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• Introduction and LHCb
• Conventional hadrons

Ø Observation of new excited Ξ!" states

Ø Observation of a new excited 𝐷#$ state

• Exotic hadrons
ØFull charmed tetraquark candidate 𝑋!! ̅! ̅!(6900)

ØEvidence of a pentaquark state with strangeness 𝑃!# 4459 "

卓越中心张艳席(北京大学） 2

Contents

[arXiv:2006.16957, Science Bulletin 65 (2020) 1983]

[LHCb-PAPER-2020-039]

[PRL 124 (2020) 222001]

[LHCb-PAPER-2020-034, arXiv:2011.09112]



The strong interaction
• Strong interaction and QCD less known than EW in the Standard Model

Knowledge of QCD is fundamental and critical in precision SM tests
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实验:

QCD贡献

arXiv:1311.2198

QCD uncertainty

• Hadron spectroscopy: opportunities to 
study non-perturbative QCD

• Exotic hadrons/multiple quark
interactions may reveal new dynamics

pentaquark ?tetraquark ? hybrid ?

…
Exotics

Contributions to muon g-2

Hardon
dynamics

QCD à Effective theory
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JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

One of the four large experiments at CERN
Aiming for precision measurements in 𝑏, 𝑐 flavor sectors
Forward acceptance: 2 < 𝜂 < 5

卓越中心

Large Hadron Collider Experiments

LHCb experiment
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250 mrad

Vertex Locator (vertex reconstruction)
• Impact parameter resolution: 20µm
• Decay time resolution: 45 fs (𝜏!~1.5 ps)

Tracking system
(particle reconstruction)
• 𝜖 Tracking ~96%
• ⁄𝛿𝑝 𝑝~0.5%-1% (5-200 GeV)
• 𝜎 𝑚!→## ≈ 22MeV

New J. Phys. 15 (2013) 053021

𝐵$% − L𝐵$% oscillation𝒑𝒑

RICH detectors
( ⁄𝐾 𝜋 /𝑝 separation <100 GeV)
• 𝜖 𝐾 → 𝐾 ~95%
• Mis-ID 𝜖 𝜋 → 𝐾 ~5%

Muon system
(𝜇 identification)
• 𝜖 𝜇 → 𝜇 ~97%
•Mis-ID 𝜖 𝜇 → 𝜇 ~1 − 3%

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



Conventional hadrons
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Exicited Ξ! states
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• Rich excited Ξ! spectroscopy, only about 10 states identified
• All states possible in prompt 𝑝𝑝 collisions

Lattice calculations
arXiv:1311.4806

𝒄
𝒔
𝒅

Known Ξ! in PDG



Observation of new Ξ!∗∗# states
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• Mass spectrum of Ξ!∗∗" → Λ!$𝐾U at LHCb, three new states observed

Ξ&%(2923)

Ξ&%(2939) Ξ&%(2965)

Ξ&%(2790)

Ξ&%(2815)

Ξ&%(3055)

Ξ&%(3080)

Feed-down

PRL 124(2020) 222001

Ø Ξ!" 2923 , Ξ!" 2939 : previously seen in  𝐵# → Λ!#Λ!$𝐾# decay as a 𝚵𝒄𝟎 𝟐𝟗𝟑𝟎
Ø Ξ!" 2965 : mass close to 𝚵𝒄𝟎 𝟐𝟗𝟕𝟎 observed in Λ!#𝐾𝜋 decay, but not the same

• Higher states seen by feed-down, other known states not obvious, 

Compared to Ξ!#𝐾$ spectrum

PRL 118 (2017) 182001



Excited 𝐷$%
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• Spectrum known better than baryons
• But still hard to establish SU(3) for 𝐷#∗∗$, 𝐷∗∗

Ø Large discrepancy with predicted masses
Ø 𝐷'"∗ 2317 #, 𝐷')∗ 2460 # as 𝐷(∗)𝐾 molecular?

