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Kai Yi 1

Kai Yi (Nanjing Normal University)

Henan Normal University, Nov. 9, 2025



Kai Yi 2

Outline



Kai Yi 3

5 out of 10 related to physics science        Top concern–our universe!

03 08What is consciousness?

05 10 How much can human life be 
extended?

04 09Are we alone in the universe?

02 07How did life begin?

01 06

Top 10 fundamental scientific questions—AI overview
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Quarks, Gluons, and QCD

Quarks, Gluons, and QCD

quarks and gluons confined to nucleons, shrinking to occupy only 
about 10⁻⁴⁵ of the observable universe’s volume

off in the
expanding universe, some sentient beings
heard the sounds of this particular tree falling
in the woods and approximated it by the QCD
sector of the Standard Model
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Quarks, Gluons, and QCD Success

Exotic Hadrons

Conventional Hadrons

Six flavors, three colors each Bound by gluonic excitations

→Nobel Prize 2004

→Nobel Prize 1969

1969 2004

meson (𝐪"𝐪) baryon (𝐪𝐪𝐪) 
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Heavy-Flavor Exotic Hadron States (XYZ Particles)

Exotic Hadrons

tetraquark 
（𝒒𝒒𝒒𝒒）

pentaquark 
（𝒒𝒒𝒒𝒒𝒒 ）

• Exotic Hadrons (Non-Conventional)-- no definitive conclusion yet – currently a hot topic
• X(3872) (2003), kicked off a boom in (heavy-flavor) exotic hadron, dozens of XYZ found.
• Nature of XYZ remain a mystery, looking for experimental input

• Fully-heavy exotic hadrons, promising and more accessible for theoretical exploration.

Exotic Hadrons
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From Strange to Bottom Discovery

Exotic Hadrons

BNL-1964 BNL-1968 FNAL-1977SLAC-1974BNL-1974

W - (sss) discovery J/y (cc) discovery ¡ (bb) discovery

• Standard model important milestones!

• The discovery of X(3872) started the hot discussion of exotic hadrons
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Oops-Leon

Exotic Hadrons

BNL-1968 FNAL-1977

BNL-1974

FNAL-1976CERN ISR-1975
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Hints before the discovery of X(3872)®J/yp+p-

Exotic Hadrons

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

CDF	saw	a	hint	in	1994,	unpublished
BaBar saw	a	hint	in	2003,	unpublished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



Kai Yi 10

X(3872) (Belle)--2003

Exotic Hadrons

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. 
…”
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Tetraquark candidates with heavy-flavor

X(3872) [𝐮𝐜#𝐮𝐜̅]

• Light exotics likely exist, but the light-meson sector is too messy for clear identification.
• Heavy-flavor exotics: larger quark mass relative to 𝛬"#$ => theoretical treatments more reliable
• The discovery of X(3872), Zc+(3900), Pentaquarks
• Zb+(10610) and Zb+(10650) two charged bottomonium-like resonances

• Move to all-heavy exotics

Exotic Hadrons

Belle

𝒁𝒄"(𝟑𝟗𝟎𝟎) 𝐩𝐞𝐧𝐭𝐚𝐪𝐮𝐚𝐫𝐤 bo#omonium−like
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The LHC and CMS Detector

Exotic Hadrons

The Large Hadron Collider (LHC)

• Smash protons moving at 99.999999% 𝐜

• 27 km circular tunnel, located 50–175 m underground

• Currently operates at 13.6 TeV center-of-mass energy

The Large Hadron Collider CMS Detector

The Compact Muon Solenoid (CMS) Detector

• A general-purpose detector

• 14,000 tones, 15 m high × 21 m long

• Built in cylindrical layers (inside → outside):

     Tracker, ECAL, HCAL, Solenoid Magnet, Muon System
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All-charm Tetra-quarks

Exotic Hadrons

SLAC-LBL collaboration,1980

C=−

• First mention of 4c states at 6.2 GeV (1975):  

Y. Iwasaki, Prog. of Theo. Phys. Vol. 54, No. 2

• Inspired by 1980 R curve, first calculation of 4c states (1981): 

K.-T. Chao, Z. Phys. C 7 (1981) 317

R measurement 
(SLAC-LBL collaboration,1980)

2X mass
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J/ψJ/ψ events—first evidence (1982) 

