
核科学与技术系

Experimental review of exotic states discoveries in the last 20 years

Chengping Shen

shencp@fudan.edu.cn



核科学与技术系

• It all started with the big bang! ➔ Gravity governed by General
Relativity (it was good!)

• Let there be light: and there was light! ➔ Electromagnetic and
weak interactions governed by Electroweak theory (it was good!)

• Let there be quarks and gluons! ➔ strong interaction governed by
QCD (it was good at short distance only!)

• Yes, let’s study the strong interaction at long distance — non-
perturbative part of QCD!

There are four interactions !
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The study of  hadron spectrum
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Exotic  States
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Due to the limited time, in this talk I just focus on some typical exotic states.
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Hadrons: normal & multiquarks (exotic)

• Quark model: hadrons are composed from 2 
(meson) quarks or 3 (baryon) quarks 

• QCD does not forbid hadrons with Nquarks2, 3

• Glueball： Nquarks = 0 (gg, ggg, …)

• Hybrid： Nquarks = 2 (or more) + 
excited gluon

• Multiquark state： Nquarks > 3 

• Molecule： bound state of more 
than 2 hadrons

• …
Nature Reviews Physics 1, 480 (2019) 5
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M. Gell-Mann, Phys. Lett. 8, 214 (1964)

Gell-Mann in his quark model

paper has mentioned “exotic

states” since 1964. After that,

many experiments focused on

finding exotic hadrons.

9
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Variety of recorded reactions

gg collision

Double 

chamonia

production

Initial state radiation

JPC=0-+, 1− −, 1++ in 

factorization limit. 

JPC=0-+, 2++.
JPC=1− −.

C=+1.

B decayΥ decay

Continuum

Main suppliers

BESIII Belle (II)

LHCb CMS

ATLAS BaBar 7
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XYZ states

Success=X+Y+Z

Classification: 
• QഥQqതq
X: Neutral, JPC ≠ 1−−; 
Y: Neutral, JPC = 1−−; 
Z: Charged 

• Quarkonium: qതq, the simplest system of a hadron. 
• Below DഥD/BഥB thresholds – both charmonium and bottomonium are successful stories of QCD. 
• But there are many exotic states observed in the past decades, and they are hard to fit in the two families. 

• QഥQqqq: Pc
+

◼ Study of exotic hadrons can

❑ provide new insights into 

internal structure and dynamics 

of hadrons

❑ act as a unique probe to non-

perturbative behavior of QCD

8
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X  States
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What is the X(3872)?

• Mass: Very close to D0D*0 threshold

• Width: Very narrow, 1.19±0.21 MeV [LHCb, PRD102, 092005; JHEP (2008) 123]

• JPC=1++

• Production 

• in pp/pp collision – rate similar to charmonia

• In B decays – KX similar to cc, K*X smaller than cc

• Y(4260)→g+X(3872)

• Decay BR: open charm ~ 50%, charmonium~O(%)

• Nature   (very likely exotic)

• Loosely D0D*0 bound state (like deuteron)?

• Mixture of excited c1(2P) and D0D*0 bound state?

M(J/) –M(J/) [GeV]

Belle, 2003

140 fb-1
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The most-cited article at Belle: >2500
First observed by Belle in 𝐁 → 𝐊 𝐉/𝛙𝛑+𝛑−

PRL112, 092001 (2014)
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First determination of B(B±→X(3872)K±)

• The determination of the B(B±→X(3872)K±) leads to B(X(3872)→J/ψπ+π−), bringing useful information regarding 

the complex nature of the X(3872).

BaBar, 424 fb-1, PRL 124, 152001 (2020)

• Increase signal efficiency by a factor of 3 by retaining all B tag candidates instead of the best one.

• There is 3σ evidence of the decay B±→X(3872)K±, detected for the first time using this recoil technique.

• B(B±→X(3872)K±) =( 2.1±0.6±0.3) ×10-4

Branching fraction Structure

ℬ X(3872) → J/ψπ+π−

～ 50%
Tetraquark State

[PRD 71, 014028 (2005)]

ℬ X 3872 → J/ψπ+π−

< 10%

Molecular state

[PRD 72, 054022 (2005), 

PRD 69, 054008 (2004)]

13



核科学与技术系

Absolute branching fractions of X(3872) decays 

• Globally analyzing the measurements by BESIII, Belle, Babar, 

LHCb

• The absolute branching fractions of X(3872) are free parameters 

in the fitting

• Statistical uncertainties are dominant for most measurements.

