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The relative abundances and kinematic distributions of hadrons containing (anti)charm quarks are key observ-
ables for deconfinement, heavy-quark diffusion and hadronization in heavy-ion collisions. The production of
(anti)charm quarks is commonly associated to the initial hard scatterings in hadronic collisions. Based on pre-
vious studies on dilepton production, we evaluate the (anti)charm quark production from the pre-equilibrium
phase. A non-negligible contribution to the overall charm quark production is found, albeit large theoretical un-
certainties are limiting factors. We conclude that precise total charm production measurements combined with
progress on charm production calculations from the initial hard scatterings can be used to infer information on

1. Introduction

In ultrarelativistic heavy-ion collisions, a quark-gluon plasma (QGP)
is formed which gradually thermalizes as it expands into the vacuum [1].
It is commonly assumed that this system approaches local thermal equi-
librium through a pre-equilibrium phase during which the longitudi-
nal pressure is smaller than the transverse pressure [2,3]. This pres-
sure anisotropy is generated by the rapid longitudinal expansion of the
fluid at early times [4,5]. In addition, the system is initially gluon dom-
inated [6], implying that the pre-equilibrium phase is chemically out of
equilibrium. These non-equilibrium features can be probed by electro-
magnetic radiation emitted throughout the evolution of the medium. In
particular, dilepton production in the invariant mass range from 2 to
5GeV/c?, is sensitive to the pre-equilibrium phase via the production
rate [7-11], while the angular distribution of dileptons can be used to
directly probe the pressure anisotropy [12].

In heavy-ion collisions, charm quarks are produced predominantly
in initial hard scatterings, on time scales much shorter than those as-
sociated with the medium evolution, and the charm-quark number is
expected to be conserved after the initial stages of the collision [13].
At hadronization, these quarks can form hadrons containing one charm
quark or anti-charm quark (open charm hadrons), or charm-anti-charm
bound states (charmonium).

On one hand, open charm hadrons represent an opportunity to trace
individual color charge carriers propagating in the medium, and in par-
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ticular can be used to constrain the diffusion of massive quarks in the
QGP [14,15]. On the other hand, charmonia provide one of the most
direct probes of deconfinement in heavy-ion collisions [15,16]. In this
context, the total charm production cross section in nucleus-nucleus col-
lisions is of prime importance, as the total charm yield constitutes the
natural normalization for charmonium production. Comparing the frac-
tion of charm quarks that hadronize into charmonium or open-charm
hadrons in heavy-ion collisions with the corresponding fractions mea-
sured in a reference system then provides direct experimental access
to medium-induced suppression or enhancement of charmonium pro-
duction. At present, however, the total charm-production cross section
remains one of the leading uncertainties in the interpretation of quarko-
nium measurements [15,16]. For these reasons, precise production mea-
surements of all charm-hadron species are an important goal for the
ongoing ALICE 2 and LHCb U1l programs as well as the future ALICE
3[17,18], CMS and LHCb U2 [19,20] projects.

Although thermal charm production has been discussed in the lit-
erature and sizeable contributions have been found in explicit calcula-
tions [21-24], charm production has not been discussed in the context of
the pre-equilibrium phase. In this phase, the energy densities are high-
est, and hence the production of charm quarks can be expected to be
particularly significant. This naive expectation is supported by the ob-
servation that charm quark production occurs at the same scales as in-
termediate mass dilepton production, where the pre-equilibrium phase
plays an important role.
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We therefore propose that precise total charm production can be
used to constrain the pre-equilibrium phase, by comparing measure-
ments in nucleus-nucleus collisions with estimates from initial hard
scatterings based on proton-proton data and nuclear parton densities.
We show that the charm production is complementary to dilepton pro-
duction since it is also sensitive to the gluon abundance in the pre-
equilibrium stage. To this end, we employ the same theoretical set-up as
used for dilepton production [8-10]. We also discuss current theoretical
limitations related to the extrapolation of the hard scattering production
to nucleus-nucleus collisions and to the current state-of-the-art theory
calculations. Finally, we outline how these limitations can be addressed
in the future.