• Matching of complete spectrum is important
Ø Beauty decay clean environment, allowing to measure 𝐽,-

PRD 93 (2016) 034035

𝒄
@𝒔

PLB641(2006)278
PRD82(2010)054022
PRD89(2014)014026
…



Observation of new excited 𝐷$%
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• Looking for excited 𝐷#$ in 𝐷$𝐾$𝜋U final states, in 𝐵" → 𝐷U𝐷$𝐾$𝜋U decays
• Significant structure at 𝑚X"Y"Z# ≈ 2.6 GeV
• Amplitude fit for 𝑚Y"Z# < 0.75 GeV region, dominated by 𝐾"∗ 700 " s-wave

arXiv:2011.09112

𝐽[ = 0U preferred, 1#, 2$ rejected by >15𝜎
𝑚. = 2591 ± 6 ± 7 MeV, Γ. = 89 ± 16 ± 12 MeV

𝐷'"∗ 2590 #

Consistent with the 𝐷' 2)𝑆" # state.
Width is compatible with prediction, but
mass 80 MeV lower !

PRD 93 (2016) 034035



Exotic hadrons
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Fully charmed state 𝑇!! ̅! ̅!
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arXiv:1911.00960

• Existence of  𝑇!! ̅! ̅! predicted early since charm discovery

• Recent calculations: many possible 𝑇!! ̅! ̅! , mostly 𝑚\$$%$&$ ∈ [5.8,7.4] GeV/c2

Ø Decaying into 𝐽/𝜓𝐽/𝜓 directly or via feed-down when 𝑚/''(')' > 2𝑚0/2

PLB 773 (2017) 247



The bottom partner: 𝑇'' (' ('
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• Searched for in Υ𝜇$𝜇U 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, low production rate ?



Di-𝐽/𝜓 production
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• Full LHCb data, about 34K di-𝐽/𝜓 signals
arXiv:2006.16957
Science Bulletin 65 (2020) 1983

𝑚'/)
* vs 𝑚0/2

3

6200

𝑚'/)'/)

§ Broad structure at 6.2-6.8 GeV/c2, close to Di-𝐽/𝜓 mass threshold
§ Narrow peak at 6.9 GeV/c2

§ Hint of another structure at 7.2 GeV/c2

§ No obvious structure in 𝐽/𝜓 background sample Non-peaking hypothesis
rejected at 6𝜎 !



Di-𝐽/𝜓 invariant mass
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• Same structures presented in all high 𝑝\(𝐽/𝜓𝐽/𝜓) bins 



Di-𝐽/𝜓 mass modeling (I)
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• Smooth function for non-resonant production
• Breit-Wigner (BW) for peaking structures

Difficulty to model the dip at 6.8 GeV !

Dip

§ Individual significances:
ü Broad structure: > 5𝜎
ü Structure at 6.9 GeV/c2 : > 5𝜎
ü 7.2 GeV/c2 structure: < 1𝜎

§ Threshold structure complicated
Two BWs versus one BW:

𝑃 𝜒4563 : 1.2% à 4.6%
Need more states?



Di-𝐽/𝜓 mass modeling (II)
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• Interferences to describe dip at 6.8 GeV
• Two separate choices of possible compositions

Non-resonant + one BW,
𝑃+! = 2.8%

Non-resonant + two BWs,
𝑃+! = 15.5%

Different from Model I

𝑚 = 6741 MeV/𝑐3
Γ = 288 MeV/𝑐3



Interpretations
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• Candidates of four-charm-quark states
• But difficult to understand all structures

Ø Relative narrow peak at 6.9 GeV, a BW resonance 
𝑋(6900). Parameters depends on interference effect

Ø Brow structure at threshold: one BW, multiple BWs 
or feed-downs. More information (𝐽, etc.) needed

Ø Interference is possible and fits better, but not 
significant enough yet

• Other similar states: 𝐽/𝜓 𝜓], 𝐽/𝜓Υ, ss ̅𝑠 ̅𝑠 …

Internal structure: naturally tetraquark,
but also explained with coupled
channels (𝜓𝜓, 𝜓]𝜓…)

Feng-Kun Guo
arXiv:2009.07795, arXiv: 2011.00978,
arXiv: 2011.11374, arXiv: 2011.04346 …



Pentaquark states
• Pentaquarks observed in 𝐽/𝜓𝑝 system in Λ7" → 𝐽/𝜓𝑝𝐾$ decays

Narrow and close to thresholds of Λ!""𝐷∗$, Σ!"𝐷(∗), supports a molecule picture

• Existence of 𝑃!'# 𝑐 ̅𝑐𝑠𝑢𝑑 → 𝐽/𝜓Λ predicted, possibly produced in Ξ7$ → 𝐽/𝜓Λ𝐾$

• Triangle singularity may also be present in Ξ7$ → 𝐽/𝜓Λ𝐾$
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PRL 105 (2010) 232001, 
PRC 93(2016) 064203,
PRD 93(2016)094009
Symmetry 12 (2020) 10
… Ξ^U → 𝐽/𝜓Λ𝐾U by LHCb

