conclusion

is that the Ä meson, which provides the dominant contribu-

tion to hadronic dilepton production, strongly broadens in

hadronic matter, with little mass shift, to the extent that the

resonance peak “melts” into a quark-antiquark continuum at

temperatures near 170 MeV, thereby indicating a transition

to partonic degrees of freedom. The EM spectral functions

have also been extrapolated to the light cone, i.e., to vanishing

invariant mass M = 0, to extract thermal photon rates which

have been utilized in the interpretation of experimental data

for direct-photon production [17–19].

The purpose of the present paper is to carry the in-medium

EM spectral functions previously employed in heavy-ion phe-

nomenology to the timelike low-energy limit and (a) extract

the pertinent conductivity, and (b) investigate its signatures

in dilepton measurements at very low mass and momentum.

In this way, I elaborate connections between the microscopic

processes that drive the low-mass enhancement of dilepton

production in experiment, typically observed in the mass

region of a few hundred MeV, and charge transport in the

medium.

The remainder of this article is organized as follows. In

Sec. II, I recall the basic ingredients to the EM spectral func-

tion consisting of in-medium vector-meson spectral functions

in hadronic matter and a lQCD constrained rate in the quark-

gluon plasma (QGP). In Sec. III, I study the conductivity peak

near zero energy, in particular its collisional broadening and

the resulting reduction of the conductivity as the zero-energy

limit, as well as its manifestation in thermal photon emission

rates. In Sec. IV, I investigate the sensitivity of thermal dilep-

ton spectra in Pb-Pb collisions at the CERN Large Hadron
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FIG. 1. Electromagnetic spectral functions in hot hadronic matter obtained from in-medium Ä propagators at temperatures (values quoted

in units of MeV) and baryon chemical potentials along a thermodynamic trajectory at fixed entropy per baryon, s/�B = 330, and chemical

freezeout at (T, μB ) = (160, 22) MeV (approximately reflecting the conditions in Au-Au (0.2 TeV) collisions at RHIC). The solid lines are

the results based on Ref. [22] while the dashed lines additionally include constant thermal-pion widths based on Ref. [28] (�Ã = 7–43 MeV

for T = 100–180 MeV). Left panel: as a function of energy at (near-)vanishing three-momentum, also showing the QGP result at T � 225

MeV for the baseline parameters (orange solid line and with a 50% increased conductivity (orange dashed line). Right panel: at a finite

three-momentum of q = 300 MeV. Note that the spectral functions are divided by energy and multiplied by the electric charge squared so that

for vanishing momentum the zero-energy intercept with the abscissa corresponds to the electric conductivity, σel.

Collider (LHC) at very low mass (M � 0.2 GeV) to differ-

ent scenarios of the conductivity in the underlying emission

rates; specifically, I show how different acceptance cuts on the

single-electron as well as electron pair momenta affect the ex-

perimental observables. I summarize and conclude in Sec. V.

II. EM SPECTRAL FUNCTIONS OF QCD MATTER

The thermal rate for dilepton radiation off strongly inter-

acting matter, per unit four-momentum and four-volume, can

be expressed via a thermally averaged EM current-current

correlation function, �μν , as [20]

dNl+l−

d4qd4x
=

α2L(M )

2Ã3M2
f B(q0; T )Äem(M, q; μB, T ), (1)

where the EM spectral function, Äem, is related to the imagi-

nary part of the retarded EM current correlator (or in-medium

photon self-energy [21]) as Äem ≡ −2gμν Im �μν
em/3 =

−2 Im � and Im � = (Im �L + 2 Im �T )/3. Here,

M2 = q2
0 − q2 and q denote the invariant-mass squared

and three-momentum of the virtual photon, and L(M ) is a

final-state lepton phase space factor (for either dielectrons or

dimuons).

In the following, I recollect the main features of the EM

spectral function used in this work, for the case of hadronic

matter in Sec. II A and for the QGP in Sec. II B.

A. Hadronic matter: Quantum many-body approach

For the emission rates from hadronic matter, I employ

the in-medium vector meson spectral functions developed in

Refs. [22–24]. The focus is on the isovector (Ä-meson) chan-

nel, which gives the dominant contribution (the contributions

of in-medium ω mesons in the isoscalar channel are included

in the calculations of dilepton spectra discussed in Sec. IV).

