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Production of light-flavor and single-charmed hadrons in pp collisions
at /s =5.02 TeV in an equal-velocity quark combination model”
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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 pp collisions at /s = 5.02 TeV. We find that the experimental data for
the pr spectra of Q and ¢ exhibit the quark number scaling property, which clearly indicates the quark combination
mechanism at hadronization. Experimental data for the py spectra of p, A, E, Q, ¢, and K*0 are systematically de-
scribed by the model. The non-monotonic pr dependence of the Q/¢ ratio is naturally explained, and we find that it
is closely related to the shape of the logarithm of the strange quark p7 distribution. Using the pr spectra of light-fla-
vor quarks obtained from light-flavor hadrons and the pr spectrum of charm quarks, which is consistent with per-
turbative QCD calculations, the experimental data for differential cross-sections of DO D?, and A} as functions of
pr are systematically described. We predict the differential cross-sections of E?’+ and Qg. The ratio Eg’+ /D% in our
model is approximately 0.16, and Q? /DO is approximately 0.012, owing to the cascade suppression of strangeness.

In addition, the predicted Eg’+ /D° and Q0/D ratios exhibit the non-monotonic dependence on pr in the low pr

range.
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I. INTRODUCTION

Recently, experiments of pp and pPb 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 pp and pPb 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 pp and pPb 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.

In our recent studies on the pp collisions at two colli-
sion energies /s =7,13 TeV [27-29] and on the pPb col-
lisions at +/syy =5.02 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 pr spectra of
light-flavor hadrons and single-charmed hadrons in the
low and intermediate pr 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 pp and pPb 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 pp and pPb collisions at other colli-
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sion energies at LHC.

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 pp collisions at
Vs =5.02 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 pr spectra at
hadronization. For example, we correlate the pr spec-
trum of Q and that of ¢ using a scaling method, to dir-
ectly relate to the pr distribution of strange quarks at
hadronization. Another example is that we can relate the
non-monotonic pr dependence of the Q/¢ ratio to the
shape of the logarithm of the strange quark distribution.
Second, using the pr 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 D%*, DY and A} [34,
35]. We predict the differential cross-sections of =% and
Q? and several baryon to meson ratios, such as =%+ pO
and Q0/D°, for future tests.

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. 111, we show the results for the pr spectra of light-
flavor hadrons in the pp collisions at /s =5.02 TeV. In
Sec. IV, we show the results for the pr 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

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 pr
spectra of strange hadrons [25, 29]. The model has suc-
cessfully described the pr spectra of light-flavor hadrons
and single-charmed hadrons in the ground state, for the
pp collisions at +/s=7,13 TeV and pPb collisions at
vsvy =5.02 TeV. Our latest studies on the elliptic flow
and pr spectra of hadrons in relativistic heavy-ion colli-
sions [36-39] also support the EVC model.

Assuming a stochastic combination of quarks and an-
tiquarks in hadronization, the momentum distribution of
the formed hadron f;, (p) = dN,/dp in the laboratory frame

can be constructed using those of quarks and antiquarks,

J8,(pB) = f dp1dp2dpsRe,(p1,p2, P3; PB)

qulqzq;(plap27p3)7 (1)

Su,(pm) = f dp1dpaRu,(p1> P2 P faq.(P1sP2)s  (2)

where f;4.4,(P1,p2,p3) and f;,5,(p1,p2) are the joint mo-
mentum distributions for ¢1¢.q3 and ¢;g, in the laborat-
ory frame, respectively. Rp (p1,p2,p3; pp) is the combina-
tion probability function for the three quarks ¢;¢>g3 with
the momenta p;, p», and p3 forming a baryon B; with the
quark composition ¢;gq2¢g3 and momentum pp.
Rum,(p1,p2: pu) is interpreted in a similar manner.

