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The transverse momentum (pT) spectra of inclusively produced �+
c baryons are measured via the 

exclusive decay channel �+
c → pK−π+ using the CMS detector at the LHC. Spectra are measured as a 

function of transverse momentum in proton-proton (pp) and lead-lead (PbPb) collisions at a nucleon-
nucleon center-of-mass energy of 5.02 TeV. The measurement is performed within the �+

c rapidity 
interval |y| < 1 in the pT range of 5–20 GeV/c in pp and 10–20 GeV/c in PbPb collisions. The observed 
yields of �+

c for pT of 10–20 GeV/c suggest a suppression in central PbPb collisions compared to pp
collisions scaled by the number of nucleon-nucleon (NN) interactions. The �+

c /D0 production ratio in 
pp collisions is compared to theoretical models. In PbPb collisions, this ratio is consistent with the result 
from pp collisions in their common pT range.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Measurements of heavy-quark production provide unique in-
puts in understanding the parton energy loss and the degree of 
thermalization in the quark-gluon plasma (QGP) [1] formed in 
high energy heavy ion collisions. Compared to light quarks, dif-
ferent energy loss mechanisms [2] are expected to dominate the 
interaction between heavy quarks and the medium. Besides the in-
medium interactions, a detailed study of the hadronization process 
is critical for the interpretation of experimental data. In relativis-
tic heavy ion collisions, in addition to the fragmentation process 
present in proton-proton (pp) collisions, hadron production can 
also occur via coalescence, where partons combine with each other 
while traversing the QGP medium or at the phase boundary [3,4]. 
At high transverse momentum (pT � 6 GeV/c), the probability of 
coalescence is reduced, and therefore the hadronization process 
is expected to be dominated by fragmentation. In the interme-
diate pT region (2 � pT � 6 GeV/c), a significant enhancement of 
the baryon-to-meson ratio is observed in heavy ion collisions for 
hadrons with up, down, or strange quarks [5,6]. This enhancement, 
and its dependence on centrality (i.e., the degree of overlap of the 
two colliding nuclei) can be explained in a scenario with had-
ronization via coalescence. Furthermore, elliptic flow, the second 
Fourier component of the azimuthal distribution of emitted par-
ticles, is found to roughly scale with the number of constituent 
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quarks in the pT range of 2–5 GeV/c at RHIC [7], an observation 
which is also consistent with the expectation for coalescence.

A significant contribution of coalescence to the hadronization 
of charm quarks from the QGP medium is supported by various 
measurements of charmonium and open charm production at RHIC 
and LHC energies [8–16]. One such observable is the nuclear mod-
ification factor, RAA, which is the ratio of the yield in heavy ion 
collisions to that in pp collisions scaled by the number of nucleon-
nucleon (NN) interactions. At RHIC, the RAA for J/ψ mesons with 
pT ≤ 7 GeV/c produced in AuAu collisions decreases significantly 
from peripheral to central collisions [8]. In contrast, in higher en-
ergy PbPb collisions at the LHC, the J/ψ RAA has a much smaller 
centrality dependence [9,10]. The difference between the AuAu and 
PbPb results can be explained by a larger coalescence probability 
in PbPb collisions because of the larger number of produced charm 
and anti-charm quarks at the higher center-of-mass energy. For D0

meson production in AuAu collisions, RAA is observed to increase 
with pT up to 1.5 GeV/c and decrease with pT from 2 to 6 GeV/c, an 
effect that can be qualitatively reproduced by models involving co-
alescence [11,12]. At the LHC, the measurements of D0 RAA and D0

azimuthal anisotropy [13–16] are well explained by models involv-
ing coalescence. The relative coalescence contribution to baryon 
production is expected to be more significant than for mesons be-
cause of their larger number of constituent quarks. In particular, 
models involving coalescence of charm and light-flavor quarks pre-
dict a large enhancement in the �+

c /D0 production ratio in heavy 
ion collisions relative to pp collisions and also predict that the en-
hancement has a strong pT dependence [17–20]. Comparison of 
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�+
c baryon production in pp and lead-lead (PbPb) collisions can 

thus shed new light on understanding heavy-quark transport in 
the medium and heavy-quark hadronization via coalescence. All 
discussions of �+

c and D0 also include the corresponding charge 
conjugate states.

