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Bottom energy loss and nonprompt J/¢ production in relativistic heavy ion collisions
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We study the momentum and centrality dependence of the nonprompt J/ nuclear modification factors (Ra4),
which come from the B hadron decay, in Pb-Pb collisions at the Large Hadron Collider. Bottom quarks are
produced in the parton hard scatterings and suffer energy loss in the quark-gluon plasma and the hadronic
gas, where the spatial and time evolution of the medium is described with the hydrodynamic equations.
Medium-induced elastic scatterings and the radiation in bottom quarks are included in the energy loss of bottom
quarks. The hadronization process of bottom quarks is described with the instantaneous coalescence model. After
considering both cold and hot nuclear matter effects in Pb-Pb collisions at /syy = 5.02 TeV, we calculated the
Raa and also the elliptic flows of nonprompt J/ from the decay of B mesons at different centralities and
transverse momentum bins. The Rs4 and v, of nonprompt J/v sensitive to the hot medium reflect and centrality
supply an opportunity to study the bottom quarks energy loss in the hot medium.
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I. INTRODUCTION

A state of matter consisting of quarks and gluons called
quark-gluon plasma (QGP) is believed to be produced in the
nucleus-nucleus collisions [1] performed at the Relativistic
Heavy-Ion Collider (RHIC) and the Large Hadron Collider
(LHC). Studying the properties of the deconfined medium
helps to understand quantum chromodynamics (QCD) at finite
temperatures [2-5]. Heavy quarks and quarkonium which are
produced in the initial parton hard scatterings are sensitive
to not only properties of the QGP [6-17] but also the early
stage of heavy ion collisions [18-21]; see recent review papers
[22,23]. Heavy quarks dump energy to the medium via radia-
tion and the random elastic scatterings with thermal partons
when they move inside the QGP [24-33]. The magnitude
of the medium-induced energy loss depends on the coupling
strength between heavy quarks and the medium and also the
initial medium energy density, which are all encoded in the
heavy quark transport coefficients [34—42]. When the local
temperature of the medium drops to a critical value, heavy
quarks hadronize into mesons or baryons via the recombi-
nation with light quarks or the fragmentation [43—46]. In
the hadronic phase, open heavy flavor hadrons continue los-
ing energy via collisions with thermal light hadrons [47,48].
Therefore, the nuclear modification factors of B and D mesons
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have been used to extract the transport coefficients in phe-
nomenological studies [34,49,50].

In experiments, the nuclear modification factor and the
elliptic flow of D mesons have been measured [51-53], which
indicates a strong coupling between heavy quarks and the
QGP, which is created in the heavy ion collisions at the LHC.
Except for the b-decayed electrons or muons, there is no
direct observation of the nuclear modification factor and the
elliptic flow of B mesons in heavy ion collisions. However,
the nonprompt J/¢ from the decay of B hadrons has been
measured by the CMS and ATLAS Collaboration [54,55].
This supplies a way to study bottom quark energy loss and
hadronization in the QGP. Due to the energy loss, the high
transverse momentum bottom quark will shift to the low trans-
verse momentum region. This will suppress the final spectrum
of bottom quarks at high pr while enhancing the yield in the
low pr. At LHC energies, there is a sizable modification in
the parton distribution function in the nucleus [56], which
affects the production of bottom quarks directly. This is called
the shadowing effect and is cast into the cold nuclear matter
effect. It suppresses the initial production of bottom quarks
and changes the nuclear modification factors of B hadrons or
nonprompt J /.

In this work, we take the momentum distribution of the
initial distribution of bottom quarks given by the fixed-order-
next-to-leading-log (FONLL) calculation [57,58]. The cold
nuclear matter effect is considered by modifying the initial
distribution before the start of Langevin dynamics for heavy
quark diffusion in the QGP. The parameters in the Langevin
equation such as the transport coefficients are determined
in previous works [59]. When the local temperature of the
bottom quark is smaller than the critical temperature, the
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bottom quark will hadronize into B hadrons. These B hadrons
continue to lose energy in the hadronic phase and finally decay
into the nonprompt J/ after the kinetic freeze-out.

