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Abstract: We apply an equal-velocity quark combination model to study the production of light-flavor hadrons and
single-charmed hadrons at midrapidity in the  collisions at  TeV. We find that the experimental data for
the  spectra of  and  exhibit the quark number scaling property, which clearly indicates the quark combination
mechanism at hadronization. Experimental data for the  spectra of , , , , , and  are systematically de-
scribed by the model. The non-monotonic  dependence of the  ratio is naturally explained, and we find that it
is closely related to the shape of the logarithm of the strange quark  distribution. Using the  spectra of light-fla-
vor quarks obtained from light-flavor hadrons and the  spectrum of charm quarks, which is consistent with per-
turbative QCD calculations, the experimental data for differential cross-sections of , , and  as functions of

 are systematically described. We predict the differential cross-sections of  and . The ratio  in our
model is approximately 0.16, and  is approximately 0.012, owing to the cascade suppression of strangeness.
In addition, the predicted  and  ratios exhibit  the non-monotonic dependence on  in the low 
range.

Keywords: hadronization, quark combination mechanism, heavy-flavor

DOI: 10.1088/1674-1137/ac1ef9

 

I.  INTRODUCTION
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pp p

pp p

Recently, experiments of  and Pb collisions at en-
ergies  available  at  the  CERN  Large  Hadron  Collider
(LHC) revealed a  series  of  interesting properties  of  had-
ron  production,  such  as  ridge  and  collectivity  [1-4]  as
well as enhancement of strangeness and baryon to meson
ratios  [5-8]. These  striking  observations  are  possibly  re-
lated to a prominent topic in strong interactions,  i.e.,  the
formation  of  a  small  droplet  of  Quark-Gluon  Plasma
(QGP)  in  and Pb  collisions.  Theoretical  studies
along  this  direction  have  been  extensively  conducted  in
the  last  few years,  addressing  different  aspects.  The  key
point  is  how to  understand  and  simulate  the  small  final-
state parton system created in the  and Pb collisions
at LHC energies.  These  studies  usually  focus  on  the  ap-
plication  of  hydrodynamics  to  simulations  of  mini-QGP
evolution  [9-16],  the  search  for  new  features  in  string
formation just  before  hadronization  by  various  mechan-
isms  such  as  color  re-connection  [17-21],  the  search  for

new  features  in  string(cluster)  fragmentation  or
parton(quark)  coalescence  mechanism  at  hadronization
[22-27], etc.
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In our recent studies on the  collisions at two colli-
sion energies  TeV [27-29] and on the Pb col-
lisions  at  TeV  [25, 30],  we  found  that  an
equal-velocity  combination  mechanism  of  constituent
quarks and  antiquarks  at  hadronization  can  systematic-
ally describe the experimental  data for  the  spectra of
light-flavor  hadrons  and  single-charmed  hadrons  in  the
low and intermediate  range in these collision systems.
The constituent quark degrees of freedom just before had-
ronization play an important role in hadron production in
these collisions, which may be related to possible forma-
tion  of  QGP  droplets  in  and Pb  collisions  at  LHC
energies.  Compared  with  the  traditional  fragmentation
mechanism  usually  applied  in  small  collision  systems,
this  quark-combination  "new''  feature  of  hadronization
should be studied further, assisted by the available experi-
mental  data  on  the  and Pb collisions  at  other  colli-
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sion energies at LHC.
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In this paper, we use an equal-velocity quark combin-
ation model  to  study  the  production  of  light-flavor  had-
rons  and  single-charmed  hadrons  in  the  collisions  at

 TeV. Firstly, we use the model to describe the
experimental  data  of  light-flavor  hadrons  [31-33].  We
pay particular attention to how to systematically relate the
observed properties of hadrons to the quark  spectra at
hadronization.  For  example,  we  correlate  the  spec-
trum of  and  that  of  using a  scaling  method,  to  dir-
ectly  relate  to  the  distribution  of  strange  quarks  at
hadronization. Another example is that we can relate the
non-monotonic  dependence  of  the  ratio  to  the
shape  of  the  logarithm of  the  strange  quark  distribution.
Second,  using  the  spectra of  light-flavor  quarks  ob-
tained from the study of light-flavor hadrons and a charm
quark  distribution  which  is  consistent  with  perturbative
QCD  calculations,  we  further  study  the  equal-velocity
combination  of  light-flavor  and  charm  (anti-)quarks,  to
explain the production properties of single-charmed had-
rons.  We  compare  model  results  with  experimental  data
for  differential  cross-sections  of ,  and  [34,
35]. We predict the differential cross-sections of  and

 and  several  baryon  to  meson  ratios,  such  as 
and , for future tests.
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The  paper  is  organized  as  follows.  In  Sec.  II,  we
briefly  introduce  a  particular  quark  combination  model
under  the  equal-velocity  combination  approximation.  In
Sec.  III,  we show the results  for  the  spectra  of  light-
flavor hadrons in the  collisions at  TeV. In
Sec. IV, we show the results for the  spectra and spec-
trum ratios of single-charmed hadrons. In Sec. V, we give
the summary of our work. 

II.  A BRIEF INTRODUCTION TO THE EQUAL-
VELOCITY QUARK COMBINATION MODEL
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In this section, we briefly introduce a particular quark
combination  model  that  was  proposed  in  a  recent  work
[25]. This  model  applies  a  simplified  combination  cri-
terion, i.e., the equal-velocity combination (EVC), to de-
termine how constituent quarks and antiquarks at hadron-
ization  form  hadrons.  This  EVC  model  was  inspired  by
the  quark  number  scaling  property  observed  in  the 
spectra  of  strange  hadrons  [25, 29]. The  model  has  suc-
cessfully described the  spectra of light-flavor hadrons
and  single-charmed  hadrons  in  the  ground  state,  for  the

 collisions  at  TeV  and Pb  collisions  at
 TeV.  Our  latest  studies  on  the  elliptic  flow

and  spectra of hadrons in relativistic heavy-ion colli-
sions [36-39] also support the EVC model.

fh (p) ≡ dNh/dp

Assuming a stochastic combination of quarks and an-
tiquarks  in  hadronization,  the  momentum  distribution  of
the formed hadron  in the laboratory frame

can be constructed using those of quarks and antiquarks, 

fB j
(pB) =

∫
dp1dp2dp3RB j

(p1, p2, p3; pB)

