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1. Introduction

Several experimental observations indicate that a deahfimedium consisting of quarks and
gluons — the quark-gluon plasma (QGP) — is produced in vi#iativistic heavy-ion collisions
[1, 2]. Charm and bottom quarks are an ideal probe for they etalge of these collisions since
they can only be created in initial hard parton scatterirfgsucleon-nucleon interactions or in the
medium in the beginning of the QGP phase, where the energsitdas still large. After their
production they interact with other particles of the mediand can, therefore, reveal important
information about the properties of the QGP. Flavor corat@m renders them as a unique probe
since they are tagged by their flavor even after hadronizatio

The experimental data of the elliptic flow and the nuclear modification factBaa of heavy
quarks [3-5] show that the energy loss of charm and bottorrkguis comparable to that of light
qguarks. Whether this large energy loss is due to collisionabdiative interactions — or both (or
even other effects) — is under investigation (see [5] for@mé overview and comparison with
data).

J/y suppression in heavy-ion collisions was proposed to bereagige of the QGP a long
time ago [6], but it remains challenging to disentangle tbetcbutions of hot and cold nuclear
matter effects to the measured suppression (see e.g. R&r i recent overview). Since lattice
calculation indicate thal/y can survive in the QGP to some extent [8, 9], a partonic tramsp
model such as BAMPS is an ideal framework to investigatenfiaence of] /¢ dissociation and
regeneration on th&/( suppression.

This article is organized as follows. After the introductiof the parton cascade BAMPS we
will discuss the production of heavy quarks at RHIC and LHCSec[ our results on the elliptic
flow and nuclear modification factor of heavy quarks at RHIE esmpared to the experimental
data. Furthermore, preliminary results bfy suppression are presented in $kc. 5 and in[$ec. 6 we
conclude with a short summary.

2. Parton cascade BAMPS

For the simulation of the QGP phase we use the partonic toansmpdel BAMPS [10, 11],
which stands foBoltzmann Approach of MultiParton ScatteringBAMPS simulates the fully
3+ 1 space-time evolution of the QGP produced in heavy ionsiofis by solving the Boltzmann
equation,

0 PO\ 252, 203
(atJrEiar>f.(r,p,,t)—<5I +E L, (2.1)

dynamically for on-shell partons with a stochastic tramspfgorithm and pQCD interaction%s;
are the relevant collision integrals, affidr, p;,t) the one-particle distribution function of species
i=g,cCb, 5, J/y, since light quarks are not included yet. In addition to tiveaty collisions

2 — 2, also 2+ 3 scatterings for the gluons are possible. That is, theviatg processes are
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implemented in BAMPS:

g+9—g+g
g+9—g+9+9
9+9+9—9+9
g+9—Q+Q
Q+Q—g+g
g+Q—g+Q
g9+Q—g+Q
J/Yy+g—c+cC
c+C—J/Y+g (2.2)

Details of the model and the employed cross sections canumel fim [10-12].

3. Heavy quark production at RHIC and LHC

In heavy-ion collisions charm and bottom quarks are produséhard parton scatterings of
primary nucleon-nucleon collisions or in the QGP. To estertae initial heavy quark yield, we
use PYTHIA [13] and scale from proton-proton collisions &afay-ion collisions with the number
of binary collisions. Secondary heavy quark productionhi@ QGP is simulated with BAMPS.
For the initial gluon distributions, the mini-jet model etlcolor glass condensate model and also
PYTHIA are employed.

In Au+Au collisions at RHIC with,/syny = 200GeV between 0.3 and 3.4 charm pairs are
produced in the QGP, depending on the model of the initiabgldistribution, the charm mass and
whether aK = 2 factor for higher order corrections of the cross sectioanmloyed [12]. This
is only a small fraction of the initially produced charm dkgmrand can be neglected for the most
probable scenarios.

