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1 Introduction

In relativistic heavy ion collisions, hadrons containing a heavy quark are versatile probes
for understanding parton energy loss and thermalization properties associated with the
quark-gluon plasma (QGP) formed in these collisions [1-7]. Because of their large rest
masses, heavy quarks are primarily produced in the initial hard scatterings and interact with
the medium by different energy loss mechanisms than light-flavor quarks [8]. A thorough
understanding of both the in-medium interactions and the subsequent hadronization processes
is needed to correctly interpret the experimental data. In proton-proton (pp) collisions,
hadronization is expected to occur in the form of a fragmentation process [9]. While the
fragmentation process can still occur during heavy ion collisions, in these collisions hadrons
can also form by parton coalescence inside or at the boundary of the QGP medium [10, 11].
The effect of coalescence is expected to be most prominent for low and intermediate transverse
momentum (pr) hadrons, for which the density is highest for the precursor partons. The
coalescence probability decreases with increasing hadron pr, leading to the dominance of
the fragmentation process of hadronization at high pr.

In the presence of a QGP, the parton coalescence contribution for baryon production
is expected to be higher than that for meson production at a fixed hadron pt value. This
is a consequence of the hadron pr value reflecting the sum of the constituent quark pr
values and of having a decreasing quark density with increasing quark pp. In particular,



a large enhancement in the AZF /D0 yield ratio in heavy ion relative to pp collisions is
predicted by models including the coalescence of charm and light-flavor quarks in A baryon
production [12-15], with the enhancement expected to have a strong pr dependence.

The production of A:r baryons for a variety of collision systems has been measured by
RHIC and LHC experiments. At the LHC, Al pp-differential cross section measurements
have been made for pp collisions at midrapidity (y ~ 0) by ALICE [16, 17] and CMS [18],
and at forward rapidity by LHCb [19]. These measurements are compared to theoretical
predictions from the next-to-leading order general-mass variable-flavor-number scheme (GM-
VENS) [20, 21] and to PYTHIA8 with color reconnection [22]. Within the rapidity range
2.0-4.5, these predictions are consistent with the LHCb results. The GM-VFNS calculations,
however, underestimate ALICE and CMS results for |y| < 0.5 and 1.0, respectively. The
PYTHIAS calculations with mode 2 of the color reconnection mechanism (CR2) [22] activated
are in general agreement with the experimental results [17, 18]. ALICE and LHCb also
report AJ/ DY production ratios for pp and proton-lead (pPb) collisions. The ALICE ratios
from pp and pPb collisions [16] are above the corresponding LHCb values [23], indicating
a rapidity dependence for baryon and meson hadronization.

At RHIC, the STAR Collaboration measured A7 production at midrapidity (|y| < 1)
in gold-gold collisions at a center-of-mass energy per nucleon pair (y/s ) of 200 GeV [24].
In heavy ion collisions, measurements are often done in centrality classes that are given in
percentage ranges of the total inelastic hadronic cross section, with the 0-20% centrality bin
corresponding to the 20% of collisions having the largest overlap of the two nuclei. Within
the 0-20% centrality range, the AJ/ DY ratio for 3 < py < 6 GeV/c is found to be significantly
higher than predicted by the PYTHIA8 event generation model [25] for pp collisions. Also,
an ALICE measurement of the A: / DY ratio for pr < 10 GeV/c at midrapidity in lead-lead
(PbPb) collisions at 5.02 TeV [26, 27| finds larger values than those in pp and pPb collisions.
In contrast, the CMS results in the higher-p range 10-20 GeV/c are consistent with the pp
results [18]. The Al nuclear modification factor (Ry,) is the ratio of Al baryon yields in
PbPb to the pp results scaled by the number of nucleon-nucleon (NN) binary collisions. The
ALICE and CMS measurements of the Ry at 5.02 TeV find this ratio to be less than unity,
indicating a medium-induced charm quark energy loss before hadronization [16-18, 26, 27].
More information on the coalescence process in heavy flavor hadron production can be
obtained from the recent LHC measurements at 5.02 TeV of X (3872) in PbPb collisions [28],
and BY production in pp and PbPb collisions [29].

In this paper, we report on the measurements of prompt Aér baryon production in
5.02 TeV pp and PbPb collisions with data collected using the CMS detector in 2017 and
2018, respectively. The integrated luminosities of the pp and PbPb data are 252 and
0.607 nb_l, respectively [30-32]. The term “prompt A;r ” is used to denote AZF baryons that
are either directly generated during charm quark hadronization or formed through the strong
interaction decay of excited charmed hadron states [33]. This is in contrast to “nonprompt
AL”, which refers to Al baryons that originate from the decay of b hadrons.

