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Elliptic flow as a probe for the ¥(2S) production mechanism in relativistic heavy ion collisions
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I discuss the elliptic flows of 1(25) with different production mechanisms in /syy = 2.76 TeV Pb-Pb
collisions. If the final ¥/(2S)s are mainly from the recombination of uncorrelated charm and anticharm quarks
at T ~ T,, charm and anticharm quarks will carry large collective flows of the bulk medium, which will be
inherited by the regenerated v(2S)s. This indicates a larger elliptic flow of ¥ (2S5) than that of J/¢¥ which

can be regenerated at T > T, v;’ 25

> vzj/‘l’. However, if the final ¥ (2S)s are mainly from the transitions of

J /¥ — ¥ (2S) caused by the color screening of quark-gluon plasma its elliptic flow should be close to the elliptic

flow of J /v, v;ﬁ(zs) ~
relativistic heavy ion collisions.

DOI: 10.1103/PhysRevC.95.034908

I. INTRODUCTION

A J /¢ consists of a charm and an anticharm quark with a
large binding energy. Its abnormal suppression by a deconfined
matter has been considered as a signal of the existence of the
quark-gluon plasma (QGP) produced in heavy ion collisions
[1]. Charmonium can be dissociated by the color screening
[2-4] and the inelastic scatterings [5—10] with partons in
QGP. Also, the final yields of charmonium can be enhanced
by the recombination of a charm and an anticharm quark
during the evolution of QGP [11-17]. This mechanism is
called the “regeneration.” It even dominates the total yield
of J /v at the available colliding energies of the Large Hadron
Collider (LHC) [12,17]. Cold nuclear matter effects, such as
the shadowing effect [18-20] and Cronin effect [8,21-23],
can also change the spatial and momentum distributions
of the primordial charmonium produced in nucleus-nucleus
collisions. Different theoretical models [8,11,13,24-29] have
been built to explain the experimental data of the nuclear
modification factor R4, the mean transverse momentum
squared ( p%), and the elliptic flow v, of J /.

Recently, some experimental data of /(2S) have been
published. Different from the ground state J/vr, ¥(25)
is a loosely bound state with a small binding energy. Its
dissociation temperature is close to the critical temperature
of the hadronization transition, 7;(y(2S)) ~ T. [2], which
means ¥ (2S) eigenstate can barely survive in QGP. The

CMS Collaboration published the data of prompt %

in \/syny = 2.76 TeV Pb-Pb collisions [30]. Different mecha-
nisms have been proposed for the 1/(2S5) prompt and inclusive
yields [31-33]. These mechanisms include the primordial
production at the nucleus colliding time, the recombination
of a charm and an anticharm quark (or D and D mesons)
in the later stage of the hot medium evolution and decays
from B hadrons. Recent studies indicate that the formation
time of charmonium eigenstates can be delayed by the hot
medium in heavy ion collisions [34]. ¥/(2S) may suffer less
suppression if they are formed later in the gradually cooling
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vzj 'V Therefore, ¥ (2S) elliptic flow is a sensitive probe for its production mechanisms in

QGP. With the formation process, a c¢¢ dipole produced in
the nucleus-nucleus collisions may exist as a combination of
different eigenstates. The internal evolution of the c¢¢ dipole
wave function is affected by the hot medium. This changes the
fractions of J/v and ¢/(2S) in the ¢¢ dipole and the double
ratio %ﬁjz] [33]. On the other hand, J/vy and ¥(2S) can
be regenerated at different stage of QGP evolution, and they
will carry different collective flows of the bulk medium. The
elliptic flows v, of ¥(2S) from coalescence at T =~ T, and
transitions of J/¢¥ — (2S) should be different from each
other. Elliptic flow should be a sensitive probe to distinguish
which production mechanism dominates the 1 (25) final yield.

The article is organized as follows. In Sec. II, I introduce
the Langevin equation for the charm quark evolution and the
hydrodynamic equations for the QGP evolution. In Sec. III,
different mechanisms of the ¥/ (2.5) production are discussed in
detail. In Sec. IV, I fit the parameters in the Langevin equation
to explain the experimental data of D mesons, and then give
the elliptic flows of charmonium. Section V is devoted to the
summary.

