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Pioneering work on chemical equilibration in quark-gluon plasma
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Parton equilibration in relativistic heavy ion collisions
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We investigate the processes leading to phase-space equilibration of parton distributions in nu-
clear interactions at collider energies. We derive a set of rate equations describing the chemical
equilibration of gluons and quarks including medium effects on the relevant QCD transport coeffi-
cients, and discuss their consequences for parton equilibration in heavy ion collisions.

W= light-quark production rate in gluon-dominated plasma:

ng (V0 4g—qq) = 1.2020,T In é;—%?g (A, = e*s/T — gluon fugacity)



Equations of (1+1)-dimensional hydrodynamics: partons with chemical nonequilibrium

Equation of fluid dynamics in Bjorken aproximation [e(t, x)=&(T), T=Vt* — z?]:

2 2
Equation of state for massless partons in baryon-free matter: ¢ =3p = (81%)\9 + Tm Ny

Rate equations for gluon (A,) and (anti)quark (A,= A,p,,) fugacities:
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Thermalization of gluons in ultrarelativistic heavy ion collisions by including three-body _—> parton cascade BAMPS:

interactions in a parton cascade

based on the model
suggested by Biro et al (1993)

Zhe Xu2* and Carsten Greiner®!

w the transport approach which includes both gg <+ gg and gg <> ggg processes
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FIG. 12. Time evolution of the gluon and FIG. 16. Time evolution of the fugacity for
quark number in box calculations. We gluons and quarks from the same calculation
consider here gluons and quarks with two as in Fig. 12.

flavors.

“%» BAMPS: chemical equilibration time at LHC energies 7. ~ 5 fm/c .



My recent articles with Tamas



Astron. Nachr. /AN 336, No. 8/9, 744-748 (2015)/DOI 10.1902/asna.201512252

Under-saturation of quarks at early stages of relativistic nuclear
collisions: The hot glue initial scenario and its observable signatures

H. Stocker>**, M. BeitelT.S. Birg", b. P. Csernai’, K. Gallmeister?, M. L. Gorenstein®®,
C. Greiner?, L. N. Mishustin®’, M. Panero®, S. Raha’, L. M. Satarov*’, S. Schramm?-, F. Senzel?,
B. Sinha'’, J. Steinheimer”, J. Struckmeier'~, V. Vovchenko'*'!, Z. Xu'?, K. Zhou>*, and P. Zhuang?

! GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, D-64291 Darmstadt, Germany
? Institut fiir Theoretische Physik, Goethe Universitiit Frankfurt, D-60438 Frankfurt Main, Germany
3 Frankfurt Institute for Advanced Studies, D-60438 Frankfurt am Main, Germany

* Institute for Particle and Nuclear Physics, Wigner RCP, Budapest, Hungary

3 Institute for Physics and Technology, University of Bergen, 5007 Bergen, Norway

% Bogolyubov Institute for Theoretical Physics, 03680 Kiev, Ukraine

" National Research Center “Kurchatov Institute”, 123182 Moscow, Russia

8 University of Turin and INFN, Turin, Italy

? Bose Institute, Kolkata, India

12 Variable Energy Cyclotron Centre, Kolkata, India

" Taras Shevchenko National University of Kiev, 03022 Kiev, Ukraine

12 Department of Physics, Tsinghua University, Beijing, China

Received 2015 Oct 02, accepted 2015 Oct 10
Published online 2015 Nov 20

Key words  elementary particles — glueball - photon — quark-gluon plasma

The early stage of high multiplicity nuclear collisions is represented by a nearly quarkless, hot, deconfined pure gluon
plasma. These new scenario should be characterized by a suppression of high p; photons and dileptons as well as by
reduced baryon to meson ratios. We present the numerical results for central Pb+Pb collisions at the LHC energies by
using the ideal Bjorken hydrodynamics with time-dependent quark fugacity. It is shown that about 25 % of final total
entropy is generated during the hydrodynamic evolution of chemically undersaturated quark-gluon plasma.
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Fig.5 | Spectrum of the thermal photons|as a function of trans-

Verse momentum

in central Pb+Pb collisions at 4/syy = 2.76 TeV|.

The solid and dashed lines correspond, respectively, to 7, = 1 fm/c
and 5 fm/c. Dots show experimental data (Lohner et al. 2013) for
040 % most central events.

1% order glueballs a

O | |
1 10

T (fm/c)

Fig.6  Schematic picture of the temperature evolution of a high-

energy collision in the pure glue scenario with the Yang-Mills first
order phase transition to glueballs.
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(a)FugaciLy of gluons and quarks, respectively. (b)number density of gluons and gluon condensate in

overpopulated case.

Figure 1. (a) Time evolution of [fugacity of gluons and quarks|calculated by using the
Boltzmann approach to multi-parton scatterings (BAMPS). Within mpaﬁons
scatter via 2 « 2 interactions in leading-order pQCD and via inelastic 2 < 3 processes
calculated by the improved Gunion—Bertsch approximation while considering a
running coupling for each scattering evaluated at the microscopic level. The depicted
time evolutions are calculated for a cylindrical tube of xr < 1.5 fm and space-time
rapidity 7, < 0.5 [in_Au+Au collisions with /s = 200 AGeV|and zero impact
parameter. (b) Time evolution of number density of gluons and gluon condensate
starting with an overpopulated initial distribution function f; = 0.46(Q, — p) within
BAMPS box calculation.
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Rapp et al :

Dilepton mass spectrum in partonic matter

dN, dr 4
11 4501t —

daM o fd dM

M? = (p+ +p-)* - invariant mass of lepton pair squared

dl} 4, — . . . .

