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We find signals of quark combination at hadronization from the experimental data of pT spectra of
hadrons at midrapidity in pp collisions at

ffiffiffi
s

p ¼ 200 GeV. The first is the constituent quark number scaling
property for pT spectra of Ω− and ϕ and that for pT spectra of p and ρ0. The second is that pT spectra of Λ,
Ξ−, and K�0 can be self-consistently described using the spectrum of strange quarks from ϕ data and that of
up/down quarks from p data in the equal-velocity combination mechanism. The third is that experimental
data for pT spectrum of D�þ are also well described by the spectrum of up/down quarks from p data and a
spectrum of charm quarks which is consistent with theoretical calculations of the fixed-order next-to-
leading-logarithmic approach. These results indicate a similarity between hadron production in pp
collisions at

ffiffiffi
s

p ¼ 200 GeV and that at LHC energies. We predict pT spectra of single-charm hadrons and
their spectrum ratios. We suggest systematic measurements in pp collisions at

ffiffiffi
s

p ¼ 200 GeV in the future
so as to better understand the property of the small parton system created in pp collisions at different
collision energies.

DOI: 10.1103/PhysRevD.105.074027

I. INTRODUCTION

Hadronization refers to the process of the formation
of hadrons from final-state quarks and gluons created in
high energy reactions. Hadronization is a nonperturbative
quantum chromodynamics (QCD) process and is described
by phenomenological models at present. String fragmenta-
tion [1], cluster fragmentation [2], and quark recombination
[3,4] are three kinds of popular models which are often used
to describe the hadron production in high energy reactions.
Experimental data of hadron production in high energy

reactions often provide new inspiration for the under-
standing of hadronization. We recall that heavy-ion colli-
sion experiments at the Relativistic Heavy Ion Collider
(RHIC) in the 2000s found several surprising phenomena
such as the enhanced baryon-to-meson ratio [5–7] and the
number of constituent quark scaling properties for hadronic
elliptic flow [8–10] in the intermediate pT range. These
observations prompt the study of quark (re)combination or
the parton coalescence mechanism [11–16] for the hadro-
nization of bulk quark matter created in relativistic heavy-
ion collisions. On the other hand, the hadronization of a

parton jet with high pT and a small parton system is still
usually described by the fragmentation mechanism.
In the last decade, experiments of pp and pA collisions

at energies available at the Large Hadron Collider (LHC)
found a series of new phenomena in hadron production
in high multiplicity events such as ridge or long-range
correlation [17,18], collectivity [19,20], and enhanced
baryon-to-meson ratio [21–24]. These phenomena have
been observed in relativistic heavy-ion collisions and are
usually regarded to be closely related to the formation of
quark-gluon plasma (QGP). Observation of these phenom-
ena in pp and pA collisions at the LHC therefore invoke an
interesting question, i.e., the possible creation of mini-QGP.
Theoretical studies of the underlying dynamics in small
collision systems at LHC energies are intensively carried
out, which usually focus on the hydrodynamic evolution of
the created soft parton system [25–30], multiple parton
interactions [31], color reconnection and related phenom-
enological mechanisms [32–36], string and cluster frag-
mentation [37,38], statistical hadronization model for
hadron production [39], etc. Our recent studies [40–46]
found that an equal-velocity combination (EVC) mecha-
nism of constituent quarks and antiquarks at hadronization
can systematically describe pT spectra of light-flavor and
single-charm hadrons. Compared with the traditional view-
point that the fragmentation mechanism is often applied to
a small parton system and usually successful, our studies
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indicate the new feature of hadron production at hadroni-
zation in pp and pA collisions at LHC energies.
The production of identified hadrons in pp collisions

at
ffiffiffi
s

p ¼ 200 GeV was systematically measured by the
STAR Collaboration in the early years of RHIC experi-
ments [47–53]. Experimental data were usually compared
with calculations of event generators such as PYTHIA with
tuned parameters. In view of our findings in pp collisions
at LHC energies [40–46], it is interesting to study the
performance of the quark combination in pp collisions atffiffiffi
s

p ¼ 200 GeV so as to find the similarity or difference in
hadron production in pp collisions at two collision energy
scales. The study of pT spectra of identified hadrons in this
paper gives a surprising indication.

