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The production yields of the orbitally excited charm-strange mesons Ds1ð1þÞð2536Þþ and
D�

s2ð2þÞð2573Þþ were measured for the first time in proton-proton (pp) collisions at a center-of-mass
energy of

ffiffiffi
s

p ¼ 13 TeV with the ALICE experiment at the LHC. The Dþ
s1 and D

�þ
s2 mesons were measured

at midrapidity (jyj < 0.5) in minimum-bias and high-multiplicity pp collisions in the transverse-momentum
interval 2 < pT < 24 GeV=c. Their production yields relative to the Dþ

s ground-state yield were found to
be compatible between minimum-bias and high-multiplicity collisions, as well as with previous
measurements in e�p and eþe− collisions. The measured Dþ

s1=D
þ
s and D�þ

s2 =D
þ
s yield ratios are described

by statistical hadronization models and can be used to tune the parameters governing the production of
excited charm-strange hadrons in Monte Carlo generators, such as PYTHIA 8.

DOI: 10.1103/PhysRevD.111.112005

The production of charm mesons with spin zero (D
mesons) or one (D� mesons) and orbital angular momen-
tum L ¼ 0 has been extensively studied in recent years
in proton-proton (pp) collisions at the LHC by the
ALICE [1–3], ATLAS [4], CMS [5], and LHCb [6,7]
Collaborations. The production cross sections are generally
described within uncertainties by perturbative QCD calcu-
lations at next-to-leading order (NLO) with next-to-leading
log resummation (e.g., FONLL [8–10] and GM-VFNS
[11,12]) via the factorization of three terms, namely the
parton distribution functions (PDFs) of the incoming
protons, the partonic cross section, and the fragmentation
functions (FFs) describing the transition from charm quarks
to the final hadrons. In these calculations, the FFs are
typically parametrized from measurements in eþe− and e�p
collisions [13] under the assumption that the hadronization
of charm quarks into charm hadrons is a universal process,
independent of the collision system. The relative abundan-
ces of the different D-meson species were found to be
compatible with those measured in eþe− and e�p collisions
[2,3]. A significant discrepancy was instead observed at
midrapidity for the charm baryons, whose production
relative to the one of the D0 meson turned out to be
enhanced in pp collisions compared to eþe− and e�p
collisions [14–21], implying a modification of the

fragmentation fractions of charm quarks to the various
charm-hadron species in pp collisions at LHC energies
compared to those measured at lepton colliders at the
LHC [3,22].
The charm-meson spectroscopy has also progressed

significantly in the last few decades, with also the discovery
of several excited charm and charm-strange states and the
determination of their properties [23–31]. However, the
production yields of charm resonances were only measured
at eþe− and e�p colliders [32–35], and no experimental
result is available in hadronic collisions. The knowledge
about the production yields of such states would provide
important information about the hadronization of charm
quarks produced in hadronic collisions, since they con-
tribute to the ground-state charm-hadron yields via strong
decays. This is, for example, the case in models based
on statistical hadronization, in which the yields of the
various charm-hadron species are assumed to follow the
relative thermal densities and hence depend on the state
mass and spin-degeneracy factor 2J þ 1, where J is the
total angular momentum [36,37]. Charm resonances are
typically not included in Monte Carlo (MC) generators,
such as PYTHIA 8 [38], due to the lack of knowledge about
their production and decays. Moreover, the production of
short-lived resonances is important to study the hadronic
phase of the system created in heavy-ion collisions. In the
case when a resonance has a lifetime comparable to that of
the hadronic phase, suppression or regeneration of the
resonance state due to interactions of its decay products
with the hadron gas is observed [39–42]. A lower limit of
the lifetime of the hadronic phase in central Pb–Pb
collisions of about 4–7 fm=c was determined via the
measurement of the pT -integrated yield ratio of the
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K�ð892Þ0 resonance (cτ ≈ 4 fm) to K� mesons [39]. In
addition, a hint of suppression was also measured in p–Pb
and high-multiplicity pp collisions, suggesting the possible
presence of rescattering effects and, thus, of a hadronic
phase with a short but nonzero lifetime in small collision
systems [40].
In this letter, the first measurement of the production

yields of the orbitally excited charm-strange mesons
Ds1ð1þÞð2536Þþ (cτ ≈ 214 fm) and D�

s2ð2þÞð2573Þþ
(cτ ≈ 11.7 fm) [43] and their charge conjugates in
minimum-bias and high-multiplicity pp collisions at a
center-of-mass energy of

ffiffiffi
s

p ¼ 13 TeV is reported. In the
following, Dþ

s1 denotes Ds1ð1þÞð2536Þþ, and D�þ
s2 stands

for D�
s2ð2þÞð2573Þþ. The results, which are integrated

in the transverse-momentum interval 2 < pT < 24 GeV=c
where it was possible to observe a stable signal, are divided
by the production yield of the ground state Dþ

s and
compared with predictions obtained with the statistical
hadronization model. The measured ratios are also used to
constrain the parameters in PYTHIA 8, which regulate the
production of pseudovector and tensor charm mesons, both
with the inclusion of rescattering effects in the hadronic
phase or without them. Finally, the excited-to-ground state
yield ratios are exploited to compute the fragmentation
fractions of charm quarks into the Dþ

s1 and D�þ
s2 states. The

measured values are compared to those obtained in eþe−
collisions.
The apparatus of the ALICE experiment and its perfor-

mance during the Run 2 data-taking period are described in
detail in Refs. [44] and [45]. The main subdetectors, located
at midrapidity (jyj < 0.5), employed to perform the mea-
surements presented in this letter are: the Inner Tracking
System (ITS), for tracking and vertex reconstruction; the
time projection chamber (TPC), for tracking and particle
identification (PID); the time-of-flight (TOF) detector,
for particle identification. The V0 detector, composed of
two arrays of scintillators located on both sides of the
collision region (−3.7 < η < −1.7 and 2.8 < η < 5.1), is
used for trigger purposes as well as to measure the event
multiplicity [46]. The latter is determined from the per-
centile distribution of the summed amplitude recorded by
both sides of the V0 detector, the V0M. Percentile values
for higher multiplicity collisions are close to 0% and for
lower ones close to 100%. In the following, the 0–0.1%
V0M multiplicity class is denoted as HMV0.
The measurements reported in this paper were performed