At LHC with the much larger initial energy density, secondeharm production is enhanced
and not negligible. In Pb+Pb collisions withisyn = 5.5TeV between 11 and 55 charm pairs are
produced during the evolution of the QGP [12] (see left parfidtig. [1). These values are of the
same order as the initial yield. As is shown in the right pasfdtig. 1, even in the 2010 run with
VSNN = 2.76 TeV between 5 and 28 charm pairs are created during the Q&sep

Bottom production in the QGP, however, is very small both & and LHC and can be
safely neglected. As a consequence, all bottom quarks s¢ thaliders are produced in initial
hard parton scatterings.

Further details on heavy quark production can be found in R2f.

4. Elliptic flow and nuclear modification factor of heavy quarks at RHIC

The elliptic flow and the nuclear modification factor

2 2 2
A _ @°Nap/dprdy
Vo = < p% > s RAA_ Nbiﬂ dszp/dedy (41)
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Figure 1: Number of charm quark pairs produced in a central Pb+Pstarliat LHC with,/Syy = 5.5TeV
(top) and,/Syn = 2.76 TeV (bottom) according to BAMPS. The initial parton distitions are obtained with
PYTHIA and the mini-jet model (and the color glass condemgat, /Syy = 5.5 TeV). In all cases the initial
charm quarks are sampled with PYTHIA for better comparison.
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(px and py are the momenta ik andy direction in respect to the reaction plane) of heavy quarks
at mid-rapidity are observables which are experimentalbasurable and reflect the coupling of
heavy quarks to the medium. A large elliptic flow and a srRall indicate strong interactions with
the medium and a sizeable energy loss. Experimental rasuktsl that both quantities are of the
same order as the respective values for light particles][3-5

The leading order perturbative QCD cross section with ataomgouplingas = 0.3 and the
regular Debye screening mass for thehannel is too small to build up an elliptic flow, which is in
agreement with the experimental data [14]. However, if vike tdae running of the coupling into
account and determine the screening mass from comparidmrdahermal loop calculations, we
obtain an elliptic flow andRaa, Which are much closer to the data.

The following calculations are done analogously to [15+-8#] effective running coupling is
obtained from measurements @fe~ annihilation and non-strange hadronic decays téptons
[15, 18]. Since the& channel of thegyQ — gQ cross section is divergent, it is screened with a mass
proportional to the Debye mass,:

1 1
tt—« m3 #.2)
The Debye mass is also calculated with the running coupbingdnsistency [17]. The prefactar

in Eq.[(4.2) is mostly set to 1 in the literature without a sefibated reason. However, one can fix
this factor tok ~ 0.2 by comparing the energy loss per unit lengEydx of the Born cross section
with k to the energy loss within the hard thermal loop approach1Ih—

This more accurate treatment increases the cross sectitastit gluon heavy quark scattering
by about a factor of 10. Fig] 2 shows the elliptic flegrand nuclear modification factdaa for
heavy quarks and for heavy flavor electrons as a functionedfrdmsverse momentups. To yield
the same values for these variables as the experimental thatédeading order cross section of
elastic collisions with the running coupling and improveeliye screening must still be multiplied
by aK factor of 4. We assume that this artifickdlfactor stands for the contribution of radiative
energy loss. However, it must be checked if these corrextimve indeed a similar effect as a
constantK factor of 4. Therefore, the calculation of the next-to-legdorder cross section is
planned for the near future and will complement23 interactions for gluons, which are already
implemented in BAMPS [10].

Especially for highpy, the shape of the, curve of heavy quarks is different from the ex-
perimental data. The reason for this discrepancy is thagraxentally, due to confinement, not
heavy quarks, but heavy flavor electrons are measured. fteedéem from the decay & andB
mesons, which in turn are produced during hadronizatioh@fJGP and which consist of a charm
or bottom quark and a light quark. However, despite the h@dation and decay processes heavy
flavor electrons still reveal information about heavy qeatkssentially, the shape of their spectrum
is the same as for heavy quarks, but shifted to lopsedue to the decay process.