This paper is organized as follows. In Sec. II, we will de-
scribe the theoretical framework of heavy quark evolution and
hadronization. In Sec. III, hydrodynamic equations are pre-
sented to simulate the realistic expansion of the hot medium
created in heavy ion collisions. This is treated as a background
medium of the heavy quark diffusion. Numerical results about
the nuclear modification factor Ry4 and elliptic flow v, of non-
prompt J/¢ in different centralities and transverse momentum
are calculated and shown in Sec. IV. We summarize in Sec. V.

II. DYNAMICAL EVOLUTIONS OF BOTTOM
QUARKS AND HADRONIZATION

In the QGP, bottom quarks will scatter with thermal par-
tons. With a small momentum transfer in each collision,
the dynamical evolution of bottom quarks can be treated as
Brownian motion. The stochastic evolution of heavy quark
momentum has been well described by the Langevin equa-
tion [37,43,59,60]. The medium-induced gluon radiation is
also included in the energy loss of heavy quarks, which
becomes dominant for heavy quarks with large momentum.
Correspondingly the Langevin equation for bottom quark dy-
namics can be written as [43,61]

dp__
i n(p)p + & +f,, (1

where p is the bottom quark momentum. The drag term n(p)
is connected with the momentum diffusion coefficient via the
fluctuation-dissipation relation, n(p) = « /(2T E}), where the
bottom quark energy is E, = vmj + p? and m;, = 4.5 GeV is
the bottom quark mass. The momentum diffusion coefficient
k is related to the spatial diffusion coefficient D, through
kD, = 2T2. In the QGP and the hadronic medium, the spatial
diffusion coefficient is used as Dy;(27xT) =7 and 9 in this
study respectively [50]. The stochastic term & is treated as
white noise. If we neglect the momentum dependence in the
&, it satisfies the relation

EOE W) = k878t — 1), 2

where the index i, j represents three dimensions. The noise
terms are uncorrelated at different time points. Gluon radi-
ation contribution is represented by f, = —dp,/dt with p,
the momentum of the emitted gluon. The number of emitted
gluons in the time interval # ~ ¢ 4+ At is [43]

dN,

Pra(t, A1) = (No(t, An) = At / ki iz ar
T

3)
In the numerical simulation with small A¢, the number of
the emitted gluon in the period is smaller than the unit and
P4 can be treated as the radiation probability. The variable
x = E,/E} is the ratio of the energies of the emitted gluon and
the bottom quark. dN,/dxdk?dt is the the spectrum of emitted
gluon given by perturbative QCD calculations [30,32]. k7 is
the transverse momentum of the gluon. At each time step,
the bottom quark momentum is updated with the Langevin
equation.

The initial momentum distribution of bottom quarks in
heavy ion collisions can be simulated via the FONLL model
[57,58]. For the initial spatial distribution of bottom quarks,
as they are produced in the parton hard scatterings, the initial
spatial density of bottom quarks is proportional to the product
of two thickness function T (xy + b/2)Ts(xr — b/2), where
b is the impact parameter. In heavy ion collisions, the parton
density in the nucleus is changed relative to the distribution
in the free nucleon, where the bottom yield is also changed.
The ratio of the parton density in the nucleus f4 and the free
nucleon f, is defined as R = fa(x, ur)/[Afu(x, ur)]. The
longitudinal momentum fractions of the two initial gluons are
defined as x1 » = e™~'m>; + (2pr)*//syw in nuclei A and B
respectively. pr and y are the transverse momentum and the
rapidity of one bottom quark. m,j is the total mass of bottom

