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Background and motivations

® 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

Received 4 January 1964

@




';’: G 1‘ fﬂ:ﬂ::’iﬂi‘ilifNW);‘R;:'}nY %‘- _I_ I E XYZ Eﬂ ij%

Background and motivations

® The non-Abelian property of quantum chromodynamics

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

tetraquark pentaquark glueball hybrid state

Phys. Rep. 389, 61 (2004); Phys. Rep. 454, 1 (2007); Prog. Part. Nucl. Phys. 63, 74 (200
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Background and motivations

First exotic candidates Dg(2317)" and X(3872)
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Later, more experiments have confirmed its existence and have measured its
properties in both pp and Pb-Pb collisions.
PRL 110, 222001 (2013); JHEP 04, 154 (2013); JHEP 01, 117 (2017);PRL 126, 092001 (2021);PRL 128, 032001 (2022) ...
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Background and motivations

® Since then more and more exotic states have been confirmed

experimentally.
o
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Background and motivations

® Since then more and more exotic states have been confirmed
experimentally.
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Background and motivations

These exotic hadrons have been explained as tetraquark,
pentaquark, molecule, hybrid, or glueball state.

Key Question: How to distinguish different configurations
experimentally?

We use the parton and hadron cascade model PACIAE to

simulate the exotic hadron productions in pp and ete~
collisions at the LHC and BESIII energies.

Discrepancy between different configurations of the exotic
hadrons 1n the yield, rapidity distributions and p spectra can
be served as a criterion for deciphering the nature of them.
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The PACIAE Model
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IAE4.0 is based on PYTHIA 8.3 but further considers the partonic and hadronic rescatterings before and after hadronization, res

ion (PYTHIA w1th string fragmentation off) — Parton rescattermg — Hadro I
coalescence) — Hadron rescattering — Kineti >



.......
"~

% o % fc 4

. //" SHAANXI NORMAL UNIVERSITY
L

ET—EXYZHHYS

The PACIAE Model
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The PACIAE Model

N = rA, N = pN, J/w+N=Y +D,
NN = NA, zrn = KK, J/w+r =D+ D*
N =KY, =N =KY, J/w+p=D+D,

7Y = KE, 7Y = KE, D+z=D"+p,
KN = rv, KN =7, D+ V= D™+
KY = 75, KY = 75, y'+N=Y,+D,
KN = KE, KN = KZ, y' + 7= D+ D*,
2= KQ, 2= KQ, y' +p=D+D,
K== nQ, KZ = 7Q, D*+rx=D+p,

N N annihilation, NY annihilation,

D+ N=D+N,

e g ot
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X(3872)

® The nature of X(3872) i1s still unclear.

® The loose molecule state and compact tetraquark state are of

most interest.

&

Tetraquark Charmonium

& G

Hadronic mol
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X(3872)

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

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

UU -
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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 dG,dp, - dqndpy
cluster — | °7° h3N

For the ccdu tetraquark, its yield reads as

- dq,dp; - dq,dp,
Ytetraquark e 61234 p12
- PPNP, 107 (2019) 237-320

] ifl=c2=c¢3=u4=d
51234 = . mx(3872) —Am < Minv < mx(3872) == Am,R < 1fm
0. otherwise

Am = g = 1.95MeV/ c?, R is the radius of the cluster.]- 4
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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).

B dq,dp; - dqndpy
Youster = | h3N @
For the DD molecular state, its yield reads as
J j dCI1dP1dCI2dP2 O
molecule 12 @
1 lf].—DZ—D \\_/
612 = . mx(3872) == Am < mmv < mx(3872) Am 1fm < R < 10fm
0. otherwise

Am = g = 1.95MeV/ c?, R is the radius of the cluster.]- 5
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' 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
e Gluon splitting &
0 fm/c Parton initial state = <——— Energetic quark
l deexciting
Partonic rescattering
s Partonic final state via Tetraquark state
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® QM) DCPC\[ccqq](q = u/d
2 |
™=
Hadronization
Hadronic rescattering
: l . Hadronic
~45 fm/c ] Hadronic final state via Micleculs sate ~180 MeV
- HM) DCPC [DD*]




lJ\ U M’ ;c)".“?

