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J /W production

J/ 1s the lightest vector charmonium meson.

The suppression of J/i production was proposed as a signal of
QGP formation 1n HI collisions.

The J/i production could also be suppressed due to the CNM
effects, such as modifications of nuclear PDFs.

In order to disentangle the hot and cold medium effects, it 1s

necessary to understand the J/i production in pp collisions where

the 1nitial state effects are absent.
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J /W production

The J/i production was extensively investigated at colliders such

as the Tevatron, RHIC and LHC.

The ALICE collaboration had published the inclusive J/i
production in the fwd- and mid-rapidity regions in pp collisions at

Vs =2.76,5.02, 7, 8 and 13 TeV.
Phys. Lett. B 718, 295 (2012),

~direct J/ JHEP 10, 084 (2019),
Phys. Lett. B 704, 442 (2011),

- :  Eur. Phys. J. C 74,2974 (2014),
Inclusive /1/) - feed-down from heavier Eur. Phys. J. C 76, 184 (2016),

charmonium decay Eur. Phys. J. C 81, 1121 (2021),
Eur. Phys. J. C 77, 392 (2017).

- beauty hadrons weak decay 4
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J /W production

In order to investigate the interplay between the hard and soft

mechanisms 1n particle productions, the ALICE collaboration had

also published multiplicity dependence of J/i production 1n pp

collisions at /s = 5.02, 7 and 13 TeV.

Phys. Lett. B 712, 165-175 (2012), Phys. Lett. B 810, 135758 (2020), JHEP 06, 015 (2022)
Several theoretical approaches, such as CSM, COM and CEM
have been utilized to describe the experimental data.

They differ mostly in the treatment of non-perturbative evolution

of the cC pair into the bound state J/1.
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J /W production

¢ The J/4 production was also investigated by Monte Carlo

simulations  Phys. Lett. B 712 (2012) 165-175
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J /W production

¢ The J/4 production was also investigated by Monte Carlo
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J /W production

In our first work, we use a parton and hadron cascade model
PACIAE 4.0 to investigate the J /Y production in pp collisions at
Vs =5.02, 7, and 13 TeV.

We have also investigated the multiplicity dependence of J/i

production in pp collisions at /s = 5.02, 7 and 13 TeV.
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The PACIAE Model
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J /W production

In PACIAE 4.0, different charmonium production mechanisms
are implemented.
1. In the perturbative scattering processes, leading order NRQCD

channels via color-singlet and color-octet pre-resonant states are

included.
hard g harder g’s soft g’s
[e JAp C
D ch JAY
C Y C
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J /W production

In PACIAE 4.0, different production mechanisms for the
charmonium productions are implemented.

2. Charmonium can be produced from the cluster collapse
mechanism.

If ¢ and ¢ are close 1n phase space the potential energy in the
string 1s sufficient to create a light quark-antiquark pair, and
instead the two heavy quarks bind into a charmonium bound state.

3. In the so-called non-prompt charmonium production,
charmonia can be produced from the weak decay of a hadron
containing a beauty quark.

11
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J /W production

® For the J /1 hadronic rescattering, besides the elastic scattering,
so far the following inelastic processes are considered.

¢ So far, the scattering of J/y with partons 1s not considered in
PACIAE4.0 .

JJW+n—> Ar+D", J/Yy+n—>3XF+D,
i dom == T D e p sk Db,
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~ J/Y production
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J /W production

| ,3 L\ M’ ic & ."?

T T T T T T T ° T T T T T T T T
w/ PRS, w/ HRS w/ PRS, w/ HRS .’:X:__& w/ PRS, w/ HRS
wl 8. pp.vE=502Tev | _BFiz-g_ pp,VE=7Tev | (A =WTse pp,VS=13Tev
Pd ~SE 7 \\\ N
y’ SO ’ ~ ! N
~ ~ ~
\g\ TS NS
NS ~ N\ N
\: N \§ N
— NN N\
> ¥\\\ \\V\\ §--B. \:§\\
() N NN s8==AT~m O\
(D -1 \\ N~ SN w ~ \\ ~
S 107 AN . T N T o Y L AN
~
3 ,ﬁ‘-. \' \\ ,/ \:&~ ] { A\ N \\ v
= 7 EQ\ N s g S| g A g\ \8
sz S Ny ~ ~ “
5 > 6/ S N ~ N T
Q‘GE \\\ ~ \\n\x \A\ SN
~ ~ ~
S 25<y<4 \¢¢§\ 25<y<4 Al. TNm 25<y<4 e Ssg
s @ ALICE \\\g @ ALICE \\\ﬁ @ ALICE ‘\\
107°F  acluster collapse g@\\\ T -A-cluster collapse T -A-cluster collapse SA T
£F non-prompt \\ﬂ £F non-prompt £F non-prompt
==NRQCD - ==NRQCD ==NRQCD
/-inclusive =/-inclusive =/-inclusive
(@] 1.5 T T 4)
= : SR e &
~ —- - ~
R e e = e — e
I hainia el e O e
0.5¢ T T 1
1.0 5 t + + + t t t + } t t } t t t t t t } + } + }
c -6---9--—-0—-_9___6____0___0 0—---0—--6—--6--_0____0_____0 o-g-.o___e___e___e___e_
o =/A=+ cluster collapse =/A=: cluster collapse =/A=+ cluster collapse "'9""9‘~--Q
'b' 0.5}F =& non-prompt -+ =& non-prompt -+ =& non-prompt
E =3+ NRQCD =3+ NRQCD =3+ NRQCD
L —E] R ——g-—8-—g--—1
i___ﬂ___ﬂ._-.ﬂ---ﬁ---ﬁ'"ﬂ"-'— P~ S S, Lt ettt o 1R L L L - g I
0 Oo 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1

