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We employ the Langevin equation and Wigner function to describe the bottom quark dynamical
evolutions and their formation into a bound state in the expanding Quark Gluon Plasma (QGP).
The additional suppressions from parton inelastic scatterings are supplemented in the regenerated
bottomonium. Hot medium modifications on Y(1S) properties are studied consistently by taking the
bottomonium potential to be the color-screened potential from Lattice results, which affects both Y (15)
regeneration and dissociation rates. Finally, we calculated the Y (1S) nuclear modification factor Rfie
from bottom quark combination with different diffusion coefficients in Langevin equation, representing
different thermalization of bottom quarks. In the central Pb-Pb collisions (b =0) at /Sy = 5.02 TeV, we
find a non-negligible Y'(15) regeneration, and it is small in the minimum bias centrality. The connections
between bottomonium regeneration and bottom quark energy loss in the heavy ion collisions are also

discussed.
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1. Introduction

Since charmonium was proposed as a probe for the existence of
the deconfined matter called “Quark-Gluon Plasma” (QGP) [1], its
production mechanisms has been widely studied based on coales-
cence model [2-4] and transport models [5-7] in nucleus-nucleus
collisions. The nuclear modification factor R44 is a measurement
of cold and hot medium suppressions on quarkonium yields. The
cold nuclear matter effects include the nuclear absorption [8],
Cronin and shadowing effects [9-11]. The first one is negligible
at LHC colliding energies due to strong Lorentz dilation, where
“spectator” nucleons already move out of the colliding region be-
fore the formation of a quarkonium eigenstate. Cronin effect will
shift the momentum distribution of primordially produced hidden-
and open-charm (or bottom) states [12,13]. This can be included
by a proper modification of their transverse momentum distribu-
tions in pp collisions [14,15]. Shadowing effect is weak at RHIC
colliding energies, but important at the LHC colliding energies. All
the cold nuclear matter effects can be included in the heavy flavor
initial distributions prior to the hot medium effects. In nucleus-
nucleus collisions at ,/syy = 2.76 TeV and 5.02 TeV, regeneration
from charm and anti-charm quarks is widely believed to domi-
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nate the prompt charmonium yields [16,17]. This is supported by
the enhancement of J/v¥ Raa and the suppression of [/ mean
transverse momentum square (p2);,, observed at 2.76 TeV and
5.02 TeV: the regenerated J/vs from thermalized charm quarks
carry small momentum compared with the primordially produced
ones, this will pull down the <P%)J/¢ of final prompt J/v in
nucleus-nucleus collisions [18].

However for bottomonium, the situation seems not so clear.
Transport model calculations suggest a non-negligible bottomo-
nium regeneration in ./Syy = 5.02 TeV Pb-Pb collisions [19]. Also,
experimental data hinted a stronger bottomonium regeneration at
5.02 TeV compared with 2.76 TeV, but within its large uncer-
tainty which prevents solid conclusions [20,21]. Considering that
heavy quark mass is very large, it takes some time to reach ki-
netic thermalization [22,23] in the fast cooling QGP with an initial
temperature ~ 500 MeV in AA collisions. Non-thermalization of
bottom quark momentum distribution will suppress the combi-
nation probability of b and b quarks in QGP. However, the ratio
of hidden- to open-bottom states is at the order of 0.1% which
is smaller than the charm flavor. This may make the yield from
(b+b—>YAS)+g b+b+¢— YAS)+ ¢ with ¢ =g,q,q)
not negligible compared with primordially produced Y (1S). Differ-
ent from Ref. [19] which simply introduces a factor (smaller than
unit) to account for the non-thermalization effect of bottom quarks
on Y regeneration, now we do the realistic evolutions of bottom
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quarks with the Langevin equation. Its parameters are fixed by the
observables of open heavy flavor mesons. In this work, we develop
a more realistic model to consider the dynamical evolutions of bot-
tom quarks, bottomonium regeneration process and the following
hot medium suppression after they are regenerated. We employ
the “Langevin equation + Wigner function + (gluon, quasi-free)
dissociations” for bottom quark and bottomonium evolutions in
heavy ion collisions. Furthermore, we consider the hot medium
modifications on bottomonium properties at finite temperature by
taking the color-screened heavy quark potential (extracted from
Lattice free energy F(r, T) [24]). With color-screened heavy quark
potential in time independent Schrodinger equation, we obtain the
mean radius and binding energy of Y(1S) at different tempera-
tures. Each of them will be used in Wigner function (regeneration
rate) and (gluon, quasi-free) dissociation rates.