For the description of the hadronization process of chawtidn) quarks t® (B) mesons, we
use Peterson fragmentation [19]. The decay to heavy flagotrehs is carried out with PYTHIA.
The theoretical curves for heavy flavor electrons in [fig.eiargood agreement with the exper-
imental data for highpy. For lower pt Peterson fragmentation is not a good description of the
hadronization and another scheme like coalescence mustfleyed. In the coalescence picture,
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Figure 2: Elliptic flow v, (top) and nuclear modification fact®aa (bottom) of heavy quarks and heavy
flavor electrons with pseudo-rapidity| < 0.35 for Au+Au collisions at RHIC with an impact parameter
of b=8.2fm. The cross section @Q — gQ is multiplied with the factoK = 4. For comparison, data of
heavy flavor electrons [5] is shown.
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the light quarks of th®/B mesons contribute also to its elliptic flow or nuclear modificn factor,
which increases both.

As a note, in contrast to previous results [20, 21] we empkg Initial heavy quark distribu-
tions from MC@NLO [22] and not from PYTHIA, since the formenploys next-to-leading order
processes for heavy quark production which describes ptgondare accurately [17]. This changes
the Raa andv; slightly at intermediatepr .

Studies on the, andRaa of gluons in BAMPS are presented in [23-27].

5. J/Y suppression

Two classes of phenomena are important for studyjfyg suppression in heavy-ion collisions:
cold nuclear matter effects and hot nuclear matter eff@dis.latter are effects that occur due to the
presence of the quark-gluon plasma which is expected todskiped in ultra-relativistic heavy-ion
collisions. Already 30 years aghy ¢y suppression due to melting in a medium was predicted to be
a signature of the QGP [6]. More recently, the regeneratfody ¢ from a charm and anti-charm
pair received also much attention and is expected to be tapoat LHC and maybe also RHIC
energies [28-34].

Cold nuclear matter effects on the other hand are all phenam® /() suppression that would
also be present if no QGP was formed. The best systems to thiesky effects are nucleon-nucleus
collisions since one can measure directly the impact ofearcéffects ol /¢ production in the
absence of a QGP. In ultra-relativistic heavy-ion collisphowever, both effects are present and it
is a challenge to disentangle them.

In other words, cold nuclear matter effects influence thiaind /(s production while hot nu-
clear matter effects describe the modification ofdfgy yield during the evolution of the medium.

As a note, the presented ingredients of the model and ourdssits are preliminary. We tried
to incorporate all important effects in the most accuratg. waowever, much more work on the
details has to be done and uncertainties of employed pagesnated to be studied.

The dominant process of initidl/ production is gluon fusiorg+g — J/¢ +g. Therefore,
the differential cross section fdy/ production in proton-proton (p+p) collisions is given by

ddgg3/9g . (5.1)

= XaXo fg(X1, UF ) fg(X2, UF) p”

dprdy;,ydyg

In the present paper we will parametrize the measuyefd production cross section in p+p
collisions and incorporate cold nuclear matter effectswfned in the following to get the pro-
duction cross section for A+A collisions.

The most important contributions to cold nuclear matteedf are shadowing, nuclear ab-
sorption and the Cronin effect. Shadowing describes thegrhenon that the parton distribution
functions of partons in a nucled$\(x, ur ) are modified compared to parton distribution functions
in a nucleonf™c€\x ). The ratio of both for parton

fiA(X7 “F)

RAX, e ) = m ; (5.2)
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can be obtained, for instance, from nucleon-nucleus emtiss In the present study we employ
the shadowing parametrization EPS08 [35] Rft(x, ur) and set the factorization scaje =

p2 + sz/w to the transverse mass of th@¢y. Furthermore, we use a shadowing function that

also depends on the transverse position in the collisioh [36

TA(XT)

0 (5.3)

B XT % M) = 14 Nap [RA(X, ) — 1]

Ta(xT) denotes the nuclear thickness function from the GlauberefrantiNa , = A Ta(0) /Tag(0)
is a normalization constant.

A producedJ/ can also be absorbed by the remains of the collided nucletlgtadter its
production. The nuclear absorption can be effectively diesd by a survival probability fod /@
passing through nuclear matter

SibS: eUabs[TA(XT~ZAs+°°)+TA(XT7bﬂ7°°"25)] . (54)

Ta(XT,21,2) is the nuclear thickness function, but not integrated dveffll zrange(—oo, 4-0) but
over the intervalz;, z;]. The limits in the formula above are chosen in such a way thapresents
the path length which the producddy travels through the passing remains of the nuclei. For the
absorption cross section we employ a valueggfs= 2.8 mb [37]. However, the exact value or
whether nuclear absorption is still present at RHIC and Lid&rgies is uncertain.

TheJ/y production cross section in p+p collisions can be paramestras [38, 39]

prdprdy  D(y)

3 o
dos? 2(n—1)< N P2 > " daph? (5.5)

D(y) dy ’

wheren = 6 andD(y) = (pf)pp(n—2)(1—y?/Y?). Y = arccoslt, /Sp/(2my,y)) is the the maxi-
mum rapidity and pt2>pp = 4.14Ge\? the averaged transverse momentum squared. :F%f‘“qldy
we employ a double Gaussian distribution [38, 39].

To account for the Cronin effect which describes thebroadening of the fusing gluons in the
nuclei, we add an additional path length dependence to tla mein the parametrization of the
p+p cross section above:

(P?) = (PP)pp+agnL (5.6)
with agy = 0.1GeV?/fm [40] and
L= n—lo Ta(Kr, —0,28) + Ta(Xr — b, 2, <0)] (5.7)

which is the path length of the two incoming gluons throughribclear matter of the other nucleus.
np denotes the maximum nuclear density from the Woods-Savatritdition.
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With all these cold nuclear matter effects the differenlial production cross section can be
written as

dNJ/w
Torys o /dXT/dZA/dZB (X7, Z8) NA(XT — b, Z8) (X7, X0, 1iF ) B2 (X7 — b, Xo, IF)

eUabS[TA(XT7ZA7+°°)+TA(XT—b,—oo7ZB)] X1 X0 fg(xl, UF ) fg (X2> UF) dagg—ﬂ/l,ug

dt
— [ [ dzn [ dzo ma(xr.2a) ma(xr — b, 28) Fxr. 1, e ) 74 (7 .3 i)
J/ 1]
eandTalxr Zateo)+Talxr —b—oze)] _ A%p0” (5.8)
YT

where Eq[(5.1) was used. In the following we assume thatrtfittez gluon in thel /g production
process is soft. As a consequencgandx; are independent of its rapidify and we can integrate
it out:

dNJ/W .
deO/RZ/w :/dXT/dZA/dZB MA(XT, Za) Na(XT — b, 28) Zg'(XT, X0, iF ) Zg (XT — b, X, 1 )
dO'J/l’U
@Oabd TA(XT 28, +00)+Ta(XT —b,—e0,28)]  “FPP (5.9)
dedyJ/ljJ

If there are no cold nuclear matter eﬁec@(: 1, agn = 0 and gaps = 0mb) this formula
simplifies to the well known binary scaling from p+p to A+A kisions:

dN,LY dop?
dody TAA(b)dedy (5.10)

TheJ/y distribution obtained with cold nuclear matter effectsading to Eq[(5.9) is used
as an input for our partonic transport model BAMPS, which weley to study hot nuclear matter
effects. In the medium]/y can dissociate via the proce3sy + g — ¢+ ¢ whose cross section
has been calculated to [41, 42]

27 1 (% - 1) v
O3/pg-es(S) = 27 \/M /(wl> 5
&y

wherew = J/ngu/MJ/w =(s— Mj/w)/ZMJ/w is the gluon energy in the rest frame of thay
and g,y = 2Mp — My, is the binding energy of thd/(. The back reaction of this process,
c+c— J/Y+g, that is, the regeneration df ¢ via charm anti-charm annihilation, is also taken
into account in BAMPS. The cross section can be obtained &qr{(5.11) via detailed balance