i | 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 8 9

pr (GeV/c) pr (GeV/c) 7 pr (GeV/c)




]#\ K7 M’ ;C b4 .u?

SHAANXI NORMAL UNIVERSITY

J/4 production
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J /W production
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J/¥ pro
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J /Y energy correlator
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J /Y energy correlator
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J /Y energy correlator
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J /Y energy correlator
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J /Y energy correlator
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Exotic hadrons-X(3872)

® The naive constituent quark model has been the basic
framework within which most of the hadronic states could be

understood.
Volume 8, number 3 PHYSICS LETTERS 1 February 1964

Phys. Lett. 8, 214 (1964)

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL- MANN

California Institute of Technology, Pasadena, California
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Exotic hadrons-X(3872)

® The non-Abelian property of quantum chromodynamics

(QCD) permits the existence of new types of hadrons.

tetraquark pentaquark glueball hybrid state

s. Rep. 389, 61 (2004); Phys. Rep. 454, 1 (2007); Prog. Part. Nucl. Phys. 63,
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Exotic hadrons-X(3872)

® First exotic candidate X(3872)

2350
w e collision f X(3872)
PRL 110, 222001 (2013); =
JHEP 04, 154 (2013); =F
JHEP 01, 117 (2017): 2 t
PRL 126, 092001 (2021); 8 25
w

PRL 128, 032001 (2022) ...

20f
15}

10f
7 PRL 91, 262001 (2003)

.

B 1 1 1 I L 1 1 l 1 1 1 I L 1 1 1 L 1
3.82 3.84 3.86 3.88 3.9 3.92
M(J/ v n) (GeV)

have confirmed its existence and hz

B SRS S
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® However, the exact nature of X(3872) is still unclear.

® The loose molecular state and compact tetraquark state are of

most interest. E .

Tetraquark Charmonium

& G

Hybrid Hadronic molecule

017); Rev. Mod. Phys. 90, 015004 (2
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Exotic hadrons-X(3872)

® In our work, we will investigate the X(3872) production in
pp collisions at /s = 2.76 TeV with PACIAE model.

\_:l ,Jﬁ\ .‘ﬂ i' 4’ i{_ )‘\ .“?

¢ Two sicarios are considered: the tetraquark state and the
molecular state containing DD .

UU Sy
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Exotic hadrons-X(3872)

In the quantum statistical mechanics inspired dynamically
constrained phase-space coalescence (DCPC) model, the
yield of N-particle cluster 1n six-dimensional phase space can
be estimated by Phys. Rev. C 85, 024907 (2012).

v _j j dq,dp; - dgydpy
cluster — | °°°

h3N
For the ccqq tetraquark, its yield reads as c 49
dC_I>1dﬁl d6_7>4dﬁ4 ~ ]
Ytetraquark = || 01234 12 \C_/ Q/
h
81234- = . mx(3872) —Am< Minv < mx(3872) = Am,R < 1fm
0. otherwise

Am = g = 1.95MeV/ c?, R is the radius of the cluster.
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Exotic hadrons-X(3872)

In the quantum statistical mechanics inspired dynamically
constrained phase-space coalescence (DCPC) model, the
yield of N-particle cluster 1n six-dimensional phase space can
be estimated by Phys. Rev. C 85, 024907 (2012).