II. DYNAMICS OF HEAVY QUARKS IN HEAVY
ION COLLISIONS

In this work, I focus on the charmonium regeneration in
heavy ion collisions. They are mainly from the recombina-
tion of charm and anticharm quarks in the low transverse
momentum bin, where multi-elastic scatterings dominate the
energy loss of charm quarks [35-39], and the medium-induced
gluon radiation [40-42] is less important. In the limit of small
momentum transfer, multi-quasi-elastic scatterings of heavy
quarks in QGP can be treated as a Brownian motion and is
usually described by the Langevin equation [43-45]

-

d—’: = —np(p)p +E. (1)

The first term on the right-hand side is the drag force with the
momentum dependence. The second term is the random force.
Assuming £ is independent of the momentum of each particle,
this noise term satisfies the correlation relation

(E'(DE (1) = 1878(t — 1), (@)
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k represents the momentum space diffusion coefficient of
heavy quarks. The fluctuation-dissipation relation indicates
[39,44]

K
np(p) = ﬁ’ 3

where T is the temperature of fluid cells in QGP, E is the
energy of charm quarks. The spatial diffusion coefficient D of
heavy quarks is connected with the momentum space diffusion
coefficient by
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I follow Ref. [39] and take D = C/(2w T). The value of the
parameter C can be fixed by the experimental data of D mesons
in \/syny = 2.76 TeV Pb-Pb collisions.

For numerical evolutions, the Langevin equation can be
discretized as [44,45]

Bl + At = () — np(p)pAt + EAt,
(€ 08/t —nan) = 878", 5)

Here At is the time step of the numerical evolution. The noise
term in Eq. (5) is taken to be the Gaussian distribution with
the width /k/At.

At the time of nucleus collisions, charm pairs are produced
from the parton fusions with a large momentum transfer. The
number of ¢¢ pairs is proportional to the number of binary
collisions. Without cold nuclear matter effects, the spatial
distribution of charm quarks is proportional to the function

dNSp,  Teo(r — b/2)Tew(ir + 5/2)
dxr Ton(0) Ty (0)

Here Tpp(X7) = [ dzppy(X7,2) is the thickness function of
Pb. ppy(X7,z) is the nucleon density, which is taken to
be the Woods-Saxon distribution. The denominator is for
a normalization. For the cold nuclear matter effects such
as the shadowing effect, I employ the EPS09s LO results
r(x, 0% Xr) which already include the spatial dependence in
anucleus [46]. Here, x = (mr/./syn)exp(£y) and 0% = mZT
[47,48]. y and mr :,/m35+p% are the rapidity and the
transverse energy, respectively. X7 is the transverse coordinate.
The momentum distribution of charm quarks can be generated
by PYTHIA. The shadowing effect is included by multiplying
charm pr spectra from PYTHIA by the shadowing factor
ri(x, Q% X7).

The QGP evolutions in heavy ion collisions can be
described with (2 + 1)-dimensional ideal hydrodynamics

39, T =0, 7

(6)

where TH" = (e + p)u*u” — g"”p is the energy-momentum
tensor, u* is the velocity of fluid cells, and e and p are the
energy density and the pressure. For the equation of state of
the medium, the deconfined phase is an ideal gas of massless
u and d quarks, 150-MeV massed s quarks and gluons [49].
The hadron phase is an ideal gas of all known hadrons and
resonances with mass up to 2 GeV [50]. With the charged
multiplicity at the midrapidity d N, /dy = 1600 [51,52], the

maximum temperature of QGP at the initial time IOQGP =
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0.6 fm/c is initialized to be 484 MeV [52]. 72" is the time of
the medium reaching local equilibrium.

After charm quarks are generated in the spatial and the mo-
mentum space with cold nuclear matter effects, their evolutions
in QGP can be simulated by the Langevin equation Eq. (1).
After the evolutions, one can obtain the nuclear modification
factor Ra4(pr) and the elliptic flow v,(p7) of D mesons.

III. DIFFERENT MECHANISMS OF THE v (25)
PRODUCTION

The dissociation temperature of /(2S) eigenstate is close
to the critical temperature of deconfined phase transition.
Sequential regeneration model indicates that the final prompt
¥(28)s are mainly from the recombination of uncorrelated
charm and anticharm quarks at the hadronization (and D
and D in hadron phase) [32]. To calculate J/3y and v (2S)
regeneration, I employ the Langevin equation for charm
quark evolutions in QGP and coalescence model for their
recombination at a certain temperature. The Wigner function
for charm quark recombination is taken as a Gaussian function

f(r,q) = Agexp(—r*/o?) exp(—q*c?), (8)

Ay is the normalization factor for ff(r,q)rzdrqqu =1.
The Gaussian width is related to the mean-square-radius by
0% =8(r)/3 [53]. For a charm and an anticharm quarks
with a relative distance r and relative momentum g, they
have a probability P(r,q) = r>q> f(r,q) to recombine into a
charmonium bound state. [ employ the Monte Carlo method to
simulate the coalescence process. If the probability P(r,q) is
larger than arandom number between 0 and 1, then these charm
and anticharm quarks can recombine into a new charmonium.
Considering the regenerated charmonium are mainly from
the uncorrelated charm pairs, charm and anticharm quarks
are generated in nucleus collisions in uncorrelated initial
coordinates (X.0,g.0) and (¥z0,gz0)- As this work focus on the
effect of QGP collective flows on charmonium production,
I neglect the the difference between Wigner functions of
different charmonium eigenstates, and take (r3) = 0.5 fm?
from potential model. The additional hot medium suppression
on regenerated charmonium is also neglected.

