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We calculate the balance function for charm in relativistic heavy-ion collisions. The distribution of pairs of
charm-anticharm quarks produced in hard processes in the early stages of the nucleus-nucleus collision evolves
in the dense fireball formed in the collision. The evolution of the dense matter is described using a relativistic
viscous hydrodynamic model and the quark diffusion with a Langevin equation. The evolution of the charm
quark balance function from the formation of the charm-anticharm pair up to the freeze-out traces the partial
thermalization of the heavy quarks in the dense matter. For the balance function in azimuthal angle we reproduce
the collimation effect due to the transverse flow. The evolution in rapidity shows the thermalization of the
longitudinal velocity of the quark in the fluid. We provide estimates for the one- and two-dimensional balance
functions for D°-D® mesons produced in ultrarelativistic Pb + Pb collisions at /syy = 5.02 TeV. The shape of
the charm balance function in relative rapidity is sensitive to the rescattering of heavy quarks in the early stages

of the collision, while the shape of the balance function in azimuthal angle is sensitive to the rescattering in the

latter stages.
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I. INTRODUCTION

Heavy quarks are produced in hard processes at the begin-
ning of relativistic nuclear collisions. The interaction of such
particles produced at the early stages with the surrounding
medium makes them an excellent probe of the dynamics of the
dense matter created in the interaction region of the collision
[1-5]. Measurements of the nuclear modification factor and
the harmonic flow of open charm mesons provide an insight
into the partial thermalization of hard produced charm quarks.

The charge balance function has been proposed as a mea-
sure of the interaction of charged quarks in the quark-gluon
plasma [6]. The two opposite charges produced in the plasma
would drift apart in relative rapidity due to rescattering with
the thermal medium. The charge balance function is defined
in a way to identify the specific correlated charge-anticharge
pairs. The balance function in the relative azimuthal angle
is sensitive to the amount of transverse flow at the time of
the charge pair separation [7]. The balance function involv-
ing the electric charge, strangeness, and baryon number can
be measured [8-13]. Charges carried by light quarks and
hadrons can be produced during the entire span of the col-
lision. In particular, a large part of the balance function for
the electric charge receives contribution from local charge
conservation for charges produced at hadronization [14]. The
full description of the charge balancing dynamics combines
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the charge-anticharge pairs produced in the medium and at the
hadronization [15-17]. Charm quarks are almost exclusively
produced in the initial hard scatterings. The two balancing
charm-anticharm quarks evolve in the medium. It has been
noted that the charm-anticharm correlations or the charm bal-
ance function could serve as a clean probe of such interactions
[18,19]. For example, the charm balance function could be
sensitive to the formation of charmonium bound states in the
quark-gluon plasma.

In this paper, we study the charm-anticharm balance func-
tion in relative azimuthal angle and relative rapidity. The
heavy quarks produced in hard processes evolve in the quark-
gluon plasma, which changes their relative momenta. In
comparison to the dynamics of light quarks, the hard produced
heavy quarks have large initial momenta. In our calculation,
we take charm and anticharm quarks as produced in p + p
collisions using the PYTHIA model [20]. The quarks rescatter
in the dense matter of the fireball. In relative azimuthal angle
the balance function becomes narrower. This is equivalent to
the effect of the increase of the correlation function of the final
D° and D° mesons at small relative azimuthal angle [18,21-
25]. The balance function in relative rapidity becomes broader
after the diffusion of the heavy quarks in the medium. The
behavior of the charm balance in relative rapidity provides
an additional information, because it is sensitive to the early
stages of the reaction, unlike the balance function in azimuthal
angle.

In the next section we describe the calculation of the bal-
ance function in the model. Then, in Sec. III the balance
function is calculated directly for the charm quarks before and
after rescattering in the medium. In Sec. IV we study the time
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evolution of different contributions leading to the broadening
of the charm balance function in rapidity. Calculations of the
balance function for D°-D° mesons are provided in Sec. V.
A simple estimate of possible effects of a pre-hydrodynamic
phase on the charm balance function is given in Sec. VL
Conclusions about the charge balance functions in relative
azimuthal angle and relative rapidity are summarized in the
last section.