Exotic Hadrons

PLB114 (1982) 457 PLB158 (1985) 85

CERN NA3

SPS

CERN NA3

• Lack of statistics in early experiments

• Unclear for any conclusion 

• Game changer for LHC experiments
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Status of of all-charm tetraquark 

LHCb

• All exp observe X(6900) 

• CMS first observed X(6600) & evidence of X(7100)

• All exp use interference, but in different ways

• All exp see a threshold excess, NOT explained! Classified as background 

• Many open questions

ATLAS

Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 131(15):151902, 2023

CMS

Phys. Rev. Lett., 132(11):111901, 2024

Exotic Hadrons



Kai Yi 16

Open question 1—X(7100) existence?

Exotic Hadrons

• CMS has evidence (4.7sigma) for X(7100)

•ATLAS and LHCb have hints of it

• Is it real? 

LHCb
Sci. Bull., 65(23):1983, 2020

ATLAS
Phys. Rev. Lett., 131(15):151902, 2023

CMS v.s. ATLAS * 4.6

ATLAS X 4.6
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Open question 2—X(6600) a resonance?

Exotic Hadrons

•All spectroscopy show excess near threshold

•Only CMS claimed X(6600)

• Is it real resonance?

CMS
Phys. Rev. Lett., 132(11):111901, 2024

ATLAS
Phys. Rev. Lett., 131(15):151902, 2023

LHCb

Sci. Bull., 65(23):1983, 2020
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Open question 3—Interference?

Exotic Hadrons

LHCb Model I ATLAS

Phys. Rev. Lett., 131(15):151902, 2023

CMS

Phys. Rev. Lett., 132(11):111901, 2024Sci. Bull., 65(23):1983, 2020

•All spectroscopy show dip(s)

• Introducing interference improves the data description

• Is the interference real?
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Open question 4—How to interfere?

Exotic Hadrons

LHCb Model II
Sci. Bull., 65(23):1983, 2020

ATLAS

Phys. Rev. Lett., 131(15):151902, 2023

CMS using LHCb Model II

CMS

Phys. Rev. Lett., 132(11):111901, 2024

LHCb: extra BW interfere with SPS, X(6900) NOT interfering!

ATLAS and CMS: different multi-resonance interference

• All exp use interference, but in different ways

• How does the interference actually work?
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Mass splitting and Regge plot

CMS Run 2 mass spectrum

Phys. Rev. Lett., 132(11):111901, 2024

CMS Run 2 Regge plot

Run II

𝚼 Family

Chinese Phys. Lett. 41 111201

Cornell Model: 𝑽 𝒓 = − 𝟒
𝟑
𝜶𝒔
𝒓
+ 𝝈𝒓 + …

Ø Interference imply same 𝐽%&quantum numbers

Ø > 200 MeV mass splittings ==> Radial excitations ?

Ø A family of all-charm tetraquarks ?

Res. Diff Indices:
1: Y(2s)-Y(1s)
2: Y(3s)-Y(2s), X(6900)-X(6600)
3: Y(4s)-Y(3s), X(7100)-X(6900)

Exotic Hadrons

Based on CMS result only
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Open question 5—What is their nature?

Exotic Hadrons

Idealized models of potential all-charm structures

• Models of potential quark configurations for J/yJ/y mesons
Meson-meson “molecule” (𝑐 ̅𝑐- 𝑐 ̅𝑐) 

Pair of diquarks (𝑐𝑐- ̅𝑐 ̅𝑐) 

Hybrid with a valence gluon

Peaks as artifact of di-charmonia production thresholds

Properties such as JPC, cross section, new decay channels if resonance?

o Found repulsive between two 
charmoniums in Lattice QCD: 
2411.11533 [hep-lat]



Kai Yi 22

The Graduate Students Team from China CMS

The Applicant Team

Xining Wang
THU PhD

Yilin Zhou
FDU PhD Jinjing Gu

THU PhD
Shiyi Huang
NNU incoming PhD

Liangliang Chen
NNU PhD

Zhengchen Liang
THU PhD

Yufei Chen
NNU incoming PhD

Gerry Bauer

Zhipeng Cui

With participation from 
Henan Normal University ！
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𝐽/𝜓𝐽/𝜓 updated result

CMS Run 2+3

Ø Run 2+3 luminosity is 2.3X of Run 2

• Luminosity

Run 2: 135 fb-1

Run 3: 180 fb-1

• 𝐉/𝛙𝐉/𝛙 yield

Run 2 ~12622 ± 165

Run 3 ~31802 ± 476

Ø Run 2+3 𝐉/𝛙𝐉/𝛙 yield is 3.6X of Run 2

• 𝐉/𝛙𝐉/𝛙 yield per unit luminosity

Run 2 ~93 events / fb-1

Run 3 ~177 events / fb-1

𝐽/𝜓𝐽/𝜓 updated result

• Data samples [315 fb-1] 

Run II: 135 fb-1 data taken in 2016, 2017 and 2018.