on the sample of pp collisions at
ffiffiffi
s

p ¼ 13 TeV collected
with the ALICE experiment from 2016 to 2018. The data
were recorded using a minimum-bias trigger (MB) requir-
ing coincident signals in both V0 scintillator arrays. Offline
selection criteria were applied to remove beam-induced
background events, exploiting the timing information
from the V0 arrays and the correlation between the number
of clusters and track segments reconstructed in the
two innermost layers of the ITS. Events with pileup of

collisions within the same bunch crossing, with an esti-
mated probability ranging from 10−3 to 10−2 depending on
the beam conditions, were excluded by rejecting events
with more than one reconstructed primary vertex [46].
To ensure uniform pseudorapidity acceptance, only events
with a primary vertex position within �10 cm from the
nominal center of the apparatus along the beam direction
were considered. Furthermore, the events satisfying
the aforementioned selection criteria were required to
possess at least one reconstructed track segment between
the first two layers of the ITS within jηj < 1 (INEL > 0
event class).
The resulting data sample consisted of about 1.8 ×

109 INEL > 0 and 0.3 × 109 HMV0 events, corresponding
to integrated luminosities of about 32 nb−1 and 7.7 pb−1

[47], respectively. The multiplicity percentile measured by
the V0 detector was converted into an average charged-
particle multiplicity, hdNch=dηijηj<0.5, by following the
prescription detailed in Ref. [46]. A trigger correction
was applied to account for those events that fulfill the
INEL > 0 requirement but were not selected by the trigger.
This correction factor εINEL ¼ 0.920� 0.003 was esti-
mated with a detailed Monte Carlo simulation based on
the PYTHIA 8 generator [38] and the GEANT4 transport
package [48]. For the HMV0 events the trigger was fully
efficient and, therefore, a correction is not necessary [49].
The Dþ

s1 and D�þ
s2 mesons and their charge conjugates

were measured at midrapidity through the hadronic decay
channels Dþ

s1 → D�þK0
S and D�þ

s2 → DþK0
S, whose branch-

ing ratios (BRs) are not yet measured [43]. The K0
S mesons

were reconstructed via K0
S → πþπ− decays with a BR of

ð69.20� 0.05Þ% [43]. Dþ and D�þ mesons were recon-
structed in the decay channels Dþ → K−πþπþ with a
BR of ð9.38� 0.16Þ% [43] and D�þ → D0ð→ K−πþÞπþ
with a BR of ð2.67� 0.03Þ% [43], respectively. The
reconstruction and selection of K0

S -meson candidates
closely followed the approaches presented in previous
publications [50,51]. Pairs of tracks with opposite charge
signs, with jηj < 0.8 and satisfying the track-quality and
particle-identification (PID) criteria reported in Ref. [50],
were formed. Further selections based on the characteristic
weak-decay topology of K0

S mesons were applied to reduce
the combinatorial-background contribution. Similarly, D0-
and Dþ-meson candidates were obtained from pairs and
triplets of tracks, respectively, with the proper charge signs
and jηj < 0.8. The D�þ -meson candidates were recon-
structed by combining D0 candidates with tracks identified
as pions and having pT > 50 MeV=c. The signal selection
exploited the reconstruction of decay-vertex topologies
of D mesons displaced from the interaction vertex. A
machine-learning approach based on boosted decision trees
(BDTs) [52,53] was used to enhance the rejection of the
combinatorial background and to separate D mesons
produced directly in the charm-quark hadronization or
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through decays of excited charm-hadron states (prompt)
from those originating from beauty-hadron decays (non-
prompt). The quantities provided as input to the BDTs were
based on the topological and kinematic properties of the
D-meson candidates, and the PID information of their
daughter tracks. The selection procedure and criteria were
the same as those used in Refs. [54] and [55], for Dþ and
D�þ mesons respectively. Dþ

s1- and D�þ
s2 -meson candidates

were reconstructed by combining D�þ and Dþ mesons with
K0

S mesons satisfying the aforementioned selection criteria.
Furthermore, only D�þ, Dþ, and K0

S mesons with a
reconstructed invariant mass within a window of �3σ
around the reconstructed mass value were considered,
where the signal-peak width (σ) and mean for the three
meson species were estimated by fitting their particle-
candidate invariant-mass distributions with a Gaussian plus
a function to describe the combinatorial background. No
additional requirements were applied to the orbitally
excited charm-strange meson candidates.
The raw yields of Dþ

s1 and D�þ
s2 mesons were computed

by integrating the signal function obtained from maximum-
likelihood fits to the invariant-mass distributions ΔM ¼
MðKππK0

SÞ −MðKππÞ. The raw yields were extracted in
the transverse-momentum interval 2 < pT < 24 GeV=c
for both the INEL > 0 and HMV0 samples. The signal
peak was modeled with a Voigt function, defined as the
convolution of a Gaussian function and a Breit–Wigner
function [56]. The widths, Γ, of the Dþ

s -meson resonances
were fixed to their PDG values ΓðDþ

s1Þ ¼ ð0.92�
0.05Þ MeV=c2 and ΓðD�þ

s2 Þ ¼ ð16.9� 0.7Þ MeV=c2 [43],
while the Gaussian parameters are let free. For the Dþ

s1
meson, the background was modeled with the function

a0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔM −mðK0

SÞ
q

ea1½ΔM−mðK0
SÞ�, where mðK0

SÞ is the nomi-

nal rest mass of the K0
S meson, and a0 and a1 are free

fit parameters. A polynomial of first order was used to
describe the background in the D�þ

s2 -meson fits. The
invariant-mass distributions are reported in Fig. 1 together
with related fit functions. A statistically reliable signal
extraction is obtained for both the Dþ

s1 and D�þ
s2 mesons for

INEL > 0 and HMV0 events. The statistical significance,
computed in the invariant mass region within three half-
width half-maximum (HWHM) around the signal peak,
ranges between 4.0 and 5.7 depending on the particle and
multiplicity interval.
The corrected per-event yields times BR of prompt Dþ

s1
and D�þ

s2 mesons at midrapidity were computed for each
multiplicity class as

1

Nev

d2N
dpTdy

×BR¼ 1

2

εINEL

Nev

1

BRðDÞ×BRðK0
SÞ

×
fprompt ×Nrawjjyj<ylab

Δylab ×ΔpT × ðAcc× εÞprompt
; ð1Þ

where Nraw is the raw yield, summed for particles and
antiparticles, extracted in a given multiplicity class. The
raw yield is divided by the prompt acceptance-times-
efficiency ðAcc × εÞprompt and multiplied by the fraction
of prompt D mesons in the selected sample fprompt to
correct for the contribution of beauty-hadron decays. It is
further divided by a factor of two to obtain the charge-
averaged yield, by the pT -interval width ΔpT, and by the
correction factor accounting for the rapidity coverage of
reconstructed excited charm-strange mesons Δylab. The
term BRðDÞ × BRðK0

