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High-energy heavy-ion collisions have been suggested as a favorable environment for the production of B,
mesons, due to a much larger abundance of charm and bottom quarks compared to elementary reactions. Moti-
vated by recent CMS data for B} production in Pb-Pb(5.02 TeV) collisions at the Large Hadron Collider (LHC),
we deploy a previously developed transport approach for charmonia and bottomonia to evaluate the kinetics of
B, mesons throughout the fireball formed in these reactions. The main inputs to our approach are two transport
parameters: the B,.’s reaction rate and equilibrium limit. Both quantities are determined by previous calculations
via a combination of charm and bottom sectors. In-medium binding energies of B, mesons are calculated from
a thermodynamic 7' matrix with a lattice-QCD constrained potential, and figure in their inelastic reaction rates.
Temperature-dependent equilibrium limits include charm- and bottom-quark fugacities based on their initial
production. We compute the centrality dependence of inclusive B, production and transverse-momentum (pr)
spectra using two different recombination models: instantaneous coalescence and resonance recombination. The
main uncertainty in the resulting nuclear modification factors, Raa, is currently associated with the B, cross
section in elementary pp collisions, caused by the uncertainty in the branching ratio for the B, — J/yu™v
decay. Our results indicate a large enhancement of the R at low pr, with significant regeneration contributions
up to pr =~ 20 GeV. Comparisons to CMS data are carried out but firm conclusions will require a more accurate

value of the branching ratio, or alternative channels to measure the B, production in pp collisions.
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I. INTRODUCTION

Measurements of charmonia in ultrarelativistic heavy-ion
collisions (URHICs) at the Large Hadron Collider (LHC) have
demonstrated the importance of charm-quark recombination
processes in the strongly interacting fireball formed in these
reactions [1]. While the microscopic description and precise
magnitude of recombination contributions remain under some
debate [2-5], the measured dependence of J/vy production
on collision centrality (with an approximately constant nu-
clear modification factor, Ran), transverse momentum (being
concentrated at low pr) and azimuthal emission angle (with
a sizable elliptic flow, v,), give strong evidence for recom-
bination of nearly thermalized charm (c¢) and anticharm (¢)
quarks in the fireball. In the bottomonium sector, this evidence
is less pronounced, although transport calculations predict a
non-negligible component of regeneration in an overall sup-
pressed Raa of T mesons in Pb-Pb collisions [6,7]. The ratio
of bottomonium over total bottom production in pp collisions
of typically a few permille is much smaller than the ~ 1%
for charmonia. It is therefore of great interest to study bound
states of bottom (b) and ¢ quarks, i.e., Bf mesons. For the
ground state, B.(6275), the production fraction in pp colli-
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sions relative to bb has recently been reported at ~ 0.25%
[8], with a significant uncertainty from theoretical calculations
of the branching ratio for the B, — J/yru~v decay. This
suggests that B, formation via recombination of a b (b) quark
with the rather abundant ¢ (c¢) quarks in Pb-Pb collisions at the
LHC can be quite sizable relative to the pp reference.

In a broader context, B, production is part of the program
of using heavy quarkonia as a probe of the quark-gluon
plasma (QGP) in URHICs [9-13], specifically to understand
how their binding and kinetics are affected by the in-medium
potential of quantum chromodynamics (QCD). The B.
states open a new perspective on that, and also establish
relations between the in-medium spectroscopy of charmonia
and bottomonia. Originally discovered in pp collisions at
Fermilab [14], B. mesons are now becoming accessible in
URHICs. Pioneering data by the CMS Collaboration [15]
indeed give a hint that B} production in Pb-Pb collisions
is enhanced relative to expectations from pp collisions,
currently measured with a restriction on pr > 6 GeV. Earlier
theoretical studies of B, production [16,17] predicted a large
increase in their abundance relative to pp collisions. For
example, in Ref. [17], the B. nuclear modification factor was
found to reach values of ~ 2.5-17 at low pr, depending on
the assumption of the underlying in-medium heavy-quark
(HQ) potential (free vs internal energy of the HQ pair), while
the three-momentum dependence was assumed to be given
by thermalized B, spectra. More recently, an instantaneous
coalescence model (ICM) [18] was employed to calculate
the yield of B.’s at a fixed temperature using bottom-
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and charm-quark distributions from Langevin transport
simulations. The production yields in ICMs can be rather
sensitive to the model for the underlying Wigner distribution
functions, in particular to the spatial radius, which in Ref. [18]
was estimated using the free-energy potential.

In the present paper, we employ a kinetic rate equa-
tion [6,19-21] to compute the time evolution of B, (B:r and
B_") production for QGP fireballs in Pb-Pb collisions at the
LHC. The in-medium binding energies are determined from
thermodynamic 7 -matrix calculations of B, spectral functions
employing the strongly coupled QGP scenario of Ref. [22],
with a potential extracted from thermal lattice-QCD (IQCD)
data, which is much stronger than the HQ free energy. The
latter has been shown to be incompatible with bottomonium
data at the LHC [23,24]. With the resulting reaction rates
and equilibrium limits, we calculate the centrality dependence
of inclusive B, production including feeddown contributions
from excited states. In the context of the CMS data, good
control over the pr dependence of the yields is required,
especially for the recombination contribution (which turns
out to be large also in our calculation). Since the aforemen-
tioned py > 6 GeV cut employed by CMS is close to the B,
mass, one is rather sensitive to the concrete implementation
of the recombination processes whose pr-dependence can
vary considerably, e.g., through the inputs for the c- and b-
quark spectra [25]. We will therefore investigate the results for
both an ICM and the resonance recombination model (RRM)
[26,27], thereby using state-of-the-art transported HQ spectra
[28] that give a fair description of open heavy-flavor (HF)
observables in Pb-Pb collisions at the LHC [29].