• Possible correlation between the systematics of different 

measurements in an experiments is neglected.

C.H.Li, C.Z.Yuan, Phys.Rev. D100 (2019) 094003
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Absolute branching fractions of X(3872) decays 

• X(3872)→π+π-J/ψ ~ (4.1−1.1
+1.9)%

• X(3872)→D0D*0 ~  (52.4−14.3
+25.3)%

• Unknown decay ~  (31.9−31.5
+18.1)%

C.H.Li, C.Z.Yuan, Phys.Rev. D100 (2019) 094003

• Statistical uncertainties are dominant.

• At Belle II, we need improve the measurements 

related with X(3872) decays.

15
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X(3872) radiative decays at LHCb

• The ratio of the partial radiative decay

widths into ψ(2S)γ and J/ψγ vary widely

depending on the different hypothesis for

X(3872)

• Large values of this ratio (>=1) are

expected for a conventional charmonium

χc1(2P) state; smaller values for pure DD∗

molecular hypothesis (Rψγ ≪ 1)

• Mixture of a predominantly DD∗ molecular

state and a compact component cover a

wide range of Rψγ

The significance of the X(3872)→ ψ(2S)γ signal is 4.8𝜎 and 6.0𝜎 for the 
Run 1 and Run 2

A strong argument in favour of a compact component in the X(3872) structure

arXiv:2406.17006
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What can we learn from this story ?
17
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Search for Xb in e+e- → ɣπ+π-π0Y(1S) at 10.867 GeV

Assuming Xb is narrow, 

the upper limit on the 

product branching 

fraction was given.

• The X(3872) counterpart in the bottomonium sector Xb, NOT observed decay channel 
π+π-ϒ(1S).

• As Xb is above ωY(1S) threshold, this Isospin-conserving process should be a more     
promising decay mode. [PRD88, 054007].

PRL 113, 142001 (2014)PLB 727, 57 (2013)
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The history/story of  X(4140)/Y(4140)

CDF—PRL102:242002  (2009)

Y(4140) Y(4140)

peak2?

X(4140) (renamed), mass-4.14 GeV, width—15 MeV

This is the first unexpected particle discovered by Tevatron!

Possible second state:  mass—4.27 GeV, width—30 MeV

Experienced a long road for confirmation! 

Mod.Phys.Lett. A32 (2017), 1750139

2.7 fb-1

22±8 [~3.1s]

• Necessarily exotic since it is narrow and 
above the DsDs threshold

• [𝑐𝑠 ҧ𝑐 ҧ𝑠] tetraquark ? 

• Hint of a second structure: 𝑋(4274)

19
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Belle: Confirm or refute? (2009, 2010)

−B factories suffer from low pt track inefficiency

−Belle cannot confirm or deny the existence of Y(4140)

Belle spotted another possible new state in the same final state 

but from a different production: X(4350) needs to be 

confirmed at Belle II with larger data samples. 

Belle, PRL 104 (2010) 112004

ˠˠ→ɸJ/ψ

X(4350)

LHCb: contests CDF report (2011)

Phys. Rev. D85 (2012) 091103

LHCb confirms 
neither 
structure(s) with 
part of their data 
taken in 2011

20
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Result  from CMS (2012)

PLB 734 261 (2014)

Y(4140) @ D0 (2013)
PRD 89, 012004 (2014)

[>5s]

[>3s]

21

[3.1s]

Y(4140) @ D0 (2015)
PRL 115(2015), 232001

:  >> 5σ 

Y(4140) @ BaBar (2015)

PRD91 (2015), 012003

No significance for both 

structures though there are 

hints  

Y(4140) @ BES (2015)
PRD91 (2015) , 032002
via e+e- ➔γϕJ/ψ

BES sets limits, cannot 

compare because it is 

from a different process
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 LHCb re-confirmed both X(4140) and X(4274), Observed 𝑋(4500) and 𝑋(4700)