The starting point is an effective, gauge-invariant Lagrangian

for ÃÄ interactions in vacuum, whose parameters (bare Ä

mass m(0)
Ä , ÄÃÃ coupling constant gÄ , and a pertinent vertex

form factor cutoff �Ä) are fitted to reproduce experimental

data for P-wave ÃÃ scattering phase shifts, the pion EM

form factor, and the EM spectral function measured in e+e−

annihilation into hadrons as well as in hadronic τ decays,

utilizing the vector dominance model [25–27]:

Äem(M ) = −2

(

m(0)
Ä

)4

g2
Ä

Im DÄ (M ). (2)

Medium effects are calculated based on interactions of the

Ä meson and its pion cloud with the surrounding hadronic

medium using quantum many-body theory employing ef-

fective Lagrangians whose parameters are constrained by

empirical decay branchings and scattering data, e.g., res-

onance decays of mesons (e.g., a1 → ÄÃ ) and baryons

(B∗ → NÄ) and their radiative decays, photoabsorption on

the nucleon and nuclei, and ÃN → ÄN scattering. As further

detailed in Ref. [23], effective baryon densities ÄB,eff in the

pion cloud are introduced, defined as the sum of nucleon

and antinucleon densities plus half of the densities for ex-

cited (anti)baryons. Examples for the in-medium EM spectral

functions are shown in Fig. 1, normalized in a way that

the zero-energy limit (at vanishing three-momentum) corre-

sponds to the value of the electric conductivity, which will

be investigated in more detail in the following section. The

spectral functions in hadronic matter, essentially reflecting

the in-medium Ä spectral function, exhibit the well-known

broadening of the Ä peak as temperature and total baryon den-

sity increase, mostly driven by the effects from interactions

with baryons and antibaryons [24]. As an improvement over

earlier applications to EM observables, necessary to ensure a

more reliable evaluation of the very-low-mass region, I have
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FIG. 2. Thermal hadronic photon rate from the in-medium Ä

spectral function with (solid line) and without (dashed line) the con-

tribution from ÃÃ Bremsstrahlung approximated by a thermal-pion

induced width in the pion propagators of the Ä-meson self-energy.

replaced the previously used three-level scheme for the pion

self-energies from interactions with baryons by a full off-shell

treatment (the net effect turns out to be small at higher masses,

as will be discussed more quantitatively in the context of

dilepton spectra in Sec. IV). In addition, I have augmented the

medium modifications of the Ä’s pion cloud [22] by account-

ing for pion widths generated by interactions with thermal

pions in the heat bath; these have been estimated from the

optical potentials calculated in Refs. [29,30] and implemented

as constant values (representing a three-momentum average)

amounting to ≈43, 26, and 17 MeV at T = 180, 140, and

100 MeV, respectively. These effects have long been known

to play a rather minor role in the medium modifications of

the Ä meson [28], as confirmed here as well (compare the

solid vs the dashed lines of the same color).1 However, they

have been found to play a more important role at small ener-

gies and specifically for the conductivity in Ref. [29], whose

pion gas results are rather accurately reproduced by the pion

widths quoted above. As a further illustration of the role of

the pion widths generated by interactions with thermal pions

(which are mostly mediated through the σ and Ä resonances),

Fig. 2 displays the thermal photon rate following from the in-

medium Ä spectral function in hadronic matter. The addition

of thermal-pion widths has a significant impact on the low-

energy rate for energies in the 100–300 MeV region. This is

a direct consequence of the broadening of the transport peak,

which is accompanied by a quenching of the peak value at

q0 → 0 discernible only at extremely small energies of below

≈10 MeV. This suggests that an experimentally measurable

1I note that the main medium effect from the surrounding thermal

pions on the Ä’s pion cloud is caused by the Bose enhancement

factors on the pion cloud [30]; this quantum-statistical effect has

already been included in Refs. [22,23], corresponding to the solid

lines in Fig. 1.