SÞ encompasses the normalization for
the decay-channel branching ratios of the Dþ

s -meson
resonance daughters. The factor Nev denotes the number
of recorded events in the INEL > 0 multiplicity class. It is
corrected for the fraction of INEL > 0 events that were
selected by the trigger εINEL.
No kinematic selections were applied on the recon-

structed Dþ
s1- and D�þ

s2 -meson candidates. Therefore the
prompt acceptance-times-efficiency corrections for D�þ,
Dþ, and K0

S mesons were estimated as a function of pT, y,
and azimuthal angle from full MC simulations, in which
pp collisions are simulated using the PYTHIA 8.243 event
generator [57,58], the generated particles are propagated
through the apparatus using GEANT4 [48] reproducing
the detector layout and data-taking conditions, and the
reconstruction of events is performed as in real data.
They were then combined, in a second step, to obtain
the ðAcc × εÞprompt factor of D

þ
s1 and D�þ

s2 mesons using a
fast MC simulation based on the PYTHIA 8.243 decayer to
describe the excited charm-strange meson decay kinemat-
ics. In this case, the Dþ

s1 and D�þ
s2 mesons were sampled

from the measured pT distributions of Dþ
s mesons in the

same multiplicity classes taken from Ref. [49] and let decay
by the PYTHIA 8 decayer. The efficiency was then computed
by evaluating it as the product of the efficiencies of the
daughter particles as a function of pT, η, and charged-
particle multiplicity estimated in number of track segments
reconstructed with the first two layers of the ITS. This
approach was validated by estimating the efficiency cor-
rections of Dþ

s1 and D
�þ
s2 mesons using a full MC simulation

with a limited number of generated events. The results of
the two methods were in agreement within uncertainties.
The Dþ

s -resonance prompt fraction fprompt was com-
puted from the one of D�þ and Dþ mesons by accounting
for the decay kinematics with an approach similar to that
for the Acc × ε factor. The D-meson fprompt was estimated
with the data-driven method introduced in Ref. [2]. More
details on the procedure and the obtained values can be
found in Ref. [54] for Dþ mesons and Ref. [55] for D�þ
mesons. A correction factor of 1.93� 0.37 was also
applied to account for the higher probability of strange
quarks contained in the Dþ

s1 and D�þ
s2 mesons to hadronise

into a beauty rather than a charm hadron, as shown in
Ref. [59]. This factor was obtained from the measurement
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of prompt and nonprompt strange and nonstrange D
mesons in pp collisions at

ffiffiffi
s

p ¼ 13 TeV [3,59]. The
resulting prompt fraction of Dþ

s1 (D�þ
s2 ) mesons is larger

than 0.75 (0.85) in both the HMV0 and INEL > 0 samples.
The systematic uncertainties on the corrected yields of

the measured Dþ
s -meson resonances in both the INEL > 0

and HMV0 samples include the following sources:
(i) extraction of the raw yield, (ii) prompt-fraction estima-
tion, (iii) tracking and selection efficiency evaluation,
(iv) sensitivity of the efficiencies to the meson pT shape
generated in the simulation and (v) to the description of the

charged-particle multiplicity. In addition, an overall nor-
malization systematic uncertainty due to uncertainties in
the BR and the integrated luminosity was considered.
The systematic uncertainty on the raw-yield extraction

was assessed by repeating the yield extraction after varying
the fit configuration, in particular the fit ranges, the fit
function used to describe the background, and the value
of the Γ parameter by accounting for its uncertainty as
reported in Ref. [43]. The systematic uncertainties related
to the estimation of the prompt resonance fraction in the
extracted yields were computed by varying the reference

FIG. 1. Invariant-mass distributions MðKππK0
SÞ −MðKππÞ of Dþ

s1 (top panels) and D�þ
s2 (bottom panels) candidates and charge

conjugates in the 2 < pT < 24 GeV=c interval, for the INEL > 0 and HMV0 (0–0.1% V0M) samples. The blue solid lines show the
total fit functions described in the text, and the red dashed lines represent the combinatorial background. The raw-yield (S) values are
reported together with their statistical uncertainties, as well as the estimated significance of the signal (Signif.). The bottom subpanels of
each panel display the differences between the data and the fit, normalized by the experimental uncertainties, to show the agreement
between the data and the fit.
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value of the strange-to-nonstrange D-meson ratio within the
range of its uncertainties. The magnitude of these uncer-
tainties depends on the multiplicity class and ranges
between 5% and 14% for the Dþ

s1, and between 4% and
7% for the D�þ

s2 , respectively.
The systematic uncertainty on the track-reconstruction

and selection efficiencies accounts for possible discrepan-
cies between data and MC in the ITS–TPC prolongation,
track-quality selection efficiency, description of the ALICE
detector material budget, and description of the topological
and PID variables exploited for the K0

S and D-meson
selection. The track-reconstruction systematic uncertainty
was estimated by propagating the track-reconstruction
systematic uncertainty on the single decay daughter track
to the resonance considering the kinematic of the decay.
The systematic on the selection efficiency was assessed by
repeating the measurement of the Dþ

s1 and D�þ
s2 corrected

yields after varying the selection criteria applied to the K0
S

and Dmesons. The magnitude of the systematic uncertainty
related to the tracking and the BDT efficiency for both Dþ

s
states is of 6% and 10%, respectively.
The systematic uncertainties associated with the descrip-

tion of the pT shape and the multiplicity of the events in
the simulation were evaluated by varying the functional
form employed to describe the pT distribution of the
generated resonances and by repeating the study employing
different multiplicity weights accounting for different
event-selection criteria. The assigned systematic uncer-
tainty associated with the pT shape varies between 10
and 13% depending on the multiplicity class for both the

Dþ
s states. The uncertainty associated with the multiplicity

is less than 2% for both Dþ
s states.