This paper is organized as follows. In Sec. II we compute
in-medium spectral functions of S- and P-wave B, states
within the thermodynamic T-matrix approach, extract their
binding energies, and calculate pertinent reaction rates in the
QGP. In Sec. IIT we introduce the kinetic-rate equation and
evaluate its second transport parameter, the B, equilibrium
limit, including its dependence on the cross section inputs
for open HF production in pp collisions and their shadowing
corrections. In Sec. IV we study the time dependence of the
B, kinetics and discuss the resulting centrality dependence
of the Rpa for inclusive B, production in Pb-Pb(5.02 TeV)
collisions. In Sec. V we detail the calculations of the B.’s pr
spectra using two different recombination models. This allows
us to extract the centrality dependent Raa with a py > 6 GeV
cut and compare it to CMS data. In Sec. VI we summarize our
work and conclude.

II. B, SPECTRAL FUNCTIONS IN THE QGP

When utilizing quarkonia as a probe of the QGP, their
in-medium spectral properties play a key role in determining
transport parameters that are required to compute observ-
ables suitable for comparison with the experiment. While
this program has been widely carried out for charmonia and
bottomonia, we are not aware of microscopic calculations of
in-medium spectral functions of B, mesons to date. Toward
this end, we employ a thermodynamic 7 -matrix approach
along the lines of previous investigations [22,30-32]. It is
based on a temperature-dependent two-body potential and

solved self-consistently for the resummed Dyson-Schwinger
equations of the in-medium one- and two-parton correlation
functions in the QGP, schematically written as

Too = Voo + f dk VQQDQ(k)DQ(p — k)TQQ‘, (D)
Do(k) = 1/lko — w11 — Z1(k)], (2)

So(k) = / dp TyDi(p)f. 3)

where T, denotes the quarkonium 7' matrix, Dg; single-
parton propagators for either heavy quarks (Q) or thermal
partons (i = ¢, g, g), and f; the pertinent thermal-parton dis-
tribution function. The input potential is taken of Cornell type
with in-medium screened color-Coulomb and string interac-
tions, which in the color-singlet amounts to the ansatz

4 —mar o i
V(ir;T) = ——as[e + md] - —[efm"*(””""’)z - 1].
r

3 my

“)
A Fourier transform into momentum space is carried out, fol-
lowed by a partial-wave expansion of the T-matrix equation.
We adopt the parameters of Ref. [22], where the coupling
constant and string tension are fixed at oy = 0.27 and 0 =
0.225 GeV?, respectively, to reproduce 1QCD data for the
HQ free energy in vacuum. The finite-temperature screen-
ing masses, my g, are related via m; = (cxmlzla /ocx)l/ 4 where
my (T ) and ¢y are parameters of the in-medium potential, while
cp controls the string-breaking distance. Together with the
bare masses for the light thermal partons, they are used to fit
the selfconsistent 7'-matrix results to finite-temperature IQCD
data for the HQ free energy, Euclidean quarkonium correlator
ratios, and the equation of state of the QGP. Here, we focus
on a solution referred to as a strongly coupled scenario (SCS)
[22]. Compared to the solution of a weakly coupled scenario
(WCS), the SCS is preferred by yielding transport parameters
[33] that are close to the ones extracted from phenomeno-
logical studies based on hydrodynamics and HQ transport
models [34].

Focusing now on the heavy-quarkonium sector, we first
note that the vacuum charmonium and bottomonium ground-
state masses can be reproduced with a string-breaking
distance of rsg = 1.1 fm in connection with constituent HQ
masses given by mgp = V(00)/2 + m% [where V (oc0) denotes
the potential value at an infinite distance] and bare masses of
mg » = 1.264,4.662 GeV [32]. With this setup, the results for
the B, spectral functions follow without further parameters or
assumptions. The vacuum spectrum for both S and P states is
shown in Fig. 1 by the dashed vertical lines. Since we do not
account for fine or hyperfine splittings (which are of higher or-
der in 1/myg), the (S-wave) pseudoscalar and vector channels
are degenerate. The calculated vacuum masses of B, (6.324
GeV) and B.(2S) (6.850 GeV) are in approximate agreement
with the experimentally measured values of 6.274 GeV for the
pseudoscalar ground state and 6.871 GeV for its putative 25
excitation, respectively, which are the only known ones thus
far [35]. We also predict two P-wave B, bound states, B.(1P)
and B.(2P), with masses 6.711 and 7.100 GeV, respectively.

014906-2



RECOMBINATION OF B. MESONS IN ...

PHYSICAL REVIEW C 109, 014906 (2024)

10.0
——————— vacuum 15
. e yeuum 28 L
— 194 MeV
. 258 MeV L
— 320MeV
1 — 400 MeV L
— 2.5 S-wave i
N——— |
5 '
o 0.0+ T B .
S LO7 vacuum 1P 7
_______________ vacuum 2P
0.5 i
p-wave J%
0.0+ ‘ ‘

5.5 6.0 6.5 7.0 75 8.0

Vs (GeV)

FIG. 1. In-medium spectral functions of S- (upper panel) and
P-wave (lower panel) B. channels at different temperatures. The
vacuum masses of B.(1S) and B.(1P) states are indicated by the
thick- (ground states) and thin-dashed (excited states) vertical lines.

