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Introduction
Hadron	spectroscopy is very	important	to	probe	low-energy	non-perturbative	
QCD dynamics

Conventional hadrons:
Quarks	are	confined	in	mesons and baryons

𝑞
𝑞"

𝑞
𝑞

𝑞

mesons

baryons

Multi-quarks	states	are	first	predicted	in	1964	in	quark	model	original	paper,	by	
M.	Gell-Mann	and	G.	Zweig

𝑞𝑞"𝑞𝑞"
tetraquarks

𝑞𝑞𝑞𝑞𝑞"
pentaquarks

Exotic hadrons:
different	multi-quarks	compounds are	allowed

Phys. Lett., 8:214-215 (1964)
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Spectroscopy at LHCb
62	new	hadrons	discovered	at	LHC	and	18	of	them	are ‘exotic’

A	real	new	hadrons	discovery	machine,	major	contribution	to	the	hadron	taxonomy	

How multi-quark states bind	is	still	largely	mysterious!
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The LHCb experiment

Vertexing
Hadron IDTracking

Calorimeters Muon ID

Single	arm	spectrometer,	25%	of	𝑏𝑏" pairs produced	in	
the	acceptance

Designed	to	study	heavy	hadron	decays

Unique kinematic region: high rapidity (2 < 𝜂 < 5)
and low 𝑝)
Excellent	tracking,	momentum	resolution	and	particle	
identification

JINST	3	(2008)	S08005,	IJMPA	30	(2015)	1530022	
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Overview of selected results

Tetraquarks:
Observation	of	new	𝑋 → 𝐽 𝜓⁄ 𝜙	and	𝑍12 → 𝐽 𝜓⁄ 𝐾4	states	in	𝐵4 → 𝐽 𝜓⁄ 𝜙𝐾4

Study	of	the	Doubly-charmed	tetraquark	𝑇114	in	prompt	𝐷8𝐷8𝜋4

Pentaquarks:
Evidence	of	𝐽 𝜓⁄ Λ	structure	in	Ξ<= → 𝐽 𝜓⁄ Λ𝐾4

Searching	for	pentaquarks	in	𝐵28 → 𝐽 𝜓⁄ 𝑝�̅�
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PRL	118,	022003	(2017), PRL	127,	082001	(2021)
arXiv:2109.01056v2, arXiv:2109.01038

Sci.Bull.	66,	13,	1278-1287	(2021)
PRL 128	(2022)	062001	
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Study of 𝑩+ → 𝑱 𝝍⁄ 𝝓𝑲+

Analysis with full dataset and improved selection ~24K signal candidates (Run1 ×6)
Efficiency	improved	by	15% and	the	background reduced	by	factor	6 than Run1

Clear	structures	in	2D Dalitz plots,	both	in	the 𝐽 𝜓⁄ 𝐾4
and 𝐽 𝜓⁄ 𝜙 masses

6D	amplitude	analysis	to	decouple	all	contribute
resonance (𝑍12, 𝑋, 𝐾∗)

For	each	decay	chain (𝑍12, 𝑋, 𝐾∗) six	variables	in the	fit	
(mass	and	five	angles)

𝑩4

𝜙[𝑠�̅�]

𝐾4[𝑢�̅�]𝐽 𝜓⁄ [𝑐𝑐]̅
𝑍124 → 𝐽 𝜓⁄ 𝐾4

PRL	118,	022003	(2017), PRL	127,	082001	(2021)
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Amplitude fit

Updated
model

Run1
model

Model	used	in	the	Run1	analysis	not	completely	satisfactory	to	full	dataset

Need	to	add	other	exotic	states (𝑍12, 𝑋)

PRL	127,	082001	(2021)
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𝑩4 → 𝑱 𝝍⁄ 𝝓𝑲4 results

Resonances	observed	in	the	Run1	analysis	confirmed

Two other 𝑋 → 𝐽 𝜓⁄ 𝜙 states were observed, two 𝑍12 → 𝐽 𝜓⁄ 𝐾4 states were observed, all with > 5𝜎

