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QCD and hadron spectroscopy

αs"

αs"      αs"

confinement 

asymptotic 
freedom 

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

ØQCD dilemma: understanding the non-perturbative 
property of QCD at low-energy scale
üThere are no rigorous, first-principle treatments 

except Lattice QCD, whose application is yet limited
ØColor confinement: no analytic proof exists
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LHCb experiment @ LHC
ØThe LHCb experiment is one of the four large experiments at the LHC, dedicated to heavy flavor physics

p Largest production cross-sections of 𝑏- and 𝑐-hadrons
ü 𝜎 𝑏#𝑏 ≈ 500 µb @ 13 TeV & 𝜎 𝑐 ̅𝑐 ≈ 20×𝜎 𝑏#𝑏

uA single-arm forward spectrometer in 2 < 𝜂 < 5
to effectively cover the dominant kinematic region of 
heavy quark production

p Huge background contamination

uExcellent vertexing, tracking and particle 
identification (PID) performance allowing for 
effective detection and background suppression

[JINST 3 (2008) S08005]
[IJMPA 30:07 (2015) 1530022]

LHCb Run1-2
𝓛𝐢𝐧𝐭 = 𝟗 𝐟𝐛$𝟏 @ Run1-2
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Hadron spectroscopy study

]2c) [MeV/++
ccΞ(candm

3500 3600 3700

2 c
C

an
di

da
te

s p
er

 5
 M

eV
/

0
20
40
60
80

100
120
140
160
180

Data
Total
Signal
Background

LHCb 13 TeV

[PRL 119 (2017) 112001]

[PRL 122 (2019) 222001]

Observation of 𝛯𝑐𝑐++ Observation of 𝑃𝑐 ̅9
+
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Hadron spectroscopy study

ØObservation of 𝐵9 1𝑃 : → 𝐵9:𝛾

ØObservation of 𝛯9∗∗: → 𝛯9:𝜋:𝜋<

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

Hadrons
Mass spectrum

Decay
Conventional Exotic

intermediate 
systems

https://www.nikhef.nl/~pkoppenb/particles.html
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𝐵! spectroscopy
Ø𝐵! meson is a unique and ideal tool to study QCD
→ the only meson consisting of heavy quarks of different flavors
→ intermediate of the charmonium and bottomonium systems

ØExperimental results on 𝐵! spectroscopy are limited
→ production challenging compared to quarkonium systems

ØExcited 𝐵!" states below 𝐵𝐷 threshold can only undergo radiative 
or pionic transitions to the ground state 𝐵!" ⇒ 𝚪~𝓞(𝟏𝟎𝟎 𝐤𝐞𝐕)

[PRD 70 (2004) 054017]
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[PRL 113 (2014) 12004] [PRL 122 (2019) 132001] [PRL 122 (2019) 232001] 
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𝐵! 1𝑃 " states
𝐵! 1𝑃 " states Decay mode B. F. prediction 

(%)

1#𝑃$ 𝐵!∗"(→ 𝐵!"𝛾)𝛾 100

1𝑃&
𝐵!"𝛾 17.8

𝐵!∗"(→ 𝐵!"𝛾)𝛾 82.2

1𝑃&'
𝐵!"𝛾 87.9

𝐵!∗"(→ 𝐵!"𝛾)𝛾 12.1

1#𝑃( 𝐵!∗"(→ 𝐵!"𝛾)𝛾 100

→ 𝐵!"𝛾: peak in 𝐵!"𝛾 mass spectrum
→ 𝐵!∗"(→ 𝐵!"𝛾)𝛾: peak in 𝐵!"𝛾 mass spectrum but shifted downwards by 𝛿𝑀 = 𝑀 𝐵!∗" −𝑀(𝐵!")

