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Outline
Ø Study of radiative decays of !!"(3872)     [arXiv: 2406.17006]

Ø First measurement of (/*+ production in ,, collisions with no additional activity    

[LHCb-PAPER-2023-043] in preparation

Ø Amplitude analysis of -# → /
∗%
/&#0#    [arXiv: 2405.00098]

Ø Amplitude analysis of -# → /
∗±
/
∓
1
#    [arXiv: 2404.19510]

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

[arXiv: 2404.07131]

Ø Observation of Λ)
*
→ Σ!

∗ ##
/

∗ %
1
%    [arXiv: 2404.19510]

Ø Modification of !!"(3872) production in ,Pb collisions    [PRL 132 (2024) 242301]

Ø 6)
% baryon lifetime measurement    [arXiv: 2406.12111]

Ø Observation of Λ)
*
→ /

#
/
%
Λ   [arXiv: 2403.03586]

Ø …

! → #$#ℎ
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Introduction
n QCD describing strong interaction between quarks and gluons is not well 

understood due to its non-perturbative nature at low energy scale
n Hadron spectroscopy provides opportunities to test QCD and its effective 

models 
q e.g. lattice QCD, diquark model, potential model …

n Exotic hadrons provide unique probe to QCD 
q Predicted in quark model
q Recent results show strong evidence for their existence

mesonic 
molecule ? pentaquark ?tetraquark ? hybrid ?

…

meson
baryon
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The LHCb Experiment
n LHCb is a dedicated flavour physics experiment at the LHC

q >104 × larger ! production rate than the B factories @ U(4S)
q Access to all b-hadrons: "!, "", "#", "$!, b-baryons

n Can also study hadron spectroscopy and exotic states
n Acceptance optimised for forward 787 production

4

Ø All results based on full or part of run-1 and 
run-2 datasets

p p

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022
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New particles in a glance

n 67 new hadrons discovered by LHCb!
https://www.nikhef.nl/~pkoppenb/particles.html

59/7/24 Liming Zhang



Radiative decays of !!"(#$%&)
n Nature of !!"(3872) still under debate, while study of radiative decays provides a way to probe it
n Only evidence of !!" 3872 → * 29 : was seen experimentally before

[arXiv: 2406.17006]

≳ "

≪ "

mixed

Babar 2008

Belle 2011

LHCb 2014

BESIII 2020

- decay
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Radiative decays of !!"(#$%&) (cont.)
n Update at LHCb using $# → &$% 3872 +# decay with 9	fb&%	Run1+Run2 data 
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!!" 3872 → * 29 :

Run1: ; = 40 ± 8; A. CD

Run2: ; = 63 ± 10; G. HD

LHCb meets theory workshop
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(15%)

LHCb average

https://indico.cern.ch/event/1423946/


Central exclusive production (CEP)

*glueball

ü Experimentally clean even @LHC
ü Spin-parity option narrowed down
✘  Much smaller rate

9/7/24 Liming Zhang 8

n Study J/ψϕ resonances in CEP
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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

9/7/24 Liming Zhang 9



( → +/-. in CEP [LHCb-PAPER-2023-043]
in preparation

4 tracks

! = 989
purity = 93.0 ± 0.5 %

preliminary

preliminary

1. 23

2. 43

5. 53

6. 73 (joint)

preliminary
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First exotic hadron measurement in CEP!

11

preliminary

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

§ Mass & width measurements: slightly higher 
mass of I(4500)

§ Cross-section measurements:

9/7/24 Liming Zhang
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) → 0102 studies
n Rich opportunities for spectroscopy study

q charmonium(-like) states in 0(∗)10(∗), Λ$#10(∗), Λ$#1Λ$&…
q excited 5#, 50, 51#, 62# states from 0(∗)ℎ, Λ$#ℎ…
q exotic states from 10(∗)ℎ, 1Λ$&ℎ…

-
#
, -

*
, -&*

Λ)
*
…

/
∗ #
, /

∗ *
, /&#, Λ!#…

/
∗ %
, M/

∗ *
, /&%, MΛ!%…

1
∗ #
, 1

∗ *
, 0

#
, +, Λ…
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!! → #!#"$! 

) → 0102 studies at LHCb

9/7/24 Liming Zhang 13

!!"(3930)
'(3770)

A new resonance?

