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Introduction
ØQCD dilemma: understanding the non-

perturbative property of QCD at low-
energy scale

ØHadron spectroscopy: a main tool to 
probe QCD at low-energy regime
üheavy quarks bring advances both 

experimentally and theoretically

αs"

αs"      αs"

confinement 

asymptotic 
freedom 

conventional hadrons

exotic hadrons

[Rev. Mod. Phys. 90, 15003 (2018)]



/302024/4/27 Liupan An 3

The LHCb detector
ØLHCb is a single-arm forward region spectrometer covering 2 < 𝜂 < 5, 

dedicated to heavy flavor physics at the Large Hadron Collider

[JINST 3 (2008) S08005]

Vertex Locator: high precision; 
capable of separating 𝑏/𝑐
hadron production and decay 
vertices

RICHs: efficient identification 
of pions, kaons and protons

Muon system (M1-M5): 
efficient muon 
identification and trigger

𝜎!",$/&~10	µm, 𝜎!",'~60	µm

𝜀 𝐾 → 𝐾 ~95% 
@ misID rate 𝜋 → 𝐾 ~5% 𝜀 𝜇 → 𝜇 ~97% 

@ misID rate 𝜋 → 𝜇 ~1 − 3%

2.4% 4𝜋 angle 
⇒ 25% 𝑏+𝑏

2011-18 edition 

http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
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By Giacomo Graziani
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Hadrons observed at LHCb

https://www.nikhef.nl/~pkoppenb/particles.html

https://www.nikhef.nl/~pkoppenb/particles.html
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Selected new measurements

Ø Conventional hadrons
Excited states:
ü Observation of 𝛯!

"/$∗∗ → 𝛯!
"/$𝜋&𝜋" [PRL 131 (2023) 171901]

ü Observation of new 𝛺'$ → 𝛯'&𝐾" [PRL 131 (2023) 131902]

Decay properties:
ü Observation of 𝐵𝑐+ → 𝐽/𝜓𝜋+𝜋0 [arXiv:2402.05523]

ü Study of 𝐵'& → 𝜒'𝜋& decays    [JHEP 02 (2024) 173]

ü Observation of Λ𝑏0 → 𝐷+𝐷−Λ [arXiv: 2403.03586]

Ø Exotic hadrons
ü Search for prompt production of pentaquarks in open charm final states    

[arXiv: 2404.07131]

ü Modification of 𝜒'-(3872) production in 𝑝Pb collisions at 𝑠NN = 8.16 TeV
[arXiv: 2402.14975]

ü First measurement of 𝐽/𝜓𝜙 production in 𝑝𝑝 collisions with no additional 
activity    [LHCb-PAPER-2023-043] in preparation
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Conventional hadrons

-- Excited states

ü Observation of 𝛯!
"/$∗∗ → 𝛯!

"/$𝜋&𝜋" [PRL 131 (2023) 171901]

ü Observation of new 𝛺'$ → 𝛯'&𝐾" [PRL 131 (2023) 131902]
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Singly-heavy baryons
ØMissing resonances problem in baryon physics
⇒ heavy quark-light diquark 𝑄 𝑞𝑞 model is widely used to describe 𝑄𝑞𝑞 systems
ü𝜆-mode: low-lying states well established for most species
ü𝜌-mode: no firm assignment yet

Ø𝜩𝒃
"/𝟎 spectrum (based on 𝜆-mode)

Ø𝜴𝒄𝟎 spectrum: 
yet no consensus on the interpretation 
of observed excited states

[PRD 92 (2015) 114029]

𝑳

𝐽 !!
" = 0# 𝐽 !!