SHAANXI NORMAL UNIVERSITY

LT
X(3872) in pp collisions

at Vs = 2.76 TeV
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Ref. [61] (N = 2,m = 490 MeV)
Ref. [68] (N = 2,my = 650 MeV)
Ref. [68] (N = 2,m = 960 MeV)
Ref. [70] (N; =2+ 1,my = 140 MeV)
Ref. [67] (N; =2+ 1,my = 360 MeV)
Ref. [63] (N} =4,m,, =250 MeV)
Ref. [48] (quenched)

OI_"

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

ET—EXYZHHYS

Lattice QCD predictions

0** ground state: 1.5 - 1.7 GeV/c?
2** ground state: 2.3 - 2.4GeV/c?

0-" ground state: 2.3 - 2.6GeV/c?
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X(2370)

Bt+—EXYZHHIE

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

20
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X(2370)

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

54511 (2019); PRD 82, 074026 (2010); PRD 87, 054036
003) 165-181; P |




(6R) ko fe X % E+—EXYZIHITL
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 /Z-Z, or wtn ' /JKTK™n' /KSKIn'.
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o
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X(2370)

Phys. Rev. C 85, 024907 (2012).
¢ In DCPC model, for the two-gluon glueball, its yield reads as

dg,dp,dq,dp
Yglueball =Jf 012 - }116 —

. ifl=g2=g
012 =1 My(z370) — AM < Mypy, < My(2370) — AM, Ry < 1fm
0. otherwise

Am = g = 94MeV/c?, R, is the radius of the cluster.

Molecular

B Glueball Tetraquark B-B 3-mesons

Am (MeV/c?) 94 94 94 94
R, (fm) 1.0 1.0 1.0-2.0*° 1.02.0" 8
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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
Partonic ReScattering el dae
o
>
% v J [99]
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2 Tetraquark state S8
5 ~ (2
NN S S
z Hadronization [ss55] N N
=
— ] 0
[m¥mn'], ()
Hadronic ReScattering o R
@ )
. [KOKSN']
Final Hadronic State »| Hadronic molecular state |—»
v Via DCPC Q
- 24
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T'eso (2870)

In 2020, the LHCb Collaboration reported two new exotic states in
the DK~ final state of the B~ —» D™D K~ decays: T/, (2870)°
and T}, (2900)°.

They are the first two manifestly observed opencharm tetraquark
exotic states containing one single charm quark.

In 2025, the LHCD collaboration confirmed the existence of

T} (2870)° in the D°K invariant mass spectrum from the new
decay mode of B~ —» D~ DK in pp collisions at /s = 7, 8, and 13
TeV.

Unfortunately, there is no evidence for T7; (2900)° in the mass
spectrum of DK,

26
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® Tk, (2870)° has been explained as a compact tetraquark state
csud or hadronic molecular state.

® We assume T/, (2870)° as a hadronic molecular state and
investigate its production in pp collisions at /s = 7 TeV with
PACIAE.

D*K~,D°K?, D**K*~,and D*OK*°

Eur. Phys. J. C 80 (2020) 1026.  Phys. Rev. D 105 (2022) 54018. Phys. Rev. D 103 (2021) 74011.

Eur. Phys. J. C 81 (2021) 188.  Chin. Phys. C 45 (2021) 21003. Int. J. Mod. Phys. A 35 (2020) 2050187.
Phys. Rev. D 102 (2020) 91502. Phys. Rev. D 104 (2021)94012.  Eur. Phys. J. C 82 (2022) 419.

Rev. D 103 (2021) 34004. Chin. Phys. Lett. 37 (2020) 101201. Eur. Phys. J. C 80 (2020

125201  Phys. Rev. D 94 (2016) 1
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G(3900)/Z (3900)0/X(3872)

—— This work (c8)

(4.415)
= CLEO (c°)

~ 1200}
o 3 G(Fo \y(4p40 \,;(4:160)

2 : i —o— BaBar (6°%) 3
12 : | } E : — Belle (c*) ]
T 7 | : E
LT sty -
© : . ! Tasd ,;.xf- ﬁiﬁ
g 'PRL 133',, 081901(2024) )
: | _z
? il : ‘
;: f ‘M‘Ii } .
B i “ ’*’%‘{‘ﬂﬁf gue o
B Vv S—y 5
s (GeV)

30 4.257 GeV D'D*° | 4.257 GeV D°D*n°
R 0 [
% 205 Z.(3900) :
S 10} ' ‘
o | BEPelyodo | ONEART 4
= 0f
240
o 30
w 20

10

0

385 39 395 4 405

385 39 395 4 405
PRL 115, 222002 (2015) m(DD*) (GeV/c?)