signature of a small conductivity is not a peak quenching but

rather an enhancement from the peak broadening. The dom-

inant processes underlying the thermal-pion widths are ÃÃ

Bremsstrahlung of photons, as can be inferred from pertinent

cuts through the imaginary part of the Ä-meson’s pion cloud

self-energy, with a thermal insertion on both pion lines. The

pertinent contribution to photon radiation was investigated

previously in Ref. [31] in the context of Super Proton Syn-

chrotron (SPS) direct-photon spectra at very low energies by

the WA98 Collaboration [32]. In the calculations of Ref. [31]

the Bremsstrahlung’s processes have been evaluated explicitly

using σ - and Ä-meson pole graphs for the elastic ÃÃ scat-

tering amplitude, and the rate was added incoherently as a

separate emission source. Here, the in-medium pion widths

subsume these contributions into the Ä self-energy (albeit

more schematically from a microscopic point of view); the

magnitude and energy dependence of the enhancement in the

pertinent photon rate due to the Bremsstrahlung contribution

as shown in Fig. 2 are very similar to results in Ref. [31] (see,

e.g., the right panel of Fig. 9 there).

B. QGP: Parametrization of lattice-QCD results

For the emission rate from the QGP I employ the construc-

tion detailed in Ref. [33], which utilizes a parametrization

largely following the lQCD analyses in Refs. [13,34] but with

some amendment which I will briefly recall here. It com-

bines a perturbative qq̄ annihilation continuum at high masses

with a Breit-Wigner peak at low mass, which, in addition,

encodes a transition to the high-energy regime at high momen-

tum to resemble the leading-log result for photon production

[35]. In this way one can represent and combine the low-

energy physics of the conductivity (typically Bremsstrahlung

processes, perturbatively of order α2
s ) with photon emission

at high energies (typically radiation processes, perturba-

tively of order αs) and quark-antiquark annihilation at large

invariant mass (which perturbatively is of order 1). No

explicit diagrammatic calculation is performed but nonper-

turbative interaction strength can be captured by constraining

the parameters via lQCD data. The pertinent ansatz for

the transverse part of the in-medium photon self-energy

reads [33]

Im �T = −
NcCem

12Ã
M2

[

f̂2(q0, q; T )

+ KF (M2)2Ãαs

T 2

M2
ln

(

1 +
2.912

4Ãαs

q0

T

)]

, (3)

where f̂2 represents the perturbative qq̄ continuum at finite

three-momentum [36] (it reduces to [1 − 2 f F (q0/2)] at van-

ishing 3-momentum with f F the Fermi distribution function;

strictly speaking, the transverse and longitudinal parts pick

up additional pieces at finite three-momentum [37], which,

however, do not contribute in the polarization sum needed for

calculating dilepton spectra). The second term in the brackets

contains a K factor to mimic higher orders in the strong

coupling, αs, and a form factor F (M2) = �2/(�2 + M2)

that generates the conductivity peak (with � = 2T rep-

resenting its width). I note that at the photon point,
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M = 0, the second term in brackets generates the leading-

log photon rate computed in Ref. [35], which, together with

K = 2 and αs � 0.3 yields a fairly accurate description [17]

of the complete leading-order calculation of Ref. [38]. It

also agrees within errors with the recent lQCD computa-

tion of the photon rate at q = 0.8 GeV [39]: for N f =

2 light flavors it was found that dNγ /(d4xd3q) = α f B ×

(2.2 ± 0.8) × 10−3 GeV, compared to a numerical coeffi-

cient of 1.62 × 10−3 GeV resulting from the above baseline

parametrization.

Turning to the low-energy limit and q = 0, where one can

expand the logarithm in q0/T , one obtains

Im �low
T (q0, 0) = −

2.912KNcCem

24Ã
T (2T )

(�0/2)q0

q2
0 + (�0/2)2

,

(4)

where I rewrote the form factor so that the conductivity

peak assumes the expected form with a width �0/2 = 2T .