[PRD 70 (2004) 054017]

four 𝑩𝒄 𝟏𝑷 : states → six peaks in 𝑩𝒄:𝜸

Ø𝐵! 1𝑃 " states are searched for in 𝐵!"𝛾 mass spectrum in 340 < 𝑀 𝐵!"𝛾 #$% −𝑀(𝐵!") < 520 MeV

Liupan An
Yuhao Wang
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Study of 𝐵!"𝛾 mass spectrum
ØDataset: Run1 & 2 data at LHCb corresponding to 9 fb&'

ØDecay chain: 𝐵! 1𝑃 " → 𝐵!"𝛾, 𝐵!" → 𝐽/𝜓𝜋", 𝐽/𝜓 → 𝜇"𝜇& (charge conjugation implied)

ØCandidate reconstruction and selection – photons reconstructed from calo clusters are used
üBDT classifier on 𝐵!" to maximize the 𝐵!" signal significance
üCut-based selections on 𝐵! 1𝑃 " to maximize Punzi figure-of-merit 

𝑁 = 24.86 ± 0.24 ×10#

LHCb
9 fb$&

ü A pronounced wide peaking structure is evident within 
the predicted mass range for 𝐵! 1𝑃 "

[arXiv: 2507.02149]
accepted by PRL

[arXiv: 2507.02142]
accepted by PRD

Liupan An
Yuhao Wang

→ 𝐸'(𝛾) > 1 GeV
𝐸(𝛾) > 4 GeV
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Observation of 𝐵! 1𝑃 " states
ØPhoton energy correction is applied to the simulation to eliminate the mismatch to data

Significance:
local > 𝟖 𝝈
global > 𝟕 𝝈

u Theory-independent fit
ü The visible width is ~37 MeV/𝑐(
ü Width of a single peak is ~20 MeV/𝑐(
⇒ a minimal effective two-peak model

𝑀& = 6704.8 ± 5.5(stat. ) ± 2.8(syst. ) ± 0.3(𝐵()) MeV/𝑐*
𝑀* = 6752.4 ± 9.5(stat. ) ± 3.1(syst. ) ± 0.3(𝐵()) MeV/𝑐*

𝑵 = 𝟏𝟖𝟐 ± 𝟐𝟓
𝒇𝟏 = 𝟓𝟔 ± 𝟏𝟏 %

u Theory-constrained fit
ü masses and relative yields of six peaks fixed 

according to predictions 
⇒ verification of various QCD models

𝜎 𝐵( 1𝑃 )

𝜎 𝐵()
= 0.20 ± 0.03 stat. ± 0.02 syst. ± 0.03 theo.

for 𝑝' 𝐵() < 20 GeV/𝑐, 2.0 < 𝑦 𝐵() < 4.5 at 𝑠 = 13 TeV

üconsistent with BcVegPy calculations
[Comput. Phys. Commun. 197 (2015) 335]

[arXiv: 2507.02149]
accepted by PRL

[arXiv: 2507.02142]
accepted by PRD

Liupan An
Yuhao Wang

*Γ(𝐵( 1𝑃 ))~𝒪(100 keV) negligible 
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𝛯𝑐
0,+ spectroscopy

Ø 𝛯!
3," baryons offer

a crucial testbed for Heavy Quark Effective Theory
verification of diquark model with profound implications also for exotic hadrons

[PRL 124 (2020) 222001]

[PRD 108 (2023) 012020]

uΛ𝑐+𝐾− mass spectrum

uΛ𝑐+𝐾− in 𝐵− → Λ𝑐+>Λ𝑐−𝐾−

first observation

confirmation

ü 𝛯( 2965 + inconsistent with the known 𝛯( 2970 +: 
𝑀 = 2967.8$+.-)+.. MeV, Γ = 28.1$/.+)0./ MeV

ü Isospin partners 𝛯!∗∗" can help elucidate their properties
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Observation of 𝛯𝑐∗∗+ → 𝛯𝑐+𝜋"𝜋−
ØDataset: 5.4 fb&' Run2 data from LHCb

ØDecay chain: 
𝛯𝑐∗∗+ → 𝛯𝑐 2645 0 → 𝛯𝑐+𝜋− 𝜋+, 𝛯𝑐+ → 𝑝𝐾−𝜋+

ØSelection: three-staged MVA classifiers to optimize 
significance of 𝛯!" ⇒ 𝛯! 2645 3 ⇒ 𝛯!∗∗" succesively

𝑁 Ξ( 2645 + ~56.5×10/, purity ~52%

ü Λ()𝐾$ @ LHCb
𝛯( 2923 +

𝛯( 2939 +

𝛯( 2965 +

isospin partner first 
observation

observation of new decay mode

not seen

inconsistent width

[PRL 132 (2025) 161901]
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Hadron spectroscopy study

ØObservation of 𝛯99:: → 𝛯9n𝜋:𝜋:

ØObservation of 𝐵9: → 𝐷ℎ:ℎ<

Hadrons
Mass spectrum

Decay
Conventional Exotic

intermediate 
systems
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Observation of 𝛯𝑐𝑐++ → 𝛯𝑐0𝜋+𝜋+ 
[JHEP 10 (2025) 136]ØMotivation: only three decay modes of 𝛯!!"" are observed while more are predicted

ü𝛯!!"" decays can probe nonperturbative interactions in weak decays of doubly heavy baryons

ØDataset: 5.4 fb&' Run2 data from LHCb

ØDecay chain: 𝛯!!"" → 𝛯!3𝜋"𝜋", 𝛯𝑐3 → 𝑝𝐾−𝐾&𝜋+ (signal) vs. 𝛯𝑐𝑐++ → 𝛬𝑐+𝐾−𝜋+𝜋+ (normalisation)

ØSelection: preselection, BDT classifiers to optimize punzi FoM, veto of physics background 

> 𝟏𝟎 𝝈

𝑁 sig = 83 ± 11 𝑁 norm = 1740 ± 65

Ao Xu, Xingyu Tong
Yanxi Zhang
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Observation of 𝐵!" → 𝐷ℎ"ℎ)[arXiv: 2509.15873]
submitted to PRL

Zeqing Mu, Tianke Wu
Yanxi Zhang

ØMotivation: 𝐵!" weak decays provide an ideal platform 
to probe nonperturbative QCD and CP-violating effects
ü𝐵!" → 𝐷ℎ"ℎ& exhibit rich dynamic structures &

interfering amplitudes→observable CPV effects

ØDataset: Run1 & 2 data at LHCb corresponding to 9 fb&'

all > 𝟏𝟎 𝝈

𝑁 𝐵() → 𝐷)𝐾)𝜋$ = 230 ± 23 𝑁 𝐵() → 𝐷∗)𝐾)𝜋$ = 87 ± 12 𝑁 𝐵() → 𝐷2)𝐾)𝐾$ = 68 ± 13

vs. 𝐵!" → 𝐵:3𝜋"

first 
observation

ü proceed primarily via excited 
𝐾$ or 𝐷$ or 𝜙 mesons
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Hadron spectroscopy study

Ø Search for 𝐵9: → 𝜒9w 3872 𝜋:

ØObservation of Λxn → Λ9:𝐷y<𝐾:𝐾< and search for 𝑃9 ̅9y → Λ9:𝐷y<

ØAmplitude analysis of 𝐵n → 𝜂9 1𝑆 𝐾:𝜋<

Ø Study of 𝑇9 ̅9w 4430 : in 𝐵: → 𝜓 2𝑆 𝐾zn𝜋:

Hadrons
Mass spectrum

Decay
Conventional Exotic

intermediate 
systems
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Search for 𝐵!" → 𝜒!* 3872 𝜋" 
ØThe compact-tetraquark interpretation of 𝜒!&(3872) predicts enhancement of ℬ(𝐵!" → 𝜒!& 3872 𝜋")

ØATLAS reported significant enhancement of 𝜒!&(3872) production from 𝐵!", assuming short-lived 
contribution of non-prompt 𝜒!&(3872) to arise from 𝐵!" decays 

[PR D71 (2005) 014028]

[JHEP 01 (2017) 117]

𝝍 𝟐𝑺

𝝌𝒄𝟏 𝟑𝟖𝟕𝟐

ØNo signal observed from 9 fb.& LHCb Run1+2 data

[JHEP 06 (2025) 13]
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Observation of Λ𝑏0 → Λ𝑐+𝐷𝑠−𝐾+𝐾−[PRD112 (2025) 052013]
Jinlin Fu, Zan Ren
Kunpeng Yu

ØMotivation: search for pentaquark candidates 𝑃𝑐 ̅𝑐𝑠 → Λ𝑐+𝐷𝑠−

ØDataset: 6 fb&' Run2 data from LHCb

𝑁 = 61 ± 8
first 

observation

ü dominated by 
𝜙 component

ü no evidence of either 𝑃! ̅!0 4338 $ or 𝑃! ̅!0 4459 $

P
ℛ1"#"$ 2##3 % < 0.12 0.10
ℛ1"#"$ 2245 % < 0.20 0.17 @ 95% 90% 	CL	
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Amplitude analysis of 𝐵0 → 𝜂𝑐 1𝑆 𝐾+𝜋−[arXiv: 2509.03133]
submitted to EPJC

