
Kai Yi Observation of a family of all-charm tetraquarks 1

Observation of a family of all-charm tetraquarks

Kai Yi
Nanjing Normal University

中⾼能物理⼤会

Apr 26, 2025



Overview—Three new results based on the following CMS Physics Analysis Summary
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v 1). 𝐽/𝜓𝐽/𝜓 updated result:
J/ψJ/ψ spectroscopy in the four-muon final state using Run 3 data 

v 2). Spin-parity measurement:
Spin-parity analysis of the J/ψJ/ψ structure in the four-muon invariant mass spectrum

v 3). 𝐽/𝜓𝜓(2S) result:
 Search for X(6900) in the ψ(2S)J/ψ channel at CMS

1) and 3) are the first two LHC analyses used 2024 data
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Status
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Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 132(11):111901, 2024 Phys. Rev. Lett., 131(15):151902, 2023

Ø ALL exp observe X(6900) 

Ø All exp use interference, but in diff ways
• LHCb: extra BW interfere with SPS, X(6900) NOT interfering!
• ATLAS: interference among three resonances, two for the threshold hump, one for X(6900).
• CMS: multi-resonance interference

Ø  All exp see a threshold excess, NOT explained! Classified as background
A number of unresolved questions!

+ additional structure 
• Only CMS claimed X(6600) & X(7100)
• Different modeling of “hump” @6.6 GeV
• Hint @ 7.2 GeV: LHCb not considered; ATLAS 3σ (local) hint in 𝐽/𝜓𝜓(2𝑆)

DOI: 10.1103/PhysRevD.111.034038



Status
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Run 2 result:
• X(7100): 4.7σ 
• Interference < 4σ

Ø Interference imply same 𝐽!"quantum numbers

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

Ø A family of all-charm tetraquarks ?

With 3.6X statistics:

q  Significance of ALL states over 5σ ?

q  Significance of interference over 5σ ?

Run II
𝚼 Family

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)

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

Run II

Chinese Phys. Lett. 41 111201Phys. Rev. Lett., 132(11):111901, 2024

A FAMILY of all-charm tetraquark states with same 𝐽!"	?

Run II

Status
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Positronium (1951)

positronium  molecule (2007)

Positronium molecule in lepton sector
Both c and b quark are many magnitude heavier than electron, so what?

Nature letter

Status—example in lepton sector



Status
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vModels 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 dicharmonia production thresholds
• ……

Family of all-charm tetraquarks with same 𝐽!"
offers new perspectives on interpretation for exotics

Status

Lattice QCD:
2411.11533 [hep-lat]

Found repulsive between two charmoniums 
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Concept of Analysis: All Input
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§ 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 𝐽/𝜓( momentum and 𝑙 momentum defined in 𝐽/𝜓( rest frame
• 𝜗+ : helicity angle between 𝐽/𝜓+ momentum and 𝑙 momentum defined in 𝐽/𝜓+ rest frame

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

§ 𝑝$ and 𝑝% of 𝑋 → 4𝜇 — match MC to data
§ Polarization of 𝑋 — assume unpolarized

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901


Simplification in Angular Analysis
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v After symmetries conditions, 8 models of 𝑱𝒙𝑷 to test:

 0(,0)* , 0+*, 1(, 1*, 2)( , 2+(, 2)* m: minimal dimension operators 
h: higher-dimension operators

§ Full model possible, but complex
𝒫(Φ, 𝜗, , 𝜗-; 𝑚"#)

§ Same properties of 3 resonances:

𝒫 𝑚"# , Ω = 𝒫 𝑚"# 6 𝑇 Ω 𝑚"#)
empirical angular

§ Pairwise test of 𝑱𝒙𝑷 hypotheses i and j

𝒟,- Ω 𝑚./) =
𝒫, Ω 𝑚./)

𝒫, Ω 𝑚./) + 𝒫- Ω 𝑚./)

MELA

1 optimal observable

Higgs discovery and spin-parity

§ Final 2D model:

𝒫,-0 𝑚./ , 𝒟,- = 𝒫0(𝑚./) @ 𝑇,-0 𝒟,- 𝑚./)



Production angles
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v Production angles

with respect the boost axis

with respect the beam axis

• Not used in analysis, for consistency check
• Data consistent with unpolarized

background-subtracted



Results of spin-parity measurement
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v Decay angles

• 1D projections from 4D

• Limited information

background-subtracted



Results of spin-parity measurement
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v Optimal Observable

𝒟!" Ω 𝑚#$) =
𝒫! Ω 𝑚#$)

𝒫! Ω 𝑚#$) + 𝒫" Ω 𝑚#$)