and antibottom quarks. up = \/mi}-) + (2pr)? is the factor-
ization scale. The shadowing modification factor of bottom
quarks is calculated with the EPS09 package [56] in this work.
The global shadowing factor of bottom quarks is calculated to
be 0.86-0.95 in the nucleus. The spatial dependence of the
shadowing factor is included which is proportional to the nu-
clear thickness function Ty(s)(xr) [10], which are calculated
from optical Glauber model [62]. The initial distribution of
bottom quarks in the Pb-Pb collisions with the modification
of the shadowing effect is written as

d3Nﬁi dZO.bE
= T, b/2)T; —b/2
dxrdydpr ~ dydpy A(xr +b/2)Tp(xy —b/2)

X Ra(xXr, x1, ur)Rp(Xr, X2, ). (4)

In the event-by-event numerical simulations, we randomly
generate a large set of bottom quarks based on Eq. (4) with dif-
ferent positions and momentum. Each bottom quark is evolved
under the Langevin equation, Eq. (1).

When the bottom quark travel across the hadronization
boundary, which is defined by the local temperature equaling
the critical temperature, T = T, the bottom quark will convert
to B hadrons. The hadronization mechanism used in this study
is the coalescence model. The momentum of bottom quarks
at the hadronization is determined by the Langevin equation.
The the momentum of thermal light quarks used in the coa-
lescence process is generated with the Fermi distribution. The
coalescence probability of bottom quarks and light quarks to
form B mesons can be described with [63]

Ph+g—5(Pr)

d d dN; dN-
= [ SPL 9Pz CT AT W (4,06%) (ps — pi — pa), (5)

—J @y @n)dpi dp
where dN,/dp, is the normalized momentum distribution of
bottom quarks at the hadronization hypersurface. dN,/dp; is
the normalized Fermi distribution of light quarks in the local
rest frame (LRF) of the expanding medium. It is f (plzrf) =

No/(e (m3+1p5"D/Te + 1) with Nj is the normalization factor.
The thermal mass of light quarks is set to be m,; = 0.3 GeV
[63]. In this setup, Pp44-p(Pp) is understood as the coales-
cence probability of one bottom quark with the momentum
p: turning into a B meson with the momentum pg. The §
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function ensures the momentum conservation in the reaction,
where the momentum of emitted gluon has been neglected to
get the simplified relation pg = p; + p2. The Wigner func-
tion f} (q,) depends on the relative momentum between
the bottom and the thermal light quark. In the center-of-
mass (c.m.) frame of the formed B meson, q, = (E5™py™ —
EFTpS™)/(EF™ + EZ™). pi™ and p5™ are the momentum
of the bottom quark and the light quark in the c.m. frame. E{™
and E5"™ are the corresponding energies. The Wigner function

is taken as a Gaussian function with the width determined by

_ 4 mAmy)? 2
T3 mi+m3 (r >B

[64]. We approximate the root-mean-square radius of B me-
son as /(r?)p = 0.43 fm. B meson production is dominated
by the coalescence process at low-pr regions. From model
calculations [61] about bottom quark hadronization, the coa-
lescence probability is much larger than the fragmentation in
the low region, such as pr <5 GeV/c. In this work, we take
a simplification and assume that all B mesons are produced
via the coalescence process in this low-pr region. While at
higher pr, all B mesons are produced via the fragmentation
where the momentum of the B meson is assumed to be the
momentum of bottom quark.

After the hadronization, the B meson will evolve in the
hadronic phase and finally decay weakly into various hadrons.
Many of the decay channels are difficult to be observed in the
heavy ion collisions except the B — J/v. This component
is named nonprompt J/vr, which makes a significant con-
tribution to the inclusive J/, especially at high-py regions
[54,55]. This offers the opportunity to study the bottom quark
energy loss and hadronization in the QGP. In the real case, the
bottom quark will convert to various B hadrons, such as BO-=,
By, Ay, and so on. Based on the thermal model [65], a simple
estimation shows more than 60% bottom quarks become B
mesons, including B®* and B,. The observed data show the
branching ratio of B meson to J/y is larger than bottom
baryons [66]. So, as a first approximation, we force all bottom
quarks to convert to B mesons and multiply a 60% factor to
the final B meson spectra in this study.