Recently, the production of �+
c baryons for a variety of colli-

sion configurations has been measured in a similar pT range by 
the LHC experiments ALICE and LHCb in the central and forward 
rapidity regions, respectively [21–24]. Both experiments measured 
the �+

c pT-differential cross sections in pp collisions at a center-
of-mass energy of 

√
s = 7 TeV and compared them to theoretical 

predictions using the next-to-leading order Generalized Mass Vari-
able Flavor Number Scheme [25]. The LHCb results for the rapidity 
range 2.0 < y < 4.5 were found to be compatible with theory [23], 
while the ALICE values for |y| < 0.5 were larger than the predic-
tions [21]. The ALICE experiment also reported �+

c /D0 production 
ratios in 7 TeV pp collisions, as well as in proton-lead (pPb) and 
PbPb collisions at an NN center-of-mass energy of 

√
sNN = 5.02 TeV. 

The ALICE ratios from pp and pPb collisions [21] were found to be 
above the corresponding LHCb values [24] (however in different 
rapidity ranges), with the latter agreeing with theoretical predic-
tions. The ALICE �+

c /D0 production ratio for 6 < pT < 12 GeV/c in 
PbPb collisions was measured to be larger than in pp and pPb col-
lisions [22], and this difference can be described using a model 
involving only coalescence in hadronization [20]. The ALICE mea-
surements of the RAA of �+

c baryons in pPb and PbPb collisions 
were found to be compatible with unity and less than unity, re-
spectively, but have limited power to constrain models owing to 
large uncertainties [21,22].

In this letter, we report measurements of inclusive �+
c baryon 

production in pp and PbPb collisions at high pT where inclusive 
refers to both prompt (directly produced in charm quark hadron-
ization or from strong decays of excited charmed hadron states) 
and nonprompt (from b hadron decays) production. The data were 
collected at 

√
sNN = 5.02 TeV in 2015 using the CMS detector. The 

�+
c baryons are reconstructed in the central region (|y| < 1) via 

the hadronic decay channel �+
c → pK−π+ . The pT spectrum and 

�+
c /D0 production ratio are measured in the pT ranges 5–20 and 

10–20 GeV/c in pp and PbPb collisions, respectively. The �+
c /D0

production ratios use the corresponding CMS measurements of 
prompt D0 production [14]. Centrality bins for PbPb collisions are 
given in percentage ranges of the total inelastic hadronic cross sec-
tion, with the 0–30% centrality bin corresponding to the 30% of 
collisions having the largest overlap of the two nuclei. The values 
of RAA are obtained for three centrality intervals: 0–100%, 0–30%, 
and 30–100%.

2. The CMS detector

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field 
of 3.8 T. Within the solenoid volume are a silicon tracker, a lead 
tungstate crystal electromagnetic calorimeter, and a brass and scin-
tillator hadron calorimeter, each composed of a barrel and two 
endcap sections. The tracker measures charged particles within the 
pseudorapidity range |η| < 2.5 and the calorimeters record de-
posited energy for particles with |η| < 3.0. Two forward hadron 
(HF) calorimeters use steel as an absorber and quartz fibers as 
the sensitive material. The two HF calorimeters are located 11.2 m
from the interaction region, one on each end, and together they 
extend the calorimeter coverage from |η| = 3.0 to 5.2. Each HF cal-
orimeter consists of 432 readout towers, containing long and short 
quartz fibers running parallel to the beam, providing information 
on the shower energy and the relative contribution originating 
from hadrons versus electrons and photons. A detailed description 
of the CMS experiment can be found in Ref. [26].

3. Event reconstruction and simulated samples

The total transverse energy deposited in both HF calorimeters 
is used to determine the collision centrality in PbPb collisions and 
was utilized by the triggers for both data sets included in this 
analysis [27]. One trigger selected minimum-bias (MB) events by 
requiring transverse energy deposits in one (both) HF calorime-
ters above approximately 1 GeV for pp (PbPb) collisions. As not all 
MB events could be saved, an additional trigger selected the more 
peripheral centrality region of 30–100% for PbPb events. The inte-
grated luminosities of pp collisions, PbPb collisions with centrality 
0–100%, and PbPb collisions with centrality 30–100% are 38 nb−1, 
44 μb−1, and 102 μb−1, respectively.