§ Background 1D projection

 Control Background MC using Data sideband

§ 1D projection of data

j = 0*(21* ) vs i = 21)



Results of spin-parity measurement
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• Scan mixture of two 𝟎(( amplitudes

• Scan mixture of two 𝟐)( amplitudes

üData are consistent with 𝟐CC model, inconsistent with others



Results of spin-parity measurement
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𝒫,-0 𝑚./ , 𝒟,-vCombine 2D fit

Ø 𝐽D = 2EC model survives

mix

mix

• 𝑃𝐶 =+ + very certain

• 𝑃 ≠ −1 very certain

• 𝐽 ≠ 1 at 99% CL

• 𝐽 ≠ 0 at 95% CL

• 𝐽 > 2 unlikely, require 𝐿 ≥ 2

• Rule out P=-1, L=0 most likely
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Explore 𝐽/𝜓𝜓(𝟐𝐒) channel with Run II and Run III data
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• X(6900) @ Threshold obvious
• X(7100) is visible
• According to 𝐽/𝜓𝐽/𝜓 channel, should be an X(6900) and an X(7100)
• Signal dominated by Run III



Two dimensional fit for 𝑱/𝝍𝝍(𝟐𝐒) yield
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v	𝑱/𝝍𝝍(𝟐𝐒)	yield

• Run II ~109 ± 14 

• Run III ~281 ± 22

• Run II+III ~386 ± 26

~2.6 X of Run II

Run II+III𝝍(𝟐𝐒) 𝑱/𝝍 Run II+III



Explore 𝐽/𝜓𝜓(𝟐𝐒) channel with Run II and Run III data
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v Only consider X6900 in 𝐽/𝜓𝜓(𝟐𝐒) channel 

𝐌 𝐗𝟔𝟗𝟎𝟎 = 𝟔𝟖𝟒𝟏 ± 𝟏𝟒 𝐌𝐞𝐕

𝚪 𝐗𝟔𝟗𝟎𝟎 = 𝟏𝟓𝟎 ± 𝟐𝟖 𝐌𝐞𝐕

Significance of X(6900) = 7.5 σ



Explore 𝐽/𝜓𝜓(𝟐𝐒) channel with Run II and Run III data
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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 ± 𝟏𝟎

üConfirmed in a different channel !
üConsistent with 𝐽/𝜓𝐽/𝜓 result !

Ø Significance of X(6900) = 7.9σ

Ø Significance of X(7100) = 4.0σ



Outline
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Datasets, MC, trigger, and event selection
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v Trigger of Run III
HLT_Dimuon0_Jpsi3p5_Muon2 
• Level 1 requirements: 3 muons
• 2.95 < 𝑀 𝜇%𝜇& < 3.25 𝐺𝑒𝑉
• 𝑝' 𝜇 > 3.5 𝐺𝑒𝑉

HLT_DoubleMu4_3_LowMass [new trigger for Run III]
• Level 1 requirements: 2 muons
• 0.2 < 𝑀 𝜇%𝜇& < 8.5 𝐺𝑒𝑉
• one muon 𝑝' 𝜇 > 4 𝐺𝑒𝑉 and the other 𝑝' 𝜇 > 3 𝐺𝑒𝑉
• 𝑝' 𝜇%𝜇& > 4.9 𝐺𝑒𝑉

v Signal and Background simulated events:
• Signal 𝑋 → 𝐽/𝜓𝐽/𝜓 → 𝜇'𝜇"𝜇'𝜇"	by JHUGen

• NRSPS and Feeddown by Pythia8

• DPS event-mixing

• Feeddown: 𝑋 6900 → 𝐽/𝜓𝜓(2𝑆) → 𝐽/𝜓𝐽/𝜓 + 𝑎𝑛𝑦𝑡ℎ𝑖𝑛𝑔

SPS DPS

v Event selection
Follow Run II cuts + A new trigger for Run III

v 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.



𝐽/𝜓𝐽/𝜓 yield: Two-dimensional fit
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ØRun II+III luminosity is 2.3X of Run II

q Luminosity
 Run II 135 fb-1 
 Run III 180 fb-1
q 𝑱/𝝍𝑱/𝝍 yield
 Run II:       12622 ± 165
 Run II+III 44936 ± 692
q 𝑱/𝝍𝑱/𝝍 yield per unit luminosity

Run II ~93 events / fb-1
Run III ~177 events / fb-1

ØRun II+III 𝑱/𝝍𝑱/𝝍 yield is 3.6X of Run II 



Signal and Background models
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§ Signal shape: Relativistic Breit-Wigner 

v Non-interference model:

§ Signal-hypothesis: NRSPS+NRDPS+Comb+Feeddown+BW0+BW1+BW2+BW3

𝑃𝑑𝑓 𝑚 ==𝑁(! ? 𝐵𝑊 𝑚,𝑀! , Γ! )⊗𝑅 𝑀! +𝑁*+,-, ⋅ 𝑓*+,-, 𝑚

+𝑁*+.-, ⋅ 𝑓*+/-, 𝑚 +𝑁0123 ⋅ 𝑓4523 𝑚 +𝑁677859: ⋅ 𝑓6778859: 𝑚

v Interference model:

§ Signal-hypothesis: NRSPS+NRDPS+Comb+Feeddown+BW0+BW123 Interf. Term

§ Background component: NRSPS+NRDPS+Comb+Feeddown+BW0



Run III interference fit result
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12.9σ

6.3σ

12.7σ

Dip1: 8.4σ
Dip2: 5.1σ

Params
[MeV] M(BW1) Γ(BW1) M(BW2) Γ(BW2) M(BW3) Γ(BW3)

Run III Interf. 6588 ± 19 454 ± 74 6849 ± 12 136 ± 18 7179 ± 10 67 ± 18

üConfirm Run II results with Run III data only---and with better precision!



Run II & III interference fit result
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Params
[MeV] M(BW1) Γ(BW1) M(BW2) Γ(BW2) M(BW3) Γ(BW3)

Run II & III
Interf. 6593&;#%;< 446&<#%== 6847&;>%;> 135"-.'-/ 7173"-0'1 73&;<%;?

17σ

8σ

15σ

ü X(6600), X(6900), X(7100) well above 5σ !



Run II & III interference fit result—detailed background components
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Run II & III interference fit result

Kai Yi Observation of a family of all-charm tetraquarks 28

ü Quantum interference among structures validated!
ü Strongly imply that they have same JPC

Dip1: 10σ
Dip2: 7σ

Interf. fit No-Interf. fit



Run II & III interference fit result
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Params M(BW1) Γ(BW1) M(BW2) Γ(BW2) M(BW3) Γ(BW3)

Run II&III Interf.
[MeV] 𝟔𝟓𝟗𝟑&𝟏𝟒%𝟏𝟓 ± 𝟐𝟓 𝟒𝟒𝟔&𝟓𝟒%𝟔𝟔 ± 𝟖𝟕 𝟔𝟖𝟒𝟕 ± 𝟏𝟎 ± 𝟏𝟓 𝟏𝟑𝟓&𝟏𝟒%𝟏𝟔 ± 𝟏𝟒 𝟕𝟏𝟕𝟑&𝟏𝟎%𝟗 ± 𝟏𝟑 𝟕𝟑&𝟏𝟓%𝟏𝟖 ± 𝟏𝟎

Run II Interf.
[MeV] 6638&G?&G;%#G%;= 440&)>>&)#>%)G>%;;> 6847&)?&)>%##%#? 191&#H&;I%==%)< 7134&)<&;<%#?%#; 97&)H&)=%#>%)H

v VS. Run II result
ü Statistical uncertainty reduced by a factor of 3
ü Systematic uncertainty reduced by about a factor of 2
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Mass trend: a radial family

Kai Yi Observation of a family of all-charm tetraquarks 31

v Patterns among resonance mass

 Regge trajectory for radially excited states defined as: 𝒏𝒓 = 𝜷 6 𝒎𝟐 + 𝜷𝟎

𝑚): mass square

𝑛J = 𝑛 − 1, 𝑛	is radial quantum number
Nucl. Phys. B, 966:115393, 2021, 

ØCloser to the spin-1 diquark trajectory

q Projection
𝑛E  = 1 : 6241 ±	 20 MeV
𝑛E  = 5 : 7453 ±	 21 MeV (no hint in data)

q Estimations by some diquark models: 

2++ production dominates over 0++ by 

more than two orders of magnitude.

https://www.sciencedirect.com/science/article/pii/S0550321321000900?via%3Dihub


Additional trends
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v Patterns among other resonance parameters 

Interf. pdf

Exhibit compatibility with a multiplicative scaling pattern among neighboring states 

Width pattern

• Widths of three X states show an exponential decrease

• Similar pattern in Υ(1S, 2S, 3S) radial family

• Different magnitude and steeper slope, 

     may NOT a good example to compare 



Interpretations and summary
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v Three structures X(6600), X(6900), X(7100) established with significances > 5σ
• Precision improved by factor of 3
• Having multiple states 

==> Comparisons possible
v Quantum interference among structures validated with significances > 5σ 
 ==> States have common JPC

v Large mass splittings, more precisely, Regge trajectory 
 ==> radial family of states



Interpretation and Summary
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v Implications:

• Production threshold effects (triang. sing.; coupled chan.; pomeron;...) creating "fake" 
peaks generally not expected to follow Regge trajectory

• Molecules not expected to form Regge trajectory

• Diquark-antidiquark in linear potential expected to follow Regge ...