 LHCb found two additional resonances in the same mass spectrum

 This  is 7 years after the first report from CDF 

 Waing for Belle II larger data samples: signals should be more cleaner

Results  from LHCb (2016)
LHCb, PRL 118 (2017), 022003; PRD  95 (2017), 012002

No light quark (u,d) components

Cannot exchange pion—J/𝛗 or 𝛟 has no isospin

Cannot exchange photon--pion—J/𝛗 or 𝛟 has no charge

A case of more general tetra-quark dynamics

New important piece to the exotic meson family

X(4140)
8.4s

X(4700)
5.6s

X(4274)
6.0s

X(4500)
6.1s

22

1.5fb-1
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Updated Results  from LHCb (2021)

6D amplitude fit: Measured mass of 

𝑋(4140) is 4118 ± 11−36
+19 MeV, width 

𝟏𝟔𝟐 ± 𝟐𝟏−𝟒𝟗
+𝟐𝟒 𝐌𝐞𝐕, not very narrow; the 

mass is around the threshold of 𝐽/𝜓𝜙.

Phys.Rev.Lett. 127 (2021) 082001
• New states: 𝑍𝑐𝑠(4000), 𝑋(4685) > 15s;  𝑍𝑐𝑠(4220), 𝑋(4630) > 5s

𝑋(4150) < 5s

Stat.(Syst. included)

23
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Other  productions for charmonium-like states

24

JHEP 02 (2021) 024

𝑩𝒔
𝟎 → 𝑱/𝝍𝝅+𝝅−𝑲+𝑲−
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Y  States

25
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e+e-
→+-J/ cross section : Y(4260)

BABAR   PRL95,142001(2005)

26
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The Y states

PRL99, 142002

670/fb

PRL99, 182004

550/fb

PRL98, 212001.  298/fb

Y(4008)  Y(4260)

Y(4360)  Y(4660)

27
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The Y states
PRL110,252002 

967/fb

PRD86,051102 

454/fb

Belle: PRL99,142002, 670/fb

BaBar: PRD89, 111103, 520/fb

PRL101,172001 

695/fb

M(c
+c

-)

PRL 131, 191901 (2023)

Puzzling

Y(4008): confirmed by Belle with 

more data; events observed at 

BaBar, fit with exponential

Y(4660): confirmed 

by BaBar

28
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𝑫𝟎𝑫∗−𝝅+

𝛄X(3872)

𝝅+𝝅−′

PRL 122, 232002 (2019)

29

PRL118, 092001 (2017)
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PRL 131, 151903 (2023)

Ds
*Ds

*

DsDs

arXiv: 2403.14998

couple

channel

effect

PRL 130, 121901 (2023)

Y(4230) 

Y(4500
) 

Y(4660), D+D-/D0D0

arXiv:2402.03829

D*0D*+-

31

D*+D*-

D*D

JHEP 05, 155, (2022)
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After we have measured all the e+e- annihilation cross sections, what do we do to 

get the resonant parameters of the vector charmonium(-like) states? 

32

32

𝜔 𝑋(3872) 
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Z  States

33
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PRL 100, 142001 (2008) 34
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Zc(4430)± exist or not ?

PRL 100, 142001 (2008)

Phys. Rev. D 79 (2009) 112001

“For the fit … equivalent to the

Belle analysis…we obtain

mass & width values that are

consistent with theirs,… but

only ~1.9𝜎 from zero; fixing

mass and width increases this

to only ~3.1𝜎.”

Belle PRL:  (4.1±1.0±1.4)x10-5
35
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• PRL 112 (2014) 222002
36
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Belle observed Two Z±→χc1π±

▪ Dalitz-plot analysis of B0→χc1π+K- χc1 →J/ψγ with 657M BB

▪ Dalitz plot models: known K*→Kπ only 

K*’s + one Z →χc1π±

K*’s + two Z± states  favored by data

M(χc1π+) 

for 1<M2(K-π+)<1.75GeV2

–̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ –̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ fit for model with K*’s

–̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ –̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ fit for double Z model

–̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ –̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ Z1 contribution

–̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ –̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶̶ Z2 contribution

PRD 78, 072004 (2008) Significance: 5.7s
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BaBar doesn’t see significant Z±→χc1π±

“We find that it is possible to obtain a good 

description of our data without the need for 

additional resonances in the c1 system.”