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 p; =ym;v ocm; at a given velocity, the momentum of
the participant (anti-)quark p; is a particular fraction
x; = pi/p «< m; of the momentum of hadron p, where m; is
the constituent mass of the quark i. Considering the mo-
mentum conservation Y; p; = p, we obtain

M 21,23 for B(q19293)
my+mo+m3
Xi = m: ’ (3)
i i=1,2 for M(q132)

mp;+mp

The constituent masses of the quarks are m, =my =0.3
GeV, m; =0.5 GeV, and m. = 1.5 GeV. The combination
function therefore has the following simple form:

3
Rp,(P1,P2,P3;PB) = KB, ]—[ o(pi = xipp), 4)

i=1

2
Rm,(P1.P2:PyM) = Ky, 1_[5(171‘ = XiPm)- %)
i=1

kg, and ky, 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 Egs. (1) and (2), we obtain

18,(PB) = KB, f4.4:4. (X1PB> X2PB, X3PB) , (6)

S, (pm) = km, fo.q, (X1 Pms X2pm) - (7

113105-2



Production of light-flavor and single-charmed hadrons in pp collisions...

Chin. Phys. C 45, 113105 (2021)

Integrating the above equations over the momentum, we
obtain the number of the formed hadrons

N, :KB,fdefq,(h% (X1pB,X2PB, X3PB) 5 (8)
Ny, =KM,fdPqu.c72 (xX1pm,X2DM)- Q)

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

_ N‘Il‘]z%
dpBfg.q.q, (X1PB, X2PB, X3PB) = . (10)
B,
Ny,
j‘dPqu.z;;2 (x1pm, X2pM) = % (11)
M

j

with
quq:q.x = fffdpldpzdp?’fﬂhqﬂs (pl,p27p3)’ (12)

Nyg. = ffdpldpzfq.qz (p1,p2). (13)

Here, N, ; is the number of all ¢,g, pairs at hadroniza-
tion. In general, we have N, = N, N;, where N, is the
number of ¢ in system and Nj, is that of g». Ny 4,4, is the
number of all possible g;¢g.q3 combinations. In general,
Ng,q.q, €quals to N, N, N, for different quark flavors,
Ny, (Ny, —1N,, for two identical quark flavors and
Ng,(Ny, — 1)(Ng, —2) for three identical quark flavors. The
coefficients Ap and Ay, 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 Egs. (8) and (9),
we obtain

KB,

NBJ = Nqﬂhq;[g = N‘I|LI2[13P%‘IZ‘IJ—>Br’ (14)
Kum,

Ny, =Nng = Ngq.Pq.q.-m,- (15)

i

The coefficient ratio «p/Ap, thus has an intuitive
physical meaning; that is, it is the momentum-integrated
probability of ¢1¢»>¢3 forming B;. Therefore, we denote it
as Py 4.4, in the second equality. ky, /Ay, denotes the
momentum-integrated probability of the ¢, pair form-
ing M;, and we denote it as Py g, -, -

Because of the non-perturbative nature of P 4,q,-5,
and P, ;.um,, 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 /; (/; = d,u,s) and
N, are their numbers. The number of all light-flavor
quarks is N;= 3, N;, and a similar notation is used for
anti-quarks. Charm quarks are denoted as ¢, and N, 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

N

Pi B = CB,NiterN_fl, (16)
Nu

Plll_z—)M/ :CM/N_”’ (17)

where we use Ng/Ny; to denote the average probability of
three light-flavor quarks combining into a baryon and
Nu/Nj to denote the average probability of a light-flavor
quark and antiquark pair combining into a meson. Here,
Np and Ny are the average number of all light-flavor ba-
ryons and that of all mesons. Ny = Ny(N;— 1)(N;—2) is the
number of all possible three quark combinations and
Ny = N;N; is the number of all possible light-flavor quark
antiquark pairs. Njer 1S the number of permutations for
LilI3; it 1s set to 6 for three different flavors, 3 for two
identical flavors, and 1 for three identical flavors.