The S- and P-wave spectral functions in the QGP are
calculated by closing the two incoming and outgoing legs of
the T matrix, plus a noninteracting continuum independent
of the T matrix, with the corresponding projection operators
for the different channels. They are also shown in Fig. 1.
The spectral functions broaden with increasing temperature,
indicating the gradual dissociation of the bound states. The
S-wave ground state survives to rather high temperatures of
T ~ 400 MeV, while the P-wave ground state ceases to exist
for temperatures of T 2 250 MeV. The dissolution of the
B, states results from the large scattering rates of charm and
bottom quarks in the medium, together with an increase in the
screening of in-medium potentials at higher temperatures. The
in-medium B.(1S§) mass turns out to be rather constant with
temperature, due to a nontrivial interplay of decreasing HQ
masses and binding energy, similar to what has been found for
charmonia [22]. From the spectral functions, we can extract
the in-medium binding energies of different B, states, which
we define as the difference between the nominal in-medium
charm- plus bottom-quark masses and the peak position of a
given state. The former are shown in the upper panel of Fig. 2
and the (magnitude of the) binding energies, Ep, in the lower
panel. The latter essentially retain the vacuum hierarchy of
charmonia, bottomonia, and B, binding. Following earlier
work within the TAMU quarkonium transport model [36],
we employ the in-medium binding energies from the SCS
to calculate the inelastic reaction rates of the B, states. The
dominant contribution arises from inelastic scatterings of
thermal partons (i = ¢, g, g) off the heavy quarks inside the
bound state, i + B, — ¢+ b+ i (this even holds for the
more strongly bound bottomonia [6]). We implement these
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FIG. 2. Charm- and bottom-quark masses (upper panel) and
binding energies of B.(1S), B.(1P), J/¥, and Y(1S) (lower panel) as
a function of temperature, as obtained from the 7 -matrix approach.

processes in the so-called quasifree approximation, where
the inelastic reaction is calculated through half-off-shell
scattering on either heavy quark in the bound state whose
virtuality accounts for the binding energy while the other
quark is treated as a spectator (this amounts to neglecting
recoil corrections while four-momentum is conserved) [37].
The dissociation rate for B, takes the form

gt d*p;
FBF(Pﬁ T) = Z/ mﬁ(wpi’ T)

X [0 Oieic(s) + 0 05 5 ()] (5)
where f; are thermal parton distribution functions (Fermi or
Bose), s = (pg + pi)?, and

ST i
voi = (6)
wo(po)wi(pi)

is the relative velocity of the incoming b or ¢ quark and a ther-
mal parton. Figure 3 shows the quasifree dissociation rates for
B.(1S) and B.(1P) as a function of their three-momentum, p,
for various temperatures (upper panel) and as a function of the
temperature at p = 0. Their main features are an increase with
three-momentum that is more pronounced for large binding, a
significant decrease with increasing binding energy (compar-
ing ground and excited states), and a marked overall increase
with temperature. In Fig. 4 we show a systematic comparison
of the reaction rates for the various S and P waves calculated
with the in-medium binding energies shown in Fig. 2, using
the same framework as in previous works for charmonia
[36] and bottomonia [6] (for simplicity we do not include
interference effects). As expected, the dissociation rates for B,
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FIG. 3. Parton-induced quasifree dissociation rates for B.(1S)
(solid lines) and B.(1P) (dashed lines) at T = 180 MeV, T =
220 MeV, and T = 300 MeV (upper panel) and as a function of
temperature for vanishing three-momentum (lower panel). We note
that here and in Fig. 4 the rates are plotted beyond the temperature
where the corresponding binding energy vanishes, where they simply
become the sum of the constituent HQ scattering rates (simulating
the destruction of a would-be bound state correlation).

states generally lie in between the ones of the corresponding
charmonium and bottomonium states, with the exception
of near-vanishing binding and low momentum, which is
presumably caused by different recoil kinematics for b and ¢
quarks,

300 1 1 1 1 1 1
= 180 MeV

T =220 MeV
2001

100+

FIG. 4. Quasifree reaction rates of charmonia, bottomonia, and
B, states as a function of momentum at different temperatures.

II1. KINETIC APPROACH

The kinetic rate equation for the number, Np_, of a specific
B, state is given by [19,36]

dN, e
WD) oy N[V (0 = T @] )

In the present work, we will consider B.(1S) and B.(1P)
states. The rate equation requires two transport parameters:
the equilibrium limit Nj;! and the reaction rate 'z . The equi-
librium limit is calculated from the statistical model, taking
the form

. &k
NET) = Vids, vers f S BT, ®)

where E; = Vk* + mB , and Vpp is the time-dependent vol-
ume of the expanding ‘fireball. We neglect the spin-induced
1/myg corrections in this work. Therefore, using standard spec-
troscopic notation, 28+17 , the four S-wave states 'Sy and 3,
are degenerate, and so are the 12 P-wave states 3po, e, 3,
and 3P, (the individual degeneracy of each state is given by a
factor of 2J 4 1). The equilibrium limits critically depend on
the fugacity factors y, and y;, which have been computed in
our earlier works [6,36] assuming conservation of bb and c¢
pairs throughout the fireball expansion,