Run III: 180 fb-1 data taken in 2022, 2023 and 2024.

New triggers in parked data
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Run 3 interference fit result

CMS Run 3

12.9σ

6.3σ

12.7σ

Dip1: 8.4σ Dip2: 5.1σ

• Confirm Run II results with Run III data only

• All states and dips above 5σ ! ---already achieve our goals!

---with better precision!

𝐽/𝜓𝐽/𝜓 updated result
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Run 2+3 interference fit result

CMS Run 2+3

17σ

8σ

15σ

Dip1: 10σ
Dip2: 7σ

Ø All states and dips well above 5σ !

Ø Quantum interference among structures validated!

Ø With improved precision, large mass splittings persist 

v VS. Run II result:

ü Statistical uncertainty reduced by a factor of 3

ü Systematic uncertainty reduced by about a factor of 2

𝐽/𝜓𝐽/𝜓 updated result

No interference
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Answers to the Open Questions

Open Questions

X(7100) well above 5σ !

All dips well above 5σ !

X(6600) well above 5σ !

Answers to the Open Questions
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𝐽/𝜓𝜓(2S) Run II & III interference fit result

ATLAS only claim X(6900) 4.7σ in 𝐽/𝜓𝜓(𝟐𝐒) channel 

Params 𝐽/𝜓𝜓(2S) [MeV] 𝐽/𝜓𝐽/𝜓 [MeV]

M(BW2) 𝟔𝟖𝟕𝟔$𝟐𝟗$𝟏𝟏𝟎"𝟒𝟔"𝟏𝟏𝟎 𝟔𝟖𝟒𝟕 ± 𝟏𝟎 ± 𝟏𝟓

Γ(BW2) 𝟐𝟓𝟑$𝟏𝟎𝟎$𝟏𝟐𝟎"𝟐𝟗𝟎"𝟏𝟐𝟎 𝟏𝟑𝟓$𝟏𝟒"𝟏𝟔 ± 𝟏𝟒

M(BW3) 𝟕𝟏𝟔𝟗$𝟓𝟐$𝟕𝟎
"𝟐𝟔"𝟕𝟒 𝟕𝟏𝟕𝟑$𝟏𝟎"𝟗 ± 𝟏𝟑

Γ(BW3) 𝟏𝟓𝟒$𝟖𝟐$𝟏𝟔𝟎"𝟏𝟏𝟎"𝟏𝟒𝟎 𝟕𝟑$𝟏𝟓"𝟏𝟖 ± 𝟏𝟎Ø Significance of X(6900) = 7.9σ

Ø Significance of X(7100) = 4.0σ

CMS Run 2+3

𝐽/𝜓𝜓(2S) result
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Update of  𝐽/𝜓𝜓(𝟐𝐒) from ATLAS

§ Simultaneous fit of 3 channels:
J/yJ/y, J/yy(2S) [4𝜇], J/yy(2S) [4𝜇+2𝜋]

arXiv:2509.13101

𝐽/𝜓𝜓(2S) result

Model C: Simultaneous fit for J/yy(2S) [4𝜇 and 4𝜇+2𝜋]

• X(6900) 8.9𝜎 from model C

• Set a upper limit of 0.41 @95%CL for X(7200) 

ATLAS 2023 paper

Phys. Rev. Lett., 131(15):151902, 2023

• In ATLAS 2023 paper, X(7200) 3σ in J/yy(2S) [4𝜇]

https://arxiv.org/abs/2509.13101
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Answers to the Open Questions

Answers to the Open Questions

Open Questions

X(7100) well above 5σ !

All dips well above 5σ !

X(6600) well above 5σ !