× fq1q2q3
(p1, p2, p3), (1)

 

fM j
(pM) =

∫
dp1dp2RM j

(p1, p2; pM) fq1q̄2
(p1, p2), (2)

fq1q2q3
(p1, p2, p3) fq1q̄2

(p1, p2)
q1q2q3 q1q̄2

RB j
(p1, p2, p3; pB)

q1q2q3

p1 p2 p3 B j

q1q2q3 pB

RM j
(p1, p2; pM)

where  and  are the  joint  mo-
mentum distributions for  and  in the laborat-
ory frame, respectively.  is the combina-
tion probability function for the three quarks  with
the momenta , , and  forming a baryon  with the
quark  composition  and  momentum .

 is interpreted in a similar manner.

pi = γmiv ∝ mi

pi

xi = pi/p ∝ mi p mi

i∑
i pi = p

In the EVC approximation, a hadron is formed by the
combination of constituent quarks and/or antiquarks with
the same velocities. Because the momentum has the prop-
erty  at a given velocity, the momentum of
the  participant  (anti-)quark  is  a  particular  fraction

 of the momentum of hadron , where  is
the constituent mass of the quark . Considering the mo-
mentum conservation , we obtain 

xi =


mi

m1+m2+m3
i = 1,2,3 for B(q1q2q3)

mi

m1+m2
i = 1,2 for M(q1q̄2)

. (3)

mu = md = 0.3
ms = 0.5 mc = 1.5

The  constituent  masses  of  the  quarks  are 
GeV,  GeV, and  GeV. The combination
function therefore has the following simple form: 

RB j
(p1, p2, p3; pB) = κB j

3∏
i=1

δ(pi− xi pB), (4)

 

RM j
(p1, p2; pM) = κM j

2∏
i=1

δ(pi− xi pM). (5)

κB j
κM j

 and  are independent of the momentum but can de-
pend on the number of (anti-) quarks in hadronization, as
well as on the properties of the formed hadron such as the
spin.

Substituting the combination functions in Eqs. (4) and
(5) into Eqs. (1) and (2), we obtain 

fB j
(pB) = κB j

fq1q2q3
(x1 pB, x2 pB, x3 pB) , (6)

 

fM j
(pM) = κM j

fq1q̄2
(x1 pM , x2 pM) . (7)
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Integrating the above equations over  the momentum, we
obtain the number of the formed hadrons 

NB j
= κB j

∫
dpB fq1q2q3

(x1 pB, x2 pB, x3 pB) , (8)
 

NM j
= κM j

∫
dpM fq1q̄2

(x1 pM , x2 pM) . (9)

The  integral  of  the  joint  momentum  distribution  of
(anti-) quarks can be rewritten as 

∫
dpB fq1q2q3

(x1 pB, x2 pB, x3 pB) =
Nq1q2q3

AB j

, (10)

 ∫
dpM fq1q̄2

(x1 pM , x2 pM) =
Nq1q̄2

AM j

(11)

with 

Nq1q2q3
=

$
dp1dp2dp3 fq1q2q3

(
p1,p2, p3

)
, (12)

 

Nq1q̄2
=

"
dp1dp2 fq1q̄2

(p1, p2) . (13)

Nq1q̄2
q1q̄2

Nq1q̄2
= Nq1

Nq̄2
Nq1

q1 Nq̄2
q̄2 Nq1q2q3

q1q2q3
Nq1q2q3

Nq1
Nq2

Nq3

Nq1
(Nq1
−1)Nq2

Nq1
(Nq1
−1)(Nq1

−2)
AB j

AM j

Here,  is  the  number  of  all  pairs at  hadroniza-
tion.  In general,  we have  where  is  the
number of  in system and  is that of .  is the
number  of  all  possible  combinations.  In  general,

 equals  to  for  different  quark  flavors,
 for  two  identical  quark  flavors  and

 for three identical quark flavors. The
coefficients  and  are  introduced  to  characterize
the  effect  of  the  joint  momentum  distribution  of  (anti-)
quarks  with  correlated  momenta  on  the  number  of  the
formed hadrons.

Substituting Eqs. (10) and (11) into Eqs. (8) and (9),
we obtain 

NB j
= Nq1q2q3

κB j

AB j

= Nq1q2q3
Pq1q2q3→B j

, (14)

 

NM j
= Nq1q̄2

κM j

AM j

= Nq1q̄2
Pq1q̄2→M j

. (15)

κBi
/ABi

q1q2q3 B j
Pq1q2q3→B j

κM j
/AM j

q1q̄2
M j Pq1q̄2→M j

The  coefficient  ratio  thus  has  an  intuitive
physical  meaning;  that  is,  it  is  the  momentum-integrated
probability of  forming . Therefore, we denote it
as  in  the  second  equality.  denotes  the
momentum-integrated  probability  of  the  pair form-
ing , and we denote it as .

Pq1q2q3→Bi

Pq1q̄2→Mi

li li = d,u, s
Nli

Nl =
∑

li
Nli

c Nc

Because  of  the  non-perturbative  nature  of 
and , we will parameterize them in the following
text.  Here,  we  consider  the  formation  of  hadrons  in  two
sectors. One  is  light-flavor  hadrons,  which  are  exclus-
ively  composed  of  light-flavor  (anti-)quarks.  Another  is
single-charmed hadrons, which are composed of a charm
(anti-)quark and light-flavor (anti-)quark(s). For conveni-
ence, light-flavor quarks are denoted as  ( ) and

 are  their  numbers.  The  number  of  all  light-flavor
quarks  is ,  and  a  similar  notation  is  used  for
anti-quarks.  Charm  quarks  are  denoted  as ,  and  is
their number.

Considering the  stochastic  feature  of  the  quark  com-
bination  and  flavor  independence  of  strong  interactions,
the  combination  probability  of  light-flavor  (anti-)quarks
can be parameterized by 

Pl1l2l3→B j
=CB j

Niter
NB

Nlll
, (16)

 

Pl1 l̄2→M j
=CM j

NM

Nll̄
, (17)

NB/Nlll

NM/Nll̄

NB NM

Nlll = Nl(Nl−1)(Nl−2)

Nll̄ = NlNl̄
Niter

l1l2l3

where we use  to denote the average probability of
three  light-flavor  quarks  combining  into  a  baryon  and

 to denote the average probability of a light-flavor
quark  and antiquark  pair  combining  into  a  meson.  Here,

 and  are the average number of all light-flavor ba-
ryons and that of all mesons.  is the
number  of  all  possible  three  quark  combinations  and

 is the number of all possible light-flavor quark
antiquark  pairs.  is  the  number  of  permutations  for

;  it  is  set  to  6  for  three  different  flavors,  3  for  two
identical flavors, and 1 for three identical flavors.

