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Predicted lifetime
• Large ambiguity…

• 9 Ξ!!"" ≫ 9 Ξ!!" ≈ 9(Ω!!" )
=> Ξ!!"" is easier to detect 

12Jibo HE  (UCAS) Doubly charmed baryon

Predicted mass
• 6 Ξ!!" ≈ 6 Ξ!!"" ~3.5-3.7 GeV

LQCD*: 3610(23)(22) MeV 

• 6 Ω!!" ~3.6-3.9 GeV
LQCD*: 3738(20)(20) MeV
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[D. Ebert et al., PRD 66 (2002) 014008]
Mass in GeV

*[Z. Brown et al., PRD 90 (2014) 094507]
Jibo HE  (UCAS) Doubly charmed baryon

Introduction

• Doubly charmed baryons, unique system for testing QCD
• Properties not-well known before systematic studies by LHCb
– as shown in the 1st HAPOF talk [29/05/2020]
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Production cross-section
• Production similar to !!

– Accompanying ̅" ̅" ⟹ Trigger
• Total cross-section [nb] for 
pT>4 GeV & |y|<1.5

• In LHCb acceptance at 13 TeV: ! "" = 90 nb
• Fragmentation fraction: u:d:s~1:1:0.3

– $ Ξ!!"" = $ Ξ!!" ∼ 40 nb, $ Ω!!" ∼ 13 nb
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[J.-W. Zhang et al., PRD 66 (2002) 014008]

Jibo HE  (UCAS) Doubly charmed baryon



Why 𝛯!!"  still interesting after observing 𝛯!!""?

• 𝛯!!" 	(𝑐𝑐𝑑), isospin partner to 𝛯!!""(𝑐𝑐𝑢), like neutron to proton
• 𝑚(𝛯!!" ) < 𝑚 𝛯!!"" , QED wins the competition with QCD! 
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Large Hadron Collider

Proton energy: up to 7 TeV (1012 eV)
             speed:  0.999999991 c
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Beauty/charm production
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• Large production cross-section @ 7 TeV
– Minibias ~60  mb
– Charm    ~6  mb 
– Beauty      ~0.3 mb c.f. 1nb @𝜰(𝟒𝑺) 

• Predominantly in forward/backward cones

Initial energy of 𝑏'𝑏 not known

Flavour factory! All b-hadrons: 
𝐵!, 𝐵", 𝐵#", 	𝛬$" , 𝐵%!, …	



Beauty/charm signature

• Compared to minimum bias (background)
– Relatively high mass    à high transverse momentum 

– Relatively long lifetime à large impact parameter (IP)

• Requires excellent vertexing, tracking, particle-identification
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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 renewed to achieve enhanced 
capabilities at five times higher luminosity
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• Run3 (2024-2026)
– Luminosity: ~27 fb!"
– Yields, compared to Run 1+2

• Muon modes ~3.5
• Hadronic modes ~7 (higher trigger eff.)  



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] 



𝛯##$ 𝛯##$

𝛯!!  @ LHCb & others

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

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

• 𝛬!"𝐾#𝜋"𝜋" identified as the most promising channel
• First observation, in 2016 (>12σ) & Run1 (>7σ) 
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Weakly decay!

𝑚 𝛯..// = 3621.40 ± 0.72 ± 0.27 ± 0.14	(𝛬./)	MeV/𝑐0



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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Not very good at hyperon…



𝛯!!"" lifetime

• Control mode, 𝛬$% → 𝛬!"3𝜋

• 𝜏 𝛯!!"" = 0.256#%.%''"%.%'( ± 0.014	ps, at lower side prediction: 0.2-1.05ps

• Weakly decay nature established!
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𝛯!!"" production

• Relative to 𝛬!", in 4 < 𝑝) < 15 GeV, 2 < 𝑦 < 4.5
• Accompanying ̅𝑐 ̅𝑐 dominates in trigger

𝜎 𝛯!!""

𝜎 𝛬!"
ℬ 𝛯!!"" → 𝛬!"𝐾#𝜋"𝜋" = 2.22 ± 0.27 ± 0.29 ×10#$
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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 

17

1598±64 616±47

𝑚 𝛯..// = 3621.55 ± 0.23 ± 0.30	MeV/𝑐0 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 (1.7 𝜎)
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616±47

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

𝛺../ 	(𝑐𝑐𝑠)

𝛯5./ 	(𝑏𝑐𝑢) 𝛯5.6 	(𝑏𝑐𝑑)

𝛺5.6 	(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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Interplay between theory and exp., an example
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𝛯!!" 	lifetime
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Lifetimes of doubly charmed baryons