The prompt yield of /(25) may also come from correlated
cc pairs. Correlated ¢ and ¢ are produced with a small
separation in the spatial space, and need some time to evolve
into a certain charmonium eigenstate [28,34]. The dipole
with a small size is not likely to be dissociated at the early
stage of QGP, which can enhance the final production of
J/¥ and/or ¥(2S). The color screening on heavy quark
potential affects the internal evolutions of ¢¢ dipoles, which
corresponds to the transitions between different eigenstates.
Employing the time-dependent Schrodinger equation for the
c¢ dipole internal evolutions in deconfined matter, one can
evolve the wave function of ¢¢ dipoles, and obtain the fractions
of charmonium eigenstates by projecting the c¢ dipole wave
function to a certain eigenstate. The heavy quark potential at
finite temperature is taken to be the free energy F' from Lattice
results [54]. The initial wave function is taken as a Gaussian
function, and the Gaussian width is fitted to satisfy the ratio
of direct J /v and v(2S) yields in proton-proton collisions. In
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FIG. 1. The time evolution of J/v and ¥ (2S) fractions in a c¢
dipole in the static medium with a constant temperature 7' = 1.57,.
The initial wave function of ¢¢ dipole is taken as a Gaussian function
with the width 6§¢ = 0.23 fm. The heavy quark potential is taken to
be the free energy V = F from Lattice results.

Fig. 1, both fractions of J /¢ and ¥(2S5) and the ratio of their
yields in the c¢¢ dipole changes with time.

Both of the above mechanisms contribute to the (2S5)
prompt production. It would be interesting to find an observ-
able which can distinguish the different production mecha-
nisms of ¥ (2S5). Here, I propose the elliptic flow v, as a probe
for the 1 (2S) production. For the final prompt ¥ (25), if most
of them are from the regeneration, they should be produced
at the later stage of the QGP evolution. The elliptic flow of
¥ (2S) will be much larger than the elliptic flow of J /¢, see
Fig. 4 in Sec. IV. However, if most of the prompt 1/ (2S) are
from the correlated c¢¢ dipoles with the formation process,
then the elliptic flow of ¥/ (25 )v;/ (25)( pr) should be similar to

vzj / 1ﬁ( pr)- The detailed discussions are given in Sec. I'V.

IV. OBSERVABLES OF THE CHARM FLAVOR

The evolutions of heavy quarks in the hot medium can be
described by the Langevin equation. Different drag coefficients
are employed in different models [55]. I fit the experimental
data of D mesons with different values of the parameter C,
see Figs. 2 to 3. At the critical temperature T, the deconfined
matter is transformed into the hadron gas. Charm quarks are
transformed to D mesons with coalescence and fragmentation
[45,56,57]. The process of hadronization can shift the v,(pr)
by about a 20-25% upward [58]. Both collective flows of
the bulk medium and D mesons are mainly developed in
the deconfined phase. In this work, my intent is to employ
a reasonable drag coefficient inspired by the experimental
data of D mesons, and show the big difference between
¥ (2S) elliptic flows with different production mechanisms.
Therefore, I neglect the process of charm quarks transforming
to D mesons and the evolutions of D mesons in hadron gas.
These simplifications should not change the conclusions about
the elliptic flows of charmonium in Secs. IV and V.
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FIG. 2. The nuclear modification factor R4, of D mesons as
a function of the transverse momentum pr in /syy = 2.76 TeV
Pb-Pb collisions with different diffusion coefficients. The thick
and thin solid lines correspond to the situations of C = 4.0 and
C = 1.0, respectively. The experimental data is from the ALICE
Collaboration [59].

When heavy quarks move in the QGP, they lose energy and
carry collective flows of the bulk medium. It seems difficult to
explain R44(pr) and vy(pr) of D mesons at the same time at
/SNy = 2.76 TeV Pb-Pb collisions [55]. With smaller value
of the parameter C, heavy quarks are easier to be thermalized in
the QGP. This will result in a stronger suppression of R44(pr)
in the high p7 bin (thin line in Fig. 2) and a stronger elliptic
flow of charm quarks (dotted line in Fig. 3). In Fig. 3, lines and
data points are for the charm quark and D meson elliptic flows,
respectively. Considering the additional hadronization process
and the hadron phase effects will shift the lines upward, the
value of C = 2 is employed for the prediction of 1 (25) elliptic
flows in Fig. 4.
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FIG. 3. The elliptic flow of D mesons as a function of the
transverse momentum pr in /syy = 2.76 TeV Pb-Pb collisions
with different diffusion coefficients. The solid, dashed, and dotted
lines correspond to the situation of C = 4,2,1, respectively. The
experimental data are from the ALICE Collaboration [60].
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FIG. 4. The elliptic flow of W = [J/v,¥(2S5)] as a function of
the transverse momentum py in /syy = 2.76 TeV Pb-Pb collisions.
The solid-circle, solid-square, and hollow-square lines correspond to
the situations that W are regenerated from the recombination of charm
and anticharm quarks at 7y = (1.5,1.2,1.0)T,, respectively. Data are
from the ALICE Collaboration [62].

