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Kliknij, Exotic Spectroscopy at LHCb
Tadeusz Lesiak

on behalf of the LHCb collaboration
Institute of Nuclear Physics Polish Academy of Sciences (IFJ PAN), Kraków

1. (Very brief) introduction to the spectroscopy of hadron states
2. LHCb spectrometer - an excellent tool for heavy hadron spectroscopy
3. χc1(3872)  (X(3872)) state
4. Candidates for pentaquarks
5. Candidates for tetraquarks
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 At least 25 states (discussed in this talk) do not fit into the convention
of baryons and mesons

Hadron Spectroscopy at LHC(b) 

64 states observed by LHCb
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Standard vs Exotic States

 Standard states:

 Exotic states:                                                                                                        but also: 

and near threshold kinematical effects: cusps, anomalous triangular singularities (ATS)…

Phys. Lett. 8 
(1964) 214-215

Rev. Mod. Phys. 90 (2018) 015003
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Exotic Hadron Naming Convention
 New taxonomy, as proposed by the LHCb

T is for tetraquarks, P is for pentaquarks

Subscript(s)  - heavy quark content

Superscript – indicates isospin, parity
and G-parity:

arXiv:2206.15233

 Tools of exotic spectroscopy:

angular distributions,  amplitude analysis, model independent approach, Dalitz and Argand plots, …
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Electromagnetic and 
hadronic calorimeters

ECAL:

LHCb: Spectrometer and Data Sample

JINST 3 (2008) S08005;                       
IJMPA 30 (2015) 1530022

The geometry of forward
spectrometer

The first hadron-collider experiment that
is dedicated to heavy flavour (HF)  physics

Run 1 & Run 2:
9 fb-1

Muon system: 
(μ μ) ≈ 97 %
(π μ ) ≈ (1-3) %

Trigger:
Highly flexible, currently have “offline quality”

Spectrometer:
very good mass resolution

Precise tracking system:
(trk) ≈ 96 %
Momentum resolution:

Dipole magnet:
Bending power: 4 Tm

Vertex Detector:
Impact parameter resolution:

Decay time resolution:
heavy hadrons: ≈50 fs 

RICH: 
Separation of K, p from π:
(KK) ≈ 95 % (π K) ≈ 5 %
(pp) ≈ 95 % (π p) ≈ 5 %
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χc1(3872)
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 X(3872)  - the trigger of exotic revolution

 Belle (2003):  observation of narrow state X in  decay
 The current nomenclature of the PDG:

 The (striking) properties of χc1(3872):

Mass consistent with the             threshold:

Surprisingly narrow width Spin-parity

𝒄𝟏 : Past and Latest Measurements

PRL  91 (2003) 262001

 ሾ𝐜𝒄ሿഥ The interpretation of χc1(3872)  (23P1) – most probably a mixture of conventional P-wave ሾ𝐜𝒄ሿഥ
meson with a DD* molecule, but also options for tetraquark, hybrid meson, glueball etc. 

Mass:                    

Lineshape:

Spin-parity:

PRD  92 (2015) 011102(R)  

PRL  110 (2013) 222001   

PRD  102 (2020) 092005  

 LHCb studies:

JHEP 01 (2022) 131   

PRL  126 (2021) 092001   

JHEP 09 (2019) 028   

JHEP 02 (2021) 024   

PLB  769 (2017) 305   

Nucl. Phys. B886 (2014) 665
JHEP 05 (2021) 095   

JHEP 07 (2023) 084   

JHEP 08 (2020) 123   
Inclusive production

Multiplicity dependence

PRD 108 (2023) L011103   

Production:                                   Decay:                                   
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 𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 - the most precise mass measurement (in                                       decays)

The measurements
of mass differences:

𝒄𝟏 Selected Latest LHCb Results

JHEP 08 (2020) 123   

 First observation of  𝑩𝒔𝟎 → 𝝌𝒄𝟏ሺ𝟑𝟖𝟕𝟐ሻ𝝅ା𝝅ା

(normalization channel) PRD 108 (2023) L011103   

 Study of ω contribution in 𝝌𝒄𝟏ሺ𝟑𝟖𝟕𝟐ሻ → 𝑱/𝝍𝝅𝝅

LHCb: The first observation of a sizeable contribution
from                                      :                              
(through ρ0- ω interference)