The track reconstruction algorithms used in this study for pp
and PbPb collisions are described in Refs. [28] and [29], respec-
tively. In PbPb collisions, minor modifications are made to the pp
reconstruction algorithm in order to accommodate the much larger 
track multiplicities. Tracks are required to have a relative pT uncer-
tainty of less than 30% in PbPb collisions and 10% in pp collisions. 
In PbPb collisions, tracks must also have at least 11 hits and sat-
isfy a stringent fit quality requirement, specifically that the χ2 per 
degree of freedom be less than 0.15 times the number of tracker 
layers with a hit.

For the offline analysis, events must pass selection criteria de-
signed to reject events from background processes (beam-gas in-
teractions and nonhadronic collisions), as described in Ref. [29]. 
Events are required to have at least one reconstructed primary 
interaction vertex [28] with a distance from the center of the nom-
inal interaction region of less than 15 cm along the beam axis. In 
addition, in PbPb collisions, the shapes of the clusters in the pixel 
detector have to be compatible with those expected from particles 
produced at the primary vertex location [30]. The PbPb collision 
events are also required to have at least three towers in each HF 
detector with energy deposits of more than 3 GeV per tower. These 
criteria select (99 ± 2)% of inelastic hadronic PbPb collisions. Frac-
tions above 100% reflect the possible presence of ultra-peripheral 
(nonhadronic) collisions in the selected event sample.

Monte Carlo (MC) simulated event samples are used to optimize 
the selection criteria, calculate the acceptance times efficiency, and 
estimate the systematic uncertainties. Proton-proton collisions are 
generated with pythia 8.212 [31] tune CUETP8M1 [32], hereafter 
referred to as pythia 8, and includes both prompt and nonprompt 
�+

c baryon events. For the PbPb MC samples, each pythia 8 event 
containing a �+

c baryon is embedded into a PbPb collision event 
generated with hydjet 1.8 [33], which is tuned to reproduce global 
event properties such as the charged-hadron pT spectrum and par-
ticle multiplicity. The �+

c → pK−π+ decay is performed by evtgen

1.3.0 [34] through four sub-channels: �+
c → pK∗(892)0 → pK−π+ , 

�+
c → �(1232)++K− → pK−π+ , �+

c → �(1520)π+ → pK−π+ , 
and �+

c → pK−π+ (nonresonant), with no modeling of inter-
ference between the sub-channels. All particles are propagated 
through the CMS detector using the Geant4 package [35].

4. Signal extraction

The �+
c → pK−π+ candidates are reconstructed by selecting 

three charged tracks with |η| < 1.2 and a net charge of +1. All 
tracks must have pT > 0.7 (1.0) GeV/c for pp (PbPb) events. Dur-
ing the invariant mass reconstruction, both possibilities for the 
mass assignments of the same-sign tracks are considered, while 
the kaon mass is assigned to the opposite-signed track. Using sim-
ulated events, the incorrect assignment was found to produce a 
broad distribution in the invariant mass (about 30 times the sig-
nal width) and is indistinguishable from the combinatorial back-
ground.
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Fig. 1. Invariant mass distribution of �+
c candidates with pT = 5–6 GeV/c (left), 10–20 GeV/c (middle) in pp collisions, and pT = 10–20 GeV/c in PbPb collisions within the 

centrality range 0–100% (right). The solid line represents the full fit and the dashed line represents the background component.

As the event multiplicities for pp and PbPb collisions are sub-
stantially different, the selection criteria were optimized separately. 
In the optimization, simulated events in which a reconstructed �+

c
candidate is matched to a generated �+

c baryon are used as the 
signal sample, and data events from the mass sideband region 
are used as the background sample. Requirements are made on 
three topological and three kinematic variables. The three topo-
logical criteria are: the χ2 probability of the vertex fit to the 
three charged tracks making up the �+