II. CALCULATION OF THE CHARM BALANCE
FUNCTION IN THE HYDRODYNAMIC MODEL

We have adopted the optical Glauber model to set up the
initial condition for the hydrodynamic evolution. The initial
three-dimensional distribution of the energy density (¢) at a
constant proper time (7p) takes the following form:

€(x, ¥, ns) = €ol(Ny(x, ) f1-(n5) + N_(x, ) f-(15))
x (1 —a) + Neon(x, y)e,, (ns)e], (1

where N, (x, y) and N_(x, y) are the participant densities from
the forward and backward going nuclei. Ny (x, ¥) is the den-
sity of the binary collision sources evaluated at any transverse
position (x, y). « is the hardness factor and ¢ is the scaling
parameter of energy density. €, (1,) and f1 _(n,) are the pro-
files that determine the deposition of € in space-time rapidity
(ns). The forms of ¢, (n,) and f _(n,) are given in Egs. (2)
and (3), respectively,

(Ins] — n0)?
€y, (115) = exp (—52—209(|m| -m)). @
%y
f+.,—(77s) = an(m)GF,B(Us), (3)
where
07 if Ns < —Nm
er(ns) = TTW’ if — 1, <0y < Ny “)
L, it n, < ms
and
€p(ns) = €p(—ns). (5

f+.—(ns) introduces an asymmetric deposition of energy den-
sity by a participant source along 7,. This kind of initial
condition generates a tilted profile in the reaction plane (plane
made by beam axis and impact parameter) of the collision
[26]. The strength of the initial tilt in the model can be con-
trolled by the parameter 7,, present in Eq. (4). In order to
illustrate the tilted profile and elucidate the effect of the tilt
parameter 1), on the initial energy distribution, we have gen-
erated contour plots representing constant energy density (€ =
145 GeV /fm?) in the x-n, plane at y = 0 for different values
of n,,. These results are presented in Fig. 1. We have used
a =0.14,n9 = 1.8, 0, = 2.0, and n,, = 3.2 that describe the
experimental data of the charged particle yield and directed
flow in Pb + Pb collisions at 5.02 TeV.

The viscous hydrodynamic evolution of the energy den-
sity profile has been performed by the publicly available

Pb+Pbat5.02 TeV| ¢ =145 Gev/fm?

(20-30%)

FIG. 1. Contour plots depicting constant energy density at T =
7o have been plotted for various tilt parameters (1,,) in Pb 4 Pb
collisions at a center-of-mass energy of /syy = 5.02 TeV and an
impact parameter of b = 7.7 fm. The contours are plotted in the x-n;
plane aty = 0.

MUSIC code [27-29]. We have taken shear viscosity to en-
tropy density ratio n/s = 0.04 [30,31] and have used a lattice
QCD based equation of state [32] during the hydrodynamic
evolution.

In this framework, we conduct a single-shot hydrodynamic
evolution of the initial energy density obtained from the op-
tical Glauber model calculation for a specific centrality class.
The initial energy density is computed with a specific impact
parameter b value. We employ the average impact parameter
value from the b distribution in the Glauber model calculation
to determine the initial energy density distribution for each
centrality. For the centrality classes of 10-20 %, 20-30 %, 30—
40 %, 40-50 %, 50-60 %, and 60-70 %, the corresponding
impact parameter values used are 6.0, 7.7,9.2, 10.4, 11.5, and
12.5 fm, respectively.