Hai-Yang Cheng1 and Yan-Liang Shi2,*
1Institute of Physics, Academia Sinica Taipei, Taiwan 115, Republic of China

2C.N. Yang Institute for Theoretical Physics, Stony Brook University Stony Brook, New York 11794, USA

(Received 25 September 2018; published 13 December 2018)

The lifetimes of doubly charmed hadrons are analyzed within the framework of the heavy quark expansion
(HQE). Lifetime differences arise from spectator effects such asW-exchange and Pauli interference. TheΞþþ

cc

baryon is longest-lived in the doubly charmedbaryon systemowing to the destructive Pauli interference absent
in the Ξþ

cc and Ωþ
cc. In the presence of dimension-seven contributions, its lifetime is reduced from ∼5.2 ×

10−13 s to ∼3.0 × 10−13 s. The Ξþ
cc baryon has the shortest lifetime of order 0.45 × 10−13 s due to a large

contribution from theW-exchange box diagram. It is difficult to make a precise quantitative statement on the
lifetime of Ωþ

cc. Contrary to Ξcc baryons, τðΩþ
ccÞ becomes longer in the presence of dimension-seven effects

and thePauli interferenceΓint
þ evenbecomesnegative. This implies that the subleading corrections are too large

to justify thevalidity of theHQE.Demanding the rateΓint
þ to be positive for a sensibleHQE,we conjecture that

the Ω0
c lifetime lies in the range of ð0.75 ∼ 1.80Þ × 10−13 s. The lifetime hierarchy pattern is τðΞþþ

cc Þ >
τðΩþ

ccÞ > τðΞþ
ccÞ and the lifetime ratio τðΞþþ

cc Þ=τðΞþ
ccÞ is predicted to be of order 6.7.

DOI: 10.1103/PhysRevD.98.113005

I. INTRODUCTION

Recently, the LHCb collaboration observed a resonance
in the Λþ

c K−πþπþ mass spectrum at a mass of 3621.40$
0.78 MeV [1], which is consistent with expectations for the
doubly charmed baryon Ξþþ

cc baryon. Subsequently, LHCb
presented the first lifetime measurement of this charmed
doubly baryon [2]

τðΞþþ
cc Þ ¼ ð2.56þ0.24

−0.22 $ 0.14Þ × 10−13 s: ð1:1Þ

Theoretical predictions available in the literature [3–7]
listed in Table I spread a large range, e.g., τðΞþþ

cc Þ ranges
from 0.2 to 1.6 ps. The lifetime hierarchy was predicted to
be of the pattern τðΞþþ

cc Þ > τðΩþ
ccÞ > τðΞþ

ccÞ in [4,5], but
τðΞþþ

cc Þ > τðΞþ
ccÞ > τðΩþ

ccÞ in [6].
In [8] we have shown that the heavy quark expansion

(HQE) in 1=mb works well for bottom hadrons. The
calculated B meson lifetime ratios τðBþÞ=τðB0

dÞ and
τðB0

sÞ=τðB0
dÞ in HQE are in excellent agreement with experi-

ment, and the computed lifetime ratios τðΞ−
b Þ=τðΛ0

bÞ,
τðΞ−

b Þ=τðΞ0
bÞ and τðΩ−

b Þ=τðΞ−
b Þ also agree well with the

data. On the contrary, the HQE to 1=m3
c fails to give a

satisfactory description of the lifetimes of both charmed

mesons and charmed baryons. The HQE to order 1=m3
c

implies the lifetime hierarchy τðΞþ
c Þ > τðΛcÞ > τðΞ0

cÞ >
τðΩcÞ, which seems to be in agreement with the current
one from the Particle Data Group (PDG) [9]. However, the
quantitative estimates of charmed baryon lifetimes and their
ratios are rather poor. For example, τðΞþ

c Þ=τðΛþ
c Þ is calcu-

lated to be 1.03 [8], while experimentally it is measured to
be 2.21$ 0.15 [9]. Since the charm quark is not heavy,
it is thus natural to consider the effects stemming from the
next-order 1=mc expansion. This calls for the subleading
1=mQ corrections to spectator effects.
It turns out that the relevant dimension-seven spectator

effects are in the right direction for explaining the large
lifetime ratio of τðΞþ

c Þ=τðΛþ
c Þ, which is enhanced from 1.05

to 1.88, in better agreement with the experimental value [8].
However, the destructive 1=mc corrections to ΓðΩ0

cÞ are too
large to justify the use of the HQE, namely, the predicted
Pauli interference and semileptonic rates for the Ω0

c become
negative, which certainly do not make sense. Demanding
these rates to be positive for a sensible HQE, it has been
conjectured in [8] that the Ω0