  Nucl. Phys. B, 966:115393, 2021, Zhu did this--CMS close to spin-1 diquark case for 0++ and 2++

• Diquarks may also explain decreasing widths:

wave function overlap decreases with radial excitation, tending to reduce widths?

CMS is painting a coherent picture of 𝑱/𝝍𝑱/𝝍 structures

https://www.sciencedirect.com/science/article/pii/S0550321321000900?via%3Dihub


BACKUP
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BACK UP



BACKUP
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Spin-parity: MC Tune 
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Spin-parity: 𝑱/𝝍 polarizations
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Spin-parity: 𝑱/𝝍 polarizations
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Spin-parity: Lorentz-Invariant Amplitude
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Spin-parity: Lorentz-Invariant Amplitude
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𝐽/𝜓𝐽/𝜓: 6-15 GeV fits

Kai Yi Observation of a family of all-charm tetraquarks 42



𝐽/𝜓𝐽/𝜓: Event selection for Run III data
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q Trigger related (OR logic): 
§ HLT_Dimuon0_Jpsi3p5_Muon2 
• Level 1 requirements: 3 muons
• 2.95 < 𝑀 𝜇%𝜇& < 3.25 𝐺𝑒𝑉
• 𝑝' 𝜇 > 3.5 𝐺𝑒𝑉

§ HLT_DoubleMu4_3_LowMass [new trigger for Run III]
• Level 1 requirements: 2 muons
• 0.2 < 𝑀 𝜇%𝜇& < 8.5 𝐺𝑒𝑉
• one muon 𝑝' 𝜇 > 4 𝐺𝑒𝑉 and the other 𝑝' 𝜇 > 3 𝐺𝑒𝑉
• 𝑝' 𝜇%𝜇& > 4.9 𝐺𝑒𝑉

q Single muon: 
• Soft muon ID 
• 𝜂 𝜇 ≤ 2.4

q Single 𝑱/𝝍:
• 2.95 < 𝑀 𝐽/𝜓 < 3.25 𝐺𝑒𝑉
• 𝑝𝑟𝑜𝑏KLM 𝐽/𝜓 > 0.1% 𝑀 𝜇'𝜇" constrained to𝑀 𝐽/𝜓
• Final mass window cut for 𝐽/𝜓 candidate: 

|𝑀 𝜇%𝜇& −𝑀(𝐽/𝜓)| < 3𝜌𝜎
q Four muons: 
• 4𝜇 charge should be zero
• 𝑝𝑟𝑜𝑏KLM 4𝜇 > 0.5% 
• 𝑝𝑟𝑜𝑏KLM 𝐽/𝜓𝐽/𝜓 > 0.1%

q Multiple candidates treatment:

• Select best combination from one 4𝜇 candidate based on min.

 𝜒2) =
2" $#$$ &N%/'

O(!

)
+ 2) $#$$ &N%/'

O("

)
 

• Keep duplicate combination if pairs have non-overlapping muons

Follow PRL cuts + A new trigger for Run III

Baseline mass variable 
– invariant mass of two constrained J/y candidates 



𝐽/𝜓𝜓(2S)
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v A background suppression with FOM value:

S: number of X(6900) in signal MC B: number of background in data

pP 𝐽/𝜓 > 11.0 GeV
pP 𝜓(2S) > 13.5 GeV
pP(µ QR𝜓(2S))> 2.5 GeV
µ QR𝜓(2S) ID: Loose muon

Mass window for 𝐽/𝜓 and 𝜓(2S): 2.5σ window
Ø 	𝑱/𝝍𝝍(𝟐𝐒)	yield：

v Interference model:

§ Signal-hypothesis: NRSPS+NRDPS+Comb +BW23 Interf. Term

Run II ~109 ± 14 

Run III ~281 ± 22

Run II+III ~386 ± 26

~2.6 X of Run II

Consider resolution and efficiency



Results of spin-parity measurement
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v Hypothesis test for j = 0( vs i = 2)*

• 2D parameterization:

𝒫GHI 𝑚"# , 𝒟GH = 𝒫I(𝑚"#) 6 𝑇GHI 𝒟GH 𝑚"#)

• Test statistic:

𝑞 = −2ln(ℒ𝑱𝒋𝑷/ℒ𝑱𝒊𝑷)

• Confidence level:


