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Recently the ALICE Collaboration has published a few data of charm hadrons in Pb+ Pb collisions at the
CERN Large Hadron Collider (LHC). We extend the quark combination to the charm sector to deduce the yield
formulas of charm hadrons and point out that the measurement of charm hadron yields can provide important
insights into charm quark hadronization mechanism in high energy reactions. We propose several types of yield
ratios, e.g., D** /D% D} /D*, and AT /D, to measure various properties of low pr charm quark hadronization.
We argue that ratios D/ D° and 2D}/ (D° + D7) as the function of transverse momentum (p) can serve as
good probes for the dynamics of charm quark hadronization. We further make predictions for the yields and pr
spectra of identified charm hadrons in central Pb 4 Pb collisions at ,/syy = 2.76 TeV.
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I. INTRODUCTION

Collisions of heavy nuclei with ultrarelativistic collision
energies provide conditions for the creation of a new phase
quark gluon plasma (QGP) in the laboratory. Hadrons con-
taining charm quarks are powerful tools to study this high
density and strong interacting QGP [1-4]. Measurements on
charm hadrons have been executed at the BNL Relativistic
Heavy Ion Collider (RHIC) [5,6] and recently at the CERN
Large Hadron Collider (LHC) [7-10]. With the increase of
collision energy from RHIC to LHC, the production of charm
quarks increases rapidly. At LHC energies, charm quarks
produced in QGP stage become comparable to those produced
ininitial hard rescatterings [11-13]. In addition, re-interactions
of charm quarks with partons in QGP are also enhanced with
collision energy from the increasing temperature and energy
density of the medium produced in collisions [11-14]. The
hadronization of charm quarks is an important topic in charm
field because it plays a role of translating these initial or early
effects into hadronic observables, and has attracted lots of
attentions [15-20]. Quark combination mechanism (QCM) is
one of the effective phenomenological methods to describe
charm quark hadronization. It has shown its success early in
studying flavor dependencies of open charm meson and baryon
production in elementary hadronic collisions [21-25] and has
many applications in heavy ion collisions recently [15-18].

In this paper, we extend the quark combination model
in Refs. [26,27] by including charm quarks to study the
yield correlations and pr dependence of charm hadrons
in central Pb+Pb collisions at /syy =2.76 TeV. Such
systematic investigation can provide a better test for the
quark combination mechanism and further understanding of
the dynamics of hadron production at hadronization. Hadron
yield correlations, measured mainly by the ratios of yields of
different hadrons, are one kind of effective probes for the
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mechanism of hadron production in high energy reactions
[26,28-32]. We study several kinds of two-particle yield
ratios such as D*T/D° DF/D*, and A}/DJ as well as
multiparticle yield correlations, by virtue of which we explore
the properties of low pr charm quark hadronization from
different aspects. Furthermore, we study pr spectra of various
charm hadrons based on the explanation of the experimental
data of various light and strange hadrons. The pr dependence
of charm meson ratios D /D° and 2D} /(D°+ D) are
especially selected to probe the dynamics of charm quark
hadronization.

The rest of the paper is organized as follows. In Sec. II,
we deduce the yield formulas and systematically study the
yield ratios and multiplicities of charm hadrons in the QCM.
In Sec. III, we present the pr spectra of light, strange and
charm hadrons, as well as the pr dependence of charm meson
ratios D} /D° and 2D /(D° + D). Section IV summaries
our work.

II. YIELD CORRELATIONS AND MULTIPLICITIES
OF CHARM HADRONS IN THE QCM

In this section, we extend the formulas of hadron yields
in Ref. [26] to incorporating charm hadrons in the QCM. We
discuss several interesting yield ratios of charm hadrons which
can reflect different properties in their production and predict
the midrapidity hadron yields in central Pb + Pb collisions at
JSNN = 2.76 TeV.

A. The formalism of the hadron yield

We start with a color-neutral quark-antiquark system with
Ny, quarks of flavor g; (¢; =u,d,s,c) and Nj antiquarks
of flavor g; (§; = i1,d,5,¢). All these quarks and antiquarks
hadronize via the quark combination. The momentum distri-
butions fM/.(p; Ny, ,Ng,) and fB/.(p;Nq[,Nq,) for the directly
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produced mesons M; and baryons B; are given by

Fu(piNg . Ng) =Y f dp1dpaNy,g, fom (123 Noy . Ng)Rot,q10:(P 1. P23 Ny Ny, (1)
914G

fBj(p;qu»Nqi): Z /dpldpzdp3Nq|qzq3 4(2243(1714727173;Nqiqu,-)RB,-,qlqzqg(Pspl7P2,P3§Nq,-aNq,-), (2)
4919293

where fq(:gz and fq(l”(qus are the normalized two- and three-particle joint momentum distributions for (g14>) and (q1¢9293),
respectively. Ny g, = Ny, Ng, is the number of all the possible (gi142)’s in the system. Ny, 4,4, is the number of all the
possible (g1g2q3)’s, satisfying N g,q; = Ng, Ny, Ny, for g1 # g2 # q3, Ngygog; = Ngy(Ng, — DN, for g1 = g2 # g3, and
Nyigrgs = Ngy(Ng, — D(N,, — 2) for g1 = q2 = g3. Kernel functions Ry, 4,5, and Rp, 44,4, stand for the probability density
for g; and g, with momenta p; and p; to combine into a meson M; of momentum p and that for g1, g, and g3 with momenta py,
P2, and p3 to coalescence into a baryon B; of momentum p. Integrating over p from Egs. (1) and (2), we can obtain the average

numbers of the directly produced mesons M; and baryons B; as

NM/'(N!I"’N@:‘) = Zfdpdpldeququq(:gz(pl’pz;qu’NQi)RMNIH?z(p’pl’pz;quNtif)v 3)
q14>

N, (NgsNg) = ) / dpdp1dp2dpsNy,gsg, 1,4, (P1s P2 P35 Ny NaIRB, 1205 (P P1s P2, P33 Ny s Ny “4)
919293

