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q Motivation
§ Exotic hadron

§ Tetraquark candidates

q Updated Analysis of 𝐽/𝜓𝐽/𝜓 Channel
§ Data sample and event selections

§ 𝐽/𝜓𝐽/𝜓 pairs signal in Run II+III data

§ Fit model

§ Run III && Run II+III result

q Summary and Outlook



Quark model and Exotic hadron
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Meson BaryonColor Charge

Quark model

“Exotic” hadron

Molecule Diquark-antidiquark

Possible tetraquark states Possible pentaquark state Glueball
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Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 132(11):111901, 2024

q ALL exp observe X(6900) 

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

Tetraquark candidates with heavy-flavor

v All-charm Tetraquark on LHC in J/yJ/y channel
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q ALL exp observe X(6900) 
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+ additional structure 

• Hump @ 6.6 GeV: Different modeling

Tetraquark candidates with heavy-flavor

Ø Only CMS claimed X(6600) & X(7100)

• Hint @ 7.2 GeV: LHCb not consider; ATLAS 3σ hint in 𝐽/𝜓𝜓(2𝑆)

v All-charm Tetraquark on LHC in J/yJ/y channel
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Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 132(11):111901, 2024

q ALL exp observe X(6900) 

q All exp use interference, but in diff ways

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

+ additional structure 

• Hump @ 6.6 GeV: Different modeling

Tetraquark candidates with heavy-flavor

Ø Only CMS claimed X(6600) & X(7100)

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

• ATLAS and CMS: different multi-resonance interference

• Hint @ 7.2 GeV: LHCb not consider; ATLAS 3σ hint in 𝐽/𝜓𝜓(2𝑆)

v All-charm Tetraquark on LHC in J/yJ/y channel
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Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 132(11):111901, 2024

q ALL exp observe X(6900) 

q All exp use interference, but in diff ways

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

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

+ additional structure 

• Hump @ 6.6 GeV: Different modeling

Tetraquark candidates with heavy-flavor

Ø Only CMS claimed X(6600) & X(7100)

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

• ATLAS and CMS: different multi-resonance interference 🔎A number of unresolved questions !

• Hint @ 7.2 GeV: LHCb not consider; ATLAS 3σ hint in 𝐽/𝜓𝜓(2𝑆)

v All-charm Tetraquark on LHC in J/yJ/y channel



Prospects: A family of all-charm tetraquarks?
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v Run 2 result:

• X(7100): 4.7σ 

• Interference < 4σ

Ø Imply same 𝑱𝑷𝑪quantum numbers

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

Run II
Phys. Rev. Lett., 132(11):111901, 2024 v With 3.6X statistics:

q ALL states over 5σ ?

q Interferences over 5σ ?
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v Run 2 result:

• X(7100): 4.7σ 

• Interference < 4σ

Ø Imply same 𝑱𝑷𝑪quantum numbers

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

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

v Models of potential quark configurations for J/yJ/y mesons
• Meson-meson “molecule” (𝑐 ̅𝑐- 𝑐 ̅𝑐)
• pair of diquarks (𝑐𝑐- ̅𝑐 ̅𝑐)
• hybrid
• artifact of dicharmonia production thresholds
• ……

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

A family of all-charm tetraquarks with same 𝑱𝑷𝑪 ?

v With 3.6X statistics:

q ALL states over 5σ ?

q Interferences over 5σ ?
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q Motivation
§ Exotic hadron

§ Tetraquark candidates

q Updated Analysis of 𝐽/𝜓𝐽/𝜓 Channel
§ Data sample and event selections

§ 𝐽/𝜓𝐽/𝜓 pairs signal in Run II+III data

§ Fit model

§ Run III && Run II+III result

q Summary and Outlook



Datasets, MC, and trigger
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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.

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

• NRSPS, DPS, and Feeddown by Pythia8 or event-mixing

SPS DPS

𝜇!"

𝜇#$

𝑋
𝜇%"
𝜇&$

⁄𝐽 𝜓%

⁄𝐽 𝜓&



Datasets, MC, and trigger
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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 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.

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

• NRSPS, DPS, and Feeddown by Pythia8 or event-mixing

SPS DPS

𝜇!"

𝜇#$

𝑋
𝜇%"
𝜇&$

⁄𝐽 𝜓%

⁄𝐽 𝜓&
Ø Compared to only Dimuon trigger, LowMass trigger
increase 30% 𝑱/𝝍𝑱/𝝍 statistics



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
• 𝑝𝑟𝑜𝑏#$% 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
• 𝑝𝑟𝑜𝑏#$% 4𝜇 > 0.5% 
• 𝑝𝑟𝑜𝑏#$% 𝐽/𝜓𝐽/𝜓 > 0.1%

q Multiple candidates treatment:

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

 𝜒() =
($ *%*& '+'/)

,*!

