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Abstract. Multi-differential measurements of dilepton spectra serve as a

unique tool to characterize the properties of matter in the interior of the hot

and dense fireball created in heavy-ion collisions. An important property of

virtual photons is their spin polarization defined in the rest frame of the virtual

photon with respect to a chosen quantization axis. Microscopic calculations

of in-medium electromagnetic spectral functions have mostly focused on inte-

grated yields which are proportional to the sum of the longitudinal and trans-

verse components of the virtual photon’s self-energy, while photon polarization

results from the difference of these components. As the processes that drive the

medium effects in the spectral function change with invariant mass and momen-

tum, this becomes a powerful tool for studying the medium composition. We

present the polarization observables of thermal virtual photons as a function of

mass and momentum and confront the results with existing measurements from

HADES and NA60.

1 Introduction

Measurements of the electromagnetic (EM) radiation in heavy-ion collisions have provided

invaluable information to characterize the strongly interacting matter created in the collision

zone. The emission of thermal dileptons with low invariant masses (M ≲ 1 GeV) mainly

originates from the hot and dense hadronic medium with a strongly broadened ρ-meson peak

indicating an ultimate melting and transition into a continuum of partonic degrees of free-

dom [1–4]. Radiation in the intermediate-mass region, 1 GeV ≲ M ≲ 3 GeV, has been asso-

ciated with partonic sources [5] from the early stage of the fireball evolution at temperatures

well above the pseudocritical transition temperature obtained from lattice QCD.

The available dilepton world data can successfully be described with spectral functions

calculated via hadronic many-body theory, where the predicted melting of the ρ-meson tran-

sits into a structureless quark-antiquark (qq̄) continuum [6], albeit with substantial enhance-

ments over the free qq̄ rate toward low masses constrained by lQCD data [7]. However, the
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precise microscopic processes underlying the strongly coupled QCD liquid in the transition

regime and deviations caused by non-equilibrium effects remain a matter of debate. Fur-

ther tests of the existing model calculations including the spin-polarization observables of

low-mass dileptons in heavy-ion experiments are therefore desired.

2 Polarization of thermal virtual photons

The rate of thermal dileptons resulting from the EM emissivity of QCD matter is given by

dNll

d4x d4q
=
α2L(M)

6π3M2
f B(q0; T )gµνϱ

µν

EM
(M, |q⃗|; T, µB)

where M=

√

q2
0
− q⃗2 denotes the dilepton invariant mass, f B(q0; T ) the thermal Bose function,

α the EM fine-structure constant and L(M) a lepton phase-space factor (L(M)=1 for invariant

mass M ≫ ml). Using the 4D projectors for a spin-1 particle, P
µν
L,T , one can decompose the

spectral function into its longitudinal and transverse components as [8, 9]

ϱ
µν

EM
= ϱLP

µν
L
+ ϱT P

µν
T
,

with gµνϱ
µν

EM
= ϱL + 2ϱT . At zero three-momentum in the heat bath one has ϱT = ϱL, but at

finite |q⃗| this no longer holds as spherical symmetry is broken.

Angular dependencies in the dilepton production rate can be unraveled by resolving the

lepton angle, Ωl = (ϕl, θl), in the photon rest frame [10]. The angular distribution then takes

the form

dNll

d4x d4q dΩl

∝
1

3 + λθ

(

1 + λθ cos2 θl + λϕ sin2 θl cos 2ϕl + λθϕ sin 2θl cos ϕl

+ λ⊥ϕ sin2 θl sin 2ϕl + λ
⊥
θϕ sin 2θl sin ϕl

)

,

where the λ’s are the anisotropy coefficients. Even in an isotropic static thermal medium,

nontrivial anisotropies in the angular distribution of the produced leptons can occur [10].

The effects are expected to get much larger at smaller masses (M<0.5 GeV), where produc-

tion processes such as resonance Dalitz decays and Bremsstrahlung contribute and smoothly

approach fully transverse polarization at the photon point (M=0 GeV).