1 Il ()/QnopVFB)

2
=YoNopVrB + Yohnid VEB, 9)
27T o (yonopVes) 72

Noo =
where Iy and I; are the modified Bessel functions of the
zeroth and first order. The open (n,p) and hidden (n2piq) charm
densities are matched to the number of charm-anticharm and
bottom-antibottom quark pairs, Nz and N,;, produced in pri-
mordial nucleon-nucleon collisions of the heavy-ion system
(including shadowing corrections detailed below). In the QGP
phase, the degrees of freedom are charm and bottom quarks
for the open HF states (quarkonium contributions are negligi-
ble). The fugacities of b and ¢ quarks are quite different at low
temperatures, due to the large difference in mass (compared
to temperature); e.g., at 7 = 200 MeV, one has y, = 13.8
and y, = 3.7 x 10°. The time evolutions of the equilibrium
limits in minimum-bias Pb-Pb(5.02 TeV) collisions of B.(1S),
B.(1P) are displayed the in upper panel of Fig. 5 and com-
pared to those of J/¢ and Y(LS).

The equilibrium limits given by Eq. (7) are valid when
the heavy quarks are thermalized. In the early stages of the
fireball, the heavy quarks produced in the collision cannot be
expected to be kinetically equilibrated; this generically leads
to a suppression of quarkonium equilibrium limits as harder
HQ distributions are less favorable for quarkonium formation
than in the thermalized case [38—40]. We account for this
effect as before [38,41] in a relaxation time approximation,
by combining the effects of ¢ and b quarks. The pertinent
relaxation time factor for a heavy quarkonium, Q = QOQ, is
defined by [38]

t dt/
Ro)=1—exp(— [ ——). 10
e® exp( /org(m))) (10

with previously employed values of a constant c-quark re-
laxation time t. >~ 4.5 fm/c [36] and a b-quark relaxation
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FIG. 5. Equilibrium limits of B.(1S), B.(1P), J/v¥, and Y(1S)
(upper panel) and thermal-relaxation time factors (lower panel) as a
function of time in 20-40% central 5.02 TeV Pb-Pb collisions.

time decreasing with increasing temperature, 1, >~ 11 fm/c
at ~2T, [6] for charmonia and bottomonia, respectively. To
infer the relaxation time factor for B,., we first note that the
equilibrium number of the B, can be approximately written

as Ny ~ VNN This follows from the approximate rela-
tion mp_ > (my;y + my(is))/2 and is also in line with relative
chemical equilibrium as yp, = y.». Consequently, we em-

ploy the following thermal relaxation factor for B,:

Ripe(t) = v Ryt ) Ree (1), an

which is mostly governed by the slower relaxation of b quarks.
A comparison of the thermal relaxation factors is depicted in
the lower panel of Fig. 5, and they are also included in the
equilibrium limits plotted in the upper panel.

The numbers of HQ pairs, Ngg, are calculated from their
production cross sections in proton-proton (pp) collisions
times the number of primordial nucleon-nucleon collisions
Ncol, as estimated from the optical Glauber model for heavy-
ion collisions at given centrality (and energy). In 5.02 TeV pp
collisions, we use recent ALICE measurements at midrapidity,
ie., doee/dy =1.15 mb [42], and doy;/dyl;y<05 =345+
2.4f‘2‘jg ub [43]. An N,y dependent shadowing is applied
which suppresses the total c¢ (bb) cross section by up to
10(0)-30(10)% in most central collisions.

To compute observables, usually presented in terms of a
nuclear modification factor [see Eq. (12) below], we also
need the production cross section of B, states in pp colli-
sions. Measurements are currently restricted to the B.(1S)
in the J/yuv decay channel, quoted as (o3-/0,;)B(B; —
J/Yu 9)=(5.044+0.11£0.17£0.18) x 107> [8]. The
pertinent branching ratio, B(B, — J/y¥ 1~ V), has been eval-
uated in various theoretical models, providing a range of
B ~ 1.3-7.5%; cf. the compilation in Ref. [8]. Here, we

shadowing
= = = —
e L

I
Y

15-40%

S
o
o

100 200 300 400
N, part

FIG. 6. Centrality dependence of shadowing for B, in 5.02 TeV
Pb-Pb collisions. The uncertainty of the total shadowing in most
central collisions is 10-30%.

take the median value of these calculations (excluding the
lowest and highest value from the list) as our best esti-
mate with a 1o (68%) confidence range of the number of
models around the median, to obtain B = 1.91’8:1%; this
translates into dop,(15)/dy = 57.8-110.8 nb. This cross sec-
tion includes an essentially 100% feeddown contribution from
strong and electromagnetic decays for all states below the
hadronic DB threshold of mp + mp >~ 7.15 GeV. This is dif-
ferent from charmonia and bottomonia where, e.g., the P
states can have significant branching ratios into hadronic final
states through strong Q0 annihilation (which for B, states
requires a weak interaction). To estimate the relative partition
into S and P states, we take guidance from the correspond-
ing production ratios in the charmonium and bottomonium
cases. For the y.(1P)/J/v ratio one has about 0.75 [44]
and for the x,(1P)/Y(1S) about 1.08; thus, we estimate the
B.(1P)/B.(15) ~ 1 in pp collisions; i.e., half of the inclusive
B.(1S) arise from 1P feeddown. This implies that the feed-
down fraction of excited states to the inclusive 1§ ground state
production (excluding weak decays) is much larger than in the
charmonium and bottomonium sector (cf. also the pertinent
discussion in Ref. [45]). Moreover, since the B, ground-
state meson observed thus far is most likely the pseudoscalar
one (i.e., n.-like), one can expect a 100% feeddown from the
slightly heavier vector state (through radiative decay) whose
spin degeneracy is a factor of 3 larger. The shadowing of
primordial B, production in Pb-Pb collisions is presumably
between the shadowing of charmonia and bottomonia, thus
a 10-30% shadowing is applied to the B, cross section [46].
Figure 6 shows the shadowing as a function of Np. Unless
otherwise specified, we display the shadowing uncertainty as
an error band for our calculations throughout the remainder of
this paper.

