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

q Larger 𝑏 and 𝑐 production rate 
q Access to all b-hadrons: 𝐵%, 𝐵&, 𝐵+&, 𝐵"%, b-baryons

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

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022
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LHCb detector … upgraded!
n Five-fold increase in luminosity, more in yield!

q ~9 fb-1 in Run 1+2 à 37 fb-1 including Run 3!

JINST 19 (2024) P05065
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LHCb detector … upgraded!
n Five-fold increase in luminosity, more in yield!

q ~9 fb-1 in Run 1+2 à 37 fb-1 including Run 3
q Removal of hardware trigger à yield x 2~4 for hadronic final states
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LHCb-Figure-2024-030

Run 3

Run 2
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Ideal laboratory for discovery

Exotic hadron naming convention:  PDG2024

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

Upgraded LHCb
starts discovery
of new particles!

Results in this
talk mainly using
Run 1+2
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Conventional meson spectroscopy



Orbitally excited𝑩𝒄" states

?

𝑩𝒄∗

2S !
"#

1P

n 𝐵,- spectroscopy is rich, but only few excited states 
have been observed
q 𝐵" 2𝑆 % have been discovered (ATLAS, CMS & LHCb)
q ATLAS recently observed 𝐵"∗%

n Search for 𝐵, 1𝑃 - states in 𝐵,-𝛾 mass spectrum 
using run1+2 data
q using 𝐵"% → 𝐽/𝜓 → 𝜇%𝜇' 𝜋% decay and calorimeter photon
q There are four 𝐵" 1𝑃 % states, but six possible peaks 

States 1!𝑃% 1𝑃$ 1𝑃$& 1!𝑃"

Decays 𝐵'∗) → 𝐵')𝛾 𝛾
𝐵')𝛾 𝐵')𝛾 𝐵'∗) → 𝐵')𝛾 𝛾𝐵'∗) → 𝐵')𝛾 𝛾 𝐵'∗) → 𝐵')𝛾 𝛾

#peaks 1 2 2 1

→ 𝐵')𝛾: fully reconstructed peak
→ 𝐵'∗) → 𝐵')𝛾 𝛾: partially reconstructed peak, mass shifted downwards by 𝛿𝑀 = 𝑀 𝐵'∗) −𝑀(𝐵'))

9/27



Orbitally excited𝑩𝒄" states
n A wide peaking structure is observed within the predicted mass range

q Good fit with two peaks, with free masses & widths dictated by resolution
q 𝑀1 = 6704.8 ± 5.5 ± 2.8 ± 0.3 MeV/𝑐"

q 𝑀" = 6752.4 ± 9.5 ± 3.1 ± 0.3 MeV/𝑐"

n Fit data with inputs from various theory predictions
q Measure relative production cross-section of 𝐵'(1𝑃) states compared to ground-state:
q 𝑅 = 0.20 ± 0.03 ± 0.02 ± 0.03 ( pT< 20 GeV/c and 2 < η < 4.5)

[PRL 135 (2005) 231902]
[PRD 112 (2025) 112003]

N =182 ± 25
>7σ
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𝑫𝒔 in 𝑩𝟎 → 𝑫"𝑫%𝑲"𝝅%

n Longstanding puzzle of 𝐷BC∗ 2317 - and its spin partner 𝐷BE 2460 -

q 100MeV below quark model expectation for P-wave 𝐷(: tetraquark?

n Studies in 𝐵C → 𝐷-𝐷F𝐾-𝜋F allows search for 𝐷B resonances in 𝐷-𝐾-𝜋F
q Previous LHCb amplitude analysis in partial phase space 𝑚 𝐾)𝜋* < 750 MeV
q Discrepancy continues with discovery of 𝐷(+ 2590 )

[arXiv:2604.21257]

