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• About exotic hadron

• CMS contribution to heavy exotic hadron

• New Domain of Exotics: All-Heavy Tetra-quarks

• Discussion and future (CEPC)

• Summary



Quark model
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c     c b    u   d 

Meson Baryon

Two possible extensions of meson to tetra-quark states Possible penta-quark state

“exotic” hadron



X(3872) (Belle)--2003
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PRL 91, 262001 

2017 Korean Ho-Am Science Prize

“…The X(3872) was discovered by Dr. Sookyung Choi and 
Dr. Stephen Olsen with their colleagues in the Belle 
experiment among the final states of the decay of B mesons. 
The X(3872) was confirmed by seven other experimental 
groups thereafter and is the first example of a new type of 
XYZ meson and the most well-established state among them. 
…”



Hints before the discovery of X(3872)®J/yp+p-
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CDF internal, 1994

BaBar internal, 2003

From BaBar B-Factory Symposium (C. Hearty)
http://www-conf.slac.stanford.edu/b-factory-symposium/talks.asp

CDF	saw	a	hint	in	1994,	unpublished
BaBar saw	a	hint	in	2003,	
unpublished

Both	CDF	and	Babar	spotted	hints	of	
X(3872)	before	its	discovery!

E705, PRD 50, 4258 (1994)
E705	saw	y(3836)	(2--)in	1994,	3.836±0.013	
GeV
PRL	115	011803, PRL	111	032001

G. Bauer 



History:  X(3872)—2003 (a slide from 2003)
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X(3872)®J/yp+p-

M=3871.8±0.7±0.4 MeV
G< 3.5 MeV @ 90% CL

PRL 91, 262001 (2003) 

??
(Problematic)  features

mass ~70 MeV > 13D2 charmonium
M(p+p-) peaks as a ρ, C=+, isospin=1 
(charmonium--0)

Mass close to DD*, molecule is speculated

First particle challenging charmonium model,
Revitalized exotic meson study

CC

Heavy—a	factor	to	make	us	easier	to	identify	“exotic”
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Back	to	2015
Finally some progress in 2022

2012—2018—2022



Selected	CMS	contributions	to	heavy	exotic	states
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Other	selected	CMS	contributions	to	heavy	exotic	states

JHEP	04	(2013)	154

X(3872)	measurement	 PRL	125	152001	(2020)	

Bs→X(3872)𝛟

JHEP	1409	(2014)	094

m(J/𝝍J/𝝍)	 ∆y	between	J/𝝍
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• Jianguo Bian initialized di-J/𝝍 cross section analysis 

• CMS has large di-J/𝝍 sample

• Any surprise in di-J/𝝍 mass spectrum?



• First mention of 4c states at 6.2 GeV (1975):  Prog. of Theo. Phys. Vol. 54, No. 2
(Just one year after the discovery of J/𝝍)

• First calculation of 4c states (1981): Z. Phys. C 7 (1981) 317

• A different exotic system comparing to exotic with light quarks 10

New	Domain	of	Exotics:	All-Heavy	Tetra-quarks

Linked	by	color	electric	flux	in	a	bag

Possible	two-body	decays

Possible	P-wave	to	S-wave	decays
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J/ψJ/ψ events—first	evidence	

CERN NA3

PLB114 (1982) 457

Was interoperated 
as 2++ 4-quark state

m(μ+μ-) GeV

ψψ

m(ψψ) GeV cos(ψψ-helicity)

CERN NA3
PLB158 (1985) 85

CERN NA3
CERN NA3

SPS

11
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Possible	explanations	of	J/ψ-J/ψ states	
2++ four-quark states, PRD29 (1984) 426

There were other attempts 12



Phys. Rev. D 86, 034004 (2012)
Below double J/ψ threshold
Search via J/ψμ+μ-, J/ψ*

Below double Υ(1S) threshold
Search via Υ(1S)μ+μ-

Above double J/ψ threshold
Search via J/ψJ/ψ

Below double Bc threshold
J/ψΥ(1S) threshold

? …

Above double Bc threshold
J/ψΥ(1S) threshold

Search via the above two channels

（cccc）

（bbcc）

（bbbb）

New	Domain	of	Exotics:	All-Heavy	Tetra-quarks

Many recent theoretical studies on (cc$cc$), (bb$bb$), (bb$cc$): 
controversial on existence of bound states below ηbηb threshold; 
consistent on existence of resonant states above ηbηb threshold.