IV. TIME EVOLUTION AND INCLUSIVE B, PRODUCTION

The time evolution of the B, states in Pb-Pb collisions at
5.02 TeV can be solved from Eq. (7) once the temperature
profile is specified. Toward this end, we employ a cylindri-
cal fireball with a longitudinal and transverse expansion of
blast-wave type [6,19,20,47]. The temperature evolution is
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FIG. 7. Time evolution of temperature in the expanding fireball
model in 5 TeV Pb-Pb collisions at different centralities.

obtained from an isentropically expanding volume where
the total entropy is adjusted to the experimentally observed
hadron production for a given centrality at a chemical-
freezeout temperature of T, = 160 MeV, and expansion
timescales from hydrodynamic models adjusted to experimen-
tal pr spectra of light hadrons at thermal freezeout (g, ~
100 MeV for central collisions). Matching a lattice-QCD fit-
ted equation of state (EoS) to a hadron resonance gas at 7, =
170 MeV [27] results in the temperature evolution shown in
Fig. 7. Key parameters of the of the fireball evolution are sum-
marized in Table I, specifically the initial longitudinal size z
(related to the formation time by the rapidity width, Ay ~ 1.8,
of the fireball, zyp = 19 Ay), the longitudinal expansion velocity
v, of the fireball cylinder’s edges, the initial transverse radius
Ry, which depends on centrality, the transverse acceleration
(implemented relativistically), and the total fireball entropy
for the most central Pb-Pb collisions at 5 TeV. With the
space-time evolution and initial conditions fixed, we solve the
rate equation for the number of the individual B, states, legpb.
We recall the definition of the nuclear modification factor,

B(‘
RBe — Npppp (Vpart)

= , (12)
An Ncoll (Nparl )N[lzg;)

which normalizes the yield in Pb-Pb to the one in proton-
proton collisions, N pBI;, scaled by the number of initial binary
nucleon-nucleon collisions, Nco. We show the time evolution
of the Raa’s for S- and P-wave B, in semicentral and periph-
eral Pb-Pb collisions at 5.02 TeV at midrapidity in Fig. 8. With

100% feeddown from B.(1P) decays, the inclusive B.(1S)

TABLE 1. Key parameters of the expanding blast-wave type
cylinder used in this work.

7o (fm) 0.36

v, (fm/c) 1.4

a; (fm/c?) 0

Ry (fm) 3.2-6.8
ar (fm/c?) 0.1

Stot (0-5%) 27 000

] T SRR B —
1 PbPb (5.02TeV), |y| < 0.9 7 i
] 7 L
620 — 40% v "
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FIG. 8. Time evolution of the RA’s of directly produced B, (1S:
blue lines; 1P: orange lines, with primordial parts, regenerated parts,
and equilibrium limit given by solid, dashed, and dot-dashed line
styles, respectively) in 5 TeV Pb-Pb collisions with an inclusive pp
production cross section of da[f’k /dy = 91.5 nb.The upper (lower)
panel shows the results for 20-40% (60-90%) centrality.

result amounts to the sum of the Ra’s from the S- and P-wave
states (using the inclusive yield in the denominator of all
Raa’s). Both primordial parts are rather strongly suppressed
in the early phases of the medium evolution in semicentral
collisions, even though we include initial formation time ef-
fects, which suppress the reaction rates by a factor t /g for
T < Tform to account for the expansion of a small-size b¢ pair
into a fully formed bound state (note that the scaling is linear
in time, not quadratically as one would expect from a classical
cross section picture) [48], with T, (15) = 0.75 fm/c and
Tiorm (1P) = 1.5 fm/c. In peripheral collisions, the primordial
component is much less suppressed due to the short fireball
lifetime, but B.(1P) is significantly more suppressed than
B.(1S5) as a consequence of larger reaction rates for B.(1P)
at the lower temperatures.

Regeneration of the B, states commences when the
medium has cooled down to their respective “dissociation”
temperatures (with no regeneration operative before that).
Following our previous applications to charmonia and bot-
tomonia, we conservatively adopt dissociation temperatures
at vanishing binding energy, i.e., Tyss(1S) = 420 MeV and
Tyiss(1P) = 260 MeV as indicated in Fig. 2. One could also
argue that the quantum mechanical uncertainty implies that
bound states are only well defined for binding energies of
the order of the width or larger. However, even for small
Ep, resonancelike correlations can persist which allow for
the population of a pertinent quantum state. A more accurate
description of this regime, as well as of the formation time
effect, requires a quantum-transport treatment. In semicentral
collisions a large reaction rate (recall Fig. 3) and a large de-
generacy lead to a B.(1P) contribution to the inclusive B.(1S)
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FIG. 9. Upper panel: Centrality dependence of the inclusive
yield of regenerated B.(1S) (red band) and the unsuppressed pri-
mordial production based on three different input cross sections in
pp collisions. Lower panel: Raa of total (sum of suppressed primor-
dial and regeneration) inclusive B.(1S) production where the blue
dashed, red dot-dashed, and green dotted lines correspond to pp
production cross-sections of 57.8, 91.5, and 110.8 nb, respectively
(figuring in both the denominator and the primordial component in
the numerator), with 20% (5%) ¢ (b) quark shadowing and 20%
shadowing of the primordial B,’s; the solid orange line shows the pri-
mordial B.(1S) Raa component with a pp production cross section of
91.5 nb. In both panels the upper limit of the red bands correspond to
10% (0) shadowing for ¢ (b) quarks and 10% shadowing for primor-
dial B,’s, while the lower limits include 30% (10%) shadowing for ¢
(b) quarks and 30% in the primordial part.

