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Quark model & Strong interaction
• Flavor: u, d, s, c, b, t
• Color: R, G, B
• Hadron: Colorless

– Meson: 𝑄"𝑞
– Baryon: 𝑄𝑞𝑞(")
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SU(4)
• Meson/Baryon by u,d,s,c

Samuel C.C.Ting
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Hadron spectroscopy
• Test our knowledge of QCD: mass & width
• Today’s discovery, tomorrow’s precision tool

– 𝐵$%∗' state, used to tag 𝐵(, 𝐸)*++ reconstruction 
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𝐵!"∗$ → 𝐵%𝐾& 𝐵!"∗$ → 𝐵%(→ 𝐾%𝜇&𝜏%)𝐾&
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Present main players
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New excited 𝐷!" state
• 𝐷!" 2590 #, observed in 𝐵" → 𝐷$𝐷#𝐾#𝜋$

– Candidate for 𝐷$ 2/𝑆' (, radial excitation
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New excited 𝐵!- states

• Observed in 𝑚(𝐵#𝐾$)
– directly to 𝐵(𝐾3

– through 𝐵∗(𝐾3

7

200 400 600 800
]V [Mem∆

0

100

200

300

400

500

600

700 )
V

C
an

di
da

te
s /

 ( 
6 

M
e LHCb

Comb. bkg

AP

if through 𝐵∗%𝐾&, 𝐵∗% → 𝐵%𝛾

[E
PJ

C
 8

1 
(2

02
1)

 6
01

]

(4𝑏𝑠)



Charmonium(like) states
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Final state p-val. [%] Res. Mass [MeV] Width [MeV] Yield

K0
SK

+K�⇡+ 16.3 ⌘c 2984.84± 0.23± 1.01 30.0± 0.7± 0.2 17700± 190
J/ �0.27± 0.11± 0.61 0.0929 (fixed) 3386± 70

K0
SK

+K+⇡� 1.5 ⌘c 2985.19± 0.24± 1.88 29.4± 0.8± 0.8 17210± 210
J/ �0.81± 0.11± 0.67 3310± 80

Average ⌘c 2985.01± 0.17± 0.89 29.7± 0.5± 0.2
J/ �0.54± 0.08± 0.45

K0
SK

+K�⇡+ 46.6 ⌘c(2S) 3636.92± 0.71± 1.50 11.70± 2.04± 1.39 1960± 80
�c1 3509.32± 0.70± 0.84 0.88 (fixed) 1300± 50

K0
SK

+K+⇡� 5.3 ⌘c(2S) 3639.28± 0.84± 3.83 9.18± 2.67± 1.70 1720± 100
�c1 3510.35± 0.69± 1.00 1460± 70

Average ⌘c(2S) 3637.90± 0.54± 1.40 10.77± 1.62± 1.08
�c1 3509.84± 0.69± 0.64

• Best single 
measurement of 
𝜂% , 𝜂% 2𝑆  
mass/width 
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𝐵4" spectroscopy

• 𝐵% has a rich spectrum

[S.Godfrey, PRD 70 (2004) 054017]
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Observation of 𝐵4
∗ 2𝑆 "

[PRL 122 (2019) 132001]
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• Six decay modes, with all Run1+2 data, 
precision improved by a factor of 2

Decay mode Yield
Fitted mass Corrected mass Resolution
[MeV/c2 ] [MeV/c2 ] [MeV/c2 ]

J/ ⇡+ 25181± 217 6273.71 ± 0.12 6273.78 ± 0.12 13.49± 0.11
J/ ⇡+⇡�⇡+ 9497± 142 6274.26 ± 0.18 6274.38 ± 0.18 11.13± 0.18
J/ pp̄⇡+ 273± 29 6274.66 ± 0.73 6274.61 ± 0.73 6.34± 0.76
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Bottomonium(like) states

[F.-K. Guo (郭奉坤), PoS LATTICE 2022 (2023) 232]
13



𝜒67,8(3𝑃)
• With converted photons, 

better resolutions

14

𝑚 = 10530 ± 5 ± 9 MeV

[PRL 108 (2012) 152001] 

[PRL 121 (2018) 092002] 

⟹
𝑚' = 10513.42 ± 0.41 ± 0.18	MeV
𝑚" = 10524.02 ± 0.57 ± 0.18	MeV
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New structure 𝛶(10753)
• In the E-dependence 

of 𝑒#𝑒$ → Υ 𝑛𝑆 𝜋#𝜋$ 
cross-sections
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Charmed baryon spectroscopy
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Evidence of 𝛬4"(2910)
• In <𝐵" → Σ% 2455 ##/"𝜋∓𝑝̅ decays, 4.2𝜎, 

good candidate as 𝛬%#(1/2−, 2𝑃)

Σ( 2455 $

𝑚 = 2913.8 ± 5.6 ± 3.8 MeV
Γ = 51.8 ± 20.0 ± 18.8 MeV
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Λ!"

Observation of excited 𝛯4- states
• Three excited 𝛯%" states
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𝛯! 2930 # resolved to two states? 

