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Abstract. Mon-perturbabve production of quark-anticquarks 15 investigated in the early siage of
heavy-1on collisions, The time-dependent study 1= based on a kinetic descnpbon of the Fermion-
peir producton in strong non-Abkelan felds. We intredwoe bme-dependeont chromo-clecine external
ficld with a pulse-like time evolubion to simulate the overlap of bwo colliding heavy jons. W
hzree found that the small inverse durmbion bme of the feld pulse determines the efficiency of the
quark-pair production. The expected suppressicn for heavy quark production, as follows From the
Schwinger formula For a constant field, 15 not seen, but an enhanced heavy quark produchion appears
at ultrarclativistic energies. We comvert oar pul=e durmbion bme-dependent results inte collisional
encrgy dependence and introduece energy and Lavour-dependent siring tensions, which can be used
in =iring based model caleulations at RHIC and LHC energies.
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INTRODUCTION

The main aim of ultrarclativistic hcavy-ion collisions is o create extreme high energy
densitics and study the deconfinement phase transition of colored quarks and gluons.
Experiments at the BNL Relativistic Heavy lon Collider i(RHIC) have been investigated
the center of mass colliding energy region up to /5 = 200 AGeV and detectors at CERN
Large Hadronic Collider (LHC) arc exploring the energy range up to /5 — 3500 AGeV.
At such high energics the colliding nuclei are two colliding shects of nucleons with a
huge Lorentz-contraction (., — 100 at RHIC and ., — 2730 at LHC), surrounded by a
gluon cloud. Their overlap results in a strong chromo-clectric and chromo-magnetic field
tor be built up. Particles, namely gluons and quark-antiquark pairs are produced from
this strong held, similarly to the Schwinger mechanism in quantum clectrodynamics
(QED) [1]. The particle production rate depends on the ficld strength, which is varying
in time. The soft particles produced in such a non-perturbative way form the bulk of
the quark-gluon plasma, after they successfully thermalized. Here we investigate the
primordial non-perturbative production of light and heavy guark-antiquark pairs.
Theoretical descriptions of particle production in high encrgy pp collisions are based
on the introduction of chromoclectric tux tube (Cstring”) models [2, 3,4, 5,6, 7). String
picture is a good example of how to convert the kinetic energy of a collision into ficld
energy, than later on gain the stored kinetic energy back. At RHIC and LHC energics
the string density is expected to be so large that a strong collective gluon field will be
formed in the whole available transverse volume. Furthermore, the gluon number could
be =0 high that a classical gluon ficld as the expectation value of the quantum ficld



can he considered in the reaction volume [8, 9, 10]. Alternatively, at extremely high
cnergics, nucleus nucleus collisions can be described as two colliding sheets of Coloned
Cilass Condensate. In the frmmework of this model, it was shown that in the carly stage of
collision longitudinal color-electric and color-magnetic ficlds are created. The propertics
of such non-Abclian classical ficlds and gluon production were studied very intensively
during the last years, especially asymptotic solutions (sce Refs. [L1, 12, 13]).

Fermion and boson pair production was investigated by different models of particle
production from strong Abelian [ 14, 15, 16, 17, 18], and non-Abelian [ 19, 20, 21] belds.
These calculations concentrated mostly on the bulk propertics of the gluon and quark
matter, the time cvolution of the system, the time dependence of energy and particle
number densibies, and the appearance of fast thermalization.

In our related works (see Refs. |22, 23, 24, 25]). we investigated massless Fermion
and hoson production in strong Abelian and non-Ahbelian external electric ficld with a
pulse-like time dependence. We have described light, strange, charm and bottom guark-
pair production. We have realized, that the role of mass becomes unimportant when the
collisional energy is increasing and the the pulse duration time becomes comparable 1o
the inverse quark mass [24, 25]. Motivated by the problems raised in Rels. [9, 10] we
investigated the cnergy dependence of effective string tensions introduced to describe

the obtained quark-antiquark pair production. Instecad of the usual & ~ 1 Ge¥/Em value,
much higher effective string tensions appeared in our calculations.

THE KINETIC EQUATION FOR THE WIGNER FUNCTION

The equation of motion for color Wigner function of a homogencous system WK1 )
(sce Rels. [22, 23, 24, 25] for details)
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Here m denotes the current mass of the fermions, g is the coupling constant, Ay, is the
d-potential of an external space-homogencous color feld and Fuy is the corresponding
ficld tensor

The color decomposition of the Wigner function with SUN. ) generators in the fun-
damental representation is given by

W =W} WoT, a ].2.....4"-?.— 1. (3]
where W is the color singlet part and W is the color multiplet components. It is also

convenient to perform spinor decomposition separating scalar a, vector by, tensor oy,
axial vector d, and pscudo-scalar parts e

WHe — o™ B ot b dy SRy iy (4)



After the color and spinor decomposition of the equations for the Wigner function in
case of pure longitudinal external color ficld with fixed color direction A7 — AZa®, where
n"n® — 3 and ™ — 00 [23], we obtain system of differential equations for the singlet and
triplet componenis, as we described in Rel. [25].

The distribution function for massive fermions is defined by the components a. b [23]:
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where @k vk | m?. For time- and momentum-dependent distribution functions
scalar a, vector by, axial vecior &, and tensor ¢ components of the Wigner Tunction
arc necded, only. The initial conditions For the Wigner function in vacuum reads as
a* = —m /2@ and b* — —k/2m.