The unknown thing is the decay branch fraction F of B
mesons to J/yr. We estimate this fraction in A-A collisions is
the same as the p-p collisions. So, it can be extracted from p-p
data that

the mean square radius of the B meson, o2

Flpr) = —dNJn/O $pr0mpl/de (6)
pr dNg/dpr

where the B meson spectra d Ng/d pr in p-p collisions are ob-
served by the ALICE [67] and CMS [68] Collaborations. The
differential cross section of nonprompt J/y in 5.02-TeV pp
collisions have been measured by the ALICE [69], CMS [70],
and ATLAS [71] Collaborations. The transverse momentum
distribution can be fitted with the formulas [11]

d*c . AN™™ do

dydpr — dpr dy’

dN™™  2mpr(n—1) 2z "
dpr _n<n—2)<p%>pp[ +(n—2)<p%>,,J ’
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FIG. 1. The transverse momentum spectrum d>o /dyd py of non-
prompt J/¢ in the central rapidity of proton-proton collisions at
/Sy = 5.02 TeV. The experimental data are cited from the ALICE
[69], CMS [70], and ATLAS [71] Collaborations.

where dN™™ /dpr is the normalized transverse momentum
distribution. Rapidity differential cross section do /dy will be
eliminated in the calculation of R44. The parameters n and
(%) pp control the the shape of the line. They are determined
asn =3.2 and (pzT)pp = 19.5 (GeV/c)?. The data and fitted
curve are shown in Fig. 1. The yield of nonprompt J/¢ in
heavy ion collisions can be obtained by multiplying the branch
fraction F to the -meson spectra after the evolution.

III. HOT MEDIUM EVOLUTION

The deconfined medium produced in heavy ion collisions
turns out to be a strongly coupled matter. Its dynamical
evolution has been extensively studied with hydrodynamic
equations [72-74]. We employ the (2+1)-dimensional ideal
hydrodynamic equations to describe the medium expansion on
the transverse plane. Along the longitudinal direction defined
as the direction of nuclear acceleration, there is a flat pattern
in the initial rapidity distribution of the charged hadron mul-
tiplicities [72]. With this feature, the longitudinal evolution
of the hot medium is treated to be a Bjorken expansion. The
hydrodynamic equation is written as

9 TH =0, ®)

where the energy-momentum tensor is 7" = (e + p)u'u’ —
g"’ p. u* is the four-velocity of the fluid. e and p are the energy
density and the pressure of the medium. The equation of state
(EoS) of the deconfined matter is taken to be the EoS of
the ideal gas. While the EoS of the hadronic matter is taken
from the hadron resonance gas model [75]. The hadronization
phase transition is first order, with the critical temperature
T. = 165 MeV. This value is determined by selecting the
mean field repulsion parameter and the bag parameter to be
K =450 MeV fm? and B'/* = 236 MeV at the zero baryon
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FIG. 2. The time evolution of the temperature at the center of the
medium (x; = 0) in Pb-Pb collisions at /syy = 5.02 TeV. Tempera-
tures in different collision centralities are plotted with different color
lines. The critical temperature of the deconfined phase transition is
T. = 165 MeV.

number density [75]. The initial entropy density comes from
both soft and hard processes. The profile of the entropy den-
sity is assumed to be proportional to the number of nucleon
participants np(Xr) and the number of binary collisions
neon(Xr). The entropy density is determined by the charged
hadron multiplicities, where the maximum temperature at the
center of the medium is To(xy = 0, 7p) = 510 MeV [11] at
the time 9. 79 is the timescale of the medium reaching local
equilibrium. Its value is fitted as 7p = 0.6 fm/c by the collec-
tive flows of light hadrons observed in Pb-Pb collisions [73].
The time evolutions of the medium temperature in different
centralities are plotted in Fig. 2.