—LTI— - Jocal rate of lepton pair production at space-time point x# = (¢, 7)"

aM

In thermalized matter with partonic temperature 1" = T'(x)

dr 4,

v o< M3/2 exp(—M/T) (at T < M)

" slope of dilepton mass spectrum is sensitive to temperature (dileptons as ‘thermometer’)

’ smaller slopes correspond to emission from hotter (earlier) stages
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Partonic sources of dilepton production (in the lowest order in o)

Compton scattering A+g— A+t (A=q,7q (=u,d,s..., I=e,u ...)
Annihilation g+qg—= 1717, [Tl +g

Bremsstrahlung (of virtual gluons) A+ B - A+ B+~ (B=¢q.,q,9)

these processes are most important in the intermediate-mass region (IMR): 1 < M < 3 GeV/c?

At larger masses charmed meson (.J/v, D, D ...) decays and Drell-Yan radiation of leading partons are important

At lower masses M < 1 GeV/c2 hadronic sources from decays of 7°, 1, p,w ... mesons dominate
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Observed temperatures of intermediate-mass dileptons in heavy-ion collisions
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W=  saturating behavior of T|\yr (S) at RHIC and LHC bombarding energies (evidence of Yang-Mills FOPT?)

»  T;ur exceed the QCD crossover temperature (156 MeV in baryon-free matter )
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Hydrodynamical model with chemical nonequilibrium:
Pb+Pb central collisions at LHC energy +/syy = 2.76 TeV

V. Vovchenko, H. Stoecker et al., Phys. Rev. C94 (2016) 024906 (2+1 hydro with Bjorken scaling in t-z variables,
initial temperature profiles at t=1,, z=0 from Glauber calculations)

OTH /92" = 0
quark suppression factor A (t: =5 fm/c) temperature (t-=0and 5 fm/c)
contour plots 12 A T (MeV)
for most central 400
collisions: 350
T- propertime 8 300
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w» our model predicts larger temperatures as compared to chemically equilibrium scenario (t« = 0)

> FOPT temperature T= 270 MeV is close to the inverse slope of dilepton mass spectra observed by STAR
=» deviations from chemical equilibrium survive even up to hadronization stage (at 7. = 5 fm/c)

~
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Experimental data on dilepton spectra in nuclear collisions - |

Effective temperatures extracted by fitting dilepton spectra in IMR:

NAG60 (2009) - In+In — ptp~ + X at /syn = 17.3 GeV — Tiyr = 246 + 15 MeV  (semicentral events)

27 280 + 60
L B _
STAR (2023, 2024) —> Au+ Au — ete™ + X at /Snn = { -y 5 GeV = Tiug = { 200 + g MeV

Significantly smaller temperatures were extracted from dilepton spectra in the low-mass region (LMR):

Tivr = 156 40 MeV (at RHIC and SPS bombarding energies)

— This value is close to pseudocritical temperature obtained from LQCD for small chemical potentials

— Similar temperatures were extracted from chemical freeze-out fits of observed hadron yields
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Experimental data on dilepton spectra in nuclear collisions - I

NA60 Collab. (diamonds)
Eur. Phys. J. C59 (2009)

STAR Collab. (squares)
Phys. Rev. C107 (2023)

STAR Collab. (stars)
arXiv: 2402.01998

HADES Collab. (triangle)

Nature Phys. 15 (2019)
(Au+Au at +/syy = 2.42 GeV)
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W=  STAR and NA60 thermal fits: T,z > Tiur

Wg— baryon chemical
potential

positions of open and full
circles are obtained from
chemical freeze-out
analysis of hadronic
yields
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Energy-momentum tensor of chemically nonequilibrated QGP

V. Vovchenko, H. Stoecker et al., Phys. Rev. C94 (2016) 024906 - 2+1 hydro for Pb+Pbat +/s,, = 2.76 TeV
— w/o dissipation (n/s=0) and net baryon asymmetry (ng=ngbar)

™ = (e + P)utu” — Pgt” (u* — fluid four-velocity)
The energy density (¢) and pressure (P) are calculated by introducing the quark suppression factor A:
g\ _ £ €
(P) _ }\(P)FQ-I_ (1_}\)(P)PG (0“<- ’\‘<- 1)

where &; and Pj correspond to pure glue (i=PG) and full QCD (i=FQ) phases (functions of temperature)

We parametrize A by function of local proper time t (for each fluid element) t=T(n,r))
=1 — ex O — T It is assumed that there were
P Tu no quarks initially (A=0 at t=1p=0.1 fm/c)

where T« - quark equilibration time — model parameter, chosen (PG limit: T« — o0)
in the interval 0-5 fm/c
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LQCD results for pure glue (PG) and full QCD (FQ) matter

PG (N¢=0): G.Boyd et al., Phys. Rev. Lett. 75 (1995) 4169

FQ (Ng=2+1, pg=0): S. Borsanyi et al., Phys. Lett. B730 (2014) 99

r Full QCD
5L === Pure glue

—=15.21
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Full QCD

=== Pure glue
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discontinuity
of &pg at T=Tg

W= larger values of pressure (P) and energy density (&) in FQ calculation due to g-gbar contribution

—

small P and € values in PG matter at T<Tg due to large masses of glueballs (confined states of gluons)
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