The qualitative features of this expression are (see, e.g.,

Refs. [13,34,40]) (i) a standard Breit-Wigner representation

of the conductivity peak which is norm conserving and has

a width �0 ∝ T , (ii) a coefficient representing the quark-

number susceptibility that behaves as χq ∝ T 2, and (iii) a

conductivity (defined via the q0 → 0 limit) that behaves as

σel/T = const and σel ∝ 1/�0. Quantitatively, I find that with

the parameters chosen in Ref. [33] the static susceptibility

turns out to be χq/T 2 � 0.77 (for Cem = 5/9), which is not

far from values extracted from lQCD computations, e.g.,

0.88 ± 0.03 at T = 250 MeV in Ref. [39]; the constraints

on the conductivity will be discussed in more detail in the

following section. In what follows below, I will consider

an uncertainty estimate where the conductivity is increased

by 50%, which also increases the photon rate by the same

amount, i.e., the numerical coefficient referred to above in-

creases from 1.62 × 10−3 to 2.43 × 10−3, being somewhat

above the central lQCD value. I caution, however, that the

parametrization, Eq. (4), will not work well for small values

of the width �0, which produce a large conductivity but also

affect the photon rate at high momentum [in this case it is

better to use a uniform value of the form-factor parameter �

in Eq. (3) which will ensure a controlled perturbative limit

of the photon rate at high energies]. Pertinent results for the

QGP spectral function are shown in the left panel of Fig. 1,

exhibiting the 50% increase for q0 = 0. However, the reduced

broadening is barely visible as it essentially submerges into

the qq̄ continuum.

For practical calculations (and to recover the final 1/3

contribution to the conductivity) one also needs to construct a

longitudinal part of the photon self-energy, �L. This has been

done in Ref. [33] using guidance from current conservation

and in analogy to the Lagrangians used for Ä-baryon S-wave

interactions in hadronic matter (see, e.g., Ref. [27]), with the

ansatz �L = M2/q2
0 �T for the nonperturbative (second) term

in Eq. (3). This is clearly a rather schematic ansatz that should

be checked more quantitatively in the future against lQCD

data at finite three-momentum, such as those in Ref. [39].

Unless otherwise stated, the calculations below are performed

for the three-flavor case with Cem = 6/9.

III. CONDUCTIVITY

Let me now turn to the conductivity by exploiting its def-

inition as the (timelike) zero-energy limit of the EM spectral

function at vanishing three-momentum,

σel(T ) =
e2

2
lim

q0→0
Äem(q0, q = 0)/q0 . (5)

In the previous section I have already alluded to the impor-

tance of the pion cloud contributions to the low-energy part

of the hadronic EM spectral function. It turns out that the

direct Ä-meson interactions with mesons and baryons from the

heat bath, which are implemented via resonance interactions

[e.g., Ä + Ã → a1 or Ä + N → N∗(1520), respectively], re-

sult in Ä-meson self-energies that do not contribute to the

conductivity. The reason for that is that the underlying inter-

action Lagrangians for the three-point vertices need to satisfy

current conservation, which is achieved by using couplings

to the Ä-meson field strength tensor, Äμν . The derivatives

in this coupling result in self-energies which are propor-

tional to the square of the Ä’s energy, three-momentum,

or invariant mass [27]. In any case, it entails a vanish-

ing contribution to the conductivity (this was also found

for the charge susceptibility χch, which can be extracted

from the spacelike limit of the EM spectral function, Äem

(q0 = 0, q → 0) [41]).

Therefore, I focus on the pion cloud contributions to the

Ä self-energy in this section. The low-energy region of the

EM spectral functions, shown in Fig. 3 left, exhibits rather

large values of σel � 20–40 MeV when only baryonic reso-

nance excitations of the pions are included (currently limited

to P-wave excitations Ã + B1 → B2). However, the inclusion

of a constant pion width estimated from interactions with

thermal pions markedly reduces the conductivity by a factor

of 4–5 down to values of σel ≈ 5–7.5 MeV, in line with the

recent microscopic calculations in Ref. [29]. At the same time

the medium modifications in the Ä-resonance peak region

due to thermal pion widths are much less pronounced (see

right panel of Fig. 3). Also recall that the total pion cloud

modification in the low-mass region, which is mostly due to

the effects from baryons, makes up a ≈1/3 portion of the

total Ä broadening when also the direct Ä-hadron interactions

are accounted for (see left panel of Fig. 1). This suggests

that the conductivity chiefly probes medium effects due to

the light charge carriers in the hadronic medium, while the

Ä melting at higher masses is mostly driven by rescatter-

ing of the pions and Ä mesons on the (anti)baryons in the

medium.