The A} baryons are reconstructed in the central rapidity region (Jy| < 1) via the
hadronic decay channel AQL — pK n". In pp collisions, the pr spectrum is measured in
the pp range 3-30 GeV/c. The pr spectrum and the Ry are measured in the integrated



centrality class of 0-90% with 6 < pp < 40 GeV/c and 6 < pp < 30 GeV/c, respectively. These
are also measured in the centrality bins 0-10, 10-30, 30-50 and 50-90% within different
pr ranges. The Al / D production ratios are obtained for pp and PbPb collisions with
3 < pr < 30GeV/c and 6 < pp < 40 GeV/e, respectively, using previously reported CMS
results for D? production [34]. The PbPb A/ D ratio is also measured for the centrality
class 0-10% in the p range 10-40 GeV/c. All references to AC+ and D in the text of this
paper also include the corresponding charge conjugate states. Tabulated results are provided
in the HEPData record for this analysis [35].

2 The CMS apparatus

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume, there is a
silicon pixel and strip tracker that measures the trajectories of charged particles in the
pseudorapidity range |n| < 2.5, a lead-tungstate crystal electromagnetic calorimeter, and a
brass and scintillator hadron calorimeter. For charged particles of 1 < pp < 10 GeV/ec and
In| < 1.4, the typical track resolution is 1.5% in pr and 25-90 (45-150) pm in the transverse
(longitudinal) impact parameter [36]. Two forward hadron (HF) calorimeters use steel as an
absorber and quartz fibers as the sensitive material. The two HF calorimeters are located
11.2m away from the interaction region, one on either side, and together they extend the
calorimeter coverage to 3.0 < |n| < 5.2. Each HF calorimeter consists of 432 readout towers
consisting of a geometrically defined group of calorimeter cells. The HF calorimeter cells
contain long and short quartz fibers running parallel to the beam that provide information on
the shower energy and the relative contribution originating from hadrons versus electrons and
photons. In this analysis, the HF information is used for performing an offline event selection
and for determining event centrality. The Beam Pickup and Timing for LHC eXperiments
(BPTX) provides precise information on the bunch structure and timing of the beam. A
detailed description of the CMS experiment can be found in ref. [37].

3 Event selection and simulated event sample

Events are required to pass selection criteria designed to reject those arising from background
processes such as beam-gas interactions and nonhadronic collisions, as described in ref. [38].
Events must have at least one reconstructed primary interaction vertex formed by two or more
tracks [36] within a distance of 15 cm from the center of the nominal interaction region along
the beam axis. In addition, in PbPb collisions, the shapes of the clusters in the pixel detector
must be compatible with those expected from particles produced at the primary vertex
location [39]. The PbPb collision events are also required to have at least two towers in each
HF detector with energy deposits of more than 4 GeV per tower. This analysis processes PbPb
minimum-bias (MB) and pp zero-bias (ZB) trigger events. The PbPb MB trigger requires
signals on both sides of the HF calorimeters [40]. The number of interactions per bunch
crossing in pp collisions is less than 5, and hence the ZB trigger is used in this analysis. The
pp ZB trigger requires a coincidence of the signals from the BPTX detectors located on either
side of the interaction point, indicating the presence of bunches from both beams at CMS.



Monte Carlo (MC) simulated event samples for pp and PbPb collisions are used to
optimize the selection criteria, calculate the acceptance times efficiency factors, estimate
the systematic uncertainties, and facilitate the separation of prompt and nonprompt A,
baryons. The pp MC samples are generated using PYTHIAS 2.1.2 [25], hereafter referred to as
PYTHIAS, with tune CP5 [41], which includes both prompt and nonprompt Aj baryon events.
For the PbPb MC samples, each PYTHIAS event containing a Aj baryon is embedded into
a PbPb collision event generated with HYDJET 1.9 [42], which is tuned to reproduce global
event properties such as the charged-hadron pp spectrum and particle multiplicity. The
Azr — pK 1" decay is simulated using EVTGEN 1.3.0 [43] based on four sub-channels: Aér —
pK"(892)° = pK ", AT = A(1232)" K™ — pK ", AT = A(1520)n" — pK nt, and
A(Jf - pKn’" (nonresonant), with no modeling of interference between the sub-channels.
Details of the decay channel and its subchannels can be found in ref. [44]. All particles are
propagated through a simulation of the CMS detector response using the GEANT4 package [45].

4 Signal reconstruction and extraction

The signal is reconstructed by selecting three charged-particle tracks within || < 1.2 in
the mass range 2.11-2.45 GeV/c2. The net charge of A:r — pK™ " candidates and their
charge conjugates are required to be +1 and —1, respectively. All charged tracks must have
pr > 0.5GeV/e and 1.0 GeV/c for pp and PbPb collisions, respectively. Signal events will
have two same-sign tracks from a proton and a charged pion and an opposite-sign track for
the kaon. Without particle identification, the possibilities for either of the same-sign tracks to
be a proton or a pion are considered, with the kaon mass assumed for the opposite-sign track.
The invariant mass distribution of the reconstructed signal with an incorrect mass assignment
is much broader, about 30 times the width of the signal with the correct mass assignment.
These misidentified events are indistinguishable from the combinatorial background and are
thus treated as part of the background during signal extraction.