Choosing the polarization axis along the photon momentum defines the helicity frame

HX′. In the limit of small lepton masses, ml ≪ M, the corresponding anisotropy coefficient

λθ is given by

λHX′

θ (M, |q⃗|) =
ϱT − ϱL

ϱT + ϱL

,

which highlights its dependence on the difference between the polarization components of the

EM spectral function. All other anisotropy coefficients vanish as they involve asymmetries

with respect to the ϕl angle of the leptons. The hadronic spectral function exhibits a non-

monotonic dependence of λθ on the invariant mass as displayed in Fig. 1. By contrast, the

polarization of the QGP radiation is rather small, except when approaching the photon point,

for M ≲ 0.5 GeV [11].

In a heavy-ion collision, one generally divides the expanding medium into small cells of

locally thermalized matter with medium velocity, u = γ (1, β⃗). To compute the polarization of

lepton pairs within each cell, the local helicity frame HX’ can be reached after a boost into the

rest of the medium. The local polarization in the HX’ frame, where only λHX′

θ is finite, needs

then to be transformed into a global frame accessible to experiments where all anisotropy
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Figure 1. Anisotropy coefficient, λHX′

θ
for EM spectral functions in static hadronic matter at T=80 MeV

and baryon densities nB = 2.1n0 (left), together with the corresponding projections of λHX′

θ
onto the

mass and momentum axis for different momentum and mass bins respectively (right) [11].

coefficients can acquire non-zero values [11, 12]. The helicity (HX) and Collins-Soper (CS)

frames are common choices. The resulting polarization observables can then be integrated

over all cells and over kinematic variables to match the same mass and momentum window

of existing experimental data.

We compare our results to HADES dielectron data [3] measured in Ar(1.76 AGeV)+KCl

collisions in the HX frame and NA60 dimuon data [13] from In(158 AGeV)+In collisions

in the CS frame, displayed in Fig. 2 for different invariant mass ranges. For the former, the

medium evolution is modeled via coarse-grained hadronic transport (UrQMD) simulations,

while the collisions at SPS energies are described by an isentropically expanding fireball. The

theoretical predictions (red lines) are in good agreement with the data and not far from the

functional best fit (blue lines).

The data directly reflect the polarization properties of the hadronic EM spectral function

shown in Fig. 1, which exhibits a transition from transverse polarization for masses below

0.5 GeV to a regime where the polarization (integrated over momentum) is small. Thus the

near absence of a net polarization (i.e., the rather flat angular distributions) at higher masses

is in this calculation not a priori related to thermal isotropy arguments.

3 Summary

While dilepton invariant mass and momentum spectra rely on the sum of the transverse and

longitudinal components of the spectral function, polarization observables are sensitive to

their difference. Virtual photons emitted from dense hadronic matter exhibit a structure where

a transverse polarization at low masses transitions into a longitudinal one in the ρ-meson

mass region. At high temperatures and smaller baryon densities, these structures become less

pronounced and more closely resemble the polarization of QGP emission.

After carrying out the transformations from the local thermal frames into angular vari-

ables accessible in the experiment, we find a good agreement between our calculation and

data from HADES and NA60, supporting the microscopic description underlying our model.

With future high-rate experiments coming online soon, polarization observables will play

an important role in exploring the mechanisms governing the dilepton emission in heavy-ion

collisions, e.g., multi-differential measurements of the anisotropy of lepton pairs may help to

disentangle the dominant source in the M=1-1.5 GeV region, where “chiral mixing" between

the ρ and a1 channels via πa1 annihilation competes with qq̄ annihilation.
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Figure 2. Upper row: comparison of calculated angular distributions (red lines), integrated over two

dielectron mass bins, to HADES data in Ar(1.76 AGeV)+KCl collisions [3]. Fits by the HADES col-

laboration (blue lines with bands) yield anisotropy parameters of λθ=0.51 ± 0.17 (left) and 0.01 ± 0.1

(right) for the lower and higher mass window, respectively, compared to 0.32 and 0.01 from the present

calculations. Lower row: calculated angular distributions (red lines), integrated over two dimuon mass

windows, in the CS frame, compared to NA60 data in In(158 AGeV)+In collisions [13]. The blue lines

represent fits by NA60 with extracted anisotropy parameters of λθ= -0.10 ± 0.24 (left) and -0.13 ± 0.12

(right), compared to the calculated values of -0.04 and 0.01, respectively [11].
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