Ratio of isospin violating to isospin
conserving couplings (6x c𝒄ത expectation):

PRD 108 (2023) 
L011103   

JHEP 07 (2023) 084   
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Pentaquarks
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LHCb (2015): 
Amplitude analysis of  𝚲𝒃 → 𝑱/𝝍𝒑𝑲 (Run1 data)
- structures close to the thresholds: 𝚺𝒄ା𝑫ഥ0, 𝚺𝒄ା𝑫ഥ*0

Two narrow states in [𝑱/𝝍𝒑ሿ: Pc(4380) and Pc(4450)

Pentaquarks: the First Observations in 

PRL 115 (2015) 072001   

LHCb: repeated study with Run1 + Run2 data

• New state
𝑷𝝍𝑵(4312)+ :

• Pc(4450)+ resolved into two separate peaks: 
𝑷𝝍𝑵(4440)+ and 𝑷𝝍𝑵(4457)+

• Quark content [c𝒄തuud] - 𝑷𝝍𝑵
൅

PRL 122 (2019) 222001   

Results confirmed with the Legendre polynomial
expansion approach
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Amplitude analysis of 𝑩𝒔𝟎 → 𝑱/𝝍𝒑𝒑ഥ

Evidence for a structure in [𝑱/𝝍𝒑]  𝐚𝐧𝐝 ሾ𝑱/𝝍𝒑ഥ]

Very close to the ሺ𝚵𝒄ା𝑫ି) threshold

No evidence for 𝑷𝝍𝑵(4312), nor for fJ(2200) (glueball)

Quark content [c𝒄തuud]  look for strange counterparts [c𝒄തuds]

𝝍
𝑵(4337)+

PRL 128 (2022) 062001   

PRL. 128  (2022) 062001 PRL. 122  (2019) 191804
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Amplitude analysis of  𝚵𝒃ି → 𝑱/𝝍𝚲𝑲- decays

Evidence for a new pentaquark with strangeness in [𝑱/𝝍𝚲ሿ – 19 MeV/c2 below the ሺ𝚵𝒄𝟎𝑫∗𝟎) threshold

Quark content [c𝒄തuds]

Theoretical expectation: two states with JP = 1/2- and 3/2- and mass difference of 6 MeV/c2

Current study cannot confirm or refute the two peak hypothesis

Two new Ξ*- states observed: Ξ(1690)- and  Ξ(1820)-

Sci. Bull. 66(13)  (2021) 1278

PLB 772  (2017) 265

𝝍𝒔
𝚲 (4459)0
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Amplitude analysis of  𝑩ି → 𝑱/𝝍𝚲𝒑ഥ decays

Observation of a narrow pentaquark
state in ሾ𝑱/𝝍𝚲] :

Very close to the ሺ𝚵𝒄ା𝑫ି) threshold
Quark content [c𝒄തuds] 

J = 𝟏
𝟐

 െ  െ 𝐨𝐝𝐝 𝐩𝐚𝐫𝐢𝐭𝐲 𝐬𝐭𝐫𝐨𝐧𝐠𝐥𝐲 𝐩𝐫𝐞𝐟𝐞𝐫𝐫𝐞𝐝

J = 𝟏
𝟐
൅    െ excluded at 90% C. L.

The small Q value of the decay  the most precise single measurement
of the B- mass:

𝝍𝒔
𝚲 (4338)0

PRL 131 (2023) 031901   
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Tetraquarks
Four-charm Hidden-charm, hidden-strangeness Hidden-charm

Doubly charmed

open 
charm

start
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Two structures observed in di-𝑱/𝝍 mass spectrum:
• Broad maximum close to the 𝑱/𝝍𝑱/𝝍 mass threshold
• Narrow structure around 6900 MeV/c2     - quark content [cc𝒄ത𝒄ത] 

 Model I  (no interference)                                            Model II (with interference)  

 Tψψ structures recently seen by CMS                                     and ATLAS                                     :
 Confirmation of Tψψ(6900)0  state
 Confirmation of hints seen by LHCb at 6600 and 7200 MeV/c2

Four-charm Tetraquark Tψψ(6900)0

Science Bulletin 65 (2020)  1983

arXiv 2306.07164 arXiv 2304.08962

Interference (destructive) - between the 
threshold maximum and continuum NRSPS 

(Non Resonant Single Parton Scattering)
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 Amplitude analysis of  𝑩ା →  𝑫𝒔
ା 𝑫𝒔