The raw signal yields are obtained in each pr and centrality interval using unbinned
maximum likelihood fits. The fit function consists of several components. To account for
the variation of track momentum resolution as a function of rapidity, a double Gaussian
function is used to model the signal shape in pp collisions, with a common mean value for
the two Gaussians, but with different widths. The PbPb signal shape is modeled using a
triple Gaussian function, again with a common mean value but different widths. The widths
and the relative areas of the Gaussian functions are obtained from the fit to simulated signal.
A Chebyshev polynomial function is used to model the combinatorial background underlying
the A:r signal including the background due to incorrect mass assignments for both pp and
PbPb collisions. The order of the Chebyshev polynomial function for the nominal background
shape is determined by a likelihood ratio test [46].

As the event multiplicities for pp and PbPb collisions are substantially different, the
selection criteria were optimized separately. The selection criteria optimization procedure
mostly follows the one described in ref. [18], except that a gradient-boosted decision tree
(BDTG) is chosen as the classification method. The variables used in the training are: the X
probability of vertex fit to the daughter tracks of A7, the angle between the A momentum
and the vector connecting the production and decay vertices, the distance between the two
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Figure 1. The number of reconstructed Aj‘ candidates per 8MeV/c2 invariant mass in pp collisions
for pp = 3-4 (left) and 20-30 GeV/c (right). The solid line represents the fit to the data and the
dashed line represents the fit to the background. The lower panels show the pulls, obtained as the
difference between the data points and the fit result, divided by the uncertainty in data.

vertices, and the ratio of the daughter track pt to that of the A candidate. The BDTG
optimization is used for the full pr range 3-30 GeV/c for pp collisions and in the range
6-10 GeV/c for PbPb collisions. In the pt range 10-40 GeV/e for PbPb collisions, the selection
criteria are optimized for individual variables, since the BDTG training leads to irregular
shapes in the side band region of the mass distribution. When performing the signal extraction,
the widths and relative yields for the multiple Gaussian functions are fixed to the values found
using MC simulations. To account for the difference in the widths of the Gaussian functions
in the simulation and data, each width of the multiple Gaussian function is multiplied by an
additional common scaling factor, obtained by fitting the mass distribution. The mean of the
signal function is treated as a fit parameter. The pull distributions (defined here as the ratio
of the difference between the data and the model fit value to the uncertainty in data) show
the behavior of a random variable that is consistent with a Gaussian distribution with zero
mean and unit width, which indicates the absence of bias in the fitting procedure.

Figure 1 shows the invariant mass distribution of AC+ candidates in pp collisions for
pr = 3—4 (left) and 20-30 GeV/c (right). Figure 2 displays the invariant mass distribution
of Al candidates for PbPb collisions with pp = 6-8 (left) and 30-40 GeV/c (middle) in the
0-90% centrality bin, and for pp = 10-12.5 GeV/c (right) in the 0-10% centrality bin. The
solid line represents the fit to the data and the dashed line represents the contribution from
the combinatorial background. For pp collisions, a clear A:r signal peak is observed between
pr = 3-4 and 20-30 GeV/e. For PbPb collisions, a significant signal is observed between
pr = 6-8 and 30-40 GeV/c for the 0-90% centrality bin. For the 0-10% centrality bin, the
lowest pr bin with a clearly resolved signal peak is 10-12.5 GeV/ec.
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Figure 2. The number of reconstructed A7 candidates per 8 MeV/c2 invariant mass in PbPb collisions
for pr = 6-8 (left) and 30-40 GeV/c (middle) in the 0-90% centrality bin, and for py = 10-12.5 GeV/c
in the 0-10% (right) centrality bin. The solid line represents the fit to the data and the dashed line
represents the contribution from the combinatorial background. The lower panels show the pulls,
obtained as the difference between the data points and the fit result, divided by the uncertainty in data.

5 Prompt signal fraction

The distribution of the distance of closest approach (DCA) of the inclusive Al particles is
used to obtain the prompt A, fraction (fprompt)- For PbPb collisions, the DCA is defined as
the closest three-dimensional distance between the A:r particle and the primary vertex. In
case of a single event containing tracks from multiple collisions, the DCA can be distorted
when the A;r does not originate from the primary vertex. To minimize this effect, the DCA for
pp collisions is taken as the closest two-dimensional distance in the transverse plane between
the trajectory of the Aér particle and the beamline, taking advantage of the small transverse
beam size. Compared to that for prompt A:r particles, the nonprompt Aér DCA distribution,
which results from b hadron decays, is wider. Templates of prompt and nonprompt A7
distributions based on MC signal simulation are used to fit the data with the relative yield of
the two components as the fit parameter. The fits are done with different DCA resolutions
applied to the MC template to accommodate the imperfect description of the data by the
MC simulations. The result of the fit with the minimum X2 is chosen to be the nominal
value of the prompt A fraction. The prompt fractions for pp and PbPb collisions remain
relatively constant over the measured pr and centrality (for PbPb collisions) ranges, with
values between 0.79-0.88 and 0.78-0.99, respectively. An exception occurs for PbPb collisions
for the analysis bin corresponding to pp = 10-12.5 GeV/c and 0-10% centrality. In this bin,
the prompt ratio is 0.42 as a result of the tighter selection criteria. It is not feasible to
obtain the DCA distribution from data for pp < 4 and >15GeV/c in pp collisions because
of the small signal-to-background ratio and the limited number of events, respectively. For
pr < 4GeV/e, the value of the neighboring p bin is used as the nominal value of the prompt
Al fraction (0.85) and for individual bins with pp > 15 GeV/c, the pr bins are combined
and the DCA fit is performed to obtain the nominal value (0.79).