In our simulation of a specific centrality class for Pb + Pb
collisions at a center-of-mass energy of ./syv = 5.02 TeV,
we initiate the process with the PYTHIA [20] simulation of
p + p collisions. We take all the charm-anticharm pairs gen-
erated from 5 x 10° PYTHIA events of p + p collisions at a
center-of-mass energy of ,/syy = 5.02 TeV. Subsequently,
we initialize the positions of the produced charm and an-
ticharm quarks within the fluid modeled by hydrodynamics
and execute independent Langevin evolutions of each quark.
The initial momentum of the quarks are kept the same as
obtained from PYTHIA. Assuming that charm and anticharm
quarks are produced through initial hard scatterings, we sam-
ple the initial transverse positions for each pair from binary
collision profiles denoted as N.on(x,y). We set the initial
space-time rapidity n, equal to the rapidity of the respective
quarks. Consequently, the initial space-time rapidity differ-
ence Ang between a pair of charm and anticharm quarks is
identical to the initial rapidity difference Ay between them.

The hydrodynamic evolution provides us the relevant dy-
namic properties of the background (local temperature T
and flow velocity u*), in which the charm and anticharm
quarks evolve. The quark evolution stops once the local
background temperature falls below 150 MeV. The dynamics
of the heavy quarks in the medium is described using the
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Langevin equation

Ar; = EAI,
E

Ap; = —ypiAt + pivV2DAL, (6)

where i € {x, y, z} refers to the three Cartesian coordinates.
Ar; and Ap; are the updates of the coordinates in position
and momentum of the heavy quark, respectively, within the
time interval Af. y and D are the drag and diffusion coeffi-
cients, which effectively describe the interactions between the
heavy quark and the medium. We take D = yET, where E =
V/|p|? + m? is the energy of the heavy quark with mass m,.
We assume a diagonal form for the diffusion matrix [33-35].
The noise term p; is randomly sampled from a normal distri-
bution at every time step with {(o;) = 0 and (p;p;) = &;;. We
have followed the post point scheme prescribed in Ref. [36]
to update the momentum in the Langevin evolution. This
scheme ensures that the heavy quark phase space distribution
approaches to the equilibrium Boltzmann-Juttner distribution
after long time evolution. We consider y = 0.4T, that allows
to capture the suppression factor and the elliptic flow of heavy
quarks [37].

The balance function is defined as a conditional probability
isolating correlations between balancing charges [6,14,38],

B(pi|ps) = l N(p1, p2) _ N%(p1, p2)
PHP2Y =51 TNe(pa) Ne(p2)
N%(p1, p2) _ N(p1, Pz):| )
N<(p2) N(p2)

where N“(p;) and N ab( P1, p2) are the one and the two-particle
distributions of particles of type a, b with momenta p; and
p2. The balance functions have been studied in models and in
experiments for the electric charge, strangeness, and baryon
number [8—13]. Theses charges can be produced in the initial
nucleon-nucleon scattering, in the evolving hot and dense fire-
ball, and during the hadronization process. The understanding
of the charge balancing in heavy-ion collisions requires, in
that case, a careful modeling of the different ways of the
charge-anticharge production [15,16,39-43]. However, owing
to their large mass, the charm quarks are expected to be
produced only during the initial hard scatterings.

Assuming the independent evolution of c-¢ pairs created
in different hard process, one can write the balance func-
tion using the correlation function calculated for each c-¢
pair separately. In this work, we do not take into account
possible correlations due to the formation and dissolution of
charmonium bound states [19]. The quark and antiquark are
evolved in the bulk matter according to Langevin equation.
The two-particle distribution p®(p;, p;) and the one-particle
distributions p(p1), p°(p1) of hadrons containing the charm
quark and antiquark can be obtained as an average over all the
pairs. These distributions are normalized to one:

/dPIdPZP(PI»Pz) = /dplp"(m): /dplp‘_'(pl) =1.
(8)

The two-dimensional balance function can be easily con-
structed as

B(Ay, A)

Z/dp]fdPQ
A A

" P(pr, p)S(AY — yi +2)8(A¢ — |1 — ¢al)
[ydpip(p1) '

(€]

where we assume a symmetric distribution between ¢ and ¢
quarks and use a symmetric choice of the acceptance region
A in azimuthal angle and rapidity. In this paper we study the
balance function in relative azimuthal angle and/or in relative
rapidity, where the acceptance region is given by cuts on the
transverse momentum of the particles. If the region A involves
all particles containing ¢ and ¢ quarks and all momenta, the
balance function is normalized

/ d(Ay) /0 dAPB(AY, Ap) = 1. (10)

With limited kinematic acceptance and efficiency or if not
all open charm hadrons and charmonia are accounted for, the
normalization is <1.

