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Introduction
• Quark model: particle zoo v1
• Exprimental measurements required to determine the nature 

of particles & calibrate LQCD
• Doubly heavy baryons
– Unique to study quark model

& strong interaction 
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K. Rabbertz, Aphas-2025 workshop



The LHCb experiment 
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• Run1-2 (2010-2018)
– Luminosity: ~9 fb!"
– Yields, complementary to ATLAS/CMS

• Muon modes: Down to zero 𝑝!
• Hadronic modes: Unique

Run1
Run2

Run3

Upgrade I 



The LHCb Upgrade 
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• Detector mostly upgraded to achieve enhanced 
capabilities at five times higher luminosity

[LHCB-FIGURE-2024-011]
[LHCB-FIGURE-2023-019]

[LHCB-FIGURE-2024-040]
Run1

Run2

Run3

Upgrade I 

• Run3 (2024-2026)
– Luminosity: ~28 fb!"
– Yields, compared to Run 1+2

• Muon modes ~4
• Hadronic modes ~8 (higher trigger eff.)  

[LHCB-FIGURE-2024-040]



The LHCb trigger (2018)
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• L0, Hardware
– 𝑝# 𝜇$ ×𝑝# 𝜇% >(1.5 GeV)2

– 𝑝# 𝜇 > 1.8 GeV
– 𝐸# 𝑒 > 2.4 GeV
– 𝐸# 𝛾 > 3.0 GeV
– 𝐸# ℎ > 3.7 GeV

• High Level Trigger
– Stage1, 𝑝#, IP
– Stage2, full selection



The LHCb trigger (Run3)
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L0 removed [LHCB-FIGURE-2024-030]



𝛯!!"  @ SELEX

• SELEX claimed 𝛯!!" → 𝛬!"𝐾#𝜋" (6.3σ) 
–𝑀: 3519±1 MeV
– 𝜏: <33 fs @90%CL
– 𝜎prod: 20% 𝛬&' from 𝛯&&'

• Also 𝛯!!" → 𝑝𝐷"𝐾#
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[PRL 89 (2002) 112001]

[PLB 628 (2005)18] 

Wrong-sign



𝛯##$ 𝛯##$

𝛯!!  @ LHCb & others

• SELEX results not confirmed by FOCUS, Babar, Belle & LHCb
• 𝛯!!" → 𝛬!"𝐾#𝜋" searched by LHCb with 2011 data

• However, LHCb already had lots of 𝐵!" events, 
and double-charm events…

8



Observation of 𝛯!!""

• 𝛬!"𝐾#𝜋"𝜋" identified as the most promising channel
• First observation, in 2016 (>12σ) & Run1 (>7σ) 
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[F.-S. Yu et al., CPC 42 (2018) 051001]

313±33
113±21

Weakly decay!

𝑀 𝛯""## = 3621.40 ± 0.72 ± 0.27 ± 0.14	(𝛬"#)	MeV/𝑐$



Observation of 𝛯!!""

• 𝛯!!"" → 𝛯!"𝜋" expected to have large BR
– Rule of thumb: 2 less tracks, 10 times higher eff.

• Re-discovery with 2016 data, 5.9𝜎  
• BR ratio measured 
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ℬ 𝛯##$$ → 𝛯#$𝜋$ ⋅ ℬ(𝛯#$ → 𝑝𝐾!𝜋$)
ℬ 𝛯##$$ → 𝛬#$𝐾!𝜋$𝜋$ ⋅ ℬ(𝛬#$ → 𝑝𝐾!𝜋$)

= 0.035 ± 0.009 ± 0.003

91±20
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[F.-S. Yu et al., CPC 42 (2018) 051001]

Not very good at hyperon…



Precision measurement of 𝑀(𝛯!!"")

• Preparing to search for excited states, selection re-optimised
• 5-6 times signal yields with a factor of 3 data 
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1598±64 616±47

𝑀 𝛯""## = 3621.55 ± 0.23 ± 0.30	MeV/𝑐$ taken as WA by PDG
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𝛯!!"  search

• Updated w/ 𝛬!"𝐾#𝜋"	using all Run1-2 data
• 𝜏 𝛯!!" : (0 fs, 80 fs) × (non)observation
• Evidence at 𝛯!!"", w/ local (global) significance 3.1𝜎 (1.7𝜎)
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𝛺!!"  search

• 𝛯!"𝐾#𝜋"	chosen for the first search using 
Run-2 data, as 𝛺!$ lifetime WAS too short 