2. Pre-equilibrium charm production

We calculate the pre-equilibrium charm-anti-charm pair production
to leading order in perturbation theory and employ an effective kinetic
theory of QCD [25] to describe the pre-equilibrium dynamics. We de-
note by f,/,/7(P1/2,x) the phase-space distributions of gluons, quarks
and anti-quarks, where p; and p, are the momenta of incoming parti-
cles, and x the space-time coordinate at which the scattering occurs. The
production rate of a charm-anti-charm-quark pair is

AN [ d’p; d’p,
d*xd*Q ~ | (n)3 2x)?

D fa, 0D, (B2)X
f

cC 4) _ —
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where Q is the 4-momentum of the pair, O';qu and 0;2 are the matrix
o2 74,

ardr ~ V88 T 2pipy

particles. The two matrix elements are

elements and v, =v the relative velocity between incoming
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88 0?2
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X [( 7 3V + 12)artanh(v) 24(59 310%)|, 3

2
where v = \11—4%.

It remains to compute the phase-space distributions of quarks and
gluons. To do this, we follow previous works on pre-equilibrium photon
[26] and dilepton [10] production in using the effective kinetic theory
approach to model the evolution of the distribution functions. These dis-
tribution functions facilitate the computation of the energy-momentum
tensor encoding macroscopic properties of the medium

TH =

d3p php*
oy o [P L (1, ®+1,®)|. @

with v, and v, the number of degrees of freedom for gluons and quarks.

The pre-equilibrium evolution is typically described by conformal
Bjorken flow. As discussed in [27-29], it has been demonstrated that
many different pre-equilibrium models share certain macroscopic fea-
tures even well before reaching local thermal equilibrium. This common
behavior can be expressed in terms of a single macroscopic dimension-
less variable

TTeff

ryl/s, ()

w=

with 7 = V2 — 22 the Bjorken time and the effective temperature T
defined via the equilibrium relation between the energy density, which
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can be computed using the energy-momentum tensor, and the temper-
ature:
22

e(r) =: % off

Ty ©)
where in QCD kinetic theory for N, massless flavors v = v, + 2N % Vg
The scaling variable @ is defined such that the system equilibrates at
0 ~ 1. The universal behavior is visualized in [27,28], which show that,
for instance, the local energy density can be expressed only in terms of
a dimensionful scale (ﬂ:T3)eq and a universal scaling function £(i):

2 4 e
() = Tover (7T 21

T3
where (TT3)Cq, denotes the value of T(r)z> of the equilibrated QGP at
the end of the pre-equilibrium stage, which, as detailed below, is pro-
portional to the entropy density (zs),, of the thermalized QGP.

While, in practice, QCD kinetic theory simulations are performed
for a specific initial energy density and coupling strength 4, the scaling
in (7) implies that the evolution can be inferred for any specific final
state energy density of interest once the scaling function £(i0) is known.
This means that, by specifying the physical value of (zT 3)eq at the end
of the pre-equilibrium regime, the preceding pre-equilibrium evolution
is then completely determined by (7). Since the shear viscosity of the
QGP is small, the late-stage hydrodynamic expansion is approximately
isentropic, and the thermal entropy at the onset of hydrodynamic be-
havior is approximately conserved throughout the hydrodynamic stage
and the conversion into particles at freeze-out. This allows us to relate
(TT3)eq directly to the measured charged—particle multiplicity. Indeed,
this scale can be computed from [27]

)

3y 90
(1) = g2, 5 ka ®)
and the entropy density at thermalization time can be directly estimated
from measurements of the charged—particle multiplicity dg[r‘"" , as

Lds_ 1 S dNg
Ap dn A Ngy dn’

(75(0))eq = 9

where Ay is the transverse size and Ni = 6.7 [30] denotes the entropy
ch

per hadron in a hadron resonance gas at freeze-out. We follow [8] and
employ Ay = 104 fm? for the transverse system size of a central Pb+Pb
collision, and model the rapidity dependence by varying the charged
particle multiplicity ddN;" according to Adam et al. [31]. We use vqg = 40
for the high-temperature equation of state.