For the QGP spectral function, the parametrization detailed

in the previous section, with the baseline parameters from

Ref. [33], yields σel/T � e20.23Cem, which, using Cem =

6/9, evaluates to 0.014, quite compatible with recent lQCD

computations for temperatures T � 200 MeV, as reported in

Refs. [12–14,42] (note that in these works, the factor e2Cem

is usually taken out, which for my results corresponds to

0.23); cf. also Ref. [43]. The Ä spectral functions based on

Refs. [22,23] lead to much larger conductivities, σel/T � 0.2,

with a rather weak temperature dependence. When including

the dressing of the Ä’s pion cloud via interactions with thermal
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FIG. 3. Hadronic EM spectral function in the isovector channel at total three-momentum q = 1 MeV as obtained when only modifications

of the Ä-meson’s pion cloud are accounted for (left panel: very-low-mass region including the conductivity peak at vanishing energy; right

panel: across the Ä-meson resonance region). Solid lines correspond to the full off-shell calculations when only including the medium

modifications induced by (anti)baryons (plus Bose enhancement factors for the intermediate pions), while the solid lines additionally include

thermal pion widths extracted from microscopic calculations using realistic ÃÃ interactions. All temperatures are quoted in units of MeV.

pions, this value drops to ≈0.04, which is much closer to

the lQCD result (albeit still significantly larger). However, in

the vicinity of the pseudocritical region, lQCD computations

lead to even smaller values, σel/T � Ceme20.05 � 0.003, with

relative large systematic errors. At face value, these results

are smaller than quantum lower bounds estimated from the

AdS/CFT correspondence. The origin of the large discrep-

ancy between the lQCD results and hadronic calculations

in the pseudocritical region deserves further study. In the

present context, I retain my more schematic model for the

QGP emission where the difference between the QGP and

hadronic results is much smaller. Possible additional contri-

butions in the hadronic calculations might arise from pion

interactions with thermal kaons (which are typically at a level

of 20% of the pion contributions), S-wave pion-baryon in-

teractions (which are usually much weaker than the P-wave

ones [44]), or gauge-invariant coupling schemes for direct

Ä-hadron interactions that are not based on the Ä-meson field-

strength tensor. To give an indication of the uncertainty in

my QGP calculations of the EM spectral function, especially

concerning the very-low mass region in connection with the

conductivity, I will also conduct dilepton calculations where

the width of the low-mass peak is reduced by a factor of 2

by using �0 = 2T . This will increase the conductivity by a

factor of 2, to about σel/T = 0.028, which reduces the gap to

the hadronic calculation (in principle, one would like to have a

continuous transition). Note, however, that the accompanying

narrowing of the peak in principle suppresses its tail into

the low-mass region (although ths is not very apparent due

to the large QGP width, �0). This feature (also related to a

sum rule) is not always implemented in existing calculations

in the literature, where sometimes an ansatz for the photon

rate has been made that is directly proportional to σel [45,46].

Without the energy dependence from the Lorentzian peak

this leads to an energy-independent increase of the rate with

increasing σel.

IV. DILEPTON SPECTRA

Next, I proceed to compute dilepton spectra in heavy-ion

collisions at the LHC using thermal emission rates based on

the spectral functions discussed in the preceding section (in

addition to the in-medium Ä I also include the isoscalar

contribution from in-medium ω mesons and a multimeson

continuum at invariant masses above ≈1 GeV; both con-

tributions are, however, immaterial for the purpose of the

present discussion). Following earlier applications, I employ

a schematic cylindrical fireball model assuming an isotropic

medium with isentropic expansion over which the rates are

convoluted to obtain the spectra,

dNl+l−

dM
=

∫

Md3q

q0

dτ VFB(τ )
dNl+l−

d4qd4x
. (6)

The expansion parameters (relativistic transverse and longi-

tudinal accelerations and speeds) and total entropy, Stot, in

the fireball volume, VFB(t ), are adjusted to reproduce blast-

wave results for the kinetic freezeout of light-hadron spectra

as well as their experimentally observed multiplicities for a

given centrality class, respectively. To convert the thus ob-

tained time-dependent entropy density s(T ) = Stot/VFB into

a temperature requires the equation of state of the system; a

parametrization of lQCD data above T = 170 MeV, smoothly

matched to a hadron resonance gas below, was used. Hadro-

chemical freezeout is implemented at (μB, Tchem ) � (1, 160)