The ratios of the yields of the Dþ
s1 and D

�þ
s2 mesons times

the relative BRs to that of the Dþ
s meson as a function of the

average charged-particle multiplicity hdNch=dηijηj<0.5 at
midrapidity in pp collisions at

ffiffiffi
s

p ¼ 13 TeV are shown
in Fig. 2. The pT-differential measurements of the Dþ

s -
meson yields performed by the ALICE Collaboration for
the INEL > 0 [3] and HMV0 [49] multiplicity classes,
integrated over the pT range between 2 and 24 GeV=c,
were used as the denominators of the ratios. The systematic
uncertainties associated with the corrected yields were
treated as uncorrelated in the propagation to the ratios,
except the one related to the luminosity, which was treated
as fully correlated and cancels out in the ratio. The
statistical and systematic uncertainties are depicted as
vertical lines and empty boxes, respectively. The ratios
do not show a significant dependence on hdNch=dηijηj<0.5.
The measurements were compared with the predictions

based on the statistical hadronization model (SHM) [37]
and the SHM for charm hadrons (SHMc) of the GSI–
Heidelberg group [60], integrated over pT > 0, and with
the predictions from EPOS4HQ [61] in two different
configurations. In the SHM and SHMc, hadron abundances
are dictated by thermal weights depending on the hadron
rest masses. Both the SHM and SHMc include a set of not
yet observed charm-baryon states. However, unlike the
SHM, SHMc assumes that charm quarks are produced
in initial hard scattering processes and that the total number
of (anti)charm quarks is conserved in the collision.

FIG. 2. Dþ
s1=D

þ
s (left) and D�þ

s2 =D
þ
s (right) ratio times BR as a function of the average charged-particle multiplicity hdNch=dηijηj<0.5 in

pp collisions at
ffiffiffi
s

p ¼ 13 TeV at midrapidity (jyj < 0.5). The experimental results are compared with the theoretical predictions based
on the SHM [37], the SHMc [60], PYTHIA 8 [57,58], and EPOS4HQ [61]. The statistical and systematic uncertainties on the measured
ratios are depicted as vertical lines and boxes, respectively. The theoretical uncertainty on the predicted ratios is depicted as a shaded
band for the Dþ

s1.
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Computing the ratio between the excited- and ground-state
charm hadron yields is beneficial for the theoretical
predictions as the dependency on strangeness and charm
corrections cancel out exactly. The EPOS4HQ is the heavy
hadron extension of the EPOS4 generator [62]. Heavy
flavor quarks, produced in hard scatterings, gluon split-
tings, or flavor excitation, may interact with the medium
constituents through elastic and inelastic processes and
finally hadronize via fragmentation or coalescence. The
two mechanisms are complementary and dominate at high
and low momenta, respectively. The SHM, SHMc, and
EPOS4HQ predictions necessitate being scaled by the BR
of the analyzed hadronic decay to be fairly compared with
the measurements. No measurement of these BRs is
currently available, thus they were computed considering
the predictions of the BR of the Dþ

s1→D�K and D�þ
s2 → DK

decays from the relativistic quark model (RQM) [63] and
the ratio of the BRs between the two possible final charged
states. The SHM and EPOS4HQ in the pure coalescence
configuration completely overlap in both the Dþ

s1=D
þ
s and

D�þ
s2 =D

þ
s cases. In the case of the Dþ

s1, the value reported
by the PDG [43] was used with its uncertainty, while in
the case of the D�þ

s2 an equal contribution to D�þ
s2 → DþK0

and D�þ
s2 → D0Kþ was assumed, given the very similar

Q-values of the decays. The resulting values are:
BRðDþ

s1→D�þK0
SÞ¼ð22�2Þ% and BRðD�þ

s2 → DþK0
SÞ ¼

23.35% for the Dþ
s1 and D

�þ
s2 , respectively. The uncertainties

associated with the computed BR, incorporating the
uncertainties on the branching fraction provided by the
PDG when available, were extended to the theoretical
predictions and are depicted as shaded regions for the Dþ

s1.
The theoretical predictions from the SHM and the SHMc
for the Dþ

s1=D
þ
s ratio are flat as a function of multiplicity

and in good agreement with the measured ratios within 0.5
and 1.2σ at high and low multiplicity, respectively. They
slightly underestimate the measured central values of the
D�þ

s2 =D
þ
s ratio by 2σ and 1σ at low and high multiplicity,

respectively. The experimental results are also compared
with predictions from EPOS4HQ considering pure frag-
mentation or coalescence, respectively. The predicted ratios
are systematically lower in the case of pure coalescence
compared to pure fragmentation. A more realistic descrip-
tion including both the hadronization mechanisms would
provide a prediction in between the ones reported in
Fig. 2, therefore more in agreement with the measured
ratios. The comparison with the model predictions align
with what was observed for the ratio of ground-state
charm mesons in pp collisions at the LHC energies [3,22]
indicating that a quantitative description of the relative
production of charm meson states is successfully
achieved using a statistical approach.
Orbitally excited states like the Dþ

s1 and D�þ
s2 mesons are

not considered in the PYTHIA 8 generator by default.
Nevertheless, they can be included in the generation with

a parametrized description of their production and sub-
sequent decay. The parameters regulating the production
of pseudovector and tensor charm mesons (i.e.,
mesonCL1S0J1 and mesonCL1S1J2) were tuned to
minimize the χ2 between the measured excited-to-ground
state ratio in the INEL > 0 sample and the predicted one
from PYTHIA 8, obtaining mesonCL1S0J1 ¼ 0.14 and
mesonCL1S1J2 ¼ 0.35: In the simulation, the average
charged-particle multiplicity was estimated considering the
multiplicity of charged tracks at midrapidity. For the Dþ

s1,
the uncertainty associated with the BR relative to the
considered hadronic decay channel was propagated to
the PYTHIA 8 predictions as done for the thermal models
and is depicted as a shaded band. In the case of the D�þ