Our paper is organized as follows. In Section 2, we introduce
the Langevin equation and Wigner function for heavy quark dy-
namical evolutions and their combination. The hot medium modifi-
cations on Y (1S) properties (such as the mean radius and binding
energy) are also studied based on potential model. In Section 3,
we introduce the hydrodynamic equations for QGP expansion in
nucleus-nucleus collisions. The relevant inputs of heavy quarks
are presented in Section 4. In Section 5, we give the Y(1S) nu-
clear modification factor Rrege from the combination of b and b
quarks in QGP. Different coupllng strength between heavy quarks
and QGP (controlling the heavy quark thermalization) are studied
in the Y(1S) regeneration. We summarize the work in Section 6.

2. Dynamical evolutions of heavy quarks
2.1. Langevin equation for heavy quark diffusion

The heavy quark diffusion in Quark Gluon Plasma can be
treated as a Brownian motion, which is widely studied with
Langevin equation [25,26]. During the evolution of heavy quarks,
they can combine into a quarkonium [2,3,27,28]. The probability
of the combination of heavy quark Q and Q depends on their
distributions in phase space and also the properties of the pro-
duced quarkonium at finite temperature [29,30]. Instead of dealing
with heavy quark distributions, we employ the Langevin equation
to simulate Q and Q evolutions in the hot medium. Combination
process (Q + Q — (QQ)bound + & Q +Q +¢ — (QQ)pound + ¢
with ¢ = g,q,q) can be included through the Wigner function
W4 g~ [3]. The Langevin equation is written as

-

dp _

-—=— + 1
i p(p)p +& (1)
where 7jp(p) and § are the drag force and the noise of the hot
medium on heavy quarks. & satisfies the correlation relation
(EOE () =ksTs(t—1t) (2)
Kk is the diffusion coefficient of heavy quarks in momentum space,
which is connected with spatial diffusion coefficient D by k =
2T2/D. The drag force in Langevin equation can then be deter-
mined by the fluctuation-dissipation relation [31]

ad (3)
np(p) = TE

T is the temperature of the bulk medium and E = ,/m%l +1p|? is
the heavy quark energy.

In order to numerically solve the Langevin equation for heavy
quark diffusions in QGP, it is discretized as below

Pt + At) = p(t) — np(P) DAL + EAL (4)
XQ(t+At)=F<Q(t)+ BAt (5)
(E(OEE —nAt) = . 81 g0n (6)

where XQ is the coordinate of a heavy quark in QGP. As long as
the time step At for numerical evolutions is small enough, one
can assume free motions for heavy quarks with a constant veloc-
ity Vo = p/E during this time step, and update the heavy quark
momentum by Eq. (4) at the end of each At due to hot medium
effects. The medium-induced radiative energy loss [32,33] and par-
ton elastic collisions [34] of heavy quarks can be included in the
terms of the drag force 7jp(p) and the noise . E"(t)i:1,2,3 in
Eq. (6) is sampled randomly based on a Gaussian function with
the width /k /At.

The initial transverse momentum distribution as an input of
Eq. (4) is obtained from PYTHIA simulations. As the initial energy
density of QGP changes with coordinates, the heavy quark initial
distribution in QGP affects their evolutions, which will finally affect
the heavy quark thermalization degree and quarkonioum regenera-
tion. Heavy quark pairs are produced from parton hard scatterings,
their density (within rapidity region Ay) is proportional to the
number of binary collisions,

dN2e 5 b b
Npopb _ 4@ ~ ~
dRy 0P (Ay) x Tpp(xr = )Teo (X7 + ) (7)

- -

where GPPQ(Ay) is the heavy quark production cross section
in proton-proton collisions within rapidity Ay. Tpy(RT) =
[ dzppy(X7,2) is the thickness function of lead. Nucleus density
opb(XT,2) is taken to be the Woods-Saxon distribution. When
colliding energy is at the order of ~TeV, theoretical and experi-
mental studies indicate a strong nucleus (anti-)shadowing effect
on heavy quark (quarkonium) production [11]. Furthermore, this
effect depends on the nucleon density, which gives different mod-
ification on heavy quark production at different positions of the
nucleus. We employ a theoretical model (EPS09 NLO) to ob-
tain a shadowing factor rs(Xr, pr,y). The initial distribution of
heavy quarks (quarkonium) in Pb-Pb collisions is then taken as

dNg 2
—2 xrs(Xr. pr. Y).