" = 1#

𝐿 = 0
𝟏/𝟐 #

𝛯$
%,'

𝟏/𝟐 #, 𝟑/𝟐 #

𝛯$( 5935 ', 𝛯$ 5955 ' → 𝛯$%𝜋'
𝛯$ 5945 % → 𝛯$'𝜋#

𝐿 = 1
𝟏/𝟐 ', 𝟑/𝟐 '

𝜩𝒃 𝟔𝟏𝟎𝟎 ' → 𝜩𝒃 𝟓𝟗𝟒𝟓 𝟎𝝅' ……
[PRL 126 (2021) 252003] by CMS
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[PRL 118 (2017) 182001]

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.054017
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.054017
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Observation of 𝛯!
"/$∗∗ → 𝛯!

"/$𝜋&𝜋"

ü Consistent with naïve expectation for 1P 𝐽 22
3 = 0& 1/2 ", 3/2 " doublet

[PRL 131 (2023) 171901]

p 𝛯!"𝜋&𝜋" with 𝛯!" → 𝛯'$ 𝑝𝐾"𝐾&𝜋& 𝜋" and 𝛯!" → 𝛯'$ 𝑝𝐾"𝐾&𝜋& 𝜋"𝜋&𝜋": 
an LHCb record of 9 tracks!

p 𝛯!$𝜋&𝜋" with 𝛯!$ → 𝛯'& 𝑝𝐾"𝜋& 𝜋" and 𝛯!$ → 𝛯'& 𝑝𝐾"𝜋& 𝜋"𝜋&𝜋"

[PRL 126 (2021) 252003]
by CMS
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Observation of new 𝛺'$ → 𝛯'&𝐾"
ØUsing full 9 fb"- Run1+Run2 LHCb data 

üTwo new states:

üMost precise 
mass and width 
measurement

[PRL 131 (2023) 131902]

Zhihao Xu 
Jibo He
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Conventional hadrons at LHC

https://www.nikhef.nl/~pkoppenb/particles.html

https://www.nikhef.nl/~pkoppenb/particles.html
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Conventional hadrons at LHC

𝜰 + 𝜸
𝜰 + 𝜸

𝛯! + 𝜋

Λ!" + 𝜋𝜋

𝐷 ∗ + 𝜋

𝐵$% + 𝜋𝜋
𝐵$% + 𝜋𝜋

𝐷 + 𝐾

𝛯! + 𝜋 𝐵 + 𝜋

𝐷 + 𝜋

𝐷 + 𝑝

𝛯$ + 𝐾

Λ!" + 𝐾

Λ!" + 𝜋

Λ!" + 𝜋𝜋

𝛯! + 𝐾

Λ$% + 𝐾

𝛯! + 𝜋

𝐵 + 𝐾

𝐷 + 𝐾𝜋

𝛯! + 𝜋𝜋 𝛯! + 𝜋𝜋

Λ!" + 𝐾𝜋

𝛯$ + 𝐾

CMS ATLASLHCb
https://www.nikhef.nl/~pkoppenb/particles.html

https://www.nikhef.nl/~pkoppenb/particles.html
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Conventional excited hadrons at LHCb

𝑫 𝐷 ∗ + 𝜋

𝐷 + 𝐾 𝐷 + 𝐾𝜋𝑫𝒔%

𝐵 + 𝜋𝑩

𝐵 + 𝐾𝑩𝒔𝟎

𝐵$% + 𝜋𝜋𝑩𝒄%

𝛯$ + 𝐾𝜴𝒄𝟎

Λ!" + 𝜋𝜋Λ!" + 𝜋𝜦𝒃𝟎 𝜮𝒃

𝛯! + 𝜋

Λ!" + 𝐾 Λ!" + 𝐾𝜋

𝛯! + 𝜋𝜋
𝜩𝒃

𝛯! + 𝐾𝜴𝒃*

𝐷 + 𝑝
𝜦𝒄% 𝜮𝒄

Λ$% + 𝜋 Λ$% + 𝜋𝜋

Λ$% + 𝐾
𝜩𝒄

𝛯$ + 𝜋 𝛯$ + 𝜋𝜋

suggestions
?
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Conventional hadrons