Beyond the pre-equilibrium evolution of the energy density, the QCD
kinetic theory simulations also provide an estimate for the onset of hy-

drodynamic behavior [27,28], which occurs on time scales

Weq = TeqTeq/(47”1/S) ~1

which allows to determine the equilibration time 7., and temperature
T,q as a function of the shear-viscosity to entropy density r/s and the

overall energy scale /(zT%),:

3
Toq ~ (471 /5)2 / VT (10)
Teq ® \/(rT3)eq(4m1/s)7% an

Under the assumption that scaling also works for hard probes in the
pre-equilibrium phase, which are produced at earlier times, as it did
with photons and dileptons, the charm production rate at one point in
phase space, being a dimensionless quantity, should only depend on
dimensionless ratios:
ﬂ;ﬂ(iﬂg> (12)
d*xd*Q  d*xd*Q \ 7, T,y T,

Assuming this, any dimensionful integral of dfg’g 5

scale multiplied by an integral over dimensionless quantities [10,26],

can be written as a
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where ¢ is the space-time rapidity and M is the invariant mass asso-
ciated with Q. Such scaling is expected to work if the production is
dominated by late times when the system has lost its memory of the ini-
tial conditions, such as is the case for photons and dileptons. But since
charm quarks are not only heavy, but can also be produced from gluon
processes at leading order, the heavy-flavor production is expected to ex-
tend to earlier times, where the initial conditions might still have large
effects. We will test this universality by performing QCD kinetic theory
simulations at different couplings 4 = 5, 10,20, which upon performing
the scale setting as indicated above, mainly corresponds to a variation
of the initial conditions and early time dynamics.

Besides considering QCD kinetic theory simulations at different cou-
pling strengths, we will also compare our results to those from a

simple model, where the evolution of the phase-space distribution is
parametrized in terms of modified equilibrium quark and gluon distri-
butions to describe the pre-equilibrium features of quark suppression
and momentum anisotropy [8]:

\/ PR+ E@P2

A7)

\/PE + E@)P?

A(7)

fg(T’pTJ)z) = fBE (15)

faq@ pr.p) =90 frp 1e6)

Since the phase-space distributions are of the Romatschke-Strickland
form, we will refer to this as Romatschke-Strickland (RS) model, where
&(t) > 1 is the momentum anisotropy, ¢(z) € [0, 1] the quark suppression
factor and A(r) the effective transverse temperature. The functions &(z),
q(r) and A(r) are determined by matching the evolution of the energy-
momentum tensor of this model to the QCD kinetic theory evolution
(see [8] for details). Since this requirement ensures exact evolution ac-
cording to the same hydrodynamic attractor scaling, regardless of the
parameter choice (/s in @ is the only parameter), the scaling of the
charm-production in (13) is guaranteed to be exact in this model.
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3. Instantaneous production rate

In order to characterize the pre-equilibrium production of heavy

. . . . . cc
qq pairs, we first consider the instantaneous production rate %.
-

Based on the above arguments, the scaling function for this rate can be
extracted as

d NcE 4 m,
—_ =T T I 17
rdrdyd?xy eft(™) <Teﬁ(r)) an
We present our results for the instantaneous production rate in Fig. 1,

i . . dN<¢ 4
where the different panels show the scaling functions porrertore /T 4(7)

for three different times @ = 0.2, 0.7, 1.6. Different curves show the
results for QCD kinetic theory at different coupling strength and the
Romatschke-Strickland model. In addition, these results are compared
to the equilibrium rate, where the gluon- and quark-distribution func-
tions are Bose-Einstein and Fermi-Dirac distributions. We indicate the
with the green box cov-
ering 1.25 GeV < m, < 1.5 GeV for /s = 0.16 and the red box covering
the same mass range for 5/s = 0.32, which as discussed in the previous
section, affects the determination of T, (t).! One observes that at early
times @ = 0.2, the two non-equilibrium models differ substantially, as
the production of heavy-quark pairs is still sensitive to the initial con-
ditions. As expected, these differences become less pronounced at large
values of @, when the phase-space distributions of QCD kinetic theory
approach the Romatschke-Strickland model. Similarly, all models con-
verge towards the thermal charm production rate at & = 1.6 where hy-
drodynamics is applicable to describe the sub-sequent evolution. How-
ever, it is important to realize that as time @ increases, the effective
temperature falls, causing the physical values of - e to increase. We also