CB j
CM j

JP = 0−, 1− JP = (1/2)+, (3/2)+

RV/P

CM j
= 1/(1+RV/P) JP = 0−

CM j
= RV/P/(1+RV/P) JP = 1−

RD/O

CB j
= 1/(1+RD/O) JP = (1/2)+ CB j

=

RD/O/(1+RD/O) JP = (3/2)+ CΛ =
CΣ0 = 1/(2+RD/O), CΣ∗0 = RD/O/(2+RD/O), C∆++ = C∆− =

CΩ− = 1 RV/P RO/D
pp√

s =

 and  are  introduced  to  tune  the  production
weight of hadrons with the same quark content but differ-
ent spins. In this paper, we only consider the ground state

 mesons and  baryons in the
flavor SU(3)  group.  We introduce  the  parameter  to
denote  the  relative  production  weight  of  the  vector
mesons to the pseudoscalar mesons with the same flavor
composition. Then, we get  for 
mesons  and  for  mesons.
Similarly, we introduce the parameter  to denote the
relative production weight of the decuplet baryons to the
octet baryons with the same flavor composition. Then, we
have  for  baryons and 

 for  baryons,  except 

. Here,  and  are set to 0.45 and 0.5, re-
spectively, according to our recent work on the  colli-
sions at 13 TeV [29].

Similar to  Eqs.  (16)  and (17),  the  combination  prob-
ability  of  a  charm  quark  and  light-flavor  (anti-)quark(s)
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can be parameterized by 

Pcl1l2→B j
=CB j

Niter
NBc

Ncll
, (18)

 

Pcl̄1→M j
=CM j

NMc

Ncl̄
, (19)

Ncll = NcNl(Nl−1) Ncl̄ = NcNl̄ Niter
l1 = l2 l1 , l2

JP = 0−, 1−

JP = (1/2)+

JP = (3/2)+

R′V/P

RS 1/T
JP = (1/2)+

JP = (1/2)+

RS 3/S 1
JP = (3/2)+ JP = (1/2)+

R′V/P = 1.5 RS 1/T = 0.5 RS 3/S 1 = 1.4

Λ+c Ξ
0,+
c Ω0

c

RS 1/T RS 3/S 1

where ,  and  equals to 1
as  or  2  as .  In  this  paper,  we  consider  the
ground  state  single-charmed  mesons,

 triplet  and  sextet  single-charmed  baryons,
and  sextet single-charmed baryons. Similar to
light-flavor  mesons,  we  introduce  the  parameter  to
denote  the  relative  production  weight  of  the  vector
mesons to the pseudoscalar mesons. Different from light-
flavor  baryons,  we  introduce  two  parameters  for  single-
charmed baryons.  We use the parameter  to denote
the relative production weight of  sextet bary-
ons  to  triplet  baryons  with  the  same  flavor
composition, and another parameter  to denote that
of  sextet  baryons  to  sextet bary-
ons. We take ,  and  ac-
cording to our previous work on single-charmed hadrons
[30]. We emphasize that yields and momentum spectra of
final state charmed baryons ,  and  after taking
strong and electromagnetic decays into account are actu-
ally insensitive to the parameters  and .

The  unitarity  of  the  hadronization  process  constrains
the number of the formed hadrons 

NM +3NB+NMc̄
+2NBc

= Nl, (20)
 

NM +3N B̄+NMc
+2N B̄c̄

= Nl̄, (21)
 

NMc
+NBc

= Nc, (22)
 

NMc̄
+N B̄c̄

= Nc̄, (23)

Nc/Nl ∼ O pp p

Nl Nc

where we neglect the contribution of multi-charmed had-
rons.  Because  of  the  small  contribution  of  the  relative
production  ratio (1%)  in  high  energy , A,
and AA collisions,  we  can  neglect  the  contribution  of
charmed  hadrons  in  Eqs.  (20)  and  (21)  and  then  obtain
the separate constraints for  and , respectively.

Nqi
= Nq̄i

Nh = Nh̄

NM +3NB ≈ Nl NMc
+NBc

= Nc

RB/M = NB/NM

For collisions at LHC energies, the approximation of
the charge conjugation symmetry  and  is
usually satisfied.  Therefore,  the  above  unitarity  con-
straints are reduced to  and .
We  can  define  the  competition  factor  to

quantify the production weight of baryons in the light-fla-
vor sector and consider it as a model parameter. Then, we
can calculate 

NB =
RB/M

1+3RB/M
Nl, (24)

 

NM =
1

1+3RB/M
Nl. (25)

RB/M = 0.087±0.04

pp p
R(c)

B/M

We found  that  can  well  explain  data
of  yield  densities  of  light-flavor  hadrons  in  relativistic
heavy-ion  collisions  at  RHIC  and  LHC  energies  and
those in the  and Pb collisions at LHC energies [38,
40, 41].  We  also  define  the  competition  factor  for
single-charmed hadrons and obtain 

NBc
=

R(c)
B/M

1+R(c)
B/M

Nc, (26)

 

NMc
=

1

1+R(c)
B/M

Nc. (27)

R(c)
B/M 0.425±0.025

Λ+c pp
√

s = 7
p

√
sNN = 5.02

We found that  is approximately  in our
recent  works  [27, 30]  by  fitting  the  midrapidity  data  of

 for the  collisions at  TeV and those for the
Pb collisions at  TeV measured by ALICE

collaboration [42].
fq1q2q3

(p1, p2, p3)
fq1q̄2

(p1, p2)
Nq1q2q3

Nq1q̄2
Nqi

Nq̄i

κB j
κM j

Quark  momentum  distributions  and
 are  the  inputs  to  the  model.  When  they  are

given,  we can obtain , , ,  and  after in-
tegrating over momenta. Then, substituting Eqs. (24)-(25)
into Eqs.  (16)-(17) and subsequently substituting the lat-
ter into Eqs. (14)-(15), we obtain the yields for light-fla-
vor hadrons. Using Eqs. (14)-(15) and Eqs. (10)-(11), we
calculate coefficients  and .  Substituting them into
Eqs.  (6)-(7),  we  obtain  the  momentum  distributions  for
light-flavor  hadrons.  Calculations  for  single-charmed
hadrons are similar.