PRD 93 (2016) 034035
PRL 126 (2021) 122002

[Godfrey&Moats PRD 93 (2016) 034035]
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𝑫𝒔𝟏 𝟐𝟗𝟑𝟑 " in 𝑩𝟎 → 𝑫"𝑫%𝑲"𝝅%

n Amplitude analysis in full phase space
n 𝐷BC 2590 - confirmed
n A new state 𝐷BE 2933 - observed (>10𝜎)

q 𝐽, = 1% determined with > 5𝜎
q 1st observation of a radial excitation of P-wave 𝐷+% states
q Mass still lower than potential model predictions

[arXiv:2604.21257]

PRD 93 (2016) 034035

[Godfrey&Moats PRD 93 (2016) 034035]

𝑫𝒔𝟏,𝟑∗ (𝟐𝟖𝟔𝟎)

𝑁#$% = 3260

𝑫𝒔𝟏(𝟐𝟗𝟑𝟑)

𝑫𝒔𝟏(𝟐𝟗𝟑𝟑)
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Charmonium(like) states



Muon Dalitz decays 𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 → 𝑱/𝝍𝝁"𝝁%

n 𝜒,E 3872 /𝑋(3872) as well known, is the first hidden-charm exotic state
q Extensive experimental studies, yet nature still disputed:

compact tetraquark? D*Dbar molecule? or a mixture with charmonium? …

n First observation of 𝜒,E 3872 → 𝐽/𝜓𝜇-𝜇F using LHCb Run 1+2 data
q BR adds input to understand its nature

[PRD 113 (2026) 072019]

Consistent with theoretical prediction 
as 𝜒'$(2𝑃) [arXiv:2512.17672]

The vector 𝜌%& 𝜔 → 𝜇)𝜇# contribution 
at level of 1/10 calculated using  
ℬ 𝜌%/𝜔 → 𝜇)𝜇# ~0.05×10#!
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𝑻𝒄'𝒄𝟏 𝟒𝟒𝟑𝟎 " in 𝑩" → 𝝍 𝟐𝑺 𝑲𝑺
𝟎𝝅"

n First four-dimensional amplitude analysis of 𝐵% → 𝜓 2𝑆 𝐾)&𝜋% is performed using 5.4 fb'- Run2 data
q related via isospin symmetry to O𝐵& → 𝜓 2𝑆 𝐾'𝜋% where the first charged charmonium-like state 
𝑇" ̅"- 4430 %(𝑍" 4430 %, 𝐽, = 1%) was seen [PRL 100 (2008) 142001] [PRL 112 (2014) 222002]

Model independent

ü discrepancy resolved by adding 𝜓 2𝑆 𝜋)
component showing resonant behavior

𝑁 = 9600 ± 100

[PRD 113 (2026) L071101]
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𝑻𝒄'𝒄𝟏 𝟒𝟒𝟑𝟎 " in 𝑩" → 𝝍 𝟐𝑺 𝑲𝑺
𝟎𝝅"

Model dependent
ü Breit Wigner:
𝑀 = 4.452 ± 0.016'&.&00%&.&11 GeV
Γ = 0.174 ± 0.019'&.&2&%&.&30 GeV

𝑓 = 3.7 ± 0.6'&.4%5.& %
𝐽, = 1%

consistent with 𝑇" ̅"- 4430 %

u Molecular scenario 
Flatté model to take into account opening of 𝐷̀-∗ 2600 &𝐷%
decay 𝑔-: coupling to 𝜓 2𝑆 𝜋%

𝑔2: coupling to 𝐷̀-∗ 2600 &𝐷%

𝑔" = 0.00 ± 1.78 ± 2.81 GeV/𝑐",
𝑔"
𝑔$

< 6.8 @ 95% CL

u Triangle singularity mechanism
ü Amplitude obtained through 

integration over the triangle 
diagram, leaving no free 
parameter other than an 
overall complex coupling

ü A reasonable description is 
achieved 

[PRD 113 (2026) L071101]
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𝐾∗only fit