c candidate, the angle be-
tween the �+

c candidate momentum and the vector connecting 
the production and decay vertices in radians (α), and the sepa-
ration between the two vertices. While more than one collision 
per bunch crossing is rare in PbPb collisions, it is common in 
pp collisions. Therefore, two-dimensional variables in the trans-
verse plane with respect to the beamline are used for α and decay 
length in pp collisions, while three-dimensional variables with re-
spect to the primary vertex are used for PbPb collisions. For the 
PbPb events, the topological requirements are χ2 probability above 
20%, α < 0.1, and decay length greater than 3.75σ , where σ is the 
uncertainty in the separation. For pp events, the corresponding re-
quirements are χ2 probability above 8%, α < 0.4, and decay length 
greater than 2.25σ . The kinematic requirements are kaon (proton) 
pT divided by the �+

c candidate pT greater than 0.14 (0.28) for all 
events and pion pT divided by the �+

c candidate pT greater than 
0.12 for PbPb events.

The �+
c baryon yields in each pT interval are obtained from 

unbinned maximum likelihood fits to the invariant mass distribu-
tion in the range of 2.11–2.45 GeV/c2. The signal shape is modeled 
by the sum of two Gaussian functions with the same mean, but 
different widths that are fixed on the basis of the simulated sig-
nal sample. One fit parameter scales both widths to accommodate 
a potential difference in the mass resolution between simulation 
and data, with the exception of the lowest pT region (5–6 GeV/c) in 
the pp data, where this parameter was found to cause instability 
in the fit and the unmodified mass resolution from the simulation 
was used. The background is modeled with a third-order Cheby-
shev polynomial. Representative invariant mass distributions in pp
and PbPb collisions are shown in Fig. 1.

The �+
c baryon differential cross section in pp collisions is de-

fined as:

dσ
�+

c
pp

dpT

∣∣∣∣∣∣|y|<1

= 1

2L�pTB
N

�+
c

pp ||y|<1

Aε
, (1)

where N
�+

c
pp ||y|<1 is the �+

c yield extracted in each pT bin, L is 
the integrated luminosity, �pT is the width of each pT bin, B is 
the branching fraction of the decay, and Aε is the product of the 
acceptance and efficiency. The factor of 1/2 accounts for averaging 

Table 1
Summary of the 〈Ncoll〉, 〈TAA〉, and 〈Npart〉 values for three PbPb centrality ranges.

Centrality 〈TAA〉[mb−1] 〈Npart〉 〈Ncoll〉
0–30% 15.41+0.33

−0.47 270.7+3.2
−3.4 1079+74

−78

30–100% 1.41+0.09
−0.06 46.8+2.4

−1.2 98+8
−6

0–100% 5.61+0.16
−0.19 114.0+2.6

−2.6 393+26
−28

the particle and antiparticle contributions. The normalized �+
c pT

spectrum in PbPb collisions is defined as:

1

〈TAA〉
dN

�+
c

PbPb

dpT

∣∣∣∣∣∣|y|<1

= 1

〈TAA〉
1

2Nevents�pTB
N

�+
c

PbPb||y|<1

Aε
, (2)

where Nevents is the number of MB events used for the analysis 
(corrected by the 99% selection efficiency) and 〈TAA〉 is the nuclear 
overlap function, which is equal to the average number of NN bi-
nary collisions (〈Ncoll〉) divided by the NN inelastic cross section, 
and can be interpreted as the NN-equivalent integrated luminos-
ity per heavy ion collision. The values of 〈TAA〉, 〈Ncoll〉, and the 
average number of participating nucleons (〈Npart〉) are calculated 
using a Monte Carlo Glauber model [36], in which the NN inelastic 
cross section (70 mb) is used as an input parameter. The averages 
of these quantities over the events in the given centrality ranges 
are listed in Table 1.