Model predictions are obtained using PYTHIA8 with CR2 [22] activated and fixed-order
next-to-leading logarithmic (FONLL) calculations [47]. The FONLL calculation does not
include the nonprompt A:r cross section. The nonprompt component from FONLL is
obtained by weighting the nonprompt A, cross section from PYTHIAS with the ratio of
the pp-differential b hadron cross sections obtained from FONLL to that from PYTHIAS.
The PYTHIAS prediction overestimates the observed b hadron cross section over the full pp
range [48], while the FONLL prediction is much closer to the data. Therefore, the FONLL
calculation is used to determine the systematic uncertainty related to the prompt fraction
for pr < 4GeV/e, as discussed in section 7.

6 Acceptance and efficiency

The product of the acceptance and efficiency (Ae) is obtained from the MC simulation as a
fraction in which the numerator is the number of reconstructed prompt Aj candidates that
pass the signal selection criteria and the denominator is the number of generated prompt
A baryons in the considered py bin and with |y| < 1. Since there are four sub-channels in
the A:r — pK ™ n" decay, Ae is the weighted average of the four sub-channels according to
their branching fractions. There is a slight discrepancy between the observed and simulated
collision vertex distribution along the beam direction (V},) for both pp and PbPDb collisions. A
small discrepancy also exists with the centrality distribution of the events in PbPb collisions.
The discrepancy in the V,, distribution is addressed by a weight factor that is the ratio of
the V, distribution of data to that of the MC simulation. The discrepancy in the centrality
distributions is addressed by a weight factor given by the ratio of the centrality distribution
of data to that of the MC simulation multiplied with the average number of NN binary
collisions ({(Nop)). The values of (N, ) are calculated using a MC Glauber model [49]. The
pr spectrum of the generated ASL baryons in the MC simulation is also weighted to match
the data for both pp and PbPb collisions. This weighting procedure is done iteratively
until sequential values of Ae converge. The distributions of variables used for the selection
criteria optimization are shifted in the MC simulation so that the probability of having a AJ
candidate with a value equal to or lower than the nominal value in the data distribution is
equivalent to the probability of having a candidate with a value equal to or lower than the
adjusted value in the original MC distribution, before the Ae value is calculated.

Figure 3 displays the Ae value as a function of pp for prompt AC+ in pp and PbPb
collisions. For the same py value in PbPb collisions, the Ae value decreases toward more
central collisions as a result of tighter selection criteria. Within the same centrality range,
the Ae values increase from low to high pr, mostly because of the longer average decay
length of high pr particles. The Ae values for pp collisions are significantly higher than
those for PbPb collisions because of a smaller combinatorial background allowing for more
relaxed selection criteria. The decrease in the Ae values for pp > 20 GeV/c in pp collisions
results from tighter selection criteria.
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Figure 3. The product of acceptance and efficiency (Ae) as a function of p for prompt A in pp and
PbPb collisions. The closed circles represent the value for pp. The Ae values for PbPb collisions in
centrality bins 0-90, 0-10, 10-30, 30-50 and 50-90% are represented by symbols of star, square, triangle,
inverted triangle, and diamond, respectively. The horizontal error bars represent the bin widths.

7 Sources of systematic uncertainty

The systematic uncertainties come from the extraction of the raw signal yield, the ability of
the MC simulation to reproduce the data when varying selection criteria and in generating
pr spectra, the determination of prompt fraction from the raw signal yield, the branching
fraction of the decay mode, and the integrated luminosity. Unless otherwise indicated,
systematic uncertainties are combined by adding the individual contributions in quadrature.
The systematic uncertainties mentioned here include the uncertainties for each pt bin for pp
collisions and the uncertainties for each pp and centrality bin for PbPb collisions.