!!(#$%%)

!"(#$%%)

[PRL 125 (2020) 242001]
[PRD 102 (2020) 112003] 



$# → 0#0&+# 
3$#"/& 2900 , 8$"(3930)

!! → #"##!%! !$ → &#$##!%" &

) → 0102 studies at LHCb

9/7/24 Liming Zhang 14
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( 2900 " → :#!;)	
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) → 0102 studies at LHCb

$# → 0#0&+# 
3$#"/& 2900 , 8$"(3930)

$# → 0&0=#8# 
3$ ̅#"
( 2900 !!

!! → ##!##"$! 

$> → 10>0=#8& 
3$ ̅#"
( 2900 "&
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$# → 0#0&+# 
3$#"/& 2900 , 8$*(3930)

$# → 0&0=#8# 
3$ ̅#"
( 2900 !!

!! → #∗"##!%!

$# → 0=#0=&+# 
? 3960

$> → 10>0=#8& 
3$ ̅#"
( 2900 "&

) → 0102 studies at LHCb
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'! → (∗"(&(∗)!)!: branching fractions
n Measurement performed using the full LHCb dataset of 9	fb%"
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'! → (∗"(&!)!: amplitude analysis

n Baseline fit with 10∗∗> → 0∗&8# contributions

[arXiv: 2405.00098]

G. AD

G. WD

X. GD

9/7/24 Liming Zhang 18



'! → (∗"(&!)!: amplitude analysis

n Fits incorporating 0=#8# amplitudes
q best fit: Y,-./0 Z[\\

##
+ nonresonant vector

n Fits incorporating 0∗&0=# amplitudes: none provides a physical description

[arXiv: 2405.00098]
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A. C	D, fit fraction = E. A ± 0. G%, upper limit 2.3 2.7 % at 90 95 % CL
• consistent with A. AK ± 0. CL ± 0. LL % in "! → :):#!;! 
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$# → 0#0&+# 
3$#"/& 2900 , 8$*(3930)

$# → 0&0=#8# 
3$ ̅#"
( 2900 !!

$# → 0∗&0=#8#

$# → 0=#0=&+# 
? 3960

$> → 10>0=#8& 
3$ ̅#"
( 2900 "

!! → #∗±#∓$! 

&

3$ ̅#"
( 2900 !!?

) → 0102 studies at LHCb
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'! → (∗±(∓*!: signal yields
n Using the full LHCb dataset of 9	fb%": /∗% → M/

*
→ ^

#
_
%
&^

#
_
%
_
%
_
#
0
%

[arXiv: 2406.03156]

ü -
#
→ /

∗#
/
%
1
#
: [GG

ü -
#
→ /

#
/
∗%
1
#
: b\GW9/7/24 Liming Zhang 21



'! → (∗±(∓*!: amplitude analysis
n Amplitudes of -# → c /

∗#
/
%
1
# and -# → c /

#
/
∗%

1
# linked by d-parity

⇒ allowing determination of C-parities of c resonances 

[arXiv: 2406.03156]

ü f = 1 for -# → /
#
/
∗%
1
#; f = −1 for -# → /

∗#
/
%
1
#

pc resonances with (1 = 1
#: 9-wave & /-wave

pOther resonances: Breit-Wigner

pNonresonant contributions to /∗±/∓	: 
g2 Q = h

(4#56)(8.%8/.) for ;c*0-; otherwise g2 Q = 1

"! → :!:∗),!

