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We study the production and dynamics of heavy quarks in the parton cascade model for relativistic
heavy ion collisions. The model is motivated by the QCD parton picture and describes the dynamics
of an ultra-relativistic heavy-ion collision in terms of cascading partons which undergo scattering
and multiplication while propagating. We focus on the dynamics of charm quark production and
evolution in p+p and Au+Au collisions for several different interaction scenarios, viz., collisions only
between primary partons without radiation of gluons, multiple collisions without radiation of gluons
and multiple collisions with radiation of gluons, allowing us to isolate the contributions of parton
rescattering and radiation to charm production. We also discuss results of an eikonal approximation
of the collision which provides a valuable comparison with mini-jet calculations and clearly brings

out the importance of multiple collisions.

I. INTRODUCTION

The quark-gluon plasma (QGP), a deconfined strongly
interacting matter, which filled the nascent universe a
few micro-seconds after the Big Bang, is now being rou-
tinely produced and studied in relativistic heavy ion colli-
sions at RHIC and LHC. Its presence has been confirmed
through a host of previously predicted phenomena [1-
4], as well as through novel and unexpected discoveries,
such as strong elliptic flow [5, 6], initial state fluctuations
leading to higher order flow [7-9] of hadrons as well as
phenomena related to parton recombination [10, 11].

Heavy quarks serve as excellent probes of the QGP
fireball as they are primarily produced by early-state
hard scatterings and thus have the potential to probe
the whole space-time history of the transient matter. It
was generally expected that heavy quarks do not lose as
much energy as light partons while traversing the quark
gluon plasma due to their large mass. However, early es-
timates of drag and diffusion coefficients [12, 13] as well
as an early estimate of heavy-quark energy loss due to ra-
diation of gluons [14] suggested that heavy quarks could
possibly lose as much energy as light quarks and glu-
ons during their passage through the QGP. These pre-
dictions have been subsequently confirmed by multiple
other calculations [13, 15-22], with tools ranging from
simple phenomenological models used to estimate the
medium modification of charm production for heavy ion
collisions [23], to more detailed comparisons with mod-
els of energy loss embedded in a hydrodynamic evolution
of the plasma [24]. Studies including the later hadronic
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stages of the evolution have also indicated that charm-
mesons may lose energy due to (resonant) scatterings
with hadrons [25, 26]. The experimental observation of
large elliptic flow for D and B mesons as well as the small
value of R4 4, the nuclear modification factor, have added
experimental evidence to these findings [27, 28]. Several
of these aspects have been studied in great detail using
the Parton Hadron String Dynamics Model at energies
reached at RHIC and LHC [29-35].

In the high momentum domain the production of heavy
quarks via the interaction between (mini)-jets following
the initial scattering as well as due to interaction of ther-
mal partons at high incident energies [23, 36, 37] has been
studied. An estimate at next to leading order using the
formalism developed by Mangano et al. [38, 39] was also
used to suggest [40] that angular correlations of charm-
anticharm quarks in p+p collisions would be drastically
different for various production processes, e.g., gluon fu-
sion or quark-antiquark annihilation, gluon splitting and
when a gluon is radiated off one of the legs of the scat-
tering diagram. This angular correlation is expected to
get even more interesting for nucleus-nucleus collisions
because of the interaction of the heavy quarks with the
medium.

State of the art approaches for the investigation of
heavy quarks in a hot and dense QCD medium need
to incorporate a dynamical treatment for both, the
heavy quarks as well as the QCD medium. This can
be either accomplished via hybrid approaches that uti-
lize a hydrodynamic evolution for the medium in con-
cert with a dynamical interaction model for the heavy
quarks [17, 24, 41, 42] or in the context of a purely mi-
croscopic transport for both, the heavy quarks and the
medium [43-45]. Parton Cascade Models [46-52] as used
in this study, fall into the latter category. Over the
past decade, PCMs have been used for multiple stud-
ies of heavy quark dynamics in a QCD medium, rang-



ing from the study of heavy quark energy loss in infinite
matter [53], to studies of equilibration and elliptic flow
built-up at RHIC and LHC energies [43, 45]. However,
most of these studies focused on the low to intermediate
momentum regime (mostly due to the availability of data
in that regime).

As more heavy quark data at high transverse mo-
menta become available, it is now the right time to ask
whether approaches for the dynamics of heavy quarks
based purely on perturbative QCD are able to describe
the experimental observations in that domain. In addi-
tion, even if pQCD approaches cannot fully account for
the observed features, it remains an open question to
what extent the observed features of final state observ-
ables are already imprinted on the heavy quarks prior to
the formation of the QGP, i.e. via initial state effects as
well as contributions from early non-equilibrium evolu-
tion. To address these questions we use a Monte Carlo
implementation of the PCM, VNI/BMS [52], that is based
on a Boltzmann transport description with pQCD matrix
elements for parton-parton interactions. This particular
PCM implementation also contains parton shower emis-
sion. In the present work we discuss the implementation
of heavy quarks into the PCM and calculate charm pro-
duction in relativistic collisions of gold nuclei at /snn
= 200 GeV. We consider several different interaction sce-
narios for pp and nucleus-nucleus systems, namely, an
implementation of the eikonal approximation for a di-
rect comparison with minijet calculations and to clearly
demonstrate the dynamics which emerges as the partons
change their momenta after collisions (which is neglected
in the eikonal approximations), a scenario which involves
only collisions between primary partons to clearly bring
out the consequences of multiple scattering, and finally a
scenario which additionally includes gluonic multiplica-
tion by radiation of gluons following scattering. The last
scenario considerably increases the number of scatterings
and partons (including the heavy quarks) are capable of
losing energy by radiation of gluons.