𝐾∗+ → 𝐾)𝜋$ only adding 𝑇( ̅( → 𝜂( 1𝑆 𝜋$
Ø LHCb saw evidence for an 𝜂! 1𝑆 𝜋& resonance in 
𝐵3 → 𝜂! 1𝑆 𝐾"𝜋& with 4.7 fb&' data (2011-2016)

Ø Update with 9 fb&' Run1&2 data
ü inclusion of 𝑇! ̅! 4100 & → 𝜂! 1𝑆 𝜋& improves 

the description, but it is not significant enough 
after considering systematic uncertainties
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𝑇𝑐 ̅𝑐1 4430 + in 𝐵+ → 𝜓 2𝑆 𝐾𝑆0𝜋+ 
ØFirst four-dimensional amplitude analysis of 𝐵" → 𝜓 2𝑆 𝐾=3𝜋" is performed using 5.4 fb&' Run2 data

ürelated via isospin symmetry to S𝐵3 → 𝜓 2𝑆 𝐾&𝜋" where the first charged charmonium-like state 
𝑇! ̅!' 4430 "(𝑍! 4430 ", 𝐽> = 1") was seen

Shuang Zheng
Yanxi Zhang[LHCb-PAPER-2025-039]

in preparation

[PRL 100 (2008) 142001] [PRL 112 (2014) 222002]

preliminary

Model independent

ü discrepancy resolved by adding 
𝜓 2𝑆 𝜋" component which 
shows resonant behavior

Model dependent

preliminary

ü Breit Wigner:
𝑀 = 4.452 ± 0.016$.$##"$.$44 GeV
Γ = 0.174 ± 0.019.$.$($"$.$3# GeV

𝑓 = 3.7 ± 0.6.$.7"2.$ %
𝐽1 = 1"

consistent with 𝑇! ̅!& 4430 "

u Molecular scenario: Flatté model with
coupling to >𝐷&∗ 2600 $𝐷" (𝑔() and 𝜓 2𝑆 𝜋" (𝑔&)

𝑔* = 0.00 ± 1.78 ± 2.81 GeV/𝑐*,
𝑔*
𝑔&

< 6.8 @ 95% CL

u Triangle singularity mechanism: model incorporating singularity in 
𝜓 4230 𝐾∗"𝜋" triangle diagram gives reasonable description
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LHCb detector in Run3
Software-only trigger

New RICH1 optics
New photodetectors and 

readout for RICH1&2

Muon: removed M1 
and new readout

New Upstream Tracker 
(UT) Silicon strips

New VELO
Pixel detector

New SciFi Tracker
Scintillating fibres

Calorimeters: removed PreShower (PS) and 
Scintillating Pad Detector (SPD), new readout

[JINST 19 (2024) P05065]

𝟗 𝐟𝐛&𝟏 @ Run 1-2 →> 𝟑𝟎 𝐟𝐛&𝟏 by Run 3

[LHCb-FIGURE-2024-025]

𝜰 → 𝝁)𝝁$

http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
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Conclusion

Stay tuned!

ØThe LHCb experiment maintains a strong momentum in hadron spectroscopy
pNew states

üObservation of 𝐵9 1𝑃 : states
üObservation of 𝛯9∗∗: → 𝛯9:𝜋:𝜋< 

pNew decays
üObservation of 𝛯99:: → 𝛯9n𝜋:𝜋:
üObservation of 𝐵9: → 𝐷ℎ:ℎ<

pDecays for exotic hadron study
üSearch for 𝐵9: → 𝜒9w 3872 𝜋:

üObservation of Λxn → Λ9:𝐷y<𝐾:𝐾< and search for 𝑃9 ̅9y → Λ9:𝐷y<
üAmplitude analysis of 𝐵n → 𝜂9 1𝑆 𝐾:𝜋<

üStudy of 𝑇9 ̅9w 4430 : in 𝐵: → 𝜓 2𝑆 𝐾zn𝜋:

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

https://www.nikhef.nl/~pkoppenb/particles.html
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Thank you!
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Observation of 𝐵! 2𝑆 " states
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𝑩𝒄 𝟐𝟑𝑺𝟏
)

𝑩𝒄 𝟐𝟏𝑺𝟎
)