Cp, and Cy, 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
JP =07, 1~ mesons and J” = (1/2)*, (3/2)* baryons in the
flavor SU(3) group. We introduce the parameter Ry;p to
denote the relative production weight of the vector
mesons to the pseudoscalar mesons with the same flavor
composition. Then, we get Cy, = 1/(1+Ry,p) for JP=0"
mesons and Cy, = Ry,p/(1+Ryp) for JP =1~ mesons.
Similarly, we introduce the parameter Rp,o to denote the
relative production weight of the decuplet baryons to the
octet baryons with the same flavor composition. Then, we
have Cp = 1/(1+Rp,o) for J* = (1/2)* baryons and Cp, =
Rpjo/(1+Rpjo) for JP =(3/2)* baryons, except Cp =
Cso = 1/2+Rpj0), Cso = Rpjo/(2+Rpjo), Ca = Cp- =
Co- = 1. Here, Ry;p and Ry,p are set to 0.45 and 0.5, re-
spectively, according to our recent work on the pp colli-
sions at /s =13 TeV [29].

Similar to Egs. (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

N,
Pcl.lz—>BJ = CB,NiterN_l’la (18)
Ny,
PCE—)M/ =CM,_(7 (19)

cl

where N.; = N.Ni(N;—1), Nj= N.N; and Ny, equals to 1
as [y =1, or 2 as [} # 1. In this paper, we consider the
ground state JP=07,1" single-charmed mesons,
JP=(1/2)" triplet and sextet single-charmed baryons,
and JP = (3/2)* sextet single-charmed baryons. Similar to
light-flavor mesons, we introduce the parameter Ry, , 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 Rg; ;7 to denote
the relative production weight of J” = (1/2)* sextet bary-
ons to JP =(1/2)" triplet baryons with the same flavor
composition, and another parameter Rg3;s; to denote that
of J¥ =(3/2)* sextet baryons to J¥ =(1/2)* sextet bary-
ons. We take R’V/P = 1.5, RS]/T =0.5 and Rs3/s1 =1.4 ac-
cording to our previous work on single-charmed hadrons
[30]. We emphasize that yields and momentum spectra of
final state charmed baryons A}, Z2* and QU after taking
strong and electromagnetic decays into account are actu-
ally insensitive to the parameters Rg;,7 and Rg3/s1.

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

Ny +3Np+Ny +2Np =N, (20)
Ny +3Ng+Ny +2Np = Nj, (21)
Ny +Np =N, (22)
Ny, +Np =N, (23)

where we neglect the contribution of multi-charmed had-
rons. Because of the small contribution of the relative
production ratio N./N; ~O(1%) in high energy pp, pA,
and AA collisions, we can neglect the contribution of
charmed hadrons in Egs. (20) and (21) and then obtain
the separate constraints for N; and N,, respectively.

For collisions at LHC energies, the approximation of
the charge conjugation symmetry N, = N; and Nj, = Nj, is
usually satisfied. Therefore, the above unitarity con-
straints are reduced to Ny +3Np ~ N; and Ny, +Np = N,.
We can define the competition factor Rp/y =Ng/Ny to

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

— Rp/m

Np=——"——N 24
B T 3R (24)

Ny = L v (25)
M= 1 +3RB/M !

We found that Rp/y = 0.087+0.04 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 pp and pPb collisions at LHC energies [38,
40, 41]. We also define the competition factor Rg/)M for
single-charmed hadrons and obtain

R

B, =————
¢ (c)
1+RB/M

N, (26)

— 1

m. = ——N.
¢ (c)
1+RB/M

27

We found that Rg/)M is approximately 0.425 +0.025 in our
recent works [27, 30] by fitting the midrapidity data of
A} for the pp collisions at /s =7 TeV and those for the
pPb collisions at /syy =5.02 TeV measured by ALICE
collaboration [42].