II. FORMULATION

The details of the Monte Carlo implementation of the
parton cascade model have been discussed in [52]. How-
ever, given how our understanding of the hot and dense
QCD matter created in relativistic heavy-ion collisions
has changed since the inception of the PCM, a brief dis-
cussion of its past and future uses and relevancy is in
order: at the time when the first Parton Cascade Models
were developed, the notion of a Quark-Gluon-Plasma was
still in its infancy and it was thought of as a weakly in-
teracting gas of quark and gluons that could be described
using perturbative QCD. Having a space-time evolution
based on the Boltzmann equation with quark and gluon
degrees of freedom and pQCD cross sections was thought
to provide a full picture of the dynamics of the decon-
fined system up to hadronization. With the discovery

of the near perfect fluidity of the QGP at RHIC and
LHC, this picture has been found to be inadequate and
most PCM implementations have failed to generate the
observed amount of collective flow, while utilizing pQCD
based interactions for quark and gluon degrees of freedom
[69].

However, the production of hard probes — jets, photons
and heavy quarks — can be perfectly well understood in
terms of perturbative QCD production cross sections and
their dynamical evolution in the early reactions stages
prior to the formation of the QGP at 79 &~ 1 fm/c is
dominated by interactions with fairly large momentum
transfers. Parton Cascade Models are thus ideally suited
to describe the early out-of-equilibrium evolution of hard
probes prior to the formation of a thermalized Quark-
Gluon-Plasma. Their ability to describe the dynamical
evolution of hard probes during the early times of the col-
lision evolution, including multiple interactions (rescat-
tering and gluon splitting), provides significant added in-
sight beyond what can be gained from initial state pro-
duction Monte-Carlo codes such as PYTHIA or Herwig
[70].

Thus, we shall utilize the PCM for the study of heavy
quarks during early times of Au+Au collisions at RHIC.
In the following we shall first describe the implementation
of heavy quark (Q) production and interactions before
moving on to our analysis.

A. Parton cascade model involving light quarks
and gluons

The 2 — 2 scatterings included in the version of the
parton cascade model utilized for our work, VNI/BMS, are:

4495 — 945, 4% — 4595 5
9% — 99, 4idi = 97 »
9% — Y, 69 = 449,
a9 — i, 99 — ¢,
99 — 99 (1)

The 2 — 3 reactions are included via time-like branchings
of the final-state partons:

9" = 99, 4" = @ (2)

For details we refer the reader to Ref [52]. We add that
the gluon splitting in the above, includes the splitting
g* — QQ where Q stands for heavy quarks (charm or
bottom) if the virtuality is large enough to admit this
process. We shall see later that this process plays an
important role, which is likely to increase with the in-
creasing centre of mass energy of the collision. Due to
the specifics of the implementation of the collision term
in VNI/BMS the reverse process, parton fusion, is not in-
cluded, since it would lead to the propagation of partons



off-shell, which is not included in the VNI/BMS formu-
lation. Technically, parton fusion with on-shell partons
can be formulated via a 3 — 2 process that can be imple-
mented using collision rates in the collision term. This
has been successfully done in the BAMPS model [54]. The
main drawback of the lack of parton fusion in VNI/BMS is
that it violates detailed balance in the collision term and
thus leads to an incorrect equilibrium limit for the bulk in
the infinite time and size limit. While this is a valid con-
cern if we were to study the equilibration of bulk QCD
matter in our approach, our focus on high-momentum
heavy quarks that are not thought to thermalize fully
[65] reduces the systematic uncertainty induced by the
omission of these processes.

B. Heavy quark production by gluon fusion and
annihilation of light quarks

At lowest order pQCD, heavy quarks are produced
from fusion of gluons (g9 — Q@) and annihilation of

light quarks (¢ — QQ).
The partial differential cross-section can be written as

ds 1 ,

where the summed spin and coloured averaged squared
matrix element for the process gg — QQ is given by

ST IMP = 7202(Q?) [ay + az + as + as + a5 + ag] (4)

where

a = g(MQ—f)(M2—a)

8 (M2 —#H)(M? —a) —2M2(M? +1)
a2 = 3 (M2 — §)2

8 (M?—#)(M? —a—2M?*(M? +q)
=3 (M2 — 4)2

B 2M?(3 — 4M?)
M TRar e —a)

- _6(M2—£)(M2—ﬁ)+M2(ﬁ—£)
“ = s(MZ — %)

(M2 —1)(M? —a) + M2(E—q)
ag — —6 §(M2—ﬁ) (5)

The total cross-section &(§) is obtained from the above
by integrating over ¢ :

o 1 M?—3(1—x)/2 . )
56) = 15r5 | i IMP .6

M2—3(1+x)/2

where

We note that due to the mass of the heavy quark
M this cross-section remains finite and the total cross-
section reduces to

2(Q? 31M2\ 1
Fggqq(s) = mee(Q7) {_ <7+ 3 )ZX

35
4M? M* 14+ x
+ {14+ — + = log —=| . (8)
S s 1—x

Similarly, the summed spin and coloured averaged
squared matrix element for the process g — QQ is given
by:

64
>OIMP? = Srtad(Q?) x
{(MQ — )2+ (M? —0)% +2M?5

. 9)

so that the total cross-section becomes.