s2 =D
þ
s

ratio, the data points suggest a possible decrease
with increasing hdNch=dηijηj<0.5, even if the values for
INEL > 0 and HMV0 are compatible within uncertainties.
To investigate the possible effect of the hadronic rescatter-
ing on the dependence of these ratios on hdNch=dηijηj<0.5,
the PYTHIA 8 simulation was performed with and without
enabling it [64]. The two configurations produce compat-
ible results in the considered multiplicity range. This might
be related to the fact that the lifetime of the D�þ

s2 is longer
than the expected duration of the hadronic phase in the
collision and to the fact that the magnitude of hadronic
interactions for D mesons with light hadrons is expected to
be small in high-multiplicity pp collisions, as recently
reported by the ALICE Collaboration [65,66].
The ratios presented above can be compared with those

from measurements of the fragmentation fractions of charm
quarks into Dþ

s1, D
�þ
s2 , and D

þ
s mesons (fc → hc) performed

in eþe− and e�p collisions at LEP [32–34,67]. The Dþ
s1=D

þ
s

and D�þ
s2 =D

þ
s ratios were computed as ðfc → Dþ

s1Þ=ðfc →
Dþ

s Þ and ðfc → D�þ
s2 Þ=ðfc → Dþ

s Þ, respectively. A direct
comparison of the ratios of the fragmentation fractions with
the results presented in Fig. 2 cannot be made without first
accounting for the BR of the decay of the resonance. The
results shown in Fig. 2 were divided by the BR computed
following the procedure discussed above. Figure 3 shows a
compilation of the Dþ

s1=D
þ
s and D�þ

s2 =D
þ
s ratios along with

the SHM predictions in pp collisions presented above. The
uncertainty associated with the BR for the Dþ

s1 is depicted
separately as a shaded box. The ratios measured in pp
collisions at the LHC and presented in this letter are
consistent with those measured at LEP in eþe− and e�p
collisions with a maximum deviation of 2.1σ for Dþ

s1=D
þ
s in

the INEL > 0 sample.
In summary, the production yields of Ds1ð1þÞð2536Þþ

and D�
s2ð2þÞð2573Þþ mesons were measured for the first

time at the LHC in pp collisions at
ffiffiffi
s

p ¼ 13 TeV in
two classes of charged-particle multiplicity. Given the
absence of measurements for the BR of the considered
hadronic decay channels, the results were not corrected for
the relative BR. The measurements were performed at
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midrapidity in the 2 < pT < 24 GeV=c range, and the
ratios to the analogous measurement for the Dþ

s mesons
scaled by the BR of the hadronic decay channel of the
resonances are reported. The excited-to-ground state ratios
do not show any significant dependence on the multiplicity
given the current experimental uncertainty. The measure-
ments were compared with the predictions from SHM,
SHMc, and EPOS4HQ models, which quantitatively
describe them.
The measured ratios were also used to tune the param-

eters of the PYTHIA 8 event generator governing the
production of these orbitally excited states. In particular,
these parameters were set to optimize the agreement
between the measurements and the predictions from
PYTHIA 8 at lower multiplicity. To further test the possible
effects of hadronic rescattering on the excited-to-ground
state ratios, the PYTHIA 8 simulation was performed
including this effect or not. However, no significant differ-
ence was found between the two configurations.
Finally, a comparison was made between the Dþ

s1=D
þ
s

and D�þ
s2 =D

þ
s ratios presented in this letter and the ratios of

the charm-quark fragmentation fractions measured at LEP
in eþe− and e�p collisions. The results obtained at LHC
and LEP are consistent within uncertainties. The extensive
dataset collected during the Run 3 and 4 data-taking periods
at the LHC will significantly reduce the relative uncertain-
ties associated with these measurements, enabling a better
understanding of the resonance production mechanism.
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S. Saha ,80 B. Sahoo ,48 R. Sahoo ,48 S. Sahoo,61 D. Sahu ,48 P. K. Sahu ,61 J. Saini ,135 K. Sajdakova,37 S. Sakai ,125