ି𝑲ା  (𝑫𝒔
ା → 𝑲ା𝑲ି𝝅ା)

 A near-threshold peaking structure 𝐗ሺ𝟑𝟗𝟔𝟎ሻ →  𝑫𝒔
ା 𝑫𝒔

ି

 Additional structure, 𝐗𝟎ሺ𝟒𝟏𝟒𝟎ሻ ,
in the 𝑫𝒔

ା 𝑫𝒔
ି mass spectrum – accounting

for the dip at 4.14 GeV/c2  via interference

 Two known conventional states
ψሺ𝟒𝟐𝟔𝟎ሻ and ψሺ𝟒𝟔𝟔𝟎ሻ 

 𝐗ሺ𝟑𝟗𝟔𝟎ሻ – a candidate for [cs𝒄ത𝒔 ഥሿ state 𝑻𝝍𝝋
𝒇 ሺ𝟑𝟗𝟔𝟎ሻ 

 Dip at 4.14 GeV/c2:   𝐞𝐢𝐭𝐡𝐞𝐫 𝐚 𝐝𝐞𝐬𝐭𝐫𝐮𝐜𝐭𝐢𝐯𝐞 𝐢𝐧𝐭𝐞𝐫𝐟𝐞𝐫𝐞𝐧𝐜𝐞 𝐰𝐢𝐭𝐡 𝐭𝐡𝐞 𝐗𝟎ሺ𝟒𝟏𝟒𝟎ሻ 0++ resonance, 
or the coupled-channel effect of the 𝑱/𝝍𝝓⟷- 𝑫𝒔

ା 𝑫𝒔
ି

Hidden-charm, Hidden-strangeness Tetraquark X(3960)

PRL 131 (2023) 071901



17Tadeusz Lesiak          Exotic Spectroscopy at LHCb WPCF2023, Catania Nov. 2023

𝑱/𝝍𝝋
 LHCb (2017, 3fb-1):  the 1st amplitude analysis of the 𝑩ା → 𝑱/𝝍𝝋𝑲+    

- observation of four states in 𝑱/𝝍𝝋 mass:
1+:  X(4140), X(4274)               0+:  X(4500), X(4700) - quark content [cs𝒄ത𝒔 ഥሿ

PRL 118 (2017) 02203

 LHCb (2021, 9fb-1) : 6x larger signal yield

seven 𝑿 → 𝑱/𝝍𝝋 states and two 𝒁𝒄𝒔 →  𝑱/𝝍𝐾ା

- quark content [cs𝒄ത𝒔 ഥሿ

- quark content [cu𝒄ത𝒔 ഥሿ

Hidden-charm, Hidden-strangeness [cs𝒄ത𝒔 ഥሿ
and Hidden-charm [cu𝒄ത𝒔 ഥሿ Tetraquarks

PR D95 (2017) 012002

PRL 127 (2021) 082001

PRL 127 (2021) 082001
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Hidden-charm Tetraquark 𝝍𝒔𝟏
𝜽 𝟎

 LHCb (2023):

Amplitude analysis of the 𝑩𝟎 → 𝑱/𝝍𝝋𝑲𝒔
𝟎

- evidence for a structure in  [𝑱/𝝍𝑲𝒔
𝟎] system:

- quark content [cd𝒄ത𝒔 ഥሿ

- assuming isospin symmetry (total likelihood of the 𝐵ା and 𝐵଴ decays)

The mass splitting:

PRL 131 (2023) 131901
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Open-Charm Tetraquarks 𝒄𝒔𝟎,𝟏
𝟎

 LHCb (2020):
The first amplitude analysis of the 𝑩ା → 𝑫ା 𝑫ି𝑲ା

with the inclusion of known charmonium and 𝑫ି𝑲ା resonances    

Evidence for two new states:

quark content [ud𝒄ത𝒔 ഥሿ
No evidence for 𝑫ା𝑲ା structures

PRD 102 (2020)  112003
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Open-Charm Tetraquarks 𝒄𝒔ത𝟎
𝟎,ାା 𝟎

𝒔

 LHCb (2020):
The first amplitude analysis of the 𝑩𝟎 → 𝑫ഥ𝟎𝑫𝒔

ାπି &  𝑩ା → 𝑫ି𝑫𝒔
ାπା

(with the inclusion of known𝑫ି𝑲ା resonances )   