2.2. Heavy quark recombination process with Wigner function

In the nucleus collisions, heavy quark pairs are produced and
evolve inside the QGP as a Brownian motion. During QGP evolu-
tions, Q and Q can meet each other and combine into a bound
state, which may survive from the hot medium due to its large
binding energy. If Q and Q can reach kinetic equilibrium, tlleir rel-
ative momentum (pq — p) and relative distance (Xq — Xg ) will
be small, which enhances the combination probability of Q and Q
[35]. The discussion about connections between heavy quark ther-
malization and the quarkonium regeneration is left to the next
section. Wigner function is widely used for hadron production in
the coalescence model. It gives the probability of Q_and Q com-
bining into a bound state with relative distance 7 = XQ — XQ, and
momentum ¢ = pqg — pQ, see the function below [3]

)
o(T)
Ap is the normalization factor. Here we neglect the contributions
of momentum carried by light partons in the heavy quark forma-

tion process, and use the “bb — Y” to represent both b + b —
Y(1S)+g and b+ b+ ¢ — Y(S) + ¢. In realistic simulations,

f(r,q) = Aoexp(— )exp(—q*o?(T)) (8)
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only 0.01% ~ 0.1% of bottom quarks can form a bound state in the
expanding QGP with a lifetime of ~ 10 fm/c and an initial temper-
ature of ~ 500 MeV [36]. Most of them become open heavy-flavor
hadrons with a light (anti-)quark. Considering the large ratio of
agg/a;;(m ~ 1000 (much larger than the charm flavor ~ 200),
this combination process may be important for the bottomonium
nuclear modification factor R44. Bottomonium properties such as
binding energy and shape of the wave function can be modi-
fied by the hot medium. This can affect the probability of heavy
quark combination. We include hot medium effects on bottomo-
nium properties by introducing the temperature dependence of
Gaussian width o (T). It is connected with the bottomonium mean
radius square at finite temperature by o (T) = /8(r2)y(T)/3 [3].

In order to study the bottomonium regeneration in QGP, we
put one b and b in QGP and evolve each of them with Langevin
equation to obtain the probability Wbb=T of their combination to
regenerate a Y'(1S). The total yield of regenerated bottomonium
within rapidity Ay in nucleus-nucleus collisions is scaled by the
number of bottom pairs as
NEbor ay = 0pp 1 ayNeon X Wp_ ¢ 9)
where Ny is the number of binary collisions. The average num-
ber of bb pairs produced in central rapidity region is only ~ 1,
the regenerated bottomonium yield is proportional to the num-
ber of bb pairs. The initial momentum and position of heavy
quarks are randomly generated based on the distributions from
PYTHIA simulations and Eq. (7) (both with modifications of the
shadowing effect). At each time step, one can obtain their rela-
tive distance r and relative momentum ¢, and their combination
probability P(r,q) = r2q®f(r,q). If the probability is larger than
a random number between 0 and 1, then the formation process
of bottomonium happens. Otherwise, they continue the evolutions
with Langevin equation independently until moving out of QGP
(hadronization as open bottom hadrons). After Y(15) is regener-
ated inside QGP, it will decay due to parton inelastic scatterings
and color screening from QGP. We supplement this part by the
rate equation dNY®¢/dt = —T'3(T)N+, where I'3S is the decay
rate from gluon and quasi-free dissociations. It is connected with
Wigner function (see Eq. (8)). NY=°(t) is the number of regener-
ated Y at time t.

After one Y'(1S) is regenerated at the time tg, the initial condi-
tion of Eq. (10) becomes NY5(to) = 1, and NY*(t) decreases with
time based on the rate equations,

NEE(t1 -+ AD = NY= e ™ (DA (10)
- - Py
RT(t1+At):RT(t1)+EAt (11)

rege

Note that N.°"(t > to) <1 where tg is the time of Y(1S) regen-
eration. Py ~ Py + p; and Ry are the momentum and coordi-
nate of the center of the regenerated Y (1S). From hydrodynamic
equations, the local temperature of QGP is different at different
coordinate R and time. Therefore, we update Y (1S) position at
each time step, and take a new local temperature T of QGP at
Ry (t1 + At) to recalculate the decay rate IS for YT(1S) evolu-
tion at the next time step. We continue Egs. (10)-(11) from the
time to of Y (1S) regeneration until it moves out of QGP (where lo-
cal temperature is smaller than the critical temperature T¢). Doing
sufficient events, Ngge“ts, of putting one b and b in the expanding

QGP, and sum T(15) final yields to be Ny*(tot), one can ob-
tain the Y'(1S) regeneration probability from b and b evolutions
. rege

in QGP, Wy5_, = Ny (tot) /N5,
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Fig. 1. Upper panel: mean radius of Y(1S) at finite temperature with the heavy
quark potential to be two limits: free energy V = F (dashed line) and internal en-
ergy V = U (solid line). Lower panel: binding energy of Y(1S) with V = F and
V =U respectively.

