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A dynamically constrained phase-space coalescence (DCPC) model was introduced to study the exotic
state y.;(3872) yield for three possible structures: tetraquark state, nuclearlike state, and molecular state
respectively, where the hadronic final states generated by the parton and hadron cascade model (PACIAE).
The y.1(3872) /y(2S) cross-section ratio from beauty-hadron decays (nonprompt) based on the y,. (3872)
or y(2S) — J/wxtz~ bound state in the decay chains as a function of charged-particle multiplicity and
transverse momentum in pp collisions at 1/s = 8 TeV are calculated. A tetraquark state scenario from
PACIAE-+DCPC model shows better agreement with the LHCb and ATLAS measurements for the nonprompt
xc1(3872) /w(2S) cross-section ratio distributions, indicating that the y.;(3872) is more likely to be a

compact tetraquark state.
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I. INTRODUCTION

In addition to mesons composed of quark-antiquark pairs
and baryons consisting of three quarks, many bound states
that are incompatible with traditional hadron frameworks
have been observed in the decades since the quark model
proposed by Gell-Mann in 1964 [1]. These bound states,
also known as exotic states, including multiquark states
[2-4], hadron molecular states [5], hybrid states [6,7], and
glueballs [8], are allowed and expected by the quantum
chromodynamics (QCD) and the quark model. While many
unconventional hadron candidates containing heavy quarks
have been discovered experimentally in recent years [9],
the exact nature of even the most well-studied y . (3872)
particle, also known as X(3872), is still unclear.

The y.(3872) particle as an exotic charmonium state
was observed in the exclusive decay process B* —
K*J/wr*x~ by the Belle collaboration in 2003, which
decays into J/wz "z~ [10]. Later, CDF II, DO, BESIII, and
BABAR collaborations confirmed this exotic state’s dis-
covery experimentally [11-14]. Among them, the CDF
collaboration proposed that the quantum number of the
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2c1(3872) particle may be JP€ = 17+ or 2= [15], and the
DO collaboration suggested that the y/(2S) state and the
xc1(3872) state with the same decay mode have the same
production and decay properties, which can provide a good
benchmark for studying the properties of the y.;(3872)
particle [12]. Finally, the spin and parity of the y.,(3872)
state are determined by the LHCb collaboration to JF¢ =
17* [16]. Although there are several measurements on the
xc1(3872) particle, due to the lack of the understanding of
its exact properties, various models have emerged to
describe the y.;(3872) state as a D**D® molecular state
with small binding energy [17,18], a compact tetraquark
state [19,20], a hybrid meson [21,22], or a charmonium
molecule [23,24].

Recently, the prompt y.;(3872)/y(2S) cross-section
ratio was measured at midrapidity by the CMS collabora-
tion as a function of transverse momentum (p) in Pb-Pb
collisions at /sy = 5 TeV [25]. The central value for the
ratio is close to unity and enhanced with respect to the one
measured in pp collisions [26,27]. This provides a unique
experimental input to theoretical models understanding the
X1(3872) production mechanism and the nature of its state
since the modification of the hadronization mechanism is
predicted when a color-deconfined state of the matter called
quark-gluon plasma is formatted in heavy-ion collisions.
The a multiphase transport model transport model [28] with
instantaneous coalescence, the TAMU model [29] consid-
ering only the regeneration processes, and the statistical
hadronization model (SHM) [30] based on the assumption
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of thermal equilibrium predict the different magnitude of
the ratio with different scenarios of the structure.

In high-multiplicity pp collisions at LHC energies, the
charged-particle densities can reach values comparable
with those measured in peripheral heavy-ion collisions.
Measurements at such a condition in pp collisions showed
features that resemble those in heavy-ion collisions
[31-33]. Recently, a multiplicity dependence of the
pr-differential A /D ratio is observed by the ALICE
collaboration, evolving from pp to Pb-Pb collisions
smoothly [34,35]. The prompt y.(3872)/w(2S) cross-
section ratio is found to decrease as charged-particle
multiplicity increases by the LHCb collaboration [36],
which is well described by the comover interaction model
[37]. The y.(3872)/w(2S) cross-section ratio from
beauty-hadron decays (nonprompt) showed a slight
increase trend as charged-particle multiplicity increases;
no theoretical calculation is available for such measure-
ment. Thus, studies about nonprompt ., (3872) production
at high multiplicity pp collisions can provide further
insight into beauty-quark hadronization as well as an
understanding of the nature of the y.,(3872) structure.