)
+

(+ *%*& '+'/)
,*"

)
 

• 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/𝜓𝐽/𝜓 yield: Two-dimensional fit
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v 𝐉/𝛙𝐉/𝛙 yield statistics
Run II : ~12622±165 / 135 fb-1 = 93 events / fb-1

Run III : ~31802±476 / 180 fb-1 = 177 events / fb-1

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

with luminosity is 2.3X of Run II 

v Two-dimensional fit
• 𝐽/𝜓 signal: Double Crystal Ball 

• non-resonant: First-order Chebyshev polynomial



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

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

§ NRSPS
Non-Resonant Single Parton Scattering

§ NRDPS
Non-Resonant Double Parton Scattering

§ Feed-down

From possible heavier mass states

Here we consider: [BPH-22-004]

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

§ Combinatorial background

J/ψμμ, μμJ/ψ, and μμμμ

a Gaussian constraint of its yield

§ BW0

A significant structure at the threshold treated as background

Inadequacy of NRSPS model at threshold.

Parameters sensitive to model assumption;

A region populated by feed-down;



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

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

v Non-interference model:
§ Signal-hypothesis: NRSPS+NRDPS+Comb+Feeddown+BW0+BW1+BW2+BW3

𝑃𝑑𝑓 𝑚 =K𝑁-, M 𝐵𝑊 𝑚,𝑀., Γ. )⊗𝑅 𝑀. + 𝑁/0121 ⋅ 𝑓/0121 𝑚

+𝑁/0321 ⋅ 𝑓/0421 𝑚 +𝑁56(7 ⋅ 𝑓89(7 𝑚 +𝑁:;;<9=> ⋅ 𝑓:;;<<9=> 𝑚
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v Signal shape: Relativistic Breit-Wigner 

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

v Non-interference model:
§ Signal-hypothesis: NRSPS+NRDPS+Comb+Feeddown+BW0+BW1+BW2+BW3

𝑃𝑑𝑓 𝑚 =K𝑁-, M 𝐵𝑊 𝑚,𝑀., Γ. )⊗𝑅 𝑀. + 𝑁/0121 ⋅ 𝑓/0121 𝑚

+𝑁/0321 ⋅ 𝑓/0421 𝑚 +𝑁56(7 ⋅ 𝑓89(7 𝑚 +𝑁:;;<9=> ⋅ 𝑓:;;<<9=> 𝑚

v Interference model:

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



Run II & III No-interference fit result
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v No-interference model:

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

𝑃𝑑𝑓 𝑚 =9𝑁-! ; 𝐵𝑊 𝑚,𝑀. , Γ. /⊗𝑅 𝑀. + 𝑁01232 ⋅ 𝑓01232 𝑚

+𝑁01432 ⋅ 𝑓01532 𝑚 +𝑁6789 ⋅ 𝑓:;89 𝑚 +𝑁<==>;?@ ⋅ 𝑓<==>>;?@ 𝑚

Run 2 No-Interf Run 2+3 No-Interf



Run II & III No-interference fit result
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v No-interference model:

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

𝑃𝑑𝑓 𝑚 =9𝑁-! ; 𝐵𝑊 𝑚,𝑀. , Γ. /⊗𝑅 𝑀. + 𝑁01232 ⋅ 𝑓01232 𝑚

+𝑁01432 ⋅ 𝑓01532 𝑚 +𝑁6789 ⋅ 𝑓:;89 𝑚 +𝑁<==>;?@ ⋅ 𝑓<==>>;?@ 𝑚

Ø Dips poorly described — no-Interf. model no longer sufficient !

Run 2 No-Interf Run 2+3 No-Interf



Run II & III interference fit result
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17σ

8σ

15σ

Dip1: 10σ
Dip2: 7σ

v Interference model with Run II + III:

X(7100) 



Run II & III interference fit result
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Ø All states and dips well above 5σ !

Ø Quantum interference among structures validated!

Strongly imply that they have same 𝑱𝑷𝑪

17σ

8σ

15σ

Dip1: 10σ
Dip2: 7σ

v Interference model with Run II + III:

X(7100) 



Run II & III interference fit result
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q VS. Run II result:

ü Statistical uncertainty reduced by a factor of 3

ü Systematic uncertainty reduced by about a factor of 2

ü Large mass splittings (> 250MeV) still exist, with improved precision

Params [MeV] Run II&III Interf. Run II Interf.