2.3. Bottomonium dissociation and regeneration rates at finite
temperature

QGP color screening reduces the binding energy of bottomo-
nium, and increases its decay rate at finite temperature. With
heavy quark potential to be V,; = F or V,; = U [37], one can
obtain the Y(1S) binding energy from solving time-independent
radial Schrédinger equation (with i=c=1)

1 92
2my, or?

[ + Vi (r, DIy () = Ex (T (1) (12)
Here m;, = my/2 is the reduced mass in the center of Y mass
frame. £v(T) and v (r) are the binding energy and radial wave
function of a YT eigenstate. The mean radius and binding energy
(see Fig. 1) obtained consistently from Eq. (12) will be used in
the Wigner function for bottomonium regeneration and the parton
dissociations, respectively.

The decay rates from gluon dissociation and quasi-free disso-
ciation [38,39] with temperature dependent binding energy are
plotted in Fig. 2. When the Y (1S) is strongly bound, gluon dissoci-
ation dominates the Y (1S) decay rate, such as at the temperature
region of T < 0.2 GeV with V,; = U (see red dashed and solid
lines). However at a high temperature like T =300 MeV, strong
color screening effect reduces the Y(1S) binding energy to be
around 0.25 GeV with V =U and 0.04 GeV with V = F, which are
far below the vacuum value ~ 1.1 GeV [40]. This makes quasi-free
dissociation dominates the decay rate. We include both contribu-
tions on the hot medium suppression of regenerated Y (1S) at the
entire temperature region T > Tg.

The realistic heavy quark potential is between V =F and V =
U. Strong binding limit (V = U) corresponds to the fast dissoci-
ation of Y(1S) and assumes no energy exchange between Y(15)
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Fig. 2. (Color online.) Decay rates of Y(1S) as a function of temperature. Dashed and
solid lines are the decay rates from gluon and quasi-free dissociations respectively.
Thick black and thin red lines are with heavy quark potential to be the free energy
F and internal energy U.

and the thermal bath during the dissociation process. Compared
with the weak binding limit (V = F) which assumes a very slow
dissociation of Y (1S), the limit of V = U gives a larger binding en-
ergy of Y(1S). In that case, it takes more energy to break Y (15)
after its regeneration. Therefore, more Y (1S) can be regenerated
and survive from QGP with the heavy quark potential to be V =U,
see Fig. 4.

3. Hydrodynamic model

We employ the (2 + 1) dimensional ideal hydrodynamics to
simulate strong expansion of finite sized QGP produced in ultra-
relativistic heavy ion collisions,

9, TH =0 (13)

Here THY = (e + p)utu’ — ghVp is the energy-momentum tensor,
and (e, p,u*) are the energy density, pressure and four-velocity
of fluid cells. The equation of state of the deconfined medium is
taken as an ideal gas of massless (u, d) quarks, 150 MeV massed s
quarks and gluons [41]. Hadron phase is an ideal gas of all known
hadrons and resonances with mass up to 2 GeV [42]. From the
scaling of initial temperature at /syy = 2.76 TeV Pb-Pb collisions
which is To =485 MeV, we set the initial maximum temperature
at ./Syny =5.02 TeV to be To =510 MeV [43]. Based on hydrody-
namic model studies, light hadron spectra at RHIC 200 GeV Au-Au
and LHC 2.76 TeV Pb-Pb collisions indicate a same time scale of
QGP reaching local equilibrium 3% ¢V ~ 7276 &V ~ 0.6 fm/c [44,
45]. Therefore, we still take the same value of tg = 0.6 fm/c at
5.02 TeV Pb-Pb collisions due to its weak dependence on collid-
ing energy. The transverse expansion of QGP controlled by Eq. (13)
starts from 1.

4. Inputs of bottom flavor

The bottomonium regeneration requires the number of bottom
quarks in nucleus-nucleus collisions. We determine this by using
the production cross section in pp collisions and binary collision

scaling in Pb-Pb collisions Nllggpb = O'bENCOH(b) Lack of experimen-

tal data about o® at 5.02 TeV pp collisions, we extract its value
by the linear interpolation between the cross sections at central
rapidity at 1.96 TeV and 2.76 TeV collisions. At 1.96 TeV pp colli-
sions, CDF collaboration published the cross section of b-hadrons
integrated over all transverse momenta in the rapidity |y| < 0.6 to

be 17.6i0.4(stat)f%§ (syst) ub [46]. With this we extract the cen-
tral value of the differential cross section to be dop /dy = 14.7 ub.
Combined with the do}b/dy = 23.28 + 2.70(stat) T892 (syst) ub in
the central rapidity at 2.76 TeV [47], we obtain the differential
cross section do b /dy = 47.5 pb in the central rapidity at 5.02 TeV
pp collisions. Our purpose is to study the contribution of regener-

ation component in the experimentally measured inclusive Y (1S)
yields, presented as the nuclear modification factor [15],

Nprlm(T(ls)) +Nbb—>T(1S)
1
11'1C U(T(ls)) a5
Ay - Neou(b)
= Rir/;m + Rrege (14)
_ bb
NPT (S) Lan+Wigner(dep AY - Neop) (15)
AA = Uhboras) gy Y Neol
where Nprlm in the numerator of Eq. (14) represents the Y (1S)

prlmordlal production including direct production and decay con-
tributions from excited states (1P,2P,2S,3S). The second term
Nf’fﬁnls) is for the new bottomonium from b and b combina-
tion during QGP evolutions, which is closely connected with the
bottom quark diffusions in the expanding QGP and so our main

interest in this work. W;;Mrgg;)er is the probability of one b and

b quark combine into a Y(15). doppas)/dy in the denominator of
Eq. (14) is the Y(1S) inclusive cross section. With the differen-
tial cross sections dopp(ls)/dy =27+ 1.5 nb at 1.8 TeV [48] and

dapp(ls)/dy 80+ 9 nb at 7 TeV from CMS Collaboration [49] in
the central rapidity of pp collisions, we extract the central value
of inclusive cross section to be dapp(ls)/dy =59.8 nb at 5.02 TeV,

which gives the ratio of NT“S)/N”?J in central rapidity to be 0.13%,

close to the typical order 0.1% of hidden- to open-bottom state ra-
tio in elementary hadronic collisions [50].

The coupling strength between bottom quarks and QGP is in-
dicated by the drag coefficient in Langevin equation. The spatial
diffusion coefficient is taken to be D27 T) = C [51]. Different val-
ues of C will be employed to study the effects of bottom quark
thermalization on bottomonium regeneration.

5. Bottomonium continuous regeneration in Pb-Pb collisions

In the previous work [36], we employ the Langevin equation
plus Wigner function to calculate J/v and ¥ (2S) regeneration
from dynamical evolutions of (anti-)charm quarks, with an as-
sumption that they are produced at each certain temperature,
without the following suppression from hot medium after their
regeneration. This can well describe the relationship between el-
liptic flows of regenerated charmonium eigenstates (15, 2S), but
can not give a good description of their yields, due to the lack
of hot medium suppression effect. In this work, we improve our
approach of “Langevin equation + Wigner function” by consider-
ing hot medium modifications on quarkonium properties, which
change quarkonium regeneration and dissociation rates through
the mean radius (r)y (T) and binding energy £ (T) of quarkonium.

In the realistic simulations, we generate one b and b randomly
in the coordinate and momentum space based on the probability
distributions given in previous sections. Then we evolve them sep-
arately with two individual Langevin equations, and check if they
can form a Y (1S) at each time step. In central collisions, b and
b are easier to lose energy and meet each other to form a new
Y (1S). Smaller value of the parameter C indicate a stronger cou-
pling strength between bottom quarks and QGP, which results in

. Lan+Wigner
larger regeneration rate W >
arger regeneration rate T
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Fig. 3. (Color online.) Nuclear modification factor of regenerated Y (1S) from b and
b quark combination as a function of number of participants Np in central rapidity
region |y| < 2.4 at 5.02 TeV Pb-Pb collisions. The heavy quark potential is taken as
internal energy V = U (used to determine the mean radius and binding energy of
Y(1S)). Lines with triangle, square and circle markers are for diffusion coefficient
D2 T) =2,4,7 respectively. Note that these D values satisfy the relation of 1 <
D@2 T) <7 from pQCD and Lattice calculations [52-54].

Now we do the full calculations of bottomonium regenera-
tion in heavy ion collisions, and give the regeneration part (see
Egs. (14)-(15)) of inclusive R}f(‘ls) in Fig. 3. In central colli-
sions where QGP temperature is high, both number of bb pairs

and the combination probability of b and b quarks become

large in Pb-Pb collisions. This makes R}SS) increase with Np.

The slope of RAT/?S)

and W;Erjylgner(Np). From the nuclear modification factor of B-

hadrons, the situation of D(2r T) =4 seems better to describe the
heavy quark energy loss in /syy =5.02 TeV Pb-Pb collisions [51].
In the most central collisions, the regeneration contributes to the
inclusive Rﬂls) with around (10 ~ 20)% (V =U) and (5 ~ 10)%
(V = F). But it is only ~ 4% at minimum bias centrality (with
Np ~ 200). Note that transport model calculations gave the re-
generation Raa to be ~ 8% in semi-central (N, ~ 200) and most
central Pb-Pb collisions in the rapidity |y| < 2.4 at 2.76 TeV [19,
50].