, (5.11)

4(s—Mj,,)?
Oc3/wg(S) = 33(374&#3) 03/yg-sce(S) - (5.12)

Lattice results [8, 9] indicate thatX ¢ can survive in the QGP up to the dissociation temper-
atureTq and melts at higher temperatures. In this study welyse 2T with T, = 165MeV being
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Figure 3: Raa Of 3/ at mid-rapidity|y| < 0.35 in central Au+Au collisions at RHIC as a function of time.
For comparison experimental data [43] is also shown.

the phase transition temperature. In BAMPS we implemengeffeet in the following way. If the
temperature in a cell is larger than the dissociation teatpegTy, all theJ/y in this cell decay
to charm and anti-charm quarks. This is a rather crude anelsom artificial treatment of this
phenomenon. However, it could be improved by considerimgtead of Eq (5.1]1), a more sophis-
ticated cross section fdr/( dissociation, which leads to such a melting abdyéy itself without

the need of an additional cutoff. A first attempt in this dfie@ae has been done, for instance, in
Ref. [40] with quasi-free scattering.

Figure[B shows the nuclear modification facRyx of J/ for central Au+Au collisions at
RHIC as a function of time. The initial value is already sraathan 1 which is a consequence of
cold nuclear matter effects. Then right from the beginnanipt of initially produced charm quarks
melt due to the large temperature of the QGP at RHIC. A coteffect is thel/y regeneration
which enhances the totd) ¢y number. Our final value is a bit smaller than the experimeafditd
point. However, there are significant uncertainties in gl suppression. In addition, a different,

more sophisticated regeneration cross section coulddserthe regeneration and lead to a better
agreement with the data point.

In Fig. B theRaa of /@ at RHIC is depicted as a function of the number of participaAs we
saw in Fig[B for central collisions, our finBa values lie also for non-central collisions slightly
below the experimental data points, but reproduce the thsdrape of the data. This systematic

underestimation indicates that either our suppressioralc@d nuclear matter effects is too strong
or the regeneration cross section is too small.

10
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Figure 4: Raa 0f J/ @ at mid-rapidity|y| < 0.35 for Au+Au collisions at RHIC as a function of the number
of participants, together with experimental data [43].

6. Conclusions

The production and evolution of heavy flavor particles haserbstudied within the partonic
transport model BAMPS. Charm and bottom production in theliora produced at RHIC are
negligible compared to the initial heavy quark yield. At theC, however, secondary charm
production can reach values comparable to the initial yighile bottom production in the QGP
can also be neglected here.

The leading order cross section for heavy quark scattemntisparticles from the medium
is too small to explain the experimentally measured etlifitw and nuclear modification factor.
However, a more precise Debye screening and the explicitimgnof the coupling enhances the
cross section and yields results for heavy flavor electratmich are much closer to the data, al-
though aK factor of 4 must be employed for a good agreement with the. datahe future we
will study if this simple multiplication of the cross seati@an indeed account for higher order
contributions.

Furthermore, we investigatelj ¢ suppression at RHIC. To estimate the initigly distribu-
tion we parametrized the p+p production cross section amkl ftor the scaling to A+A collisions
cold nuclear matter effects such as shadowing, nucleartimo and the Cronin effect into ac-
count. The space-time evolution &f ¢ was carried out with BAMPS, which also allows dissoci-
ation and regeneration df . Preliminary results of the nuclear modification facRyu of J/y
obtained with BAMPS for forward and mid-rapidity are slightmaller than the measured data,
but resemble the overall shape. Reasons for the smallel goelld be an overestimation of sup-
pression due to cold nuclear matter effects or the smalhesgdion cross section. In a future study
we will investigate this further and also perform calcuas for the LHC.

11
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