. o 8maz(Q?)
T945—QQ (S) = 2752

Once again, these cross-sections remain finite due to the
mass of the heavy quarks.

(3+2M?%)x . (10)

C. Heavy quark production due to flavour
excitation

The implementation of heavy quark production due
to flavour excitation has been subject of significant de-
bate in the community. In principle, the (off-shell) heavy
sea-quarks in the target (projectile) can be brought on-
shell by scattering with other off-shell partons from the
projectile (target) (or by scattering with on-shell partons
that are produced during an earlier partonic interaction).
This contribution was referred to as flavour excitation in
the original paper of Combridge [56]. Its inclusion in
the parton cascade model, where all parton scatter are
treated at lowest order, has been questioned [37]. It is
also seen to give rise to a substantial production of charm
and bottom quarks [49], as was also pointed out in the
original work of Combridge. It has been argued that
this contribution should be strongly suppressed if higher
order coherent interference terms are accounted for (see
Ref. [57] and references there in).

In our calculation, we have excluded this process for
the production of charm or bottom quarks. This is done
in two steps. Firstly, we initialize the quark and gluon
distribution functions at a rather low Q3 of 0.589 GeV?
(see [52]) which effectively eliminates the presence of
heavy sea-quarks. In addition, we disallow any partonic
interaction if one of the partons is a heavy (charm or
bottom) quark from the sea.

The flavour excitation process as it is understood now
is included in NLO calculations, e.g., Ref. [38, 39], and
proceeds via a splitting of a gluon into a QQ pair followed
by scattering of one of the heavy quarks with another par-
ton in the system. The contribution from this process to



heavy quark production is not large. We re-emphasize
that as mentioned earlier, the splitting of the final state
gluon into a charm- anti charm pair (or for that matter
bottom-anti bottom pair as well) is included in our calcu-
lations. We also add that Soft Collinear Effective Theory
has been used recently to estimate the gluon splitting into
heavy quarks [58], which suggests that this contribution
can be large at LHC energies. Once produced, the heavy
quarks are allowed to scatter with quarks and gluons. We
shall see later that this plays an important role in their
dynamics.

D. Scattering of light quarks and gluons with
heavy quarks

We consider elastic scattering of heavy quarks with
light quarks and gluons, i.e,

Qq(q) = Qq(q) & Qg — Qg. (11)
The differential scattering cross section is defined as:

do 1 9

—_— = . 12

dt  167(s8 — M?2)? Z M| (12)

The summed spin and coloured averaged squared ma-
trix element for the process Qq(7) — Qgq(q) have been
derived by Combridge [56]:

SIMP = Saa?(@?) x
{(MQ — )2+ (8 — M?)? 4 2M?*t
£2

(13)

The corresponding matrix element for the process
Qg — Qg is given by:

doIMP = 7fad (@) x

where
b =328 M?EMQ i) ,
, _ 648 = M?)(M? — i) + 2M°(3 + M)
T 9 (5 — M2)2 ’
y _ 64 (8= M)(M —a) + 2M>(M? + @)
ST g (M2 = 4)? ’
b, — 16 M?(4M? — 1)
PTG MM —a)
(5= M) (M? — ) + M?(3 — 4)
b =16 i(s— M2) ’
MM —a) — MP(5— 1)
be = —16 =1 . (15)

The total cross section is formally defined as:

1 0 .
G — dt 2. (16
Tt = 67 (5 — M2)? /(§M2)2/§ 2 IME.(6)

We immediately note that the total cross-sections for
both the processes diverge because of the pole at ¢ equal
to zero. We reduce the upper limit of integration to
t = —Q3, where Q3 = p3 and py is the cut-off used in
the parton cascade model to regularize the 2 — 2 pQCD
matrix element, as in PYTHIA.

E. Radiation of gluons by heavy quarks

The parton cascade model includes final state radiation
of gluons or photons following a hard (2 — 2) scatter-
ing using the well established approach of parton show-
ers [59] as implemented in PYTHIA, in a leading logarith-
mic approximation. It incorporates a sequence of nearly
collinear splittings, a — bc, where the initial parton a is
called mother parton and b and ¢ are called daughters,
which can split further and populate a tree-like structure.
Strong and electromagnetic interactions allow for several
different possibilities of splittings, which are all included
in the PCM. The differential probability for a splitting
to occur is given by:

Qabe sz
P, = bz ﬁpﬁbcwcﬂz (17)

where the sum runs over all the allowed splittings, aqpe
is equal to aey, for emission of photons and for QCD
splittings it is a. Further, @Q? is the momentum scale
of the splitting, z gives fraction of energy carried by the
daughter b and 1 — z is the remaining fraction, carried
by the daughter c¢. The kernels describing the splitting
P, are taken from Altarelli and Parisi [60].

The parton cascade model uses a cut-off g, taken as
> 1 GeV, to regulate the collinear singularities, by ter-
minating the splitting once the virtuality of the time-like
parton drops to pg. The soft gluon interference is ac-
counted for by implementing an angular ordering of the
radiated gluons. The mass of the partons is accounted
for by modifying the cut-off o such that pud= 1 GeV?
for gluons and pg§ = m? 4+ 1 (GeV?) for quarks [46] and
thus radiation of gluons from heavy quarks is at the same
footing as for that from light quarks. This value of pyg
is same as that used in PYTHIA for regularizing the final
(and initial) state radiations. Increasing this will lead
to a hardening of the transverse momentum spectra as
well as a reduction in the number of collisions due to
a reduction in number of gluons, while taking a smaller
value would have an opposite effect. We shall see later
that we get a reasonable description of the spectra for
charm quarks both for pp and AA collisions and thus
have kept it fixed, though exploratory calculations were
done to verify the comments made above.
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FIG. 1: (colour online) (a) The rapidity (y) integrated pr
spectra of charm quarks using mini-jet calculations (solid
curves) and eikonal approximation. The lower panel (b) gives
the pr integrated rapidity spectra.

