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The production rate of A) baryons relative to B mesons in pp collisions at a center-of-mass energy

/s = 13 TeV is measured by the LHCb experiment. The ratio of A) to B® production cross sections shows
a significant dependence on both the transverse momentum and the measured charged-particle multiplicity.
At low multiplicity, the ratio measured at LHCb is consistent with the value measured in e e~ collisions,
and increases by a factor of ~2 with increasing multiplicity. At relatively low transverse momentum, the

ratio of A(I), to BC cross sections is higher than what is measured in e* e~ collisions, but converges with the
eTe™ ratio as the momentum increases. These results imply that the evolution of heavy b quarks into final-
state hadrons is influenced by the density of the hadronic environment produced in the collision.
Comparisons with several models and implications for the mechanisms enforcing quark confinement are

discussed.
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One of the defining features of quantum chromodynam-
ics (QCD) is color confinement, which prohibits isolated
quarks and gluons from being observed. Instead, the
partons, which carry color charge, are found only as
constituents of color-neutral hadrons [1]. Quarks that are
produced at colliders such as the Large Hadron Collider
(LHC), evolve into observable hadrons through a process
known as hadronization. Factorization theorems in QCD
typically assume that hadronization is a universal process,
independent of the colliding beam species [2].

One mechanism of hadronization is parton-to-hadron
fragmentation, where the potential between outgoing par-
tons grows until it is energetically favorable to produce
other partons from the vacuum that neutralize the initiating
parton’s color charge. This process is often modeled by
cluster formation [3] or color string breaking [4]. The
resulting collections of particles are known as jets [5], and
have been studied extensively in e*e™, pp, pp, and heavy-
ion collisions [6—13]. Fragmentation functions, which
describe the evolution of quarks and gluons resulting from
hard scattering into hadrons, are constrained by data from
eTe™ collisions [14-16].

An alternative hadronization mechanism can arise when
quarks that are produced near each other combine to form
color-neutral hadrons through a process called coalescence.
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Models of coalescence generally require individual parton
wave functions to overlap in position and velocity space,
and have successfully described a range of collider and
fixed-target data [17-21]. In these models, the density of
partons produced in the underlying event has a significant
effect on the hadronization process, and is expected to be
especially important in heavy-ion collisions [20,22].
Enhanced baryon production can be a signature of coa-
lescence, and models generally require coalescence in order
to reproduce the baryon to meson production cross-section
ratios measured in heavy-ion collisions [23-25]. Multiple
parton interactions in p p collisions can also result in many
overlapping color strings and high final-state particle
multiplicities. This alternative hadronization mechanism
does not require fragmentation, and since charged-particle
multiplicity in the underlying event depends on the collid-
ing beam species, the emergence of coalescence in hadron
collisions breaks the universality of the hadronization
process.

The family of hadrons containing bottom quarks is
particularly sensitive to hadronization. Because of the large
mass of b quarks, light quark to b-hadron fragmentation is
suppressed, and the long wavelengths of heavy b quarks at
low transverse momentum pt can potentially overlap with
other particles produced in the event. Additionally, there is
no b-quark content in the valence quarks of beam particles,
and b-quark production is dominated by hard parton-parton
interactions in the early stages of the collision, before
hadronization takes place [26]. Total bb cross sections are
consequently well described by perturbative QCD calcu-
lations [27-29]. Previous measurements have shown that
the fraction of b quarks that hadronize into baryons has a
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significant pp dependence [30,31], and that there is an
asymmetry between A and A) production at the LHC [32].
There is also evidence for an increase in the rate of BY
meson production relative to B® production with increasing
multiplicity at low pt [33]. Additionally, the ALICE
Collaboration has shown that the fragmentation fractions
for charm quarks vary between eTe™ and pp collisions,
with pp data favoring higher A} baryon production [34],
and that the baryon production is affected by the multi-
plicity of the underlying event [35]. None of these results
are expected in a scenario where heavy quarks hadronize
only via fragmentation in the vacuum. If coalescence is
affecting b-quark hadronization, enhanced production of
low-pr AY baryons would be expected in collisions with
relatively high multiplicity. In contrast, b quarks produced
in low multiplicity collisions and/or at high pr would have
little interaction with other produced particles and fragment
in the vacuum, as in e* e~ collisions.