One way to testify the contribution of Y(1S) regeneration in
heavy ion collisions is to study the rapidity dependence of the
pr—integrated RL(\lS) (¥). The bottom quark differential cross sec-
tion decreases with rapidity, which will suppress the Y(1S) re-
generation at forward rapidity. For charmonium, the decreasing
tendency of Rf‘/A'l'(y) with rapidity is very strong and explained
well by the regeneration mechanism [15]. As charmonium regen-
eration mainly dominates at the low pr bins and drops to zero at
middle and high pr bins. Therefore, R%f shows strong decreasing
tendency with rapidity at pr > 0 (where regeneration dominates)
and almost no rapidity dependence at pr > 4 GeV/c. Considering
the fraction of Y (1S) regeneration is only 10 ~ 15% in its inclusive
Raa at the impact parameter b = 0, we expect a weaker rapidity

dependence of Rﬂls) (¥). In the minimum bias centrality, this ten-
Y(15)

dency should be much weaker and R,, ~’(y) almost shows a flat
feature, just as experimental data shows [20,55].

We also did the calculations in Y(1S) weak binding scenario
(V = F), see Fig. 4. With weak binding (V = F), Y(1S) can only
be regenerated at T < 400 MeV where its binding energy is non-
zero. Also, the dissociation rate of regenerated Y (1S) is larger for
V = F compared with V = U, which makes regenerated Y(1S)
easier to be dissociated. T (1S) regeneration with V = F is smaller
(see Fig. 4). This is also consistent with transport model calcula-
tions. The Y (1S) Ra4 from regeneration contribution is around 6%

(Np) is larger than the slopes of Nggpb(Np)

0.5 [ T
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Fig. 4. (Color online.) Nuclear modification factor of regenerated Y (1S) from b and
b quark combination as a function of number of participants N p in central rapidity
region |y| < 2.4 at 5.02 TeV Pb-Pb collisions. The heavy quark potential is taken as
V=Uand V=F.

(with D2nrT) =4) and 3% (with D(27T) = 7) in the most cen-
tral collisions. In all centralities, its contribution is smaller than
the value of V =U, see Fig. 4.

Considering that D2 T) =4 ~ 7 can well explain the nuclear
modification factor of open heavy flavor meson, we expect that
regeneration contribute ~ 0.1 to the final inclusive RX/(;S). This is
also consistent with the results in Ref. [56] where R;\ef‘e is around
0.1.

6. Summary

We employ the Langevin equation to describe the diffusion of
bottom quarks, and Wigner function for the b and b quarks to re-
generate Y (1S)s during the QGP evolutions. After the regeneration
of a Y (15), it also suffers the color screening and parton inelastic
scatterings from QGP. The dissociation and regeneration rates of
Y (1S) are connected with each other by the temperature depen-
dent binding energy £y (T) and mean radius (r)(T), which can be
obtained simultaneously from Schrédinger equation with the color
screened heavy quark potential extracted from Lattice calculations.
Including cold nuclear matter effects, we give the full calculations
of Y(1S) regeneration in Pb-Pb collisions at ,/syy = 5.02 TeV.
With different_drag coefficient in Langevin equation, the energy
loss of b and b quarks is different. Strong coupling between bot-
tom quarks and QGP can make b and b lose more energy, and
increases the probability of their formation into a bound state. In
the scenario of V =U (V = F), we obtain the Y (1S) regeneration
R to be 0.1~ 0.2 (0.06 ~ 0.1) in the most central collisions, but
negligible in minimum bias centrality. With realistic evolutions of
bottom quarks and their hadronization process, we study the re-
generation contribution to the Y(1S) nuclear modification factor
Raa measured in experiments, and also build the connection be-
tween bottom quark energy loss and bottomonium regeneration in
this work.

Acknowledgements

Baoyi Chen thanks X. Du for helpful discussions. We acknowl-
edge that TAMU group is also studying bottomonium regenera-
tion based on Langevin equation independently. Please see their
manuscript [56]. This work is supported by the NSFC under Grant
No. 11547043.