-- Decay properties

ü Observation of 𝐵𝑐+ → 𝐽/𝜓𝜋+𝜋0 [arXiv:2402.05523]

ü Study of 𝐵'& → 𝜒'𝜋& decays    [JHEP 02 (2024) 173]

ü Observation of Λ𝑏0 → 𝐷+𝐷−Λ [arXiv: 2403.03586]
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Observation of 𝐵'& → 𝐽/𝜓𝜋&𝜋$
ØFirst observation of 𝐵9: → 𝐽/𝜓𝜋:𝜋; with significance > 20 𝜎

[arXiv:2402.05523]
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Chang & Chen 1992

Liu & Chao 1997

Colangelo & De Fazio 1999

Abd El-Hadi, Muñoz & Vary 1999

Kiselev, Kovalsky & Likhoded 2000

Ebert, Faustov & Galkin 2003

Ivanov, Körner & Santorelli 2006

Hernández, Nieves & Verde-Velasco 2006

Wang, Shen & Lu 2007

Likhoded & Luchinsky 2009

Likhoded & Luchinsky 2009

Likhoded & Luchinsky 2009

Qiao et al. 2012

Naimuddin et al. 2012

Rui & Zou 2014

Issadykov & Ivanov 2018

Cheng et al. 2021

Zhang 2023

Liu 2023

𝑁 = (1.08 ± 0.06)×10+

𝝆(&𝝆 𝟏𝟒𝟓𝟎 (
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Study of 𝐵'& → 𝜒'𝜋& [JHEP 02 (2024) 173]

ØFirst observation of 𝐵9: → 𝜒9D𝜋: with significance > 7 𝜎
ØUpper limit set on 𝐵9: → 𝜒9E𝜋:

𝑁(𝜒,-) = 108 ± 16

* 𝑚(𝐽/𝜓𝛾)
constrained 
to 𝑀(𝜒!")
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Observation of Λ!$ → 𝐷&𝐷"Λ
ØFirst observation of ΛG; → 𝐷:𝐷HΛ with significance of 16 𝜎

[arXiv: 2403.03586]
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Map of exotics

𝑐 ̅𝑐

𝑞
$𝑞

𝑠
$𝑞

𝑞
𝑞
𝑞

𝑞
𝑞
𝑠

𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 , 𝒀 𝟒𝟐𝟑𝟎 ,
𝒁𝒄 𝟒𝟒𝟑𝟎 #…

𝒁𝒄𝒔 𝟒𝟎𝟎𝟎 #,
𝒁𝒄𝒔 𝟑𝟗𝟖𝟓 #

𝑷𝒄 𝟒𝟑𝟏𝟐 #, 𝑷𝒄 𝟒𝟒𝟒𝟎 #,
𝑷𝒄 𝟒𝟒𝟓𝟕 #

𝑷𝝍𝒔 𝟒𝟑𝟑𝟖 𝟎

𝑏
$𝑏 𝑞
$𝑞

𝑐
̅𝑐
𝑐
̅𝑐

𝑐
𝑐
$𝑞

$𝑞

𝑐 $𝑞
$𝑞
𝑠

𝑐 $𝑞
𝑞
𝑠̅

𝒁𝒃 𝟏𝟎𝟔𝟏𝟎 ,
𝒁𝒃 𝟏𝟎𝟔𝟓𝟎 …

𝑿 𝟔𝟗𝟎𝟎 ,
𝑿(𝟔𝟓𝟓𝟐)

then all others

𝑻𝒄𝒄#

𝑻𝒄;𝒔𝟎𝒂 𝟐𝟗𝟎𝟎 𝟎/##

𝑻𝒄𝒔𝟎(𝟐𝟗𝟎𝟎) 𝑫𝒔𝟎∗ 𝟐𝟑𝟏𝟕 #
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Exotic hadrons

ü Search for prompt production of pentaquarks in open charm final states    
[arXiv: 2404.07131]

