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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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Conventional hadron spectroscopy
ØHadron map far from complete

ü𝛯!!"": the only doubly heavy baryon seen
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[PRL 119 (2017) 112001]

ØExcited states of existing hadrons still under 
exploration
üSpectrum remains incomplete
üMany resonances lack definitive quantum 

number assignment 

[PRD 108 (2023) 3, 034002]
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Conventional for exotic
Ø“Crypto”-exotic states are identified via inconsistent mass/width/production… with conventional 

states or the overpopulation of hadron spectrum
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[PRL 91 (2003) 262001]

𝝌𝒄𝟏 𝟑𝟖𝟕𝟐

[PRL 90 (2003) 242001]

𝑫𝒔𝟎∗ 𝟐𝟑𝟏𝟕 &

[Mod. Phys. Lett. A 40 (2025) 17n18, 2530002] 

ØThe hunt for conventional 
hadrons serves as a pioneering 
effort that creates fresh avenues 
for exotic hadron research

Ref: talk by Liuming Liu on 31st Jan.

Ref: seminar by Shi-Lin Zhu on 1st Feb.

https://indico.ihep.ac.cn/event/27733/contributions/205480/attachments/99841/133139/talk_%E5%88%98%E6%9F%B3%E6%98%8E.pdf
https://indico.ihep.ac.cn/event/27733/contributions/205480/attachments/99841/133139/talk_%E5%88%98%E6%9F%B3%E6%98%8E.pdf
https://indico.ihep.ac.cn/event/27733/contributions/205480/attachments/99841/133139/talk_%E5%88%98%E6%9F%B3%E6%98%8E.pdf
https://indico.ihep.ac.cn/event/27733/contributions/210994/attachments/99853/133152/%E4%B8%89%E4%BA%9A-%E5%A4%A7%E8%AE%B2%E5%A0%82.pdf
https://indico.ihep.ac.cn/event/27733/contributions/210994/attachments/99853/133152/%E4%B8%89%E4%BA%9A-%E5%A4%A7%E8%AE%B2%E5%A0%82.pdf
https://indico.ihep.ac.cn/event/27733/contributions/210994/attachments/99853/133152/%E4%B8%89%E4%BA%9A-%E5%A4%A7%E8%AE%B2%E5%A0%82.pdf
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LHC experiments on spectroscopy
ØLHC has the largest heavy-quark production rate so far
ØMajor LHC detectors complementary to each other in spectroscopy study
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üCMS and ATLAS: 
central region; high luminosity

üLHCb: 
forward region;
excellent vertexing and 
particle identification 
capabilities  
⇒ optimized for 
heavy flavor study

[arXiv: 0708.0551]
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LHC experiments @ Run 3

Ø LHCb: major upgrade; 
𝟗 𝐟𝐛#𝟏 @ 2018 →> 𝟑𝟎 𝐟𝐛#𝟏 @ 2026

Ø CMS & ATLAS: trigger improvements;
𝟏𝟒𝟎 𝐟𝐛#𝟏 @ 2018 →> 𝟒𝟒𝟔 𝐟𝐛#𝟏 @ 2026

[JINST 19 (2024) P05065]

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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New conventional hadrons at LHC

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

https://www.nikhef.nl/~pkoppenb/particles.html
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New conventional hadrons at LHC

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

𝑩𝒄-

*focus on latest results

𝜩𝒃, 𝜴𝒃

𝜩𝒄, 𝜴𝒄	

https://www.nikhef.nl/~pkoppenb/particles.html
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Singly heavy baryons
ØSingly heavy baryons offer

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

ØBased on heavy quark-light diquark 𝑄 𝑞𝑞 model,

[PRD 92 (2015) 114029]
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𝜆-mode: low-lying states well established

𝜌-mode: no firm assignment yet

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.054017
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𝛯!
",$ spectroscopy
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Ø𝛯'
(," spectroscopy as of 2020

𝛯' 3055 (," 𝛯' 3080 (,"𝛯' 2930 (,"

ü First 𝐽&+ determination of 𝛯'(3055)

𝛯*
+ ) → 𝜩𝒄 𝟑𝟎𝟓𝟓 & 𝟎 𝜋)

𝑫& 𝟎 𝜦

𝐽( = 3/2&

𝜩𝒄 𝟑𝟎𝟓𝟓 & 𝜩𝒄 𝟑𝟎𝟓𝟓 𝟎

[PRL 134 (2025) 081901]
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Observation of 𝛯!∗∗" → Λ!$𝐾&
[PRL 124 (2020) 222001]

