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The hadrochemistry of bottom quarks (b) produced in hadronic collisions encodes valuable information
on the mechanism of color neutralization in these reactions. Since the b-quark mass is much larger than the
typical hadronic scale of ~1 GeV, bb pair production is expected to be well separated from subsequent
hadronization processes. A significantly larger fraction of b baryons has been observed in proton-proton
(pp) and proton-antiproton (p p) reactions relative to e*e™ collisions, challenging theoretical descriptions.
We address this problem by employing a statistical hadronization approach with an augmented set of
b-hadron states beyond currently measured ones, guided by the relativistic quark model and lattice-QCD
computations. Assuming relative chemical equilibrium between different b-hadron yields, thermal
densities are used as fragmentation weights of b quarks into various hadron species. With quark model
estimates of the decay patterns of excited states, the fragmentation fractions of weakly decaying b hadrons
are computed and found to agree with measurements in pp collisions at the Tevatron. By combining
transverse-momentum (py) distributions of b quarks from perturbative QCD with thermal weights and
independent fragmentation toward high pr, a fair description of the py-dependent B /B~ and A) /B~ ratios
measured in pp collisions at the LHC is obtained. The observed enhancement of Ag production is
attributed to the feeddown from thus far unobserved excited b baryons. Finally, we implement the
hadrochemistry into a strongly coupled transport approach for b quarks in heavy-ion collisions, utilizing
previously determined b-quark transport coefficients in the quark-gluon plasma, to highlight the
modifications of hadrochemistry and collective behavior of b hadrons in Pb-Pb collisions at the LHC.
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Introduction.—The masses of charm (c¢) and especially
bottom (b) quarks are much greater than the nonperturba-
tive scale of quantum chromodynamics (QCD), Agcp, and,
therefore, their production in experiment offers valuable
tests of perturbative-QCD dynamics [1,2]. However, the
heavy-quark (HQ) conversion into heavy-flavor (HF)
hadrons is an intrinsically soft process that usually requires
phenomenological modeling of nonperturbative fragmen-
tation functions (FFs) to describe the production yields and
momentum spectra of the observed hadrons [1,3-5].
Fragmentation fractions of heavy quarks into weakly
decaying heavy hadrons, which include feeddown from
excited states via strong or electromagnetic decays, provide
a critical test of hadronization mechanisms and are com-
monly denoted as f, f4, [y, and fparyon, TEpresenting the
probabilities of, e.g., a b quark hadronizing into a B, B°,
and BY meson and a b baryon (or their charge-conjugate
counterparts), respectively. Precise knowledge of these
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fractions is also important to improve the sensitivity of
searches for physics beyond the standard model via rare
decays of b hadrons [6].

Traditionally, b-quark fragmentation has been assumed
to be universal across different colliding systems based on
the notion that hadronization occurs nonperturbatively at
the scale of Agcp [7] independent of the environment. This
is supported, within uncertainties, by measurements of the
fs/fq ratio that are consistent between e*e™ collisions at
the Z° resonance at LEP [8,9] and pp collisions at the LHC
[10-18]. However, a substantially larger value of fy,/f,
has been observed in high-energy b jets produced in pp
[19] and pp [14,20,21], compared to b jets from Z° decays
[9,22,23], thus challenging the universality assumption.
Similar discrepancies have been reported in the charm (c)
sector [24-26].

In practice, FFs for b or ¢ hadrons are usually inferred
from e" e~ annihilation data. Employing these FFs gives a
satisfactory description of pr-differential cross sections for
b and ¢ mesons in hadronic collisions within various
calculational schemes, such as the fixed order next-to-
leading logarithm (FONLL) [27-29], k; factorization [30—
32], or the general-mass variable-flavor number scheme
[33-35]. However, the application of FFs for ¢ baryons
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substantially underestimates A, production, especially at
low pr [32,35], in pp collisions at the LHC [24,25], further
questioning their universality. An extraction of the FFs for
b baryons is currently lacking [36].