Equations (1)—(4) are the starting point of describing the hadron production in high energy reactions based on the basic ideas
of the QCM. Kernel functions Ry, 4,5, and Rp; 44,4, carry the dynamical information of the quark combination. In general,
the momentum and the flavor dependencies of these kernel functions are coupled to each other. In that case, yields and yield
correlations of different hadrons can be dependent on the way of coupling. In this paper, we do not consider such coupling effects.
In contrast, in the following, we consider only a simpler case where the flavor and momentum dependencies of kernel functions
are factorized, i.e.,

Rg{;l)l_(p,pbpz;Nz,Ni,Nquq) for 1 — I combination
Rit;.01(P- 21 P23 Ny o Na) = Ry 410 (Ngy.Ng) x ARG (p. pr.pas Ni,Ni,Ng,Ng) ~ for I — ¢ combination ©)
R(Mp‘?r(P,Pl,Pz; Ni,N;.Ng.Ng) ~ for ¢ — I combination,

RP (p,p1.p2.p3; Ni,N7,N,,N;)  for [—1—1Icombination
RBj»fllfizfl3(p’pl’p2’p3;Nqi’Nt?i)Zﬂ(Bj;),q,qzq3(N4ivN47i) x { g;l)l . o ..

Ry, (P>P1,P2,p3; Ni, N[Ny, Ng) - for ¢ —1 —1 combination.
Considering the large difference in mass between ¢ and u,d,s quarks, the combination probability between ¢ and / may be
different from that between / and /. In the above two equations, we use these different RE‘Z and R(A’;,){ , etc., to denote these different
cor_nbination probabilities. Here, / stands for u, d or s; N; and Nj stand for the total number of u,d, anq s quarks and that of
it,d, and § antiquarks, respectively; N, and N; stand for the total number of u,d,s,c quarks and that of #t,d,5,¢ antiquarks in the
considered quark-antiquark system. We here refer to single-charm hadrons, i.e., hadrons with charm number ¢ = +1, in addition
to light and strange hadrons. Rg{;l)[ denotes the probability of / and / with momenta p; and p, to combine into a light or strange
meson M;; with momentum p; R(M”l) and R%’, denote the probabilities for a (/¢) combination and a (cI) combination, respectively.
R(Bp”), and R(;,)[ denote the probability for a (///) with momenta p;, p», and p3 to combine to form a light or strange baryon By,
with momentum p and that for a (c/l) or (Icl) or (Ilc) with momenta p{, p,, and p3 to combine to form a single-charm baryon B,y
with momentum p. The u,d, s, c flavor-dependent parts R and R’ present the probability for the ¢; and g, to combine

M;j.q14> Bj.q19293
into the specified meson M; in the case that they are known to combine into a meson and that for the g1, ¢», and g3 to combine

into the specified baryon B; in the case that they are known to combine into a baryon. They satisfy the normalization conditions
(f) _ (f) _ . . . ..
w; Rit) g, B = '1 at?d > 8, Rs qings = - W? further ?dopt the assumption of u,d,s-flavor independence of the normalized joint
momentum distributions of quarks and/or antiquarks, i.e.,

fl(l‘n)([]l’PZ;NlaNl_aNq’Nq) qlaqz = u7d9s
,,(,"gz(p1,pz;Nqi,Nqi) =1 1, p2s NN N, Ng)  qr =u,d,s and gy =c @)
fg’)(m,pz;Nz,Ni,Nq,Nq) qgi=c and q,=u,d,s,

- F5(p1.p2p3s NuNB NG NG q1,q2,q3 = u,d,s

f 5 (p17p29p3;Nq,'qu,'): . (8)
N0 (1. pa.p3s NiuNi, Ny, Ng) - one of 1,q2.q5 is c.
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With these two assumptions, we have
NM'(NQ/"N@')
(f)
=D NoaRil) g (Nai-Na)
9192
f dpdpldpzfl?l)(pl,pz; N,,N,-,Nq,Nq)R;‘Z])i(p,pl,pz; Ni,Ni,N,4,Ny) for light and strange mesons
X fdpdpldpzfl(g')(pl,pz; NZ,N[,Nq,Nq)R;’;ZT(p,pl,pg; N;,Ni,N4,Ng) for anti-open-charm mesons
fdpdpldpzfc(]f')(pl,pz;N,,N,-,Nq,Nq)R;fI'ji(p,pl,pz;N;,N,—,Nq,Nq) for open-charm mesons,
NB/ (Nq[’th)

_ (f)
- Z N‘11‘17113R /q|q2q-4( f{i’Nq,)

4919293

fdpdp]dpzdmfm (p1,p2,p3; Ni,Ni, Ny, Ny )?Bm(p DP1,D2,P3; Ni,Ni,N,,N;z) for light and strange baryons
fdpdpldpzdpsfdz (p1,p2,p3; Ni,Ni, Ny, N; )‘RB”(p P1.02.03; Ni,N;,N;,N;) for single-charm baryons.

We, respectively, denote the integrals in Eqgs. (9) and (10) to be yu,(Ni,Ni,Ng,Ng), Ym,,(Ni,Ni,Ng,Ng), Yam; (N1, N, Ny

vBu (N1, N, Ny, Ng), and yp ,(N;,N;,N,,Nz) and obtain

vm,;(Ni,Ni,Ny,Ng) for light and strange mesons
NM (N, .N;) = Z ququ(f? 0> Nai»Ng)) < Y. (Ni.Ni, Ny, Ng) for anti-open-charm mesons
0192 vYm,(Ni,Ni,Ng,Ng) for open-charm mesons,

— ) VB (N1, Ni,Ny,Ng) for light and strange baryons
NB/(N‘Z/"N@') = Z Nlillizfan, qlqzq;(N i’N@) X { !

e VB (Ni1,Ni,Ng,Ng) for single-charm baryons.