[PRD 108 (2023) 012020]

uΛ'"𝐾# mass spectrum

uΛ'"𝐾# in 𝐵# → Λ'"EΛ'#𝐾#

first observation

confirmation

ü 𝛯, 2965 + inconsistent with the known 𝛯, 2970 +: 
𝑀 = 2967.8)+..&+./ MeV, Γ = 28.1)0.+&1.0 MeV

Ø Study of the isospin partners 𝛯!∗∗# can help elucidate their properties

evidence
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Observation of 𝛯!∗∗$ → 𝛯!$𝜋$𝜋&
ØDataset: 5.4 fb$% Run2 data from LHCb

ØDecay chain: 
𝛯!∗∗# → 𝛯! 2645 & → 𝛯!#𝜋$ 𝜋#, 𝛯!# → 𝑝𝐾$𝜋#

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

𝑁 Ξ, 2645 + ~56.5×100, 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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𝛯'
&," spectroscopy
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Ø𝛯,
#,( spectroscopy as of 2020

*Neutral 1/2 " not seen yet 
because it is highly likely below 
𝛯,#𝜋" threshold thus decaying 
100% to 𝛯,(𝜋( or 𝛯,(𝛾 

[PRL 128 (2022) 16, 162001]
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Observation of 𝛯'
&/"∗∗ → 𝛯'

&/"𝜋$𝜋&

ü Consistent with 1P 𝐽 %%
& = 0" 1/2 #, 3/2 # doublet

ØCMS: 𝛯,#𝜋"𝜋# with 𝛯,# → 𝐽/𝜓𝛯#, 𝐽/𝜓Λ𝐾#

ØLHCb: 𝛯,
#/(𝜋"𝜋# with 𝛯,

#/( → 𝛯'
(/"𝜋# and 𝛯,

#/( → 𝛯'
(/"𝜋#𝜋"𝜋#

𝛯* 1/2 ) → 𝛯*[ 1/2 &]𝜋
𝛯* 3/2 ) → 𝛯*[ 3/2 &]𝜋

[PRL 126 (2021) 252003]

[PRL 131 (2023) 171901]

confirm.

observ.

observ.

𝜩𝒃 𝟔𝟏𝟎𝟎 )

observ.

𝜩𝒃 𝟔𝟏𝟎𝟎 )

𝜩𝒃 𝟔𝟎𝟖𝟕 𝟎

𝜩𝒃 𝟔𝟎𝟗𝟓 𝟎
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𝛺!" spectroscopy
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Ø𝛺'( spectroscopy as of 2017 üPrompt 𝛯'#𝐾"

[PRL 118 (2017) 182001]

üΩ,# → 𝛯'"𝐾# 𝜋#

confirmed

[PRD 104 (2021) L091102]

ü ordered spin assignment 
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rejected by 3.5 𝜎



/302026/3/3 Liupan An 16

Observation of new 𝛺!∗∗" → 𝛯!$𝐾&
ØUsing full 9 fb#. Run1+Run2 LHCb data [PRL 131 (2023) 131902]

üTwo new states:
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𝛺'& spectroscopy
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Ø𝛺,# spectroscopy as of 2020 üPrompt 𝛯,(𝐾# [PRL 124 (2020) 082002]

first observation
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Prospects on singly heavy baryon for Run3
𝜦𝒄", 𝜮𝒄 Λ!" + 𝜋, Λ!" + 𝜋𝜋,𝐷 + 𝑝

𝜩𝒄
𝛯! + 𝜋, 𝛯! + 𝜋𝜋, Λ!" + 𝐾

𝐷 + Λ
𝜴𝒄𝟎 𝛯! + 𝐾,𝐷 + 𝛯

𝜦𝒃𝟎, 𝜮𝒃 ΛST + 𝜋, ΛST + 𝜋𝜋, 𝐵 + 𝑝

𝜩𝒃
𝛯S + 𝜋, 𝛯S + 𝜋𝜋, ΛST + 𝐾, ΛST + 𝐾𝜋

𝐵 + Λ
𝜴𝒃U 𝛯S + 𝐾,𝐵 + 𝛯

[PRL 131 (2023) 131902][PRL 118 (2017) 182001]

3 fb)3@ Run1 9 fb)3@ Run1+2ØExisting modes with larger statistics
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𝜦𝒄", 𝜮𝒄 Λ!" + 𝜋, Λ!" + 𝜋𝜋,𝐷 + 𝑝