The nuclear modification factor RAA is computed as:

RAA(pT) = 1

〈TAA〉
dN

�+
c

PbPb

dpT

/
dσ

�+
c

pp

dpT
. (3)

The values of Aε are obtained from MC simulation as a frac-
tion in which the denominator is the number of generated �+

c
baryons with |y| < 1 and the numerator is the number of re-
constructed �+

c candidates that pass the selection criteria and 
are matched to a generated �+

c baryon. The simulation includes 
both prompt and nonprompt �+

c baryons estimated from pythia

8 and contains an appropriately weighted combination of decays 
in the four known sub-channels. For the pp simulation, the pT
spectrum of the generated �+

c baryons is weighted to match a 
fit to the observed data (iterating until convergence is reached). 
For pp collisions, Aε increases from 7 to 19% as pT increases. 
As the PbPb results are given for just one pT range, an alter-
native method is used to correct the pT spectra in simulation. 
Under the transverse mass scaling hypothesis (mT scaling) [37], 
the �+

c baryon pT spectrum is obtained for the 0–100% cen-
trality region from the D0 measurements [14] using the function 
m2(�+

c ) + p2
T(�

+
c ) = m2(D0) + p2

T(D0). For the PbPb data set, the 
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centrality distribution in simulation is reweighted to match the 
data. There is one additional correction applied to Aε for the PbPb
data set. Previous CMS results have found more suppression for 
prompt than nonprompt D0 mesons [14,38], which can be quanti-
fied for 10 < pT < 20 GeV/c as Rnonprompt

AA /Rprompt
AA = 1.66 ± 0.38. As 

nonprompt baryons tend to have greater pT and decay farther from 
the collision point than prompt baryons, the requirement for the 
decay length significance results in a value of Aε that is larger for 
nonprompt baryons. Changing the nonprompt fraction to account 
for the different suppression increases Aε by 15%. After applying 
the corrections, Aε = 5% for PbPb collisions.

5. Systematic uncertainties

Systematic uncertainties arise from the extraction of the raw 
signal yield, the ability of the MC simulation to reproduce the 
combined acceptance and efficiency, the branching fraction of the 
decay mode, and the integrated luminosity. Unless otherwise indi-
cated, systematic uncertainties are combined by adding the indi-
vidual contributions in quadrature.

The systematic uncertainty in the signal yields is obtained by 
varying the modeling functions that are used for the signal and 
background contributions. The background function is changed 
from the default third- to second- and fourth-order Chebyshev 
polynomials, with the maximum difference in yield between these 
two alternative functions and the default fit function taken as the 
systematic uncertainty. This amounts to 4–10% and 7–9% for pp
in different pT bins and PbPb collisions in three centrality classes, 
respectively. The default signal model function is the sum of two 
Gaussian functions with parameters chosen as described in Sec-
tion 4. For the pp (PbPb) collision data, the alternative model is 
a triple (single) Gaussian function with similar procedures used 
for the parameters. As the signal width is fixed for events in the 
lowest �+

c pT bin for pp collisions, an additional systematic uncer-
tainty is assessed by varying the width by ±40%, corresponding to 
the maximum deviations with respect to the simulation observed 
in other pT bins in pp and PbPb collisions. The uncertainty due to 
the modeling of the signal is 3–28% for pp collisions and 2–4% for 
PbPb collisions.

Five sources of systematic uncertainties associated with the MC 
modeling of the data are evaluated. The first uncertainty measures 
the effect of the selection criteria variation. We define a double 
ratio as:

DR= NData(varied)

NData(nominal)

/
NMC(varied)

NMC(nominal)
, (4)

where NData(nominal) and NData(varied) are the yields obtained 
from data using the default and alternative selection criteria, re-
spectively, and NMC(nominal) and NMC(varied) are the correspond-
ing yields from the simulated events. For each of the topological 
selection criteria, the double ratio is evaluated at many different 
values of the selection criterion. The specific ranges for pp col-
lision events are >1.5σ to >6σ , >5% to >45%, and <0.1 to no 
cut for decay length, vertex fit probability, and α, respectively. 
The corresponding ranges for PbPb collision events are >2.5σ to 
>8σ , >5% to >45%, and <0.05 to <0.2. For all but the α cut in 
PbPb collisions, DR is plotted as a function of the selection value 
and fit to a linear function. The systematic uncertainty is taken 
as the difference between unity and the value of the fitted line 
at the point where no selection is applied. For the α requirement 
in PbPb collisions, the systematic uncertainty is obtained from the 
biggest differences between unity and the value of DR from all of 
the alternative selection values. Combining the results of the three 
topological selection criteria systematic uncertainties in quadrature 
results in uncertainties of 6% for the pp data set and 19% for the 
PbPb data sets.