In this paper, the y.;(3872) from beauty-hadron decays,
produced in high multiplicity pp collisions at /s = 8 TeV,
were studied using the Monte Carlo (MC) simulation
approach [38]. The multiparticle final states of J/y, z*
and n~ are generated by the parton and hadron cascade
(PACIAE) model [39]. The properties of y.;(3872) with the
hadronic molecular state, the nuclearlike states, or the
compact tetraquarks scenario are studied separately using
the dynamically constrained phase space coalescence (DCPC)
model on these bases [40-45]. With the PACIAE+DCPC
model, the nonprompt y.(3872) of three structures to
w(2S) cross-section ratio as a function of charged particle
multiplicity and as a function of p were predicted. Note that,
although different quantum numbers between y . (3872) and
w(2S) may have influences on this analysis [46], it was not
considered in the PACIAE4-DCPC model as the measurement is
insensitive to such an effect based on Ref. [47].

II. THE pAaciAE AND pcpc MODEL

The PACIAE [39] model based on the PYTHIA6.4 [38] is a
parton and hadron cascade model that can describe multiple
relativistic nuclear collisions. It has been successfully used
to describe the particle multiplicity, pr, and rapidity
distributions in high-energy collisions [40,45,48-50]. In
this paper, the PACIAE model is used to simulate pp
collisions, which divides the entire collision process into
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four main stages: parton initiation, parton rescattering,
hadronization, and hadron rescattering.

The initial-state free parton is produced by breaking the
strings of quarks, antiquarks, and gluons formed in the pp
collision with the PACIAE model. The parton rescattering is
further considered using the 2 — 2 leading-order (LO)
perturbative QCD parton-parton cross sections [51]. The
total and differential cross section in the evolution of the
deconfined quark matter state is calculated using the MC
method. After the partonic freeze-out, the hadronization of
the partonic matter is executed by the LUND string
fragmentation [38] or the MC coalescence model [39].
Finally, hadron rescattering is performed based on the two-
body collision until the hadronic freeze-out.

The hadron yields are calculated based on a two-step
approach. First, the multiplicity final states are simulated by
the PACIAE model in pp collisions [39]. After that, a
transport model (DCPC) is introduced for the calculation
of the hadron yields. The details are explained as follows.

From quantum statistical mechanics [52], both position
g = (x,y.z) and momentum p = (p,. py. p,) of a particle
cannot be defined precisely in the six-dimensional phase
space, due to the uncertainty principle, AGAp > h.
However, a volume element 4° in the six-dimensional
phase space corresponds to a state of the particle. Thus, the
following integral equation can be used to estimate the
yield of a single particle:

dqdp
Y, = / 4, (1)
E,<H<E,

where E,, Eg, and H are the particle’s lower and upper
energy thresholds and the Hamiltonian quantity, i.e. the
energy function, respectively. Furthermore, the yield of
N-particle clusters or bound-state hadrons can be obtained
by the following integral equation:

dg,dp, - - - dgndpy
YN_/"'/ 1N . (2)
E,<H<E,

For instance, the yield of the y.;(3872) particle con-
sisting of J/w, z*, and 7z~ can be calculated according to
the DcPC model using the following integral formula:

d3,dp,dG,dDdGsdp
Y;(l.,(3872)_/'-'/5123 nen ng 203EPs (3)

g31l} < Ry;

623 s
(4)

’
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Miny = |(E1 + B> + E)* = (By + B2+ B3P (5)
In Eq. (4), my = m, xs7m) = 3871.69 MeV/c* repre-
sents the rest mass of the y.;(3872) particle [53], R, stands
for its radius and Am denotes the uncertainty of the mass.
|G12]> |@23|, and | g3, | indicate the distances between each of
the three component particles z, #~ and J/y under the
center-of-mass system, respectively, while Max{|g,],
|G23], |G31|} represents the maximum distance taken between
them. The Hamiltonian quantity H satisfies the equation
H? = (Byjy + Dre + P )* + mi,, and the energy thresh-
old upper and lower limits E, and Ej; satisfy E,z;=
(P)jy+ Pat+ Do )>+ (my,, (3872) F Am)?. Thus the dynamic
constraint condition £, < H < Ej in Eq. (1) can be equiv-
alently replaced by m,  (3g72) — Am < myy, < m,, (3g72) +
Am in Eq. (4).