Also found X(7100) evidence

2.5σ in 𝐽/𝜓𝜓(2S) 
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Concept of Analysis: All Input

Spin-parity measurement

§ Production angles [for data test]
• 𝜗∗ : angle between beam line and 𝐽/𝜓 momentum in X rest frame
• Φ": azimuthal angle between production plane and decay plane in X rest frame

§ Decay angles [for data analysis]
• Φ  : azimuthal angle between two 𝑙#𝑙$ decay planes defined in X rest frame
• 𝜗" : helicity angle between opposite of 𝐽/𝜓% momentum and 𝑙 momentum defined in 𝐽/𝜓" rest frame
• 𝜗% : helicity angle between opposite of 𝐽/𝜓" momentum and 𝑙 momentum defined in 𝐽/𝜓% rest frame

q Framework
§ 𝑚45 spectrum 𝑋 → 4𝜇 — identical to Phys. Rev. Lett. 132 (2024) 111901

§ 𝑝6 and 𝑝7 of 𝑋 → 4𝜇 — match MC to data

§ Polarization of 𝑋 — assume unpolarized

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
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Spin parity analysis
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𝑱/𝝍 polarizations



33

𝑱/𝝍 polarizations
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Angular Analysis

Valid
for any J
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Lorentz-Invariant Amplitude
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Simplification in Angular Analysis
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Decay Angles Production angles not use
Consistent with unpolarized (backup)
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Results of spin-parity measurement

𝓟𝒊𝒋𝒌 𝒎𝟒𝝁, 𝓓𝒊𝒋vCombine 2D fit

Ø 𝑱𝑷 = 𝟐𝒎#  model survives
mix

mix

• 𝑷𝑪 =+ + very certain, 𝑷 ≠ −𝟏 very certain => 𝑳 ≠ 𝟏 

• 𝑱 ≠ 𝟏 at 99% CL

• 𝑱 ≠ 𝟎 at 95% CL

• 𝑱 > 𝟐 unlikely, require 𝑳 ≥ 𝟐, 𝑳 = 𝟎 most likely

Spin-parity measurement
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Answers to the Open Questions

Answers to the Open Questions

Open Questions

X(7100) well above 5σ !

All dips well above 5σ !

X(6600) well above 5σ !

Also found X(7100) evidence

2.5σ in 𝐽/𝜓𝜓(2S) 
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Discussion and Interpretation

Regge trajectory of CMS Run 2+3

𝐽/𝜓𝐽/𝜓 updated result

• Squared masses of X triplet (stat. uncert. only)

§ Regge trajectory: 𝒏 = 𝜷𝒎𝟐 + 𝜷𝟎

§ Large X-mass splittings (> 250 MeV) 

§ Imply radial, rather than L/S excitations

X(6900)-X(6600)~254 MeV

X(7100)-X(6900)~326 MeV

• Trajectories from diquark model of spin-0 and spin-1

• Upsilon families versus radial indices n = 2, 3, 4 

ØAlso, 2⁺⁺ trajectory comparable with X’s
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Discussion and Interpretation

Regge trajectory of CMS Run 2+3

𝐽/𝜓𝐽/𝜓 updated result

§ Additional family members ? 

• Extrapolate n = 1 state ~6240 MeV 

𝜰(𝟏𝑺) lies below the line, tightly bound in Coulombic 
part of potential 

an excess uninterpreted near-threshold reported by 
three experiments 

better understanding of threshold is necessary to 
draw a conclusion

• Next higher family member, ~7453 MeV

data offer no visual hint of such a state 

Predicted mass is well above 𝛯--. 𝛯--/  and 𝛯--..𝛯--// thresholds
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Discussion and Interpretation

Width trend of CMS Run 2+3

𝐽/𝜓𝐽/𝜓 updated result

§ The X widths systematically decrease
can be described by exponential function

§ Widths known to decrease with radial for 𝐪"𝐪 mesons
particularly decays dominated by quark-antiquark annihilation 

• Similarity of width slopes for 𝚾 and 𝚼

Γ(𝑛 + 1)
Γ(𝑛)

= 0.369 ± 0.067
Γ#$(𝑛 + 1)
Γ#$(𝑛)

= 0.411 ± 0.021

3g partial widths of 𝛶

§ “Diquark-onium” ?