The second uncertainty arises from a potential mismodeling 
of the pT distribution of �+

c baryons because Aε is strongly de-
pendent on the �+

c pT. In pp collisions, the default pT shape is 
derived from the data. For PbPb collisions, the default pT shape 
is obtained from mT scaling of the measured D0 pT spectrum. 
For each data set, two alternative pT spectra, one from pythia 8 
and one from pythia 8 with color reconnection (described in Sec-
tion 6) are considered and the maximum deviation in Aε is taken 
as the systematic uncertainty. The resulting systematic uncertainty 
is 0–3% for pp collisions and 5.2% for PbPb collisions.

The third uncertainty arises from imprecise knowledge of the 
resonant substructure of the pK−π+ decay mode [39]. The calcula-
tion of Aε uses the appropriately weighted sum of the four known 
sub-channels and the systematic uncertainty associated with this is 
evaluated by determining Aε for each sub-channel and randomly 
adjusting the weights by the uncertainties of each branching frac-
tion. The individual values of Aε vary by about ±30% relative to 
the average. The systematic uncertainty is obtained from the stan-
dard deviation of a Gaussian fit to the different average Aε values 
and is 8% for both pp and PbPb events.

The fourth uncertainty associated with the MC modeling of the 
data is the track reconstruction efficiency, which is 4% for pp colli-
sions [14] and 5% for PbPb collisions [40]. As there are three tracks 
in the �+

c decay, the corresponding uncertainties on the measured 
pT spectra are 12 and 15% for pp and PbPb, respectively, while 
for the �+

c /D0 production ratio, the uncertainties are 4 and 5%, 
respectively.

The fifth uncertainty arises from possible mismodeling of the 
nonprompt component, namely �+

c from b hadron decays, in the 
inclusive �+

c sample. The inclusive Aε is the weighted sum of 
prompt and nonprompt Aε according to the prompt and non-
prompt fractions. As found using the standard pythia 8 MC sample, 
the nonprompt Aε is generally 3–4 times larger than the prompt 
Aε and so an incorrect nonprompt fraction in pythia 8 will re-
sult in an incorrect Aε for the inclusive sample. To evaluate this 
systematic uncertainty, an alternative method is used to obtain 
the final result that does not rely on the pythia 8 prediction for 
the nonprompt fraction. A generator-only pythia 8 sample of non-
prompt �+

c events is reweighted to match the pT-differential b
hadron cross section from a fixed-order plus next-to-leading loga-
rithm (FONLL) calculation [41]. The resulting pT-differential cross 
section for nonprompt �+

c baryons is multiplied by the appro-
priate luminosity, branching fractions, and Aε for nonprompt �+

c
events to obtain an estimate of the number of reconstructed non-
prompt �+

c baryons in each pT bin. Subtracting this value from the 
measured number of reconstructed �+

c baryons gives the number 
of reconstructed prompt �+

c baryons. These reconstructed prompt 
yields are then corrected using the prompt Aε as well as lumi-
nosity and branching fractions to estimate the pT-differential cross 
section for prompt �+

c baryons. Finally, the two cross sections give 
an alternative estimate of the nonprompt fraction in each pT bin, 
and therefore an alternative estimate of the weighted inclusive 
Aε value. The systematic uncertainty is taken as the difference 
between the nominal and alternative Aε values. The nonprompt 
fraction for events passing the pp selection criteria is found to be 
28–34% for the nominal scenario (pythia 8 only) and 4–7% for the 
alternative method, with higher values associated with larger �+

c
pT. The resulting systematic uncertainty varies by only ±1% as a 
function of pT so an average value of 18% is used for all pT bins. 
The same method is applied to the PbPb data set, where the sys-
tematic uncertainty is found to be 25% as a result of the more 
stringent selection criteria. For PbPb collisions, an additional sys-
tematic uncertainty is assessed by taking the difference between 
applying and not applying the correction for different values of 
RAA for nonprompt and prompt �+

c baryons as discussed in Sec-
tion 4, raising the systematic uncertainty to 29%.
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The overall �+
c → pK−π+ branching fraction uncertainty is 

5.3% [39]. The uncertainties in the integrated luminosity in pp
collisions and the MB selection efficiency in PbPb collisions are 
2.3% [42] and 2.0% [29], respectively. The uncertainties in TAA are 
listed in Table 1.