The final prompt charmonium consists of three parts:
primordial production at the nucleus colliding time, the regen-
eration from the recombination of ¢ and ¢ (or D and D) during
the evolution of the hot medium, and the transitions from
other charmonium eigenstates. With a realistic description of
charm quark evolution, one can obtain the distributions of the
regenerated charmonium. Compared to J /v, the regeneration
of ¥(2S) can only happen at the later stage of the QGP
evolution due to its small binding energy. At that time, the
collective flows of QGP are stronger. Therefore, the elliptic
flow of ¥r(25) should be much larger than the elliptic flow of
J /¢ which can be regenerated in a relatively earlier time of
the QGP evolution.

After charmonium is produced, their elliptic flows are
almost not changed anymore. (for example, the elliptic flow
of the primordially produced J /v is close to zero) [61]. As
the binding energy of J/v is large, they can be regenerated
at T > T.. In Fig. 4, let us assume that a certain eigenstate W
is regenerated at (1.5,1.2,1.0)T,, respectively. Its elliptic flow
can be obtained (see solid-circle, solid-square, and hollow-
square lines in Fig. 4). The dissociation temperature of J /v is
around de/ V= (1.5 — 2.0)T. [2]. Therefore the regeneration
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of J /v happens during 7, < TP < de/ V' The elliptic flow
of the situation Ty = 1.27T, is close to the experimental data
of inclusive J /¢ [62]. For the final prompt ¥ (25)s, if they are
from the transitions of J /v, v;// (25)( pr) should be close to the
dashed line. If the final prompt ¥ (2S)s are mainly from the
regeneration, they should be regenerated at TP ~ T,. And
the elliptic flow of ¥ (2S) should be close to the dotted line.
Different mechanisms result in very different elliptic flows

of {(25), which makes v;b (25)( pr) a sensitive probe for the
¥ (2S) production mechanism.

The elliptic flows in Fig. 4 only include the regener-
ated charmonium. After including the primordially produced
charmonium, the lines at pry > 3 GeV/c will be shifted
downward a little and approach zero at very high pr bin.
But it does not change the relation between three lines in
Fig. 4. With different forms of the drag coefficient, as long
as the regeneration dominates the final yield, the elliptic
flow of ¥/(2S) should be larger than that of J/¢. In the
other situation, they should be similar to each other. If
the drag coefficient is larger at a lower temperature (see the
parametrization in Ref. [55]), the difference between elliptic
flows of regenerated J /¢ and /(2S) will be even larger. In a
more realistic situation, charmonium should be regenerated in
a temperature region, not at a certain temperature Ty . Different
choices of heavy quark potential at finite temperature also
affect the regeneration process. Both of these effects can be
approximated by employing different values of Ty in Fig. 4.
These will be treated more seriously in the future works.

V. CONCLUSION

In summary, I employ the Langevin equation to describe the
charm quark evolutions and Wigner function for charmonium
regeneration in QGP. Different production mechanisms are dis-
cussed for the ¥(2S) prompt production in \/syy = 2.76 TeV
Pb-Pb collisions. The elliptic flow of ¥(2S) is proposed
as a sensitive probe to distinguish the different production
mechanisms. If the final prompt ¥ (2S) are mainly from the
correlated c¢ dipoles, the elliptic flow of ¥(28) v¥*¥(pr)
should be close to vzj/ 1/’(pr). The prompt ¥(2S) may also
come from the recombination of uncorrelated ¢ and ¢, which
happens at the later stage of the QGP evolution. In this
situation, charm quarks carry large collective flows, which will
be inherited by the regenerated ¥ (25)s. Therefore the elliptic
flow of ¥(2S) is much larger than that of J/v. The relation
between v;// (25)( pr)and vzj / ‘”( pr) is sensitive to the production
mechanisms of (2S5). With different drag coefficients in
the Langevin equation, the conclusions about the relations
between J/vy and ¢ (2S) elliptic flows do not change. This
makes the elliptic flow a sensitive and robust probe for the
¥ (28) production mechanism.
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