mC

note that for large values of > 10, the dlfferent models do not show

a universal behavior even at lgte times, suggesting that universal scal-
ing function are ill-suited to describe bottom quark production, which
if relevant at all, is always sensitive to the initial conditions. Next, in
order to compare the charm production at different times, the bottom-
right panel in Fig. 1 depicts the scaled instantaneous rate against o, for a
charm quark mass of 1.25 GeV at £ = 0.32. Early time deviations between
the QCD kinetic results at different coupling strength A reflect the de-
pendence on the initial conditions of the evolution. However, all curves
demonstrate quick convergence to a scaling function, which features
sizeable production rates at early times @ < 0.3, followed by a rapid
decay at later times.

4. Integrated charm yield

dN/:E

By integrating the instantaneous production rate pormerTors

up to a

certain time, we obtain the differential yield -2 (m ) of c¢ pairs per

dy d2
unit rapidity and transverse area, produced up to thls point, which is
expected to satisfy the scaling in (13). We present our results for this in-
tegrated charm yield, in Fig. 2, where the different panels contains the
scaling functions for three different upper time limits & = 0.2, 0.7, 1.6.
Colored boxes in Fig. 2 indicate physical values of m./T,, for a charm
quark mass 1.25 GeV < m, < 1.5 GeV, with green boxes corresponding to
n/s = 0.16 and red boxes to n/s = 0.32, which according to (10) result in
different temperatures T, at the time when the QGP equilibrates. One
observes that the scaling for the integrated charm yield improves at later
times, especially for low , but there is still significant disagreement

between the results for masses around and above the charm mass. This
is due to the fact that charm production occurs pre-dominantly at early
times, where the initial conditions still play a significant role. The pro-
duction yield predicted by the Romatschke-Strickland model is larger.

! The physical effective temperature at @ can be computed using the scaling
of the energy density (7).
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Fig. 2. Scaling functions for the integrated charm yield produced during the
pre-equilibrium evolution as a function of 'T"— Calculations from QCD kinetic

theory (EKT) are shown for different values ofI 4, and compared with RS model.

m,

Green and red boxes show ranges for = with 1.25 GeV <m, < 1.5 GeV, for

eq

n/s =0.16 and n/s = 0.32, respectively.
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Fig. 3. Rapidity distribution of the total charm production per unit rapidity
dN*¢¢/dy during the pre-equilibrium phase for /s = 0.16 and 5/s = 0.32, com-
puted with QCD kinetic theory varying the coupling 4, and with RS model.

For low masses, this is consistent with the low @ limit of the instan-
taneous rate, where the bulk of the production occurs. Another effect
that causes this pattern is that, unlike in QCD kinetic theory, where the
simulation starts at an initial time 7 = QL, the Romatschke-Strickland

simulation effectively starts at = = 0. This éxplains why the Romatschke-
Strickland result is larger even at high masses and implies that it is likely
to be an overestimate of the pre-equilibrium charm yield. Furthermore,
this initial time protects the calculation from double counting of pre-
equilibrium charm production and charm production from initial hard
scatterings associated with the typical time scale of 7 ~ mL

Based on the scaling functions for the integrated charmcproduction in
Fig. 2, it is then straightforward to obtain the differential yield d N°¢/dy
by integrating over transverse area. Fig. 3 displays the rapidity distri-
bution of the pre-equilibrium yield predicted by each model for two
distinct physical setups with m, = 1.5 GeV. Since all models used in this
work assume boost invariance, the rapidity dependence is obtained by
mapping the charged particle multiplicity onto the rapidity 2. This corre-
spondence is established using data for charged particle multiplicities at
different rapidities for collisions in the 0-5% centrality class from ALICE
[31]. More specifically, for any value of the rapidity y, the correspond-
ing charged particle multiplicity can be used to compute (TT3)eq. This
in combination with a value for g then leads to values for Ty, 7.q and
finally ;"Tf, which can be used to obtain the predicted charm yield for
this physical scenario from the scaling functions. The results confirm the
expected shape of the rapidity distribution. As in the case of dileptons
[81, lower :1 leads to larger production. The predicted pre-equilibrium
charm yield must now be compared with the charm yield coming from
initial hard scatterings of the collision.