III. BALANCE FUNCTION FOR c-¢ QUARKS

In this section we study the balance functions for the c-¢
quarks to understand the evolution of the balance function in
the collision. The two-dimensional balance function for quark
pairs emitted from p + p collisions at \/syy = 5.02 TeV from
the PYTHIA model is shown in panel (a) of Fig. 2. The cor-
relation has a broad distribution in A¢ with a maximum for
back-to-back pairs. In panel (b), we show the balance function
for c-¢ pairs emitted after Langevin diffusion in the dense
fireball formed in Pb + Pb collisions with 10-20 % centrality.

After diffusion in the bulk matter the quark-antiquark mo-
menta pick up a contribution of the transverse flow, as a result
the azimuthal distribution becomes more peaked for pairs
flying in the same direction. The longitudinal distribution in
rapidity is broadened due to the rescattering in the medium.

In the following we use the one-dimensional balance func-
tion in relative rapidity:

B(Ay) =2/ d(Ap)B(Ay, Ag), 1)
0
and relative azimuthal angle
B(A¢) =/ d(Ay)B(Ay, Ag). 12)

Due to symmetry we define the one-dimensional balance
functions B(Ay) and B(A¢) in the ranges y > 0 and [0, ],
respectively.

The balance function B(Ay) is shown in Fig. 3(a). The
plots indicate that the balance function for quarks undergoing
rescattering in the medium created in Pb + Pb collisions be-
come broader as compared to the balance function for quarks
emitted in p + p collisions. There is some dependence of
the shape of the balance function on collision centrality in
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FIG. 2. The two-dimensional balance function for c-¢ quarks in
relative rapidity Ay and relative azimuthal angle A¢ for pry > 2 GeV.
(a) represents simulation results from PYTHIA for quarks emitted
in p+ p collisions and (b) shows the balance function after the
evolution of the quark-antiquark pairs in the bulk matter formed in
Pb + Pb collisions with 10-20 % centrality.

Pb + Pb collisions. The balance function in relative azimuthal
angle B(A¢) shows a qualitative difference between p + p
and Pb + Pb collisions [Fig. 3(b)]. The balance function is
peaked at A¢ = in p + p collisions (back-to-back pairs),
while in Pb + Pb collisions it is peaked at A¢ = 0 (collimated
pairs). The peak of the balance function at A¢ = 0 is an effect
of the transverse flow. We recover the known collimation of
the heavy quarks due to the rescattering in the expanding
medium [18,21-25].

The one-dimensional balance functions for quarks and an-
tiquarks with pr > 2 GeV are shown in Figs. 4(a) and 4(b).
The cut pr > 2 GeV makes the balance function in relative
rapidity narrower. The effect of the pr cut on the balance
functions in relative azimuthal angle is to make the function
more peaked around A¢ = 7 for p 4 p collisions and around
A¢ = 0 for Pb + Pb collisions. Note that the normalization of
the balance functions, Eq. (10), measured in a restricted part
of phase-space (pr > 2 GeV) is modified:

f d(Ay) /0 dAPB(AY, A) <1 (13)

T T T T
i Pb+Pb
—~0.4r ---= 10-20% -
3 —— 40-50%
= |\
0.21
(a) e
0.0 1 I 1 T
0 1 2 3 4
Ay
T T T T T
=, — p+p Pb+Pb
0.5 ™, ---- 10-20% ]
—— 40-50%

FIG. 3. The balance function for ¢ — ¢ quarks in (a) relative
rapidity and in (b) relative azimuthal angle for p + p collisions (solid
line) and Pb 4 Pb collisions with centrality 10-20 % (dashed line),
40-50 % (dashed-dotted line), and 60-70 % (dotted line). Quarks
with any momentum are included in the balance function.