The systematic uncertainty in the raw signal yields is obtained by varying the modeling
functions that are used for the signal and background contributions, as well as the fit range.
The background function is changed from the default order to the next order Chebyshev
polynomial, with the difference in yield between the alternative and the default fit functions
taken as the systematic uncertainty. The uncertainties lie between 1-20% for pp collisions,
and up to 34% for PbPb collisions. The signal yield uncertainty is largest for pp collisions
with pp = 3-4 GeV/c and for 0-10% centrality PbPb collisions with pp = 12.5-15 GeV/c. The
systematic uncertainty from the signal shape is estimated by changing from the default to an
alternative signal fit function while keeping the background polynomial function the same as
for the default fit. As alternative signal fit functions, three and two Gaussians are used for
pp and PbPb collisions, respectively. The difference in the signal yield obtained with the
default and alternative functions is taken as the systematic uncertainty, which is less than



6% and 7% for pp and PbPb collisions, respectively. The systematic uncertainty from the fit
range is estimated by changing the fit range from the default mass range 2.11-2.45 GeV/c2 to
alternative mass ranges of 2.17-2.37 and 2.15-2.41 GeV/027 for both pp and PbPb collisions.
This leads to uncertainties within 2-26% and 1-24% for pp and PbPb collisions, respectively.
The uncertainty is largest for pp collisions with pp = 4-5 GeV/c and for 0-10% centrality
PbPb collisions with pp = 12.5-15 GeV/e.

The uncertainties associated with a particular selection criterion, such as the BDTG
cut value, are determined from a double ratio defined as

DR - Npata(varied) Nyc(varied)

7.1
Npata(nominal) / Ny (nominal) (7.1)

where Np,ia(nominal) and Npgi.(varied) are the yields obtained from data using the default
and alternative selection criteria, respectively, and Nyjc(nominal) and Ny (varied) are the
corresponding yields from the simulated events. The distribution of each selection criterion
from MC is shifted so that the probability of a particular value for the A candidate is
the same in the MC simulation as in the data. The associated systematic uncertainty is
then based on the sensitivity of the DR for a particular selection criterion to changes in
this criterion [18]. For pp and PbPDb collisions, the uncertainties are found to be less than
6% and within 5-20%, respectively. The uncertainty is largest for 0-90% centrality PbPb
collisions with pp = 30-40 GeV/c.

The difference between the experimental and MC A:r pr distributions leads to an
uncertainty when estimating Ae. For both pp and PbPb collisions, this resulting uncertainty
is taken as the difference in the estimated Ae value when using the experimental p distribution
and the corresponding PYTHIAS distribution with CR2 turned on. The resulting systematic
uncertainty is up to 4% and 2% for pp and PbPb collisions, respectively.

The accuracy of the calculated Ae value also depends on knowledge of the resonant
substructure of the pK n" decay mode [44]. The calculation of Ae uses the appropriately
weighted sum of the four known sub-channels. Pseudo-experiments are used to determine
the distribution of Ae by randomly sampling the value of the branching fraction based on
the corresponding uncertainty for each sub-channel. The systematic uncertainty is obtained
as the standard deviation of a Gaussian fit to the Ae distribution and varies from 8-9%
for pp and PbPb events.

The uncertainty of the single-track reconstruction efficiency is 2% for pp collisions and 5%
for PbPDb collisions [50]. Since there are three tracks in the AJ decay, the corresponding un-
certainties on the measured pr spectra are 6 and 15% for pp and PbPb collisions, respectively,
assuming that the track efficiencies are correlated. The prompt DY cross section measured
using pp collision data collected in 2015 [34] is used to calculate the AJ / D? production ratio
in this analysis. Since the uncertainty in the single track reconstruction for that analysis
is 4%, we use this larger value when calculating the Aj; /D0 uncertainty for pp collisions.
The uncertainties of reconstructing kaon and pion daughter tracks from DY and A:r cancel,
leading to the uncertainties from this source to be 4% in pp collisions and 5% in PbPb
collisions as a result of the proton daughter track.

The uncertainties arising from the prompt fraction determination for most pp bins are es-
timated by comparing the value obtained from the DCA distribution and the DCA significance



distribution of the signal. The DCA significance is defined as the ratio of DCA to DCA uncer-
tainty. The consistency between the data and MC in DCA significance is better than in DCA
because the discrepancy between MC and data for the DCA and the DCA uncertainty partially
cancel. The difference in the prompt fraction obtained from the two methods is treated as the
systematic uncertainty of the prompt fraction. For pt < 4 GeV/c, the systematic uncertainty
is calculated as the difference between the nominal value and FONLL predictions. For
pr > 15 GeV/e, the difference between the prompt fraction obtained from DCA and the DCA
significance for 12.5 < pp < 30 GeV/c is taken as the systematic uncertainty. The systematic
uncertainty from this source is within 6-16% and up to 43% for pp and PbPDb collisions, respec-
tively. The uncertainty is largest for 30-50% centrality PbPb collisions with pp = 30-40 GeV/e.

The overall AT — pK ™" branching fraction uncertainty is 5% [44]. The uncertainties in
the integrated luminosity for pp collisions and the MB selection efficiency for PbPb collisions
are 2 and 1%, respectively. The uncertainties in the mean nuclear overlap function, (T ),
for PbPb collisions are between 2-5%. The (Th5) value is used in the calculation of R A
and the T o-scaled AC+ yields for PbPb collisions, as discussed in section 8. The uncertainty
based on the centrality calibration is obtained by varying the centrality bin edges by 40.5%,
and taking the maximum relative difference with the default signal yield. The systematic
uncertainty associated with the centrality calibration in PbPb collisions is up to 12%. The
uncertainty is largest for 30-50% centrality PbPb collisions with pp = 15-20 GeV/e.