5. Charm production from initial hard scatterings

The inclusive charm production cross section from initial hard scat-
terings in perturbative QCD based on collinear factorisation exhibits
large theoretical uncertainties [32,33]. In particular, the uncertainties
evaluated with the variations of the factorisation and renormalisation
scales and associated to missing higher order corrections are dominating
for the transverse momentum integrated cross sections and reach a vari-
ation of around 5 between the lower bound and the higher bound of the

2 This simplification is not expected to be critical, since the observables are
sensitive to momentum space and not coordinate space distributions.
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uncertainty. A reduction of the scale variation uncertainties comparing
NLO with NNLO calculation is observed, but the uncertainties remain
by far larger than the experimental uncertainties [34,35]. In collisions
involving nuclei as well as in extreme kinematics, large uncertainties on
the gluon parton distribution function are relevant contributions to the
uncertainty budget as well [15,36,37].

The production yield in PbPb collisions is estimated based on the
d"cpabpb /dy
A2do?? 1dy’
overlap of a given centrality class. The R, , is evaluated with the Mad-
Graph software [38] at fixed-order NLO, with a charm quark mass of
m, = 1.55 GeV/c?, and with the nuclear parton distribution functions
from EPPS21 [39]. These nuclear parton distribution functions assume
that inclusive hard particle production in proton-nucleus collisions can
be used to deduce the nuclear modification of parton distribution func-
tions, see for a detailed discussion in [15]. The resulting calculation pro-
vides a fully inclusive production cross section in lead-lead collisions.
The resulting nuclear modification factor is shown as a function of the
rapidity of the c¢ pair in Fig. 4. The displayed uncertainties are the PDF
uncertainties as well as an uncertainty from the variation of the factor-
ization scale . by factors [0.5; 1; 2]. The uncertainty due to the variation
of the renormalization scale cancel in the calculation.

Next, to get an estimate of the yield in PbPb collisions, the nu-
clear modification factor must be multiplied by the c¢¢ production cross
section in proton-proton collision. It is evaluated by using the cross
section in proton-proton collisions at midrapidity do’? /dy|,c(_o505) at
\/syn = 5.02 TeV measured by the ALICE collaboration, including the
experimental measurement of several charm baryon species [40], to set
the absolute production scale at midrapidity. The rapidity distribution
of charm production in proton-proton collisions is taken from MadGraph
simulations, using the proton PDF set CT18ANLO [41], which is the ref-
erence used by EPPS21. The uncertainties on scale variations are not
evaluated since the experimental data is used as anchor point. Hence, it
is assumed for simplicity that the scale uncertainties are fully correlated
as function of rapidity.

In order to estimate the production in ranges of centrality, we do
not take into account the centrality dependence of nuclear modifica-
tions of parton distribution functions and assume scaling with the nu-
clear overlap function [42]. This simplification yields to a overestima-
tion of the expected charm yield from initial hard scatterings in central
collisions since the charm production is suppressed due to the suppres-
sion of gluons in the parton distribution functions and since the nu-
clear effects are expected to be emphasized in central collisions. The
c¢ production yield in PbPb collisions is thus estimated as d N, C’;_“’ brdy =
Ry - (Tyy) - do? /dy, where the nuclear overlap (T, ) for 0-5% central
PbPb collisions is taken from Monte Carlo Glauber predictions [43].

nuclear modification factor R, , = where (T, 4) is the nuclear

6. Total charm production

Fig. 5 presents a comparison between the c¢¢ production yield ob-
tained from initial hard scatterings, as computed in the previous section,
and the one arising from the pre-equilibrium stage. The shaded bands
associated with the pre-equilibrium contribution represent the envelope
of the curves shown in Fig. 3, corresponding separately to the two values
of n/s = 0.16 and 0.32.

The uncertainty band on the initial hard-scattering yield reflects the
PDF-induced uncertainty in the nuclear modification factor shown in
Fig. 4, which dominates over the scale-variation uncertainty across most
of the rapidity interval.