F. Production of heavy quarks using the minijet
formalism

In order to validate the Monte-Carlo implementation
of the PCM that we are using, we perform a separate
calculation of heavy quark production using the minijet
formalism [61]. The cross-section for the production of
a heavy-quark pair (QQ) is written in terms of the ra-
pidities of the two quarks y; and y, and their transverse
momentum pr as

do 1
- %
a d&z oA
|:'r¢lfi( )(Ia,QQ)Zbe;b)(ZCb,QQ)d—tAJ(S,t,U)
a d&l R
«Taf; )(manQ)xbfi(b)(mbaQ2)d—§(8,u,t)
(18)

In the above fi(a) denotes structure function of the par-
ton ¢ for the nucleon a, etc., and z, is the fraction of
linear-momentum of the nucleon a carried by the parton,
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FIG. 2: (colour online) The pr spectra for charm quarks using
mini-jet calculations (solid curves) and eikonal approximation
at y =0 (a), y =2 (b), and y = 3 (c).

Q? is the momentum scale, in the standard notation.
However, in order to be able to directly compare to the
parton cascade model, we fix the fragmentation scale at
the momentum cut-off p3 used in the calculation for the
momentum cut-off and the coupling constant is kept at
a fixed value of «.
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FIG. 3: (colour online) (a) The rapidity integrated pr spectra
and (b) pr integrated rapidity spectra for charm quarks using
eikonal approximation and primary-primary collisions for pp
system at /snn = 200 GeV.

III. RESULTS

We shall first discuss our results for pp collisions at
VSNN = 200 GeV for several different parton interac-
tion scenarios. Next we give our findings for Au + Au
collisions at the same centre-of mass energy for central
collisions. Finally we compare the proton-proton results
to the Au+Au results to get an idea about the emerging
dynamics of the propagation of charm quarks, subject to
semi-hard scatterings and radiation of gluons in the QCD
medium produced by relativistic heavy ion collisions.

A. pp collisions at /syy = 200 GeV

In order to test the accuracy of our implementation of
heavy quark production in VNI/BMS we first study colli-
sions of protons at \/syn = 200 GeV.

We calculate the production of charm quarks due to
99 — QQ and ¢ — QQ processes using a mini-jet cal-
culation with a GRV-HO parametrization of the parton
distribution function. In order to compare it with our
implementation of the PCM we fix ag as 0.3 and keep
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FIG. 4: (colour online) (a) The rapidity integrated pr spectra
and (b) pr integrated rapidity spectra for charm quarks using
eikonal approximation and multiple collisions for pp system at

A/SNN = 200 GeV.

Q3 fixed at 0.589 GeV? for the renormalization and fac-
torization scales. Note that for a pure theory to the-
ory comparison the specifics of the parton distribution
function are not of particular importance, which is why
we choose the well-established (even though somewhat
dated) GRV-HO parametrization.

The minijet calculation is compared to a VNI/BMS cal-
culation using an eikonal approximation, where the final
momenta and flavours of the particles produced in a hard
scattering are replaced by the momenta and flavours of
the corresponding initial state partons. This procedure
thus mimics the eikonal approximation. A comparison of
these two calculations can be found in figures 1 and 2:
the rapidity integrated transverse momentum spectrum
and the pr integrated rapidity spectrum of the produced
charm (or anti-charm) are given in Fig 1 and the pr
spectra at several rapidities are given in Fig. 2. We ob-
serve satisfactory agreement between the VNI/BMS calcu-
lation and the minijet reference. The minor differences
at very low and very high pp arise due to the pp-cut-off
in the parton cascade model, which is also reflected in
ZTmin Which enters in the parton cascade model. This dif-
ference is again reflected in the rapidity distribution as



well.

Having established reasonable quantitative agreement
between the two independent calculations and thus con-
firming that heavy quark interactions are correctly im-
plemented in the Monte Carlo scheme of VNI/BMS, we
proceed to study the dynamics of the cascade evolution.
As a first step we consider a calculation in which only
primary-primary parton interactions are permitted, i.e.
each parton is allowed to interact only once. A compar-
ison of these calculations with the results of the eikonal
approximation then immediately highlights the effect of
multiple parton interactions in the eikonal approxima-
tion, already in pp collisions. Again we show the rapidity
integrated transverse momentum spectrum and the pp
integrated rapidity spectrum of the produced charm (or
anti-charm) in Fig 3. The spectra are quite similar in
shape, but differ by the factor which accounts for the
increased number of collisions in the eikonal approxima-
tion. Details of the evolution of the cascade are quantified
in Table I. We see from Table I that the leading process
which contributes to the production of charm quarks, i.e.,
gg — ¢, is about 50% more likely in the eikonal approxi-
mation compared to the case when only primary-primary
collisions are allowed.

Now we proceed to results with the proper account-
ing of multiple scatterings along with the changes in the
flavour and momenta of the produced partons, before
they scatter again. These studies, we believe, will help
us identify the effects of multiple scatterings already at
the level of p+p collisions.