2#𝑆&: 𝟓𝟏 ± 𝟏𝟎; 2&𝑆$: 𝟐𝟒 ± 𝟗

𝑀 2&𝑆+
= 6871.0 ± 1.2 stat ± 0.8 syst
± 0.8 𝐵() MeV/𝑐*

𝑀 2&𝑆+ −𝑀 20𝑆& 789
= 29.0 ± 1.5 stat ± 0.7 syst MeV/𝑐*

𝑀 2&𝑆+
= 6872.1 ± 1.3 stat ± 0.1 syst
± 0.8 𝐵() MeV/𝑐*

𝑀 2&𝑆+ −𝑀 20𝑆& 789
= 31.0 ± 1.4 stat MeV/𝑐*

[PRL 122 (2019) 132001] [PRL 122 (2019) 232001] 
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𝐿 = 1⨂ 𝑆 = >
0 ⇒ 1w𝑃w
1 ⇒ 𝟏𝟑𝑷𝟎 1�𝑃w 𝟏𝟑𝑷𝟐

cos 𝜃
− sin 𝜃

sin 𝜃
cos 𝜃

1w𝑃w
1�𝑃w

=
𝟏𝑷𝟏�

𝟏𝑷𝟏
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𝐵! 1𝑃 " states
→ 𝐵9:𝛾: peak in 𝐵9:𝛾 mass spectrum
→ 𝐵9∗:(→ 𝐵9:𝛾)𝛾: peak in 𝐵9:𝛾 mass spectrum 
but shifted downwards by 

𝛿𝑀 = 𝑀 𝐵9∗: −𝑀(𝐵9:)

four states 

mixing

→ 𝐵9:𝛾
→ 𝐵9∗:(→ 𝐵9:𝛾)𝛾

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 1six peaks 



/212025/5/27 Liupan An 25

Theoretical predictions for 𝐵! 1𝑃 "

ØΔ𝑀��� = 𝑀 𝐵9:𝛾 ��� −𝑀(𝐵9:) is predicted to be in 340 < Δ𝑀��� < 520 MeV/𝑐� 

*𝛿𝑀 = 𝑀 𝐵(∗) −𝑀(𝐵())

[PL B382 (1996) 131]
[PR D51 (1995) 3613]
[PR D53 (1996) 312]
[PR D60 (1999) 074006]
[PR D67 (2003) 014027]
[PR D70 (2004) 054017]
[PR D99 (2019) 054025]
[PR D99 (2019) 096020]
[JHEP 05 (2022) 006]
[PR D108 (2023) 034019]
[EPJ C83 (2023) 1080]
[CP C48 (2024) 123101]

*citations not repeated hereafter& more on predictions of 
subsets of the parameters

https://www.sciencedirect.com/science/article/pii/0370269396006508?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.51.3613
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.53.312
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.60.074006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.67.014027
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.054017
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.054025
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.096020
https://link.springer.com/article/10.1007/JHEP05(2022)006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.034019
https://link.springer.com/article/10.1140/epjc/s10052-023-12237-9
https://iopscience.iop.org/article/10.1088/1674-1137/ad75f5
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Photon reconstruction at LHCb

photons convert 
before magnet

photons convert 
after magnet

non-converted 
photons 

reconstructed as 
calorimeter clusters

reconstructed 
from 𝒆"𝒆.
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3 < 𝑝!
"/$ < 15 GeV/𝑐

ü Much larger statistics
✗ Worse mass resolution

[PLB 718 (2012) 431]

[JHEP 10 (2013) 115]

@36 pb$&

@1 fb$&

Credit: Yuhao Wang

𝜒9 → ⁄𝐽 𝜓 𝛾
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Photon energy correction in simulation

ØKnowledge on  photon energy scale and   resolution is required to interpret the structure
ØThey can be obtained from simulation, but photon energy correction needs to be applied to the 

simulation to eliminate mismatch between simulation and data

mass measurement resolution of multiple peaks

lReference mode: 𝝌𝒄𝟏 → 𝑱/𝝍𝜸
üsimilar photon energy spectrum to signal decay
ü identical photon selections are applied

l Extraction of correction parameters:
üseparately for converted and non-converted photons
ü independently for each data-taking period
ü in bins of 𝐸9 and 𝑛:;<=>?