yield that is comparable to (even slightly larger than) the direct
B.(1S) contribution. On the other hand, in peripheral colli-
sions, both B, states start regenerating at almost the same time,
but with substantially larger rates for the B.(1P) resulting in a
larger yield than for the B.(1S). The centrality dependence
of the regenerated B, yield in absolute terms is shown in
the upper panel of Fig. 9, together with the unsuppressed
primordial yields for the different pp cross sections that we
employ and that figure in the denominator of the Raa. The
inclusive-B, Ras and its decomposition into regenerated and
primordial parts is shown in Fig. 9. Even for rather peripheral
collisions, the regeneration yield rapidly builds up to produce
an R4 that is well above 1.

V. TRANSVERSE-MOMENTUM SPECTRA

In this section we utilize our rate equation results to com-
pute the pr spectra of B, mesons. We first calculate the pr
dependence of the primordial component that follows from a
suppression calculation in a Boltzmann equation initialized by
suitably constructed B, spectra in pp collisions in Sec. V A.
We then employ charm- and bottom-quark spectra that have
been transported through the QGP using relativistic Langevin

— Fit, (pr) =6.17GeV/c
5TeV, (pr) = 6.43GeV/c
""" BCVEGPY2.2

4 LHCb, 8TeV,25<y<4
4 COMS, 5TeV, |y| < 0.9

0 10 20 30
pr (GeV/c)

FIG. 10. Transverse-momentum spectra in pp collisions for
B — J/yn™ measured at 8 TeV and forward rapidity (blue dots)
[49] and B, — J/yrpu~ v at 5.02 TeV and midrapidity (red dots)[15].
The curves are fits to 8 TeV LHCb data (blue line), extrapolated to
midrapidity at 5 TeV (orange dashed line), and a fit to 5 TeV CMS
data based on the code package BCVEGPY?2.2 [25] (red dotted line).

simulations [50] with nonperturbative heavy-light T -matrix
interactions and result in a fair phenomenology of HF hadron
production at the LHC, to evaluate the pr spectra of regen-
erated B.’s. Toward this end, we approximate recombination
processes to occur at a fixed temperature representing an av-
erage of the continuous regeneration for each state using two
different recombination models, namely a widely used instan-
taneous coalescence in Sec. V B and resonance recombination
in Sec. VC.

A. Initial pr spectra and primordial component

The most accurate pr spectra of B, in pp collisions to
date are from the LHCb Collaboration at 8 TeV and forward
rapidity (2.0 < y < 4.5) [49]. We have fitted those using the
ansatz

Bc
dy, pp_ N
dpt (14 (pr/AP)"

obtaining N = 0.0078 £ 0.0003, A = 13.72 + 2.16 GeV, and
n = 5.62 £ 1.40, resulting in (pr) = 6.17 GeV for the central
fit values; cf. Fig. 10. We extrapolate these to 5.02 TeV at
midrapidity by correcting for the mean transverse momentum,
(pr), using an average of experimental results for its energy
dependence from charmonia at forward [51] and midrapidity
[52] and for the energy and rapidity dependence from bot-
tomonia [53,54]; we find that (p7) increases by 10% when
going from forward to midrapidity, and decreases by 5.4%
when going from 8 to 5 TeV collision energy, amounting to
(pr) = 6.43 GeV for B, at 5.02 TeV and |y| < 0.9, which we
accommodate by adjusting A to 14.3 GeV. Alternatively, we
have fitted pr spectra of B, mesons from CMS in 5.02 TeV
pp collisions [15] using BCVEGPY2.2 simulations [25]; the fit
of the Eq. (13) to the latter yields N = 0.0147, A = 7.88 GeV,
and n = 3.86, corresponding to (pr) = 4.8 GeV. Both cases
for the fits and data (all normalized to an integrated norm of
one) are shown in Fig. 10. Unless otherwise stated, we will
use the LHCb-based fit in the denominator of the Raa (pr).

13)
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To compute the pr dependence from the transport model
in Pb-Pb, we take advantage of a decomposition of the
rate equation into primordial and regenerated components
corresponding to its homogeneous and inhomogeneous so-
lutions, respectively [55]. The pr dependence of the former
is obtained by solving the Boltzmann equation for the B,
distributions, f3,, as

= fp. (X — U(r — 19), P, T0) €Xp <—/ T, (P, T(f’))df’)

T0

(14)

with an initial condition from the pp spectra including shad-
owing [6]. The homogeneous solution is subtracted from the
inhomogeneous one to normalize the pr spectra from regener-
ation, which we calculate in the following using two different
recombination models.