13
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Re-cap,	mini	summary	of	previous	presentations
l Feb 21, 2013 exotic state kick-off meeting—first proposed:
https://indico.cern.ch/getFile.py/access?contribId=4&resId=0&materialId=slides&confId=237108
l March 13, 2013, B WG meeting—Showed VV mass distributions:
https://indico.cern.ch/getFile.py/access?contribId=3&resId=2&materialId=slides&confId=238055
https://indico.cern.ch/getFile.py/access?contribId=3&resId=0&materialId=slides&confId=238055

l March 27, 2013, B WG meeting—2D fit result for J/ψJ/ψ:
https://indico.cern.ch/getFile.py/access?contribId=2&resId=0&materialId=slides&confId=238057

l April 3, 2013, B WG meeting—Follow-up on 2D fit:
https://indico.cern.ch/getFile.py/access?contribId=2&resId=0&materialId=slides&confId=238058
lJuly 24, 2013, B WG meeting—Tried µµee channel:
https://indico.cern.ch/getFile.py/access?contribId=2&resId=0&materialId=slides&confId=238058
lMarch 21, 2013, CMS Statistics Committee—Consulate search windows & LEE:
https://indico.cern.ch/getFile.py/access?contribId=0&resId=0&materialId=slides&confId=242367
& minute: https://twiki.cern.ch/twiki/bin/view/CMS/SCM20130321  proposed near threshold search windows [GeV]: 
J/ψ+J/ψ--[6.2,	9.0],		J/ψ+Υ(1S)--[12.5,	14.5],		Υ(1S)+Υ(1S)--[18.9,21.0]
SC	suggests	to	define	two	regions:	near	threshold	region;	beyond	the	near	threshold	region			

l January 17, 2014, X->VV meeting—Revealed some VV mass distributions: 
https://indico.cern.ch/event/297970/
…

l October 8, 2019, B PAG meeting—Re-start of J/ψJ/ψ analysis using Run II data
…

14
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CMS	J/𝝍J/𝝍

M[BW1] = 6552 ± 10 ± 12 MeV

M[BW2] = 6927 ± 9 ± 5 MeV

M[BW3] = 7287 ± 19 ± 5 MeV

arXiv:2108.04017 [hep-ph]

Nucl.	Phys.	B	966	(2021)	115393

M[BW1] = 6638 ± 10 ± 12 MeV

M[BW2] = 6847 ± 9 ± 5 MeV

M[BW3] = 7134 ± 19 ± 5 MeV

W/o	interf. W/	interf.

• Radial excited p-wave states like J/𝝍 series?
• Or Radial excited S-wave states?
• Important next step:  measure JPC

• Interf. effect also indicate same JPC

• Natural question: what about YY final state?

P-wave

S-wave

W/	interf.
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J/𝝍J/𝝍 comparison	with	LHCb &	ATLAS

• CMS vs LHCb comparisons:
• 135/9 ≈ 15X (int. lum.)
• (5/3)4 ≈ 8X (muon acceptance)
• Higher muon pT ( >3.5 or 2.0 GeV  vs  >0.6 GeV) 
• Similar number of final events
• 2X yield @CMS for X(6900)

• CMS vs ATLAS comparisons:
• ATLAS is   1/3 –1/2 of CMS data (trigger?)
• ATLAS used dR cut—remove high mass events
• ATLAS has slightly worse resolution 

CMS has some advantage
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X(6900)
X(6600)

X(7300)

JPC=??+

Exotic	zoo

Up to 2018

X(bbbb)?
X(bbbb)?