ü Modification of 𝜒'-(3872) production in 𝑝Pb collisions at 𝑠44 = 8.16 TeV
[arXiv: 2402.14975]

ü First measurement of 𝐽/𝜓𝜙 production in 𝑝𝑝 collisions with no additional 
activity    [LHCb-PAPER-2023-043] in preparation
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Background for pentaquark study
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+(4312)cP
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0*D +
cΣ

0D +
cΣ

[PRL 122 (2019) 222001]

Proximity of 𝛴'&S𝐷$ and 𝛴'&S𝐷∗$ thresholds to the peaks 
suggests they play an important role in the dynamics

Compact multiquark oMass proximity to 
threshold accidental

oNo (strong) hierarchy 
of couplings

Hadron molecule 
oMass proximity to 

threshold natural
oFall-apart decay 

dominant

ØThe observation of new decay modes can shed light on the binding scheme 
of the exotic hadrons ⇒ search through open charm modes

𝜦𝒃𝟎 → ⁄𝑱 𝝍𝒑 𝑲*
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Search for pentaquarks via open charm
ØInclusive search performed using 5.7 fb"- data from 2016-2018
ØReconstruction: Λ'& → 𝑝𝐾"𝜋&, 𝐷" → 𝐾&𝜋"𝜋", 𝐷$ → 𝐾"𝜋&

𝛴'
&&($) → 𝛬'&𝜋&("), 𝐷∗" → S𝐷$𝜋"

[arXiv: 2404.07131]

*10 modes too statistically limited to set upper limits

ühidden-charm pentaquarks üdoubly-charmed pentaquarks & excited 𝛯$$
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Results
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ØNo significant signals are found

ØUpper limits set on 𝑅 = 7>?
7@?A

×
8@?A

8>?
→

9 3? ×ℬ 3?→=?A> ? ×ℬ >

9(=?A)

local

𝑐 ̅𝑐𝑢𝑢𝑑
𝑀~4520.69	MeV

üKnown 𝑃'& states 
tested and yields all 
agree with 0

[arXiv: 2404.07131]

*Complete list in paper

üPseudo-experiments indicate average number of 
channels fluctuate above 3 𝜎 is 7 ± 5, so we conclude 
the results are consistent with background-only
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𝜒'( 3872  in hadronic collisions

üEnhancement: 
quark coalescence…

✘Suppression: 
breakup due to interactions 
with comoving particles…

differ in
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Under discussion

üIn 𝑝𝑝 collisions
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üIn 𝑝𝑝 collisions vs multiplicity üIn PbPb collisions

Ø Measurements of 𝜒$- 3872 production wrt 𝜓(2𝑆)

[PRL 128 (2022) 032001] 
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𝜒'( 3872  in 𝑝Pb 
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𝑁 = 129 ± 37

𝑁 = 71 ± 39

üIncrease with system size 
⇒ 𝜒$- 3872  experience 
different dynamics in nuclear 
medium than 𝜓(2𝑆)

üEnhancement in 𝑝Pb 
⇒ enhancement due to 
coalescence dominates over 
suppression due to breakup

[arXiv: 2402.14975] 
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Central exclusive production (CEP)

*glueball

üExperimentally clean even 
@LHC

üSpin-parity option 
narrowed down

✘Much smaller rate
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𝑋 in 𝐵& → 𝐽/𝜓𝜙𝐾&
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[PRL 127 (2021) 082001]

Contribution Significance [⇥�] M0 [MeV] �0 [MeV] FF [%]