Evidence for two new states in  ሾ𝑫𝒔π]:

𝑩𝟎 → 𝑫ഥ𝟎𝑫𝒔
ାπି

quark content [cd𝒔ത𝒖 ഥ ሿ

𝑩ା → 𝑫ି𝑫𝒔
ାπା

quark content [cu𝒔ത𝒅 ഥ ሿ Mass splitting

No hint for 𝑫𝑫𝒔 structures

PRD 108 (2023)  012017
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The first observation of double-charmed tetraquark with the quark content [cc𝒖ഥ𝒅ഥ] in its decay to D0D0π+

- manifestly exotic

Mass of Tcc(3875)+ very close and slightly below to the D*+D0 threshold:

Extremely narrow
(the narrowest exotic state observed to date):

Consistent with the isoscalar JP = 1+ hypothesis

Tcc(3875)+ is the first manifestation of the family                                                                                                            
of the [QQ’qq’] hadrons, which are expected
to be almost stable against strong interaction
(𝝉 ∼  𝟏𝟎ି𝟐𝟎 s)

Observation of Tcc(3875)+ strongly supports
the existence of
• [bb𝒖ഥ𝒅ഥ] tetraquark that is stable w.r.t. the strong and electromagnetic interactions
• [bc𝒖ഥ𝒅ഥ] tetraquark state about 10 MeV below 𝑩ഥD threshold

The Doubly Charmed Tetraquark Tcc(3875)+

Nature Physics 18 (2022) 751

Nature Commun 13 (2022) 3351

Karliner, Rosner ArXiv 1707.07666
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 A plethora of new (exotic) hadron states discovered by LHCb; those discussed in this talk:

 The systematic explanation of the current picture of exotic spectroscopy
will be troublesome (and equally exciting)

 In the recent period,  LHCb has been one of crucial players in heavy flavour spectroscopy
of exotic states

 More precise spectroscopic measurements from the LHCb experiment and, hopefully,             
some new observations should follow with the analysis of Run 3 (2x) and Run 4 (7x) data

Summary

CERN Courier 
June 2006
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BACKUP
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Heavy Hadrons in Quark Model 
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Kliknij, Amplitude analysis

Standard contribution:
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Kliknij, Amplitude analysis
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Kliknij, Amplitude analysis

Exotic contribution:
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Kliknij, Amplitude analysis
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Kliknij, Threshold „cusps”   

Example:                                        the lowest order diagrams:                     

D and Dbar* rescatter
elastically ONCE 

D and Dbar* rescatter
elastically TWICE 

If D and Dbar* are in an S-wave, the imaginary part of the scattering amplitude is zero for

And abruptly rises at threshold as:
(g – coupling constant,  ρ(s) – phase space factor)

Threshold cusps are „resonances created kinematically by rapid opening of meson-
meson threshold
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Kliknij, Threshold „cusps”   

To prevent the increase to an unphysically large value, it
has to be attenuated by a hadronic form-factor F(s):

( P – principal value integral
sthresh – mass squared at threshold

For T(s) to be analytic, it must have a real part of the form: 

The resulting |T(s)| has a very sharp, cusp-like
structure that peaks slightly above the 
threshold at

That peak originates from kinematics and has
nothing common with any resonant structure
in the D-Dbar* two-body system.
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Kliknij, Anomalous Triangle Singularities (ATS)  

ATS – such diagrams become singular when
the three virtual particles that form the 
triangle are all simultaneously on the mass 
shell

In kinematic regions where the conditions for 
this singularity are satisfied, resonance-like
peaking structures that have nothing to do 
with true particle resonances can be 
produced

If the rescattering is purely elastic, the effect of the ATS integrates to zero in the Dalitz
plot projections.