The 𝐽Q of 𝑋 4685 and 𝑍12(4000) are firmly	determined	to	be 14

PRL	127,	082001	(2021)
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Search for doubly-charmed 𝑻𝒄𝒄+
All	the	three	particles	are	required	to	come	from	the	same	𝑝- 𝑝 interaction

𝐷8 reconstructed	via	the 𝐷8 → 𝐾4𝜋= decay

2D distribution of the mass of one 𝐷8 versus the mass of another 𝐷8 from selected
𝐷8𝐷8𝜋4 combination shows the	relatively	small	combinatorial	background

To	subtract	background	not	originating	from	two 𝐷8 candidates, an	extended	fit	to	the	
2D	distribution of	the masses	of	the	two	𝐷8 candidates	is	performed

𝒑 𝒑

𝑫𝟎𝑫𝟎

𝝅4

arXiv:2109.01056v2, arXiv:2109.01038
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Observation of 𝑻𝒄𝒄+ → 𝑫𝟎𝑫𝟎𝝅4

Very narrow state observed in 𝐷8𝐷8𝜋4 mass spectrum at ≈ 3875	MeV
- Fit	with	2-body	relativistic	Breit-Wigner	
- Peak	significance	of	21.7𝜎 with	full	LHCb dataset	

arXiv:2109.01056v2, arXiv:2109.01038

First	doubly-charmed	tetraquark		𝑻𝒄𝒄4 	observed

			-	minimal	quark	content	𝑐𝑐𝑢"�̅�

			-	Close	to	𝐷∗4𝐷8	threshold

			-	𝑚𝑻𝒄𝒄h − 𝑚j∗h − 𝑚jk = −273 ± 61 ± 5=no4nn	keV

			-	Γ𝑻𝒄𝒄h = 410 ± 65 ± 43=rs4ns	keV

			-	Ground	isoscalar	state	𝐽Q = 14	

The	existence	of	𝑻𝒄𝒄4 	suggests	that	the	𝑻𝒃𝒃= (𝑏𝑏𝑢"�̅�)	should	be	stable	for	strong	
and	electromagnetic	interaction
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Properties of 𝑻𝒄𝒄+

Properties	of	𝑻𝒄𝒄4 studied	using	an unitarised 3-body	BW	model
- Larger	tail	above 𝐷∗4𝐷8 threshold w.r.t. 2-body	RBW
- Significance	for below threshold peak at	9𝜎

arXiv:2109.01056v2, arXiv:2109.01038

Measured	pole	parameters,	scattering	length	𝜶
and coupling constant |𝒈|

- 𝜹𝒎{|}~ = −360 ± 40=84o	keV

- 𝜞{|}~ = 48 ± 2=no48 	keV

- 𝜶 = − 7.16 ± 0.51 + 𝑖(1.85 ± 0.28)	 	fm

- 𝒈 > 5.1 4.3 	GeV at 90(95)% CL

Observed 𝑻𝒄𝒄4 consistent with singlet state, no hint of	𝑻𝒄𝒄𝟎 and 𝑻𝒄𝒄44 isospin partners
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Study of 𝜩𝒃− → 𝑱 𝝍⁄ 𝜦𝑲=

Selected 1750 ± 50 𝛯<= → 𝐽 𝜓⁄ 𝛬𝐾= candidates using unbinned extended	
maximum-likelihood	fit

𝜦𝑲4 spectrum dominated by 𝜩(𝟏𝟔𝟗𝟎)= and 𝜩(𝟏𝟖𝟐𝟎)= excited states

Sci.Bull.	66,	13,	1278-1287	(2021)