(prominent variables that corrections are dependent on)
ükey linear relation (well established by simulation):

𝐩𝐡𝐨𝐭𝐨𝐧 𝐞𝐧𝐞𝐫𝐠𝐲 𝐛𝐢𝐚𝐬 ~𝑴 𝝌𝒄𝟏 −𝑴𝐏𝐃𝐆(𝝌𝒄𝟏)
𝐩𝐡𝐨𝐭𝐨𝐧 𝐞𝐧𝐞𝐫𝐠𝐲 𝐫𝐞𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧 ~ 𝝈(𝑴(𝝌𝒄𝟏))

üResonances: non-relativistic Breit Wigner 
(width fixed) ⨂ double-sided Crystal Ball 
(DSCB, Gaussian kernel with tails)

üBackground: third-order polynomial
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lSelf-consistency check: good agreement (e.g. converted photons @2016)
ü𝜒!' → 𝐽/𝜓𝛾: Δ𝑀: 2.0 → 0.3 MeV/𝑐(; Δ𝜎: 0.3 → 0.1 MeV/𝑐(

ü𝜒!( → 𝐽/𝜓𝛾: Δ𝑀: 2.0 → 0.4 MeV/𝑐(; Δ𝜎: 0.7 → 0.4 MeV/𝑐(
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Check of photon energy correction
ØThe corrections are applied to simulated samples on a per-event basis, taking the photon energy 

bias and resolution extracted for the corresponding 𝐸? and 𝑛@#A%BC bin
ØThe correction parameters and the method are validated before application to 𝐵!"𝛾

lIndependent validation: 𝑫𝒔𝟏 𝟐𝟒𝟔𝟎 " → 𝑫𝒔"𝜸
üsimilar photon energy spectrum and decay topology
üthe largest remaining difference among all categories is

Δ𝑀: 3.6 → 2.9 MeV/𝑐(
Δ𝜎: 4.6 → 2.6 MeV/𝑐(

⇒ scaled to 𝐵! 1𝑃 " → 𝐵!"𝛾 according to energy release 
as systematic uncertainty on peak location measurement

*Measurement on 𝐷2& 2460 ) → 𝐷2)𝛾 is by itself an interesting topic given 𝐷2& 2460 ) is a 𝐷∗𝐾 molecule candidate 
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Theory-independent mass fit
ØThe corrections are applied to simulated samples of 𝐵! 1𝑃 " → 𝐵!"𝛾

⇒ f𝜇 = −0.006×Δ𝑀@#E$ − 0.340 MeV/𝑐(

𝜎 = 0.041×Δ𝑀@#E$ + 1.640 MeV/𝑐( 

ØA theory-independent fit on 𝐵!"𝛾 mass spectrum is performed

*Γ(𝐵! 1𝑃 ")~𝒪(100 keV) negligible 

ü The visible width of the peaking structure is ~37 MeV/𝑐(
ü Width of a single peak is determined to be ~20 MeV/𝑐(

⇒ a minimal two-peak model is used to describe the structure

üPeaks: DSCB with tails fixed to 
simulation of 𝐵! 1𝑃 " → 𝐵!"𝛾

üBackground: monotonically 
increasing third-order polynomial

𝑵 = 𝟏𝟖𝟐 ± 𝟐𝟓 𝑴𝟏 = 𝟔𝟕𝟎𝟒. 𝟖 ± 𝟓. 𝟓 𝐌𝐞𝐕/𝒄𝟐

𝑴𝟐 = 𝟔𝟕𝟓𝟐. 𝟒 ± 𝟗. 𝟓 𝐌𝐞𝐕/𝒄𝟐𝒇𝟏 = 𝟓𝟔 ± 𝟏𝟏 %
+56% correlation

Significance:
local > 𝟖 𝝈
global > 𝟕 𝝈

The two-peak model is effective, expected to be composed of 
contributions from multiple 𝐵! 1𝑃 " → 𝐵!"𝛾 decays, the 
distinction of which requires larger dataset and better resolution



/212025/5/27 Liupan An 30

𝐵! 1𝑃 " production measurement
ØThe production cross-section of 𝐵! 1𝑃 " is measured relative to 𝐵!" in the fiducial region 
𝒑𝐓 𝑩𝒄" < 𝟐𝟎 𝐆𝐞𝐕/𝒄, 𝟐. 𝟎 < 𝒚 𝑩𝒄" < 𝟒. 𝟓 at 𝒔 = 𝟏𝟑 𝐓𝐞𝐕 using 𝟔 𝐟𝐛&𝟏 data

ℛ =
𝑵 𝑩𝒄 𝟏𝑷 " → 𝑩𝒄"𝜸

𝑁 𝐵!"
×

𝜀 𝐵!"