MeV, after which effective chemical potentials are introduced

for the light hadrons which are stable under strong decays

(including anti-baryons) to keep their ratios constant through-

out the hadronic evolution. Kinetic freezeout typically occurs

around Tkin = 100 MeV in central Pb-Pb collisions at the

LHC. Note that more sophisticated space-time evolutions in

terms of viscous hydrodynamics [47] or coarse-graining of

transport simulations [48] have been applied to compute dilep-

ton production at collider energies. These calculations usually
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FIG. 4. Three-momentum integrated low-mass dilepton spectra from thermal radiation in central Pb-Pb (5.02 TeV) collisions, with only an

acceptance cut on the pair rapidity applied; the left (middle) panel shows the (very-)low-mass region, while the right panel includes an extra

cut on the single-electron pt . The dotted line is the result for the previously used three-level approximation for the baryon-induced medium

modifications in the pion cloud of the Ä meson, while the solid red and purple lines are using a full off-shell integration over the pion self-energy

with and without the addition of a pion width from interactions with pions in the heat bath, respectively; the orange solid line represents the

baseline QGP contribution while the dashed orange line in the middle panel correspond to an increase in the conductivity by 50%.

achieve a similar degree of agreement with experimental data

compared to the schematic fireball expansion utilized here,

and thus the latter may still serve as a fair means to predict

features of thermal radiation in future data in the (very-)low-

mass region.

While the dilepton mass spectrum is in principle Lorentz

invariant, experimental acceptance cuts on the leptons gener-

ally spoil this property. In practice, Eq. (6) is evaluated in the

local rest frame of the fireball, the virtual photon is decayed

into leptons, and their four-momenta are then boosted into the

laboratory frame and subjected to experimental cuts. I first

inspect the three-momentum integrated dielectron invariant-

mass spectra (setting the electron mass to zero) with minimal

restrictions on the measured kinematics of the lepton pair

applied, i.e., merely a pair-rapidity cut around midrapidity of

|yee| < 0.75. From the left panel of Fig. 4 one sees the usual

feature that hadronic emission dominates in the Ä resonance

region with a strongly smeared-out peak, while QGP emission

at the LHC takes over for invariant masses M � 1 GeV. At

very low masses, i.e., below the two-pion threshold, M � 300

MeV, both contributions are comparable. Finer details can

be seen when zooming in to this region; cf. middle panel of

Fig. 4. Within the previously employed three-level approx-

imation for the baryon-induced self-energies of the pions,

hadronic emission is slightly larger than the baseline for QGP

radiation, by up to ≈20% or so, around M � 150 MeV (note

that above the two-pion threshold there is little difference be-

tween the full calculation and the three-level approximation).

However, with the more accurate full off-shell calculations

[22], the hadronic emission is mostly below the QGP emission

by up to 20% or so. Finally, when including additional pion

widths estimated from interactions with the surrounding pion

gas, one is back to a situation where hadronic emission is

slightly stronger, with the enhancement now growing toward

smaller masses, amounting, e.g., to ≈50% at M = 50 MeV.

Recalling that the conductivity is much smaller for the case

with thermally induced pion widths, one can conclude that

dileptons at very low masses are indeed quite sensitive to

the electric conductivity: a factor of about 5 reduction in the

conductivity leads to an enhancement of more than a factor

of 2 in the three-momentum integrated dilepton spectrum at

M = 50 MeV (for the hadronic contribution). This implies

that, much like for the photon rates, the observable effect of

changes in the conductivity is the broadening of the conduc-

tivity peak, not its reduction at the zero-energy intercept. On

the other hand, the situation for QGP emission seems to be

the opposite, i.e., an increase in the conductivity also leads

to an increase in the very-low-mass dilepton yield. This is

due to the much larger broadening of the conductivity peak

in the QGP to begin with, so that an enhancement of the peak

region can still increase the dilepton yields in the mass region

up to ≈300 MeV. Finally, when applying a rather common

experimental acceptance cut where the transverse momentum

of the individual electron and positron tracks is restricted to

pe
t > 0.2 GeV, the sensitivity to the hadronic conductivity

reduces appreciably, i.e., the enhancement at M = 50 MeV

is only at a level of ≈50%, while an increased QGP conduc-

tivity (not shown) still enhances the pertinent emission over

the baseline scenario at larger masses (e.g., by 20–25% at

M = 200 MeV).