’

III. RESULTS

The final-state hadrons, including J/y, n*, and 7™, are
simulated using the PACIAE model in pp collision at
/s =7 TeV. All of the parameters are fixed to the default
values in the PACIAE model, except parj(1), parj(2), and parj
(3), which are determined by fitting data from the LHCb
collaboration for J/w, #", and =~ in pp collisions at
\/s =7 TeV. Here, parj(1), parj(2), and parj(3) factors are
related to the suppression of diquark-antidiquark pair
production compared with quark-antiquark production,
the suppression of s quark pair production compared with
u or d pair production, and the extra suppression of strange
diquark production compared with the normal suppression
of strange quark, respectively. With the configurations of
parj(1) = 0.10, parj(2) = 0.20, and parj(3) = 0.90, the
production of J/y, zt, and n~ generated by the PACIAE
model fits the ALICE and LHCb data [54,55] well. Table I
summarizes the comparison of the nonprompt J/y, z, and
#~ integrated yields at the same pr and rapidity coverage
between experimental data and the PACIAE model.

Assuming no dependence of PACIAE model parameters
between /s = 7 and 8 TeV, the simulation was redone at
8 TeV. After that, the exotic state y.;(3872) is constructed
by the combination of J/y, z", and z~ using the DcpC

TABLE1. The J/w, n" and zn~ yields in pp collisions at /s =
7 TeV calculated by the PACIAE model, compared to the ALICE
and LHCb data [54,55]in |y| < 0.5,0.1 < py < 3 GeV/c for z*
and 2 <y<4.5,0<pr<14GeV/c for nonprompt J/y,
respectively.

Particle ALICE or LHCb data [54,55] PACIAE
Tlw (1.60 £ 0.01 +0.23) x 1075 (1.60 +0.03) x 10~
nt 2.26 +0.10 2.26 +0.01
n 2.2340.10 2.25+0.03

model. Half of the y.(3872) decay width is used as the
Am parameter, i.e, Am =T/2 = 1.95 MeV [45,56]. The
xc1(3872) can be separated into three possible structures
according to Max{|g»|, |23, |G31|}- The tetraquark state,
the nuclearlike state, and the molecular state are defined
with the radius interval Ry < 1.2 fm (%) [57], 1.2 < Ry <
1.96 fm (y”,) [58], and 1.96 <R, <10fm (y”}), respectively.

Figure 1 shows the nonprompt y.;(3872)/w(2S) cross-
section ratios in the J/ywz ™z~ decay channels with three
structures y’,, ¥”,, and ¥ in pp collisions at /s = 8 TeV,
as a function of charged-particle multiplicity (N.;). Here,
the w(2S) yields are calculated in the same way as
c1(3872) described above. The N, represents the number
of charged particles at the 2 < y < 5 rapidity interval to
match the LHCb data [36]. The nonprompt y’,/y(25)
cross-section ratio is consistent with the LHCb data within
uncertainties [36], while other scenarios show larger
deviation with respect to the data, indicating that
xc1(3872) is more likely to be a compact quark state.
Both of these three scenarios show a similar flat trend with
the increasing of the N_, within uncertainties, consistent
with the data measurement. From the PACIAE+DCPC model,
the number of nonprompt y.,(3872) naturally increases
with the increasing of the multiplicity, similar to y(2S5) [3].
Note that the increasing of multiplicity will also lead to a
more significant final-state effect of y.,(3872) destruction
by the comoving particles in the PACIAE+DCPC model,
resulting in a decrease of the y,(3872) yields [37,59,60].
Similarly, w(2S) yields are also suppressed by the final-
state breakup interaction of the quarkonium with the
comoving particles. However, the same as argued in
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FIG. 1. The nonprompt y.;(3872) to w(2S) cross-section ratios
in the J/watn~ decay channels obtained with three structures
X'y, x", and ¥™ in pp collisions at \/s = 8 TeV, as a function of
charged-particle multiplicity. The open points are computed
using the PACIAE+DCPC model, and the solid red points are
from the LHCb data [36].
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FIG. 2. The comparison of the nonprompt y.(3872)/w(2S)
cross-section ratio as a function of charged-particle multiplicity at
middle (-2 < y < 2) and forward rapidity (2 < y < 5) from the
PACIAE+DCPC model, compared to the LHCb data at forward
rapidity [36]. The blue and black points represent the
PACIAE+DCPC model results in middle and forward rapidity,
respectively, and the solid red points are from the LHCb data at
forward rapidity [36].

