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Studies of four-charm-quark states at LHCb



From one to a zoo
𝑋 3872 discovered in 2003

PRL91(2003)262001 
𝜓(2𝑆)

𝑋(3872)

𝑚!/#$!$" −𝑚!/#

Narrow width, close to 𝐷∗"𝐷" threshold,
isospin breaking decay …

Rev.Mod.Phys. 90 (2018) 015003

Belle

Many more appeared containing 𝑄 '𝑄

and with open charm
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𝑐�̅�𝑠'𝑢
𝑐�̅�𝑑'𝑢

𝑐�̅�𝑢�̅�𝑐'𝑢𝑐�̅�
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https://www.nikhef.nl/~pkoppenb/particles.html



Ongoing studies/debates on internal structures
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Rev.Mod.Phys.90 (2018)015003
Rev.Mod.Phys.90(2018)015004
Prog.Part.Nucl.Phys.107(2019)237 
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Hadron molecules:
bound by nuclear force

PRL 122 (2019) 222001 

Other variants:

Triangle singularity

Compact tetraquarks:
bound by color interaction

PRL 110 (2013) 252001 

Sci.Bull.66(2021)1616

Reviews:
Yanxi ZHANG (PKU) Hadron2023

Mass close to di-hadron threshold in 𝑆-wave



the ‘hybrid’ option

Nuclear forces

Color: 𝑞𝑞 3⨂3 = '3⨁6 ; 𝑞'𝑞 3⨂ '3 = 1⨁8 ; 𝑔 8

Compact states

Molecular states
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Color structure

QCD forces
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Observation of four-charm tetraquark state

ü Broad structure close to di-𝐽/𝜓 mass threshold
ü Narrow structure around 6900 MeV
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• LHCb reported structure in di-𝐽/𝜓 mass spectrum
Ø With 𝑐𝑐 ̅𝑐 ̅𝑐 quark content, first fully heavy tetraquark candidate

Science Bulletin 65 (2020) 1983
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LHCb
• Heavy flavor experiment covering 2 < 𝜂 < 5

Vertex reconstruction
• 𝜎!"~20 µm
• 𝜎#~45 fs w.r.t. 𝜏$ ≈ 1.5 ps

Track reconstruction
• 𝜖 Tracking ~96%
• ⁄𝛿𝑝 𝑝~0.5%-1% (5-200 GeV)
• 𝜖 𝑚%/' ≈ 15 MeV

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

𝒑𝒑 collision

Particle identification
• 𝜖 𝜇 → 𝜇 ~97%
• MisID rate 𝜋 → 𝜇 ~1 − 3%
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LHCb
• Heavy flavor experiment covering 2 < 𝜂 < 5

Vertex reconstruction
• 𝜎!"~20 µm
• 𝜎#~45 fs w.r.t. 𝜏$ ≈ 1.5 ps

Track reconstruction
• 𝜖 Tracking ~96%
• ⁄𝛿𝑝 𝑝~0.5%-1% (5-200 GeV)

𝒑𝒑 collision

Particle identification
• 𝜖 𝜇 → 𝜇 ~97%
• MisID rate 𝜋 → 𝜇 ~1 − 3%

Efficient to detect 𝐽/𝜓 down to zero-𝑝!

𝐽/𝜓 efficiency with 𝜇(𝜇) decay

JHEP10(2015)172

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022
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Di-𝐽/𝜓 sample at LHCb
• Full LHCb Run1 ( 𝑠 = 7, 8 TeV, 3 fb-1) and Run2 data ( 𝑠 = 13 TeV, 6 fb-1)

About 34K
di-𝐽/𝜓 signals

Science Bulletin 65 (2020) 1983

JHEP 06 (2017) 047

Two production processes
𝐽/𝜓-from-b background
suppressed using vertexing
information

Smooth continuum and
resonant 𝑐𝑐 ̅𝑐 ̅𝑐 structures.
Averagely large 𝑝*

Double Parton Scattering (DPS)

Smooth continuum

Yanxi ZHANG (PKU) Hadron2023

Single Parton Scattering (SPS)
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Di-𝐽/𝜓 invariant mass (I)

6200

Science Bulletin 65 (2020) 1983

§ Broad structure at 6.2 − 6.8 GeV close to di-𝐽/𝜓 mass threshold
§ Narrow peak at 6.9 GeV
§Hint of another structure at 7.2 GeV
§ Structure not present in 𝐽/𝜓 background sample

Only marginal variation of efficiency in mass spectrum

Efficiency vs di-𝐽/𝜓 mass
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Di-𝐽/𝜓 invariant mass (II)
• Same structures in all high di-𝐽/𝜓 𝑝! bins, evidence increasing with 𝑝!

Science Bulletin 65 (2020) 1983
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Di-𝐽/𝜓 mass modeling: without interference
• Model components

Ø DPS: constructed using single-𝐽/𝜓 kinematics
Ø SPS continuum: two-body phase space times smooth exponential
Ø Threshold structure: two Breit-Wigner (BW) functions, significance > 6 𝜎
Ø Structure at 6.9 GeV: a single BW, significance > 5 𝜎

Science Bulletin 65 (2020) 1983

Difficulty to model the dip at 6.8 GeV ! 11Yanxi ZHANG (PKU)

𝜒' fit quality
𝑃 𝜒' = 4.6%



Di-𝐽/𝜓 mass modeling: with interference
• A wide BW interfering with SPS, a second BW for 6.9 GeV peak

Ø Overall good fit with dip well described, 𝑃 𝜒' increases to 15.5%
Ø Caveat: too simple, SPS assumed to have 𝐽( of the wide BW