IV. RESULTS

With hydrodynamic equations for the medium expansion
and the Langevin equation for the evolution of bottom quarks
and B mesons, one can get the final spectrum and the nuclear
modification factor R44 of nonprompt J/¢ in Pb-Pb colli-
sions at ,/syv = 5.02 TeV. The spatial diffusion coefficient
of bottom quarks and B meson are taken as D;(277T) = 7 and
9 respectively as explained before. Nonprompt J/v¢ Rus as
a function of the number of participants N, are plotted in
Fig. 3. Bottom quarks with large momentum lose energy in the
hot medium. They are moved to the low-pr regions after they
travel through the hot medium. This results in a significant
suppression in the R44 at 6.5 < pr < 50 GeV/c. In this high-
pr bin, the medium-induced radiation dominates the energy
loss of bottom quarks. At low pr, the R4y becomes larger
where the effect of the energy loss is not evident compared
with the situation at high pr. The shadowing effect reduces
the bottom quark production and R4,4 at different pr bins in
Fig. 3. The band in the figure is due to the uncertainty in

L LA B B B LN B
5.02TeV Pb-Pb ® ALICE:1.5<P<10.0 GeV/c/

1.2 b _ ALICE: [y|<0.9 = CMS: 3<P1<6.5 GeV/cH
L CMS:  yl<2.4 CMS: 6.5<P7<50.0 GeV/c1
Dy(2nT) = 7(QGP) [ 1.5<P1<10.0GeV/c 1

D¢(2nT) = 9(Hadron) = 3<P1<6.5GeV/c

1 F 6.5<P1<50.0GeV/c

0 50 100 150 200 250 300 350 400

Npart

FIG. 3. Nuclear modification factor of nonprompt J/v as a func-
tion of Ny in the central rapidity at ./syy = 5.02 TeV Pb-Pb
collisions. Different pr bins are calculated: 1.5 < pr < 10, 3 <
pr < 6.5, and 6.5 < pr <50 GeV/c. The theoretical bands are
induced by the uncertainty in the shadowing factors. Experimental
data are taken from the CMS [54] and ALICE [76] Collaborations.

the shadowing effect. Besides, the band becomes smaller at
high pr because both the central value and the uncertainty
of the shadowing effect depend on pr. This feature is re-
flected in both Ry (Npar) and also R4a(pr). As one can see in
Fig. 3, theoretical calculations qualitatively explain well the
data from the CMS and ALICE Collaborations.

In Fig. 4, the pr-differential nuclear modification factor
at fixed collision centralities is plotted. Bottom quarks lose
energy in the hot medium. They are shifted from high to
low pr, which results in a significant suppression in R44 at
high pr and a corresponding enhancement at low pr. This
modification becomes more evident in the central collisions
compared with the peripheral collisions. The band in theoreti-
cal calculations is induced by the uncertainty in the shadowing
factor. When the shadowing effect is strong, Rs4 becomes
smaller than the unit even at low pr.

We also calculated the elliptic flows v, of nonprompt J/v
as a function of Ny, and pr in Pb-Pb collisions. In Fig. 5,
nonprompt J/¢ with high pr are selected. In the most cen-
tral collisions, the initial energy density of the hot medium
produced in nuclear collisions are nearly isotropic on the
transverse plane when neglecting the event-by-event fluctu-
ations. Collective expansion of the medium is isotropic on the
transverse plane due to the same pressure gradients along x
and y directions. In semicentral collisions, the accelerations
of the medium become different along x and y directions
on the transverse plane. This anisotropic expansion will be
inherited by heavy quarks due to the strong coupling strength.
The theoretical results are slightly below the experimental
data at high pr, possibly due to the absence of event-by-event
fluctuations in theoretical calculations. In Fig. 6, elliptic flows
of nonprompt J/y as a function of transverse momentum are

054917-4



BOTTOM ENERGY LOSS AND NONPROMPT J/yr ...