Looking at Table I, we find there is an increase in
the number of collisions by about 20% compared to
the eikonal approximation. Compared to the primary-
primary collision calculation, the increase is about 60%.
While the increase in the number of collisions for the case
of multiple scatterings over and above that of the case of
primary-primary collisions is expected, the increase in
the number of collisions above that for the eikonal ap-
proximation comes as a surprise. This may be due to
interactions that impart a large momentum to partons
that previously would have been below the momentum
cutoff for an interaction now acquiring sufficient trans-
verse momentum for subsequent interactions.

The rapidity integrated pr and the pr integrated ra-
pidity spectra are shown in Fig. 4. We see that a proper
accounting of the changing momenta and the flavours
of the partons following a hard scattering enhances the
production of charm quarks at moderate transverse mo-
menta. This effect will undoubtedly be even more promi-
nent in Au+ Au collisions, where the probability of multi-
ple scatterings increases considerably. However there are
already indications of non-uniform variation of the factor
by which the two calculations differ as a function of pp
and y, presumably due to the larger density of interacting
partons at midrapidity.

Finally, we include time-like branchings of partons in
our calculation, which leads to a rapid increase in the
number of partons at midrapidity and subsequent multi-
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ple scatterings. As expected, we observe a considerable
increase in the number of hard collisions, fueled by the
time-like branchings which leads (mainly) to gluon mul-
tiplication. Once again we notice that the increase in
g9 — qq is reflected in the increase of the production
of charm quarks. This close correspondence may be due
to fact that the medium generated in pp collisions is not
yet dense and long lived enough to have several scatter-
ings by partons which can reduce their momenta such
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primary collisions (a), only multiple collisions (b) and mul-
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is defined to occur when the two nuclei are in full overlap.

that further collisions do not produce heavy quarks. The
momenta of charm quarks at medium and large pr are
also greatly affected (see Fig. 5) while a comparison of
the rapidity distribution suggests increased interactions
at central rapidities (Fig. 5).

Even though not substantial, we also observe percep-
tible change in the momentum distribution obtained in
eikonal approximation compared to the case for proper



r — T \ 3
0.8l cor char  prim-prim collisions ]|
[ VNI/BMS ]
0.4 .
S ]
E 0.0¢ .
-0.4F ]
-0.8 Au+Au@200 AGeV @ -
C PR 1 P PR 1 PR 1 P |
-0.8 -0.4 0.0 0.4 )
Z (fm)
6.0 .
4.0 .
T | ]
E 20; ]
0.0F e S, i
FAu+Au@200 AGeV . - 1
H « multiplecallisions -
+ cor cbar VNI/BMS 1
_27”‘\”‘\”‘\‘ el ]
R0 40 20 00 20 40 60
z (fm)
6.0 —— 1
N . Vs
4'Oj ..' -..J .o. ° : '. * o : J i
% ® e, wd 22 0% o o
—~ [ ': P N 0 2 o oo :
S | N A A ]
E 20° iR 0 ]
= F 85, 200 & 1
[ (c) 1
0_0_. .............................................................................. -
TAU+Au@200 AGeV VNI/BMS |
L cor char « mult collisons & radiations
P IR P Y P P Y

ol ‘
280720 20 00 20 40 80
z (fm)

FIG. 9: (Colour online)The z and ¢ co-ordinates of produc-
tion vertices of charm (or anti-charm) quarks for the cases
involving only primary-primary collisions (a), only multiple
collisions (b) and multiple collisions and radiations of gluons
(c). Note the change of scale along the z axis for the primary-
primary case.

multiple collisions, as these actually evolve. This would
imply a slight correction to the standard calculations for
the proton-proton baseline for the medium modification
of particle production if estimated within the eikonal ap-
proximation. However, one would require very high pre-
cision data to quantitatively investigate this effect.
Charm production in pp collisions has been measured
by STAR experiment [62] by measuring D° production
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collisions (b) and multiple collisions and radiations of gluons

(e).

and other D mesons. We can compare our results for
the distribution of charm quarks by accounting for the
fragmentation ratio (~ 0.565) for the ¢ — D fragmen-
tation as also in the above reference for a comparison
results from with PYTHIA (tuned) and FONLL calcula-
tions. This amounts to assuming that the fragmentation
function varies as 0(1 — z) (see later). Our results for the
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calculations incorporating multiple scattering and radi-
ations are shown in Fig. 6. In view of the pCT“t"’ff and
1o used to regularize the matrix elements and fragmen-
tation functions used in our work we show the results for
our calculations only for pr > 2 GeV. A fair agreement

is seen without any attempt to adjust any parameters.

B. Au+ Au collisions at /syny = 200 GeV

When and where are most of the charm quarks pro-
duced in a nucleus-nucleus collision? How often do they
undergo collisions? How often do they radiate gluons?
How does the charm production depend on gluon mul-
tiplication? These and many other interesting details of
charm production are easily discernible in the space-time
description of the cascading partons in our calculations.
We proceed to address these questions in the following
sections.
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FIG. 12: The distribution of number of gluons radiated off
charm quarks following a semi-hard scattering.

1. Dynamics of charm production in cascading partons

We start by calculating the spatial distribution of the
production vertices of the charm quarks along the beam
axis (Fig. 7) for the different interaction scenarios intro-
duced in the previous section. We see that for all cases
studied (primary interactions only, secondary rescatter-
ing and rescattering plus radiation) the production of
charm quarks is symmetrically concentrated around the
region of complete overlap (z=0). We further note that
charm-quark production is mostly limited to the zone
around =+ 0.5 fm along the beam axis, due to the Lorentz-
contraction of the colliding nuclei.