03Fpr>2GeV  —— pip ]
Pb+Pb |
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Q o.10f
0.05}
0.00t

FIG. 4. Same as in Fig. 3 but for quarks and antiquarks with
pr > 2 GeV.
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FIG. 5. rms width of the balance function in (a) relative rapidity
and in (b) relative azimuthal angle for c-¢ pairs produced in Pb + Pb
collisions as a function of collision centrality. The dotted line and
dashed lines represent the results for the initial time 7y = 0.2 and
0.4 fm/c, respectively. The horizontal solid line denotes the width of
the c-¢ distribution in p + p collisions. All results are for quarks with
pr > 2 GeV.

and similarly for the one-dimensional balance functions.

For the study of the balance function for charm quarks, we
use the root mean square (rms) width of the balance func-
tion in relative rapidity, oa, = (Ay*)'/2 and not the simple
width, (|Ayl|). This makes simpler the discussion of different
contributions to the total broadening of the balance function.
The rms width in Pb + Pb collisions is larger than in p + p
collisions [Fig. 5(a)]. The quark-antiquark pair undergoes
additional rescattering in the fireball widening the distribu-
tion. The width shows a clear centrality dependence. The
calculation with reduced starting time for the hydrodynamic
evolution of the fireball (tp = 0.2 fm/c instead of 0.4 fm/c)
shows a slightly larger width of the balance function. The
mechanism responsible for the widening of the balance func-
tion in rapidity is discussed in the following section.

The width of the balance function in relative azimuthal
angle, opp = (A¢?)!/2, shows a strong centrality dependence
[Fig. 5(b)]. The longer the c-¢ quark pair interacts with the
expanding fluid, the more collimated the momenta of two
quarks become.

IV. EVOLUTION OF THE c-¢ DISTRIBUTION

Initially, the charm quark has typically a large transverse
momentum, as compared to the background thermal motion.

—— quark diffusion 4

FIG. 6. The time evolution of the spread ((y — Y)?) of the rel-
ative rapidity of the heavy quark y and the rapidity of the fluid
for Pb + Pb collisions with 10 — 20 % centrality (solid line). The
dotted line represents the thermal spreads of the relative rapidity for
thermally equilibrated longitudinal velocity of the quark in the fluid
[Eq. (16)] .

During the evolution, the quark rescatters in the medium,
losing part of its energy and transverse momentum and the
direction of the transverse momentum becomes more aligned
with the transverse collective flow of the fluid. As a result,
the distribution in relative azimuthal angle becomes peaked at
A¢ = 0[18,21-25].

When a heavy quark is initialized in the fluid, its rapidity
with respect to the fluid is zero (in the scenario when both
the heavy quarks and the fluid follow the Bjorken scaling
flow in the longitudinal direction). The rescattering with the
thermal medium leads to a spread of the relative rapidity dis-
tribution. The solid line in Fig. 6 illustrates the time evolution
of the relative rapidity spread of the charm quark rapidity
y with respect to the rapidity of the surrounding fluid Y,
denoted as ((y — Y)?), which is calculated from simulations
of Pb 4 Pb collisions of 10-20 % centrality. At a specific T,
the ((y — Y)?), is computed by averaging over all the charm
quarks.

Assuming a nonrelativistic thermal distribution in the lon-
gitudinal direction

2
fp) = PL ) (14)

1
V2B T p( 2E;T
where py, is the quark longitudinal momentum in the fluid rest
frame and Er = v/m? + p% is the transverse energy of the

quark, the thermal distribution in the difference of the quark
rapidity y and the fluid rapidity Y is

_[(+sinh(y — Y)?) sinh(y — Y )?Er
Ju(y=Y) = \/ IE, T exp <—T>
(15)

The average spread of the relative rapidity during the evo-
lution of heavy quarks in the medium formed in a Pb + Pb
collision with 10—20 % centrality is shown in Fig. 6. The
spread grows rapidly from the initial value towards the av-
erage thermal spread,