NUMERICAL RESULTS FROM THE KINETIC EQUATION

In the numerical calculation we have used the following parameters: the maximal mag-
nitude of the ficld £y — 0.68 GeVifm: the strong coupling constant g — 21 the current
quark masses my, g — B MeVom, — 150 MeV, m. — 1.2 GeV, mp — 4.2 GeV for Light,
strange, charm and bottom quarks, cormespondingly. The value of maximal magnitude
of the held corresponds to the elfective string tension K~ 117 GeVitm [25].

The particle production is ignited by a pulse-like color ficld simulating a heavy-ion
collision [23]:

E*(1) = Eg- [1 —tanh?(1/7)] . (6)

where T is a pulse duration bme.
The suppression factor of heavier quark (2 to light one w15 defined in the asymptotic
future (c.f. [1]3, ¢ 3 T, as
Y9 = limng(t)/nult). (7
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FIGURE 1. The suppression facior For heavy llavours at different values of ot



Here n, (] 15 the number density of corresponding quarks given b
ght) ¥ P £9 g ¥

1
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where g denotes different quark Aavours, g=u, d. s, c. b

In Figz. 1 we display our numernical results in case of SU{2)-color ficld for the pulse
duration time dependence of the suppression Facbor for different Qavours. A dramatic
change of the suppression factors for heavy quarks happens in the region 0.1 < mT =< 1,
where w15 the bare quark mass, Actually, as it was shown in Ref. [25], there are two
dimensionless parameters that control the behaviour of the particle production. One 1=
the dimensionless pulse duration, mT; the other is adiabaticity parameter, Ug o m )/ [EqT).
The Schwinger formula is valid for the combination mT 25 1 and Uy < 1.

To hix free parameters we use the Following simple model. The field strength depends
on two unknown parameters, T and Ep. We will fix them as the best Gt of the suppression
factors for primordial strange and charm quarks obtained in a quark coalescence caloula-
tion [29, 30] at RHIC energy, /% — 200 AGeV. The suppression factors are 7* — (.88 and
¥ = 61072, The best fit reads Fy — 0,68 GeVim and 5 — 0,134 [m /. Surprisingly,
our simple model provides reasonable values for these parameters.

From intuitive reasons the duration of held pulse s proportional to the time of two
Lorenz-contracted heavy ions pass cach other at almost speed of light, ic.

7
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where K s the radius of a nucled, 3., =~ -.,-'";-" (20GeV) is the gamma-factor, @ is an
unknown proportionality coclficient. In case of gold-gold collision at RHIC cnergy we
obtained o — (.96 from the best fit values given above, We further assume that o weakly
depends on the collision energy and this dependence can be neglected. Thus having the
value of @ in hand we can transform the duration time dependence tothe collision energy
dependence. Although this conversion is oversimplificd (e.g. it does not take into account
any stopping cffccts), we expect to obtain results of the right order of magnitude. The
cxtracted numbers make possible to inberpret our numerical resulis on realistic hasis,
namely encray scales.

TABLE I.  The suppression factor, 12, for experimentally Fvored energies.
The calculations are done with a stnng tension &2 1.17. The result obtained
by Schwinger formulais denoted by 1.
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Effective string tension

The suppression factors, 1, (see Table 1) deviate from the asymptotic Schwinger
values so much., that we necd to drop the idea of applying one general string tension for
cvery quark flavour. IF we want to use the results of our numerical calculations in one
of the string-based Monte-Carlo models [2, 3,4, 5, 6], then we must introduce effective
Aavour dependent string tension values. This way we can investigate the conscquences
of the enhanced heavy Aavour production in full scale Monte-Carlo models, as it was
demonstrated in latest HIIING-BE calculations [10]. Here we calculabe these elfective
string tension values for different quark Aavours and offer them for later usc.

Let us recall the Schwinger formula For particles with mass m

e (-2,

Here & 15 a string tension. According to this formula the suppression factor of heavier

() to light quarks (g) is given by

This formula is valid for the case of arbitrary N in SU{M), sec Bell [31].
In parallel, on the basis of Eg.(100, we can derive a similar suppression factor by
introducing “flavour specilic” elffective string tensions for heavier avours.
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FIGURE 2. The “Aavour specihic” effechve siring lension, il_”- as a function of pulse duration time, T,
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and collision energy, /%, extrocted from the values of Fig. 1 (left panel). The same ﬁ'_'i.'l-l- values in lincar

scales, bul zoomed to RHIC energy mnge (nght pancl).



Here we will keep the usnal string tension for light quark, as &% ~ 1.17 GeV/fm.

ell —

In this way we can extract the “Hlavour specific” cffectve string tensions from our
numerical results displayed on Fig. 1, and we obtain Fig. 2. The left pancl displays
the energy dependence in a logarithmic scale. The right panel is in lincar scales, and
zoomed o the RHIC energy range.

As a summary, we cmphasize the importance of tme-dependent strong ficld caleu-

lations to determine quark-antiquark pair production in heavy-ion collisions, The ficld
theoretical results can be substituted into Monte-Carlo string models through Aavour
iand energy) dependent effective string tensions.
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