(o [ dadBy - dddy
cluster — | °7 h3N @
_ p @
For the DD molecular state, its yield reads
dCI1dP1dCI2dP2 o
as molecule 12 = *
D' @
1=D,2=D" %
- 1- lf \__/
612 — mx(3872) == Am < mmv < mx(3872) Am 1 < R < me
0. otherwise

Am = g = 1.95MeV/ c?, R is the radius of the cluster.
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Exotic hadrons-X(3872)

¢ In this work, tetraquark- and molecule-state of X(3872) are

assumed to be coalesced in PFS and HFS, respectively.
pp collisions at \/s = 2.76 TeV

Formation

¢ Temperature
time 3 o
Gluon splitting &
0 fm/c Parton initial state = <——— Energetic quark
l deexciting
Partonic rescattering
~8 fm/c E Partonic final state via Tetraquark state ~195 MeV
® QM) DCPC [ccqq)(q = u/d)
>
™=
Hadronization
Hadronic rescattering
: l . Hadronic
~45 fm/c Hadronic final state La’ Milcenl: siate ~180 MeV

v
- HM) DCPC [DD*]
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Exotic hadrons-X(3872)

Phys. Rev. C 110, 014910 (2024)

| L L d l# =1 4
X(3872) in pp collisions
at Vs = 2.76 TeV
- s "
™ "= ]
| | | |

® o
-
[ ]

e
m Tetra. Ry <1 fm

e Molec. 1 <R; <10 fm
I N NN SR

<0

dN/dp, [(GeV/c)']
S © o o o o
L W Ay & B

Ratio

PACIAE + DCPC

[
(=
[V

(S
<
N

—
o
%

d*N/(2npdp,dy) [(GeV)2c?

Ratio

O = N W

n
n
® o
=] =
P o
° n
=] o
° |
.. -
ly| <0.5 % .
! [ IR NN T N
x10
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Exotic hadrons-X(2370)

3500
Lattice QCD predictions
3000
do, ([ et
2300° Joo CI@ c}> ({ﬁ) 0** ground state: 1.5 - 1.7 GeV/c?
2000 -
: |, 0y, 2** ground state: 2.3 - 2.4GeV/c?
1500 - 0)
P (D Ref. [61] (Nf =2,m, =490 MeV) 5

O retissioy -zm-somy | 07 ground state: 2.3 - 2.6GeV/c
10007 (D  Ref. [68] (N; =2,my = 960 MeV)

(D  Ref. [70] Ny =2+1,m, = 140 MeV)

500 - (D Ref. [67] Ny =2+1,m; =360 MeV)
D  Ref. [63] (N, = 4,m, =250 MeV)
(D Ref. [48] (quenched)
i o n o
JPC

s. Lett. B 309, 378 (1993); Phys. Rev. D 60, 034509 (1999); Phys. Rev. D 73, 014516
: igh Energy Phys. 10 (2012) 170; Phys. Rev. D 100, 054511 (2019)

——




Exotic hadrons-X(2370)

X(1835)T " y

_so0f () T4 :
RE : B\ x(2120) :
> 400 | % =
O B ; -
S ol
Q300 | e
9 E g i
E 200 | ,," —
= - N .
O N -~ §
7 100 | 2 v
" 5553-*’ PRL 106, 072002 (2011)1

0
14 1.6 1.8 20 22 24 2.6 2.8
Mt ) (GeV/c?)

X(2370) was observed in J /Y — yntn™n' decays with a statistical
significance of 6.40 by the BESIII experiment
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Exotic hadrons-X(2370)

Eur. Phys. J. C (2020) 80:746"

2001 ™
. L Jhy—vK'K, n'=>r'mn, n-yy (a)- __ 500 J/\|/—>yK Kn , =0’ p°—>1t T (b);
o [ —— Data — - Chebychev 1 o [ —— Data — - Chebychev ]
) ~ - =
> 1501 kit result --=* PHSP __ > 400} — Fit result ---* PHSP B

[} [ L Total bkg ] (0] [ o o P Total bkg N
O [ $%5 Signal X(2370) J[ * O - £ Signal X(2370) #
S 400k s KK e S 300[ o gpy—s K K '+ :
<= [ -- 7’ sideband ] <) - -- ' sideband -]
) : 1 @ 200 -
& i N c - 1
o 50 ] o ¥ ]
L I 4 o 100p E
0 LT a8k Rboosbn Ty g oE ORI At R St b = E
2 21 22 23 24 25 26 27 2 21 2.2 23 2.4 25 26 2.7
My (GeV/c?) My (GeV/c?)
T T T T T T T T T
. - J/\y—>ngKg N, M-TTN, n->YY (C)E _ 80F J/\y—>yK° K3, n—=yp°, plom'n d
%  25F —Dpata — = Chebychev -] o F —— Data — = Chebychev
= - G ialeis . = 70F Statais
= - — Fit result L ] = - — Fit result i
© ogof  rhtresut ... Total bkg - P B0bse . . T Total bkg
9 [ %% Signal X(2370 (‘2 E 5% Signal X(2370
©  15F ~-'n' sideband o 505 = 1’ sideband
s "} S 4of
) . L) 2 [
= 10 E I\ AT < 30
z sl 1 5 2
8 e ----"""""""E 10 e .‘_=~_‘=.-‘-‘- ------
0 1 " A.m_qg;ﬁxo*"vw‘f%‘o’»‘c‘t'«!@,*“ geyip ey 0 ORI SO, £ 22K, ;qu‘w‘o"o’o’o’ SRR x e
2 21 22 23 24 25 26 27 2 21 22 23 24 25 26 27
K°K° (GeV/C ) KOKO (GeV/c )