Recalling the EM spectral functions in Fig. 1, which in-

dicate that the conductivity peak has essentially disappeared

for a three-momentum of q = 300 MeV (note that at this

momentum, M = 0 corresponds to a photon energy of 300

MeV), I investigate the impact of an upper cut on the elec-

tron pair’s (or virtual photon’s) transverse momentum, qee
t , in

Fig. 5. Note that this differs from the three-momentum, q,

of the EM spectral function in the thermal rest frame by a

Lorentz-boost caused by the collective expansion of the fire-

ball medium. Nevertheless, when qee
t < 0.2 GeV is imposed,

the enhancement from the hadronic scenario with smaller con-

ductivity (due to the thermal pion widths) over QGP emission

increases, to a factor of 3 at M = 50 MeV (compared to 2

without the cut); see left panel in Fig. 5. At the same time,

the enhancement of the QGP rate with larger conductivity

remains at 20% over the baseline scenario (very similar to the

case without the pair-qt cut). With a more extreme choice of

qee
t < 0.03 GeV, the enhancement of the hadronic rate rises

further, to almost a factor of 4. There is, of course, a price to

pay in that the pertinent yields in the spectra are substantiality
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FIG. 5. Very low-mass dilepton spectra in central Pb-Pb collisions at the LHC when applying an upper limit on the pair momentum of

qee
t < 0.2 GeV (left panel) and 0.03 GeV (middle panel); note the reduction in the overall yield for the latter case, which is also shown over a

wider mass region in the right panel, relative to the left panel in Fig. 4. Same line identifications as in Fig. 4.

suppressed, by a factor of ≈ 3 for qee
t < 0.2 GeV and about

an additional order of magnitude for qee
t < 0.03 GeV. An

optimized experimental sensitivity will thus have to balance

an enhancement due to the reduced conductivity with the loss

of total yield.

V. CONCLUSIONS

In this paper I studied the electric conductivity of hot

QCD matter and its manifestation in thermal dilepton spectra

in ultarelativistic heavy-ion collisions, utilizing their formal

connection through the EM spectral function. In the hadronic

phase, I employed in-medium vector-meson spectral functions

computed in hadronic many-body theory in connection with

the vector dominance model to couple to the EM current; in

particular, I improved the calculation of the in-medium pion

cloud of the Ä-meson’s self-energy through an explicit off-

shell treatment which turned out to be quantitatively important

for the very-low mass region of the EM spectral function.

Furthermore, the addition of thermal pion widths was found

to produce the most relevant contribution to broadening the

conductivity peak near zero energy. This, in particular, sug-

gests that the light degrees of freedom in hadronic matter are

the key carriers of the EM current, while in the Ä resonance

region baryon-induced effects are dominant. For the quark-

gluon plasma, I used a perturbative qq̄ spectrum augmented

with a conductivity peak that matches lattice QCD data at

temperatures above ≈200 MeV. At lower temperatures the

lattice data show a rather strong decrease in σel/T that leads

to a marked discrepancy with the hadronic calculations which

requires further study (e.g., by scrutinizing the in-medium

selfenergies of the pions). When applying this setup to com-

pute thermal dilepton spectra I found that the chief signature

of a small conductivity in hadronic matter is an enhancement

in the dilepton yields in the mass region below the two-pion

threshold, caused by the broadening of the conductivity peak

at zero energy. Since the latter rapidly ceases at finite three-

momentum, the signal can be enhanced by applying upper

cuts on the lepton pair momentum, while in practice this will

have to be balanced by the accompanying strong reduction in

the total yields. On the other hand, for a very large broadening

of several hundred MeV, as current lQCD calculations suggest

for the QGP phase, an increase of the conductivity can also

lead to a modest increase over an appreciable range in the

dilepton yield for masses up to 300 MeV or so. Overall, the

sensitivity of the very-low-mass region in thermal dilepton

radiation is promising for a meaningful measurement with

future precision data at ALICE-3 in run 5 at the LHC. In

the meantime, efforts are underway to improve the theoretical

knowledge about the magnitude of the conductivity in the

pseudocritical region.
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