Th = (0 =Y)) =/ dy —Y)y =Y fuly —Y), (16)

—00
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FIG. 7. The width of the charm balance function as a function
of collision centrality for the initialization with both quarks with the
same rapidity and same position.

shown with the dotted line in Fig. 6. In the calculation of
this thermal spreads of the relative rapidity (((y — Y)?)) at a
specific T, we use the average background temperature and
average transverse momentum of all the considered charm
quarks in the expression of the thermal distribution fi,(y — Y)
as T and pr, respectively. Due to the Bjorken expansion of
the system, the longitudinal momentum distribution of heavy-
quarks never reaches the equilibrium distribution [44]. During
the evolution, the average transverse momentum of the heavy
quark decreases, also the temperature of the surrounding
medium decreases. The net effect is that the thermal spread
decreases in time. The final thermal spread at the freeze-out is
small and gives a very small contribution to the broadening of
the balance function in the medium.

The random evolution of the quark-antiquark pair in the
medium leads to a diffusion in rapidity and to an increase of
the average rapidity separation between the two charges [6].
To test this effect we perform a simulation with both the ¢
and the ¢ quarks initialized at the same rapidity, y = % and
with the same space-time rapidity, n, = y. Here, y; and y, are
the rapidities of the c-¢ pair as sampled from p + p collision
in PYTHIA. Initially the width of the balance function is zero
and increases in time due to the diffusion and thermal spread.
The total broadening in Fig. 7 is much larger than the thermal
broadening plotted Fig. 6.

Figure 8 shows the time evolution of the width of the
charm balance function in relative rapidity within a realistic
simulation, as denoted by the solid line. Notice, that the width
of the balance function increases strongly in the first stage of
the diffusion. It shows that the increase of the width of the
balance function in rapidity is sensitive to the early stage of
the evolution.

Additionally, the results of a simulation that considers a
specific initialization scheme for charm quarks are presented
(o2 _. ) with a dotted line in Fig. 8. In this particular scheme,

Y=y
both the charm and anticharm quarks are initialized with same
rapidity values (y = 2 ‘;yz), resulting in zero initial spread

in relative rapidity between charm and anticharm quarks.
Since the initial distribution in relative rapidity is independent
from the subsequent diffusion, the total width is presented by
incorporating the baseline width obtained from p + p colli-

1.9 1 L B B
pr> 0 —— quark diffusion
1'8_ ----- V UEP+U}%1=Y2 ]

1l4c . . .+ . .

0 2 4 6 8
T (fm)

FIG. 8. The time evolution of the width of the charm balance
function as in Pb + Pb collisions with 10—20 % centrality (solid
line). The dotted line represents the broadening for two quarks ini-
tialized at the same rapidity.

sions (0,,) through quadratic summation. In a boost invariant
system the diffusion of a quark or antiquark would be in-
dependent on its initial rapidity. In that case, the estimate

Y 6[3[, + oyzl _y, of the total width would be exact. It is slightly
smaller than the actual broadening in the full calculation.
In the full calculation the two quarks are initialized in two
different fluid cells, with different rapidities. During a three-
dimensional hydrodynamic evolution the fluid accelerates in
the longitudinal direction, which increases the rapidity of the
two fluid elements, leading to violation of the Bjorken scaling
flow by about 3—5 %. This effect increases the relative rapid-
ity separation of the two fluid elements and of the two heavy

quarks as well.

V. CHARM BALANCE FUNCTION FOR D" — D MESONS

The charm quarks hadronize into open charm mesons and
baryons. In this work, we perform the hadronization at the
freeze-out hypersurface of the medium which is obtained at a
constant temperature of 150 MeV. We model the hadroniza-
tion using the fragmentation model of Peterson et al. [45].
Constructing the charm balance function using all open charm
mesons could recover almost all of the balancing charm
charges. In this paper we present an estimate for the balance
function of D°-D° mesons only. The probability of producing
a D° meson from a charm quark is around 40% [46]. This
means that only about 40% of the balancing anticharm would
be recovered in D for each observed D°, assuming full ac-
ceptance and efficiency.