Effects of the partonic environment on HQ hadronization
have first been put forward in elementary hadronic colli-
sions [37-43]. Specifically, HQ hadronization may be
affected through recombination with valence quarks in
the initial state [37—41] or multiparton interactions in the
final state [42]. In pp collisions at LHC energies, this has
been pursued via a statistical coalescence production of ¢
hadrons [44,45], where hadron yields are determined by the
thermostatistical weights governed by their masses at a
universal hadronization “temperature” [46-48]. In the
present work, we generalize this approach to the bottom
sector to compute the b hadrochemistry, using a large set of
b-hadron states that goes well beyond the currently
observed spectrum [49]. By further employing quark model
estimates of the decay systematics of excited b hadrons, we
are able to predict a large set of fragmentation fractions of
weakly decaying b hadrons. We also evaluate the py
dependence of the hadrochemistry via a combined recom-
bination-fragmentation scheme, which enables predictions
for the total bb cross section as well as for the BY/B~ and
Ag /B~ ratios in pp collisions. Finally, we implement the
new hadrochemistry into our Langevin transport approach
for heavy-ion collisions and highlight predictions for the
nuclear modification factor of selected » hadrons in 5 TeV
Pb-Pb collisions.

Bottom-hadron spectrum and strong decays.—The
experimental effort to search for missing resonances in
the HF sector has been ongoing for decades [50-52]. The
current particle data group (PDG) listings are rather scarce
especially for b baryons [49]. Many additional b hadrons
are predicted by quark model studies [53—55] and in good
agreement with lattice-QCD (IQCD) results [56,57]. We
therefore employ a statistical hadronization model (SHM)
using two different sets of b hadrons as input: (a) PDG-only
states [49] and (b) a relativistic quark model (RQM) [53,54]
which additionally includes 18 B’s, 16 B,’s, 27 A,’s,
45 2,’s, 71 Ep’s, and 41 Qp’s, up to meson (baryon)
masses of 6.5 (7) GeV. Since we are mostly concerned
with the relative production yields of b hadrons, we use the
grand-canonical version of SHM, which works well for
bulk hadron production in minimum-bias pp collisions at
the LHC energies [58,59] (the smallness of the total number
of b hadrons requires a canonical treatment of the » number
when computing the absolute yields, but the induced
canonical suppression factor is common to all » hadron
containing a single b quark and, thus, cancels out in hadron
ratios [60]; likewise, the b fugacity factor, which is fixed by
the total bb cross section, is dropped). The thermal density
of a given b hadron of mass m; and spin-isospin degeneracy

d; and containing N strange or antistrange quarks is then
evaluated at the hadronization temperature 7 as

. d: i m:
primary __ N 2o
n Y = —27;2 vs miTyK, <_T1;>’ (1)

where K, is the modified Bessel function of second kind
and y, ~ 0.6 [45,61] the strangeness suppression factor in
elementary reactions. While the SHM analysis of light-
hadron yields in heavy-ion collisions at the LHC [48]
indicates a hadronization temperature very comparable to
the pseudocritical chiral transition temperature T%c ~
155 MeV determined in 1QCD [62,63], a higher hadroni-
zation temperature Ty ~ 170 MeV appears to be more
appropriate for HF hadrons in elementary reactions [44]. A
flavor hierarchy in the effective hadronization temperature
has also been suggested based on lattice calculations of
quark flavor susceptibilities [64]. In the following, we
therefore use 7y = 170 MeV as the default value and
Ty = 160 MeV as part of our error estimate.
Information about decays of excited b hadrons into their
weakly decaying ground states is very limited, even for
observed states [49]. Instead of taking rather incomplete
results available in the literature, we estimate the branching
ratios (BRs) of the OZI-allowed strong decays for all
employed b hadrons within the 3P, pair creation model
[65]. As schematically shown in Fig. 1, a pair of quarks
with JP€ = 0** is created from the vacuum and regroups
with the quarks within the initial b hadron into the outgoing
meson or baryon. For example, in the case of a baryon
decay, there are three ways of quark regrouping [66],
leading to a b baryon plus a light meson or a » meson plus a
light baryon in the final state; cf. Fig. 1(b). We do not
attempt to perform full calculations using realistic hadron
wave functions [67-69] but obtain the needed BRs via
counting all possible diagrams of the types in Fig. 1 once a
decay channel opens up, by assuming the number of
diagrams for the channel to be proportional to its BR.
The probability of creating a quark pair is assumed to be
o e~2"/Tu; therefore, a diagram involving creating a s3 is
weighted by e=2"s/Tu | e=2"va/Tu ~ 1 /3 taking the current-
quark masses m, ;~8 MeV and m, ~ 100 MeV (this
estimate is robust even if constituent-quark masses are