M. P. Salvan ,97 S. Sambyal ,91 D. Samitz ,102 I. Sanna ,32,95 T. B. Saramela,110 D. Sarkar ,83 P. Sarma ,41

V. Sarritzu ,22 V. M. Sarti ,95 M. H. P. Sas ,32 S. Sawan ,80 E. Scapparone ,51 J. Schambach ,87 H. S. Scheid ,64

C. Schiaua ,45 R. Schicker ,94 F. Schlepper ,94 A. Schmah,97 C. Schmidt ,97 H. R. Schmidt,93 M. O. Schmidt ,32

M. Schmidt,93 N. V. Schmidt ,87 A. R. Schmier ,122 R. Schotter ,102,129 A. Schröter ,38 J. Schukraft ,32 K. Schweda ,97

S. ACHARYA et al. PHYS. REV. D 111, 112005 (2025)

112005-12

https://orcid.org/0000-0002-2746-9840
https://orcid.org/0000-0003-3049-9976
https://orcid.org/0000-0003-3150-2831
https://orcid.org/0000-0002-0613-5278
https://orcid.org/0000-0002-1851-4136
https://orcid.org/0000-0003-4528-6578
https://orcid.org/0000-0001-9289-2840
https://orcid.org/0009-0008-2898-3455
https://orcid.org/0000-0002-8958-4190
https://orcid.org/0009-0001-4180-0413
https://orcid.org/0000-0002-5267-0140
https://orcid.org/0000-0002-7291-8166
https://orcid.org/0009-0006-1840-462X
https://orcid.org/0000-0003-3185-0879
https://orcid.org/0000-0001-9471-1804
https://orcid.org/0000-0002-5489-3751
https://orcid.org/0009-0006-8424-015X
https://orcid.org/0000-0002-7017-4183
https://orcid.org/0000-0002-8384-0384
https://orcid.org/0000-0001-5955-0769
https://orcid.org/0009-0009-2096-752X
https://orcid.org/0009-0006-1392-7114
https://orcid.org/0009-0007-5832-8630
https://orcid.org/0009-0001-3545-3275
https://orcid.org/0000-0002-1259-979X
https://orcid.org/0000-0002-7919-2150
https://orcid.org/0000-0002-7480-7558
https://orcid.org/0000-0001-8367-8703
https://orcid.org/0009-0006-9345-9620
https://orcid.org/0000-0003-1752-2078
https://orcid.org/0000-0002-0425-9138
https://orcid.org/0000-0002-9188-9428
https://orcid.org/0009-0006-0273-5360
https://orcid.org/0000-0002-1904-296X
https://orcid.org/0000-0001-6335-7427
https://orcid.org/0009-0006-7301-988X
https://orcid.org/0000-0003-0062-0536
https://orcid.org/0009-0006-6383-6069
https://orcid.org/0000-0002-8397-7620
https://orcid.org/0000-0001-9674-196X
https://orcid.org/0000-0002-9063-1599
https://orcid.org/0000-0001-8635-8465
https://orcid.org/0000-0002-4447-4836
https://orcid.org/0000-0002-2817-8156
https://orcid.org/0000-0001-8159-8603
https://orcid.org/0000-0002-2850-4222
https://orcid.org/0000-0002-7002-0061
https://orcid.org/0000-0002-9684-5571
https://orcid.org/0009-0008-7139-3194
https://orcid.org/0009-0006-1802-5857
https://orcid.org/0000-0002-6027-0024
https://orcid.org/0000-0002-9901-2014
https://orcid.org/0000-0002-0233-9900
https://orcid.org/0009-0002-2291-691X
https://orcid.org/0000-0002-4831-2367
https://orcid.org/0000-0002-1622-3116
https://orcid.org/0009-0001-9974-0169
https://orcid.org/0000-0001-5455-9502
https://orcid.org/0000-0001-5682-0903
https://orcid.org/0000-0003-0311-9552
https://orcid.org/0000-0003-1723-4121
https://orcid.org/0000-0002-4256-052X
https://orcid.org/0000-0003-2706-1025
https://orcid.org/0000-0003-4486-4807
https://orcid.org/0000-0002-4515-5941
https://orcid.org/0009-0008-3417-4603
https://orcid.org/0000-0002-4772-3615
https://orcid.org/0009-0008-5115-943X
https://orcid.org/0000-0002-3102-1504
https://orcid.org/0000-0002-0786-8545
https://orcid.org/0000-0001-8494-628X
https://orcid.org/0000-0003-1965-7953
https://orcid.org/0000-0003-2146-0391
https://orcid.org/0000-0002-9069-0353
https://orcid.org/0000-0001-9675-4322
https://orcid.org/0000-0003-0288-202X
https://orcid.org/0000-0002-8503-3009
https://orcid.org/0000-0002-8657-6742
https://orcid.org/0009-0006-9081-931X
https://orcid.org/0000-0002-2064-6517
https://orcid.org/0000-0003-1880-5467
https://orcid.org/0000-0002-2699-1522
https://orcid.org/0000-0002-5475-5092
https://orcid.org/0000-0002-7160-5272
https://orcid.org/0000-0003-3711-8902
https://orcid.org/0000-0002-0015-9367
https://orcid.org/0000-0001-8255-3474
https://orcid.org/0000-0002-4524-563X
https://orcid.org/0000-0003-2613-2901
https://orcid.org/0000-0002-1415-4559
https://orcid.org/0000-0002-4165-505X
https://orcid.org/0000-0001-7970-2651
https://orcid.org/0000-0002-4856-8055
https://orcid.org/0009-0002-4871-6334
https://orcid.org/0000-0003-4389-7711
https://orcid.org/0009-0003-3911-1744
https://orcid.org/0009-0005-3106-8571
https://orcid.org/0000-0002-1430-6655
https://orcid.org/0009-0004-2669-5696
https://orcid.org/0000-0002-6726-6407
https://orcid.org/0000-0003-4002-1888
https://orcid.org/0000-0002-8627-9721
https://orcid.org/0000-0003-3056-8353
https://orcid.org/0000-0003-2845-8702
https://orcid.org/0000-0003-2569-2704
https://orcid.org/0000-0002-3265-9614
https://orcid.org/0000-0003-3941-7607
https://orcid.org/0000-0001-7286-4543
https://orcid.org/0000-0002-3276-0464
https://orcid.org/0000-0003-1281-8291
https://orcid.org/0000-0002-5624-6486
https://orcid.org/0000-0003-2378-9553
https://orcid.org/0000-0002-6905-4352
https://orcid.org/0000-0002-1074-5116
https://orcid.org/0000-0003-3695-3180
https://orcid.org/0000-0002-8334-6933
https://orcid.org/0000-0001-6548-6775
https://orcid.org/0000-0003-0548-588X
https://orcid.org/0000-0001-8814-2254
https://orcid.org/0000-0002-5729-4535
https://orcid.org/0000-0001-8506-2275
https://orcid.org/0000-0002-0172-6976
https://orcid.org/0000-0002-2926-0063
https://orcid.org/0009-0007-3988-5095
https://orcid.org/0000-0002-6039-190X
https://orcid.org/0000-0003-2080-9010
https://orcid.org/0000-0001-8927-2798
https://orcid.org/0009-0005-1524-5654
https://orcid.org/0000-0002-8768-6468
https://orcid.org/0000-0003-3795-8872
https://orcid.org/0000-0003-1059-8731
https://orcid.org/0000-0001-6412-7981
https://orcid.org/0009-0000-7829-4748
https://orcid.org/0000-0002-7839-2951
https://orcid.org/0000-0002-0091-1934
https://orcid.org/0000-0002-9394-1066
https://orcid.org/0000-0003-1242-4866
https://orcid.org/0000-0001-8573-0851
https://orcid.org/0000-0002-4826-6516
https://orcid.org/0000-0002-6704-0256