"! → :∗!:),!
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'! → (∗±(∓*!: fit results
n All components in baseline fit have significance > 5;

[arXiv: 2406.03156]

*Fit fractions in paper

üclear different interference behaviors9/7/24 Liming Zhang 23



(# → *∗±*∓+#: 0∗±0∓ system

§ Significances for those charmonium(-like) states >6.1s
§ JPC for each state is determined to be >5.7s better than other hypotheses

[arXiv: 2406.03156]

§ States can fit into Charmonia, and 
mass more consistent with the 
prediction with unquenched quark 
model [arXiv: 2312.10296]

§ 8$&(4010) could be the partner of 
8$&(3872), predicted both in the 
unquenched model and Lattice 
[arXiv:2402.14541]GI model 

hep-ph/0505002
9/7/24 Liming Zhang 24
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'! → (∗±(∓*!: 3'!'(∗  states [arXiv: 2406.03156]
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1
#
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< 0.21	@	95%	mn

9/7/24 Liming Zhang 25



, → -.-ℎ studies at LHCb

9/7/24 Liming Zhang 26

$# → 0#0&+# 
3$#"/& 2900 , 8$*(3930)
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? 3960
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3$ ̅#"
( 2900 "

$# → 0∗±0∓+# 
3 ̅$ ̅#
∗ , ℎ$ 4000/4300 , 8$&(4010)
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Background for pentaquark study
n The observation of new decay modes can shed light on the binding scheme of the exotic 

hadrons ⇒ search through open charm modes
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[PRL 122 (2019) 222001]

Proximity of o!#M/* and o!#M/∗* 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

U., → ⁄W XY Z)
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Search for pentaquarks via open charm
n Inclusive search performed using 5.7	fb&% data from 2016-2018

n Reconstruction: Λ$#, 0&, 0>, =$
##(>), 0∗&

[arXiv: 2404.07131]

*10 modes too statistically limited to set upper limits

ühidden-charm pentaquarks üdoubly-charmed pentaquarks & excited [$$
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Results
n No significant signals are found

n Upper limits set on > = \!"
\#"$

×
]#"$

]!"
	→

^ _" ×ℬ _"→b"$c d ×ℬ c

^(b"$)

[arXiv: 2404.07131]
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*Complete list in paper

n Largest significant modes:
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Observations of 4)* → 4!#10 ∗ */+ decays
n These decays can pave the way for 

future A$# search in Λ$#10 ∗ > systems 
q which are open-charm equivalent of (/*,
q n:∗" is partially reconstructed with missing ;"/o

n Branching fractions

n Relative to Λp> → B/DE+&

ℬ(q/" → (/*r,))	
ℬ(q/" → q$!n:",))

= 15.2)*.1!2.* %

ℬ(Λ/" → Λ$!n:",))
ℬ(Λ/" → Λ$!:#))

= 19.08)".23)".&1!".24!".&4 ± 0.38 %

ℬ(Λ/" → Λ$!n:∗",))
ℬ(Λ/" → Λ$!:#))

= 58.9)&.5)&.1!&.1!&.5 ± 1.2 %

ℬ(q/" → (/*r,))	
ℬ(q/" → q$!n:∗",))

= 4.9)".6!&.& %

[arXiv:2311.14088] 309/7/24 Liming Zhang



++, → ,-∗ !!( ∗ "*": observation

n Four Λp> → =$
∗ ##0 ∗ &+& modes observed with overwhelming significance 
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0'( → 1!∗ ##* ∗ )+): intermediate states
[arXiv: 2404.19510]

n Larger dataset needed to draw a definitive conclusion 
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Summary and prospects

n LHCb keeps making important contributions to heavy hadron 
spectroscopy, both for conventional or exotic hadrons

n In Run 3, the upgraded LHCb detector and an improved software-
only trigger system will be implemented

33

More exciting results are to come!
More data, more chances & challenges!