Belle:  (3.0+1.5
-0.8

+3.7
-1.6)x10-5

Belle:  (4.0+2.3
-0.9

+19.7
-0.5)x10-5

for 1<M2(K-π+)<1.75GeV2 38

PRD85, 052003 (2012)
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Zc(3900)± in BESIII + Belle + CLEO’s data

BESIII
Seth

PLB 727, 366 (2013)

PRL 110, 252001 

(2013)

PRL 110, 252002 

(2013)

39

BESIII:   2013.3.24
Belle： 3.30
CLEOc： 4.10
Zc established！

Question: Zc has been confirmed. How 

about Zs ? How to search for it ?
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M(J/)[4.2, 4.4] GeV via ISR

548/fb at 10.58 GeV

Peaks at 12 & 15 GeV2?

Shown at QWG’2011

40
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Zc(3900) State (I=1)

41
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Spin and parity measurement of Zc(3900)

4.23 GeV
1092/pb

4.26 GeV
826/pb

✓ simultaneous fit of two 

data sets

✓ Isobar model:

𝜎, 𝑓0, 𝑓0 1370 , 𝑓2 1270 , 𝑍𝑐
±

✓ 𝑍𝑐
± as 1+ state

42

Phys.Rev.Lett.119, 072001 (2017)
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Zc(3900)

Zc(3885)

Zc(4020)

Zc(4025)

Phys. Rev. Lett. 112, 022001 (2014) Phys. Rev. Lett. 112, 132001 (2014)

Phys. Rev. Lett. 110, 252001 (2013) Phys. Rev. Lett. 111, 242001 (2013)

Open the  Zc door !

43
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Observation of 𝑍𝑐𝑠(3985)—first 𝑍𝑐 with a strange quark
PRL 126, 102001 (2021)

𝑁sig = 85.2−15.6
+17.6

𝑁sig = 4.2−4.2
+6.1 𝑁sig = 9.3−6.2

+7.3

𝑁sig = 10.6−7.4
+8.9 𝑁sig = 17.8−7.2

+8.1

• Assume JP=1+

• Simultaneous fit to five data samples

• Pole position:

• Significance: 5.3𝜎

• At least four quarks  𝑐𝑐𝑠𝑢

𝑚 = 3982.5−2.6
+1.8 ± 2.1MeV/𝑐2 Γ = 12.8−4.4

+5.3 ± 3.0MeV

44

• 𝑒+𝑒− → 𝐾+(𝐷𝑠
−𝐷∗0 + 𝐷𝑠

∗−𝐷0)

• 3.7fb−1 data at 4628, 4640, 4660, 4680, and 4700 



核科学与技术系

45



核科学与技术系

X(5568) – puzzle ?

CDF

CMS

PRL120,202006

ATLAS

46
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Pc  States

47
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Open the pentaquark door: LHCb observation in 2015
• Two 𝑱/𝝍𝒑 resonant structures are revealed by a full 6D amplitude analysis

• 𝑃𝑐 4450
+
 the prominent peak

• 𝑃𝑐 4380
+
 required to obtain a good fit to the data

• Consistent with pentaquarks with minimal quark content of 𝒖𝒖𝒅𝒄ത𝒄

PRL 115 (2015) 072001 (most cited paper at LHCb so far)

𝑃𝑐 4380
+

𝑃𝑐 4450
+

𝐉/𝛙

𝐩

Pc(4380)± Pc(4450)±

Mass (MeV) 4380 ± 8 ± 29 4449.8 ± 1.7 ± 2.5

Width (MeV) 205 ± 18 ± 86 39 ± 5 ± 19

Fit Fraction (%) 8.4 ± 0.7 ± 4.2 4.1 ± 0.5 ± 1.1

26k Λ𝑏 signals

48
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Fine structures from update in 2019
• Run1+Run2, x10 Λ𝑏

0 → 𝐽/𝜓𝑝𝐾− yield
• Inclusion of Run 2 data  (x 5)

• Improved data selection (x 2)

• 𝑃𝑐 4312
+ is observed

• 𝑃𝑐 4450
+ peak structure is an overlap of two narrower 

states, 𝑃𝑐 4440
+ and 𝑃𝑐 4457

+

• Their near-threshold masses favor the predicted 
“molecular” pentaquarks with meson-baryon substructure, 
but other hypotheses are not ruled out