FIG. 1. The (a) meson and (b) baryon decay process A —
B + C in the *P;, model.
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used). We account for direct three-body decays of b
baryons by counting the regroupings resulting from crea-
tion of two uii or dd pairs and find significant BRs for the
Ag + nz channels of the excited A, ’s or 2,’s decays, which
is supported by the measured information on A,(5912)°
and A,(5920)° [reminiscent of A.(2595)* and A.(2625)*
in the ¢ sector] [49]. While low-lying excited states all end
up in their corresponding ground states (including the pure
electromagnetic decay of B* and Bj), higher states have
significant cross-feeddowns, e.g., BR ~ 14% for excited
Bs to BY+ K, ~85%-100% for excited B’s to
B=/B’ + K, ~20%-30% for excited A,’s (Z,’s) to
B=(B%) + N, ~20% (20%) for excited E;’s to A) + 7+
K (B~/B° + %), and ~75% (~25%) for excited Q,’s to
Eg_ + K (B~/B° + E). These estimates are overall con-
sistent with available results from a relativized quark
model [68,69].

Bottom-hadron fractions and ratios.—With the BRs as
estimated above, the total densities of the weakly decaying
ground states are obtained via

Ny = ngrimary + Zn?rimary . BR(i = 0{). (2)
i

These densities are converted into fractions of the total b
content in Table I, under the constraint of f, + f; + f, +

f A0+ ng_ + fo; = 1 when neglecting the tiny fractions of

states made of two or more heavy quarks (e.g., B, mesons,
doubly bottom baryons, or bottomonia). When going from
the PDG to the RQM scenario, a marked transfer of the b
content from the meson to the baryon sector occurs,
comparable to the experimentally observed b-hadron frac-
tions in eTe~ vs pp collisions [23] (and reminiscent of the
charm sector [26]). Specifically, the fraction of B~ (B?) is
reduced by ~10% (15%), but the fractions of Ag and Eg" are
both enhanced by ~50% upon inclusion of additional
baryons in the RQM at Ty = 170 MeV, relative to the
PDG scenario (similarly at Ty = 160 MeV). The weakly
decaying b-hadron fractions obtained in the RQM for both
Ty =170 and 160 MeV turn out to agree with the
measurements in pp collisions at the Tevatron within
uncertainties: f,=f;=0.340£0.021, f,=0.10140.015,
and fiaryon = 0.220 & 0.048 [23].

TABLE I.  Fractions of ground-state b hadrons (relative to total
bb) from the SHM with T = 170 and 160 MeV in the PDG and
RQM scenarios. Eg"_ denotes the sum of two isospin states. The
€, fraction is ~0.1% (not shown here).

The calculated ratios of B®, B, AY, and Eg’_ to B~ are
summarized in Table II. The mesonic ratios are rather stable,
but baryonic ratios are more sensitive to variations in the
hadronization temperature. While an equal production of B~
and B° always holds due to isospin symmetry, the B/B~
ratio is reduced by ~7% upon inclusion of additional states
in the RQM scenario. The most pronounced effect is caused
by the inclusion of missing baryons, enhancing the baryonic
ratios by ~60% relative to the PDG scenario, leading to
Ag/B‘ ~0.51 with Ty = 170 MeV, rather comparable to
fao/(fu+ fa) =0.259 £ 0.018 as measured by LHCb in

13 TeV pp collisions [14].

Bottom-hadron py spectra in pp collisions.—To com-
pute the p, differential cross sections of ground-state b
hadrons, we simulate the fragmentation and decay proc-
esses using the b-quark p, spectrum in /s = 5.02, 7, and
13 TeV pp collisions from FONLL [27,28]. A b quark
sampled from the spectrum is fragmented into b hadrons
via the same FF [3] as implemented in FONLL:

Dy, (z) o 2%(1 = 2), (3)

where z = py/p, is the fraction of the b hadron’s (H,)
momentum, pzy, over the b-quark momentum, p;.
The fragmentation weight of H,, is determined by its ther-

primary

mal density np ™" [Eq. (1)], normalized by the sum

>om, . Each H), produced from fragmentation is then
decayed into the ground-state particles with a constant
matrix element, i.e., decay kinematics solely determined
by phase space and BRs estimated above.

The parameter a in Eq. (3) is tuned to fit the slope of the
pr spectra of ground-state b hadrons (kinematic effects
from recombination are partially absorbed by this tune). For
the RQM scenario at Ty = 170 MeV, we find that with
ap = 45 (for simplicity taken the same for all B mesons;
similarly, ag = 25 for all By mesons and apgryo, = 8 for all
b baryons), the measured B* + B~ py-differential cross
section at 2 < y < 2.5 [70] can be described with a total bb
cross section of do””/dy = 34.55 pb (68.87 ub) in /s =
7 TeV (13 TeV) pp collisions; cf. Fig. 2(a). The latter is a
prediction based on the computed hadrochemistry content
and is consistent with the LHCb data for semileptonic b
decays [71]. For the PDG scenario, the BT + B~ data turn
out to be equally well described but with an ~10% smaller

TABLE I Ratios of B, BY, AY, and E)"” to B~ at Ty = 170
and 160 MeV in the PDG and RQM scenarios.

fa B- BO B? AY B Fo B°/B~ BY/B~ AY/B" E)"/B"
PDG(170) 03697 0.3695 0.1073  0.1157 0.03698  PDG(170) 0.9995 0.2904 0.3129 0.1000
PDG(160) 0.3782 0.3780 0.1094  0.1023 0.03144  PDG(160) 0.9995 0.2894 0.2706 0.083 13
RQM(170) 03391 0.3389 0.09152 0.1737 0.05503  RQM(170) 0.9994 0.2699 0.5122 0.1623
ROQM(160) 0.3533 0.3532 0.09620 0.1502 0.04565  RQM(160) 0.9996 0.2723 0.4250 0.1292
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FIG. 2.
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(a) pr-differential cross sections of ground-state B~ in /s = 7 and 13 TeV pp collisions for the RQM (solid lines) and PDG

(dashed lines) scenarios at Ty, = 170 MeV, in comparison with LHCb dataat 2 < y < 2.5 [70]. (b) The same for B, BY, Ag, and E(b)’_ in
\/s =5.02 TeV pp collisions at midrapidity, compared to |y| < 2.4 CMS data [72,73] scaled to |y| < 0.5 via FONLL [27,28].

total bb cross section. The decrease in the latter is due to the
reduction of b content in the baryon sector, as demonstrated
by the significantly smaller py-differential yields of Ag and
Eg‘_ compared to their RQM counterparts; cf. Fig. 2(b) for
\/s =5.02 TeV pp collisions at midrapidity, where avail-

able data for B* and BY are compared; the value do®? /dy =
39.30 pb deduced from the RQM scenario is comparable
to the value measured by ALICE via nonprompt D
mesons [17].

We now turn to the pp-dependent b-hadron ratios. For
BY/B~, shown in Fig. 3(a), the additional states in the RQM
scenario reduce the PDG scenario results by over 10% at
low pr, improving the description of the LHCb data for
fs/fa which are approximately constant with p;. For
A)/B~, the RQM scenario is clearly favored by the
LHCb data; cf. Fig. 3(b). The substantial gap between
data and the PDG scenario results is largely overcome by
the feeddown of the large set of “missing” baryons included
in the RQM calculation, leading to a fair description of the
data, including its increasing trend toward low pz. For
comparison, the LEP average of f, /f, [23]in Z decays is

0.8 T

indicated as a horizontal arrow. Finally, our predictions for

the B0~ /B~ ratio from RQM and PDG scenarios are
compared in Fig. 3(c), exhibiting similar features as in
the case of A)/B~.

Bottom hadrons in PbPb collisions.—The hadrochem-
istry computed above in pp collisions serves as a controlled
reference for studying modifications in heavy-ion colli-
sions. Toward this end, we employ a strongly coupled
transport approach previously developed for the ¢ sector
[43] and calculate the hadrochemistry and nuclear modi-
fication factor of b hadrons in ,/syy = 5.02 TeV PbPb
collisions. In this approach, the b-quark diffusion in the
hydrodynamically evolving quark-gluon plasma (QGP) is
simulated via relativistic Langevin equations whose accu-
racy is improved compared to ¢ quarks because of the ~3
times larger b-quark mass (no shadowing is put on the
initial b-quark spectrum). The transport coefficient is taken
from 1QCD-potential-based 7-matrix computations [75]
but amplified by the same K = 1.6 factor as done for
the ¢ sector [43], to mimic missing contributions from
spin-dependent forces [76] and/or radiative energy loss.
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FIG. 3. py-dependent ratios of (a) BY/B~, (b) A(b) /B, and (c) Eg’_ /B~ for RQM (solid lines) and PDG (dashed lines) scenarios in
Vs =13 (red, 2 < y < 2.5) and 5.02 TeV (green, |y| < 0.5) pp collisions, together with ratios in /syy = 5.02 TeV PbPb collisions
(blue solid lines, 20%—40% centrality) at midrapidity, in comparison with available LHCb [14,15,20] and CMS [74] data. The
horizontal arrow in the middle panel indicates the LEP average for f,, /f4 [23] from 79 decays at an average b-quark transverse
momentum of (p,(b)) ~40 GeV.
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midrapidity, together with CMS data for B*~ in 0%—100% centrality [72]. (b) The same for nonprompt D° and D (0%—10% centrality)

in comparison with ALICE data [83,84].

At Ty = 170 MeV, b-quark hadronization into mesons or
baryons is computed by the 4-momentum-conserving
resonance recombination model (RRM) [43,77]. The
RRM is implemented event by event in combination with
the Langevin diffusion based on self-consistently deter-
mined recombination probabilities P;(p}) [43]. The sum of
> Pi(p;) over all primary b hadrons i is renormalized to
unity at vanishing b-quark rest-frame momentum (p;) to
guarantee the majority of low-momentum b quarks hadron-
ize through recombination, while leftover b quarks, as a
result of the decreasing ), P;(pj,) toward large pj, frag-
ment in the same manner as in pp. A prominent feature of
our RRM implementation is the inclusion of space-momen-
tum correlations (SMCs) in the quark phase-space distri-
butions [43], which augments the flow effect in the p;
spectra of high-mass b hadrons and generally extends the
reach of recombination toward higher pr.