Ω−

We also  consider  the  physical  situation  in  which  the
numbers of quarks are not fixed values but fluctuate event
by event in high energy collisions. As we did in Ref. [41],
we  consider  the  Poisson  distribution  as  the  base  line  to
simulate the numbers of quarks of different kinds of fla-
vors  produced  in  the  midrapidity  range  in  each  event.
Then, we take the event  average of  the  numbers  of  had-
rons, to  obtain their  yield densities.  We note that  the ef-
fect of the quark number fluctuations only weakly affects
the production of mesons and baryons containing up and
down  quarks  but  strongly  affects  multi-strange  baryons
such as  [41]. The fluctuations of the momentum dis-
tributions of quarks are not considered at the moment.
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We  finally  consider  the  decay  effects  of  short-life
hadrons on the production of stable hadrons 

f (final)
h j

(p) = fh j
(p)+

∑
i, j

∫
dp′ fhi

(p′)Di j(p′, p), (28)

Di j(p′, p)where  the  decay  function  is calculated  by  de-
cay kinetics and decay branch ratios reported by Particle
Data Group [43].

RB/M

R(c)
B/M

RV/P RB/M

dNh,q/dp

dNh,q/dp dNh,q/dpT dy

As  a  short  summary  of  this  section,  we  emphasize
that  the  EVC  model  is  essentially  a  statistical  model
based on the constituent quark degrees of freedom at had-
ronization. The model is described in the momentum rep-
resentation, and the space-time information about hadron-
ization is not incorporated at present. In deriving the mo-
mentum spectra  and  yields  of  hadrons,  a  stochastic  fea-
ture  of  quark  combination  and  flavor-independence  of
strong  interactions  are  mainly  used.  The  effect  of  the
broken flavor symmetry is taken into account, on the one
hand,  by  the  difference  in  the  momentum  distributions
(and  also  numbers)  of  quarks  with  different  flavors,
which will be discussed in the following text. On the oth-
er hand, it is accounted for by flavor-dependent paramet-
ers,  such as the difference between  of light-flavors
and  of charms.  In  addition,  non-perturbative  dy-
namics in the combination process, which are difficult to
calculate  using  first  principles,  are  parameterized  in  the
model.  We  expect  that  the  values  of  these  parameters,
such as  and , will be stable in different high en-
ergy collisions, as indicated by our available studies up to
now.  Finally,  the  momentum  distribution  is  a
general denotation.  In  this  paper,  we  focus  on  the  trans-
verse production of hadrons at midrapidity; then, the mo-
mentum  distribution  refers  to  at
midrapidity. 

III.  RESULTS FOR LIGHT-FLAVOR HADRONS

pT

fq1q2q3

(
pT1
, pT2
, pT3

)
= fq1

(
pT1

)×
fq2

(
pT2

)
fq3

(
pT3

)
fq1q̄2

(
pT1
, pT2

)
= fq1

(
pT1

)
fq̄2

(
pT2

)
fu (pT ) =

fd (pT ) fqi
(pT ) =

fq̄i
(pT ) pT

fu(pT )
fs(pT )

In our model, momentum distributions of light-flavor
constituent  quarks  at  hadronization  are  inputs.  Because
they  are  difficult  to  calculate  from first  principles  in  the
low  range, we  determine  them  by  fitting  the  experi-
mental data for identified hadrons in our model. Consid-
ering  that  the  available  experimental  measurements  are
mainly inclusive distributions, here we assume the factor-
ization approximation  for  the  joint  momentum  distribu-
tion of  (anti-)  quarks,  i.e., 

 and .
In  addition,  we  assume  the  isospin  symmetry 

 and  the  charge-conjugation  symmetry 
 for the  spectra of (anti-)quarks at midrapidity

at LHC energies. Finally, we have only two inputs 
and  in the  light-flavor  sector,  which  can  be  con-
veniently determined by the experimental data for only a
few hadrons.

pT
pp

√
s = 5.02

pT Ω− ϕ pT
Ω/ϕ

pT

In  this  section,  we  study  the  production  of  light-fla-
vor  hadrons  in  the  low  and  intermediate  range  at
midrapidity,  for  the  collisions  at  TeV.  In
particular,  we  discuss  a  quark  number  scaling  property
for the  spectra of  and  and study the  depend-
ence of the  ratio.  We also study the property of the
extracted  spectra of up quarks and strange quarks. 

pT Ω− ϕA.    Scaling property for  spectra of  and 

pT Ω− ϕ

Ω ϕ

pT

Ω− ϕ

In this  subsection,  we  discuss  an  interesting  correla-
tion between the  spectrum of  and that of , which
gives the first insight into the hadron production mechan-
ism  at  hadronization.  and  consist  of  strange
quarks/antiquarks, exclusively. In the EVC model, the 
spectra of  and  have simple expressions 

fΩ (3pT ) = κΩ
[
fs (pT )

]3 , (29)
 

fϕ (2pT ) = κϕ fs (pT ) fs̄ (pT ) = κϕ
[
fs (pT )

]2 , (30)

fs (pT ) = fs̄ (pT )where  we  used  for  midrapidity  at  the
LHC energy. We then obtain the following correlation 

f 1/2
ϕ (2pT ) = κϕ,Ω f 1/3

Ω
(3pT ) , (31)

κϕ,Ω = κ
1/2
ϕ /κ

1/3
Ω

pT

pT Ω− ϕ

where  the  coefficient  is  independent  of
.  Eq.  (31)  means  that,  in  the  stochastic  combination

scenario  of  quarks  and  antiquarks  at  hadronization,  the
 spectra of  and  have a strong correlation,  based

on  the  number  of  strange  (anti-)quarks  they  contain.
Therefore,  we  call  Eq.  (31)  the  quark  number  scaling
property.