II. QUARK NUMBER SCALING
OF HADRONIC pT SPECTRA

In this paper, we apply a particular quark combination
model [41,42] to study pT spectra of hadrons in pp
collisions. In this model, we assume the constituent quarks
and antiquarks as the effective degrees of freedom for the
final-state parton systems created in pp collisions. We
apply the constituent quark model to describe the internal
structure of hadrons at the low energy scale. Then, at
hadronization the combination of these constituent quarks
and antiquarks created in collisions can directly form the
hadron. We take the EVC approximation; i.e., the hadron is
formed by constituent quarks and antiquarks with equal
velocity. To qualify this approximation, we take the
constituent quark masses so that the summation of con-
stituent masses of (anti)quarks approximately equals the
rest mass of the hadrons; i.e., the EVC of the constituent
(anti)quarks can correctly construct on-shell hadrons.
Under EVC approximation, the momentum spectra of
hadrons have analytical and simple formulas, from which
we can build some scaling properties that can be conven-
iently tested by experimental data.
In our EVC model, pT distribution of a hadron

(dN=dpTdy) at midrapidity is the product of those of
(anti)quarks

fBi
ðpTÞ ¼ κBi

fq1ðx1pTÞfq2ðx2pTÞfq3ðx3pTÞ; ð1Þ
fMi

ðpTÞ ¼ κMi
fq1ðx1pTÞfq̄2ðx2pTÞ: ð2Þ

The moment fractions satisfy x1 þ x2 þ x3 ¼ 1 with xi ¼
mi=ðm1 þm2 þm3Þ (i ¼ 1; 2; 3Þ in baryon formation and
x1 þ x2 ¼ 1 with xi ¼ mi=ðm1 þm2Þ (i ¼ 1; 2Þ in meson
formation. mi is the constituent mass of quark qi.
Coefficients κBi

and κMi
are independent of pT but

dependent on the numbers of quarks and antiquarks [42].
For hyperon Ω−ðsssÞ, which only consists of strange

quarks, its pT distribution has a simple expression

fΩðpTÞ ¼ κΩ½fsðpT=3Þ�3: ð3Þ

The pT distribution of the meson ϕðss̄Þ also has a simple
expression

fϕðpTÞ ¼ κϕfsðpT=2Þfs̄ðpT=2Þ ¼ κϕ½fsðpT=2Þ�2; ð4Þ

where the approximation fsðpTÞ ¼ fs̄ðpTÞ at midrapidity
is taken. From Eqs. (3) and (4), we obtain a relationship

f1=2ϕ ð2pTÞ ¼ κϕ;Ωf
1=3
Ω ð3pTÞ; ð5Þ

which is called the constituent quark number scaling of
hadronic pT spectra. The coefficient κϕ;Ω ¼ κ1=2ϕ =κ1=3Ω is
independent of pT . For pT spectra of the proton and ρ, we
obtain a similar relationship

f1=2ρ ð2pTÞ ¼ κρ;pf
1=3
p ð3pTÞ; ð6Þ

where approximations fuðpTÞ ¼ fdðpTÞ and fuðpTÞ ¼
fūðpTÞ at midrapidity are taken. We run PYTHIA8 with
default parameter values and find that the calculation
results do not exhibit properties in Eqs. (5) and (6).
In Fig. 1(a), we test the scaling property Eq. (5) using the

experimental data of Ω− þ Ω̄þ and ϕ at midrapidity in
inelastic pp collisions at

ffiffiffi
s

p ¼ 200 GeV [47,50]. κϕ;Ω is
taken as 1.88. Ω− þ Ω̄þ has only three datum points, and
we see that they are almost coincident with the scaled data
of ϕ. In Fig. 1(b), we test Eq. (6) using the experimental
data of the proton and ρ0 [48,51]. κρ;p is taken as 1.10.
Except for the first datum point at pT;u ≈ 0.15 GeV=c, we
see that other datum points of ρ0 are very close to the scaled
data of the proton. We emphasize that the values of the two
coefficients κϕ;Ω and κρ;p can be reproduced in our model
by considering quark number distributions at hadroniza-
tion. Therefore, these two scaling tests positively indicate a
quark combination mechanism at hadronization in pp
collisions even at

ffiffiffi
s

p ¼ 200 GeV.