In practice, constituent-quark (m, ; = 0.33 GeV, m, =
0.45 GeV, m;, =4.88 GeV) and -diquark masses (scalar
mpq = 0.71 GeV  within  A,’s, axial-vector my,q =
0.909 GeV within X,’s, my, = 0.948 GeV and my, =
1.069 GeV within E,’s, and my, = 1.203 GeV within
Q,,’s) are taken from RQM studies [53,54]. We use energy-
dependent widths (cf. Ref. [78]) with on-shell values of
I ~0.1 GeV in the meson, diquark, and baryon cross
sections in RRM, which suppresses artificial low-s tails of
the pertinent Breit-Wigner amplitudes for /s values far
below the nominal resonance mass (thereby significantly
reducing the sensitivity of final results to variations of the
width values).

Primary b hadrons formed from hadronization undergo
further diffusion in the hadronic phase until kinetic freeze-
out using our previously calculated D-meson thermaliza-
tion rate [79] scaled down by the b-hadron mass. These
hadrons are then decayed to obtain the p; spectra of
ground-state b hadrons. The ratios of BY/B~, A)/B~, and

E,(}_ /B~ are shown in Fig. 3. Compared to their counter-
parts in pp collisions, the BY /B~ ratio exhibits a significant

enhancement up to pr ~ 10 GeV, resulting from b-quark
coupling to the enhanced strangeness in QGP through
recombination; an enhanced Ag /B~ ratio appears in the
intermediate-py region due to a stronger flow effect on
generally heavier baryons as captured by RRM with SMCs,
peaking at a higher py ~ 6 GeV and extending to signifi-
cantly larger p7 ~ 15 GeV than the corresponding ratio in
the ¢ sector [43,80] because of the larger b-quark mass. The
Eg‘_ /B~ ratio develops a more pronounced enhancement,
as it combines the strange-quark and baryon features. The
nuclear modification factors R4, defined as the ratio of py
differential yield in PbPb collisions to the cross section in
pp collisions scaled by the nuclear overlap function [81],
are shown in Fig. 4(a) for ground-state B~ (same for BY),
BY, AY, and E)~ in semicentral PbPb collisions, with an
expected hierarchy of flow effects and suppression driven
by their quark content. Upon weak decay of these hadrons
into nonprompt c¢ hadrons utilizing PYTHIAS [82], the
resulting R,4’s for nonprompt D° and Dy in central
collisions show fair agreement with ALICE data;
cf. Fig. 4(b).

Summary.—Employing the statistical hadronization
model, we have evaluated the hadrochemistry of b hadrons
in pp collisions at collider energies. The spectrum of b
hadrons has been taken from theoretical predictions of the
relativistic quark model which is largely supported by
lattice-QCD computations of vacuum spectroscopy. Many
of the RQM states, especially in the baryon sector, are not
yet observed and are, therefore, much more numerous than
the current PDG listings. With strong and electromagnetic
feeddown estimated from the 3P, model, we have per-
formed quark model estimates of excited b-hadron decays
which enabled a comprehensive prediction of fragmenta-
tion fractions of weakly decaying b hadrons for the first
time; pertinent ratios turn out to agree with measurements
in pp collisions at the Tevatron. We have further calculated
pr differential cross sections for ground-state » hadrons
using fragmentation weights of an underlying (per-
turbative) b-quark spectrum determined by the SHM.
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The resulting pr-dependent B/B~ and AY/B~ ratios agree
with LHCb data. All of our results critically depend on the
excited states that the RQM predicts beyond the PDG
listings. We have furthermore deployed the new hadro-
chemistry into our strongly coupled HF transport model for
heavy-ion collisions, to evaluate spectral modifications in
PbPb collisions. The pr-dependent modifications of ratios
between different ground-state b hadrons have been quan-
tified, highlighting the role of b quarks as probes of the
QGP—a central pillar of experimental efforts at both RHIC
[85] and the LHC in the near future [86-89].

This work was supported by National Natural Science
Foundation of China (NSFC) Grant No. 12075122 and the
U.S. National Science Foundation under Grant No. PHY-
1913286. M. H. thanks Fabrizio Grosa for help with the
simulation of weak decays of b hadrons.
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