PRL 122 (2019) 222001
246k Λ𝑏 signals

1D 𝒎𝑱/𝝍𝒑 is fitted, ongoing amplitude
analysis is in advanced stage

49
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Search for pentaquarks via open charm
• Prompt production with 32 final states

• Λ𝑐
+ഥ𝐷, Λ𝑐

+ഥ𝐷∗, Λ𝑐
+𝜋ഥ𝐷, Σ𝑐

(∗)ഥ𝐷(∗) and Λ𝑐
+𝐷, Λ𝑐

+𝐷∗, Λ𝑐
+𝜋𝐷, Σ𝑐

(∗)
𝐷(∗)

• Scan to search for pentaquarks with narrow width (0-15 MeV)

• No significant narrow peak is found for all the modes

• Upper limits are set on the production rates related to Λ𝑐
+

[LHCb-PAPER-2023-018]

preliminary

𝑅 =
𝑁𝑃𝑐
𝑁
Λ𝑐
+
×

𝜀
Λ𝑐
+

𝜀𝑃𝑐
→

𝜎 𝑃𝑐 ×ℬ 𝑃𝑐→Λ𝑐
+𝐷 𝜋 ×ℬ 𝐷

𝜎(Λ𝑐
+)

local

𝑐 ҧ𝑐𝑢𝑑𝑑 : 𝑀~4335.87 MeV

Largest 

significance

50
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State 𝑴𝟎 [MeV] 𝚪 [MeV] FF (%) Threshold

𝑷𝒄𝒔 𝟒𝟒𝟓𝟗
𝟎 𝟒𝟒𝟓𝟖. 𝟖 ± 𝟐. 𝟗−𝟏.𝟏

+𝟒.𝟕 𝟏𝟕. 𝟑 ± 𝟔. 𝟓−𝟓.𝟕
+𝟖.𝟎 𝟐. 𝟕−𝟎.𝟔−𝟏.𝟑

+𝟏.𝟗+𝟎.𝟕 𝜩𝒄ഥ𝑫
∗

𝑷𝒄𝒔 𝟒𝟑𝟑𝟖
𝟎 𝟒𝟑𝟑𝟖. 𝟐 ± 𝟎. 𝟕 ±

𝟎. 𝟒
𝟕. 𝟎 ± 𝟏. 𝟐 ± 𝟏. 𝟑 𝟏𝟐. 𝟓 ± 𝟎. 𝟕 ± 𝟏. 𝟗 𝜩𝒄ഥ𝑫

𝛯𝑏
− → 𝐽/𝜓Λ𝐾−

𝐵− → 𝐽/𝜓Λ ҧ𝑝

• more 𝑷𝒄𝒔?

• Open-charm 
pentaquarks?

51

[Science Bulletin 66 (2021) 1278] [PRL 131 (2023) 031901]

Evidence of Pcs 

dc

s u

c
_
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di-J/ States

52
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• In the di- Τ𝐽 𝜓 channel, two signal models are tested: 

• Model A: three interfering signal peaks;  Model B: two signal peaks

• The peak around 6.9 GeV is consistent with the LHCb observed X(6900) (arXiv:2006.16957), with 
significance far above 5𝜎

Model A Model B

Phys. Rev. Lett. 131 (2023) 151902

X(6900) > 5𝜎

X(4c) states at ATLAS
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Phys. Rev. Lett. 132 (2024) 111901

CMS found 3 significant 𝐽/𝜓𝐽/𝜓 structures using Run II data

• BW2 consistent with X(6900) reported by LHCb [Sci. Bull. 65, 1983 (2020)]

• Two new structures named as X(6600) [>5σ], X(7300) [4.7σ]

A family of structures which are candidates for all-charm tetra-quarks

𝑩𝑾𝟏 𝑩𝑾𝟐

𝑩𝑾𝟑

𝟕. 𝟗𝛔 𝟗. 𝟖𝛔

𝟒. 𝟕𝛔

▪ Interference model:

• Signal: interference between BW1, BW2, BW3 

• Background: BW0 + NRSPS + NRDPS 

X(4c) structures in di-Jpsi channel at CMS

54

Update using RUN3 data 
and JPC determination are 
on the way.
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XYZ   Summary
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https://qwg.ph.nat.tum.de/exoticshub/

Belle: 35 new hadrons; 10 of these are "exotic" . 