https://orcid.org/0000-0001-6104-1752
https://orcid.org/0009-0002-1220-1443
https://orcid.org/0000-0002-3783-5760
https://orcid.org/0000-0002-9609-566X
https://orcid.org/0000-0001-8971-0874
https://orcid.org/0000-0002-7877-2006
https://orcid.org/0009-0005-4425-586X
https://orcid.org/0000-0001-6126-1667
https://orcid.org/0000-0002-4214-5844
https://orcid.org/0000-0002-7162-5345
https://orcid.org/0000-0003-2966-4903
https://orcid.org/0000-0002-8848-1800
https://orcid.org/0000-0001-6194-4601
https://orcid.org/0000-0002-4788-7943
https://orcid.org/0000-0002-5471-6595
https://orcid.org/0000-0002-8576-1268
https://orcid.org/0000-0001-6142-1528
https://orcid.org/0009-0007-8144-2829
https://orcid.org/0000-0003-0333-448X
https://orcid.org/0000-0003-2513-2459
https://orcid.org/0009-0008-0106-3130
https://orcid.org/0000-0002-5686-6626
https://orcid.org/0000-0002-0343-2082
https://orcid.org/0009-0004-9648-4894
https://orcid.org/0000-0003-1180-3469
https://orcid.org/0009-0000-8571-0316
https://orcid.org/0000-0002-2540-2394
https://orcid.org/0000-0002-5166-5788
https://orcid.org/0000-0002-7923-3960
https://orcid.org/0000-0002-1461-3743
https://orcid.org/0000-0002-5078-3336
https://orcid.org/0000-0002-7116-899X
https://orcid.org/0000-0003-0759-2283
https://orcid.org/0009-0009-0033-8291
https://orcid.org/0000-0003-2868-2819
https://orcid.org/0000-0003-3709-5130
https://orcid.org/0000-0001-8817-5013
https://orcid.org/0009-0001-4054-2336
https://orcid.org/0000-0002-2291-6955
https://orcid.org/0000-0003-4903-9865
https://orcid.org/0009-0004-8574-2392
https://orcid.org/0000-0002-9067-0803
https://orcid.org/0000-0001-8923-4003
https://orcid.org/0000-0001-7454-4324
https://orcid.org/0000-0003-4080-6562
https://orcid.org/0009-0005-4161-7386
https://orcid.org/0000-0002-1832-595X
https://orcid.org/0009-0002-4224-5527
https://orcid.org/0000-0003-0414-5525
https://orcid.org/0000-0002-4512-9620
https://orcid.org/0000-0003-0425-5724
https://orcid.org/0000-0002-2646-6189
https://orcid.org/0000-0002-3362-7411
https://orcid.org/0009-0006-2531-9642
https://orcid.org/0000-0002-3224-7089
https://orcid.org/0000-0002-7394-8834
https://orcid.org/0000-0003-0607-2841
https://orcid.org/0000-0002-1539-9275
https://orcid.org/0000-0002-6179-150X
https://orcid.org/0000-0002-0458-538X
https://orcid.org/0000-0003-1752-4524
https://orcid.org/0000-0002-8118-9049
https://orcid.org/0009-0001-8066-416X
https://orcid.org/0000-0003-1401-5900
https://orcid.org/0000-0002-0793-8275
https://orcid.org/0000-0001-9765-5668
https://orcid.org/0009-0006-9583-114X
https://orcid.org/0000-0003-4484-6430
https://orcid.org/0000-0003-2325-8680
https://orcid.org/0000-0002-6101-5981
https://orcid.org/0000-0001-9561-2533
https://orcid.org/0000-0001-6792-7773
https://orcid.org/0000-0002-0118-3131
https://orcid.org/0009-0002-0635-0231
https://orcid.org/0000-0001-6120-4726
https://orcid.org/0000-0002-3358-7667
https://orcid.org/0000-0002-6656-2888
https://orcid.org/0000-0002-8102-9686
https://orcid.org/0000-0002-2629-1710
https://orcid.org/0000-0002-8074-3036
https://orcid.org/0000-0002-5263-3593
https://orcid.org/0009-0006-8025-735X
https://orcid.org/0000-0001-9808-1811
https://orcid.org/0009-0007-9874-9819
https://orcid.org/0000-0002-8142-6374
https://orcid.org/0000-0002-5208-6657
https://orcid.org/0009-0008-3492-3758
https://orcid.org/0000-0003-1868-8678
https://orcid.org/0009-0002-1824-0822
https://orcid.org/0009-0009-8085-4316
https://orcid.org/0009-0007-7046-9751
https://orcid.org/0000-0002-9760-645X
https://orcid.org/0009-0003-8557-9743
https://orcid.org/0000-0002-9596-1060
https://orcid.org/0000-0003-2864-8565
https://orcid.org/0000-0001-7803-9640
https://orcid.org/0000-0002-4680-4413
https://orcid.org/0000-0002-4278-5999
https://orcid.org/0000-0002-0649-2283
https://orcid.org/0000-0003-4101-0160
https://orcid.org/0000-0002-2361-2662
https://orcid.org/0000-0002-4433-2133
https://orcid.org/0009-0005-4525-6661
https://orcid.org/0000-0001-5245-8441
https://orcid.org/0000-0002-6732-2915
https://orcid.org/0000-0002-6067-6294
https://orcid.org/0000-0002-1142-3186
https://orcid.org/0009-0002-1397-8334
https://orcid.org/0000-0001-9874-7249
https://orcid.org/0000-0001-7082-5890
https://orcid.org/0000-0002-6993-0332
https://orcid.org/0000-0003-3858-4278
https://orcid.org/0000-0002-7492-974X
https://orcid.org/0000-0001-8678-6400
https://orcid.org/0009-0006-8982-9510
https://orcid.org/0000-0002-3028-8776
https://orcid.org/0000-0003-3076-0505
https://orcid.org/0009-0003-8783-0807
https://orcid.org/0000-0002-3274-9986
https://orcid.org/0000-0002-6781-416X
https://orcid.org/0000-0001-8769-0865
https://orcid.org/0000-0003-2512-5451
https://orcid.org/0000-0002-4159-3549
https://orcid.org/0000-0003-3699-0598
https://orcid.org/0000-0003-3334-0661
https://orcid.org/0000-0001-8980-1362
https://orcid.org/0000-0003-3546-3390
https://orcid.org/0000-0003-3266-9959
https://orcid.org/0000-0003-1380-0392
https://orcid.org/0000-0002-8111-5576
https://orcid.org/0000-0002-5018-6902
https://orcid.org/0009-0006-6858-7049
https://orcid.org/0000-0001-9523-8633
https://orcid.org/0000-0002-2393-0804
https://orcid.org/0000-0002-3191-4513
https://orcid.org/0000-0001-9879-1119
https://orcid.org/0000-0001-8438-3966
https://orcid.org/0000-0003-1419-2085
https://orcid.org/0009-0007-2770-3338
https://orcid.org/0000-0001-5960-6734
https://orcid.org/0000-0003-3266-1332
https://orcid.org/0000-0003-1184-9627
https://orcid.org/0009-0009-3728-8849
https://orcid.org/0000-0003-1230-4274
https://orcid.org/0009-0007-6439-2022
https://orcid.org/0000-0002-2295-6199
https://orcid.org/0000-0001-5335-1515
https://orcid.org/0000-0002-5795-4871
https://orcid.org/0000-0001-9093-4461
https://orcid.org/0000-0002-4791-5481
https://orcid.org/0000-0002-4766-5128
https://orcid.org/0000-0002-6638-2932
https://orcid.org/0000-0001-9935-6995