𝜩𝒄
𝛯! + 𝜋, 𝛯! + 𝜋𝜋, Λ!" + 𝐾

𝐷 + Λ
𝜴𝒄𝟎 𝛯! + 𝐾,𝐷 + 𝛯

𝜦𝒃𝟎, 𝜮𝒃 ΛST + 𝜋, ΛST + 𝜋𝜋, 𝐵 + 𝑝

𝜩𝒃
𝛯S + 𝜋, 𝛯S + 𝜋𝜋, ΛST + 𝐾, ΛST + 𝐾𝜋

𝐵 + Λ
𝜴𝒃U 𝛯S + 𝐾,𝐵 + 𝛯

[PRL 131 (2023) 131902][PRL 118 (2017) 182001]

3 fb)3@ Run1 9 fb)3@ Run1+2ØExisting modes with larger statistics
ØNew modes opened up for 

higher states
→ theoretical inputs are essential
to define the priority

Prospects on singly heavy baryon for Run3
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𝐵! meson
Ø𝐵! meson is the only meson consisting of heavy quarks of different flavors
⇒ can be considered intermediate of the charmonium and bottomonium systems

ØThe distinct flavors of constituent quarks lead to
✘Challenges: limited experimental study of 𝐵!

production at hadron colliders suppressed as it requires production of both 𝑏S𝑏 and 𝑐 ̅𝑐
unreachable at currently running 𝑒"𝑒# colliders

üOpportunities: unique features to extend and enforce understanding of QCD

𝑁 𝐽/𝜓 ~1M@ 3 pb)3 𝑁 𝛶(1S) ~0.4M@ 277 pb)3 𝑁 𝐵,& → 𝐽/𝜓𝜋& ~25k @ 9 fb)3

𝑵 𝑱/𝝍 :𝑵 𝜰(𝟏𝑺) :𝑵 𝑩𝒄" ~ 𝟏𝟎𝟎𝐤: 𝟎. 𝟒𝐤: 𝟏 @𝐋𝐇𝐂𝐛
[JHEP 10 (2015) 172] [JHEP 07(2018)134] 

[JHEP 07 (2020) 123] 



/302026/3/3 Liupan An 21

𝐵! spectroscopy
ØLike quarkonium systems, 𝐵!" has a rich spectrum
ØUnlike quarkonium systems, excited 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]

𝑩𝑫

[PRD 70 (2004) 054017]

n 𝑩𝒄 𝟐𝑺 # → 𝑩𝒄#𝝅#𝝅$: 
most promising with 
sizable production rates & 
pionic decays

𝟐𝑺
𝟏𝑷

𝟏𝑫

*calculated using BcVegPy

[Comput. Phys. Commun. 197 (2015) 335]

Thanks to Xing-Gang Wu!

𝑩𝒄∗&
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Observation of 𝐵! 2𝑆 $ states
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𝜎~2.5 MeV/𝑐5

𝑩𝒄 𝟐𝟑𝑺𝟏
&

𝑩𝒄 𝟐𝟏𝑺𝟎
&

2/𝑆.: 𝟓𝟏 ± 𝟏𝟎; 2.𝑆(: 𝟐𝟒 ± 𝟗

𝑀 23𝑆+
= 6871.0 ± 1.2 stat ± 0.8 syst
± 0.8 𝐵,& MeV/𝑐5

𝑀 23𝑆+ −𝑀 21𝑆3 678
= 29.0 ± 1.5 stat ± 0.7 syst MeV/𝑐5

𝑀 23𝑆+
= 6872.1 ± 1.3 stat ± 0.1 syst
± 0.8 𝐵,& MeV/𝑐5

𝑀 23𝑆+ −𝑀 21𝑆3 678
= 31.0 ± 1.4 stat MeV/𝑐5

[PRL 122 (2019) 132001] [PRL 122 (2019) 232001] 
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𝐵! spectroscopy
ØLike quarkonium systems, 𝐵!" has a rich spectrum
ØUnlike quarkonium systems, excited 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]

𝑩𝑫

[PRD 70 (2004) 054017]

p 𝑩𝒄∗# → 𝑩𝒄#𝜸: photon energy too small

n 𝑩𝒄 𝟏𝑷 # → 𝑩𝒄#𝜸: 
challenging but promising given
sizable production rates & 
larger photon energy vs. 𝑩𝒄∗#

p 𝑩𝒄(𝟏𝑫): small prod. rate & complex decays

𝟐𝑺
𝟏𝑷

𝟏𝑫

*calculated using BcVegPy

[Comput. Phys. Commun. 197 (2015) 335]

Thanks to Xing-Gang Wu!