(€))

(10)

’Nq)a

1)

12)

Summing over different species of light and strange mesons, anti-open-charm mesons, open-charm mesons, light and strange
baryons, single-charm baryons, respectively, we obtain the average numbers of all the light and strange mesons N y,, anti-open-

charm mesons N y;,_, open-charm mesons NMJ, light and strange baryons N p,,, and single-charm baryons N, as follows:
Nty (Ni,Ni, Ny, Ng) = Nirya, (N, Ni, Ny, Ng),
Nyt (N1,N1.Ng.Ng) = Nigya,. (N Ni, Ny, Np),
N (Ni,Ni,Ng.Ng) = Nym,(N;,Ni, Ny, Ny),
NB,,/(NI’NI_aN ,Nz) = Nuryp, (Ni,Ni,Ny,Ng),
N5, (N;,Ni,N;,N;) = Newys,,(N;,Ni, Ny, Ny),

13)
(14)
5)
(16)
a7

where N;j = N;Nj, Niz = NiN;z, N;j = N.Nj, Njy = Ni(N; — 1)(N; — 2), and N = N.N;(N; — 1). Substitute Egs. (13)-(17)

into Egs. (11) and (12), the average number of a specified meson M; and that of a specified baryon B; are given by

NL”.NM,,’(NhNI_qu’Nq)
NM/(N%"N(Z') = ZNQWZRE\{IC) q]qo(Nfli’Nl?i) x NL,L-.NMM(NI’NI_’NQ’N?)

e 7 NVt (N1, N. Ny, Ng)
Cuy; N"[Z NM”(NI,N;, 4-Ng) for light and strange mesons
=1Cu;y Nl“ NM,C(NI Ni,Ny,Njz) for anti-open-charm mesons
CM] N—JNM(_i(N,,N[, Ny, Nj) for open-charm mesons,

— ~=N g, (N;,N;, Ny, N;)
(f)
N5,(NooNa) = Y Nt R 4120s Ve Nz X N,,, »

919293 N” L]/(NlavaNq,N )
| NierC, 11\‘,,1,2,[1 N g, (N1, N, Ny, Ng) for light and strange baryons
| M€ Bt ‘,;2 N BL/,(leNlaNq ,Ng) for single-charm baryons,
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where I; denotes u d,s and l_(f)denotes ii,d,s. The flavor-
dependent parts ‘RM g AR, h'ave to guarantee the
flavor conservation durlng the combination process, so they

contain the Kronecker §’s and factors Cuy; and Cs;, e.g.

R(pff na = Cp+84,,u8g, a- Recalling that R(A? 15, presents the

probability for ¢; and g, to combine into a specified meson
M ; under the condition that they are known to form a meson.
Although we cannot prove it, it is very unlikely that this
probability is still sensitive to the environment. We therefore
consider the simplified case where Cy; is independent of N,
or Ny In the case when only J¥ =0~ and 1~ mesons and
J¥ = (1/2)* and (3/2)" baryons are considered, we get

Co = 1/(1 4+ Ry,p) for JP =0~ mesons 20)
M=\ Ry,p/(1+ Ry,p) for JP =1~ mesons,
and
Cs, Ro/p/(1 + Rosp) for J¥ =(1/2)" baryons
1/(1+ Ro,p) for JP = (3/2)* baryons,

ey

except that CA = CEO = CA:r = C)::r = RO/D/(I =+ ZRO/D)
and Csw = Cyg+ = 1/(1 +2Ro/p). The factors Ry,p and

J

Cu; pi Pi, N w, (N1, Ny,

Ny, Ng)
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R/ p are the relative production ratio of vector to pseudoscalar
mesons and that of octet to decuplet baryons with the same
flavor compositions, and they have been determined to be 3
and 2, respectively, in light and strange sectors [33,34]. Ny
stands for the number of possible iterations of g;q.g3. For
light and strange baryons, it is taken to be 1, 3, and 6 for three
identical flavor, two different flavor, and three different flavor
cases, respectively. For single-charm baryons, it is taken to be
1 and 2 for two different flavor and three different flavor cases,
respectively, because the iterations resulted from ¢ quark are
absorbed by N,

For a reaction at a given energy, the average numbers of
quarks of different flavors (N,,) and those of antiquarks of
different flavors (Ng,) are fixed while N, and Ng follow a
certain distribution. In this work, we focus on the midrapidity
region at high LHC energy where the influence of net quarks
is negligible [35]. We suppose a polynomial distribution for
both the numbers of u, d, and s quarks at a given N; and
the numbers of i, d, and § at a given N;j with the prior
probabilities p, = ps = pa = pg = 1/2+Ay), ps = ps =
As/(2 + Xy). Here, we introduce A to denote the production
suppression of strange quarks. Averaging over this distribution,
Egs. (18) and (19) become

for light and strange mesons

NM,(NI,NL Ny,Ng) = CM/. p;]NM,(_(Nl,N,-,Nq,Nq) for anti-open-charm mesons (22)
CMj pZ-ZNMC,.(Nl,N[,Nq,Ng) for open-charm mesons,
— NierCB. p1, PL P! Np (N;,N;,N,,Nz) for light and strange baryons
Ng.(N;,N7,N,,N;) = j Ph Pl 1 q>°'q ) 23
8,(Ni,Ni, Ny, Ng) {NiterCBj 1, PN g, (N;,Ni, Ny, Ny) for single-charm baryons. @3

We should also consider the fluctuations of N;, Nj, N,, and Nj in the given kinematic region. By averaging over this fluctuation
distribution with the fixed (N;), (N;,) (N,), and (N3), we have