(a) (b)

FIG. 1. Test of the quark number scaling property for pT

spectra of Ω and ϕ (a) and those of ρ0 and proton (b) at
midrapidity in pp collisions at

ffiffiffi
s

p ¼ 200 GeV by using
experimental data of the STAR Collaboration [47,48,50,51].
κϕ;Ω is 1.88 and κρ;p is 1.10.The line between the datum points
is to guide the eye along the shape of the scaled data.
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III. pT SPECTRA OF MIXING-FLAVOR HADRONS

We understand the experimental data for pT spectra
of Λ, Ξ−, and K�0 [49,50] at midrapidity in pp collisions atffiffiffi
s

p ¼ 200 GeV. These hadrons consist of strange quarks
and up/down quarks. By Eqs. (1) and (2), their pT spectra at
hadronization are given as

fΛðpTÞ ¼ κΛ

�
fu

�
1

2þ rsu
pT

��
2

fs

�
rsu

2þ rsu
pT

�
; ð7Þ

fΞðpTÞ ¼ κΞ

�
fs

�
rsu

1þ 2rsu
pT

��
2

fu

�
1

1þ 2rsu
pT

�
; ð8Þ

fK� ðpTÞ ¼ κK�fu

�
1

1þ rsu
pT

�
fs

�
rsu

1þ rsu
pT

�
; ð9Þ

where rsu ¼ ms=mu is the relative momentum ratio of the
strange quark to up quark. Because the constituent masses
of quarks ms ¼ 0.5–0.55 GeV and mu ¼ 0.3–0.33 GeV
have some uncertainties, the ratio rsu is about 5=3 with
approximately �10% degrees of freedom. Our numerical
results show that the pT spectra that are above the hadrons
are not sensitive to this magnitude change of rsu. Therefore,
in this paper, we only present the calculation results for the
pT spectra that are above the hadrons at rsu ¼ 1.67 as
typical predictions of our model.
To calculate Eqs. (7)–(9), quark distributions fsðpTÞ and

fuðpTÞ at hadronization are needed. We obtain them by
using our EVC model to fit the experimental data of the ϕ
and proton [47,50], and the results are shown in Fig. 2.
Here, the decay contributions of the decuplet baryons in the
ground state to octet baryons are included. The expression
of the coefficient κh and its derivation in the EVC model
can be found in Refs. [42,43,46].
In Fig. 3(a), we first show the pT spectrum of ρ0 at

midrapidity based on fuðpTÞ fitted from the proton data.
We see that the ρ0 result is in good agreement with the
experimental data [48]. We note that the consistency
between the ρ0 and proton here is better than the scaling
test in Fig. 1(b). This is because the final-state protons
receive certain decay contamination of the decuplet

baryons Δ, which will weakly influence the pT spectrum
of the proton. Ω and ϕ hardly contain decay contributions,
and therefore, their pT spectra do not have this
contamination.
In Fig. 3(b), we show the results for the pT spectra of Λ,

Ξ−, and K�0 at midrapidity. We see good agreement
with the experimental data of the three hadrons [49,50].
Combining the results of Figs. 1 and 3, we see that the
experimental data of ϕ, Ω−, ρ0, proton, Λ, Ξ−, and K�0 can
be self-consistently explained by a set of quark spectra at
hadronization fuðpTÞ and fsðpTÞ under the equal-velocity
combination mechanism. This is the explicit signal of a
quark combination at hadronization in pp collisions
at

ffiffiffi
s

p ¼ 200 GeV.

IV. pT SPECTRUM OF SINGLE-CHARM
HADRON D�+

We now extend the above study to the combination
of a charm quark and light-flavor quarks. Because the
constituent mass of a charm quark is larger than that of
light-flavor quarks, a charm quark with momentum pT will
hadronize by combining a light-flavor antiquark or two
light-flavor quarks with momentum pT=rcl where rcl ¼
mc=ml (l ¼ u, s). In our EVC model, the pT distribution of
D�þ is

fD� ðpTÞ ¼ κD�fc

�
rcu

1þ rcu
pT

�
fu

�
1

1þ rcu
pT

�
; ð10Þ

where we assume fuðpTÞ ¼ fūðpTÞ at midrapidity.
Momentum fractions rcu and rcs have about �10%

degrees of freedom because of the uncertainty of the
constituent mass of charm quark mc ¼ 1.5–1.7 GeV and
those of light-flavor quarks ms ¼ 0.5–0.55 GeV and
mu ¼ 0.3–0.33 GeV. We have checked that the numerical
results for pT spectra of single-charm hadrons are not
sensitive to this freedom. Therefore, in this paper, we only
present the calculation results for pT spectra of single-
charm hadrons at rcu ¼ 5 and rcs ¼ 3 as typical predictions
of our model.
Since fuðpTÞ is already known by fitting the data of the

proton, the pT spectrum of D�þ can be calculated when
fcðpTÞ is also given. Here, we adopt a perturbative QCD
calculation for a differential cross section of charm quarks
from the fixed-order next-to-leading-logarithmic (FONLL)
approach [54,55] and obtain the pT spectrum of charm
quarks at midrapidity by an online calculator1 with the
CTEQ6.6 parton distribution function. The result of
dσc=ðdpTdyÞ is shown as the dotted line in Fig. 4(a)
where the shadow area denotes the theoretical uncertainties
(quadratic combination of scale and mass uncertainties).
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FIG. 2. pT spectra of strange and up quarks at midrapidity (a)
and their spectrum ratio (b) in pp collisions at

ffiffiffi
s

p ¼ 200 GeV.