824 B. Chen, J. Zhao / Physics Letters B 772 (2017) 819-824

References

[1] T. Matsui, H. Satz, Phys. Lett. B 178 (1986) 416.
[2] R.L. Thews, M. Schroedeter, J. Rafelski, Phys. Rev. C 63 (2001) 054905.
[3] V. Greco, C.M. Ko, R. Rapp, Phys. Lett. B 595 (2004) 202.
[4] A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Phys. Lett. B 571 (2003)
36.
[5] L. Grandchamp, R. Rapp, Nucl. Phys. A 709 (2002) 415.
[6] L. Yan, P. Zhuang, N. Xu, Phys. Rev. Lett. 97 (2006) 232301.
[7] B. Chen, Y. Liu, K. Zhou, P. Zhuang, Phys. Lett. B 726 (2013) 725.
[8] R. Vogt, Phys. Rep. 310 (1999) 197.
[9] S. Gavin, M. Gyulassy, Phys. Lett. B 214 (1988) 241.
[10] K. Eskola, VJ. Kolhinen, C.A. Salgado, Eur. Phys. J. C 9 (1999) 61.
[11] R. Vogt, Phys. Rev. C 81 (2010) 044903.
[12] X.I. Zhu, Pf. Zhuang, N. Xu, Phys. Lett. B 607 (2005) 107.
[13] B. Chen, Phys. Rev. C 93 (4) (2016) 044917.
[14] G.M. Yu, Y.B. Cai, Y.D. Li, J.S. Wang, Phys. Rev. C 95 (1) (2017) 014905.
[15] B. Chen, Phys. Rev. C 93 (5) (2016) 054905.
[16] X. Zhao, R. Rapp, Nucl. Phys. A 859 (2011) 114.
[17] Y. Liu, Z. Qu, N. Xu, P. Zhuang, J. Phys. G 37 (2010) 075110.
[18] K. Zhou, N. Xu, Z. Xu, P. Zhuang, Phys. Rev. C 89 (5) (2014) 054911.
[19] X. Zhao, A. Emerick, R. Rapp, Nucl. Phys. A 904-905 (2013) 611c.
[20] B.B. Abelev, et al., ALICE Collaboration, Phys. Lett. B 738 (2014) 361.
[21] G.G. Fronzé, arXiv:1612.06691 [hep-ex].
[22] H. van Hees, R. Rapp, Phys. Rev. C 71 (2005) 034907.
[23] H. van Hees, M. Mannarelli, V. Greco, R. Rapp, Phys. Rev. Lett. 100 (2008)
192301.
[24] S. Digal, O. Kaczmarek, F. Karsch, H. Satz, Eur. Phys. J. C 43 (2005) 71.
[25] M. He, RJ. Fries, R. Rapp, Phys. Rev. C 86 (2012) 014903.
[26] S. Cao, G.Y. Qin, S.A. Bass, Phys. Rev. C 88 (2013) 044907.
[27] A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Phys. Lett. B 652 (2007)
259.
[28] X. Du, R. Rapp, Nucl. Phys. A 943 (2015) 147.
[29] K. Morita, S.H. Lee, Phys. Rev. D 82 (2010) 054008.
[30] B. Chen, K. Zhou, P. Zhuang, Phys. Rev. C 86 (2012) 034906.

[31] S. Cao, G.Y. Qin, S.A. Bass, J. Phys. G 40 (2013) 085103.

[32] X.N. Wang, M. Gyulassy, Phys. Rev. Lett. 68 (1992) 1480.

[33] R. Baier, Y.L. Dokshitzer, A.H. Mueller, S. Peigne, D. Schiff, Nucl. Phys. B 483
(1997) 291.

[34] G.Y. Qin, J. Ruppert, C. Gale, S. Jeon, G.D. Moore, M.G. Mustafa, Phys. Rev. Lett.
100 (2008) 072301.

[35] H. He, Y. Liu, P. Zhuang, Phys. Lett. B 746 (2015) 59.

[36] B. Chen, Phys. Rev. C 95 (3) (2017) 034908.

[37] Y. Liu, B. Chen, N. Xu, P. Zhuang, Phys. Lett. B 697 (2011) 32.

[38] L. Grandchamp, R. Rapp, G.E. Brown, Phys. Rev. Lett. 92 (2004) 212301.

[39] X. Zhao, R. Rapp, Phys. Rev. C 82 (2010) 064905.

[40] M. Laine, O. Philipsen, P. Romatschke, M. Tassler, ]J. High Energy Phys. 0703
(2007) 054.

[41] ]. Sollfrank, P. Huovinen, M. Kataja, P.V. Ruuskanen, M. Prakash, R. Venugopalan,
Phys. Rev. C 55 (1997) 392.

[42] K. Hagiwara, et al., Particle Data Group, Phys. Rev. D 66 (2002) 010001.

[43] N.b. Chang, et al., Sci. China, Phys. Mech. Astron. 59 (2) (2016) 621001.