It was further observed from the combined measurement of J /i - yK*K™n’
and ]/ — yKIK2n' with a statistical significance of 8.3¢ by BESIII
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Exotic hadrons-X(2370)

FT ] ™ L B B B s

1805—(&) X(2370) y2n,, = 82.68/69 _
o n { Data ]
8 160 :_ — MC projection E
% 140:_ I Background _:
A RS AR 1 o | I A ARETERE Non-resonant 1
n 1201 Y N W X(2370) E

S 1008 " ~-x(1835) I PRL 132, 181901 (2024)
o C I L X(2800) ]
Bl 80_— ]
2 E LI
g °0F E
M 40p :
20F -;

Y

2 22 24 2.6 2.8
KOKO (GeV/CZ)

The statistical significance of the X(2370) is greater than 6.40 and the spin
parity is determined to be 0~ * for the first time
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Exotic hadrons-X(2370)

Some theoretical studies interpret X(2370) states as the

fourth radial excitation of n/n’. PRD 83, 114007 (2011); PRD
102, 114034 (2020)

Some theoretical studies also suggest that the X(2370) states

are the P-wave ss55 tetraquark states of J*¢ = 0~F. PRD 106,
014023 (2022)

Some theoretical studies indicate that X(2370) states can be
explained as light baryonium states A — A and £ — X with
quantum numbers of 0" and 17. PRD 105, 014016 (2022)
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Exotic hadrons-X(2370)

¢ Among the theoretical studies, one of the intriguing
explanations is a pseudoscalar glueball

100, 054511 (2019); PRD 82, 074026 (2010); PRD 87, 054
1(2022); Nucl. Ph




......
aaa

D Eoib e ny

. //' SHAANXI NORMAL UNIVERSITY

Exotic hadrons-X(2370)

® Glueball productions: Int J Mod Phys E , 18, 1-49 (2009)

¢ J/i decays

¢ Double pomeron exchange in pp collisions

® pp annihilation
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Exotic hadrons-X(2370)

¢ In our work, we will investigate the glueball-like particle
(X(2370) ) production in pp collisions at /s = 13 TeV with
PACIAE model.

¢ Three sicarios are considered: the glueball states containing

two valence gluons, the tetraquark state ssss, the molecular
state A—A /2-Z, or ttr ' /KTK™n' /JKIKIn
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Exotic hadrons-X(2370)

¢ In this work, glueball-like state, tetraquark- and molecule-state of
X(2370) are assumed to be coalesced in PFS and HFS, respectively.

Initial Partonic State

A 4

Partonic ReScattering Glueball state ﬁ
o
>
r% ! J [99] -
g Final Partonic State Via DCPC >
= Tetraquark state s )
3
3 - ™~ /o
g Hadronization ses] g
S -
v — T 0
[r*m=n'], @
Hadronic ReScattering - FR
o o
L [KSKSn']
Final Hadronic State » Hadronic molecular state |—>
Via DCPC
[A - K]:
[z —Z]
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Exotic hadrons-X(2370)
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Exotic hadrons-G(3900)
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(3+1)-D nonextensive hydrodynamics

PHYSICAL REVIEW D 111, 036010 (2025)
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heavy-ion collisions
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QCD phase transition

QCD phase transition at finite temperature and chemical potential with the
non-extensive statistics
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Conclusions

We have investigated the J /1 productions in pp collisions at v/s = 5.02,
7 and13 TeV with PACIAE 4.0.

We have also investigated the multiplicity dependence of J/y
production in pp collisions at /s = 5.02, 7 and 13 TeV.

The contributions of the J /iy productions from the NRQCD, cluster
collapse and the weak decay from the B hadrons are analyzed in detail.

The effect of the partonic and hadronic rescattering effects on the J/i)
production has been presented.

The hadronization process has an obvious effect on the J /i energy
correlator.

Discrepancy between the glueball-, tetraquark- or molecule-state of the
exotic hadrons in the rapidity and p; distributions can be served as a
criterion for identifying the configuration. 45
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Back up

dNjpy Ny NGE

<dNyjy > NiFE Niy

i /1/) and Ne‘vt are the number of J/yy and number of events in
it multiplicity bin, respectively. N t/ol/f and No are the total

number of J/y produced and total number of minimum bias
events, respectively.
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