Events / (3 MeV /c?)

: ----- Signal
14 :— - Background
E PRL 132, 15190 (2024) » Line shape
12 :_ = Total
10 X (387
8
4 3 o i 5
= Hil l _____
2 _‘_ -+~ 1°
0 LT :.ﬁl".ﬂi"".'-"-.-'?7'-.'-'-'1‘-'&'"-.“-*? "P'"i'-'ﬁ'“\-'-£"mv-_'-m
3.86 3.88 3.9 3.92 3.94 3.96 3.98
2
OLlrl]ll LII [1]] l{l}ll{ r:¥} I l
= T I'¢ ; Tl ; tTrYY ; ¢ IT L + * l f 1
3.86 3.88 3.9 3.92 3.94 3.96 3.98
M(D°D°x0) (GeV /c?) D — DOz°
(a)
X(3872) Z.(3900)° G(3900)
mg (MCV/CZ) 3872.9 3893.0 3872.5
Am (MeV/c?) 1.95 22:1 89.85

T P
Jre 1~ 1+- 1++

DD* /DD

S-wave S-wave

P-wave




]J‘Z K7 ‘M’ ft’. A ‘“‘}»

SHAANXI NORMAL UNIVERSITY

ET—EXYZHHYS

G(3900)/Z,(3900)"/X(3872)
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X(2300)

In 2025, the BESIII collaboration reported the observation of an
axial-vector particle X(2300) in the ¢pn and ¢n’ invariant mass
spectra for the Y (3686) — ¢nn’ process. PRL 134, 191901 (2025)

Its mass and width are, respectively, 2316 MeV/c? and 89 MeV. Its
spin and parity are determined as 17~

There are several theoretical speculations for the nature of the
X(2300), including the excited strangeonium state, the tetraquark
state (SSSS).

PRD 112, 036006 (2025). PRD 111, 054005 (2025).

PRD 103, 016016 (2021). CPC 50 043104 (2026) and ...
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X(2300)

In this work, we simulate the production of the X(2300) ine*e~
collisions at /s = 4.95 GeV with PACIAE 4.0.

The U(1) anomaly coupling permits nonstrange quarks to couple to a
vector S component via soft-gluon interactions.

This motivates us to propose that the X(2300) could also be a ggss
(g = u/d) state.

Furthermore, we suggest another novel possibility that the X(2300)
may be a hadro-strangeonium state, 1.e., a bound system of a
strangeonium (¢) and a light hadron (n/n").
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X(2300)

Excited s  ggss  ss55 o on
Am 44.5 445 445 445 44.5
(MeV/c?)
Ry (fm) 1.0 1.0 1.0 1.0-2.0 1.0-2.0

TABLE III. The event-average yields of the P-wave s5 strangeonium state, the S-wave ¢gss/sss 5 tetraquark state, and the S-wave
@1’/ dn hadro-strangeonium state for the X(2300) candidates in e*e™ collisions at /s = 4.95 GeV. The uncertainties quoted are
statistical errors.
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¢ (2170) was first observed by the BaBar Collaboration in 2006 via
the initial-state radiation (ISR) process ete™ = y;5r P f5(980) in
the ¢ f,(980) channel.

Its observation was subsequently confirmed by the Belle, BES and
BESIII Collaborations, and further supported by later BaBar
analyses.

It has been explained an excited s5 state with the 23D, or 335,
configuration, an sSg hybrid state, an ss5S or a uuss tetraquark
state, a AA (3S;) bound state, and a pK K resonance state.

PRD 99, 074015 (2019)  CPC 45, 023116 (2021)  PRD 85, 074024 (2012)
PLB 650,390 (2007)  JHEP 03, 087 (2026)  NPA 791 106 (2007)
PRD 78, 034012 (2008)  PRD 99, 036014 (2019)  PRD 103, 016016 (2021)

PRD 87, 054034 (2013)  PRD 88, 074007 (2013)  PRD 78, 074031 (2008) 35
PRD 96, 074027 (2017) and ...
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In this work, we simulate the production of the ¢(2170) ine*e™
collisions at v/s = 4.95 GeV with PACIAE 4.0.