Run1 downstream

Run2 downstream

Run1 long

Run2 long

Long: 𝛬 with	a	short flight	distance that 𝑝 and 𝜋 have	the	decay	vertex in	the	VELO (vertex	detector)
Downstream: 𝑝 and 𝜋 can’t	be	formed	in	the	VELO and	are only	reconstructed in	the	tracking	stations
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Evidence of 𝑷𝒄𝒔(𝟒𝟒𝟓𝟗)𝟎

Amplitude	analysis	performed:	statistics	quite	limited	and	only few	components	
needed in	the	fit	

Clear	structure	seen	in	the 𝐽 𝜓⁄ 𝛬 mass spectrum	,	particularly	in	the	non-resonant	
𝛬𝐾= region,	with	a significance of 3.1𝜎

Mass close to the Ξ1𝐷∗ mass threshold:

Sci.Bull.	66,	13,	1278-1287	(2021)

𝑚 = 4458.8 ± 2.9=n.n4o.�	MeV, 	Γ = 17.3 ± 6.5=�.�4s.8	MeV
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Study of 𝑩(𝒔)𝟎 → 𝑱 𝝍⁄ 𝒑𝒑�
Decay	very	clean,	good	for	searching	pentaquarks	(𝐽 𝜓⁄ 𝑝	and	
𝐽 𝜓⁄ �̅�)	and	glueball	(𝑝�̅�)	

About	800	𝑩𝒔𝟎 → 𝑱 𝝍⁄ 𝒑𝒑�	candidates	selected	in	3𝜎	region	
with	85%	purity

Dalitz	plot	shows	hints	of	structures	in	𝐽 𝜓⁄ 𝑝	and	𝐽 𝜓⁄ �̅�	
invariant	masses

PRL 128	(2022)	062001	

Amplitude	analysis	of	the 𝐵28 candidates performed and three	
interfering	decay	chains	are	considered	in	the amplitude	model

4D phase space:
{𝑚{{̅, 𝑐𝑜𝑠𝜃}, 𝑐𝑜𝑠𝜃�, 𝜙}

𝐵28 → 𝐽 𝜓⁄ 𝑋 → 𝑝�̅� 		

𝐵28 → 𝑃14(→ 𝐽 𝜓⁄ 𝑝)�̅�

𝐵28 → 𝑃1= → 𝐽 𝜓⁄ �̅� 𝑝
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Evidence of 𝑷𝒄4 and 𝑷𝒄=

First fit model: a non-resonant decay + background (baseline)

Second model: two resonant contributions from 𝑃14 and 𝑃1= are added, with identical
masses, widths and couplings (baseline + Resonant contribution)

New pentaquark-like states 𝑃14 and 𝑃1= with significance between 3.1~3.7𝜎

𝑚 = 4337=o4� stat ± 2 sys MeV, 	Γ = 29=n�4��(stat) ± 14(sys)	MeV

PRL 128	(2022)	062001	

𝜒� ndof⁄ = 0.998 ± 0.008
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Conclusions
Presented	a	selection	of	the	latest	LHCb results	on	exotic	spectroscopy
ü Tetraquarks observation in 𝐵4 → 𝐽 𝜓⁄ 𝜙𝐾4 decay

ü Observation of doubly-charmed tetraquark 𝑇114 → 𝐷8𝐷8𝜋4

ü Evidence of 𝐽 𝜓⁄ 𝛬 structure in 𝛯<= → 𝐽 𝜓⁄ 𝛬𝐾4

ü Evidence of 𝐽 𝜓⁄ 𝑝(�̅�) structure in 𝐵28 → 𝐽 𝜓⁄ 𝑝�̅�

Provides a wealth	of	information	for	theory	community	

More	data	is	need to	confirm	and	better	investigate	these	results

Thank you for your attention!
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Backup slides
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Results of 𝜩𝒃= → 𝑱 𝝍⁄ 𝜦𝑲=
Sci.Bull.	66,	13,	1278-1287	(2021)
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Amplitude fit of 𝑩𝒔𝟎 → 𝑱 𝝍⁄ 𝒑𝒑�
PRL 128	(2022)	062001	


