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Abstract

We investigate the effects of collisional processes in the hot QCD medium to thermal dilepton production from gg anni-
hilation in relativistic heavy-ion collisions. The non-equilibrium corrections to the momentum distribution function have
been estimated within the framework of ensemble-averaged diffusive Vlasov—Boltzmann equation, encoding the effects of
collisional processes and turbulent chromo-fields in the medium. The analysis has been done by employing a quasiparticle
model for the thermal QCD medium which incorporates the realistic equation of state. We have shown that the collisional
corrections have a significant impact on the thermal dilepton spectra.

Keywords Quark—Gluon plasma - Effective kinetic theory - Thermal dileptons

Introduction

Relativistic heavy ion collision experiments at RHIC and
LHC enable the creation and study of the strongly coupled
primordial matter—quark—gluon plasma (QGP) (Yagi et al.
2005). Evolution of this high temperature, low baryon den-
sity matter can be studied within the framework of causal
relativistic hydrodynamics (Romatschke and Romatschke
2007) and its strongly coupled near-perfect fluid nature was
discovered (Hirano and Gyulassy 2006). The momentum
anisotropy present during the entire duration of the QGP
expansion may induce instabilities to the chromo-field equa-
tions. The instabilities in the rapidly expanding medium
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can lead to the plasma turbulence in the heavy-ion colli-
sions giving rise to the anomalous transport in the medium.
Anomalous transport coefficients due to the turbulent fields
are well investigated in the hot QCD plasmas (Asakawa
et al. 2006). In Majumder et al. (2007), the authors have
studied the jet quenching parameter from the anomalous
and collisional contributions of shear viscosity. There have
been several studies on the collisional contributions to the
transport parameters for the hot QCD medium (Mitra and
Chandra 2016; Kurian and Chandra 2019). These collisional
corrections can be studied by analyzing the signals- such as
thermal photons and dileptons (Alam et al. 1996) emitted
from the expanding QGP. The non-equilibrium effects on
dilepton production have been investigated, such as dissipa-
tive effects due to shear (Dusling and Lin 2008; Bhatt et al.
2012) and bulk viscosities (Bhatt et al. 2010). In Chandra
and Sreekanth (2017), the effect of chromo-Weibel instabil-
ity in the dilepton production rate has been investigated. We
will turn our attention to the study of impact of collisional
contributions to thermal dilepton production.

Modified quark (anti-quark) distribution
functions

We start our study by a proper modelling of the near-equilib-

rium momentum distribution functions for quarks and gluons
while incorporating the effects of collisional transport in the
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medium. We employed an effective quasi-particle model for
the analysis that describes the QGP medium in terms of tem-
perature-dependent effective fugacity parameters of quarks/
antiquarks and gluons (Chandra and Ravishankar 2011). The
near-equilibrium distribution functions for gluon and quark/
antiquark due to the effects of collision and momentum ani-
sotropy in the medium takes the form,

@9 =fo [1+ (0 2£ 0 B,
Z; €Xp [—ﬂEp] 1)

0k = 1 ¢—Zkexp [—ﬁEp]’

where f;, is the equilibrium EQPM distribution and
k = (q, g) represent the quarks/antiquarks and gluons respec-
tively. The term z, denote the effective quark, gluon fugaci-
ties which encode the hot QCD medium interactions. The
dispersion relation of the quasiparticles gets modified to
w; = E, + 6wy with sw, = T? d; In(z;) being the medium
dependent modified part. To obtain the deviation of the dis-
tribution function away from the equilibrium f, ;, one needs
to solve the Vlasov—Boltzmann equation. The ensemble
average transport equation takes the form as,

VL~ Ffe+ (CUD =0, @
with F, as the force term, f, = f; as the ensemble-averaged
thermal particle distribution and (C[f]) as collision kernel
that quantifies the contributions from the collisional pro-
cesses in the medium. We followed a similar formalism in
Chandra and Sreekanth (2017), Asakawa et al. (2007) to
obtain different moments of the transport equation. Solv-
ing the effective linearized Vlasov—Boltzmann equation, we

obtain f; for quarks/antiquarks as,

A T%0,1n(z,)

= = p'p’Au,,, 3)
T3 |7 | ] !

where Au,,, = %(V,ﬂv +Vou,) - %vayuy is the traceless
symmetric velocity gradient with A ,, = n,,, — u,u, being the
projection operator orthogonal to u,,, 17,,, = diag(+,—, —, —

is the Minkowski metric and V,, = A, 0". The quantity A4,
is related to the jet quenching parameter g and is described

as Naik et al. (2022)

12807r<(N§ — DI{ ¢y + NI ¢>z)
_ i “
a =N, (N2 = 12N, 4% + ¢,

where ¢, ¢,, ¢, are defined as:
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and @, , is defined in terms g as
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Here, N, denotes the number of colors, Nf is the number of
flavors. The term C, in the leading-log order is obtained as
C. = 2x*(N? - DaZ log(a ), with

2N 78 | 2Nryq
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where a(T) is the QCD running coupling constant at finite
temperature (Laine and Schroder 2005; Haque et al. 2013;
Srivastava et al. 2015). The quantities I/ and /% take the fol-
lowing forms:

17 = —PolyLog[n, -z,], I8 = PolyLog[n, z,]. (5)

Thermal dilepton yield from QGP

Thermal dileptons produced in the QGP medium has
major contributions from the gg annihilation process,
qq — y* — ITI". The rate of dilepton production for this pro-
cess in terms of quark distribution function can be defined
as Vogt (2007)

aN [ &P, &p, MPgioM?)
d*xd*p (2r)} 2x)* 2E|E, (6)
f@1)f@2)54(p =P — D)