BESIII: 30 new hadrons; 12 of these are "exotic" . 
56
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72 new hadrons were found at LHC. 23 of these are "exotic" 

Particle “Zoo” again ! 

57



核科学与技术系

Too many models !
• Theory 1: screened potential

• Theory 2: hybrids with excited gluons

• Theory 3: tetraquark states

• Theory 4: meson molecules

• Theory 5: cusps effect

• Theory 6: final state interaction

• Theory 7: coupled-channel effect

• Theory 8: mixing of normal quarkonium 

and exotics 

• Theory 9: mixture of all these effects

• Theories … We need clear features to identify exotic hadronic states !
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We  found more questions to answer, works to do
• In the Experiments sector

• Search for flavor analog exotic states (Zs, Xb, …)

• Confirm marginal states (X(3940), Y(4008), Z1(4050), X(4160), Z2(4250), X(4350)….)

• Search for missing charmonium/bottomonium states (𝜂𝑐2, , hc(2P) … )

• Are there excited Zc states and Zcs states [D*Ds or DDs*]?

• Search for flavor analogs of the Pcs (Ps,  …)

• Search for quantum number partners of XYZ states 

• Precise measurements of relative strength to different final states

• Check more di-charmonium systems or di-bottomonium systems

• Correlation between charm production & charmonium transitions?

• Make experimental results more accessible for subsequent interpretation (publish Dalitz plot in 
text format, supply also efficiency curve …)

• Publish upper limits for negative searches

• ……. 59
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60

• In the Theory sector

• Study exclusive e+e- cross sections using better coupled-channel formalism

• Give differences in key physical quantities to distinguish between different interpretations 
(molecule, hybrid, tetraquark state, …)

• Improve parameterizations of the data (when appropriate and beneficial, experimentalists and 
theorists directly work together)

• theorists, when possible,  publish complete functional forms

• ……

We  found more questions to answer, works to do
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More data, more surprises, more opportunities 

(2024)
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XYZ particles: review articles, books, & web pages
• H.-X. Chen et al., The hidden-charm pentaquark and tetraquark states, Phys. Rept. 639 (2016) 1

• A. Hosaka et al., Exotic hadrons with heavy flavors: X, Y, Z, and related states, PTEP 2016 (2016) 062C01

• J.-M. Richard, Exotic hadrons: review and perspectives, Few Body Syst. 57 (2016) 1185

• R. F. Lebed, R. E. Mitchell, E. Swanson, Heavy-quark QCD exotica, PPNP 93 (2017) 143

• A. Esposito, A. Pilloni, A. D. Polosa, Multiquark resonances, Phys. Rept. 668 (2017) 1
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• N. Brambilla et al., The XYZ states: experimental and theoretical status and perspectives, Phys. Rept. 873 (2020) 1

• Y. Yamaguchi et al., Heavy hadronic molecules with pion exchange and quark core couplings: a guide for practitioners, JPG 47 (2020) 053001

• F. K. Guo, X.-H. Liu, S. Sakai, Threshold cusps and triangle singularities in hadronic reactions, PPNP 112 (2020) 103757

• G. Yang, J. Ping, J. Segovia, Tetra- and penta-quark structures in the constituent quark model, Symmetry 12 (2020) 1869

• C. Z. Yuan, Charmonium and charmoniumlike states at the BESIII experiment, Natl. Sci. Rev. 8 (2021) nwab182

• H.-X. Chen, W. Chen, X. Liu, Y.-R. Liu, S.-L. Zhu, An updated review of the new hadron states, RPP 86 (2023) 026201

• L. Meng, B. Wang, G.-J. Wang, S.-L. Zhu, Chiral perturbation theory for heavy hadrons and chiral effective field theory for heavy hadronic molecules, 
Phys. Rept. 1019 (2023) 1

• A. Ali, L. Maiani, A. D. Polosa, Multiquark Hadrons, Cambridge University Press (2019)
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 Welcome to join the study of hadrons！

The future development is 

promising ！

核科学与技术前沿课堂
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10 × 109 𝐽/𝜓 events
2.7 × 109 𝜓(3686) events
16 fb−1 𝜓(3770) events
World largest 𝐽/𝜓, 𝜓(3686), and 𝜓(3770) data samples 
on resonance 

BESIII

𝑠 = 2~4.95 GeV
Peak luminosity: 1.02 × 1033cm−1s−1
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KEKB and Belle