Cut, P PL(Nay J(UND), (N7),(Ng),(Ng))  for light and strange mesons
(Nu; YUNL) L (N7), (Ng ) (Ng)) = § Cwm, pry(Nai )(AN1) (ND), (Ng ), (Ng)) for anti-open-charm mesons (24)
Cut; PLANm)({N),{(ND),{Ny),(Ng)) for open-charm mesons,
[ NiexC; pi, o pL(Npy )N, (N7),(Ng),(Ng))  for light and strange baryons
(N, (N0, (V7). (Ng). (Ng)) = {Nltercg D11 (N )N (NP (N} (Ng))  for single-charm baryons, 25)

where (N, ), (Nu,.)» (Nm,;)» (N, ),and (Np_,) stand, respectively, for the average total numbers of the light and strange mesons,
anti-open-charm mesons, open-charm mesons, light and strange baryons, and single-charm baryons produced in the combination
process. So far, we obtain the yield formulas of different directly produced light, strange and single-charm hadrons, and some of
them are listed in the middle column of Table I.
Finally, we incorporate the decay contributions of short-lived hadrons to obtain
(Vi) =

(Na,)+ > Br(hi — hj)(Ny,). (26)

i#)
where the superscript f denotes final hadrons. Decay branch ratio Br(h; — h;) is given by the Particle Data Group [36]. We
include these contributions from strong and electromagnetic decays for light and strange hadrons and only consider the decay of

D* mesons for D and X, and T* baryon decays for A. The small decay contributions from charm hadrons for light and strange
hadrons are ignored. Some of the results for final hadrons are listed in the final column of Table I. For =, we have

: 1.714+291Ry,p , 0.49 + 0.16Ry,p , 4 Ryp
Nf+ = — . ——  pi(N, ————DpuDs\ Ny
( T 1+RV/P pu< Mu) 1+RV/P pA( Mzz>+ 31+RV/PP p( Mu>
5.64 0.70 2 2 4+2Ro/p 4
SN — puPpiAN ————p (N 27
+<1 +R0/D + 1+2R0/D>p”p‘< B//1)+ ]+R0/Dp ps( B//1>+ 1+R0/D ( Bu/> 27)
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TABLE 1. Yields of different light, strange, and single-charm
hadrons in the QCM. The middle column is for the directly produced
hadrons and those including the strong and electromagnetic (S&EM)
decay contributions are in the final column.

Hadrons  Directly produced With S&EM decays

Df 1+Rv/p (NM > pS(NMci>

Al 11?25[, Pa{Nb.u) 4pi(Ne)

D’ 1+Rv/p PulNi,;) WPM(NMH

bt vy PulNug) STervl PulNan)

D e PulNiny) e PulNo )

D e PulNin) e PulNo )

D;* iy PolNug) ey Po(Ng)

p |1R1;)(§7D u(NBHI) 41’u<NBm>

n 11R1?0/7,) Pu(Nby) 4pi(Nsy,)

g 11RR00/;)D Du 2<N3m> 3PuPsz<NBu/>

Q- P3(Ns,) P3Ny

KT 1+Rv/p Pups(Nay) pups(1+ ()fig;‘,v//: As) (N,

K° R PePsNag) pups(1 4 TR 2 N

¢ 1f1‘;/vf;p D <NMIT> 1415;{;}, Ds (NM17>
1J6r§1g:,l;,) pap <N3/n> (5‘31?211;5;,))/0 + 1+SR?/,))ptsz(Nﬁltl)

The results for antihadrons are equal to those of the
corresponding hadrons because of the negligible net quarks.
Because we ignore the very small decay contributions from
charm hadrons, the yield formulas for light and strange hadrons
obtained here are the same as those in our previous work [26].

B. Yield correlations of charm hadrons

From the results in Sec. II A, we get that the yields of
identified hadrons depend on several physical parameters,
e.g., Ryp, As, (Ny,), and (Np,), etc., while the yield
ratios between different single-charm hadrons or between
single-charm hadrons and light and strange hadrons depend
on less or even no parameters. In the following, we study these
ratios one by one.

First, we build multihadron yield correlations independent
of any parameters, such as

LT AR S

(NZHN

Nf N
C, = (Vi )(Vs ) _3 (28)

oI+ NGy~ 2
_ V(NG + (5 >>

(Nf)<Nf i

The constant values for these correlations are obtained from
the basic ideas of the combination mechanism with the two
assumptions. They can be used for the first test of the

PHYSICAL REVIEW C 91, 014909 (2015)

TABLE 1II. Thermal model predictions for C;, C,, and C5 at
different input values of T¢.

Te (MeV) 150 160 165 170 180
C 1.46 1.53 1.56 1.60 1.66
C, 1.64 1.53 1.48 1.44 1.37
Cs 0.89 1.00 1.06 1.11 1.21

QCM. In other hadronization models, e.g., in the thermal
model, they are not constants but depend on the chemical
freeze-out temperature 7¢ and masses of different hadrons.
We use the thermal model in Ref. [17] to calculate Cy, Cs,
and C; at different T¢. Only J¥ =0~ and 1~ mesons and
JP = (1/2)* and (3/2)* baryons are included. The calculated
results are listed in Table II. We find that the prediction
differences between QCM and the thermal model for C; and
C3 are significant while that for C, is relatively small. Future
experimental data are expected to test these two different
predictions.

Second, ratios of D* and D mesons that only depend on
one parameter Ry, p, such as

2ANp) Ry

(NLo)+(Njs) 1+ Rvze’
(N5..) _ Ry,p
(Nf) 1+ 1.677Ry,p’

(29)

(v D*+> Ry,p
(N[f;) 1+0.323Ry,p’
(N] ) 1+ 1.677Ry,p

The first two ratios are sensitive to Ry,p in the region
where Ry,p < 1, and the last two are sensitive to Ry,p in
the whole region where Ry, p < 3. By the measurement of
these four ratios we can quantify Ry,p, which is helpful for
the understanding of the effects of spin interactions during
hadronization. Because the mass discrepancy between D* and
D is much smaller than that in light and strange hadrons, one
could expect that D* is not suppressed relative to D and Ry, p
should approach 3 by counting the spin degree of freedom in
the charm sector. The current data of D** /DY in pp reactions
at LHC [37] constrain a rough value region of Ry,p (0.7-3),
if one believes that Ry, p is the same in pp and AA collisions
[27,38]. Here we take Ry,p = 3 and present our predictions
for the above ratios in Table III. Predictions from the thermal
model [39] are also listed for comparisons.