• No significant signal after considering LEE
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[JHEP 09 (2025) 157]



616±47

Doubly heavy baryons w/ Run1-2 data
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𝛯""##	(𝑐𝑐𝑢) 𝛯""# 	(𝑐𝑐𝑑)

𝛺""# 	(𝑐𝑐𝑠)

𝛯)"# 	(𝑏𝑐𝑢) 𝛯)"* 	(𝑏𝑐𝑑)

𝛺)"* 	(𝑏𝑐𝑠)

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

				𝛯!#"𝜋"[JHEP	05	(2022)	038]
	 				𝛯!$𝜋"𝜋"[JHEP	10	(2025)	136]
	

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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𝛯!!"" in 2024

• Event-Selection (early measurement)
– Several iterations. BDT trained w/ 𝛬&' in data, 

included in BDT for 𝛯&&'' (𝑝#, 𝜒9:% , PID)
– BDT without PID as cross-check

• Efficiency increased by a factor of 4, 
compared with Run2

• Mass consistent with Run2
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8712±160

1598±64
𝑀 𝛯""## = 3621.74 ± 0.10	MeV/𝑐$

c.f., 3621.55 ± 0.23 ± 0.30	MeV/𝑐$

[P
RL

 1
37

 (2
02

6)
 0

21
90

2]



𝛯!!"  in 2024

• Event-Selection, similar strategy to 𝛯!!"", many checks
– Effects of 𝜏(𝛯&&' ), no fake peaks in wrong-sign, 𝛬&' sidebands…

• After unblinding, first observation!
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𝛯!!"  mass

• Mass, 𝑀 𝛯&&' = 3619.97 ± 0. 83 ± 0.26;$.<='$.>= 	MeV/𝑐%

     after correcting for the bias due to FSR and event-selection

• Mass diff., 𝑀 𝛯&&' −𝑀 𝛯&&'' = −1.77 ± 0. 84 ± 0.25;$.<='$.>= 	MeV/𝑐%
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915±120
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𝛯!!"  in Run2

• Signal w/ a local significance of 4𝜎, 𝑀 𝛯&&' = 3620.8 ± 2.2	MeV/𝑐%, 
consistent with 2024 

• Efficiency in 2024 increased by a factor of 2.5, compared w/ Run2
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915±120 304±80

𝑀 𝛯!!" = 3619.97 ± 0. 83 ± 0.26%&.($"&.)$ 	MeV/𝑐*
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𝛺!!"  in 2024

• Observation using 𝛺!$𝜋", global significance 8.7𝜎
• 𝑀 𝛺!!" = 3725.9 ± 1.0 ± 0.2 ± 0.4 𝜏 ± 0.6	(ext)	MeV/𝑐%
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𝛺!!"  in Run-2

• Local (global) significance of 3.2𝜎 (2.4𝜎)
• Efficiency increased by a factor of 8!
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20±7
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[SCPMA 64 (2021) 101062]
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https://indico.cern.ch/event/1661742/
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The LHCb upgrades
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Upgrade	II,	4D	detector	,	
Timing,	𝒪(10	ps),	is	essential
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Prospects

• LHCb (9	#b!")
– 𝛯!!""  >1000 signal
– 𝛯!!"   Evidence
– 𝛺!!"   Hint

• LHCb Upgrade (50	#b!")
– 𝛯!!""  𝒪 10k  signal, excited states?
– 𝛯!!"   𝒪 1k  signal
– 𝛺!!"   Observation

• LHCb Upgrade-II (300 #b!")
– 𝛺!!!""? 
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Summary
• Upgraded LHCb detector and trigger, efficiency of hadronic 

modes increased by a factor 2-4!
• 𝛯!!"": a factor of 4 sginal yield per fb#$, compared w/ Run2
• 𝛯!!" : First new particle observed w/ the upgraded LHCb detector
–𝑀 𝛯&&' = 3619.97 ± 0. 83 ± 0.26;$.<='$.>= 	MeV/𝑐%

–𝑀 𝛯&&' −𝑀 𝛯&&'' = −1.77 ± 0. 84 ± 0.25;$.<='$.>= 	MeV/𝑐%

• 𝛺!!" : observation
–𝑀 𝛺&&' = 3725.9 ± 1.0 ± 0.2 ± 0.4 𝜏 ± 0.6	(ext)	MeV/𝑐%

• Many thanks to your continued and strong supports
25