9/7/24 Liming Zhang



BACKUP
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The LHC as a Beauty and Charm factory
Proton-Proton Collisions at u = 13 TeV
~ 20 000 !v! pairs per second, x 20 of e ̅e pairs 

High B-baryon production fraction

w! 	 ∶ 	 w, 	 ∶ 	w7, 	 ∶ 	 U.,
ynz 	 {nz 	 1nz 	 (y{z)

          |	 ∶ 	 |	 ∶ 	 E	 ∶ 	 A
Unique dataset
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Observation of Λ*+ → -#-)Λ 
n First observation of ΛBC → #D#EΛ with significance of 16	'

[arXiv: 2403.03586]
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!	decay 
outside VELO
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Two methods for spectroscopy

n Direct production in EE collisions
q Combine a heavy flavour hadron 

with one or more light particles 
q Pros: High statistics, in principle can 

study all states
q Cons: Large combinatorial 

background, hard to determine JP

n Production by a heavier particle 
decay
q Usually with amplitude analysis
q Pros: Low background, Better 

determination of JP

q Cons: Low cross-section, limited 
mass range

PV
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LHCb collected luminosity
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This is Run3

Run3: Hope to collect ~15 fb-1 

physics data in 2024&2025

Statistics ~	G× run1+2

Trigger efficiency G×	for 
hadronic final state
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Other exotics in CEP

Higher di-muon invariant mass [MeV]
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Ø( → )/+ )/+: CEP of charmonium pairs studied using 3	fbEI Run1 data 
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Observation of 3!( → 0+/#

n Amplitude analysis of H# → 5#5&I# decays
q ~1300 signals with purity 99.5% 

n Enhancement in JÉ 0&+# ~8.5GeV&É	
n Described by N%(2900) and N>(2900)
n First discovery of open-charm tetraquarks 

with four different flavors [ST1U1V]!

n The observation motivates study of $ → 100=8

40

!!"(3930)
'(3770)

A new resonance?

(9fb-1)

!!(#$%%)

!"(#$%%)new

new
new

d
c
_

u
s
_

[PRL 125 (2020) 242001]
[PRD 102 (2020) 112003] 
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Study of )* → 10*0(#5+ and )# → 0+0(#5# 
n Full 9	fbEI	Run1+Run2 LHCb data 
⇒ 4420	4C → 5#C#JD6E and 
3940	4D → #E#JD6D candidates

41

⇒ Joint amplitude analysis where amplitudes of the two decays are related through isospin symmetry 
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Observation of 3!'(*, &677 */##

n Fit with two #JD6 states sharing resonance parameters

42

Ø7K ̅JC
M 2900 C → #JD6E	&	7K ̅JC

M 2900 DD → #JD6D significance > 9'
üA second 1%	/&#0 state yields significance of only 1.3r
üAdditional /0, /&#0, //&# resonances disfavored

Ø )N = 0D favored over other spin-parity by more than 7.5'
> = 2.908 ± 0.011 ± 0.020	GeV
Γ = 0.136 ± 0.023 ± 0.011	GeV

[PRL 131 (2023) 041902]

9/7/24 Liming Zhang
Fit	fraction = 2.45 ± 0.65 ± 0.84 %



!(#$%&) in (- → *.-*./+- decays
n Strong threshold enhancement found in 0=#0=& system

n Amplitude analysis is performed

n X(YZ[\): threshold enhancement
q (

1<
= 0

##
	preferred over 1%%	and 2## by 9.3r and 12.3r

q Could be a s ̅suu̅ tetraquark predicted by Lattice QCD

q Resonance parameters are consistent with !!*(3930)	within 3s
n More data need to study the lineshape for I(3960)

43

[PRL 131 (2023) 071901]
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~360 signals
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Charmonia in an unquenched quark model

44

Experiment results
Thereotical predictions

GI Unquenc
hed

states

%#('()*) ,$
= '()*%&'%()*()*+' 4064 4022

%#('.)
/%* 0$

= 1'/%,-%'$*-(*&$& 80 62

2#()///) ,$
= )///%&,%((*&'*(- 3956 3961

2#(34)
1*% 0$

= 1'/%,-%'$*-(*&$& 87 66

5#&()/1/) ,$
= )/13. *%+.-%+.'*+./*,.& 3953 3990

5#&(34)
1** 0$

= 73. 8%/.,%/./*'.$*/., 165 60

2#()'//) ,$
= )'/8. '%/./%,.&*/.,*+.+ 4318 4307

2#('4)
1*% 0$ = *9%&/%(0*()*() 75 25

arXiv: 2312.10296
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