B. Instantaneous coalescence

The ICM has been widely applied as a mechanism of
hadronization in HICs [56], in particular for the explanation
of the empirical “constituent-quark number scaling” of the v,
and large baryon-to-meson ratios for light-hadron production
at “intermediate” pr >~ 2—-6 GeV. It has also been applied to
charm-quark hadronization [57,58]. Its main virtue is that it
can account for off-equilibrium (nonthermalized) quark spec-
tra. Here we apply it to B, mesons in a standard form which
assumes global quark distributions in coordinate space and is
given by

d3Ngoal(p) d3N d3N_
z =Ce d3 cd3 a c b
d3p gch/ |Y pbd3pc d3p1—)

x 89 (p — pe — ppw(k). (15)

The initial-state averaged and final-state summed degeneracy
factors are gg. = 1/9 and 1/3 for B.(1S) states (with total spin
degeneracy 4) and B.(1P) states (with total spin degeneracy
12), respectively, accounting for the probability of forming a
colorless meson of given spin from the underlying quark color
and spin. The coalescence probability of the ¢ and b quarks is
encoded in the Wigner distribution [59],

(4ro?): 207K _ e
e
Ves QL+ D!
for a B, with quark angular momentum /; k denotes the rela-
tive momentum of the two quarks, the o are estimated from
the mean-square radii of B.(1S) and B.(1P), and Vg is the
volume of the fireball. The factor in the Wigner distribution
is introduced so that it satisfies f dx PPk wk) = 27)3 [60].
For different quark masses, m; and m;, one has [59]

kK = ﬁmec - chB’

w(k) = , (16)

me + mj
2 (m. + my)?
2 _ c b) 2
o*(15) = 5 mg-l-ml% ("13>a
2 (me + myz)?
2 _ c b) |2
o“(1P) = g—mg—l—mg (r“,). (17)

= L L
. PbPb(5.02TeV), |y| < 0.9, 20 — 40%
2.0
] b-quark c-quark
<15 — 170MeV  — 170 MeV |
< 220 MeV 220 MeV
(A ]
1.0 W
0.5 T
0 5 10 15 20

pr (GeV/c)

FIG. 11. Nuclear modification factor of b quarks (solid lines) and
¢ quarks (dashed lines) at T = 170 MeV (blue) and T = 220 MeV
(orange) as obtained from Langevin simulations through the QGP
phase in 20—40% central 5 TeV Pb-Pb collisions.

We employ Eq. (15) at midrapidity to obtain the py spectra of
B.atp, =0:

>N (pr) B
dyd’pr

&N§ ()
B, &p -
with dp, = Ep dy. The normalization constant, Cpg, intro-
duced above, is about 1.2 for the 1§ state and ~ 0.5 for the 1P
state in central collisions, and depends on the values chosen
for the radii of B., ris;ip) = 0.35[0.75] fm, assumed to lie
in between the radii of charmonia and bottomonia [6]. For
the HQ spectra we employ the results of relativistic Langevin
simulations (shown in Fig. 11) [61] at T = 220 MeV as an
average temperature, which we use for simplicity for both
B.(1S5) and B.(1P) regeneration production [we have checked
that using the HQ pr spectra for the B.(1P) at, e.g., T =
170 MeV, leads to a maximal modification of less than 20%
in the regenerated B. Raa around 15 GeV].

The ICM results are combined with the suppressed pri-
mordial component to calculate the (absolutely normalized)
pr spectra and the nuclear modification factor, Raa(pr),
for inclusive B.(1S) production in various centrality bins
in 5.02 TeV Pb-Pb collisions; see Figs. 12 and 13, re-
spectively. In central collisions, the regeneration contribution
dominates over the primordial one out to py >~ 20 GeV, and
is still quite noticeable in peripheral collisions at low pr.
In the Raa’s, the uncertainty of the pp cross section figur-
ing in the denominator is larger than that from shadowing
corrections.

In Fig. 14 we compare our inclusive B.(1S) Raa(pr) for
0-90% central collisions (obtained from the centrality bins
in Fig. 13) to CMS data [15]. Again, the total Rya is dom-
inated by the regeneration component out to momenta of
around pr =~ 15 GeV, reaching large values of 10 or more at
low pr. The upper and lower panels illustrate, respectively,
uncertainties due to the pp input cross section and the co-
alescence radii of B, rispipp = 0.35[0.75] £ 0.15[0.25] fm.
While the former are large, the latter are comparatively
small.
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FIG. 12. The pr spectra of primordial (orange bands and lines
for different pp cross sections) and regenerated (purple) B.(1S) pro-
duction for different centralities in Pb-Pb(5.02 TeV) collisions using
an ICM for recombination.

C. Resonance recombination

To assess the model dependence of the pr spectra of the
regeneration component, we have conducted calculations us-
ing the resonance recombination model (RRM) [26] which
conserves four-momentum and recovers the equilibrium limit
for equilibrated HQ input distributions (also in the presence
of radial and anisotropic medium flow) [62]. More recently,
the RRM has been extended to incorporate space momentum
correlations (SMCs) between the coalescing quarks [28,63],
which, e.g., enhance the recombination of fast-moving heavy
quarks with high-flow thermal quarks in the outer regions
of the fireball. Here, they pertain to the diffusing b and ¢
quarks. The current implementations of the RRM, applied on
a hydrodynamic hypersurface, also require an overall normal-
ization constant, typically of the order of 5 (which roughly

100 PbPb (502 TE‘V) 10-30% shadowing
91.5nb
primordial

10, Il <09

20-40%
1
201 — ‘
<7 .
Cd 100 20% shadowing
=== 43.3nb
—= 91.5nb 3
40_6000 :\\:;\‘\ - 110.8nb 60_90(%}

0 10 20 300 10 20 30
pr (GeV/e)

FIG. 13. The B.(1S) Raa for primordial (orange bands) and
regenerated (red bands for do /dy = 91.5 nb with shadowing uncer-
tainty, and lines for other pp cross sections with fixed shadowing)
production as a function of pr for different centralities in Pb-Pb(5.02
TeV) collisions using an ICM for recombination.