Amplitude analysis of 𝑩𝟎 → 𝜼𝒄𝑲"𝝅%

n An evidence of 𝑇, ̅, 4100 F → 𝜂,𝜋F was reported 
by LHCb with 4.7 fbFE data (3.4s)

n Update with full 9 fbFE data
n 5000 signal yields ( ~2.5 of previous publication)
n Amplitude results:

q 3.6σ (2.5σ) significance without (with) systematic
uncertainties

q 𝐽, =0% disfavoured by 3.2σ compared to 1− (stat. only)
q 𝑚 𝑇" ̅" = 4106± 23 MeV
q Γ 𝑇" ̅" = 514 ± 166 MeV

n 𝑻𝒄Y𝒄 𝟒𝟏𝟎𝟎 F is not confirmed

[Eur. Phys. J. C78 (2018) 1019]

4.7 fb#$

[Eur. Phys. J. C86 (2026) 537]

𝐾∗ + 𝑇' ̅' fit
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Single/Doubly charmed baryons



Charm baryon spectrum

n Nice platform for nonperturbative QCD
q Heavy + light diquark
q 𝜆 + 𝜌 mode excitation

𝜌-mode

𝜆-m
ode
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𝜮𝒄∗∗ in 𝑩% → 𝜦𝒄"7𝒑𝝅%

n 𝛴,C(𝑐𝑑𝑑) experimental status limited
q 𝛴" 2455 &, 𝛴" 2520 & well established
q Mass of 𝛴" 2800 & in tension

q Babar used the same final state, observed peak at 2846 MeV
n LHCb performed amplitude 

analysis in search for 
excited 𝛴,∗∗C → 𝛬,-𝜋F
q 𝛴" 2455 & studied separately
q Region with threshold enhancement 

vetoed
q Resonance includes 𝛴" → Λ"%𝜋' and
Δ̀'' → 𝑝̅𝜋' excitations

BaBar: 2846 ± 8 ± 10 MeV PRD 78 (2008) 112003
Belle: 2801.9#!.$#,.%)!.")".$ MeV PRL 94 (2005) 122002

[LHCb-PAPER-2026-001 in preparation]
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𝜮𝒄∗∗ in 𝑩% → 𝜦𝒄"7𝒑𝝅%
n A new peak seen at 3200 MeV
n Large statistics show the 2846 peak is overlap 

of two resonances, 𝛴" 2800 & and 𝛴" 2900 &

but two fit solutions called group A and B
n Observation of new states:

𝛴" 2900 & and 𝛴" 3200 &

q 𝛴/ 2800 0 at BaBar resolved into 𝛴/ 2800 0 and
𝛴/ 2900 0

q 𝛴/ 2800 0 from Group A consistent with Belle,
Group B not

n Possible interpretation:
q 𝛴/ 2800 0: 1P or 2S
q 𝛴/ 2900 0: 2S or 1P
q 𝛴/ 3200 0: 2P or 3S

𝑱𝑷 (A) 𝑱𝑷 (B)

𝟑/𝟐 ) 𝟏/𝟐 *

𝟏/𝟐 * 𝟑/𝟐 )

𝟑/𝟐 * 𝟑/𝟐 *

[LHCb-PAPER-2026-001 in preparation]
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Doubly charmed baryons
n From the SU(4)f multiplets, three weakly decaying doubly charmed baryons 

are expected
q 𝛯""%% 𝑐𝑐𝑢 𝛯""% (𝑐𝑐𝑑) 𝛺""% (𝑐𝑐𝑠)
q Their properties are extensively studied by theorists since 1970s

[JHEP 07 (2003) 061]

[PRD 102 (2020) 054513]

[PRD 83 (2020) 034026]

LHCb Run 1+2 
established the 𝛯''))
baryon successfully, 

while searches for 𝛯'')
and 𝛺'') remained 

inconclusive… 
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Experimental status before LHCb Run 3
n [SELEX] First experimental claim on 𝛯""% and 𝛯""%%

q 𝑚 𝛯'') /𝛯'')) = 3520/3460 MeV, 𝜏 𝛯'') < 33 fs at 90% CL
q Not confirmed by other experiments

n [LHCb] Observation of the 𝛯""%%
q 𝛯'')) first observed in 𝛯'')) → 𝛬')𝐾#𝜋)𝜋) and 

confirmed in 𝛯'') → 𝛯')𝜋)

q 𝑚 𝛯'')) = 3622 MeV and 𝜏 𝛯'')) = 256 fs
n [LHCb] Searched for 𝛯""% in 𝛯""% → 𝛬"%𝐾'𝜋%/𝛯"%𝜋'𝜋%and 