The U(1) anomaly coupling permits nonstrange quarks to couple to a
vector sS§ component via soft-gluon interactions.

This motivates us to explore the dds3 tetraquark configuration in
addition to the previously proposed ssss and uusS scenarios.

Given that ¢(2170) has quantum numbers J°¢ = 177, several
interpretations are possible: a D-wave ss state, a P-wave sSg hybrid,
a P-wave uiiss/ddss/ssss tetraquark, an S-wave AA bound state,
or an S-wave ¢ Kt K~ resonance state.
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$»(2170)

excited s5 s5g wuis5/ddss/ss55 AN ¢KTK~
Am
(MeV/c?) 106 106 106 106 106
Ro (fm) 1.0 1.0 1.0 1.0-2.0 1.0-2.0
D—wave ss P—wave s.§g/-\
yield (1.223 £ 0.002) x\10~%) (1.718:10 003) x 10~ )
P—wave UGS — P—wave ddss
yield  (1.595+0.003) x{U0~")  (1.313 £ 0.002) x Q0—4)
P—wWave 5553 oy S—wave AA
yield (7.888 £ 0.060) XQO_ °) (6.575 £ 0.017) x (l ‘5_)

S—wave oK T K _

yield

(6.426 £ 0.017) X0 )




SHAANXI NORMAL UNIVERSITY

R o i e h 8

ET—EXYZHHYS

_$(2170)

WO YA M

0 4 V&I

A

[y

- =8338:
=] B & & B =
B 4€ € <48
= ; % A A % ;
1075, < s i
% 5 ﬁ ¥ N " ¥
°
s |g°
& .}
1076, ¥
Q & &
A
_7 OD-wavess  AP-wave ssss
107" TP-wave ssg T S-wave AA
% fiP-wave uiss HS-wave KK~ ¢
. b P-wave ddss . . .
BEHAE g ' ‘o3 88
100} :
EeeeBBppBBonst
_(_310—1_ .
E A A A A A A AAA
2| K
10 @ ss/uass  [B ddss/uass T AAJudss
(] sg/uass Esss?s'/yﬂsé DKYK™ ¢ /udss

&

iy

-0.6 -04 -0.2 0.0

y

0.2

0.4

0.6

1074t

=
9
w

dN/dpy ((GeV/c)™1)

=
9
~

10-8

100 L

2101
o

10—2 L

1073

10—6 L

=
4q H
$ 2 °
§ 2 °
g g
s &
A > 8
" &
&
© ¥
i B
Py
Q
iy
- OD-wave ss A P-wave ss53 &
[[IP-wave ssg ¥ S-wave AA g
diP-wave udss HS-wave KHK~ ¢
b P-wave ddss
I g B B 8 o
B B § -
RN A
A A A © '
A A A A& . & R
Dss/uass  Bddss/uass TAA/uiss
mséglupss' A ss5s/ upss‘ LK K~ ¢/uiss

0.0 0.5

1.0 1.5 )
pr (GeV/c)



% o b fe h Y

(B) hvitiens H+—EXYZHAN S

Conclusions

We have investigated the exotic hadron productions in pp collisions
at the LHC energy and in e*e™ collisions at the BESIII energy with
PACIAE 4.0.

Discrepancies between the different configurations of the X(3872),
X(2370), X(2300), and ¢p(2170) in the yield, rapidity distributions
and pr spectra can be served as a criterion for deciphering the nature
of them.

Discrepancies in the yield, the rapidity and pr distributions among
the G(3900), Z (3900)0 and X@872) could serve as effective
criteria to 1dent1fy them in the DD* /D D™ channel from each other.

For T}, (2870)°, the yields of different hadronic molecular state
candidates follow the magnitude order of D°K¢ > D*K~ >
i~ - D00
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In the rest frame of the exotic hadron candidate, 1ts orbital
angular momentum

N
I = E Xt xpt
i=1

According to quantum mechanics, the orbital angular momentum
1s quantized, satisfying the relation

I =L(L +1)#°

L denotes the orbital angular momentum quantum number of the
exotic hadron candidate