1FONLL online calculator at http://www.lpthe.jussieu.fr/
∼cacciari/fonll/fonllform.html.
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Applying this charm quark distribution, we calculate the pT
spectrum of D�þ by Eq. (10) and show the result as the
dotted line in Fig. 4(b) where the shadow area denotes the
uncertainties inherited from those of the charm quarks. We
see that the experimental data of D�þ [52,53], open square
and circle symbols, are higher than our dotted line, which is
calculated from the central values of the charm quark
distribution and are systematically close to the upper
boundary of the uncertainty band. We note that this feature
was also observed in pp collisions at LHC energies in our
previous works with quark combination hadronization
[45,46] and FONLL calculations with fragmentation func-
tions at both RHIC and LHC energies [52,56–58].
In order to focus on the test of our model without

interference from the relatively large uncertainties of charm
quark distribution shown in Fig. 4(a), we choose a
particular charm quark distribution in the following calcu-
lations of single-charm hadrons. The distribution is close to
the upper boundary of the FONLL calculations so as to
reproduce the data of D�þ and is still within the theoretical
uncertainties. It is shown as the solid line in Fig. 4(a) and

can be parametrized as fcðpTÞ ¼ dσc
dy f

ðnÞ
c ðpTÞ with

fðnÞc ðpTÞ ¼ NpT

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þM2

p
−M

nC

�−n

; ð11Þ

where N ¼ ½ðn − 1Þðn − 2Þ�=½nC½nCþMðn − 2Þ�� is a
normalization coefficient, n ¼ 9.66, M ¼ 1.5 GeV, and
C ¼ 0.38 GeV. The pT integrated cross section is taken
to be dσc=dy ¼ 125 μb which is close to the upper edge of
the FONLL calculation dσc=dy ¼ 59þ88

−31 μb. The pT spec-
trum of D�þ calculated from this charm quark distribution
is shown as the solid line in Fig. 4(b). In the following
studies, we calculate the pT spectra of other single-charm
hadrons with this charm quark distribution and take them as
typical predictions of our model.

V. PREDICTION OF SINGLE-CHARM HADRONS

We now study the combination of a charm quark with a
strange antiquark to form a Dþ

s . The calculation results for
the differential cross section of Dþ

s and the spectrum ratio
Dþ

s =ðD0 þDþÞ as a function of pT are shown in Fig. 5.
Compared with D0;þ, the production of Dþ

s is suppressed.
As we know, in the light-flavor background the number of
strange (anti)quarks is smaller than that of up/down (anti)
quarks. Therefore, a charm has a relatively small chance to
capture a comoving s̄ to form a Dþ

s . We use a suppression
factor λs ¼ Ns=Nū to denote the relative abundance of
strange quarks. In our model, the yield ratio of
Dþ

s =ðD0 þDþÞ at midrapidity has a simple expression

dσDþ
s
=dy

dσD0þDþ=dy
¼ 1

2
λs: ð12Þ

With the obtained fsðpTÞ and fuðpTÞ in Fig. 2(a) in the
study of light-flavor hadrons in Sec. III, we have λs ¼ 0.29
in pp collisions at

ffiffiffi
s

p ¼ 200 GeV. Therefore, we see in
Fig. 5(b) that the spectrum ratio Dþ

s =ðD0 þDþÞ is located
in the range [0.1,0.2]. We further see that the spectrum
ratio is dependent on pT to a certain extent. This is
because the relative abundance of strange quarks is pT
dependent [see the result of fsðpTÞ=fuðpTÞ in Fig. 2(b)],
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hadrons (b) at midrapidity in pp collisions at
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p ¼ 200 GeV.
Lines aremodel results and symbols are experimental data [49,50].
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and the combination kinematics is slightly different for cs̄
and cū pairs.
We further calculate the pT spectra of single-charm

baryons by the equal-velocity combination of a charm and
two light-flavor quarks. In Fig. 6(a), we present the results
for differential cross sections of Λþ

c , Ξ0
c, and Ω0

c at

midrapidity as the model parameter RðcÞ
B=M is taken as

0.374� 0.042. In the quark combination mechanism, a
charm can form a meson by picking up an antiquark or
form a baryon by picking up two quarks. Since hadroniza-
tion unitarity requires that a charm quark has to become a
hadron at last, there exists competition between baryon
formation and meson formation. In our model, such a
nonperturbative competition dynamic is parametrized by