Focusing on the case where multiple collisions along
with the fragmentation of partons is permitted, we note
that the number of produced charm quarks is signif-
icantly larger than in the other cases. However, the
fraction of charm quarks produced at later separations
is now much smaller than that for the case when only
multiple scatterings are permitted (see Fig. 7). Multiple
collisions occur predominantly in the region of complete
overlap. The colliding partons radiate gluons and rapidly
lose energy, while the parton clouds continue to propa-
gate through each other. However by the time the glu-
ons undergo third or fourth interaction their energy has
dropped significantly and subsequent interactions may
not have enough energy to produce heavy quarks. On
the other hand, if the partons were not allowed to radi-
ate gluons as in the case of multiple scatterings without
radiations, even the later collisions have enough energy
to produce heavy quarks. This scenario is further re-
inforced by the observations of Fig. 8, which shows the
distribution of the production times of charm quarks.

Charm production generally commences by the time
the nuclei start touching other, increases rapidly as they
interpenetrate and peaks when they are on top of each
other and falls off as the nuclei disengage. A similar trend
is seen in the behavior of the z-distribution of the produc-
tion vertices. When the multiple scatterings are permit-
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for the same cases.

ted (without radiations), the production of charm quarks
continues (albeit at a very small rate) till almost 3 fm/c
after the complete over-lap of the nuclei, though most of
them are produced by about 0.5 — 1.0 fm/c. For the last
case, when the radiation of gluons is permitted, a rapid
multiplication of partons and a considerable increase in
multiple scatterings is observed. As a consequence, there
is a large increase in production of charm quarks as well.
However, this additional production is now mostly lim-
ited to early times, say about 0.3-0.5 fm/c. We attribute
this restriction to early times to the energy lost by par-
tons due to radiation of gluons following multiple scatter-
ings: collisions at later times involve energies which are
below the threshold for production of charm. We empha-
size however that even though the production of charm
quarks is essentially over by about 0.5 fm/c the colli-
sions (and radiations) will continue till about 3-4 fm/c
and thus charm quarks (and other high energy quarks
or gluons) will continue to lose energy due to semihard
processes[52].

In Fig 9 we show the actual distribution of ¢t and z po-
sitions of the production vertices (for about 2700 charm
quarks) for the three cases discussed above. We notice
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that the ¢t and z co-ordinates of the production vertices
for the primary-primary collision case are located close to
the world lines describing the motion of the centers of the
two nuclei and are limited to the time of overlap. For the
case of multiple collisions only, the production continues
to late times and fills up larger distances from the point
of complete overlap. For the case when both multiple
scatterings and radiation (of gluons) are permitted, we
have a concentration of production vertices around the
time of overlap, as at later times the partons do not have
enough energy to cross the threshold for the production
of charm-anticharm pairs. The corresponding = and y
co-ordinates for the three cases are shown in Fig. 10. We
have verified that these distributions closely follow the
distribution of binary collisions npc(z,y) obtained using
a Glauber model [5].

How often do the charm quarks scatter after produc-
tion and how often do they radiate gluons? The dis-
tribution of the number of scatterings suffered by charm
quarks for the two cases that allow rescattering after pro-
duction is given in Fig. 11. The produced charm quarks,
being secondary particles, will not scatter when only



primary-primary parton interactions are considered. We
also show the distribution of the number of gluon split-
tings by the charm quarks (Fig. 12) for the case when
we consider both multiple scattering and multiplication
of gluons due to their radiation off scattered partons.

When only multiple scatterings are permitted, charm
quarks will rarely scatter more than 3—4 times. We at-
tribute this limitation to the number of partons remain-
ing limited and thus the possibility of an interaction de-
creasing rapidly as the parton clouds disengage. How-
ever, when the fragmentation of final state partons pro-
duced in a hard scattering is allowed, the number of glu-
ons increases rapidly and leads to a significantly larger
number of scatterings and a significant production of glu-
ons due to radiation. Now we find that charm quarks
may scatter up to 20 times, with 8-10 scatterings not be-
ing too uncommon. Despite the restriction of the PCM
to interactions above a pr cut-off, this large number of
semi-hard scatterings has the potential to start propelling
charm quarks towards thermalization!

Finally in Fig. 12 we provide results for the occurrences
of the splitting of gluons off charm quarks following a
semi-hard scattering (note that we only count the num-
ber of initial splittings, not the total number of gluons
that may be emitted in each of these processes). While
one splitting is most frequent, we do observe some occur-
rences of multiple splittings.

Table IT provides a quantitative summary of the above
analysis. For example, we find that total number of semi-
hard scatterings for all partons increases by a factor of
2.2 when we perform calculations in the eikonal approxi-
mation, a factor of about 3.5 when we perform the calcu-
lation using multiple scatterings and by a factor of about
19 when we perform calculations allowing for multiple
scatterings and multiplication of partons due to time-
like branchings or fragmentations — in comparison to the
calculation involving only primary-primary interactions.
The number of collisions for the leading process for charm
production included in the counting of, gg — qq, rises by
a factors of 2.2, 4.3 and 44 respectively.

The production of charm quarks shows increases by
factors of 2.5, 4, and 15.2 respectively. We note that
while the rise in charm production in going from primary-
primary scatterings to the eikonal approximation to mul-
tiple scatterings closely follows the trend for the rise in
the gg — qg process, the rise in charm production when
we consider multiple scatterings with parton multiplica-
tions is much less (only a factor of about 15) compared
to the rise in such processes (about a factor of 44) for
light parton interactions. As discussed previously, we
attribute this reduced increase to gluon multiplication
leading to an ensemble of less energetic partons so that
despite the increase in the number of multiple collisions
that partons suffer, they may not be energetic enough for
the production of charm in later interactions.