𝒔 ~ 𝟏𝟎. 𝟔 GeV

Peak luminosity: 2.11 × 1034cm−1s−1

Integrated luminosity (~980 fb-1 in total):

Υ(5S): 121 fb-1, Υ(4S): 711 fb-1, Υ(3S): 3 fb-1, 

Υ(2S): 25 fb-1, Υ(1S): 6 fb-1, continuum: 90 fb-1
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SuperKEKB and Belle II

Nano-beam design:

Beam squeezing: ×20 smaller

Target luminosity: KEKB×40 

• Achieved peak luminosity: 4.7×1034 cm-2s−1 

• Integrated luminosity: 435/fb

𝐬 ~ 10.58 GeV

66



核科学与技术系

The LHC as a Beauty and Charm factory

Proton-Proton Collisions at 𝑠 = 13 TeV

~ 20 000 𝑏ത𝑏 pairs per second, x 20 of 𝑐 ҧ𝑐 pairs 

High B-baryon production fraction

𝑩+ ∶ 𝑩𝟎 ∶ 𝑩𝒔
𝟎 ∶ 𝜦𝒃

𝟎

𝒖ഥ𝒃 𝒅ഥ𝒃 𝒔ഥ𝒃 (𝒖𝒅𝒃)

𝟒 ∶ 𝟒 ∶ 𝟏 ∶ 𝟐 67

VELO:
primary vertex
impact parameter
displaced vertex

Tracking Station: p for
lower energy tracks and long 
lived V0 reconstruction

Tracking Stations:
p of charged particles 
that traverse the magnet

Calorimeters:
PID: h,e,g, p0

Muon SystemRICH:
PID: primarily K,p separation

Interaction 
region

Beam 1 Beam 2
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Maiani et al. PRD89,114010
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Exclusive cross sections contribution 
to the total cross section

DD DD* D*D* DDπ

DD*π

DsDs +DsDs
* +Ds

*Ds
*

ΛcΛc

Contributions of D+D*–, D*+D*–, D0D–π+ and  
D0D*–π+ are scaled following isospin symmetry

Blue: R-measurement

Red:  Cross section measurements
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Production of Zc
±(3900) in b-hadron Decays

• Search for the Zc
+(3900) production in Hb decays  via the 

following decays: 

Hb → Y(4260) + anything  

Y(4260) → Zc
±(3900)π∓

Zc
±(3900) → J/ψπ±

where Hb is any b-flavored hadron

Phys. Rev. D98 (2018) 052010

1.96 TeV

Y(4260)• M = 3895.0±5.2 (stat)+4.0
−2.7 (syst) MeV

4.6 s
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Lots of open questions
• To interpret the nature of 𝑃𝑐, more studies are needed

• Inner structures?

• More states, SU(3) partners?

• 𝐽𝑃, mode decay modes, production mechanism …?

Tightly-bound 
pentaquark?

Maiani,Polosa, Riquer, PLB
749 (2015) 289
Lebed, PLB 749 (2015) 454
Anisovich,Matveev,Nyiri,
Sarantsev PLB 749 (2015) 454
and others 

𝑑

𝑢

𝑢ҧ𝑐

𝑐

𝑃𝑐
+

𝑀
𝑃
𝑐+
=
𝑀
𝐽
/𝜓

+
𝑀
𝑝
+
~
4
0
0

M
eV

Loosely-bound
pentaquark?

ҧ𝑐 𝑐
𝑢 𝑑

𝑢

Σ𝑐
+ഥ𝐷∗0

𝑃𝑐
+(4450)

Wu,Molina,Oset,Zou, PRL105 
(2010)  232001 
Wang,Huang,Zhang,Zou, PRC84 
(2011) 015203 
Karliner,Rosner, PRL 115 (2015) 
122001
and others 

𝑀
𝑃
𝑐+
=
𝑀

ഥ 𝐷
∗0
+
𝑀
Σ
𝑐+
−
~

fe
w

 M
eV

Guo,Meissner,Wang,Yang,  PRD 92 
(2015) 071502
Liu, Wang, Zhao, PLB 757 (2016) 231
Mikhasenko, arXiv:1507.06552
Szczepaniak, PLB 757 (2016) 61
and others

Kinematical effect:
triangle diagram?