PHYSICAL REVIEW C 107, 054917 (2023)

12 502Tev PbPh | @ CMS:  Cent0-10%1
o CUSE P13 CMS: Cent.10-30% |
\ D,21T)=7(QGP) A CMS: Cent.30-100% |
Dy(2mT) = 9(Hadron) O ALICE: Cent.0-10% |

ALICE:Cent.10-30% |

™ ]

pr (GeV/c)

FIG. 4. The nuclear modification factor of nonprompt J/¢ as a
function of pr in Pb-Pb collisions at /syy = 5.02 TeV. The col-
lision centralities are 0—-10%, 10-30%, and 30-100%. The band in
theoretical calculations comes from the uncertainty in the shadowing
factor. Experimental data are taken from the CMS [54] and ALICE
[76] Collaborations.

also calculated in centralities 0—-60% and 10-60%. Theoretical
calculations qualitatively explain most of the data points at
middle and low p7, while underestimating the data at high
pr but still within the large error bars. In the theoretical

0.1
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0.08 I 6.5<P1<50.0 (GeV/c)]
D(2mT) = 9(Hadron) 1

0.06 Dy(2nT) = 7(QGP) A
0.04 | % * .
o L 4
> : ]
0.02 b
0F ]
-0.02 F .
_004 :....I....I....I....I....I....I....I....I.:
0 50 100 150 200 250 300 350 400

Npart

FIG. 5. Elliptic flows of nonprompt J/ as a function of num-
ber of participants Ny in /syy = 5.02 TeV Pb-Pb collisions. The
selected pr bin is 6.5-50 GeV/c. The spatial diffusion coefficient
is taken to be D;(27T) =7 and 9 respectively in the QGP and
the hadronic gas. The theoretical band represents the uncertainty
in the shadowing factor. Experimental data is cited from the CMS
Collaboration [77].

R
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FIG. 6. Elliptic flows of nonprompt J/¢ as a function of pr in
Pb-Pb collisions at ,/syy = 5.02 TeV. The collision centralities are
0-60% and 10-60%. Theoretical bands represent the uncertainty in
the shadowing factor. Experimental data is cited from the CMS and
ATLAS Collaborations [55,77].

calculations, the momentum dependence has been neglected
in the value of Dy(27T), which may underestimate the v,
of heavy quarks at high pr. When the value of D;(2nT)
becomes smaller at high pr, the coupling strength between
heavy quarks and the medium is also stronger, where v, is
enhanced at high pr. The detailed momentum dependence in
D27 T) will be left for future works.

V. SUMMARY

In this paper, we employ the Langevin equation to study the
energy loss of bottom quarks in the quark-gluon plasma and B
mesons in the hadronic medium. Both contributions of elastic
collisions and the medium-induced radiation are included in
the bottom quark evolution. At the hadronization hypersur-
face, B mesons are produced via the coalescence between the
bottom quark and a thermal light quark, which finally decay
into nonprompt J/v after B mesons move out of the hadronic
medium. The cold nuclear matter effect is also considered
by modifying the initial distribution of bottom quarks in the
Pb-Pb collisions. The space and time evolution of the hot
medium is given by the hydrodynamic equations. With real-
istic treatment of heavy quarks and the thermal medium, we
calculated the nuclear modification factor and elliptic flow of
nonprompt J/v in different collision centralities and trans-
verse momentum. Theoretical results explain the experimental
data well with the proper values of the spatial diffusion coeffi-
cients determined in previous works. The spectra and elliptic
flow of nonprompt J/y reflect the energy loss of bottom
quarks in the hot medium. This offers the opportunity to study
the bottom quark energy loss mechanism in experiments.
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