The estimate of the D meson balance function reflects the
dynamical evolution of the charm-anticharm quark balance
function. It should be noted that the final D meson balance
function can be also modified during the hadronization pro-
cess or by rescattering of the newly formed D mesons with
surrounding hadrons [47]. The sensitivity of the D meson
balance function to possible hadronization scenarios and to
the hadron rescattering is important and should be studied
to understand and reduce the uncertainties in the predictions.
Such a more realistic extended investigation goes beyond this
study restricted to charm diffusion in the dense phase only.
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FIG. 9. The balance function in (a) relative rapidity and in
(b) relative azimuthal angle for D°-D° mesons with p; > 2GeV
in Pb + Pb collisions with centrality range 10—20 % (dashed line),
40—50 % (dashed-dotted line), and 60—70 % (dotted line). The solid
line represents the balance function for p 4 p collisions.

The balance function measured for the open charm mesons
D°-D° represents qualitatively the same features as the bal-
ance function for quarks. The balance function in relative
rapidity gets broader due to the diffusion of charm quarks in
the medium [Fig. 9(a)]. As expected, the normalization of the
balance function is modified, as not all the charm quarks are
identified by measuring only the D° mesons. The balance in
the relative azimuthal angle indicates that a collimation of the
momenta of the D° and D° meson occurs due to the interaction
of the heavy quarks with the expanding medium [Fig. 9(b)].

For the prediction of the balance function for D°-D° pairs,
we use the average width (as typically used by experimental
groups), not the rms width as for the discussion of the charm
quark balance function in previous sections. The width of the
balance function in relative rapidity increase as compared to
p + p collisions [Fig. 10(a)]. The width, (|Ay[), shows some
centrality dependence. A change in the starting time, 7, for
the quark evolution in the quark-gluon plasma, has a sizable
effect on the width of D° meson balance function. These
effects indicate a possible sensitivity of the width of the charm
meson balance function to the dynamics of the dense matter
in the collision. Especially interesting is the sensitivity to the
rescattering of heavy quarks in the early stages of the dynam-
ics. The balance function of D° mesons in relative rapidity
could serve as probe of the formation time of the dense matter.

The width of the balance function in relative azimuthal
angle is a very sensitive probe of the degree of thermalization

L B N I
pr>2GeV pr>4GeV

1.4}

(lAy])

| | | | I(a) 1
20 30 40 50 60
centrality(%)
Fr L L L L
250 pr>2GeV pr>4GeV >
r p+p — S 1
2.25F ]
[ Pb+Pb — = ——= To=0.4 fm
2.00F  Pb4+Pb ol To=0.2 fm
S 1.75F =
g
= 1.50f
1.25¢F
1.00F =77+

centrality(%)

FIG. 10. The width (a) (|Ay|) and (b) (|A¢|) of the balance
function for D°-D° mesons as a function of collision centrality. The
solid and dashed line represent the results of model calculation with
the initial time 79 = 0.4 and 7y = 0.2 fm, respectively, for mesons
of pr > 2. The dashed-dotted and dotted line show the results of
pr > 4 GeV with the initial time 7y = 0.4 and 7y = 0.2 fm, respec-
tively. The width of the D°-D° distribution in p + p collisions are
denoted by solid and dashed horizontal lines for meson of pr > 2
and pr > 4 GeV, respectively.

of the direction of heavy quarks in the medium [Fig. 10(b)].
The width depends strongly on the collision centrality. The
collimation of open charm mesons comes from the drag of
the heavy quarks in the expanding medium. This mechanism
is active only in the latter stages of the collision. In the early
phase of the collision, when the transverse collective flow is
not yet present, the rescattering leads to an isotropization in
the relative azimuthal angle, but not a collimation. Therefore,
the width of the balance function is not sensitive to the starting
time of the dynamics, 7y. On the other hand, the width, (|A¢|),
could serve as a clock for the total lifetime of the quark-gluon
plasma.