X(bbbb)?

Many theoretical studies on 
(cc$cc$), (bb$bb$), (bb$cc$): 

controversial on bound states 
below ηbηb threshold 

consistent on resonant states 
above ηbηb threshold

Expect similar structures in b sector



What	are	they?
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“It will also be interesting to search for vector–vector structures composed entirely of c and 
b quarks near threshold because they may offer simpler systems to model theoretically.”

IJMPA Vol. 28, No. 18 (2013) 1330020

CDF—PRL102:242002	 (2009)
Y(4140)

Y(4140)
peak2?

Mod.Phys.Lett.	A32	(2017)	no.26,	1750139
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how about 𝑏𝑏𝑐𝑐, 𝑏𝑏𝑏𝑏?

Belle II can contribute to 𝑐𝑐s𝑠

𝑐𝑐𝑐𝑐𝑐𝑐s𝑠

PRL 127, 082001 (2001) 
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J/ψϕ
CMS

J/ψω

ωϕ--BES

ϕϕ--BES

ρϕ--BES

ρω--BES

PRD	77,	012001(2008)

Clean	vector-vector	(VV)		system:
--excesses	when	both	V	has	no	isospin
--not	clear	when	one	V	has	isospin
extend	to	other	VV	system,	where	V	is	composed	of	heavy	quark	such	as	J/𝝍J/𝝍 and	YY?				

IJMPA Vol. 28, No. 18 (2013) 1330020

Motivation--Near	Threshold	puzzle
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Taken	from:			http://meetings.aps.org/Meeting/APR18/Session/U09.6
This	can	be	studied	in	LHC	experiments,	and	future	circular/linear	e+e- colliders	
If	true,	can	be	a	breakthrough	in	QCD	,	or	even	something	more	exciting

20122011+2012

Anything below 𝜂b𝜂b or Y(1s)Y(1S) threshold?
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Positronium (1951)

positronium molecule	(2007)

Nature letter

Something	analogue	to		positronium molecule



Dimuon result from CMS

An	exploration	in	the	low	mass	region	at	LHC 22

JHEP	11	(2018)	161

ATLAS	does	not	see
Same	sensitivity?

How	about	2017	?

How	about	2018?

If	true	→	BSM

2012 2012

2016 2016



never fully explored (GeVs-Z mass)
Multiple-lepton final states

A)	Not	enough	energy	(associated	
production)

B)	Not	enough	data

C)	Opportunity	comes	with	LHC
Enough	energy	and	luminosity

D)	Rich	physics	motivation	+	curiosity,		
BSM—new	scalar,	Higgs-like,…
QCD—new	dynamics,	4b	states,…
anything	else	unexpected?	

mZ=90	GeV

http://arxiv.org/abs/hep-ph/0312114

23 23



Motivation—Beyond Standard Model 
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never	fully	explored	region	

Higgs-like

Dark-photon

e+e- cross	section	
as	a	function	of	energy



CEPC/FCC
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CEPC/FCC
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LHC
• Double J/𝝍 : observation of multiple peaks (4c) 
• Double Upsilon: hints at 18 GeV 

CEPC/FCC
• Associated with Z/gamma
• Produced by two photon process

• Have been looking for theorists to collaborate on various productions 

directly	produced	by	pp

cannot be	directly	produced	by	ee (1--)

IJMA,	vol.33,	1850224



Recoil	masses	at	CEPC
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IJMA,	vol.33,	1850224

Simulated	using	Delphes
CEPC	detector	with	different	
collision	energy	values.