—1 I
L:round< +\/+l/h>

2
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0.25]. Moreover, in the upper panels of Fig. 2, there is a
peak in the first pt bin of 0-0.1 GeV/c. This is because
among our simulated final state events of e* e~ annihila-
tions, aimed on the DD production for instance, there are
not only two-hadron events of D -+ D but also more than
two-hadron events of D+ D +nt 4 n~. In the former
events, the transverse momentum of D is just opposite to
that of D leading to the zero transverse momentum of the
charmonium-like candidate if the final state photons are
neglected, which is responsible for the peaks mentioned in
the above rapidity and transverse momentum distributions.
The latter events are responsible for the rest of the pt
distribution. So far, there is no experimental results of the
X (3872), Z.(3900)°, and G(3900) productions in the e* +
e~ >at+n +D+Dand et +e” >at+a +D+
D* [56]. Thus, our results could serve as a prediction of
these exotic hadron productions in the e™e¢~ annihilation
processes with four-hadron final states containing a pair of &

charmed mesons.
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the process of hadronization. Moreover, the peak in the pt
distribution for the ¢#'/¢n configuration is observed at
approximately 0.5 GeV/c, which is notably higher than
that of the compact ggss/ss5 5 /s§ state, peaking at around
0.3 GeV/c. This difference is consistent with theoretical
expectations based on their distinct internal structures and
production mechanisms. ¢ and #’ /5 are both heavy mesons.
Their coproduction as a hadro-strangeonium state requires
substantial transverse momentum transfer from the parton
shower. As a result, the resulting X(2300) candidate retains
this collective transverse boost, shifting its pt peak to a
higher value. In contrast, the ¢gss/sss5/ss state is
assembled directly via the quark recombination in the FPS.
Its production does not involve the independent formation
and kinematic coordination of two preexisting heavy
mesons. It acquires the transverse momentum from the
global kick of the parton shower. Although its mass is
similar to the hadro-strangeonium state, the absence of
the additional coproduction constraint prevents their pt 42
spectrum from being biased toward higher values. Hence,
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sS P — wave

SSSS S — wave

ddss S — wave

uuss S — wave

A

2.727(£0.011)

2.973(40.037)

1.668(40.009)

2.048(40.010)

x 107° x 107 x 107° X 107°
X2300 =&
_ _ ddss P — wave< uuss P — wave
ss D — wave ssSS P — wave
P 6.021(4£0.017) 4.171(40.044) 6.905(4£0.018) 8.458(40.020)
) X 1075 X 1076 x 1075 X 1075

phi2170 =& (Am=53MeV)
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D**K*~, and D*°K*Y component meson pairs. It is observed that the
yield of TC*SO(287O)0 composed of DOKg is larger than the one composed
of D*K~, which is consistent with the yields of the constituent particles
of T* (2870)" in Table 1. The yields of T* (2870)° composed of D** K*~
and D*YK*Y are nearly equal, which is attributed to the similar yields
of their constituent mesons D** and D*° as reported in Ref. [59]. The
yields of T* (2870)” composed of D** K*~ and D*K*" are lower than the
former two. It can be understood by the fact that the productions of in-
clusive D* (D) and K~ (K?) are larger than those of D** (D*?) and K*~
(K*?). Meanwhile, the yield of T;’;O(287O)0 increases with the increasing
of the R, range from 1.0fm < Ry < 2.0 to 1.0fm < R, < 3.0fm, and to
1.0fm < R, < 5.0 fm, as expected.
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cedure described in Section II. Given that ¢(2170) has
quantum numbers JF¢ = 17~ [27], several interpreta-
tions are possible: a D-wave s state, a P-wave s5g hy-
brid, a P-wave uuss/ddss/ss§s tetraquark, an S-wave
AA bound state, or an S-wave K+ K~ resonance state.
For the excited strangeonium interpretation, an S-wave
335 configuration has also been proposed [38-40]. How-
ever, as pointed out in Refs. [29, 37], this 3°5; assignment
is disfavored because it predicts a rather large width of
about 380 MeV [38], which exceeds the experimental up-
per limit of about 100 MeV [28, 35]. In contrast, the 23D,
assignment yields a total width of approximately 186
MeV, which is consistent with the estimate in Ref. [29].
Therefore, for the excited strangeonium scenario, we re-
tain only the D-wave configuration. For the AA bound
state and the ¢ KT K~ resonance, D-wave configurations
could also yield JP¢ = 1~~. Nevertheless, as discussed
in Refs. [51-55], ¢(2170) is most favorably interpreted as
a 351 AA bound state or an S-wave KT K~ resonance.
Consequently, D-wave configurations for these two sce-
narios are not considered in this work.
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