For the measurement of the pT spectra, the uncertainties asso-
ciated with the �+

c → pK−π+ branching fraction and subresonant 
contributions, the luminosity and MB selection efficiency, and the 
nonprompt fraction contribute only to the overall normalization 
and are labeled global uncertainties. Adding these contributions in 
quadrature yields global uncertainties of 21% (31%) for pp (PbPb)

collisions. In measuring the nuclear modification factor RAA, the 
uncertainties associated with the branching fraction and subreso-
nant contributions cancel and the nonprompt fraction uncertainty 
partially cancels. In calculating the �+

c /D0 production ratio, the 
uncertainties associated with D0 from the yield extraction, selec-
tion criteria efficiency, and pT shape are obtained from Ref. [14], 
while the uncertainties in the integrated luminosity in pp colli-
sions and the MB selection efficiency in PbPb collisions cancel.

6. Results and discussion

Fig. 2 shows the pT-differential cross section of inclusive �+
c

baryon production in pp collisions for the range of 5 < pT <

20 GeV/c and the TAA-scaled yields in PbPb collisions for the range 
of 10 < pT < 20 GeV/c, for three centrality classes. The 21% (31%) 
normalization uncertainty for the pp (PbPb) results is not included 
in the boxes representing the systematic uncertainties for each 
data point. While the shape of the pT distribution in pp collisions 
is consistent with the inclusive production calculation from pythia

8 using tune CUETP8M1 and activating the “SoftQCD:nondiffrac-
tive” processes, the data are systematically higher. The hadroniza-
tion in pythia 8 can be modified by adding a color reconnection 
(CR) mechanism in which the final partons in the string fragmen-
tation are considered to be color connected in such a way that 
the total string length becomes as short as possible [43]. The cal-
culations using the recommended color reconnection model from 
Ref. [43] are consistent with our pT-differential cross section in 
pp collisions. The pT-differential cross section in pp collisions is 
also compared to the GM-VFNS perturbative QCD calculations [44], 
which includes only prompt �+

c baryon production. The GM-VFNS 
prediction is significantly below our data for pT < 10 GeV/c, similar 
to the difference found by ALICE [21]. pythia 8 predicts that 8–15% 
of generated �+

c baryons arise from b hadrons, with the low 
(high) value corresponding to the �+

c pT interval 5 < pT < 6 GeV/c
(10 < pT < 20 GeV/c). Therefore, accounting for the effects of non-
prompt �+

c production will only marginally reduce the disagree-
ment with the GM-VFNS prediction.

The nuclear modification factor RAA for inclusive �+
c baryons 

in the pT range 10–20 GeV/c is shown in Fig. 3 as a function of 
the number of participating nucleons 〈Npart〉 for PbPb collisions. 
The results suggest that �+

c is suppressed in PbPb collisions for 
pT > 10 GeV/c, but no conclusion can be drawn because of the large 
uncertainties. The difference in RAA values between the 0–30% and 
30–100% centrality ranges is consistent with an enhanced suppres-
sion in the more central PbPb collisions.

Fig. 4 shows the �+
c /D0 production ratio as a function of pT for 

pp collisions and PbPb collisions in the centrality range 0–100%. 
The production ratio found from pp collisions is similar in shape 
versus pT but about three times larger in magnitude compared to 
the calculation from pythia 8.212 tune CUETP8M1. Results using 
the Monash 2013 [45] tune are found to be consistent with those 
from the CUETP8M1 tune. Besides providing a reasonable descrip-
tion of �+

c baryon pT-differential cross sections, Fig. 4 shows that 
calculations using a color reconnection model are consistent with 
our results for the �+

c /D0 production ratio in pp collisions.
Fig. 2. The pT-differential cross sections for inclusive �+
c production in pp colli-

sions and the TAA-scaled yields for three centrality regions of PbPb collisions. The 
boxes and error bars represent the systematic and statistical uncertainties, respec-
tively. The PbPb data points are shifted in the horizontal axis for clarity. Predictions 
for pp collisions are displayed for pythia 8 with the CUETP8M1 tune (open crosses),
pythia 8 with color reconnection [43] (open stars), and GM-VFNS [44] (open circles 
labeled “JHEP 12 (2017) 021”) along with ratios to the data in the lower two panels. 
The pythia 8 (GM-VFNS) predictions are for inclusive (prompt) �+

c production. The 
error bars on the GM-VFNS prediction account for the scale variation uncertainty. 
The lower panels show the data-to-prediction ratio for pp collisions with inner and 
outer error bars corresponding to the statistical and total uncertainty in the data, 
respectively, and the shaded box at unity indicating the 21% normalization uncer-
tainty. The shaded boxes in the bottom panel represent the GM-VFNS uncertainty.