Here, the quantity M? = (E, + E,)* — (B, + p,)* is the invar-
iant mass of the virtual photon with p, , = (E, ,, p, ,) repre-
senting the 4-momenta of the quark and antiquark respec-
tively and p denoting the 4-momentum of the dilepton. For
N; =2 and N, = 3, the thermal dilepton production cross
section expression becomes M?gZo(M?) = S()T”az (Alam
et al. 1996). By substituting the quark and anti-quark non-
equilibrium distribution functions (in the Maxwell-Boltz-
mann limit) into the rate expression, we proceed to find the
collisional corrections to the dilepton rate. Keeping the
terms only upto quadratic order in momenta, we perform the
integrations as in Bhatt et al. (2012), Chandra and Sreekanth
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(2015) and get the desired collisional contribution to the
dN dN, dN,

dilepton rate as = where
P d*xd*p d*xd*p d*xd*p’
dN, 2 1 M2ge(M?) —wp)/T e
= -—d n he equilibrium
Tads = %4 X2 oy ¢ denotes the equilib

contribution (Chandra and Sreekanth 2015). The non-equi-
librium part is obtained as Naik et al. (2022)
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Next, we calculate the thermal dilepton yield from heavy-ion
collisions by modelling the expansion using ideal relativistic
hydrodynamics under longitudinal boost-invariant Bjorken
flow (Bjorken 1983). Under this 1-dimensional flow, the fac-
tors appearing in the above equations are obtained as

4

4V pP -2

u - p =mycosh(y —1,), )
2 2
) 1|py 2mp
p'p'Au,, = . [? e sinh“(y — 1) [, (10)

where my = 4/ p% + M? is the transverse mass of dileptons.

Dilepton yields corresponding to differential rate, in terms
of the invariant mass M, transverse momentum p, and rapid-
ity y of the dileptons are obtained by integrating the expres-
sions for dilepton rate over space-time history of the
collisions,

dN , [7 / © 1 dN
__WN__ _ a4 dn LN
dPRPpdy A / LD aay an

The above equation is numerically integrated along with
the temperature profile of the expanding plasma obtained
from solving the energy dissipation equation, Z—i + # =0,
with initial conditions relevant to RHIC: 7, = 0.5 fin/c and
T, = 300 MeV . Choosing the recent lattice QCD EoS (Cheng
2008), this hydrodynamic equation is solved to obtain 7(7);
and we find that the system reaches critical temperature 7,
at 7, = 5.4fm/c. With the obtained T(r) profile, we carry
out the integration in Eq. (11) from 7, to 7. The yields are
obtained for the midrapidity region of the dileptons, i.e.,
fory=0.

Results and discussion

Figure 1 shows the dilepton yields in presence of colli-
sional terms as a function of p, for M = 1 GeV with dif-
ferent values of the jet-quenching parameter, §/T> = Q,
which enters into our analysis through Eq. (4). One can see
that presence of collisional terms increases the dilepton
yield compared to the equilibrium case (6f = 0), through-
out the p; regime. Also, this increase is more prominent
at the high p; regime, which is indicative of the fact
that these effects are more dominant at high p,. These
trends are akin to those found in the case of collisionless
hot QCD medium in the presence of chromo-turbulent
fields (Chandra and Sreekanth 2017). Moreover, it can
be seen that the effect of collisional terms to the dilep-
ton spectra decreases with the increase of Q. For e.g., at
pr = 1.5GeV, we observe ~ 25% enhancement in the yield
with Q = 10 and ~ 8% with Q = 30 for M = 1 GeV. It is
also observed that the increase in dilepton yield is notably
high for large invariant masses.

Now, we analyze the strength of these collisional effects

to the equilibrium dilepton yield by plotting the ratio
_ dN, dN, . .
Rp = [1 t ardrd /25 dzprdj as a function of py for vari-

ous values of Q in Fig. 2. We observe that collisional con-
tributions to the yield are less at low p, where as these
corrections gradually increase as we move towards high
pr- Also, it can be seen that these contributions decrease
with increase in the value of Q. These trends remains the
same for all values of M. For M = 0.5 GeV, the strength of
collisional terms is less than 20% upto p; = 1.7 GeV with
QO = 20. This is due to the fact that the form of collisional
corrections (Eq. (3)) is obtained by a perturbative approach
which is valid only at low p;. Moreover, in this qualitative
study, the dilepton spectra is calculated within the
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Fig. 1 Thermal dilepton yields in the presence of collisional terms for
different values of Q = §/T> and M = 1 GeV along with the equilib-
rium contribution (6f = 0)
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Fig.2 Strength of collisional terms to the equilibrium dilepton yield
for various values of Q with invariant mass M = 0.5 GeV

1-dimensional Bjorken expansion, which over-estimates
the spectra due to large expansion time of QGP.

Conclusions

We studied the thermal dilepton production from heavy ion
collisions in the presence of collisional effects of thermal
QCD medium. An effective Vlasov—Boltzmann equation is
employed which describe the dynamics of hot QCD medium
in the presence of turbulent fields, with the collision kernel
quantifying the effects of collisional processes in the rate
of change of distribution function. Thermal dilepton pro-
duction rate from gg-annihilation is calculated in the pres-
ence of these non-equilibrium corrections. Dilepton spec-
tra is quantified for the boost invariant Bjorken expansion
of QGP medium. Our results indicate that the collisional
contributions have notable effect on the thermal dilepton
spectra. These non-equilibrium corrections greatly enhance
the dilepton spectra throughout the p, regime. It is also
observed that collisional contributions in the dilepton pro-
duction rate and yield have a strong dependence on the jet-
quenching parameter Q.
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