An	unique	approach	at	CEPC
e+e- collider

It	is	sensitive	to	all	final	states

It	is	useful	to	measure	BFs

ECEPC=250	GeV

ECEPC=125	GeV

Recoil	mass	against	Z

Recoil	mass	against	Z



Other	𝜏+𝜏- final	state	at	CEPC
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IJMA,	vol.33,	1850224

Simulated	using	Delphes
CEPC	detector

Another	approach	for	𝜏+𝜏- final	
state	through	opposite	u	e	
channel	at	CEPC	e+e- collider

ECEPC=250	GeV

ECEPC=125	GeV



Two	photon	process	at	CEPC
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IJMA,	vol.33,	1850224

Simulated	using	Delphes
CEPC	detector

Another	unique	approach	to	
study	multiple	lepton	final	state	
at	CEPC	e+e- collider



Summary
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• CMS	found	a	potential	family	of	structures	X(6600)	X(6900),	X(7200)
• Confirms	the	existence	of	X(6900)	observed	by	LHCb
• which	are	candidates	for	all-charm	tetra-quarks!

• More data/knowledge needed to understand nature of near threshold region 

• All-heavy	quark	exotic	structures	offer	system	easier	to	understand
• A	new	window	to	understand	strong	interaction
• May	extend		for	BSM	in	multiple	lepton	final	state

• CEPC/FCC	offers	new	opportunities	to	study	heavy	exotic	hadrons,	even	BSM	



Backup
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BSM—light Z’, light Higgs 
1404.3947 [hep-ex]

gz—gauge coupling

For gz<1.0 case,
Light Z’ mass region between upsilon 
and 50 GeV is not constrained at all.

Main decay channel is jj, but difficult 
to search at hadron colliders.

This mass region is not explored 
before, can we explore now?

How?  

How about possible light Higgs?



BSM—dark	sector
l Physics Beyond Standard  Model, i.e., a new particle Zd

---Associated with dark sector including dark matter, no direct coupling to SM particles

---Coupled to Higgs via mass-mixing, or new heavy fermion loops 

---HiggsèXZd, X=Z, Zd, or γ, four-lepton final state, u+u-u+u-, e+e-u+u-

δ is a model dependent parameter

Phys. Rev. D 88, 015022 (2013)

Explain g-2 discrepancy 

mZd [MeV]

Direct search at low mass region < 1 GeV

shaded--excluded

future sensitivity 

Zd 5-10 GeV, complementary to 
low mass direct search

100 fb-1

LHC sensitivity for HèXZd



Charmonium States
Quantum numbers Name Mass (MeV/c2) width(MeV)

N L JPC N2S+1LJ

1 0 0-+ 11S0 ηc(1S) 2980.4±1.2 26.7±3
1 0 1-- 13S1 J/ψ 3096.916±0.01

1
93.2±0.02 
×10-3

1 1 0++ 13P0 χc0 (1P) 3414.75±0.31 10.2±0.7
1 1 1++ 13P1 χc1(1P) 3510.66±0.07 0.89±0.05
1 1 2++ 13P2 χc2(1P) 3556.20±0.09 2.03±0.12
1 1 1+- 11P1 hc(1P) 3525.93±0.27 <1

1 2 1-- 13D1 ψ(3770) 3772.92±0.35 27.3±1.0
2 0 0-+ 21S0 ηc(2S) 3637±4 14±7
2 0 1-- 23S1 ψ(2S) 3686.09±0.04 317±9 ×10-3

2 1 2++ 23P2 χc2(2P) 3929±5 29±10
3 0 1-- 33S1 ψ(4040) 4039±1 80±10
2 2 1-- 23D1 ψ(4160) 4153±3 103±8
4 0 1-- 43S1 ψ(4415) 4421±4 62±20

Notation:
2S+1[L]J

L=S,P,D (0,1,2) 
(No cand. with
L>=3)

J = L+S
S(qq) = 0 or 1
Parity: P = (-1)L+1

Charge conjugation 
eigenvales: 
C=(-1)L+S

N: Radial 
Quantum 
Numbers

Heavy—a	factor	to	make	us	easier	to	identify	“exotic”

€ 

No	place	in	the	table

π	π	mass	ρ	like

Isospin?
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