Due to the substantial magnitude of this uncertainty, the pre-
equilibrium contribution at y,; = 0 may account for a fraction of the
total charm yield ranging from approximately 10% up to a value
comparable to the yield from initial hard scatterings. Comparing the
pre-equilibrium contribution to the central value of the initial hard-
scattering estimate indicates a contribution at the level of approximately
10-50%. In this context, we expect positive corrections from the missing
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Fig. 4. Nuclear modification factor for c¢¢ production computed at next-to-
leading order with the MadGraph software [38], as a function of the rapidity of
the c¢ pair.
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Fig. 5. Comparison of charm production yields from initial hard scattering, and
from pre-equilibrium for two values of ;/s. The uncertainty band associated to
the pre-equilibrium production correspond to different values of 1 in the EKT
calculation, or the usage of RS model. The uncertainty band on the initial hard
scattering calculation represents the PDF uncertainty of EPPS21.

higher-order contributions to our leading-order charm-quark production
calculation, as observed in vacuum [35,44]. Therefore, the calculation
presented here is expected to provide a lower bound for higher-order
calculations based on the same setup. Beyond higher order perturbative
corrections, there are also non-perturbative effects, in particular the so
called Sommerfeld correction associated with the attractive/repulsive
interaction of color singlet/octet QQ pairs during over the course of
the production process [45]. While a precision calculation should take
such effects into account, equilibrium calculations in [45] indicate that
the net effect is small due to cancellations between enhancement and
suppression in the color singlet and octet channels.

Given the large theoretical uncertainties on R4, for production from
initial hard scatterings evaluated based on the theoretical uncertainties,
we provide alternatively a data-driven approach. Instead of using the
theoretical calculation for the estimate of the charm production yield,
we can also assume that any effect visible in the proton-nucleus data
is also transferred to the nucleus-nucleus collisions and that the R, 4 in
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absence of any additional effects can be calculated based on the R, at
the same centre of mass energy as:

Rl = 30y % R4 (6 = ¥g) - Rya(y = —¥p) (18)
This approach was first introduced in [46]. For the estimate of the
Rinitial |we take for simplicity the measurements of D assuming that the
uncertainty of the hadronization fraction modifications between proton-
proton and proton-lead are not introducing a modification of the rapid-
ity distribution of the estimated nuclear modification. We then estimate
the yield in lead-lead collisions analogously as before, by multiplying
Rinitial with the same proton-proton cross section also used for the com-
putation of the pQCD estimate. The corresponding points are shown in
gray for ALICE [47] and in blue for LHCb [48], and the error bars are
computing by propagating the total uncertainty of the R,, measure-
ment. The points from LHCb indicate that a precision measurements
in nucleus-nucleus collisions comparable to the one in proton-lead and
proton-proton collisions should allow to extract the charm production
from the pre-equilibrium as the difference between the yield estimated
from proton-proton and proton-nucleus data and the measurement in
nucleus-nucleus collisions.

7. Conclusion

The charm production from the pre-equilibrium phase of heavy-
ion collisions at the LHC prior to thermalization is a relevant frac-
tion of the charm production yield. Pre-equilibrium charm production
is highly complementary to dilepton production as the dominant pro-
duction occurs through gluon fusion. Since the pre-equilibrium pro-
duction is largest at early times, we find that the yield does not obey
the same universal scaling as dilepton charm production, instead a re-
maining sensitivity to the initial conditions persists as we exemplified
when considering variations of the effective kinetic theory description
for different couplings A. The overall size of the production yield turns
out to be relevant for phenomenology with a size of 10% or larger de-
pending on the rapidity. An extraction of the pre-equilibrium charm
production is so far not possible due to the large uncertainties of to-
tal charm production in nucleus-nucleus collisions. Assuming that nu-
clear modification in proton-nucleus collisions is sufficiently well un-
derstood, precision measurements of the total charm production yield
in nucleus-nucleus collisions with similar precision as in proton-proton
collisions and proton-nucleus collisions will allow the extraction of the
pre-equilibrium charm production. Charm precision production mea-
surements in nucleus-nucleus collisions are a major goal for the LHCb
Upgrade 2 and ALICE 3 foreseen for LHC Run 5. This perspective opens
a new access to the thermalization process in heavy-ion collisions.
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