Science Bulletin 65 (2020) 1983

𝑚 = 6741 MeV/𝑐'
Γ = 288 MeV

Wide BW
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Model comparison Science Bulletin 65 (2020) 1983
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SPS+DPS+2BW(threshold)+BW(6900) |SPS+BW(threshold)|+DPS+BW(6900)



Fits in di-𝐽/𝜓 𝑝! bins
• Parameters of BW functions shared by all bins
• Mass spectrum in different 𝑝! bins well described simultaneously

Science Bulletin 65 (2020) 1983
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Without interference With interference of wide BW and SPS



Other models
I. Only one BW for threshold structure, 𝑃 𝜒' = 1.2%
II. Threshold structure due to feed-down decays of excited charmonia (e.g. 𝜒%𝐽/𝜓)
III. Including a component for 7.2 GeV peak (significance < 1𝜎 )
IV. Only one BW, interfering with SPS, 𝑃 𝜒' = 2.8%

Science Bulletin 65 (2020) 1983

IV

I

II

III
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Fits summary
• Nontrivial structures in the spectrum
• Structure at threshold: one BW, two BWs  or distribution due to feed-down from 

excited states
• Structure at 6.9 GeV, 𝑋(6900): consistent with a BW, shape parameters affected 

by models for threshold structure
• Evidence of interference between a BW and SPS

• 𝑋(6900) production

Science Bulletin 65 (2020) 1983

𝑅 ≡
𝜎)×ℬ 𝑋 → 𝐽/𝜓𝐽/𝜓

𝜎*/,*/,
= 1.1 ± 0.4 ± 0.3 %

or 2.6 ± 0.6 ± 0.8 % for 𝑝- > 5.2 GeV

Results under non-interference hypothesis
Measured cross-section approximately scales with relative yields
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Interpreted as compact tetraquarks
• 𝑐𝑐 ̅𝑐 ̅𝑐 tetraquarks predicted  after charm quark discovery
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• Supported by known properties of the strong interaction

[PRL102 (2009) 114039, PRD102 (2020) 114030, PRD102 (2020) 074003, EPJC80 (2020) 871, PRD102 (2020) 114039, 
arXiv:2006.13756, arXiv:2009.08376, PRL 126 (2021) 132001, PRD 103 (2021) 014001, PRD 104 (2021) 014018, PRD
103 (2021) 05163, EPJC 80 (2020) 871…]

• Dedicated analyses: 𝑋(6900) as first radial excitation, 1P or 2S 𝑇"" ̅" ̅" state

Yanxi ZHANG (PKU) Hadron2023
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• A few thresholds around 𝑋(6900)
• LHCb data fitted with di-charmonium 

rescattering
Ø Existence of 𝑋(6200), bound/virtual state
Ø Dip due to 𝐽/𝜓𝜓(2𝑆) threshold
Ø 𝑋(6900) due to 𝐽/𝜓𝜓(3770) threshold

Coupled channel rescattering

[PRL126(2021)132001, PRL127(2021)119901, PRD104(2021)034034]

Two channels: 𝐽/𝜓𝐽/𝜓 + 𝐽/𝜓𝜓(2𝑆) Three channels: 𝐽/𝜓𝐽/𝜓 + 𝐽/𝜓𝜓 2𝑆 + 𝐽/𝜓𝜓(3770)
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Search for 𝑇""#" #" state
• Studied in Υ𝜇$𝜇% final state by LHCb and CMS 

JHEP 10 (2018) 086 

PLB 808 (2020) 135578

LHCb: 6.3 fb-1
CMS: 35.9 fb-1

No obvious signals, eager to see full data analysis at CMS/ATLAS

19Yanxi ZHANG (PKU) Hadron2023

Di-𝑏'𝑏 thresholds



Search for 𝑇"$ #" ̅$ state
• Statistics too low to seen any structure in 𝐽/𝜓 − Υ mass spectrum
• Data consistent with DPS dominating production
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LHCb-PAPER-2022-047
arXiv:2305.15580



𝑇&$ ̅& ̅$ -states?
• Six 𝑋 → 𝐽/𝜓𝜙 and two 𝑍"& → 𝐽/𝜓𝐾$ states observed  in 𝐵$ → 𝐽/𝜓𝜙𝐾$
• Similarity with 𝑇"" ̅" ̅": allowed 𝐽'( of 𝑋 → 𝑉𝑉. More states in di-𝐽/𝜓 spectrum?

PRL127(2021)082001
and arXiv:2301.04899

𝑋
𝑍"&

21

𝑋 𝑍"&
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ATLAS and CMS reproduction
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CMS-PAS-BPH-21-003

Yanxi ZHANG (PKU) Hadron2023

ATLAS, arXiv:2304.08962



Summary
• Observed structure 𝑋(6900) in di-𝐽/𝜓 mass spectrum, consistent with fully

charmed tetraquark 𝑇"" ̅" ̅"

• Threshold structure: a few possible interpretations
ØOne BW, combination of two BWs, feed-down

• 𝑋(6900) Breit-Wigner properties:

• Looking forward to Run3 data and synergies with CMS/ATLAS analyses

Thank you for your attention

Science Bulletin 65 (2020) 1983
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Fit without interference:

𝑅 = 1.1 ± 0.4 ± 0.3 %

Fit with interference:



Backup slides
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Signal stability Science Bulletin 65 (2020) 1983
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Systematic uncertainties Science Bulletin 65 (2020) 1983
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Matching to predicted spectrum
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Eur.Phys.J.C 80 (2020) 871

Model dependent interpretations

Rept.Prog.Phys.86(2023)026201

Threshold structure
One or more ground states

X(6900)
First radial excitation

Yanxi ZHANG (PKU) Hadron2023