For the measurement of the pp spectra, the uncertainties associated with the A;r —
pK " branching fraction, luminosity, tracking efficiency, and MB selection are taken as
global ones. Adding these systematic uncertainty contributions in quadrature yields the global
uncertainties of 8.6 and 15.9% for pp and PbPb collisions, respectively. When determining
R 5 values, the uncertainties associated with the branching fraction and subresonant contri-
butions cancel. The uncertainties associated with the D° yields from the yield extraction,
selection criteria efficiency, and p shape, when calculating the A;r / D’ production ratio, are
obtained from ref. [34]. The uncertainties in tracking efficiency and in the branching fractions
of Al and DY are included in the global systematic uncertainty for A / D’ production ratio.
The global uncertainty is 7% for both pp and PbPb collisions. The sources of the systematic
uncertainties are summarized in table 1.

8 Results

The pr-differential cross section for pp collisions is defined as:

Ag Ac
dgpp _ fprompt NPP ||y‘<1 (8 1)
de 2£APTB Ae ’ .

where N{)\g ||y|<1 18 the A raw yield extracted in a py interval with ly| < 1, L is the luminosity
of ZB events, Apr is the width of the py interval, fompt is the prompt A;r fraction, B is the
branching fraction of the decay channel, and the factor of 1/2 accounts for measurements of
yields for both particles and antiparticles, but quoting the cross section for only particles.
Figure 4 shows the prp-differential cross sections for prompt A;r baryon production in pp
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Sources of systematic uncertainties PP PbPb

Signal extraction (background) 1-20% <34%
Signal extraction (signal) <6% <%
Signal extraction (fit range) 2-26% 1-24%
Selection efficiency <6% 5-20%
Tan — 25%
MC pr shape <4%  <2%
A€reco 8-9%
Tracking efficiency 6% 15%
Prompt fraction 6-16% <43%
Branching fraction 5%
Integrated luminosity 2% —
Minimum bias selection efficiency — 1%
Centrality calibration — <12%

Table 1. Systematic uncertainties from different sources.

collisions with |y| < 1. The global 8.6% normalization uncertainty for the pp results is not
included in the boxes representing the systematic uncertainties for each data point. The data
are well described by PYTHIAS after activating CR2 in which the final partons in the string
fragmentation are considered to be color connected in such a way that the total string length
becomes as short as possible [22]. The cross sections are also compared to the GM-VFNS
perturbative QCD calculations [21, 51], which utilize fragmentation functions obtained by
fitting data from the OPAL and Belle Collaborations [52, 53]. The GM-VFENS models,
implementing fragmentation functions that are fitted to the OPAL data, only, and to both
the OPAL and the Belle data are shown as GM-VFNS-1 and GM-VFNS-2, respectively. The
error bars on the GM-VFNS predictions account for the renormalization scale uncertainty.
The GM-VENS predictions, which include both prompt and nonprompt baryon production,
are systematically below our data for pr < 8GeV/c, similar to the difference found by
previous ALICE [16] and CMS measurements [18]. The DCA distribution fit of the data
shows that ~20% of the generated ASL baryons arise from b hadrons in the pp range 3—
30 GeV/e. Therefore, accounting for the effects of nonprompt AY production slightly enhances
the disagreement with the data. The discrepancies in the cross sections and the A:r / DY
production ratio [18] between the data and the GM-VFNS calculations in pp collisions
indicate a breakdown of the universality of charm quark to hadron fragmentation functions.

The mean nuclear overlap function, (T4 ), is equal to the average number of NN binary
collisions ((N.)) divided by the pp inelastic cross section and can be interpreted as the NN-
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Figure 4. The pp-differential cross sections for prompt A:r production in pp collisions. Predictions for
pp collisions are displayed for PYTHIA8 with CR2 (open crosses), GM-VFNS implementing fragmenta-
tion functions that are fitted to the OPAL data, only (open circles labeled GM-VFNS-1), and fitted to
both OPAL and Belle data (open triangles labeled GM-VFNS-2). The GM-VFNS model calculations
are for inclusive A,j production. The horizontal error bars represent the bin widths. The vertical lines
in the data points represent the statistical uncertainties and the shaded boxes represent the systematic
uncertainties. The vertical lines in the model points represent the GM-VFNS uncertainties. The lower
panel shows the data-to-prediction ratio for pp collisions with error bars and brackets corresponding
to the statistical and total uncertainties in the data, respectively. The global fit uncertainty of 8.6%
is not shown in the plot. The shaded boxes in the lower panel represent the GM-VFNS uncertainties.

equivalent integrated luminosity per heavy ion collision. The Ty o-scaled yields are defined as:

AL AL
L dNpgpy, — Jorompt 1 Npgps| lyl<1 (8.2)
<TAA> de <TAA> 2NeventsApTB Ae ’

lyl<1

where Ngyents 1S the number of MB events. The other variables refer to the same physical
quantities as in eq. (8.1). Figure 5 displays the T z-scaled yields for PbPb collisions in
centrality bins of 0-90, 0-10, 10-30, 30-50 and 50-90% with pr < 40 GeV/c and |y| < 1. The
lowest pp values for the measurements vary with centrality as the number of events and
the signal-to-background ratio change, with thresholds of 6 GeV/c in the 0-90, 30-50 and
50-90% centrality bins, 8 GeV/c in the 10-30% bin, and 10 GeV/c in the 0-10% bin. The
15.9% normalization uncertainty for the PbPb results is not included in the boxes representing
the systematic uncertainties. The pp measurement is included in the figure for comparison.
Compared to the Al pp-differential cross sections for pp collisions, the T y-scaled A7 yields
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Figure 5. The pp-differential cross sections for prompt Ai production in pp collisions (circles) and
the T a-scaled yields for PbPb collisions within centrality regions of 0-90 (stars), 0-10 (squares),
10-30 (triangles), 30-50 (inverted triangles) and 50-90% (diamonds) in PbPb collisions. The boxes
and error bars represent the systematic and statistical uncertainties, respectively. The horizontal error
bars represent the bin widths.

for PbPb collisions are systematically lower, with the reduction becoming more significant
toward central collisions.

The Ra value is used to quantify the suppression in production yield per NN collisions
in PbPb relative to pp collisions. The AC+ R 5 value for PbPb collisions is defined as

1 anAe do™
RAA(pT):< Pbpb/ — (8.3)

Tap) dpp

Figure 6 shows the R 5 values for A7 as a function of p for PbPb collisions within centrality
regions of 0-90, 0-10, 10-30, 30-50 and 50-90% in |y| < 1. A larger suppression factor in AF
production per NN collision is observed for more central PbPb collisions. Comparisons with
the ALICE measurements [27], which extend to lower pr values, for the 0-10 and 30-50%
centrality ranges are displayed in figure 8 (in appendix A). The results suggest that the
A;r R values are smallest near pr ~ 14 GeV/e, with larger values found at both lower
and higher pr. The trend is, in general, consistent with the observation from other heavy
flavor hadron measurements, although the pr of the minimum Rj 5 is different. For instance,
the Rap reaches a minimum at pr ~ 8 GeV/c for nonprompt D? from b hadron decay and
at pr ~ 9GeV/c for prompt D° [54].

The A;r / DY production ratio as a function of pp for pp collisions and in the 0-90 and
0-10% centrality ranges for PbPb collisions in |y| < 1 are shown in figure 7. The ratio
is calculated using the prompt A measurements in this analysis and the previous CMS
measurement for prompt D” mesons [34]. The purple curve in figure 7(left) represents the
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Figure 6. The nuclear modification factor Ry, versus pr for prompt Aj production in centrality
regions of 0-90 (stars), 0-10 (squares), 10-30 (triangles), 30-50 (inverted triangles) and 50-90%
(diamonds) in PbPb collisions. The mean position of the data points are shifted along the horizontal
axis for clarity. The boxes and error bars represent the systematic and statistical uncertainties,
respectively. The horizontal error bars represent the bin widths. The band at unity labeled global
uncertainty includes the uncertainties for the luminosity of pp collisions, the number of MB events in
PbPb collisions, and the tracking efficiency. The global uncertainty for R, is 16.5%.

prediction of PYTHIA8 with CR2 [22]. This prediction is consistent with our measurement in pp
collisions for pr < 10 GeV/e, and is systematically lower than observed for 10 < pp < 30 GeV/e.
Two model calculations of the prompt AZF / DY ratio are also compared to the pp data. The
dark blue band in figure 7(left) represents the updated prediction from a model, labeled as
PLB821(2021)136622 in the figure, that includes both coalescence and fragmentation processes
in pp collisions [55]. The update consisted in improvements on a previous calculation [15] that
predicted a stronger dependence on pt and underestimated the earlier CMS measurements [18].
The improvements include raising the underlying charm quark distribution to be closer to
the upper limit of the FONLL prediction, and updating the charm fragmentation function
to reproduce data for pp > 10 GeV/c. The new calculation describes the data very well for
pr < 10GeV/e. Another model [33], labeled as PLB795(2019)117 in figure 7(left), uses a
statistical hadronization approach and explains the large AT / DY production ratio as arising
from AZF baryons that are produced from the decay of excited charm baryon states not included
in the particle data group (PDG) ref. [44] and therefore not included in the hadronization
simulation in PYTHIAS. This model calculation, shown by the light yellow band, provides
a reasonable description of the data for pp < 12 GeV/e.
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Figure 7. The ratio of the production cross sections of prompt Aj to prompt D" versus pr from pp
collisions is represented by closed circles (left). The ratio for 0-90 (closed stars) and 0-10% (closed
squares) centrality classes of PbPb collisions are compared to the pp result (right). The boxes and
error bars represent the systematic and statistical uncertainties, respectively. The horizontal error bars
represent the bin widths. The 6.6 and 7.3% normalization uncertainties in pp and PbPb collisions,
respectively, are not included in the boxes representing the systematic uncertainties for each data
point. Model calculations are displayed (see text for details).