Ref. [36], the effect is less pronounced for nonprompt
x01(3872) and w(2S) since they are produced from dis-
placed beauty-hadron decay vertices, where the particle
density is largely reduced with respect to the primary
vertex.

The PACIAE+4DCPC model predicts different magnitude
for the nonprompt y.(3872)/y(2S) cross-section ratio
based on different structures, with the hierarchy
X <x' <x%. From the PACIAE+DCPC model, it is
harder to generate the nonprompt y’, with tetraquark
structure with respect to other scenarios since the radius
interval for the tetraquark state is smaller; it is more difficult
to form the nonprompt y., in the limited phase space via the
coalescence mechanism.

A natural next step would be to study the properties of
X1(3872) as a compact tetraquark state, as the rapidity and
pr dependence of the nonprompt .. (3872)/y(2S) cross-
section ratio may give further insight into beauty-quark
hadronization. Figure 2 reports the nonprompt y.;(3872)/
w(2S) cross-section ratio with tetraquark scenario as a
function of charged-particle multiplicity at middle rapidity
(=2 < y < 2) and forward rapidity (2 < y < 5), compared
to the LHCb data at forward rapidity [36]. The results from
the PACIAE+4-DCPC model indicate minor rapidity dependence
for the nonprompt y.,(3872)/w(2S) cross-section ratio.

The nonprompt y.(3872)/y(2S) cross-section ratio
with tetraquark scenario as a function of pp at middle
rapidity is presented in Fig. 3. The result is compared with
the ATLAS measurement [26]. In the common interval
10 < pr <22 GeV/c, the result from the PACIAE-+DCPC
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FIG. 3. The nonprompt y,,(3872)/w(2S) cross-section ratio as
a function of pr in pp collisions obtained with the PACIAE+DCPC
model at /s = 8 TeV, compared with the ATLAS data [26].

model shows a good agreement with the ATLAS data
within uncertainties. The model result predicts a slightly
increasing trend toward low pr, mainly due to the larger
coalescence probability for y.;(3872) at the low pr region.
Nevertheless, the decay kinematic effect may also play a
role due to the mass difference between the parent-beauty
hadron and nonprompt hadron for these two particles [61],
which is hard to isolate for such nonprompt hadron
measurements.

IV. CONCLUSIONS

In summary, the PACIAE model is used to generate final-
state particles in pp collisions at /s = 8 TeV. The z*, 7™,
and J/y originating from beauty-hadron decays are inserted
into the bcpc model to produce the exotic state y.;(3872).
With different spatial parameters R, selected, the exotic
states y.;(3872) of three different structures are constructed
as compact tetraquark state, nuclearlike state, and molecular
state, respectively. The nonprompt ., (3872)/w(2S) cross-
section ratios in the J /ywz* z~ decay channels with the three
structures as a function of charged-particle multiplicity are
obtained from the PACIAE4-DCPC model; the compact tetra-
quark state scenario describes the LHCb data well, indicating
that the y., (3872) is more likely to be a compact quark state.
Meanwhile, the PACIAE4DCPC model predicts a minor
rapidity dependence and a decreasing trend with the increas-
ing of the pr for the ratio, indicating that the coalescence
mechanism may play an important role in the beauty-quark
hadronization in a small system. In particular, the slightly
decreasing trend with the increasing of the pt for the
nonprompt y.;(3872)/y(2S) cross-section ratio predicted
by the PACIAE+DCPC model at low pr, can be further tested
with the ongoing high luminosity run 3 data at the LHC by
multiexperiments.
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