All K(1+) 25± 4+ 6
� 15

21P1 K(1+) 4.5 (4.5) 1861± 10+16
� 46 149± 41+231

� 23

23P1 K 0(1+) 4.5 (4.5) 1911± 37+124
� 48 276± 50+319

� 159

13P1 K1(1400) 9.2 (11) 1403 174 15± 3+ 3
� 11

All K(2�) 2.1± 0.4+2.0
� 1.1

11D2 K2(1770) 7.9 (8.0) 1773 186
13D2 K2(1820) 5.8 (5.8) 1816 276

All K(1�) 50± 4+10
� 19

13D1 K⇤(1680) 4.7 (13) 1717 322 14± 2+35
� 8

23S1 K⇤(1410) 7.7 (15) 1414 232 38± 5+11
� 17

K(2+)
23P2 K⇤

2 (1980) 1.6 (7.4) 1988± 22+194
� 31 318± 82+481

� 101 2.3± 0.5± 0.7
K(0�)

21S0 K(1460) 12 (13) 1483 336 10.2± 1.2+1.0
� 3.8

X(2�)
X(4150) 4.8 (8.7) 4146± 18± 33 135± 28+59

� 30 2.0± 0.5+0.8
� 1.0

X(1�)
X(4630) 5.5 (5.7) 4626± 16+ 18

� 110 174± 27+134
� 73 2.6± 0.5+2.9

� 1.5

All X(0+) 20± 5+14
� 7

X(4500) 20 (20) 4474± 3± 3 77± 6+10
� 8 5.6± 0.7+2.4

� 0.6

X(4700) 17 (18) 4694± 4+16
� 3 87± 8+16

� 6 8.9± 1.2+4.9
� 1.4

NRJ/ � 4.8 (5.7) 28± 8+19
� 11

All X(1+) 26± 3+ 8
� 10

X(4140) 13 (16) 4118± 11+19
� 36 162± 21+24

� 49 17± 3+19
� 6

X(4274) 18 (18) 4294± 4+3
� 6 53± 5± 5 2.8± 0.5+0.8

� 0.4

X(4685) 15 (15) 4684± 7+13
� 16 126± 15+37

� 41 7.2± 1.0+4.0
� 2.0

All Zcs(1+) 25± 5+11
� 12

Zcs(4000) 15 (16) 4003± 6+ 4
� 14 131± 15± 26 9.4± 2.1± 3.4

Zcs(4220) 5.9 (8.4) 4216± 24+43
� 30 233± 52+97

� 73 10± 4+10
� 7
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𝑋 → 𝐽/𝜓𝜙 in CEP

> 4 tracks

4 tracks

𝑁 = 989
purity = 93.0 ± 0.5 %

preliminary

preliminary

𝟐. 𝟒𝝈

𝟒. 𝟑𝝈

𝟓. 𝟓𝝈

𝟏. 𝟔𝝈 (joint)

preliminary
preliminary

[LHCb-PAPER-2023-043]
in preparation
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Results

preliminary
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[LHCb-PAPER-2023-043]
in preparation [PRL 127 (2021) 082001]

𝐵% → 𝐽/𝜓𝜙𝐾%

üMass & width measurement: 
slightly higher mass of 𝑋(4500) üCross-section measurement:

ØFirst exotic hadron measurement in CEP!
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Other exotics in CEP

Higher di-muon invariant mass [MeV]
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Ø𝑋 → 𝐽/𝜓 𝐽/𝜓: CEP of charmonium pairs studied using 3 fbHE Run1 data 
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[J. Phys. G: Nucl. Part. Phys. 41 (2014) 115002]

[Science Bulletin 65 (2020) 1983]

Ø𝜒NO 3872 ? Other suggestions? 
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Summary and prospects
ØLHCb keeps making important contributions to spectroscopy study

üExotic heavy hadron: 
search for pentaquark in open-charm modes; 
first measurement of 𝜒'- 3872  production in 𝑝Pb; 
first measurement of exotic hadron in CEP …

üConventional heavy hadron: new 𝛯!∗∗ and 𝛺'∗∗ states and more decays…
ØIn Run 3, the upgraded LHCb detector and an improved software-only trigger 

system are implemented

More data, more chances!
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Back up
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𝐵& → 𝐽/𝜓𝜙𝐾& amplitude analysis
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Run 1 model

Updated model

[PRL 127 (2021) 082001]