𝜺 𝑩𝒄 𝟏𝑷 " → 𝑩𝒄"𝜸

l𝜀 𝐵!" : estimated with simulation

l𝑁 𝐵!" : determined from fit on 𝑀 𝐽/𝜓𝜋"

l𝜀 𝐵! 1𝑃 " → 𝐵!"𝛾 : estimated with simulation,
differs in 𝐵! 1𝑃 " → 𝐵!"𝛾 and 𝐵! 1𝑃 " → 𝐵!∗" → 𝐵!"𝛾 𝛾
⇒ theory-constrained six-peak models are used

l𝑁 𝐵! 1𝑃 " → 𝐵!"𝛾 : determined from theory-constrained fit 
on 𝑀 𝐵!"𝛾 −𝑀 𝐵!"
⇒ provides verification of various QCD models ü𝑩𝒄" → 𝑱/𝝍𝝅" & 𝑩𝒄" → 𝑱/𝝍𝑲": 

DSCB with tails fixed to simulation

üBackground: exponential function

𝑵 𝑩𝒄) = (𝟏𝟖. 𝟕𝟎 ± 𝟎. 𝟐𝟏)×𝟏𝟎𝟑
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Theory-constrained mass fits (I)
For a given theoretical model,
Ømasses fixed to prediction
Ørelative yields of six peaks fixed as 𝑁H = 𝜎I#JK,H ⋅ ℬH ⋅ 𝜀H

üℬH: obtained from GI model with masses and mixing angle
modified for each specific model

ü𝜀H: estimated with simulation
[PRD 70 (2004) 054017]

uAll considered models provide a generally good description, 
with 𝑝-values ranging from 15% to 90%

uLattice QCD calculation by Davies et al. is taken as baseline, 
as it is first-principle & provides highest 𝑝-value

𝑵 = 𝟏𝟓𝟑 ± 𝟐𝟐

[Comput. Phys. Commun. 197 (2015) 335]ücalculated using BcVegPy

ü𝐵! 2𝑆 " → 𝐵! 1𝑃 " feeddown is considered
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Theory-constrained mass fits (II)
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Theory-constrained mass fits (III)

*The fit quality is not solely due to 
mass predictions, but also affected 
by the relative yields of six peaks, 
according to predictions on 
production, branching fractions and 
mixing angle
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Amplitude analysis of 𝐵0 → 𝜂𝑐 1𝑆 𝐾+𝜋−[arXiv: 2509.03133]
submitted to EPJC
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𝑇𝑐 ̅𝑐1 4430 + in 𝐵+ → 𝜓 2𝑆 𝐾𝑆0𝜋+ 
ØFirst four-dimensional amplitude analysis of 𝐵" → 𝜓 2𝑆 𝐾=3𝜋" is performed using 5.4 fb&' Run2 data

ürelated via isospin symmetry to S𝐵3 → 𝜓 2𝑆 𝐾&𝜋" where the first charged charmonium-like state 
𝑇! ̅!' 4430 "(𝑍! 4430 ", 𝐽> = 1") was seen

Shuang Zheng
Yanxi Zhang[LHCb-PAPER-2025-039]

in preparation

[PRL 100 (2008) 142001] [PRL 112 (2014) 222002]

preliminary

Model independent

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

preliminary

𝑁 = 9600 ± 100

preliminary
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𝑇𝑐 ̅𝑐1 4430 + in 𝐵+ → 𝜓 2𝑆 𝐾𝑆0𝜋+ Shuang Zheng
Yanxi Zhang[LHCb-PAPER-2025-039]

in preparation

Model dependent

preliminary

ü Breit Wigner:
𝑀 = 4.452 ± 0.016$.$##"$.$44 GeV
Γ = 0.174 ± 0.019.$.$($"$.$3# GeV

𝑓 = 3.7 ± 0.6.$.7"2.$ %
𝐽1 = 1"

consistent with 𝑇! ̅!& 4430 "

u Molecular scenario 
Flatté model to take into account opening of >𝐷&∗ 2600 $𝐷" decay

𝑔&: coupling to 𝜓 2𝑆 𝜋"
𝑔(: coupling to >𝐷&∗ 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 