RðcÞ
B=M and is tuned by experimental data. We fit the latest

experimental data ofΛþ
c =D0 at midrapidity in pp collisions

at LHC energies [59,60] and obtain RðcÞ
B=M ≈ 0.374� 0.042.

Then, we use it to predict the production of single-charm
baryons at midrapidity in pp collisions at

ffiffiffi
s

p ¼ 200 GeV.
In Fig. 6(b), we present the spectrum ratios Λþ

c =D0 and
Ξ0
c=D0 as a function of pT . Two ratios increase at low pT,

saturate at pT ≈ 2–3 GeV=c, and decrease at larger pT. We
emphasize that this nonmonotonic pT dependence is a
typical signal of our model and is mainly caused by the
kinematics of equal-velocity quark combination and the
property of the pT spectra of light-flavor quarks.
In Fig. 6(c), we present spectrum ratios Λþ

c =ðD0 þDþÞ
and Ξ0

c=Dþ
s in order to better quantify the baryon-to-meson

production competition for charm quark hadronization.

Since D0 þDþ including strong and electromagnetic
decays contains all cū and cd̄ combination channels and
Λþ
c contains all cuu, cud, and cdd combination channels,

the yield ratio Λþ
c =ðD0 þDþÞ directly relates to RðcÞ

B=M in
the model

dσΛþ
c
=dy

dσD0þDþ=dy
¼ 2

2þ λs
RðcÞ
B=M: ð13Þ

The coefficient 2=ð2þ λsÞ is quite stable because, on the
one hand, λs is usually small (e.g., λs ¼ 0.29 obtained in
the current study for minimum bias pp collisions atffiffiffi
s

p ¼ 200 GeV), and on the other hand, the change of
λs in different multiplicity classes in pp collisions is
relatively small (Δλs ≲ 0.1) according to our previous
study of the multiplicity dependence of light-flavor hadrons
[43] and experimental data for multiplicity dependence of
the K=π ratio in pp collisions at

ffiffiffi
s

p ¼ 13 TeV [61].
Therefore, the ratio Λþ

c =ðD0 þDþÞ is a sensitive probe
of the relative probability of cl1l2 combination against the
cl̄ combination (here, l ¼ u, d) at charm quark hadroniza-
tion. Similarly, Ξ0

cðcdsÞ=Dþ
s ðcs̄Þ denotes the relative prob-

ability of the cds combination against the cs̄ combination.
Since the suppression influence of the strange quark is
canceled in the ratio, we have Ξ0

c=Dþ
s ¼ Λþ

c =ðD0 þDþÞ
for yield ratios. In Fig. 6(c), we also see that the spectrum
ratios Λþ

c =ðD0 þDþÞ and Ξ0
c=Dþ

s have the same magni-
tude. The small difference in pT dependence between the
two ratios is caused by the combination kinematics; i.e.,
momentum fractions xu and xs are different in combination
with a charm quark.
In Fig. 6(d), we present ratios Ξ0

c=Λþ
c , Ω0

c=Λþ
c , and

Ω0
c=Ξ0

c as a function of pT . In our model, they are related
to the combination dynamics of an increasing number
of strange quarks involving the combination process.
Statistical combination symmetry is mainly used in the
model and gives in yield ratios

dσΞ0
c
=dy

dσΛþ
c
=dy

¼ dσΩ0
c
=dy

dσΞ0
c
=dy

¼ 1

2
λs; ð14Þ

dσΩ0
c
=dy

dσΛþ
c
=dy

¼ 1

4
λ2s ð15Þ

where λs ¼ 0.29 in pp collisions at
ffiffiffi
s

p ¼ 200 GeV. We
clearly see this flavor hierarchy property in spectrum ratios
in Fig. 6(d). In addition, we see a pT dependence for three
ratios, which is because the difference between the pT
spectrum of up/down quarks and that of strange quarks at
hadronization.
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FIG. 6. Differential cross sections of Λþ
c , Ξ0

c, and Ω0
c (a) and

several ratios among charmed hadrons (b–d) at midrapidity in pp
collisions at

ffiffiffi
s

p ¼ 200 GeV.
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VI. SUMMARY AND DISCUSSION