pT ϕ |y| < 0.5
pp

√
s = 5.02

Ω Ω−+Ω̄+

|y| < 1.8

pT pp√
s = 7

⟨pT ⟩
pT

dN/dy

pp√
s =

κϕ,Ω
Ω

ϕ

In Fig. 1, we test Eq. (31) using the preliminary data
of  the  spectrum of  in  the  rapidity  interval 
for inelastic events in the  collisions at  TeV,
as measured by the ALICE collaboration [31], and using
the  data  of  (i.e., )  in  the  rapidity  interval

 for  minimum-bias  events,  as  measured  by  the
CMS collaboration [33]. By examining the available  ex-
perimental  data  for  spectra  of  hyperons  in  colli-
sions  at  TeV  measured  by  ALICE  collaboration
and  those  by  CMS collaboration  [44-46],  we  notice  that
the average transverse momentum  and the shape of

 distributions measured by two collaborations are quite
consistent, although the center values of  measured
by two  collaborations  have  a  certain  difference.  There-
fore, in this paper, we put two data sets in  collisions at

 5.02 TeV into together to test our model. To com-
pare the scaled data from the two different collaborations,
the coefficient  was set to 1.58 but not the direct cal-
culation  of  our  model.  The  scaled  data  for  are  in  a
good agreement with those for . Furthermore, we know
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fs (pT )
pT

√
κϕ

pT

pp√
s = 5.02

from  Eqs.  (29)  and  (30)  that  Eq.  (31)  equals  to 
multiplied by the -independent coefficient . There-
fore, Fig. 1 also gives us direct information about the 
spectrum  of  strange  quarks  at  hadronization  in  the 
collisions at  TeV.
 

pT p K∗0 Λ ΞB.     spectra of , ,  and 
pT

ϕ

pT fs (pT )

pT

We  parameterize  the  spectrum  of  quarks  by  a
Lévy-Tsallis functional form [47]. According to Eq. (30),
we can use our model to fit the scaled data for  in Fig. 1,
to  obtain  the  spectrum  of  strange  quarks  at
hadronization. We further use the model to fit the experi-
mental data of the  spectrum of the proton [32], to ob-

pT fu (pT )
fs(pT ) fu(pT )

tain  the  spectrum  of  up/down  quarks  at had-
ronization.  The  properties  of  and  will  be
discussed in Sec. III.D.

fu(pT ) fs(pT )
pT

fu(pT )
pT

(
K∗0+ K̄∗0

)
/2

ϕ K∗

|y| < 0.5
Λ+Λ̄ Ξ−+Ξ̄+

|y| < 1.8

Λ Ξ pT

pT

After  obtaining  and ,  we  can  calculate
the  spectra  of  various  light-flavor  hadrons.  In Fig.
2(a),  we  firstly  show  the  fit  results  for  the  proton  data,
which  were  used  for  obtaining .  In Fig.  2(b),  we
show the result for the  spectrum of  and
compare it with the experimental data [48]; a good agree-
ment is observed. Note that the data for , proton, and 
are  all  the  ALICE  data  for  inelastic  events  and  for  the
rapidity interval . In Fig. 2(c) and (d), we present
the results for  and  and compare them with
the  experimental  data  from  the  CMS  collaboration  [33].
Because  CMS  experiments  select  the  minimum-bias
events  and  rapidity  interval ,  which  are  different
from those for the ALICE experiments, we multiplied our
results  for  and  by  0.85,  to  test  the  shape  of  the 
distributions of hyperons predicted by our model. We ob-
serve  a  good  agreement  between  the  shapes  of  the 
spectra of two hyperons. 

Ω/ϕ pTC.    Ratio  as a function of 
pT

ϕ pT

Ω Ω−+Ω̄+ pp
√

s = 5.02
Λ Ξ

Ω

pT Ω

In Fig.  3(a),  we show the fit  results  for  the  spec-
trum of  and the calculated result for the  spectrum of

 (i.e., ), for the  collisions at  TeV.
Similar  to  the  case  of  and  in Fig.  2,  here  we  also
multiplied our result  for  by 0.85, to compare with the
shape of the experimental data for the  spectrum of ,

 

pT Ω ϕ pp
√

s = 5.02 Ω ϕ

Fig.  1.    (color  online)  Scaled  spectra  of  and  in 
collisions at  TeV. Experimental data for  and  are
from [31, 33].

pT p+ p̄
(
K∗0 + K̄∗0

)
/2 Λ+Λ̄ Ξ− +Ξ̄+ pp

√
s = 5.02Fig. 2.    (color online)  spectra of , , , and  for  collisions at  TeV. Symbols indicate ex-

perimental data [32, 33, 48], and lines labeled "QCM" indicate model results.
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pT ϕ Ω

as measured by the CMS collaboration [33]. As indicated
by  the  quark  number  scaling  property  in Fig.  1,  we  see
that the  spectra of  and  can be simultaneously de-
scribed by our model.

Ω/ϕ

pT

Ω/ϕ

pT

Ω/ϕ pT

pT pT ≲ 2.5
pT pT

In Fig. 3(b), we show the result for the  ratio as a
function  of  and  compare  with  experimental  data.
Here, the experimental data for the  ratio were calcu-
lated  by  the  data  of  their  inclusive  spectra  in Fig.  3
(a),  with  the  propagation  of  statistical  uncertainties  [31,
33]. We see that the ratio  firstly increases with  in
the  low  range  (  GeV/c)  and  then  decreases
with  at  larger .  Our model  result,  indicated by the
solid line, well explains the experimental data.

pT

pT

pp
p

Ω/ϕ

pT

pT

This  non-monotonic  dependence  of  the  ratio  of
baryon  to  meson  and,  in  particular,  the  enhancement  in
the low  range have been observed many times in  re-
lativistic  heavy-ion  collisions  [49-53]  and  in  the  and

Pb collisions  at  LHC energies  [8, 44, 54].  This  typical
behavior of the baryon to meson ratio is usually regarded
as the consequence of the quark combination mechanism
at hadronization [55-59]. In this paper, taking the  ra-
tio as an example, we perform a simple derivation to fur-
ther  clarify  the  underlying  physics  of  such  depend-
ence of the baryon to meson ratio in the low and interme-
diate  ranges.

pT Ω/ϕTo  understand  the  dependence  of  the  ratio,
we calculate the slope of the ratio 

[
fΩ (pT )
fϕ (pT )

]′
=

fΩ (pT )
fϕ (pT )

 f
′

Ω
(pT )

fΩ (pT )
−

f
′

ϕ (pT )

fϕ (pT )


=

fΩ (pT )
fϕ (pT )

[
∂ ln ( fs (pT /3))
∂ (pT /3)

− ∂ ln ( fs (pT /2))
∂ (pT /2)

]
.