𝑩𝒄∗&
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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/𝑃1 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
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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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ü Better mass resolution
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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)3

@1 fb)3

Credit: Yuhao Wang

𝜒! → ⁄𝐽 𝜓 𝛾
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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)3

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

→ 𝐸9(𝛾) > 1 GeV
𝐸(𝛾) > 4 GeV

[PRL 135 (2025) 231902]

[PRD 112 (2025) 112003]
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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

𝑀3 = 6704.8 ± 5.5(stat. ) ± 2.8(syst. ) ± 0.3(𝐵,&) MeV/𝑐5
𝑀5 = 6752.4 ± 9.5(stat. ) ± 3.1(syst. ) ± 0.3(𝐵,&) MeV/𝑐5

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 𝑝9 𝐵,& < 20 GeV/𝑐, 2.0 < 𝑦 𝐵,& < 4.5 at 𝑠 = 13 TeV

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

[PRL 135 (2025) 231902]

*Γ(𝐵, 1𝑃 &)~𝒪(100 keV) negligible [PRD 112 (2025) 112003]



/302026/3/3 Liupan An 28

Prospects on 𝐵!$ for Run3 
u𝑩𝒄 𝟏𝑷 ": distinction of contributions from each 𝐵! 1𝑃 " state 

ümuch larger statistics
üsignificant improvement in mass resolution: 
𝛾 → 𝑒"𝑒U conversion before magnet

u𝑩𝒄 spectroscopy
ü𝐵!∗": easier to measure from resolved 𝐵! 1𝑃 " states?
ü𝐵!(1𝐷): dominant decay modes with multiple photons
üstates above 𝐵𝐷 threshold may hold a better chance?

u𝑩𝒄"-like exotics?
ünaively, a rich set of E𝑏𝑐 + 𝑞E𝑞/𝑞𝑞𝑞 states also expected
üdecay modes for some of them are experimentally more 

friendly than higher excited states, e.g. 𝐵!" + 𝑝/𝐾±/𝜋±

nSpectroscopy studies using radiative decay
üpotential well established by 𝐵! 1𝑃 " observation

[PRD 70 (2004) 054017]
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Prospects on doubly-heavy baryon for Run3
𝜩𝒄𝒄"" 𝜩𝒄𝒄"" + 𝜸

[JHEP 07 (2013) 153]
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[PRL 119 (2017) 112001]

𝜩𝒃𝒄
…

𝜩𝒄𝒄"

𝜴𝒄𝒄"
ØHighly promising in Run3

𝜏 𝛯''"" 𝑐𝑐𝑢 ≫ 𝜏 𝛯''" 𝑐𝑐𝑑

üReference: ~100 𝐵!# → 𝐽/𝜓𝐷6# with 3 fb$%@7/8 TeV

𝑁 = ℒ×𝜎×ℬ×𝜀

üAssuming (with sizable uncertainties):
• 𝑓7:;< /𝑓8;<~0.2 
• ℬ 𝛯9!# → 𝐽/𝜓𝛯!# /ℬ 𝐵!# → 𝐽/𝜓𝐷6# ~1
• ℬ 𝛯!# → 𝑝𝐾$𝜋# /ℬ(𝐷6# → 𝐾#𝐾$𝜋#)~0.1
• 𝜀7:;< /𝜀8;<~0.5

⇒ 𝒪 10 with 30 fb$%@14 TeV
& combination of different modes
u Potential for discovery in Run3

ØPossibility for excited 𝜩𝒄𝒄""?

[arXiv:1808.08865]
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ØThe LHC experiments maintain a strong momentum in conventional hadron spectroscopy

ØMore exciting results expected from Run3
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Conclusion

Stay tuned!
https://www.nikhef.nl/~pkoppenb/particles.html

https://www.nikhef.nl/~pkoppenb/particles.html
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Thank you!
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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 𝐸3 and 𝑛456789

(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



/30

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;(<*=> 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 𝐷@3 2460 & → 𝐷@&𝛾 is by itself an interesting topic given 𝐷@3 2460 & is a 𝐷∗𝐾 molecule candidate 
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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 𝑁@ = 𝜎A(BC,@ ⋅ ℬ@ ⋅ 𝜀@

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

ü𝜀@: 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