𝛺""% in 𝛺""% → 𝛯"%𝐾'𝜋%

q No significant signal is observed

SCPMA64 (2021) 101062

SCPMA63 (2020) 221062

JHEP12 (2021) 107

PRL119 (2017) 112001

𝛯''))

𝛯'')𝛺'')
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Observation of 𝜩𝒄𝒄"
n 𝛯,,- → 𝛬,-𝐾F𝜋- decay mode is used with LHCb 2024 data (6.9 fb-1) 

q A clear peak observed with local significance > 7s, consistent with LHCb previous searches

q 𝛯""%% yield per fb-1 = 1262 (285) at 2024 (Run2) data ⟹ improved by a factor of 4 

𝑁!"# = 8712 ± 160 𝑁!"# = 915 ± 120 𝑀
Ξ /
/6
−
𝑀
Ξ /
/6
6
[M
eV
]

[arXiv: 2603.28456]

[PRD 96 (2017) 3, 033004]

24/27



Observation of 𝜴𝒄𝒄"
n 𝛺""% → 𝛺"&𝜋%, 𝛺"& → 𝑝𝐾'𝐾'𝜋% decay is used with 2024 (6.3 fb-1) data 
n 𝛯""%% → 𝛯"%𝜋%, 𝛯"% → 𝑝𝐾'𝜋% decay as control mode
n A clear peak observed with global significance 8.7s

n The peak remains significant after a tight requirement on the decay 
time 𝑡 > 170 fs, indicating weakly-decaying nature

𝑁!"# = 2771 ± 114𝑁!"# = 184 ± 24 Preliminary Preliminary

𝛺'') 𝛯'')) Precise measurements of 
the lifetime and production 
are underway with the full 
LHCb Run 3 data

[LHCb-PAPER-2026-022, in prep.]
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Summary
Conventional spectroscopy
n 𝐵'(1𝑃)— 1st observation of two orbitally excited 𝐵' states 

at 6705 and 6752 MeV via 𝐵'𝛾
n 𝐷-$(2933) — new 1) state observed in 𝐵% → 𝐷)𝐷#𝐾)𝜋#, 

first radial excitation of P-wave 𝐷- meson
n 𝛴'∗∗— 𝛴' 2900 % and 𝛴' 3200 % observed in 𝐵# → Λ')𝑝̅𝜋#, 

resolving long-standing 𝛴' 2800 % puzzle
n Doubly charmed baryons with Run 3 data — 𝛯'') and 𝛺'')

first observed

Exotic states 
n First observation of 𝜒'$ 3872 → 𝐽/𝜓𝜇)𝜇# — adds crucial 

branching fraction input to understand its nature 
n 𝑇' ̅'$ 4430 ) confirmed in 𝐵% → 𝜓 2𝑆 𝐾.%𝜋)via 4D 

amplitude analysis, 𝐽/ = 1)

n 𝑇' ̅' 4100 in 𝐵% → 𝜂'𝐾)𝜋#not confirmed
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Prospects
Run 3 data: a very rich dataset
n 37 fb−1 obtained by LS3 — ~4× Run 1+2 luminosity
n Software trigger → ×2–4 efficiency for hadronic final states
More to come
n lifetime and production measurements of 𝛯""% and 𝛺""% with full Run 3 sample underway
n Several analyses still in progress (excited 𝛬"/𝛴", …)
n More decay modes and amplitude analyses of exotic states
Run 4 & Upgrade II
n 300 fb−1 target → order-of-magnitude leap in statistics 
n Open doors to: excited doubly heavy baryons (𝛯""∗ , 𝛺""∗ ) 
n doubly bottom hadrons, full spectroscopy of exotic multiplets
Stay tuned — the best is yet to come! 
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