Fig. 3. The nuclear modification factor RAA versus 〈Npart〉 for inclusive �+
c produc-

tion. The error bars represent the PbPb yield statistical uncertainties. The boxes at 
each point include the PbPb systematic uncertainties associated with the signal ex-
traction, pT spectrum, selection criteria, track reconstruction, and TAA. The band at 
unity labeled pp uncertainty includes these same uncertainties for the pp data (ex-
cept for TAA) plus the uncertainties in pp yield and luminosity. The band at unity 
labeled PbPb includes the uncertainty from the nonprompt fraction (accounting for 
a partial cancelation between pp and PbPb) and MB selection efficiency.
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Fig. 4. The ratio of the production cross sections of inclusive �+
c to prompt D0

versus pT from pp collisions as well as 0–100% centrality PbPb collisions. The boxes 
and error bars represent the systematic and statistical uncertainties, respectively. 
The PbPb data point is shifted in the horizontal axis for clarity. The 20 and 31% 
normalization uncertainties in pp and PbPb collisions, respectively, are not included 
in the boxes representing the systematic uncertainties for each data point. The open 
crosses and open stars represent the predictions of pythia 8 with the CUETP8M1 
tune and with color reconnection [43], respectively. The solid and dashed lines are 
the calculations for prompt �+

c over prompt D0 production ratio from Ref. [20] and 
Ref. [46], respectively. All predictions are for pp collisions.

The pp data are also compared with two predictions which are 
for the prompt �+

c over D0 production ratio. Calculations using 
a model that includes both coalescence and fragmentation in pp
collisions [20] are shown in Fig. 4 by the solid line. Compared to 
the data, this model predicts a stronger dependence on pT and 
underestimates the measurements. Another recent model [46] at-
tempts to use a statistical hadronization approach to explain the 
large �+

c /D0 production ratio as arising from �+
c baryons that 

are produced from the decay of excited charm baryon states not 
included in Ref. [39] and are therefore not included in the hadron-
ization simulation in pythia 8. The prediction of this model, also 
shown in Fig. 4 by the dashed line, provides a reasonable descrip-
tion of the data for pT < 10 GeV/c.

While the ALICE results indicate an enhancement in the �+
c /D0

production ratio in the pT range of 6–12 GeV/c for PbPb [22] com-
pared to pPb and pp collisions, the CMS PbPb measurement in the 
pT range 10–20 GeV/c is consistent with the pp result. This lack 
of an enhancement may suggest that there is no significant con-
tribution from the coalescence process for pT > 10 GeV/c in PbPb
collisions.

7. Summary

The pT-differential cross sections of �+
c baryons, including both 

prompt and nonprompt contributions, have been measured in pp
and PbPb collisions at a nucleon-nucleon center-of-mass energy of 
5.02 TeV. The shape of the pT distribution in pp collisions is well 
described by the pythia 8 event generator. A hint of suppression 
of �+

c production for 10 < pT < 20 GeV/c is observed in PbPb when 
compared to pp data, with central PbPb events showing stronger 
suppression. This is consistent with the suppression observed in 
D0 meson measurements, which is understood to originate from 
the strong interaction between the charm quark and the quark-
gluon plasma. The �+

c /D0 production ratios in pp collisions are 
consistent with a model obtained by adding color reconnection in 
hadronization to pythia 8, and also with a model that includes 
enhanced contributions from the decay of excited charm baryons. 
The �+

c /D0 production ratios in pp and PbPb collisions for pT =

10–20 GeV/c are found to be consistent with each other. These two 
observations may suggest that the coalescence process does not 
play a significant role in �+

c baryon production in this pT range.
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