12

T T T T T T T T T T

10° ‘ | 4
%, AU+AU@200 AGeV (@ 3
10"BW%,  VNI/BMS -
* |
— 107 « Multiple collisions & radiations 2
> 3
] o » Multiple collisions E
6 .
S 10° E
P4 =
S B —
10 =
6 integrated N
10 y € ?ﬂﬁfﬁg.ﬂq g
10’7 | | ‘ | | ‘ 1 1 ‘ 1 1 Eﬁi i Eﬁ ]

0 4 8 12 16 20

p; (GeV/c)

3.07 T ‘ T T T ‘ T T T ‘ T T ‘ ‘ ]
F Au+Au@200 AGeV _ N _ _(b)f
250 VNI/BMS + Multiplecollisions & radlanonsi
F e Multiplecollisions B
2.0j o -]
L S ]
Z 15? * * i
© C . . .
C . R ]
1.0; . . .
05i Charm L ‘. B
~L * * -
L . ......oooo...... ‘. ,
C ‘:o°°. .°°o:3 ]

0.0lees loooeed®® | | | | L1 1 [ %0604 04lees

-4 -2

0
y
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charm quarks using multiple collisions and multiple collisions
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cascade calculation includes multiple scatterings as well as
radiations of gluons off final state partons in semi-hard scat-
terings.



2. Spectra of charm quarks in Au+ Au collision at \/SNN
= 200 GeV

In this section we proceed to discuss our results for
spectra of charm quarks produced in central collisions
for Au+ Au at /sy = 200 GeV, again using the same
set of interaction models as in the previous section.

As a first step we compare our results for the imple-
mentations of the eikonal approximation with those for
primary-primary collisions (Fig. 13). We find that pr
spectra are similar but not identical in shape and differ
by factors of 2-5 varying with py and also y.

The results for a comparison of the multiple scatter-
ing to that of the eikonal approximation are shown in
(Fig. 14). The pr spectra for both calculations are quite
similar for large pr. However, we observe considerable
differences at intermediate transverse momenta: while
the results for the eikonal approximation mimic a power-
law, those for the case of multiple scattering exhibit more
of an exponential shape. This is a consequence of mul-
tiple scatterings altering the parton momenta, which are
properly accounted for in the parton cascade model. This
observation is also supported by estimates of the produc-
tion of charm quarks due to multiple scatterings among
partons produced in semi-hard (mini)-jets by several au-
thors [23, 36, 37]. We note that the production of charm
is proportionately higher at central rapidities as com-
pared to larger rapidities in the case of multiple scatter-
ing.

Now we study the effect of gluon splitting on the charm
spectra: for this purpose we compare results for the pro-
duction of charm quarks in the multiple scattering mode
to that in which multiple scatterings as well as fragmen-
tation of partons is enabled (Fig. 15). We observe a sub-
stantially larger production of charm at lower pr and a
suppressed production of charm at larger pr. The in-
crease in the production of charm at lower pr is a con-
sequence of the large increase in the population of low
momentum partons due to gluon multiplication. In ad-
dition, high momentum charm quarks loose energy via
gluon splitting and multiple scatterings with lower mo-
mentum partons.

The rapidity distribution of charm shows an enhanced
production at central rapidities: while the overall in-
crease in production of charm is by a factor of about
four, at central rapidity the rise is by a factor of six.

Comparing data on final state hadrons, such as D-
mesons, to the PCM is inherently challenging, due to
the limitation of the PCM to parton scattering above a
momentum cut-off p#i™ as well as due to the systematic
uncertainties inherent in the modeling of hadronization.
A realistic hadronization model, accounting for bulk
hadronization, parton recombination and hadronization
via fragmentation is currently out of reach for this par-
ticular PCM implementation. Nevertheless, we shall at-
tempt a series of schematic comparisons, by assuming a
simple hadronization scheme for D-mesons, based solely
on the fragmentation of c-quarks. Starting with a frag-
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cation factor for eikonal approximation (a) multiple collisions
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tions (c) for central collisions for Au+ Au system at \/sNN =
200 GeV.

mentation function for the production of D mesons from
charm quarks as §(1 — z) where z is the fraction of mo-
mentum of the charm quark carried by the D meson, we
can assume that the pr of the D-mesons will be very
similar to the py of the charm quarks themselves. This
ansatz has widely been used in the literature (see e.g.,
Ref. [65, 66]). Please note, however, that more accu-
rate fragmentation functions would show a narrow peak
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FIG. 18: (colour online) Nuclear modification factor for cen-
tral rapidity in parton cascade model using multiple collisions
along with the parton multiplications for central collisions
for Au + Au system at /sNn = 200 GeV. The experimental
data (with only statistical errors) are from STAR Collabora-
tion [63, 64].

around the ratio of the masses of the charm quark and D
mesons M./Mp (Ref. [67]). With this in mind we com-
pare the results of our calculations for the pp-spectrum of
charm quarks at central rapidity, with the results for D°
mesons obtained by the STAR Collaboration [63] for the
most central collisions (Fig. 16) after adjusting it for the
fragmentation ratio for the ¢ — D fragmentation. We
show our results only for pr > 2 GeV, since our calcula-
tions do not include hydrodynamic flow, which is known
to modify the spectra at lower transverse momenta and
we have used a p%‘“‘OH and pg to regularize the pQCD ma-
trices and P,_,. fragmentations. We see that the shape
for the calculated spectrum is quite similar to the exper-
imental result above a pr of 2-3 GeV, where fragmen-
tation should start to significantly contribute to charm
quark hadronization. We do add that while our calcu-
lations are for zero impact parameter, the experimental
data are for 0-10% central collisions which have about a
10% smaller number of collisions.