• Quasi-2-body (𝐜𝐜)(𝐜̅𝐜̅) ~3 GeV çè (𝐛𝐛̅) ~5 GeV

decrease in 𝛶 widths due to spatial spreading of their wave functions with radial excitation
may also occur for diquark/antidiquark systems

similar dynamics, tetraquark decays may similar to 𝑏:𝑏 annihilation of 𝛶
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Discussion and Interpretation

𝐽/𝜓𝐽/𝜓 updated result

Regge trajectory of CMS Run 2+3 Width trend of CMS Run 2+3

Ø Diquarks seems suited to from their patterns of masses and decreasing widths 

Ø Molecular or threshold interpretations are problematic, since numerous charmonia pairings possible   

Ø Cannot rule out amorphous/unstructured system, unless detailed theoretical calculations are done

Ø Hybrid models predict ccccg near X(6900, 0++) & X(7100, 0−+), but not X(6600). 
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A preliminary picture

𝐽/𝜓𝐽/𝜓 updated result

Looks like
Tightly bound diquark pairs

Any other family?
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Three states with same JPC in 𝐽/𝜓𝜙 system 

Regge plot: 𝑴𝟐	𝒗. 𝒔. 	𝒏𝒓 Regge plot: 𝚪	𝒗. 𝒔. 	𝒏𝒓

• Potential width increase ?

• Potential trend of decrease then increase ?
OR

v 𝑋 4140 , 𝑋 4274 , and 𝑋 4685  with same 

𝐽&' = 1## from LHCb result  

Mass splitting ~200 MeV From radial excitation?==>

Roughly align linear

Review article of 𝑩! → 𝑱/𝝍𝝓𝑲!

Structures in 𝑱/𝝍𝝓 system
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Connection with other VV final states--BESIII

Review article of 𝑩! → 𝑱/𝝍𝝓𝑲!

J/ψϕ

J/ψω

ωϕ--BES

ϕϕ--BES

ρϕ--BES

ρω--BES

PRD 77, 012001(2008)

§ Observed near  V(I=0)V (I=0)  threshold enhancement.  Strong decay. Above (qq’+q’q) threshold   

Is there similar structures at J/ψϒ, ϒϒ threshold?  Re-investigate J/ψ to ϕϕ+gamma
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Remaining open questions

𝐽/𝜓𝐽/𝜓 updated result
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Summary

Summary

v A family of all-charm tetraquarks identified
Ø X(7100) well above 5sigma, join previously identified X(6600) and X(6900)

Ø X(6900) well above 5sigma in 𝐽/𝜓𝜓(2𝑆) channel

Ø Inteference effect well above 5sigma
v JPC measured as 𝟐!!

Ø First 𝐽!" analysis of exotic hadrons not from B decay at LHC

Ø First spin-2 for well-established exotic hadrons

v Another family structures in 𝑱/𝝍𝝓 system ?

v More to come…
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BACKUP

Kai Yi 49
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Results of spin-parity measurement

Spin-parity measurement

v Comparison of CMS X trajectory with theoretical calculations 

ØThe Regge trajectories for spin-1 diquark-antidiquark model, 

for both 𝟎II and 𝟐II states, are indistinguishable from X data. 



Kai Yi 51

Results of spin-parity measurement

vOptimal Observable

𝓓𝒊𝒋 𝜴	 𝒎𝟒𝝁) =
𝓟𝒊 𝜴	 𝒎𝟒𝝁)

𝓟𝒊 𝜴	 𝒎𝟒𝝁) + 𝓟𝒋 𝜴	 𝒎𝟒𝝁)
§ Background 1D projection

Control Background MC using Data sideband

§ 1D projection of data

j = 𝟎/(𝟐𝒎/ ) vs i = 𝟐𝒎.   

Spin-parity measurement

MELA
1 optimal observable

Higgs discovery and spin-parity
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The rich structures in 𝑱/𝝍𝝓𝑲 system

Review article of 𝑩! → 𝑱/𝝍𝝓𝑲!

LHCb: Full amplitude analysis

𝑩" → 𝑱/𝝍𝝓𝑲"

𝑩𝟎 → 𝑱/𝝍𝝓𝑲𝟎

CDF 2009 CMS 2013

Structures in 𝑱/𝝍𝝓 system

v 𝑋 4140 , 𝑋 4274 , and 𝑋 4685  with same 

𝐽!" = 1## from LHCb result  


