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more details, see talks by:
Shuangli Yang and Zhihong Shen today afternoon;
Quan Zou yesterday afternoon



Introduction

• Quarks and gluons not isolated in nature. 
– Formation of colorless bound states: “Hadrons” 
– 1-fm scale size of hadrons? 

• Hadron spectroscopy provides opportunities 
to study QCD in the non-perturbative region
– Extensive and precise spectroscopy combined with a 

thorough theoretical analysis, will add substantially to 
our knowledge of QCD 

• Complex exotic hadrons can reveal new or 
hidden aspects of the dynamics of strong 
interactions
– Predicted in quark model
– Recent results show strong evidence for their 

existence

Hardon size
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Different types of hadrons to be explored
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Heavy hadron Spectroscopy
an example: LHC as a Large Hadron Discovery Factory
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The LHCb detector and physics
JINST 3 (2008) S08005
Int. J. Mod. Phys. A 30 (2015) 1530022

Designed for CP violation and heavy flavor studies

Beam1 Beam2

Collision 
point

PV

Pseudorapidity coverage
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X(3872) before LHC

!!"(3872)：B factory era
PDG2004

PDG2012

Mass: close to the !"∗"!" threshold
Width: narrow
C parity: +
Isospin: 0

LHCb measured its mass using 2010 data（34.7	pb#$）
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X(3872) during LHC Era

PDG2014

PDG2022

Mass resolution: 0.17	MeV/*!

Mass resolution: 0. 06	MeV/*!

Width: 1.19 ± 0. 21	MeV/*!

Produced in b-hadron decays: B, Bs, Lb, … and prompt production in
.!."/00/00̅ and heavy ion collision;

– Loosely $!%$!∗ bound state?
– Mixture of &#$(()) and $!%$!∗?
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Observation of sizeable ! contribution
in "($%&') → *!*"+/- arXiv:2204.12597

The isospin violating +% contribution, 
quantified for the first time with proper 
subtraction of the , contribution, is an 
order of magnitude too large for
X(3872) to be a pure charmonium state.

-& → /&0(3872) studied with RUN 1+2 data



Open flavor tetraquark

• D0 claimed evidence for the
X(5568) in decaying to 1#2!,
interpreted as tetraquark state
[345567]

• But not seen in other experiments
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CDF

l The 8$%∗ 9:;< ! (8$!2%) state was 
observed in 2003.

l It is argued to contain some tetraquark 
component in several theoretical descriptions,
whose ? = 1 partners can exist in the 8$!2±

final states.
l Cheng & Hou: It would be astonishing if a 

doubly charged resonance is found.
[PLB 566, 193 (2003)]
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Observation of a doubly charged tetraquark
<B4CD(2900)++ [=>?@AB] and its neutral partner

<B4CD(2900)0 [=>?A@B]
• First simultaneous amplitude analysis of -& → 6'$(&7& & -% → %6%$(&7'

with RUN 1+2 9 fb-1 data 

LHCb-PAPER-2022-026 
LHCb-PAPER-2022-027

• 6)8 mass spectra well 

described by adding 9* = 0&
(> 7.5 <) =+ ̅)%

- (2900) > 9 <

• Separate resonance fits:

Preliminary Preliminary
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!./012 (#$%%) and '1,4(#$%%)

Mass (GeV) Width (GeV) !!

""#$%& #$%% % & ""#$%& #$%% '' 2.908 ± 0.011 ± 0.020 0.136 ± 0.023 ± 0.020 0'

/%(#$%%)/""$%(#$%%) 2.866 ± 0.007 ± 0.002 0.057 ± 0.012 ± 0.004 0'

/((#$%%)/""$((#$%%) 2.904 ± 0.005 ± 0.001 0.110 ± 0.011 ± 0.004 1)

• E()$%* (9FDD) v.s. G%(9FDD)
ü Similar mass, but width and flavor contents are different.
ü =+ ̅).

- (2900)? 
ü =+ ̅)%

- 2900 && → 6&/&?
ü =+ ̅)%

- 2900 & → 6)&8%, 6)&8&8'?

!! "#$$ , !"("#$$)[)*+,+-]

PRD 102, 112003 (2020)

Preliminary Preliminary

!!"#$% "#$$ &&[&'()*+]!!"#$% "#$$ $[&'()+*]

• no isospin relation: [KL5M%N] v.s. [K5%M%N]
• U-spin relation: [KL5%MN] v.s. [K%N%M5]
• T#/(!

0 (UVV mass	and	width	larger	
than	T#(!((UVV)

/# → 1#1$2#

Preliminary Preliminary

LHCb-PAPER-2022-026 ; LHCb-PAPER-2022-027
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Study on (5 → *05*06+5
• Relative measurement of branching fractions :

ℬ(-& → 6)&6)'/&)
ℬ(-& → 6&6'/&)

= 0.525 ± 0.033 ± 0.027 ± 0.034
/# → 1%#1%$2#

• H+!H+" near-threshold enhancement is seen
• Similar to the I,-,/(3930) observed in
J! → H!H"L!?

/# → 1#1$2#

PRL125, 242001 (2020)

arXiv:2211.05034
arXiv:2210.15153
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New [,-,.-.] state in *05*06
• Near threshold structure M(3960): 12R, S0 = 0!!