About 1800 signal decays
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LHCb-PAPER-2020-039



Ξ!" → 𝐽/𝜓Λ𝐾" amplitude fit
• Only a few components needed, statistics limited
• Evidence of a 𝐽/𝜓Λ structure, 𝑃!# 4459 ", with a significance of > 3.1𝜎
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LHCb-PAPER-2020-039

𝑷𝒄𝒔 𝟒𝟒𝟓𝟗 𝟎 𝑷𝒄𝒔 𝟒𝟒𝟓𝟗 𝟎

𝑚 = 4458.8 ± 2.9$).)#9.: MeV, Γ = 17.3 ± 6.5$;.:#<." MeV 



A 𝑐 ̅𝑐𝑢𝑑𝑠 state?
• Molecular states built from Ξ! J𝐷, Ξ!] J𝐷, Ξ!∗J𝐷, Ξ! J𝐷∗, Ξ!] J𝐷∗, Ξ!∗J𝐷∗… 
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LHCb-PAPER-2020-039

preliminary

Two nearby states

dc
s u

c
_

• 𝑃!# 4459 " mass close to Ξ! J𝐷∗

threshold, two 𝐼 = 0 states with c
d

U
or e

d

U

More data needed to resolve 

• Other states, confirmation in other decays?
Ø LHCb Run3

PRD101(2020)034018



Other results
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Precise measurement of Ξ!!## mass Precise measurement of 𝐵!# mass

First observation of Λ7" → 𝜂!𝑝𝐾$decay Search for doubly heavy Ξ7!" → 𝐷"𝑝𝐾$



Summary
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• New results on heavy hadron spectroscopy at LHCb
ØThree new excited 𝚵𝒄𝟎 states
ØNew excited 𝑫𝒔# state (2)𝑆")
ØFully charmed tetraquark candidates 𝑿𝒄𝒄>𝒄>𝒄(𝟔𝟗𝟎𝟎)
ØEvidence of pentaquark with strangeness 𝑷𝒄𝒔 𝟒𝟒𝟓𝟗 𝟎

Thank you for your attention
Contributions led by Chinese institutes in LHCb



Backups
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Observation of Ξ!∗# states
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Observation of new 𝐷$∗% states
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Precision Ξ!!"" mass
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• Ξ!!$$ the only established doubly charmed baryon by experiment
Ø Observed in Λ!#𝐾$𝜋#𝜋# and Ξ!#𝜋# decays
Ø Weak decay: 𝜏 = 0.256$"."33#"."39 ± 0.014 ps
Ø Mass:𝑚(Ξ!!##) = 3621.40 ± 0.80 MeV, consistent with models and LQCD

𝒄
𝒄
𝒖

• 𝑚(Ξ!!$$) updated using almost full Run II data, combining both known modes

𝑚 Ξ!!$$ = 3621.55 ± 0.23 ± 0.30 MeV

JHEP 02(2020)049



Precision 𝐵!" mass measurement
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• 𝐵!$ has unique properties
Ø Consists of two different heavy quarks
Ø Excited spectroscopy similar to heavy quarkonia
Ø Production and decay properties distinct from quarkonia

𝒄
�̂�

A special system to test QCD and effective models

• Mass measured combining almost all
decay modes, mostly observed by
LHCb

JHEP 07 (2020) 123

Competing between statistical
and systematic uncertainties

𝑚 𝐵!$ = 6274.47 ± 0.32 MeV

PDG: 6274.9 ± 0.8 MeV
LQCD: 6278 ± 6 ± 4 MeV

Compared with:



How to interpret data
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1. There are nontrivial structures
2. But difficult to understand all structures

ü Peak at 6.9 GeV relatively isolated,  well modeled by a BW X(6900)
ü Structure at threshold: one BW, multiple BWs or feed-downs
ü Interference is possible and fits better, but not significant enough yet

3. Statistics could help, LHCb needs Run3. But CMS  and ATLAS have 
many more data

4. Theory inputs?
ü Production
ü Structure
ü Spectrum
ü Spin-parity

5. Other decay may also help
𝐽/𝜓 𝜓?, 𝐽/𝜓Υ, ss�̅��̅� …

arXiv:2009.08450 …
arXiv:2009.07795 …
arXiv:2006.14445 …
arXiv:2007.05501 …