Third, ratios between Dy and D mesons that relate with the
strangeness suppression factor A, e.g.,

D; _ <sz):+> _ I+ Ry,p

(N£O) + <N£+> N <N£0> 1+ 1.677Rv,p v 30)
<N1}):+> 1+ Ry
<N1§+> T 1+0323Ry,p
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RUI-QIN WANG, JUN SONG, AND FENG-LAN SHAO

TABLE III. Yield ratios of different single-charm hadrons. The
second column is the predictions from the thermal model [39] and
the last column is those from the QCM.

Correlations Thermal model QCM
2ANSL)J(INL) + (NS 0.543 0.75
(NS )/ (N o) 0.387 0.50
(N ) /(N ) 0.911 152
(NS /(N ) 2353 3.06
2NJ )/ (N o)+ (NLL) 0.490 041
(v [;;)/ (NDo) 0.349 0.27
(N /(N 0.821 0.83
(N L)/ (N o) + (N])) 0.114 021
(NN 0.467 101

In the QCM, a charm quark captures a light or a strange
antiquark to form a D meson or a D; meson, and ratios of
these D to D mesons carry the strangeness information of the
production zone of these open-charm mesons. Therefore, these
ratios can effectively probe the hadronization environment
of charm quarks, i.e., inside the QGP or not. It is known
that the produced bulk quark matter in Pb+ Pb collisions
at /syny =2.76 TeV has the saturated strangeness, e.g.,
As = 0.41 [26], while for the small partonic system such as
that created in pp collisions the strangeness is only about 0.3
[37]. If charm quarks mainly hadronize via quark combination
in the QGP, we have the numerical calculations for these three
ratios and they are put in Table III. Predictions from the thermal
model [39] are also listed in Table III.
Fourth, baryon-to-meson ratios, e.g.,

<N1J\(jr) _ 2 <NBL-1/)
NIV (ND) T 24 A (Ng,)
Wp o) T
(NAj'> _ 4 (Nde)
<N£:r> )\s(z + )\s) (NM(.7> '

These ratios can effectively reflect the baryon-meson compe-
tition in the charm sector. We suppose that the baryon-meson
competition in the charm sector is the same as that in light and
strange sectors, and have (Np,)/(Num,;) = 3(Np,)/(Num,).
With the parametrization (Np,,)/{Ny,) = 1/12 in Ref. [26],
we predict these two ratios and put them in Table III.
Predictions from the thermal model [39] are also listed in
Table I11.

These different kinds of correlations discussed above can
effectively reflect the properties of charm hadron production
from different aspects. They can be used to cross-check the
charm quark hadronization mechanism in AA collision at LHC.

C. Predictions for charm hadron yields

Now we turn to the predictions of the midrapidity yields
dN/dy of various hadrons in central Pb+ Pb collisions

PHYSICAL REVIEW C 91, 014909 (2015)

at /syy =2.76 TeV. From Table I, one can see that the
yields of different hadrons depend on these quantities: p,,
Ds» ANy, /dy, dNy,/dy, dNg,/dy, and dNp,/dy. We
need three inputs to determine these quantities, i.e., Ay, the
rapidity den51ty of all light and strange quarks dN;/dy and
Ae = dN N . Ay determines p, and p; uniquely, and it was

determmed to be 0.41 [26]. The quark number conservation

dNy, dN dn, dN
gives — o + = 3= 4 27k = ‘fj’\‘” where the very

small part of hght and strange quarks going into double-charm

. . . dNy . dN,
baryons is ignored. Using the relations ——< / M” = ). and
dNMu

dNB“” —L dNB”’ = 3A., and the parametnzatlon NB”’ —f—t =
1/12 [26 dNuy,/dy, dNy,/dy, dNg, /dy, and dNBr”/dy
can be obtained by A, and dN;/dy. The rapldlty density of all
light and strange quarks is fixed to be =% 1262 dév‘h ~ 1731
[40,41] by fitting the measured pseudorapldlty density of
charged particles. 1. related to the charm quark number
ddN Ae ‘”V’ is the key input for predictions of charm hadron
y

yields.

Charm quarks produced at LHC mainly come from two
stages of the collision: initial hard-parton scatterings and
thermal partonic interactions in the QGP. Here we first give
an estimation of the charm quark number d Nl /dy from
initial hard-parton scatterings by extrapolating pp reaction
data at LHC,

lda
R dy

d Ncinitial d UCPP
= (Taa)
dy dy
Here R = 0.54 £ 0.05 is the branch ratio of charm quarks into
final D° mesons measured in e*e™ reactions [6]. (Ty4) =

26.44+0.5mb~! is the average nuclear overlap function
calculated vpxj)ith the Glauber model [42]. The cross section
of D° is d;;’“ =0.428 4 0.115 mb in pp reactions at /s =
2.76 TeV [7].

Subsequent QGP evolution stage can increase the charm
quark number, but the enhancement rate o = (‘Z—lz —

ANinital g pyinitial . X .
s o 1S sensitive to the evolution details such as

initial temperature, charm quark mass, evolution time. The
present predictions of « in literatures have large uncer-
tainties, from 0%-100% [11-13]. Here, we choose a =
0%,10%,20%,40%,100% to study its influence on the yields
of different hadrons. The predicted yields of various single-
charm hadrons as well as light and strange hadrons are shown
in Table IV, and the experimental data are from Refs. [35,43—
45]. The predictions for single-charm hadron yields with the
statistical hadronization model (SHM) at d N, /dy = 16.8 [46]
are also listed in Table IV. To make comparisons with the
SHM, we also present the predictions at the same dN,./dy.
We find that the results for light and strange hadrons suffer
very small influences from charm quark production and they
are consistent with the available data within the experimental
uncertainties except for ¢.