100 1 1 1
91.5nb ---- 57.8nb
107:__:‘\ primordial == 91.5nb [
........ 110.8nb
1
201 ‘ : ‘ ‘ ‘
m 100 1 1 1 1 L
PbPb (5.02TeV) , |y| < 0.9
0—90%
10+ 3
91.5nb
- OMS
1 3
r(1S)=0.35+£0.15fm, (1P)=0.75+0.25fm
O_l T T T T T
0 5 10 15 20 25 30

pr (GeV/c)

FIG. 14. The R of inclusive Bf vs pr in 0-90% 5.02 TeV Pb-
Pb collisions using an ICM for recombination. The bands and lines
in the upper panel have the same meaning as in Fig. 9. The lower
panel illustrates uncertainties due to a variation of the B, radii in the
ICM. Our calculations are compared to CMS data [15].

corresponds to the number of re-generations when computed
over a finite time interval).

The resulting Raa’s for the regeneration component with
and without SMCs, and for different B, cross sections in pp
collisions, are shown in Fig. 15. For the pr dependence (left
column), the spectra with SMCs are harder than the spectra
without SMCs (although not by much), while the former are
surprisingly close to the ICM results in the upper left panel
in Fig. 15. In the right column, we present the centrality de-
pendence by integrating the pr spectra over pr > 6 GeV and
compare to CMS data [15]. Smaller pp input cross sections for
B, production tend to give a better description of the data,
in particular toward higher pr. In our comparison to CMS
data shown above we have used B, pr spectra in pp obtained
from our extrapolation of a fit to LHCb data. However, the
CMS Pb-Pb data for the Raa(pr) are based on a fit to the
CMS pp spectra. Therefore, we display in Fig. 16 the results
when using our fit to the CMS pp data as shown in Fig. 10.
While this does not affect the primordial contribution to the
Ran, the softer pr dependence of this fit implies a significant
increase of the coalescence portion at higher p7, and therefore
the CMS Pb-Pb data for Raa(pr) are better described with
lower values for the pp input cross section, at least for the
ICM and RRM with SMCs. This reiterates the importance of
an accurate experimental measurement of this quantity.

VI. CONCLUSIONS

We have investigated the production of B, mesons in
heavy-ion collisions using a thermal-rate equation approach.
We first calculated B, spectral functions in the QGP from
a thermodynamic 7 matrix and used them to extract the
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FIG. 15. The R4 of inclusive BCi production vs pr (left column)
and N, With pr > 6 GeV (right column) in 5.02 TeV Pb-Pb colli-
sions with regeneration from ICM (upper panels), RRM with (middle
panels), and without SMCs (lower panels), compared to CMS data
[15]. The pp reference spectra are from LHCb [49]. The bands and
lines have the same meaning as in Fig. 9.

pertinent binding energies. The latter were implemented in
the evaluation of dissociation rates from inelastic scattering
of thermal partons off the b and ¢ quarks in the B, mesons.
We also constructed the B, equilibrium limits through a com-
bination of b- and c-quark fugacities and included effects
of incomplete HQ thermalization. We solved the rate equa-
tions for 1§ and 1P states in Pb-Pb(5.02 TeV) collisions and
computed the centrality dependence of inclusive BE yields.
With =~ 100% feeddown from excited states below the open
HF threshold, the latter make up =~ 50% of the inclusive yield
of the pseudoscalar B.(1S) meson. Large regeneration contri-
butions cause a markedly rising Ry With centrality, reaching
values of up to ~ 4—6 in central collisions. We then calculated
pr spectra of the B, using two different recombination models
(ICM and RRM with and without SMCs). The spectra of ¢
and b quarks used in this calculation were generated from rel-
ativistic Langevin transport simulation, and the pertinent pr
spectra from regeneration were normalized to the yields from
the rate equation. The inclusive pr-dependent Rax for the B,

\ —+3

10 \‘\ | PRI . L L L
™. PbPb (5.02TeV) | {0 —90% centrality
o PEDo.Usdev)p g B TR R

Wi <09t 2
- " = .1 [

RRM w/ SMCs

0.1 0
10 2N | - 57.8ub | | ‘ 3
H%\\,\;\\ — 915ub [ ] - CMS 1,

1 Ak 108ab_ | e }: ]
Q—!— "-f}..::__—.::-.-—-—'tz.. t::::ﬁ: .

RRM w/o SMCs RRM w/o SMCs [
YT T a0 200 400

pr (GQV/C) Npart

FIG. 16. Same as in Fig. 15, but with CMS pp pr spectra [15] in
the denominator of the Rx.

is dominated by regeneration contributions for pr < 10-15
GeV in semicentral and central collisions, reaching values
up to around 10 at low p7. The primordial yield dominates
in peripheral (central) collisions for pr 2 10 (20) GeV. The
results for the Raa are rather sensitive to the B, production
cross section in pp collisions. A more precise measurement
of this quantity, and of the production systematics of B.’s in
heavy-ion collisions (with a potentially spectacular enhance-
ment at low pr), will provide unprecedented insights into
their in-medium properties and a valuable complement to, and
interface of, the charmonium and bottomonium sectors.
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