The measurements of the A:“ / DY ratio in 0-90 and 0-10% PbPb collisions with pr >
10 GeV/c are consistent with the pp result. The A:’ / D? ratios in pp and PbPb collisions
approach the value found for eTe™ collisions [18, 41] in this higher-pt region. This lack of
enhancement suggests that there is no significant contribution from the coalescence process in
this p region for PbPDb collisions. For pr < 10 GeV/c and 0-90% centrality, the significance of
the current measurement is not high enough to draw a definite conclusion. For p > 10 GeV/c
and with centrality in the 0-10% range, the results are consistent with those of the ALICE
Collaboration [27], as shown in figure 9 (in appendix A). The measurements of the AJ /D?
production ratio in 0-10% PbPb collisions are also compared to a model calculation [56],
represented by the light green band in figure 7(right). The model uses a four-momentum
conserving recombination mechanism for baryons and applies space-momentum correlations
between charm quarks and the hydrodynamical medium on an event-by-event basis. It also
includes the decays of excited charm baryon states not included in ref. [44]. Although the
calculation is done for the 0-20% centrality bin, the prediction for 0-10% is almost identical
and consistent with the data within uncertainties for 10 < pp < 12.5 GeV/e.

9 Summary

The differential cross section of prompt ASL baryons as a function of transverse momentum (pr)
is presented for both proton-proton (pp) and lead-lead (PbPb) collisions at a center-of-mass
energy per nucleon pair of 5.02TeV in the central rapidity region |y| < 1. The measured
pr ranges are 3—-30 GeV/c and 640 GeV/c for the pp and PbPb collisions, respectively. The
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pr range of the pp and PbPb results, together with the differential centrality study of the
prompt Al production, significantly extend previous CMS results based on 2015 data that
was obtained with a lower integrated luminosity. The A baryon yields for pp collisions are
much higher than predicted by calculations with the general-mass variable-flavor-number
scheme that use fragmentation functions obtained by fitting results from the OPAL and Belle
Collaborations, indicating a breakdown of the universality of charm quark fragmentation
functions. The nuclear modification factors, which correspond to the AC+ yields divided by the
pp yields scaled up by the number of nucleon-nucleon collisions, have been measured in various
centrality classes for the PbPb collisions. The prompt A production for PbPb collisions is
significantly suppressed compared to the pp collision results. The suppression magnitude is
larger in more central collisions and shows a hint of varying with the A;" baryon pp. This is
consistent with the partonic energy loss affecting charm quarks in the quark-gluon plasma.
A similar effect was previously observed for (charmed) D? mesons and many other hadrons.
The A;r / DY production ratio is measured for pp collisions with pp in the range 3-30 GeV/e,
0-90% centrality PbPb collisions with pt in the range 6-40 GeV/c, and 0-10% centrality
PbPDb collisions with pt in the range 10-40 GeV/e. Calculations based on the event generator
PYTHIAS for the A /D production ratio with the inclusion of color reconnection (mode 2) in
the hadronization step can describe the pp data well for pt < 10 GeV/c, but are systematically
lower for 10 < pp < 30 GeV/c. A model taking into account the contributions from the decays
of excited charm baryons and a model involving both coalescence and fragmentation can
also describe the Al /DY production ratios in pp collisions. For pp > 10 GeV/e, the Al /D"
ratios for pp and PbPb collisions are consistent with each other and approach the value
found for eTe™ collisions, suggesting that the coalescence process does not play a significant
role in AJ baryon production in this higher-p region.
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A Cross-experimental comparisons
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Figure 8. The nuclear modification factor R vs. pr for A,j production in PbPb collisions. Results
are shown for the 0-10 (closed squares) and 30-50% (closed circles) centrality ranges. Also shown are
the published results from the ALICE Collaboration [27] for the same centrality ranges with open
markers. The boxes and error bars represent the statistical and point-to-point systematic uncertainties,
respectively. Global systematic uncertainties are indicated by the bands at unity. For CMS (gray
band) this includes the uncertainties in the pp collision luminosity, the number of PbPb MB events,
and the tracking efficiency. The global systematic uncertainties for the ALICE results (color bands)
are shown separately for the two centrality ranges.
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Figure 9. The ratio of the production cross sections of prompt Aj to prompt D" versus pr in pp
collisions is represented by the closed circles. The ratio for the 0-90 (closed stars) and 0-10% (closed
squares) centrality classes in PbPb collisions are compared to the pp result. The boxes and error bars
represent the systematic and statistical uncertainties, respectively. The horizontal error bars represent
the bin widths. The 6.6 and 7.3% normalization uncertainties in pp and PbPb collisions, respectively,
are not included in the boxes representing the systematic uncertainties for each data point. Results
from the ALICE Collaboration [27] for PbPb collisions in the 0-10% centrality class are also shown
using the open square markers.
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