[EPJC 78 (2018) 252]



𝛯4∗∗- in 𝐵" decay 
• 𝐵# → 𝛬%# ̅𝛬%$𝐾#

– 𝛯8 2923 ' and 𝛯8 2939 ' confirmed 
– Evidence for a new state 𝛯8 2880 '
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Observation of excited 𝛺!" states
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• Five states observed in 𝑚(𝛯8(𝐾3) in 2017, 
nature unclear
– Excited 𝛺!" (𝑐𝑠𝑠), molecular, pentaquark (𝑐𝑠𝑠𝑞%𝑞)?  



𝛺4∗∗- in 𝛺6J decay 

• 𝛺!" → 𝛯#$𝐾"𝜋"
– Same four peaks observed, 

except 𝛺! 3119 "

– Structure at threshold (4.3𝜎)

𝛺! 3119 #
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• Spin of 𝛺%∗∗" probed, not conclusive yet
– Assignment of (1/2, 1/2, 3/2, 3/2) rejected by 3.5𝜎 
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Two new charmed hadrons
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L] • Two new 𝛺# 3185 %, 𝛺# 3327 % in 2023
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Doubly heavy baryons
• Production @ 13 TeV, in LHCb acceptance

– 𝜎 𝛯!!## = 𝜎 𝛯!!# ~40 nb, 𝜎 𝛺!!# ~13 nb
– 𝜎 𝛯$!# = 𝜎 𝛯$!" ~17 nb, 𝜎 𝛺$!" ~5 nb

• Mass
– 𝑀 𝛯!!# ≈ 𝑀 𝛯!!## : 3.5-3.7 GeV, 𝑀(𝛺!!# ), +0.1-0.2 GeV
– 𝑀 𝛯$!# ≈ 𝑀 𝛯$!" : 6.8-7.1 GeV, 𝑀(𝛺$!" ), +0.05-0.1 GeV

• Lifetime
– 𝜏 𝛯!!# ≈ 𝜏 𝛺!!# ≈ %

&
𝜏 𝛯!!## , 𝜏 𝛯!!## : 0.2-1.05 ps

– 𝛯$!# , 𝛯$!" , 𝛺$!" : 0.1-0.5 ps
25



Summary of DHB studies

𝛯EE== (𝑐𝑐𝑢) 𝛯EE= (𝑐𝑐𝑑)

𝛺EE= (𝑐𝑐𝑠)

𝛯FE= (𝑏𝑐𝑢) 𝛯FE> (𝑏𝑐𝑑)

𝛺FE> (𝑏𝑐𝑠)

Observation[PRL	119	(2017)	112001]
Mass[JHEP	02	(2020)	049]
Lifetime[PRL	121	(2018)	052002]
Production[CPC	44	(2020)	022001]
Decay𝛯(%𝜋%[PRL	121	(2018)	162002]				

𝛯()%𝜋%[JHEP	05	(2022)	038]

Hint/Evidence
[SCPMA	63	(2020)	221062,	
JHEP	12	(2021)	107]

First search, Hint[SCPMA	64	(2021)	101062] First search[CPC	45	(2021)	093002]

First search
Hint
[CPC		47	(2023)	093001]

First search
[JHEP	11	(2020)	095]
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• First observation, in 2016 (>12σ) & Run-I (>7σ) 

• 𝛬%#𝐾$𝜋#𝜋# identified as the 
most promising channel

Observation of 𝛯!!## → 𝛬!#𝐾$𝜋#𝜋#
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1] [F.-S. Yu et al., CPC 42 (2018) 051001]
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Precision measurement of 𝑚(𝛯44"")

• UROP, preparing to search for excited states, 
event-selection re-optimised
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Search for 𝛺44"

• 𝛺%%# → 𝛯%#𝐾$𝜋#
– Hint at 3876 MeV, local 

(global) significance of 
3.2𝜎 (1.8𝜎)

– Production relative to 𝛯88((
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Beauty baryons
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Observation of 𝛯6 6100 J

• 𝛯) 6100 $ with 𝛯)$𝜋#𝜋$
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𝛯6 6327 - and 𝛯6 6333 -

[B. Chen et al., PRD 98 (2018) 031502(R)] 
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• Observed in 
Λ!%𝐾"𝜋$, 
consistent w/ 
1D doublets
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𝛯6 6087 - and 𝛯6 6095 -

• Two new states observed 
– 𝛯E 6087 ' → 𝛯E" (𝛯E'𝜋3)𝜋(

– 𝛯E 6095 ' → 𝛯E∗3(𝛯E'𝜋3)𝜋(

34

[L
H

C
b-

Pa
pe

r-2
02

3-
00

8]

(𝑏𝑠𝑢)



𝛺6J mass
• Mass difference measured using 𝛺)$ →
𝐽/𝜓𝛺$(𝛬𝐾$) and 𝛯)$ → 𝐽/𝜓𝛯$(𝛬𝜋$) 
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Summary
• Many results on the conventional heavy flavor 

spectroscopy in the past years
– Meson: 𝐷$' 2590 (, 𝐵8

∗ 2𝑆 (

– Quarkonium: 𝛶(10753)
– Charmed baryon: excited Ω8/Ξ8 states
– Doubly heavy baryon: 𝛯88((

– Beauty baryon: excited ΩE/ΞE states

Much more will come soon, stay tuned
• Your suggestions are always welcome
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