8. Nuclear Modification Factor for Charm Production

The nuclear modification factor is defined by:

AN /dprdy
Neonn X dNpyp /dprdy

Raa = (19)

where N1 is the number of binary nucleon-nucleon col-
lisions for a given centrality. Raa is a measure of modifi-
cation of the production processes due to the presence of
the medium produced in the wake of the nucleus-nucleus
collisions and has been used extensively to study the phe-
nomenon of jet-quenching.

As a first step we compare calculations for the rapid-
ity integrated Raa for different interaction assumptions
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(Fig. 17). Unsurprisingly, we find that the results for
the eikonal approximation are consistent with one, as
one would expect from these calculations. The results
for multiple scattering suggests a considerable increase
in the production of charm quarks at intermediate pp
beyond that which one would have expected on the basis
of a mere superposition of pp collisions and is consistent
with our findings discussed in previous sections.

The results for the full calculation, including multiple
scatterings as well as parton fragmentations (mostly radi-
ation of gluons) provide some interesting findings: in the
low pr domain, we observe an enhancement of charm pro-
duction of more than 50% beyond what one would expect
from mere superposition of pp collisions. Noting that the
pr of charm quarks can get strongly affected by hydro-
dynamic flow [68], these result are expected to change if
a more realistic bulk medium evolution is included in the
calculation. At large pr we see a substantial suppres-
sion of charm production. Thus we find that while the
inclusion of mere multiple scattering can lead to increase
in production of charm at intermediate pr, the inclusion
of gluon emission rapidly depletes the momenta of the
partons. Please note that this significant energy-loss is
due to vacuum radiation matrix elements, since the PCM
does not contain any medium modified matrix elements.
Please also note that the presence of hydrodynamic flow
would significantly alter the shape of R4 at low trans-
verse momenta.

In Fig 18 we show a comparison of the nuclear modifi-
cation factor R for central collisions at central rapidity.
Interestingly we find a significant suppression, even down
to intermediate pr, indicating that charm interactions in
the early non-equilibrium phase of the reaction play a sig-
nificant role. Clearly, the PCM calculation of Raa sup-
pression is less than observed in the data, i.e. it cannot
account for the full suppression observed. Also, the radial
flow bump at low pp is missing in the PCM calculation.
Yet our results indicate that a comprehensive calculation
of heavy flavour energy loss would need to account for
both, the early time dynamics as described by the PCM
as well as the later time dynamics as described by some
form of hydro-kinetic transport [20, 22, 26, 35, 68]. Please
note that the experimental data are for 0-10% centrality
while our calculations are for impact parameter equal to
Zero.

IV. SUMMARY

We have studied the production and scattering of
heavy quarks in parton cascade model and presented re-
sults for production of charm quarks in pp and AuAu col-
lisions at \/snn = 200 GeV. We have verified the PCM
implementation by comparing an eikonal approximation
implementation against an independent calculation using
the formalism of minijets. The effect of charm-medium
interactions is studied by successively opening up reac-
tion channels, starting with only primary-primary colli-
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The number of scatterings and time like branchings involving different sub-processes in pp collisions at \/syn = 200 GeV.

process Only Primary-Primary Eikonal Multiple Multiple collisions

collisions approximation collisions and radiation
q+q — q+q 0.204 0.255 0.269 0.364
q+q — q+q 0.002 0.002 0.002 0.012
q+q — g+g 0.006 0.008 0.008 0.032
q+q — g+ 0.0 0.0 0.0 0.0
qt+q — 2 v 0.0 0.0 0.0 0.0
q+g — q+g 1.062 1.447 1.617 2.874
q+g — q+v 0.0 0.001 0.001 0.004
g+g — q+q 0.008 0.011 0.014 0.052
g+g — g+g 0.985 1.533 1.852 4.814
total hard a4+-b — c+4d 2.267 3.257 3.764 8.152
q— q+g 0.710
g —gtg 2.989
g — q+q 0.255
q — q+7 0.0
Total a — b+-c 3.954
N. (=N,)/event 4.98 x 107* 7.62 x 107* 9.08 x 107* 34.95 x 107*

TABLE I:

sions at first, then allowing for multiple scatterings and
finally switching on multiple scatterings along with par-
ton splittings. Interestingly, while the last named cal-
culations lead to a very large increase in multiple col-
lisions, the charm production does not increase by the
same factor, mainly due to their production threshold
as the initial light partons lose energy while radiating
gluons. The space-time distribution of the production
vertices of charm quarks provide valuable insight into the
production process. The transverse momentum spectrum
obtained using the complete calculation is found to have
a shape similar to the experimental results, confirming
the importance of radiative energy loss suffered by heavy
quarks at intermediate and large pr. Results for differ-
ent systems, energies and cetralities would provide a very
valuable confirmation of our procedure and findings. The
considerable suppression of production of charm quarks
having large transverse momenta due to the multiple col-
lisions and radiations seen in the present work suggests

that a significant contribution to jet-quenching could also
arise from the same mechanism. This is under investiga-
tion.
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