This Letter presents new measurements of the ratio of Ag
baryon to B meson production cross sections, as a function
of pr and multiplicity, using a sample of pp collisions at
/s = 13 TeV corresponding to an integrated luminosity of
about 5.4 fb~!. Candidates for A baryons and B® mesons
are reconstructed through their decays to the J/ypK~ and
J/wr~ K™ final states, respectively (charge conjugation is
assumed throughout this Letter), where the J/y meson
subsequently decays to the pu~ final state.

The LHCb detector [36,37] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < 5 < 5,
designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region [38] (known as the VELO detector), a
large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm,
and three stations of silicon-strip detectors and straw drift
tubes [39] placed downstream of the magnet. The tracking
system provides a measurement of the momentum of
charged particles with a relative uncertainty that varies
from 0.5% at low momentum to 1.0% at 200 GeV/c.
Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov
detectors [40]. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional
chambers [41].

Simulation is required to model the effects of the detector
acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA [42].
Decays of unstable particles are described by EVTGEN [43],
in which final-state radiation is generated using PHOTOS
[44]. The interaction of the generated particles with the
detector, and its response, are implemented using
the GEANT4 toolkit [45] as described in Ref. [46].
Weights are applied to the simulation to ensure the invariant

mass distributions of product pairs from the A) and B°
decays and the parent pp match background-subtracted
distributions that are extracted from the data using the sPlot
method [47].

Events considered here are identified by a series of
hardware and software triggers designed to select muons
from the decay J/y — utu~, and have exactly one recon-
structed primary vertex. Each individual muon candidate is
required to have pt > 500 MeV/c and to penetrate hadron
absorbers in the LHCb muon system. The reconstructed
up~ pair must have a mass within 39 MeV/c? of the
known J/w mass (which corresponds to 3 times the
measured mass resolution of the J/y peak) [48], and must
form an origin vertex that is displaced from the primary
vertex. Charged pion, kaon, and proton candidates are
positively identified by the response of the LHCb ring-
imaging Cherenkov detectors, and are required to have a
momentum above 3 GeV/c and pr > 750 MeV/c.
Combinations of tracks that meet these requirements are
refit with kinematic constraints that fix the y*p~ invariant
mass to the known J/y mass, and require all four tracks to
share a common vertex.

The multiplicity metrics used are either the total number
of charged tracks reconstructed in the VELO detector,
NYELO " or the subset of backwards VELO tracks that
point away from the LHCb spectrometer, N2k  which
covers the pseudorapidity interval of approximately
—3.5 <y < —1.5. The backwards VELO tracks provide
a multiplicity estimate that is measured in a different
rapidity region than the signal. Events containing signal
candidates are characterized in terms of their relation to
events that are selected by triggering on the LHC beam
clock alone, no bias (NB) events, which provide a selection
of pp collisions that do not have biases resulting from
trigger decisions based on measured particles. The results
are quoted in terms of normalized multiplicity, defined as
the number of tracks at the center of a given multiplicity bin
divided by the mean number of tracks in NB events, which
are (NYELO) (g = 37.7 and (N0 )\p = 11.1, with negli-
gible statistical uncertainties of less than 0.1% [33].

Extended maximum-likelihood fits are performed on the
binned J/ypK~ and J/wz~ K™ invariant mass spectra to
determine the A and B yields, respectively, in intervals of
pr and multiplicity. The A9 and B° signals are each
described by a sum of two Crystal Ball functions [49],
whose tail parameters and relative contributions are fixed to
values determined by fitting simulated decays. The back-
ground contribution is represented by an exponential
function, which provides a good description of the mass
sidebands. Examples of the J/wpK~ and J/wan K*
invariant mass distributions and fits are shown in Fig. 1.
Variations of the fit functions that converge change the
extracted Ag and B yields by about 1%, which is taken as a
systematic uncertainty.
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FIG. 1.
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Invariant mass spectra in the transverse momentum interval 10 < pp < 12 GeV/c for the (a) J/wpK™~ and (b) J /yz~ K™ final

states, integrated over multiplicity. Fit projections including signal and background components are shown.

The ratio of production cross sections o0 /opo is found
by calculating
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where N0 and N are the A) and B° yields extracted by
fitting the peaks in the invariant mass spectra, A0 and Bgo

are the branching fractions of A) and B to the relevant final
states [48], €*° is the acceptance of the LHCb spectrometer
for the given decay, "2 is the efficiency for triggering on
the given decay, €' is the efficiency for selecting and
reconstructing the parent particle, and e’P is the total
particle identification efficiency for the final-state charged
tracks from the decays.