P
c(

4
4
5
0
)+

 =
 𝜒
𝑐
1
𝑝

th
re

sh
o

ld
?

𝜒𝑐1𝑝 → 𝐽/𝜓𝑝
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1st observation of 𝜦𝒃
𝟎 → 𝜼𝒄𝒑𝑲

−

• 𝜼𝒄𝒑 final state is very sensitive to 𝟏/𝟐− 𝑷𝒄, where 𝜼𝒄𝒑 is in S-wave

• If 𝑃𝑐 4312
+ is 𝛴𝑐ഥ𝐷 molecule, predicted

• LHCb run2 data (5.5 fb-1) using 𝜂𝑐 → 𝑝 ҧ𝑝

• Fit 2D mass spectrum to confirm the existence

• Obtain 

ℬ(𝑃𝑐 4312
+ → 𝜂𝑐𝑝)

ℬ(𝑃𝑐 4312
+ → 𝐽/𝜓𝑝)

~3
[PRD 100 (2019) 034020, 100 (2019) 074007, 102 (2020) 036012]  

]2c) [MeV/
-

pKpp(m
5500 5550 5600 5650 5700 5750

 )
2

c
C

an
d

id
at

es
 /

 (
 5

 M
eV

/

0

100

200

Data

Total fit

 
-

pK 
c

h ® 
0
bL

 
-

pK yJ/ ® 
0
bL

-
Kp

NR
]pp [® 

0
bL

0
bL] not from cc[

Random comb.

Swapped protons

LHCb (a)

]2c) [MeV/pp(m
2800 2900 3000 3100 3200

 )
2

c
C

an
d

id
at

es
 /

 (
 8

 M
eV

/

1

10

210

LHCb (b)

𝜂𝑐
𝛬𝑏
0
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~170 𝛬𝑏
0 → 𝜂𝑐𝑝𝐾

− signals

𝛬𝑏
0 → 𝐽/𝜓𝑝𝐾−

used as reference 
mode for branching 
fraction measurement

[PRD 102 (2020) 112012]

𝑃𝑐 4312
+ production 

fraction in 𝛬𝑏
0 → 𝜂𝑐𝑝𝐾

−

is ~ 3% (predicted)
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Search for 𝑷𝒄
+ in 𝜼𝒄𝒑 system

• Check background-subtracted 𝜂𝑐𝑝 mass spectrum

• Need run3+4 data, amplitude fit can be performed

No significant 𝑃𝑐 4312
+ contribution (~2𝜎)

𝑃𝑐
+ production fraction obtained

𝑅 𝑃𝑐 4312
+ < 24%@ 95% C. L.

much larger than the predicted value 3%

(no conclusion yet)

[PRD 102 (2020) 112012]
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Search for Ps states at Belle

• No significant Ps signal
• Best fit yields a peak at M=(2025±5) MeV/c2 and Γ=(22±12) MeV

PRD96, 051102(R) (2017); 915fb-1
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X(4c) states at ATLAS

Model 𝛼 Model 𝛽

• In the 𝐽/𝜓 + 𝜓(2𝑆) channel, also two signal models are tested: 

• Model 𝛼: the same peaks observed in the di- Τ𝐽 𝜓 channel also 

decaying into 𝐽/𝜓 + 𝜓(2𝑆) plus a standalone peak.

• Model 𝛽: only one signal peak

• The signal significance is 4.7𝜎
(4.3𝜎 ) for model 𝛼 (𝛽 ). The

significance of the 2nd peak (7.2

GeV) reaches 3.0𝜎, also hinted by

LHCb and CMS (arXiv:2306.07164)

in the di- Τ𝐽 𝜓 spectrum
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Phys. Rev. Lett. 132 (2024) 111901▪ No interference model:

• Signal: BW1, BW2, BW3

• Background: BW0 + NRSPS + NRDPS 

𝐵𝑊1
6.5σ 9.4σ

4.1σ

𝐵𝑊2

𝐵𝑊3

• BW2 [X(6900)] (9.4𝜎) – confirmation 

• Observation of BW1 (6.5𝜎) 

• Evidence for BW3 (4.1𝜎) 

X(4c) structures in di-Jpsi channel at CMS
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Comparison with some theoretical calculations

CMS: Interference fit results

CMS: Non-interference fit results
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