[44] C. Shen, U. Heinz, Erratum, Phys. Rev. C 85 (2012) 054902, Phys. Rev. C 86
(2012) 049903.

[45] T. Hirano, Phys. Rev. C 65 (2002) 011901.

[46] D. Acosta, et al., CDF Collaboration, Phys. Rev. D 71 (2005) 032001.

[47] B.B. Abelev, et al., ALICE Collaboration, Phys. Lett. B 738 (2014) 97.

[48] D. Acosta, et al., CDF Collaboration, Phys. Rev. Lett. 88 (2002) 161802.

[49] V. Khachatryan, et al., CMS Collaboration, Phys. Rev. D 83 (2011) 112004.

[50] A. Emerick, X. Zhao, R. Rapp, Eur. Phys. . A 48 (2012) 72.

[51] S. Cao, G.Y. Qin, S.A. Bass, Phys. Rev. C 92 (5) (2015) 054909.

[52] S. Caron-Huot, G.D. Moore, Phys. Rev. Lett. 100 (2008) 052301.

[53] P. Kovtun, D.T. Son, A.O. Starinets, ]J. High Energy Phys. 0310 (2003) 064.

[54] H.T. Ding, A. Francis, O. Kaczmarek, F. Karsch, H. Satz, W. Soeldner, Phys. Rev.
D 86 (2012) 014509.

[55] CMS Collaboration, CMS-PAS-HIN-16-023.

[56] X. Du, R. Rapp, M. He, arXiv:1706.08670 [hep-ph].


http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4D61747375693A31393836646Bs1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib54686577733A32303030726As1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib477265636F3A323030337666s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib416E64726F6E69633A323030337A76s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib416E64726F6E69633A323030337A76s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4772616E646368616D703A323030327770s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib59616E3A323030367665s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4368656E3A32303133776D72s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib566F67743A313939396375s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib476176696E3A313938387477s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib45736B6F6C613A313939386466s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib566F67743A323031306161s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib5A68753A323030346E77s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4368656E3A323031356F6E61s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib59753A32303137706F74s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4368656E3A32303135696761s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib5A68616F3A323031316376s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4C69753A32303039777A61s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib5A686F753A323031346B6B61s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib5A68616F3A323031326763s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4162656C65763A323031346E7561s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib46726F6E7A653A32303136677372s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib76616E486565733A323030346771s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib76616E486565733A323030376D65s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib76616E486565733A323030376D65s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib446967616C3A323030356874s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib48653A323031317161s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib43616F3A32303133697461s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib416E64726F6E69633A323030376269s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib416E64726F6E69633A323030376269s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib44753A32303135776861s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4D6F726974613A32303039716Bs1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4368656E3A323031326767s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib43616F3A323031326A74s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib57616E673A313939317879s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib42616965723A313939366B72s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib42616965723A313939366B72s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib51696E3A32303037726Es1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib51696E3A32303037726Es1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib48653A32303134746761s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4368656E3A323031366D686Cs1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4C69753A32303130656As1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4772616E646368616D703A323030337577s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib5A68616F3A323031306E6Bs1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4C61696E653A323030366E73s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4C61696E653A323030366E73s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib536F6C6C6672616E6B3A313939366864s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib536F6C6C6672616E6B3A313939366864s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib48616769776172613A323030326673s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4368616E673A32303135687161s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib5368656E3A32303132766Es1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib5368656E3A32303132766Es1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib486972616E6F3A323030316575s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib41636F7374613A323030347977s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4162656C65763A32303134686C61s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib41636F7374613A323030316776s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4B6861636861747279616E3A323031307A67s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib456D657269636B3A323031317875s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib43616F3A32303135636261s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4361726F6E48756F743A323030376771s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib4B6F7674756E3A323030337770s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib44696E673A323031327370s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib44696E673A323031327370s1
http://refhub.elsevier.com/S0370-2693(17)30610-X/bib44753A32303137687373s1

	Bottomonium continuous production from unequilibrium bottom quarks in ultrarelativistic heavy ion collisions
	1 Introduction
	2 Dynamical evolutions of heavy quarks
	2.1 Langevin equation for heavy quark diffusion
	2.2 Heavy quark recombination process with Wigner function
	2.3 Bottomonium dissociation and regeneration rates at ﬁnite temperature

	3 Hydrodynamic model
	4 Inputs of bottom ﬂavor
	5 Bottomonium continuous regeneration in Pb-Pb collisions
	6 Summary
	Acknowledgements
	References