VI. EFFECT OF EARLY DYNAMICS ON THE
BALANCE FUNCTION

The formation time of the heavy quark pair can be es-
timated as 1/2m, ~ 0.07fm/c. In the previous section are
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FIG. 11. The width (JAy|) of the balance function for DO-DO
mesons as a function of collision centrality obtained with different
assumptions on the evolution of the energy density in the early
phase. Results assuming a hydrodynamic evolution starting at 7y =
0.2fm/c and a pre-equilibrium evolution of the energy density,
e(r) = e(to)(%")" from 7, = 0.07fm/c to 7o = 0.2 fm/c are plotted
for o« = 4/3 (dotted line), 1 (dashed line), and 0 (dashed-dotted line).
Results obtained with a hydrodynamic evolution only, starting at
7o = 0.2 fm/c, are represented with the solid line.

presented results assuming the rescattering of the heavy
quarks starting at the initial time for hydrodynamics ty =
0.4 or 0.2fm/c. However, the evolution of the momenta of
heavy quarks in the very early, pre-equilibrium phase could
change the charm balance as well [48,49]. In the present
article, we estimate this effect assuming that the dynamics of
heavy quarks in the early phase is still given by the Langevin
equation and by extrapolating the pre-equilibrium evolution
of the density of the medium down to 7. For the evolution
of the energy density in the earliest phase, T < 1y, we use the
assumption

T o
e(t,x,y,n5) = €(10, X, ), ns)(?()) 17

with o = 4/3 (ideal hydrodynamics with conformal equa-
tion of state), 1 (zero longitudinal pressure), or 0 (longitudinal
electric field) [50]. For the flow velocity we take the Bjorken
flow, with no transverse flow for T < 1.

We notice that the early diffusion of heavy quarks has an
effect on the width of the balance function in relative rapidity
(Fig. 11). This observation is in agreement with the results
in Sec. V. It would be interesting to study such effect using
specific models of the evolution of the heavy quarks in the

pre-equilibrium phase [48,49,51] or including the effect of
electromagnetic fields [52]. Further, it will be also interesting
to understand how the breaking of the Bjorken scaling in
the initialization of the charm quarks as well as a possible
non-Bjorken flow velocity of the medium affect the charm
balance function in relative rapidity.

VII. SUMMARY

The dynamics of charm-anticharm balancing is studied for
relativistic Pb + Pb collisions. Pairs of charm and anticharm
quarks are formed in the initial hard collisions. The two
charges evolve in the dense matter of the fireball and finally
hadronize into open charm mesons. The charm balance func-
tion allows to measure directly the distribution of balancing
charm hadrons corresponding to the early produced charm
quarks.

The charm balance function becomes broader in relative ra-
pidity and narrower in relative azimuthal angle of the quarks.
The dominant contribution to the broadening of the charm
balance in rapidity comes from diffusion of the two quarks
in rapidity. The thermal spreading of the quark rapidity is
small. We observe a centrality dependence in the widening
of the charm balance function in relative rapidity, with the
largest broadening occurring in central collisions. The balance
function in relative azimuthal angle becomes narrower after
rescattering of the heavy quarks in the expanding medium.
The collimation of the momenta of the two heavy quarks is
due to transverse collective flow of the fluid. This collimation
effect has a strong centrality dependence.

The measurements of the charm balance function in
relative rapidity and in relative azimuthal angle are comple-
mentary. The narrowing of the balance function in relative
azimuthal angle is sensitive to the rescattering of heavy quarks
in latter stages of the collisions, when the transverse flow is
substantial. The broadening of the balance function in relative
rapidity is sensitive to the early phase of the dynamics, when
the rescattering of the heavy quarks is the strongest. It would
be interesting to compare the charm balance functions in
rapidity and azimuthal angle obtained in model calculations
to results of high efficiency experiments. Such observations
could constrain both the total lifetime and the formation
time of the dense fireball formed in relativistic heavy-ion
collisions.
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