• X0(4140) accounts for the dip around 4.14 GeV

arXiv:2211.05034
arXiv:2210.15153

dip at 4.14 GeV
via interference

If M(3960) and I,-(3930) the same particle, the ratio (<1) indicates intrinsic
[C4C] components. Hence, they could be exotic [B4BC4C] tetraquark state.



Xiao-Rui LYU CLHCP2022, Nanjing 15

Zcs [,-,/-.] states
>5.3 3

BESIII, PRL 126, 102001 (2021)

5'5) → 7*+(8,)8∗' + 8,∗)8')
BESIII, PRL 129 , 112003 (2022)

• Charged Zcs states are observed at BESIII and
LHCb: T,+(3985), T,+(4000), T,+(4220)

• It is natural to search for the neutral isospin
partners LHCb, PRL127, 082001 (2021)
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!!"#$ 4000 % in $% → &/()*&%
:' → !/<=7'

:+ → !/<=7*

LHCb−PAPER−2022−040

>. Mass (MeV/?/) Width (MeV)  Fit fraction 

@0,12 4000 + → !/<7*+ 1' 3991.3)1+.4)15.6'11.6'7.8 104.8)98.:)9:.:'9;.:'16.1 7.9 ± 2.5)9.7':.+

A<=' /@0,12 4000 ' → !/<7' 1' 4003 ± 6)14'4 131 ± 15 ± 26 9.4 ± 2.1 ± 3.4

• Consistent with being isospin partners: Δ` = −12.1'.%.2'3.2&....&4.% MeV/c2

• Significance is. 4.0e without isospin symmetry for =5).6 (4000), while 5.4e
with isospin symmetry constrains

simultaneous fits to
g! → h/jkl7 and g& →
h/jkl&, assuming isospin 
symmetry for all the intermediate 
states, except for the charged and 
neutral =5).6 4000 states.

prel.

prel.

preliminary results
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Search for exotics in 7" → 8#! ̅:$";"

• Y,! ̅Y," and Y,"L" systems are good places to search for exotics
• Near threshold enhancment of Y(4630) → Y,! ̅Y," is observed at Belle.

However, the Breit-Wigner line shape is not supported by BESIII
Belle: PRL101, 172001 (2008) 
BESIII: PRL120,132001(2018) 

Symmetry 14, 5 (2022)

vetoing 2.90 GeV < F(G>'7)) < 2.97 GeV

arXiv:2211.00812 

No obvious structures are seen in
!K#"!K! and !K!#! systems
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Charmonium(-like) states
in 7! → ;!<+/- JHEP 22, 046 (2022)

• With RUN 1+2 LHCb data, evidence is found for
Z/ 3823 → [S/Z and Z(4040) → [S/Z

• Searches for the known XYZ states and provides UL
on BF in J! → L!M

narrow width
assumption



!!" ""#$ #
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Pentaquark states at LHCb
• Observation of [BB557] pentaquarks: 4&'(4312)#, 4&'(4440)#, 4&'(4457)#

in Λ() → =/?@A$ decays; near thresholds of Σ*#C
)
, Σ*#C

∗)
, =! not determined

• Evidence of [BB557] pentaquark:
P,
-(4337)# in B.) → J/ψpp decays

PRL115,072001(2015)

PRL122,222001(2019)
• Evidence for [BB57C] pentaquark 

candidate with strangeness:
P,.
/ (4459)) in Ξ0

$ → J/ψΛK$ decays, near 

threshold of Ξ1)D
∗)

3.1M

Sci.Bull.66,1278(2021)

Σ!""
# Σ!∗""

#

#!#(1&)(

PRL128,062001(2022)
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Observation of the hidden-charm strange
pentaquark [=>=@B?]

• narrow structure in 9/mΛ in -' → 9/mΛp̅, with 9 fb-1 LHCb data
• amplitude analysis is performed

• q5)
8 4338 % → 9/mΛ observed with significance larger than 10e

• 9* = .
2
'

preferred and close to r+&6' threshold

Ø 0.8 MeV above N*#C$;

Ø 2.9 MeV above N*)+C)

arXiv:2210.10346

Λ!"3
#

no evidence for q5)
9 (4255)% and q5

:(4152)&



Summary
• 3 tetraquark states and 1 pentaquark state observed at LHCb in 2022

• ,̂+̅-
2 (2900)0,++ [_ ̅̀ab̅] in	J → HH+ f
• first	doubly	charged	tetraquark	candidate	

• M(3960) [_ ̅_` ̅̀] in	J! → H+!H+"L!
• 3̂+4

5 4000 - [_ ̅_b ̅̀] in	J- → S/ZxL6-

• isospin	partner	of	 T,+(4000)
• Observation of new pentaquark state z3+7 4338 [_ ̅_ab`]

• first	open-strange	pentaquark candidate
• Observation	of	.OP 3872 → 45/ 7 in	.OP 3872 → 8Q8R5/ 7
• More data in Run 3 are desired for further improvement on 

understanding their natures

Xiao-Rui LYU CLHCP2022, Nanjing 21



Xiao-Rui LYU CLHCP2022, Nanjing 22



Exotic hadron naming convention

% for pentaquarks, ! for tetraquarks

% states: i.e. 9ST(4312)Q, 9SUV (4459)W
Superscript: denotes isospin: Λ,|,Σ,Δ for  #= 0,1/2,1,3/2

Subscript: Υ,Z,! for hidden beauty, charm, strangeness; ",#,$ for 
open flavor quantum numbers

LHCb-PUB-2022-013, arXiv:2206.15233
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