The ratio leads to the partial cancellation of many of the
correction factors and their systematic uncertainties due to
the similarities of the decays. The ratio of acceptance
corrections e%%c / ej‘\c(f is estimated via simulation to be ~0.95
at low pr and ténds to unity with increasing pr. A
systematic uncertainty of 1% is evaluated by varying the
weights applied to the simulated events within their
trig/etrig is
B/ EAY
measured as described in Ref. [50], and found to be
consistent with unity. Uncertainties on this factor vary
from 1% at low pt to 3% at high pr, due to the finite size of
the data samples used to measure the trigger efficiencies.

The ratio of reconstruction efficiencies e;ﬁ? / efg varies from
b
~0.8 at the lowest pr values and increases to be consistent

with unity where pr is much greater than the A) and B°

uncertainties. The ratio of trigger efficiencies ¢

masses. The deviation from unity is due to the differences
in the reconstruction efficiencies of the intermediate states
in the products of the AY and B° decays [51-53]. A
systematic uncertainty that varies with pr from 2% to
4% is assigned to account for uncertainties on the weights
applied to the simulation, and an additional uncertainty that
is negligible at low pt and increases to a maximum of ~2%
at high pr is assigned to account for the finite size of
the simulation samples used to calculate this correction.

The ratio of particle identification efficiencies ef° /el is
b

found using calibrated samples of identified particles taken
from data. This term deviates from unity by a maximum of
7% at low pr, due to the difference in identification
efficiencies for pions from B® decays and protons from
A decays. A systematic uncertainty of 2% is assigned due
to the finite size of the calibration samples [54]. The
product of the efficiency ratios ranges from ~0.8 at low pr
to ~0.9 at high pr. The systematic uncertainty on these
corrections is calculated by adding all contributions in
quadrature, and ranges between 4% and 6%. Systematic
uncertainties dominate for pr < 18 GeV/c¢, with statistical
uncertainties becoming dominant at higher pr.

The resulting c,0/050 ratio is shown in Fig. 2 as a
function of pp. Numerical values are given in the
Supplemental Material [55]. The blue points show the data
analyzed in this Letter, where the error bars are the
quadrature sum of the statistical and systematic uncertain-
ties, and the error boxes indicate the point-to-point fully
correlated (global) uncertainty due to uncertainties on the
Ag and B° branching fractions. The gray points show a
previous measurement of the ratio of the AY cross section to
the sum of the B® and B cross sections measured using
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FIG. 2. Ratio of Ag to B® production cross-sections as a
function of pr (blue circles). The error bars represent the
quadrature sum of the statistical and systematic uncertainties
and the boxes depict the global uncertainties due to branching
fractions. The data are compared to previous pp measurements
using semileptonic decays (gray circles) [31], and data from pPb
collisions (squares) [57]. Calculations from a statistical hadro-
nization model (SHM) [58], and the PYTHIAS8 [42] and EPOS4HQ
[59] event generators are also shown.

semileptonic decays over the pseudorapidity interval
2 <n <5 [31]. For direct comparison here, that ratio is
multiplied by a factor of 2 under the assumption of equal
production of B® and B* mesons, which is supported by
data [56]. In the pt range where the measurements overlap,
there is good agreement within uncertainties. Data from
pPb collisions [57] covering two different rapidity intervals
are also shown for comparison (purple points), and gen-
erally agree with the pp data within uncertainties.

The solid green and dashed dark green curves in Fig. 2
are from a recent model of statistical hadronization of b
quarks [58] that assumes relative chemical equilibrium
between different b-hadron yields, and considers two sets
of b hadrons as input. The green solid curve uses the
measured spectrum of baryons collected by the Particle
Data Group (PDG) in Ref. [48], while the dark dashed
curve uses an expanded set of b baryons that are expected
by the relativistic quark model (RQM) [60]. Feed-down
contributions from these baryons would contribute to the
Ag yields. The central values of the data are most consistent
the RQM calculation at intermediate pr, while the PDG
calculation is favored at the lowest and highest pr.