(32)

Using the mean-value theorem, the bracketed term on the
last line becomes 

∂ ln ( fs (pT /3))
∂ (pT /3)

− ∂ ln ( fs (pT /2))
∂ (pT /2)

= −1
6

pT
[
ln fs (ξ)

]′′
(33)

pT /3 < ξ < pT /2with . Finally, we have [
ln

fΩ (pT )
fϕ (pT )

]′
= −1

6
pT
[
ln fs (ξ)

]′′
, (34)

Ω/ϕwhich means that the slope of the  ratio is affected by
the  second  derivative  of  the  logarithm  of  the  strange
quark distribution.

[
ln fs(pT,s)

]′′
< 0 pT,s ≲ 0.9

[
ln fs(pT,s)

]′′
> 0

1.0 ≲ pT,s ≲ 2.5 Ω/ϕ

pT pT ≲ 2−3
pT pT

The second derivative of a distribution signals that the
distribution is convex or concave in its shape. This can be
conveniently  inferred  from Fig.  1 or Fig.  4.  We see  that

 as  GeV/c  and 
as  GeV/c.  Therefore,  the  ratio in-
creases  with  in  the  range  GeV/c and  de-
creases with  at larger .

pT

pT

exp[−
√

p2
T +m2/T ]

[
ln fs
(
pT,s)
)]′′

< 0 Ω/ϕ

pT

pT

(1+ pT /p0)−n p0 > 0 n > 0[
ln fs
(
pT,s
)]′′
> 0

Ω/ϕ

pT Ω/ϕ

As is  known,  quarks  of  small  mainly  come from
soft  QCD  processes,  and  the  distributions  of  these
quarks  are  usually  described  by  a  thermal-like  function

, which has the property 
, leading to an increase in the  ratio. Quarks with

large  mainly  come  from  hard  QCD  processes,  and
the distributions  of  these  quarks  are  usually  described
by a jet-like function  with  and ,
which  has  the  property , leading  to  a  re-
duction  in  the  ratio.  Therefore,  we  emphasize  that
the  observed  non-monotonic  dependence  of  the 
ratio depends not only on the quark combination mechan-
ism but  also  on  the  property  of  the  momentum distribu-
tion of strange quarks at hadronization. 

u s

pT

D.    Difference between  and  quarks in terms of the
 spectra
pT

ϕ

pp
√

s = 5.02
pT

In Fig. 4(a), we show the  spectra of up and strange
quarks  at  hadronization,  extracted  from  data  for  and
proton,  for  the  inelastic  collisions  at  TeV.
The  ratio  of  the -integrated  yield  density  between
strange quarks  and  up  quarks,  i.e.,  the  strangeness  sup-
pression factor 

pT Ω ϕ pp
√

s = 5.02 Ω/ϕ pTFig. 3.    (color online) (a)  spectra of  and  for the  collisions at  TeV. (b) Ratio  as a function of . Lines that
are labeled "QCM" indicate model results, while symbols indicate experimental data [31, 33].
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λs =
dNs/dy
dNu/dy

(35)

pT pT ≲ 1
pT

pp

is  approximately  0.3.  In  panel  (b),  we  show  the  strange
quark to up quark spectrum ratio. We see that the ratio in-
creases  with  as  GeV/c and  then  weakly  de-
creases at higher . We note that this was also observed
in the  collisions at other collision energies, as well as
in relativistic heavy-ion collisions [25, 29, 38].

pT

pT(
Λ+Λ̄

)
/ (p+ p̄)

(
Ξ−+Ξ̄+

)
/
(
Λ+Λ̄

)(
Ω−+Ω̄+

)
/
(
Ξ−+Ξ̄+

)
pT

pT

pT pT ≲ 4 pT

pT,q ≲ 1.3

The  difference  between  the  spectra  of  up  quarks
and  strange  quarks  affects  the  spectra  of  the  formed
hadrons  with  different  strange  quark  contents.  In Fig.  5,
we  show  the  ratios , ,
and  as functions of . Symbols in-
dicate experimental  data,  while  different  lines  corres-
pond to the model results.  The experimental  data for the
three ratios were calculated by the data of their inclusive

 spectra  with  propagation  of  statistical  uncertainties
[32, 33].  We  see  that  the  data  for  the  three  ratios  in  the
low  range (  GeV/c) all increase with . In our
model, this is owing to the quark level property shown in
Fig.  4(b) as  GeV/c. The hierarchy in the mag-
nitudes for the data of the three ratios can be understood
in our model in terms of the ratios of yield densities, 

dNΛ/dy
dNp/dy

≈ 7.7
4
λs, (36)

 

dNΞ/dy
dNΛ/dy

≈ 3
7.7
λs, (37)

 

dNΩ/dy
dNΞ/dy

≈ 1
3
λs, (38)

λs

Niter

where  the  coefficients  before  are owing  to  the  itera-
tion  factor  in  Eq.  (16)  and  strong/electromagnetic
decay  contribution  of  decuplet  baryons  (see  [29, 60]  for
the detailed analytical expressions of their yields). 

IV.  RESULTS FOR CHARMED HADRONS

pp
√

s = 5.02
pT

D
Λ+c

pT

Ξ
0,+
c Ω0

c D
pT

In  this  section,  we  study  the  production  of  single-
charmed hadrons  in  the  collisions  at  TeV.
We firstly  extract  the  spectrum of  charm quarks  and
compare it  with the calculation result  of  the perturbative
QCD method. Then, we present the results for  mesons
and  baryon, and we compare them with experimental
data. We also predict the -differential cross-sections of

 and  and their ratios with respect to  mesons, as
a function of . 

pTA.     spectrum of charm quarks

D∗+

pp
√

s = 5.02
pT u

pT

In Fig. 6(a), we apply the EVC model to fit the exper-
imental data for differential cross-sections of  for the

 collisions at  TeV. For this fit, we have used
the  spectrum of  quarks obtained in the previous sec-
tion  and  then  obtained  the  distribution  for  charm
quarks at  hadronization.  In  panel  (b),  we  show  the  nor-
malized charm quark distribution and compare it with the
perturbative  QCD  calculation  results  obtained  using  the
Fixed-Order  Next-to-Leading-Logarithmic  (FONLL)

pT pp
√

s = 5.02

fs (pT )/ fu (pT )

Fig. 4.    (color online) (a)  spectra of up and strange quarks at hadronization, for the inelastic  collisions at  TeV. (b) The
ratio .