M(BW1) 𝟔𝟓𝟗𝟑"𝟏𝟒!𝟏𝟓 ± 𝟐𝟓 6638"'("')!*'!)+

Γ(BW1) 𝟒𝟒𝟔"𝟓𝟒!𝟔𝟔 ± 𝟖𝟕 440"-.."-*.!-'.!)).

M(BW2) 𝟔𝟖𝟒𝟕 ± 𝟏𝟎 ± 𝟏𝟓 6847"-("-.!**!*(

Γ(BW2) 𝟏𝟑𝟓"𝟏𝟒!𝟏𝟔 ± 𝟏𝟒 191"*/")0!++!-1

M(BW3) 𝟕𝟏𝟕𝟑"𝟏𝟎!𝟗 ± 𝟏𝟑 7134"-1")1!*(!*)

Γ(BW3) 𝟕𝟑"𝟏𝟓
!𝟏𝟖 ± 𝟏𝟎 97"-/"-+!*.!-/

v Interference model:



Patterns among resonance mass
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v Patterns among resonance mass

 Regge trajectory for radially excited states defined as:

𝑛G = 𝛽 * 𝑚H + 𝛽I

𝑚): mass square

𝑛? = 𝑛 − 1, 𝑛	is radial quantum number

2, 3, 4 refers X(6600), X(6900), X(7100)

Nucl. Phys. B, 966:115393, 2021, Zhu

https://www.sciencedirect.com/science/article/pii/S0550321321000900?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321321000900?via%3Dihub
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v Patterns among resonance mass

 Regge trajectory for radially excited states defined as:

𝑛G = 𝛽 * 𝑚H + 𝛽I

𝑚): mass square

𝑛? = 𝑛 − 1, 𝑛	is radial quantum number

2, 3, 4 refers X(6600), X(6900), X(7100)

Nucl. Phys. B, 966:115393, 2021, Zhu

Well alignment with Regge trajectory !

X(6600) 

X(6900) 

X(7100) 

+ same JPC and large mass splitting (>250 MeV)

Ø Strongly suggests a radial excitation family !

https://www.sciencedirect.com/science/article/pii/S0550321321000900?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321321000900?via%3Dihub
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v Patterns among resonance mass

 Regge trajectory for radially excited states defined as:

𝑛G = 𝛽 * 𝑚H + 𝛽I

𝑚): mass square

𝑛? = 𝑛 − 1, 𝑛	is radial quantum number

2, 3, 4 refers X(6600), X(6900), X(7100)

Nucl. Phys. B, 966:115393, 2021, Zhu

Well alignment with Regge trajectory !

X(6600) 

X(6900) 

X(7100) 

Spin-0 diquarks: color-sextet, 𝑱𝑷𝑪 = 0&&

Spin-1 diquarks: color-triplet, 𝑱𝑷𝑪 = 0&&, 2&&

almost same, only plot one for clarity 

Ø Closer to the spin-1 diquark trajectory !

+ same JPC and large mass splitting (>250 MeV)

Ø Strongly suggests a radial excitation family !

https://www.sciencedirect.com/science/article/pii/S0550321321000900?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321321000900?via%3Dihub
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q Motivation
§ Exotic hadron

§ Tetraquark candidates

q Updated Analysis of 𝐽/𝜓𝐽/𝜓 Channel
§ Data sample and event selections

§ 𝐽/𝜓𝐽/𝜓 pairs signal in Run II+III data

§ Fit model

§ Run III && Run II+III result

q Summary and Outlook



Summary and Outlook
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📝Update 𝑱/𝝍𝑱/𝝍 result with the addition of Run III data 

ü The first analysis including 2024 Data among LHC 3 exps

ü Include Feed-down and combinatorial background

ü Update parameterization of Run 2&3 background
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🧩 CMS is painting a coherent and compelling picture of J/ψ J/ψ structures!

THANKS! 

🌟A family of all-charm tetraquarks !!!

§ X(6600), X(6900), and X(7100) well above 5σ

§ Quantum interference among structures validated well above 5σ

§ Large mass splittings, more precisely

==> Comparisons possible

==> States have common JPC

==> radial family of states

📝Update 𝑱/𝝍𝑱/𝝍 result with the addition of Run III data 

ü The first analysis including 2024 Data among LHC 3 exps

ü Include Feed-down and combinatorial background

ü Update parameterization of Run 2&3 background
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Run III interference fit result
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13σ

6σ

13σ

Dip1: 8σ
Dip2: 5σ

v Interference model with Run III:

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

All states and dips above 5σ !

 ---already achieve our goals!

X(7100) 