Results from two event generators are also shown in
Fig. 2. The black dashed line is a calculation from PYTHIAS,
using the default settings. This model shows little variation
with pr, but is consistent with the data for pr > 20 GeV/c.
Results from the EPOS4HQ event generator [59] are given
for two configurations. The dashed orange curve shows the
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FIG. 3. Ratio of A to B cross-sections as a function of the
total track multiplicity measured in the VELO detector (blue).
The purple point indicates the value measured in e e~ collisions
at LEP [61].

ratio where all b quarks are required to hadronize via
fragmentation, which is largely consistent with the result
from PYTHIAS, and does not match the data at low pr.
The other EPOS4HQ calculation, shown in the red dashed
line (“EPOS4HQ + coal”), includes quark coalescence
as an additional hadronization mechanism for b quarks.
This model reproduces the shape of the data, but slightly
overpredicts the magnitude of the O A0 /opo ratio at inter-

mediate pp. This could indicate that quark coalescence
plays a role in baryon formation at relatively low pr, while
high-pt b hadrons are formed primarily through fragmen-
tation in vacuum.

The pr-integrated o A /opo ratio is shown as a function of
multiplicity in Fig. 3. Numerical values are given in
the Supplemental Material [55]. The error bars represent
the quadrature sum of the statistical and systematic uncer-
tainties, while the global uncertainty of f}g;f due to the
branching fractions is indicated in text. In the lowest
multiplicity bins, this pp data approaches the baryon
fraction measured in eTe~ collisions at the Large
Electron-Position collider (LEP) [61]. This is expected
since b quarks in low-multiplicity events do not overlap
with other particles and fragment in the vacuum, as in eTe™
collisions. There is a distinct rise of the baryon fraction with
multiplicity, which plateaus at ~0.5 for collisions that
produce more than twice the average number of VELO
tracks, though the data at the highest multiplicities have
increasing uncertainties. This could indicate that coales-
cence emerges as an additional production mechanism for
baryons at high multiplicity, where multiple quark wave
functions overlap.

The o6,0/065 ratio is shown in Fig. 4 as a function
of pr in different multiplicity bins. Numerical values are
given in the Supplemental Material [55]. The left panel
shows the data in the different bins of total track multi-
plicity, where the multiplicity intervals correspond to less

than (NYELO) o between 1 and 2 times (NYELO) . and
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FIG. 4. Ratio of A) to B® cross sections as a function of pr, in bins of (a) the total multiplicity measured in the VELO detector and
(b) the backwards track multiplicity. The purple point shows the value measured in e*e~ — Z° — bb reactions at LEP [61].

greater than twice (NYELO) .. The right panel shows

similar data, but uses (N%K ) o to define multiplicity.
The error bars represent the quadrature sum of the statistical
and systematic uncertainties, while the global uncertainty
on all data points due to the uncertainties on the branching
fractions is indicated in text. The purple point represents the
LEP measurement of the ratio of the b-baryon fraction to
b-meson fraction [61].

A significant multiplicity dependence can be observed
using both multiplicity metrics, with higher multiplicity
collisions displaying a larger A fraction. The dependence
is more pronounced when using the total number of VELO
tracks (dominated by forward tracks), where there is clear
ordering at intermediate pt, however the backwards VELO
tracks metric also shows a clear difference between the
lowest and higher multiplicity bins. At low pr, the ratio
O A0 /opo is significantly higher than the value measured in

ete™ collisions, but as pr increases the multiplicity
dependence weakens and all data converges to the value
from LEP. This is expected in quark coalescence scenarios,
where low-pr Ag baryons can be produced when b quarks
combine with two light quarks. However, at high-pp A
baryons have limited overlap with the underlying event and
are therefore produced by b-quark fragmentation in the
vacuum.

In summary, these new measurements from LHCb show
clear variations of the & A /o po ratio with multiplicity and pr
in pp collisions at f = 13 TeV. Production of the A0
baryon is enhanced relative to the B meson at high charged-
particle multiplicity and relatively low pt. The baryon
fraction measured at LEP can be reached in pp collisions
with very low multiplicity, and with b hadrons at high pr,
regardless of multiplicity. These observations show that

b-quark hadronization is not universal between e*e™ and pp
collisions, and may indicate that quark coalescence plays an
important role in forming hadrons at the LHC. These results
are qualitatively consistent with the emergence of coales-
cence as an additional baryon production mechanism in
high-density hadronic environments.
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