 

 (
Λ+Λ̄

)
/ (p+ p̄) (Ξ− +Ξ̄+)/(

Λ+Λ̄
) (

Ω− +Ω̄+
)
/
(
Ξ− +Ξ̄+

)
pT

Fig. 5.    (color online) Spectral ratios , 
,  and  as  functions  of . Experi-

mental data are from [32, 33].
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pT

D∗+ pT

dσc/dy = 1.0

0.461+0.58
−0.31

scheme [61, 62]. We observed a good consistency in the
studied  range, within theoretical uncertainties. By fit-
ting  the  data,  we  obtained  the  integrated  cross-
section for charm quarks as  mb. This value
is higher than the center value for the default FONLL cal-
culation  mb [61, 62] but is still within the the-
oretical uncertainty. 

B.    Results for single-charmed hadrons
pT

pT

pT

dσ/dy D0,+ D+s Λ
+
c Ξ

0,+
c

Ω0
c pp

√
s = 5.02

dσc/dy = 1.0mb

Using  the  spectrum  of  charm  quarks  from  the
above  subsection  and  those  of  light-flavor  quarks  from
Sec.  III.D,  we  calculated  the  spectra  of  other  single-
charmed hadrons. In Table 1, we firstly present the -in-
tegrated  cross-section  of , , , ,  and

, for the inelastic  collisions at  TeV. We
firstly list  analytical  expressions and then numerical  res-
ults as  and compare the latter with avail-
able experimental data [34, 35].

pT

D0,+ D+s Λ+c pp√
s = 5.02

pT pT ≲ 7
pT ≳ 8 D0,+

pT

In Fig. 7, we present the results for the  spectra of
, ,  and ,  for  the  inelastic  collisions  at

 TeV and compare them with the experimental
data  reported  by  the  ALICE  collaboration  [34, 35].  We
find a  good agreement  for  these four  hadrons in the low

 range (  GeV/c). At higher transverse momenta,
 GeV/c,  the  results  for  obtained  using  our

model  are  lower  than  the  corresponding  experimental
data, to a certain extent. This under-estimation maybe in-
dicate  the  increased  importance  of  the  fragmentation
mechanism for charm quark hadronization at large .

pT Ξ0
c

Ω0
c pp

√
s = 5.02

Λ+c
Ξ0

c Ω0
c

pT

In Fig. 8(a),  we show the predicted  spectra of 
and , for the inelastic  collisions at  TeV.
Compared  with  the  production  of ,  the  production  of

 and  that  of  are  suppressed,  owing  to  the  cascade
strangeness.  As  shown  by  their -integrated  cross-sec-
tions in Table 1, we have 

Λ+c : Ξ0
c :Ω0

c = 1 :
1
2
λs :

1
4
λ2

s , (39)

λs ≈ 0.3 pp
Ξ0

c/Λ
+
c

Ω0
c/Λ

+
c

pT Ω0
c/Ξ

0
c

λs/2 Ξ0
c/Λ

+
c
pT

pT
fs(pT ) fu(pT )

Because  for the inelastic  collisions, we see in
Fig.  8(b) that  the  ratio  is  approximately  0.1-0.2,
while  the  ratio  is  approximately  0.02-0.03  in  the
low  and  intermediate  range.  The  ratio  is  also
on the  order  of  and therefore  is  close  to .  In
addition, we see that the three ratios increase with  in
the  low  range,  which  is  owing  to  the  difference
between  and , as shown in Fig. 4.

pT

pT pp
√

s = 5.02
Λ+c /D

0

The baryon  to  meson  ratio,  when  plotted  as  a  func-
tion  of ,  is  sensitive  to  the  production  mechanism  of
hadrons during hadronization. In Fig. 9, we show the res-
ults for the ratios of charmed baryons to charmed mesons,
as  a  function  of ,  for  the  collisions  at 
TeV. In Fig. 9 (a), we firstly show the result for  as
the  solid  line.  Compared  with  the  experimental  data  for

dσ/dy

dσc/dy = 1.0mb

Table  1.     for  single-charmed  hadrons  in  the  EVC
model,  with . Strong  and  electromagnetic  de-
cay  contributions  from  other  single-charmed  hadrons  in  the
ground-state  have been included.  Experimental  data  are  from
[34, 35].
dσ
dy

analytical µbnumerical/ µbdata/

D0
1+1.677R′V/P

1+R′V/P

1
2+λs

1

1+R(c)
B/M

dσc

dy 429 447±20

D+
1+0.323R′V/P

1+R′V/P

1
2+λs

1

1+R(c)
B/M

dσc

dy 181 184±13

D+s
λs

2+λs

1

1+R(c)
B/M

dσc

dy 91.5 95±9

Λ+c
4

(2+λs)2

R(c)
B/M

1+R(c)
B/M

dσc

dy
225 230±16

Ξ0
c 2

λs

(2+λs)2

R(c)
B/M

1+R(c)
B/M

dσc

dy
33.8

Ξ+c 2
λs

(2+λs)2

R(c)
B/M

1+R(c)
B/M

dσc

dy
33.8

Ω0
c

λ2
s

(2+λs)2

R(c)
B/M

1+R(c)
B/M

dσc

dy
5.07

D∗+ pTFig.  6.    (color  online)  (a)  Fit  to the  data in the EVC model.  (b)  Comparison between the normalized  distribution of  charm
quarks obtained in our model and FONLL calculation results [61, 62].

 

Production of light-flavor and single-charmed hadrons in pp collisions... Chin. Phys. C 45, 113105 (2021)

113105-9



Λ+c /D
0

pT ≳ 2 pT
pT ≲ 2

pT
pT

p pT

 [34], our model explains well the downward trend
in the experimental  data at  GeV/c.  In the low 
range (  GeV/c), the ratio obtained using our model
increases with increasing . This behavior can be tested
in the future as more precise experimental data for this 
range  become  available.  We  note  that  the  experimental
data  for  the Pb  and  Pb-Pb  collisions  at  small  have
indicated this property [34]. (

Ξ0
c +Ξ

+
c

)
/D0

Ω0
c/D

0(
Ξ0

c +Ξ
+
c

)
/D0 pT ≈ 3
Ω0

c/D
0

We further present the result for  in Fig.
9(a) and that for  in Fig. 9(b). We see that the mag-
nitude of  at  GeV/c is approximately
0.16,  while  that  of  is  only  approximately  0.015.
This  hierarchical  property  is  owing  to  the  cascade
strangeness suppression, as shown in Eq. (39).