The current calculations of ¢ mesons are obviously higher
than the data. This is because in this paper we only consider the
production of J¥ =0~ and J¥ = 1~ mesons in the ground
state. In fact, various multiquark states and/or exotic states
beyond the quark model are also produced in high energy

= (Taa)— =21. (32)
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TABLE IV. Rapidity densities d N/dy of identified hadrons in central Pb+Pb collisions at ./syy = 2.76 TeV. The data are from
Refs. [35,43-45]. The predictions of single-charm hadrons given by the statistical hadronization model (SHM) are also listed with

parentheses [46].

Hadron Data (SHM) dN,/dy =168 dN./dy=21 dN./dy=23 dN./dy=25 dN./dy=29 dN./dy=42
(o = 0%) (a = 10%) (o = 20%) (o = 40%) (o = 100%)

nt 733 £54 752 749 748 747 745 739

K+ 109 £ 9 111 111 111 111 110 109

K? 110 £ 10 107 106 106 106 106 105

¢ 13.8405+1.7 29.7 29.6 29.6 29.5 29.5 29.2

p 3443 33 32 32 32 32 32

A 2643 26 26 26 26 26 25

2" 3.34 £ 0.06 £ 0.24 4.11 4.10 4.09 4.09 4.07 4.04

Q- 0.58 4 0.04 £ 0.09 0.56 0.56 0.56 0.56 0.56 0.55

D+ (3.56) 2.71 3.38 3.70 4.02 4.65 6.67

D° (7.80) 8.31 10.4 11.3 12.3 14.2 20.4

D (—) 4.13 5.15 5.64 6.12 7.08 10.16

D (—) 4.13 5.15 5.64 6.12 7.08 10.16

Dy (2.96) 2.26 2.82 3.08 3.34 3.87 5.55

AF (1.16) 2.29 2.85 3.12 3.38 3.92 5.62

reactions. There are two exotic hadrons f(980) and a(980)
which are mostly relevant to the ¢ abundance. The masses
of these two hadrons are close to ¢ and they also probably
have the large s5 content according to the newest PDG [36].
Including these two hadrons in our model will consume s§
pairs in the system and introduce the competition against
the ¢ formation. In our previous work [27], we have studied
the yield of ¢ at top SPS and RHIC energies and the results
suggested that the production of exotic hadrons should exhaust
about the same number of s§ pairs as that in ¢ production so
that the final ¢ yields are consistent with the experimental
data measured by the NA49 Collaboration and the STAR
Collaboration. The rigorous calculation of ¢ yield including
the exotic states is a difficult task in the current progress of the
hadronization phenomenology, and is beyond the intension of
the current study. Based on these considerations, we multiply
the factor 1/2 to the calculated ¢ yield in Table IV to give the
rough estimation of the final ¢ yield, i.e., about 14, in central
Pb+Pb collisions at /syy =2.76 TeV. We see that this
estimation agrees with the experimental data. This indicates

S, (pri Ny, N )_ZR%)‘]IQZ
9142
. — (f)
fo(pT’N a) = Z R /qlqﬂ]?
919293

(pr) .
XRp a2 (PT P11 P135 133 N,

)/delde2 fIIfizfq]qz(pTlvaz’

some underlying universality of ¢ production in high energy
heavy ion collisions at different collision energies.

III. pr DEPENDENCE OF LIGHT, STRANGE, AND
CHARM HADRONS

pr spectra of identified hadrons can provide more explicit
insights into quark hadronization mechanisms and detailed
information on the hot and dense bulk matter created in
relativistic heavy ion collisions. In the QCM, pr spectra
of various light and strange hadrons can be systematically
calculated with the given pr distributions of light and strange
quarks. This is one of the main features and advantages of the
QCM and has tested against the experimental data at RHIC
[29,30,47-50]. In the following, we test the QCM in explaining
pr spectra of identified hadrons at LHC.

Confining ourselves to the hadron production at the
midrapidity y = 0, the transverse momentum distributions of
mesons M ; and baryons B; can be obtained from Eqgs. (1) and
(2) as

Nqi)R(Mqu)lqz(pT’prpTz;Nq,"Nq,')’ (33)

N,..N;) / dpr,dpr,dpr,Ng,gugs S0 (P11 P13 Ngy s Ny, )

(34)

where the factorization assumption was applied to the kernel functions, i.e.,

. (f)
Rm;.q0(PT+PTy» P13ys Ny » Ng,) = 731\11‘ e
(f)
RBj,q]qzqg(pTapTl7PT2aPT;’ ) _RB 419293
R and RY are the same as those in Sec. IT. R\?")

M;.q1q> Bj.q19293

(N‘I[’N )R(I;)Iq)]qzqg(pT’pTl’pTg’pT;a

(pr)
Mog1ds and R

(Pr) .
N )R][Zquqz(pT9pT1’pTga Nqinqi)v
Q/’N%)

B.g1g»q, 3180 TEpresent the same physical meaning as those

in Sec. II except for the replacement of p by pr and further distinguishing the flavors of (anti)quarks. Such a convolution
method for calculating hadron pr spectra is widely applied in quark combination models [51,52]. Here, we focus on azimuthal
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angular integrated py distribution, so we adopt one-dimensional combination formulas in the momentum space. RET) and

M.q1q>
R(B”Z pq, CONtain the dynamics of quark combination in transverse momentum space, and we first isolate this part from R%;l 0
and R(;Tq)] grq> ©-8- for the formation of light and strange hadrons,
R s (P11 P15 Ngi s Ng) = A, 413, (Ngi s Ng S (pr — pr = pr)O(e — | pr, — pr,)), (35)
R(;g)lqzqs(pT’pTl’pTZ’pT3;N‘Ii’Nq") = Ap g1g20:(Ng; - N3 )8(pr — pr, — pr, — pry)O(e — |pr, — pr|)
X®(8_ |pTl _PT3|)®(8— |pT2 _pT3|)- (36)

Here, § functions guarantee the transverse momentum conservation in the combination process and ® functions represent the
momentum constraints that quarks and antiquarks with similar masses combine into hadrons only when they are close to each
other in momentum space. ¢ is a parameter of small value. ¢ — 0 leads to the ideal equal py combinations. Here, we set ¢ to
be 0.2 for light and strange hadrons. For the formation of single-charm hadrons, because of the large mass discrepancy between
charm quarks and light or strange quarks, the constraint of near transverse velocity in combination may be more realistic, i.e.,

R(P’r)

where m,, is the constituent quark mass, and m, = m; =
0.34 GeV, my; = 0.5 GeV, and m. = 1.5 GeV.

Apart from the momentum constraints, ’R(M”,T;l 0 and
(pT)

B.gigngs 1MVOlVe other hadronization dynamics which is
incorporated in the items Ay 4,5, and A, ¢,4,q5- First, Apr 4,4,
and Ap 44,4, are obviously dependent on the N, and/or Ny, of
the system. This can be illustrated by a simple consideration.
Suppose we double the number of quarks and antiquarks (i.e.,
the size of the quark system); yields of the produced hadrons
should also be double from general principles. Therefore,
Am,g5, and Ap 44,4, should be more or less inversely
proportional to N, and/or N;. In essence, this dependence
is the requirement of the hadronization unitarity, i.e., the
production of mesons and baryons should exhaust all quarks
and antiquarks of the system after hadronization. This unitarity
of hadron production in heavy ion collisions was addressed
early in the ALCOR model by introducing normalization
factors for every flavor quarks when describing the yields of
different hadrons [53]. Second, and more important, Ay 4,4,
and Ap 44,4, should involve the dynamics of baryon-meson
production competition, i.e., when a quark hadronizes, whether
it forms a meson by combining an antiquark or forms a baryon
by combining other two quarks as momentum constraints
are both satisfied in two cases. Note that these Awy 4,5,
and Ap 4,4,4, coefficients in kernel functions are the major
difference of our method from those previous well-known
combination models [51,52] where the combination function
depends on the overlap of the wave functions of constituent
quarks with that of the hadron.

Further exploration of Ay 4,4, and Ap 4, 4,4, must deal with
these sophisticated hadronization dynamics. Here, we use a
specific combination model developed by the Shandong group
(SDQCM) [27,34,54] to concretize these detailed dynamics
in Ay g5, and Ap 4,4,4; and realize the calculation of pr
spectra of identified hadrons via Egs. (33) and (34). Of all
the on market combination models, SDQCM is unique for
its ability to consistently explain of hadron yields, rapidity
spectra, and pr spectra in relativistic heavy ion collisions
[16,27,34,55]. A combination rule is designed specifically in

M,qﬂz(pT’pTl’pTz;Nqu&?/) = Am.q1q.(Ng;» N3 )8(pr — pr, — PT2)®<8 - ‘_

P, Pr

mlh qu

>, (37
{

SDQCM to describe the hadronization of the color-neutral
quark-antiquark system. The main idea of the combination
rule is to line up the (anti)quarks in a one-dimensional order
in phase space, e.g., in longitudinal rapidity, and then let them
combine into initial hadrons one by one according to this order
[27,34]. Three (anti)quarks or a quark-antiquark pair in the
neighborhood form a (anti)baryon or a meson, respectively.
When a hadron is produced in longitudinal dimension, pr
of this hadron is subsequently calculated by the transverse
combination dynamics. The combination rule automatically
satisfies the unitarity of the hadronization and gives the
baryon-meson competition. SDQCM predictions of hadron
yields are compatible with the yield formulas in Sec. II. In
addition, the decay effects of resonances on the py spectra
of stable hadrons can be conveniently taken into account in
SDQCM.

Quark joint transverse momentum distributions are
necessary for the calculations of py distributions of hadrons.
Ignoring the correlations of (anti)quarks, we have

o (P1y.P1y: Ngy No) = £(prys Ny Ny £ (i Ny . Ng,)
and fq(lrl;z%(pTl?pTz’pﬁ;N61i7N<?i) = f;,’l)(PT1§Nqi’Nqi)f(1(;l>

(prys Ny, ,Ng,,)fq(;”(pn; Ny,,Ng,). For the distributions of light

and strange quarks, we use a two-component parametrized
pattern:  dN,, /(prdpr) o< exp(— p7. +m; /Ti) + R, (1 +
%)*Sli, the exponential item for thermal quarks at low
pr and the power-law item for shower quarks with high
pr. Parameters (7},,S;,,R;,) for light and strange quarks are
extracted by fitting the data of pr spectra of p+ p and
KT + K, respectively. Their values are (0.31 GeV, 8.0, 0.02)
for light quarks and (0.36 GeV, 8.6, 0.04) for strange quarks.

Figure 1 shows the pr spectra of h™, m*, K*, Kg, o, p,
P, A, E7, and Q7 in central Pb 4 Pb collisions at /syy =
2.76 TeV. The calculated results denoted by different types
of lines are consistent with the experimental data denoted by
different solid symbols [35,42-45,56]. Note that the calculated
¢ here is the result corrected by multiplying 1/2. We see that
the exponential domain of meson spectra expands to about
4 GeV/c and that of baryons expands to about 6 GeV/c.
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FIG. 1. (Color online) pr distributions of light and strange hadrons in central Pb 4 Pb collisions at ,/syy = 2.76 TeV. The solid symbols
are the experimental data from Refs. [35,42—45,56], and different types of lines are our results. Charged particles #* are measured in
midpseudorapidity and identified hadrons are in midrapidity. h* +h~, 7+ 4+ 7=, p + p, K?, and ¢ are scaled by 20, 5, 0.1, 50, 20, respectively,
for clear exhibitions. The calculated ¢ here is the result corrected by multiplying 1/2. Note that the data of p + p and K + K~ are used to

extract the pr spectra of light and strange quarks, respectively.

Compared with the data at RHIC [57], the exponential domain
extends over about 2 GeV/c.

Based on the performance of the QCM in light and strange
sectors, we turn to the charm sector. In the combination
process of a charm quark with light and/or strange quarks
to form an open charm hadron, there are two different
combination scenarios, i.e., equal py combination and equal
velocity combination, which are both possible and cannot be
ruled out from the current knowledge of the nonperturbative
hadronization. This will cause two different predictions for
pr distributions of charm hadrons with the same charm quark
pr spectrum. On the other hand, the calculation of the pr
spectrum for charm quarks before hadronization involves
many complex factors, e.g., the nuclear shadowing on the
initial hard produced charm quarks, the collisional energy
loss in the QGP, and the medium-induced gluon energy loss,
etc. [58-60]. The current theoretical predictions for charm
quark pr spectra have large uncertainties [58—60], which also
cause the predictions that charm hadron py spectra have large
uncertainties. In such a situation of two possible combination
dynamics plus an uncertain charm quark pr distribution, it
is not so straightforward to directly test the hadronization
mechanism from the experimental data of charm hadrons.
In this paper, we adopt a slightly unusual study strategy,
based on the philosophy that a physical charm quark pr
distribution plus a physical hadronization mechanism should
give the correct, observed charm hadron pr spectra. We extract
the pr spectrum of charm quarks from the experimental
data of D° in the cases of equal pr combination and equal
velocity combination, respectively. Definitely, charm quark
pr spectra in these two different cases are different. Then, we
predict pr spectra of other charm hadrons in these two cases,
respectively, and compare them with the available and future

experimental data to check these two different combination
scenarios.

The extracted charm quark p7; spectrum under the equal
pr combination is dN./(prdpr) o« (pr + 0.4GeV)*(1 +

Mpé'ev )~® while that under the equal velocity combination

is dN./(prdpr) o (pr +0.99 GeV)*(1 + O_Sgﬁ)’ﬁ”. We
find that the charm quark pr spectrum extracted from the
equal velocity combination is close to the theoretical prediction
at LHC in a recent Ref. [59] while that from the equal pr
combination has a large difference with Ref. [59] and is close to
the prediction at RHIC energies in Ref. [60]. The calculated pr
spectra of charm hadrons in these two combination scenarios
are shown in Fig. 2(a). The solid lines are for the results
computed in the equal p7 combination and the dashed lines for
the equal velocity combination case. The solid symbols are the
experimental data from Refs. [8,61]. We find that the results
in two combination scenarios for Dt and D** are nearly the
same and those for D] have a relatively obvious difference in
the range of pr > 3 GeV.

We argue that the pr dependence of charm meson
ratios D} /D° and 2D} /(D° + D*) are good probes to
distinguish the above two different combination scenarios
of charm quarks. These two ratios are essentially related
to the strangeness of the production regions of charm
mesons, and they are nonsensitive to the pr distribu-
tion of charm quarks. Take D;/D° as an example. We
have the pry dependence of D/ D° is proportional to
fs(B-5 Ny, Ng) / fu(B- Ny, . Ng, ) in the equal pr combination
and to fs(%; Nqi,Nqi)/fu(‘;—T; N, ,N;,) in the equal velocity
combination where we approximately use the triple mass
difference in charm quarks and light or strange quarks.
The similar case holds for 2D /(D° + D*). The dot-dashed
lines in Figs. 2(b) and 2(c) show the p7; dependence of the
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FIG. 2. (Color online) (a) pr distributions of charm mesons and (b) charm meson ratios in equal pr combination scenario and (c) charm
meson ratios in equal velocity combination scenario at midrapidity in central Pb + Pb collisions at ./syy = 2.76 TeV. The solid symbols are
the experimental data from Refs. [8,61], and different lines are our results. (a) The solid lines are the results in equal pr combination scenario
and the dashed lines are the results in equal velocity combination scenario. pr distributions for D%, D**, and D are scaled by 100, 10, and
0.1, respectively, for clear exhibitions. Note that the data of D° are used to extract the pr spectra of charm quarks.

strangeness, i.e., the ratio of the previously extracted strange
quark pr spectrum to the down quark pr spectrum. It rises
rapidly at low pr and reaches the peak at pr ~2 GeV
and then it decreases to a stable small value. D;"/D° and
2D /(D° + D7) as the function of pr should follow similar
shapes by stretching out the pr axis, but the peak position
of the ratios will reflect the detailed combination dynamics
of charm hadron formation. Figure 2(b) shows the results of a
charm quark capturing an antiquark with an equal pr to form a
meson. The resulting D; /D® and 2D /(D° + D) reach the
peak at pr & 4 GeV, and decrease to the low values at high
pr- Figure 2(c) represents the results in the case of a charm
quark capturing an antiquark with an equal velocity to form
a meson. The resulting D} /D° and 2D} /(D° + D) arrive
at the peak at pr =~ 8 GeV, which are quite different from
those in Fig. 2(b). We note that the HUING/BB V2.0 using the
fragmentation hadronization predicts nearly no p7 dependence
of these D;/D ratios [62]. The future experimental data at
LHC can test these different predictions.

IV. SUMMARY

We have deduced yield formulas and studied yield cor-
relations and pr spectra of single-charm hadrons in the
QCM in central Pb+Pb collisions at /syy = 2.76 TeV.

Yields of various single-charm hadrons are found to have
a series of interesting correlations. Several types of yield
ratios were proposed to quantify these correlations and to
measure the properties of charm quark hadronization from
different aspects. In addition, we systematically explained the
midrapidity data of pr spectra for h*, K=, K¢, ¢, p, p, E7,
and Q7. We further calculated the pr spectra of open charm
mesons and found that the results agree with the available
experimental data. Ratios D /Dy and 2D /(D° + D*) as
the function of pr are identified as good probes for the
hadronization dynamics of charm quarks, and we made
predictions in two different combination scenarios for the
comparison with the future experimental data.
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