However, in case of many coupled channels , the above applies to the sum of intensities
of all of them, thus the Dalitz plot projections to individual channels can produce mass 
peaks
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Goal for Run3 and Run4: 50 fb-1

LHCb Data Sample

Nucl. Phys.  B871  (2013) 1
JHEP 03 (2016) 159 
JHEP 09 (2016) 013 
JHEP 03 (2017) 074

PRL 118 (2017) 052002 

  
 All results presented here

correspond to Run 1 data:                
3 fb-1

4 x 1012 b-hadrons produced

 Run 2 vs Run 1:     

 more abundant production
of b-hadrons

 improvements in trigger
and selection efficiencies
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LHCb Spectrometer
 General advantages (pp interaction):

 High production cross-sections for HF (2x104 bbar pairs/s  i.e.103 larger than at the e+e- B factories)

 Simultaneous accumulation of huge Bd , Bs and b-baryons data samples (composition 4:1:2)

 The decay vertices are well separated from the production point (high boost of heavy hadrons)

+
 LHCb specific advantages (single arm forward spectrometer:   0.8o < Θ < 15.4o) :

 LHCb captures a HF production cross-section, comparable to that of ATLAS and CMS   (high-pT

range)  in MUCH SMALLER SOLID ANGLE  smaller number of electronic channels
 smaller event size larger trigger bandwith to store (dominated by b and c physics)

 LHCb – forward detector (p >> pT): efficient muon identification for lower PT values

 Space to accommodate excellent RICH detectors (flavour tagging, background suppression)

+

 General drawbacks:

 The instantaneous luminosity is limited by the detector readout capabilities ( 4x1032 cm-2s-1 )

 The efficiencies of γ, π0 and  η reconstruction are much lower, compared with the e+e--
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Kliknij, X(3872)



40Tadeusz Lesiak          Exotic Spectroscopy at LHCb WPCF2023, Catania Nov. 2023



41Tadeusz Lesiak          Exotic Spectroscopy at LHCb WPCF2023, Catania Nov. 2023

Kliknij, Pentaquarks in Λb
0 J/ψp K- Decays

 LHCb:  fortification of the Pc states observation: Model independent approach

• - no need for the Λ* model;            - can only indicate the presence of exotic states

• 2D analysis in terms of                                           (       - helicity angle of the K-p system)

• The                ang. Distribution  is expanded in Legendre polynomials (in bins of m(Kp)):   

LHCb

PRL 117 (2016) 
082002    

 9σ discrepancy with data, assuming only
Λ* contributions (H0 hypothesis)

 The discrepancy concentrated in the 
region of mass corresponding to the Pc
states (best seen on the m(J/ψ p) 
distribution) 

• - Legendre moments: contain all the information of the angular structure of the system 
as well as the spin of  Λ* resonances

Λ* resonances can contribute only
to low order moments up to

• The [Kp] mass and angular distributions
are projected as reflection into the J/ψp system 

Jmax – the highest spin of any Kp
contribution at the given mkp bin
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Kliknij, 

 The (uudcc) states observed (decaying strongly)

 The Skyrme model:                                                                                                                       
expectation of  b-flavoured pentaquarks Pb(bqqqq/bqqqq), that decay via the weak interaction
and are

Search for b-flavoured Pentaquarks

• tightly bound (Skyrme model: the binding grows with the mass of the constituent quarks) 
• narrow (Γ ≈ 6 MeV, to compare with (40-200) MeV for Pcs)

-

Proc. Roy. Soc. London A 260 (1961) 127

PRD 97  (2018) 032010     LHCb: the search for four types of Pb states

- -

below the threshold
for strong decays

Run 1 data, 3fb-1
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Kliknij, 

 No signal observed

Search for b-flavoured Pentaquarks

 Upper limits on the Pb production ratio w.r.t.  

 The limits (90% CL) on R are at the level 10-2 - 10-3

PRD 97  (2018) 032010    
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Search for Beautiful Tetraquarks
 No exotic hadron, composed of more than two heavy quarks has been observed so far

 Several theoretical predictions for the existence of an exotic state Xbbbb

 Mass in the range [18.4, 18.8] GeV/c2, close but below the ηbηb threshold (18.798±0.005) GeV/c2

  The expected, experimentally favorable, decay mode:

 Lattice QCD calculations: no indication for the X state in the hadron spectrum

 LHCb(2018):   

 6.3 fb-1 of data recorded between
2011 and 2017

 the search for the X state decaying
to

 the normalization decay channel:

JHEP 10 (2018) 086    
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Search for Beautiful Tetraquarks
 The search for an excess in the 

in the mass range [17.5, 20] GeV/c2

 Cut based selection

 J/ψ mass veto applied:

   No significant excess is observed in data             
in the mass range [17.5, 20] GeV/c2

 An upper limit is set for

JHEP 10 (2018) 086    
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