Λ+c /
(
D0+D+

)
Ξ0

c/D
+
s

In order  to  reduce  the  effect  of  the  strangeness  sup-
pression and the dependence of the model parameters on
these baryon to meson ratios, we propose two new ratios

 and . From Table 1, the two ratios in

pTthe -integrated cross-sections have the same magnitude 

dσΛ+c /dy
dσD0+D+/dy

=
dσΞ0

c
/dy

dσD+s /dy
=

2
2+λs

R(c)
B/M . (40)

R′V/P
Λ+c /D

0

λs λs

R(c)
B/M

pT

They  are  independent  of  the  model  parameter ,
which is different from the  ratio. They are also in-
sensitive to , since a change in  (e.g., 0.3-0.33) only
weakly (1%)  affects  the  two  ratios.  Finally,  the  two  ra-
tios  are  directly  related  to  the  production  competition  of
baryon to meson in the charm sector, which is character-
ized by the parameter  in our model.  Therefore,  we
propose these two ratios as direct observables of the bary-
on production weight in the charm sector. The two ratios
as functions of  are shown in Fig. 9(c); evidently, they
are close to each other.

Ω0
c/D

+
s

pT pT

In Fig. 9(d), we show the result for  as a func-
tion  of .  As  indicated  by  their  ratio  in  the -integ-

pT D0,+ D+s Λ+c pp
√

s = 5.02Fig. 7.    (color online)  spectra of ,  and  at midrapidity, for the inelastic  collisions at  TeV. The lines that are
labeled "QCM" indicate the results obtained using our model, while symbols correspond to the experimental data [34, 35].

 

pT Ξ0
c Ω0

c pp
√

s = 5.02

pT

Fig. 8.    (color online) (a)  spectra of  and  at midrapidity, for the inelastic  collisions at  TeV. (b) Ratios between
charmed baryons as a function of .
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rated cross-section 

dσΩ0
c
/dy

dσD+s /dy
=
λs

2+λs
R(c)

B/M , (41)

Ξ0
c/D

+
s λs/2

Ω0
c/D

+
s

pT ≈
Λ+c /D

0

Λ+c /
(
D0+D+

)
this ratio is smaller than  by a factor . In addi-
tion,  we see that  the peak position of  the ratio  is
located at approximately  3-4 GeV/c, which is larger
than  the  peak  position  of  the  ratios  and

 by about  1  GeV/c.  This  is  the  kinetic  ef-
fect caused by the difference between the up quark distri-
bution and strange quark distribution, as shown in Fig. 4. 

V.  SUMMARY

pp
√

s = 5.02

pp
√

s =

In this paper, we have used a quark combination mod-
el  with  equal-velocity  combination  approximation  to
study  the  production  of  light-flavor  hadrons  and  single-
charmed hadrons  in  the  collisions  at  TeV.
The  systematic  comparison  of  our  model  results  with
available experimental data indicates the effectiveness of
the  model,  which is  consistent  with  our  previous  studies
on the  collisions at  7 and 13 TeV [27-30].

pT

Ω ϕ

pp
√

s = 5.02
pT

pT

By examining the preliminary data for the  spectra
of  and  at midrapidity, we found that the two spectra
exhibit  a  quark  number  scaling  property,  which  gives  a
first  signal  for  the  quark  combination  mechanism  in  the

 collisions  at  TeV.  This  scaling  property
further  enables  us to conveniently extract  the  spectra
of strange quarks at hadronization. By fitting experiment-
al data of hadrons containing up/down quarks such as the
proton,  we  also  obtained  the  spectra  of  up/down

pT K∗0 Λ
Ξ

pT
Ω/ϕ

pT

pT

pT

quarks.  Using  the  extracted  spectra  of  up/down  and
strange  quarks,  we  calculated  the  spectra  of , ,
and ,  which  contain  both  up/down  quarks  and  strange
quarks, and we found a good agreement with the corres-
ponding  experimental  data.  We  studied  the  depend-
ence  of  the  ratio  and  found  that  the  increasing/de-
creasing trend of the ratio with respect to  is closely re-
lated to the concave/convex shape of the logarithm of the
strange quark distribution. We also studied the difference
between  the  spectra  of  up/down  quarks  and  that  of
strange  quarks  and  used  it  to  explain  the  difference
between the  spectra of different kinds of baryons.

pT
D∗+

D0,+ D+s Λ+c
pT

Ξ
0,+
c Ω0

c Λ+c
Ξ

0,+
c Ω0

c

Ξ
0,+
c /D0 Ω0

c/D
0

Ξ0
c/D

+
s Ω0

c/D
+
s

Using  the  EVC  model,  we  obtained  the  differential
cross-section of charm quarks as a function of , by fit-
ting  the  experimental  data  for .  We  found  that  it  is
quite  consistent  in  shape  with  the  results  obtained  using
the  perturbative  QCD  method  FONLL.  Applying  the
equal-velocity combination of charm quarks and light-fla-
vor  quarks,  we  successfully  explained  the  experimental
data for differential cross-sections of , , and  as
functions  of .  We predicted  the  differential  cross-sec-
tions of  and . Compared with that of , the pro-
duction of  and  is suppressed because the abund-
ance  of  strange  quarks  at  hadronization  is  suppressed
compared with up/down quarks. We predicted that the ra-
tio  is  approximately  0.16  and  is approx-
imately  0.015,  owing  to  the  cascaded  suppression  of
strangeness.  We  also  proposed  several  ratios,  such  as

 and ,  to  further  demonstrate  the  effect  of
cascaded suppression of  strangeness caused by the num-
ber of strange quarks involving a combination with charm
quarks. These predictions can be tested by analyzing fu-
ture experimental data at the LHC.

pT pp
√

s = 5.02
Fig. 9.    (color online) Ratios of charmed baryons to charmed mesons as a function of , at midrapidity, for inelastic  collisions at

 TeV.
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