Quark momentum distributions f;,4,4,(p1,p2,p3) and
f2.3.(p1,p2) are the inputs to the model. When they are
given, we can obtain Ny 4,4, Ngg,» Ny, and Ny after in-
tegrating over momenta. Then, substituting Egs. (24)-(25)
into Eqgs. (16)-(17) and subsequently substituting the lat-
ter into Eqgs. (14)-(15), we obtain the yields for light-fla-
vor hadrons. Using Eqgs. (14)-(15) and Egs. (10)-(11), we
calculate coefficients kp, and «y,. Substituting them into
Egs. (6)-(7), we obtain the momentum distributions for
light-flavor hadrons. Calculations for single-charmed
hadrons are similar.

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 Q™ [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

5D () = fi,(p) + ; Jdp’ i, (pDij(p", p), (28)
#]

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

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 Rp/y of light-flavors

and Rg/)M 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 Ry,p and Ry, will be stable in different high en-
ergy collisions, as indicated by our available studies up to
now. Finally, the momentum distribution dN,,/dp is a
general denotation. In this paper, we focus on the trans-
verse production of hadrons at midrapidity; then, the mo-
mentum distribution dN,/dp refers to dN,,/dprdy at
midrapidity.

III. RESULTS FOR LIGHT-FLAVOR HADRONS

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 pr 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., f; 4.4, (P1.,P1,,PT,) = f4 (P1,) ¥
Jo.(p1.) fo, (pr,)  and  foq,(pr,,p1.) = fg, (P1) f2. (P12)-
In addition, we assume the isospin symmetry f,(pr) =
fa(pr) and the charge-conjugation symmetry f, (pr)=
fa,(pr) for the pr spectra of (anti-)quarks at midrapidity
at LHC energies. Finally, we have only two inputs f,(pr)
and fi(pr) in the light-flavor sector, which can be con-
veniently determined by the experimental data for only a
few hadrons.

In this section, we study the production of light-fla-
vor hadrons in the low and intermediate pr range at
midrapidity, for the pp collisions at +/s =5.02 TeV. In
particular, we discuss a quark number scaling property
for the pr spectra of Q™ and ¢ and study the py depend-
ence of the Q/¢ ratio. We also study the property of the
extracted pr spectra of up quarks and strange quarks.

A. Scaling property for pr spectra of Q™ and ¢

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

faBpr) = kalfs(pr)], (29)

Fs2pr) = ke £ (p1) 5 (p1) = Ko L fs (PT)Is (30)

where we used f;(pr)= f;(pr) for midrapidity at the
LHC energy. We then obtain the following correlation

5,2 @pr) = xp0fy” Gpo), (31)

where the coefficient x40 IK;/ 2/K512/ ? is independent of
pr- Eq. (31) means that, in the stochastic combination
scenario of quarks and antiquarks at hadronization, the
pr spectra of Q~ 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.

In Fig. 1, we test Eq. (31) using the preliminary data
of the pr spectrum of ¢ in the rapidity interval [y| < 0.5
for inelastic events in the pp collisions at /s = 5.02 TeV,
as measured by the ALICE collaboration [31], and using
the data of Q (i.e., Q" +Q") in the rapidity interval
[yl < 1.8 for minimum-bias events, as measured by the
CMS collaboration [33]. By examining the available ex-
perimental data for pr spectra of hyperons in pp colli-
sions at /s =7 TeV measured by ALICE collaboration
and those by CMS collaboration [44-46], we notice that
the average transverse momentum (p7) and the shape of
pr distributions measured by two collaborations are quite
consistent, although the center values of dN/dy measured
by two collaborations have a certain difference. There-
fore, in this paper, we put two data sets in pp collisions at
v/s = 5.02 TeV into together to test our model. To com-
pare the scaled data from the two different collaborations,
the coefficient ks was set to 1.58 but not the direct cal-
culation of our model. The scaled data for Q are in a
good agreement with those for ¢. Furthermore, we know
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(2p ) ALICE data

INEL, |y|<0.5

(dp_dy)

13
fo (3pT)><1 .58 CMS data
MB, |y|<1.8

scaled dN/
.

pp (s=5.02 TeV

L Y B S Y —
pT[GeV/c]

Fig. 1. (color online) Scaled pr spectra of Q and ¢ in pp
collisions at /s =5.02 TeV. Experimental data for Q and ¢ are
from [31, 33].

from Egs. (29) and (30) that Eq. (31) equals to f;(pr)
multiplied by the pr-independent coefficient /ks. There-
fore, Fig. 1 also gives us direct information about the pr

spectrum of strange quarks at hadronization in the pp
collisions at +/s =5.02 TeV.

B. pr spectraof p, K, A and =

We parameterize the pr 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 pr spectrum of strange quarks f;(pr) at
hadronization. We further use the model to fit the experi-
mental data of the pr spectrum of the proton [32], to ob-

tain the pr spectrum of up/down quarks f,(pr) at had-
ronization. The properties of fi(pr) and f,(pr) will be
discussed in Sec. I11.D.

After obtaining f,(pr) and fi(pr), we can calculate
the pr 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 f,(pr). In Fig. 2(b), we
show the result for the py spectrum of (K*O +K*0) /2 and
compare it with the experimental data [48]; a good agree-
ment is observed. Note that the data for ¢, proton, and K*
are all the ALICE data for inelastic events and for the
rapidity interval [y| <0.5. In Fig. 2(c) and (d), we present
the results for A+ A and 2= +Z" and compare them with
the experimental data from the CMS collaboration [33].
Because CMS experiments select the minimum-bias
events and rapidity interval [y| < 1.8, which are different
from those for the ALICE experiments, we multiplied our
results for A and = by 0.85, to test the shape of the pr
distributions of hyperons predicted by our model. We ob-
serve a good agreement between the shapes of the pr
spectra of two hyperons.

C. Ratio Q/¢ as a function of pr

In Fig. 3(a), we show the fit results for the pr spec-
trum of ¢ and the calculated result for the pr spectrum of
Q (i.e., Q- +Q"), for the pp collisions at /s =5.02 TeV.
Similar to the case of A and Z in Fig. 2, here we also
multiplied our result for Q by 0.85, to compare with the
shape of the experimental data for the pr spectrum of Q,

O ALICE data
INEL,|y|<0.5

— QCM

(b)

=10"

Q_|_1073

S

> e

5 10
012 3 4 5 6 7 01 2 3 4 5 6 7

L CMS data r

S () | o MB,ly|<1.8 10’2;'~~ (d)

% 107 -0y ---QCMx 0.85 \%%

91 2| Oql@ 10°F o

=10 @ i =

> R , Fo

20 S U 2 S

I g g o

2 10E A+R Son | I0TE maE e
E mo E N
012 3 456 7 01 2 3 456 7

pT[GeV/c] pT[GeV/c]

Fig. 2. (color online) pr spectra of p+p, (K*°+I_(*0)/2, A+A, and == +Z* for pp collisions at /s =5.02 TeV. Symbols indicate ex-
perimental data [32, 33, 48], and lines labeled "QCM" indicate model results.

113105-6



Production of light-flavor and single-charmed hadrons in pp collisions...

Chin. Phys. C 45, 113105 (2021)

—
+=
'

5 107F ¢ ALICE e | + data

S INEL, ly|<0.5 + 0 1 —QcMm
2 10 _(@+@)cms | 1S
o MB, lyl<1.8 | ‘'

0.05

s b b b b e ba g 1o

0 12 3 456 7

pT[GeV/c] pT[GeV/c]

Fig. 3.

(color online) (a) pr spectra of Q and ¢ for the pp collisions at /s =5.02 TeV. (b) Ratio Q/¢ as a function of pr. Lines that

are labeled "QCM" indicate model results, while symbols indicate experimental data [31, 33].

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

In Fig. 3(b), we show the result for the Q/¢ ratio as a
function of py and compare with experimental data.
Here, the experimental data for the Q/¢ ratio were calcu-
lated by the data of their inclusive pr spectra in Fig. 3
(a), with the propagation of statistical uncertainties [31,
33]. We see that the ratio Q/¢ firstly increases with pr in
the low pr range (pr <2.5 GeV/c) and then decreases
with pr at larger pr. Our model result, indicated by the
solid line, well explains the experimental data.

This non-monotonic pr dependence of the ratio of
baryon to meson and, in particular, the enhancement in
the low pr range have been observed many times in re-
lativistic heavy-ion collisions [49-53] and in the pp and
pPb 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 Q/¢ ra-
tio as an example, we perform a simple derivation to fur-
ther clarify the underlying physics of such pr depend-
ence of the baryon to meson ratio in the low and interme-
diate pr ranges.

To understand the pr dependence of the Q/¢ ratio,
we calculate the slope of the ratio

[fg (pT)]’ _fa(pn) [ folpr) Sy (pr)
Lor) | fspr) | fapr)  fo(pr)
_fa(pr) [aln (fi(pr/3) oln(s (pT/2)>]
" | pr/3) apr/2) |

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

oln(fs(pr/3)) 9dln(fs(pr/2)) B _l ;
o) oy - elrinfs@I (3

with pr/3 < & < pr/2. Finally, we have

, { )
= _ng [lnfv (f)] s

[ln fa (PT)] (34)

Jo (1)

which means that the slope of the Q/¢ ratio is affected by
the second derivative of the logarithm of the strange
quark distribution.

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
[Infi(pr.s)] <0 as pry<0.9 GeV/c and [In fy(pr)] >0
as 1.0< prs 2.5 GeV/e. Therefore, the Q/¢ ratio in-
creases with pr in the range pr <2-3 GeV/cand de-
creases with pr at larger pr.

As is known, quarks of small py mainly come from
soft QCD processes, and the pr distributions of these
quarks are usually described by a thermal-like function
exp[— y/p2 +m?/T], which has the property [In f; (pr))]
<0, leading to an increase in the Q/¢ ratio. Quarks with
large pr mainly come from hard QCD processes, and
the prdistributions of these quarks are usually described
by a jet-like function (1 + pr/po)™ with pg>0 and n >0,
which has the property [Inf;(pr,)] >0, leading to a re-
duction in the Q/¢ ratio. Therefore, we emphasize that
the observed non-monotonic py dependence of the Q/¢
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.

D. Difference between u and s quarks in terms of the
pr spectra

In Fig. 4(a), we show the pr spectra of up and strange
quarks at hadronization, extracted from data for ¢ and
proton, for the inelastic pp collisions at +/s =5.02 TeV.
The ratio of the pr-integrated yield density between
strange quarks and up quarks, i.e., the strangeness sup-
pression factor
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Fig. 4.
ratio f;(pr)/fu(pr).

_ dNy/dy
* 7 dN,/dy

(33)

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 pr as pr <1 GeV/c and then weakly de-
creases at higher pr. We note that this was also observed
in the pp collisions at other collision energies, as well as
in relativistic heavy-ion collisions [25, 29, 38].

The difference between the pr spectra of up quarks
and strange quarks affects the pr spectra of the formed
hadrons with different strange quark contents. In Fig. 5,
we show the ratios (A + [\)/(p +p), (E* + E*)/(A+[\),
and (Q* +Q+) / (E* +E+) as functions of pr. 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
pr spectra with propagation of statistical uncertainties
[32, 33]. We see that the data for the three ratios in the
low pr range (pr <4 GeV/c) all increase with pr. In our
model, this is owing to the quark level property shown in
Fig. 4(b) as pr4 < 1.3 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,

dNy/dy 7.7

~ — Ay, 36

dN,/dy 4 (36)
dNg/dy 3

~ — A, 37

dNp/dy 7.7 37)
dNg/dy 1

— =~ =, 38

dNz/dy 3 (38)

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

b
®F o o)
I I B I B |
05 1 15 2 25
pT[GeV/c]

(color online) (a) pr spectra of up and strange quarks at hadronization, for the inelastic pp collisions at /s =5.02 TeV. (b) The

o L data QCM

"é L o (A+A)/(p+p)
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o
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f ﬁ% b
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Fig.5. (color online) Spectral ratios (A + [\) /(p+p), (E-+EY)/

(A+/_\), and (Q‘+Q+)/(E‘+i+) as functions of pr. Experi-
mental data are from [32, 33].

IV. RESULTS FOR CHARMED HADRONS

In this section, we study the production of single-
charmed hadrons in the pp collisions at +/s =5.02 TeV.
We firstly extract the py spectrum of charm quarks and
compare it with the calculation result of the perturbative
QCD method. Then, we present the results for D mesons
and A baryon, and we compare them with experimental
data. We also predict the pr-differential cross-sections of
=2* and Q0 and their ratios with respect to D mesons, as
a function of pr.

A. pr spectrum of charm quarks

In Fig. 6(a), we apply the EVC model to fit the exper-
imental data for differential cross-sections of D** for the
pp collisions at /s =5.02 TeV. For this fit, we have used
the pr spectrum of u quarks obtained in the previous sec-
tion and then obtained the p7 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)
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scheme [61, 62]. We observed a good consistency in the
studied pr range, within theoretical uncertainties. By fit-
ting the D** data, we obtained the pr integrated cross-
section for charm quarks as do./dy = 1.0 mb. This value
is higher than the center value for the default FONLL cal-
culation 0.461*03% mb [61, 62] but is still within the the-
oretical uncertainty.

B. Results for single-charmed hadrons

Using the pr spectrum of charm quarks from the
above subsection and those of light-flavor quarks from
Sec. III.D, we calculated the pr spectra of other single-
charmed hadrons. In Table 1, we firstly present the pr-in-
tegrated cross-section do/dy of D%*, D}, A}, E?’*, and
Q?, for the inelastic pp collisions at /s =5.02 TeV. We
firstly list analytical expressions and then numerical res-
ults as do./dy = 1.0mb and compare the latter with avail-
able experimental data [34, 35].

In Fig. 7, we present the results for the py spectra of
D%, Df, and A}, for the inelastic pp collisions at
s =5.02 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
pr range (pr <7 GeV/c). At higher transverse momenta,
pr 28 GeV/c, the results for D%* 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 pr.

In Fig. 8(a), we show the predicted pr spectra of =2
and QV, for the inelastic pp collisions at /s =5.02 TeV.
Compared with the production of A}, the production of
=0 and that of Q0 are suppressed, owing to the cascade
strangeness. As shown by their pr-integrated cross-sec-
tions in Table 1, we have

11
AFEY Q0 =14, -2

st , 39
c 2 4S ( )

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

Table 1.
model, with do./dy=1.0mb. Strong and electromagnetic de-

do/dy for single-charmed hadrons in the EVC

cay contributions from other single-charmed hadrons in the
ground-state have been included. Experimental data are from
[34, 35].

do . .
O analytical numerical/ub  data/ub
o LrLSTRyp 11 do 429 44720
S - +
D T+Ry, 2+, 148,
1+0.323R),, | 1 do,
. i : 181 184£13
D 1+Ry,p 2+/151+Rg/)M dy +
X A 1 do,
D R 91.5 95+9
s 2445 1 +Ry)y dy
(©)
4 R do,
A — 225 230+16
Q+A)" 1+Ry),, b
©
Pl R d
=0 R 33.8
Q+2)* 1+Ry),, I
(¢)
A R do,
o 2o DM o 33.8
Q+19)° 1+R),, b
(c)
Q0 4 Ko do 5.07

Q@+27 1+Ry), &

Because A, ~ 0.3 for the inelastic pp collisions, we see in
Fig. 8(b) that the ratio Z2/A} is approximately 0.1-0.2,
while the ratio Q°/A} is approximately 0.02-0.03 in the
low and intermediate pr range. The ratio QY/Z? is also
on the order of A;/2 and therefore is close to Z2/Af. In
addition, we see that the three ratios increase with pr in
the low pr range, which is owing to the difference
between fi(pr) and f,(pr), as shown in Fig. 4.

The baryon to meson ratio, when plotted as a func-
tion of pr, 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 pr, for the pp collisions at /s =5.02
TeV. In Fig. 9 (a), we firstly show the result for A} /D° as
the solid line. Compared with the experimental data for
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(color online) pr spectra of D%+, D and A} at midrapidity, for the inelastic pp collisions at +/s =5.02 TeV. The lines that are

labeled "QCM" indicate the results obtained using our model, while symbols correspond to the experimental data [34, 35].
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Fig. 8.
charmed baryons as a function of pr.

A /D" [34], our model explains well the downward trend
in the experimental data at pr > 2 GeV/c. In the low pr
range (pr <2 GeV/c), the ratio obtained using our model
increases with increasing pr. This behavior can be tested
in the future as more precise experimental data for this pr
range become available. We note that the experimental
data for the pPb and Pb-Pb collisions at small p; have
indicated this property [34].

We further present the result for (E? + E;) /D in Fig.
9(a) and that for Q2/D° in Fig. 9(b). We see that the mag-
nitude of (E(C) + Ej) /D° at pr ~3 GeV/c is approximately
0.16, while that of Q?/D° is only approximately 0.015.
This hierarchical property is owing to the cascade
strangeness suppression, as shown in Eq. (39).

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
A/ (DO + D*) and /D . From Table 1, the two ratios in

(color online) (a) pr spectra of =2 and Q¥ at midrapidity, for the inelastic pp collisions at /s =5.02 TeV. (b) Ratios between

the pr-integrated cross-sections have the same magnitude

doa-/dy :dO'E';/d)’: 2 RO (40)
dO'Dt>+D+/dy dO—DT/dy 2+/ls BIM*

’

They are independent of the model parameter Ry p,
which is different from the A}/DP ratio. They are also in-
sensitive to Ay, since a change in A, (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 Rg/)M 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 pr are shown in Fig. 9(c); evidently, they
are close to each other.

In Fig. 9(d), we show the result for Q0/D* as a func-

tion of pr. As indicated by their ratio in the pr-integ-
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Fig. 9. (color online) Ratios of charmed baryons to charmed mesons as a function of pr, at midrapidity, for inelastic pp collisions at
\5=5.02 TeV.

rated cross-section

do—Qi’/dy _ /IS (©)
dop:/dy 2+, B

(41)

this ratio is smaller than Z0/D? by a factor A,/2. In addi-
tion, we see that the peak position of the ratio Q0/D? is
located at approximately pr ~ 3-4 GeV/c, which is larger
than the peak position of the ratios A}/D° and

A?/(D°+D*) by about I 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

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 pp collisions at +/s =5.02 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 pp collisions at /s = 7 and 13 TeV [27-30].

By examining the preliminary data for the pr spectra
of Q 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
pp collisions at +/s =5.02 TeV. This scaling property
further enables us to conveniently extract the pr 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 pr spectra of up/down

quarks. Using the extracted spectra of up/down and
strange quarks, we calculated the pr spectra of K0, A,
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 pr depend-
ence of the Q/¢ ratio and found that the increasing/de-
creasing trend of the ratio with respect to pr is closely re-
lated to the concave/convex shape of the logarithm of the
strange quark distribution. We also studied the difference
between the pr spectra of up/down quarks and that of
strange quarks and used it to explain the difference
between the pr spectra of different kinds of baryons.

Using the EVC model, we obtained the differential
cross-section of charm quarks as a function of pr, by fit-
ting the experimental data for D**. 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 D**, D, and A} as
functions of pr. We predicted the differential cross-sec-
tions of Z2* and QV. Compared with that of A}, the pro-
duction of Z2* and QU is suppressed because the abund-
ance of strange quarks at hadronization is suppressed
compared with up/down quarks. We predicted that the ra-
tio Z0*/D° is approximately 0.16 and Q0/D° is approx-
imately 0.015, owing to the cascaded suppression of
strangeness. We also proposed several ratios, such as
EY/Df and QY/D?, 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.
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