G. Scioli ,25 E. Scomparin ,56 J. E. Seger ,14 Y. Sekiguchi,124 D. Sekihata ,124 M. Selina ,84 I. Selyuzhenkov ,97

S. Senyukov ,129 J. J. Seo ,94 D. Serebryakov ,140 L. Serkin ,65 L. Šerkšnytė,95 A. Sevcenco ,63 T. J. Shaba ,68

A. Shabetai ,103 R. Shahoyan,32 A. Shangaraev ,140 B. Sharma ,91 D. Sharma ,47 H. Sharma ,54 M. Sharma ,91

S. Sharma ,76 S. Sharma ,91 U. Sharma ,91 A. Shatat ,131 O. Sheibani,116 K. Shigaki ,92 M. Shimomura,77 J. Shin,12

S. Shirinkin ,140 Q. Shou ,39 Y. Sibiriak ,140 S. Siddhanta ,52 T. Siemiarczuk ,79 T. F. Silva ,110 D. Silvermyr ,75

T. Simantathammakul,105 R. Simeonov ,36 B. Singh ,91 B. Singh,95 K. Singh ,48 R. Singh ,80 R. Singh ,91 R. Singh ,97

S. Singh ,15 V. K. Singh ,135 V. Singhal ,135 T. Sinha ,99 B. Sitar ,13 M. Sitta ,56,133 T. B. Skaali,19 G. Skorodumovs ,94

N. Smirnov ,138 R. J. M. Snellings ,59 E. H. Solheim ,19 J. Song ,16 C. Sonnabend ,32,97 J. M. Sonneveld ,84

F. Soramel ,27 A. B. Soto-Hernandez ,88 R. Spijkers ,84 I. Sputowska ,107 J. Staa ,75 J. Stachel ,94 I. Stan ,63

P. J. Steffanic ,122 T. Stellhorn,126 S. F. Stiefelmaier ,94 D. Stocco ,103 I. Storehaug ,19 N. J. Strangmann ,64

P. Stratmann ,126 S. Strazzi ,25 A. Sturniolo ,30,53 C. P. Stylianidis,84 A. A. P. Suaide ,110 C. Suire ,131 M. Sukhanov ,140

M. Suljic ,32 R. Sultanov ,140 V. Sumberia ,91 S. Sumowidagdo ,82 M. Szymkowski ,136 S. F. Taghavi ,95

G. Taillepied ,97 J. Takahashi ,111 G. J. Tambave ,80 S. Tang ,6 Z. Tang ,120 J. D. Tapia Takaki ,118 N. Tapus,113

L. A. Tarasovicova ,37 M. G. Tarzila ,45 G. F. Tassielli ,31 A. Tauro ,32 A. Tavira García,131 G. Tejeda Muñoz ,44

L. Terlizzi ,24 C. Terrevoli ,50 S. Thakur ,4 D. Thomas ,108 A. Tikhonov ,140 N. Tiltmann ,32,126 A. R. Timmins ,116

M. Tkacik,106 T. Tkacik ,106 A. Toia ,64 R. Tokumoto,92 S. Tomassini,25 K. Tomohiro,92 N. Topilskaya ,140 M. Toppi ,49

V. V. Torres ,103 A. G. Torres Ramos ,31 A. Trifiró ,30,53 T. Triloki,96 A. S. Triolo ,30,32,53 S. Tripathy ,32 T. Tripathy ,47

S. Trogolo ,24 V. Trubnikov ,3 W. H. Trzaska ,117 T. P. Trzcinski ,136 C. Tsolanta,19 R. Tu,39 A. Tumkin ,140

R. Turrisi ,54 T. S. Tveter ,19 K. Ullaland ,20 B. Ulukutlu ,95 S. Upadhyaya ,107 A. Uras ,128 M. Urioni ,134

G. L. Usai ,22 M. Vala,37 N. Valle ,55 L. V. R. van Doremalen,59 M. van Leeuwen ,84 C. A. van Veen ,94

R. J. G. van Weelden ,84 P. Vande Vyvre ,32 D. Varga ,46 Z. Varga ,46 P. Vargas Torres,65 M. Vasileiou ,78

A. Vasiliev ,140,a O. Vázquez Doce ,49 O. Vazquez Rueda ,116 V. Vechernin ,140 E. Vercellin ,24 S. Vergara Limón,44
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87Oak Ridge National Laboratory, Oak Ridge, Tennessee, United States

88Ohio State University, Columbus, Ohio, USA
89Physics department, Faculty of science, University of Zagreb, Zagreb, Croatia

90Physics Department, Panjab University, Chandigarh, India
91Physics Department, University of Jammu, Jammu, India

92Physics Program and International Institute for Sustainability with Knotted Chiral Meta Matter
(SKCM2), Hiroshima University, Hiroshima, Japan

93Physikalisches Institut, Eberhard-Karls-Universität Tübingen, Tubingen, Germany
94Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany

95Physik Department, Technische Universität München, Munich, Germany
96Politecnico di Bari and Sezione INFN, Bari, Italy

97Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für
Schwerionenforschung GmbH, Darmstadt, Germany

98Saga University, Saga, Japan
99Saha Institute of Nuclear Physics, Homi Bhabha National Institute, Kolkata, India

100School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
101Sección Física, Departamento de Ciencias, Pontificia Universidad Católica del Perú, Lima, Peru

102Stefan Meyer Institut für Subatomare Physik (SMI), Vienna, Austria
103SUBATECH, IMT Atlantique, Nantes Université, CNRS-IN2P3, Nantes, France
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