In summary, we applied an equal-velocity quark combi-
nation model to understand the early RHIC data for pT
spectra of hadrons at midrapidity in pp collisions atffiffiffi
s

p ¼ 200 GeV. We found explicit signals of a quark
combination at hadronization. First, we observed a con-
stituent quark number scaling property for the pT spectra of
Ω and ϕ and that of a proton and ρ. Second, based on the pT
spectrum of up/down quarks extracted from the proton data
and that of strange quarks extracted from the ϕ data, we
found that the data for the pT spectra of Λ, Ξ−, and K�0 are
also well described. Third, based on the obtained spectrum
of up/down quarks and a spectrum of charm quarks which
is consistent with the theoretical calculations of the FONLL
approach, we found that the experimental data for the
differential cross section of D�þ are also well described.
Comparing these results in pp collisions at

ffiffiffi
s

p ¼
200 GeV with those in pp collisions at LHC energies in
our previous works [42,43,45,46], we found a similarity in
hadron production at hadronization at these two energy
scales, which is exhibited as follows:
(1) Quark flavor correlation on pT spectra of light-flavor

hadrons at midrapidity in the low and intermediate
pT range.
Here, the low and intermediate pT range denotes

the range pT ≲ 4 GeV=c for mesons and pT ≲
6 GeV=c for baryons. In our EVC mechanism, these
hadrons are formed by soft (anti)quarks, i.e., pT;q ≈
pT;h=nq ≲ 2 GeV=c (nq ¼ 2 for meson and nq ¼ 3

for baryon).
A typical signal of the correlation is the constitu-

ent quark number scaling property for experimental
data of the pT spectra of Ω and ϕ, which means that
the formation of two hadrons shares the same
strange quark source. In addition, as indicated by
their pT spectra at midrapidity, formation of K�, Λ,
and Ξ also shares the above strange quark source,
and shares the same up/down quark source with that
of protons.

(2) A connection between the pT spectrum of D� in the
low and intermediate pT range and soft light-flavor
quarks that can form light-flavor hadrons.
Here, the low and intermediate pT range for single-

charm hadrons denotes the range pT;h ≲ 8 GeV=c.
The light-favor (anti)quarks that take part in the
formation of these single-charm hadrons have soft
momentum pT;q ≈ pT;c=rcl ≲ 2 GeV=c.
Our result for the pT spectrum of D�þ indicates

that the formation ofD�þ shares the same down quark
source with that of light-flavor hadrons. (In pp
collisions at LHC energies, we found more such

indications by other single-charm hadrons such as
D0, Dþ

s , and Λþ
c [45,46]. We therefore predict the pT

spectra of these hadrons in pp collisions at
ffiffiffi
s

p ¼
200 GeV to further test this point by comparing with
STAR experimental data in the future.) This similarity
therefore indicates a universal scenario for production
of hadrons in the low and intermediate pT range in
pp collisions at RHIC and LHC energies. At hadro-
nization, we take constituent quarks and antiquarks as
effective degrees of freedom for final parton system
created in pp collisions. The equal-velocity combi-
nation is the main feature in hadronization processes
of these constituent quarks and antiquarks. Equal-
velocity combination of soft light-flavor (anti)quarks
forms various light-flavor hadrons. Charm quarks are
occasionally created, and some of them with rela-
tively low momenta combine with the neighboring
soft light-flavor (anti)quarks with the same velocity to
form charm hadrons.

Moreover, we also have the similar finding in pPb
and AA collisions in our recent works [41,44,62,63]. In
particular, an equal-velocity combination mechanism is
further tested by the elliptic flow of light-flavor hadrons in
AA collisions at both RHIC and LHC energies [64].
Considering that the size of soft parton systems created
in pp, pA, and AA collisions is quite different, it is
natural to ask what underlying physics causes the same
hadronization mechanism we found in these collisions.
Does it relate to some essential feature of nonperturbative
QCD and/or some particular structure of a final-state soft
parton system? These questions deserve to be studied
further in the future.
Finally, we suggest the systematic measurements in pp

collisions at
ffiffiffi
s

p ¼ 200 GeV in the future. These measure-
ments should include ridge or long-range correlation,
collectivity, multiplicity dependence of hadron production,
and so on. By a systematic comparison with available LHC
data, these measurements will greatly improve our under-
standing for the property of the small parton system created
in pp collisions at different collision energies.
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