c lifetime lies in the range of
ð2.3 ∼ 3.2Þ × 10−13 s. This leads to the new lifetime pattern
τðΞþ

c Þ > τðΩ0
cÞ > τðΛþ

c Þ > τðΞ0
cÞ, contrary to the current

hierarchy τðΞþ
c Þ > τðΛþ

c Þ > τðΞ0
cÞ > τðΩ0

cÞ. This new
charmed baryon lifetime pattern can be tested by LHCb.
Very recently, LHCb has reported a new measurement of

the Ω0
c lifetime, τðΩ0

cÞ ¼ ð2.68$ 0.24$ 0.10$ 0.02Þ ×
10−13 s [10], using the semileptonic decay Ω−

b →
Ω0

cμ−ν̄μX with Ω0
c → pK−K−πþ. This value is nearly

four times larger than the current world-average value of

*Present address: Cold Spring Harbor Laboratory, 1 Bungtown
Road, Cold Spring Harbor, New York 11724, USA.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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2470-0010=2018=98(11)=113005(11) 113005-1 Published by the American Physical Society

• Theoretical predictions updated following 
𝜏(𝛯!!"") by LHCb

• 𝜏 𝛯!!" ≈ 45 fs, used as the baseline



Selection strategy 
• Should we still use lifetime info when 𝜏 𝛯!!" ≈ 45 fs, which is 

close to 𝜎* ≈ 50	fs? Yes! 
• 𝜂! 1𝑆 → 𝑝𝑝̅ as an example, too many combinatorics in PV!

22

Prompt from-b 𝛯%%!
𝛬%!

PV

[EPJC 84 (2024) 1274]

𝜏 𝐻$ ≈ 1.5 ps

Signal purity “in between” prompt and from-b



Moritz Karbach LHCb Summer Student Prize 2021

Special Commendation
as recognition for exceptional performance

Is Given To

Danyi Zhang
by the CERN LHCb Group

14 September 2021

LHCb spokesperson

CERN LHCb Team Leader

Preparing for Run3

• Run1-2 re-visited, undergraduate thesis 
of Danyi Zhang

• 𝛬!"𝐾#𝜋" re-optimised
– 𝑝# cuts relaxed, w/ unparked 𝛬&' 
– PID added in BDT training
– 𝜏 𝛯&&' ≈ 45 fs as baseline 

• New decay modes added:
– 𝛯&&' → 𝛯&9𝜋'

– 𝛯&&' → 𝐷'𝑝𝐾:

23

双粲重子 Ξ+𝑐𝑐 的搜寻

表 3.1衰变过程 Ξ+𝑐𝑐 → Λ+𝑐 𝐾−𝜋+ 的遍举触发选择条件和效率。
Table 3.1 The efficiency of the the exclusive turbo line selections for Ξ+𝑐𝑐 → Λ+𝑐 𝐾−𝜋+ decay.

Particle Selection Events Efficiency

Proton 𝑝T > 200MeV/𝑐 121589 (99.81 ± 0.01)%

Kaon 𝑝T > 200MeV/𝑐 119526 (98.30 ± 0.04)%

Pion 𝑝T > 200MeV/𝑐 112556 (94.17 ± 0.07)%

Proton 𝜒2
IP to own PV >6 63855 (56.73 ± 0.15)%

Kaon 𝜒2
IP to own PV >6 43976 (68.87 ± 0.18)%

Λ+𝑐 daughters Pion𝜒2
IP to own PV >6 33402 (75.96 ± 0.20)%

Λ+𝑐 filght distance 𝜒2 to PV>16 33234 (99.50 ± 0.04)%

Λ+𝑐 𝑝T > 1000MeV/𝑐 33231 (99.99 ± 0.01)%

Proton particle ID DLL𝑝𝜋 >10 29778 (89.61 ± 0.17)%

Kaon particle ID DLL𝐾𝜋 >10 24630 (82.71 ± 0.22)%

Pion particle ID DLL𝐾𝜋 <0 20511 (83.28 ± 0.24)%

Kaon 𝑝T > 500MeV/𝑐 18251 (88.98 ± 0.22)%

Pion 𝑝T > 500MeV/𝑐 13440 (73.64 ± 0.33)%

Kaon particle ID DLL𝐾𝜋 >10 11797 (87.78 ± 0.28)%

Ξ+𝑐𝑐 daughters Pion particle ID DLL𝐾𝜋 <0 10620 (90.02 ± 0.28)%

Sum of 𝑝T >2000 18296 (100.00 ± 0.00)%

Kaon 𝜒2
IP to PV>1 15748 (86.07 ± 0.26)%

Pion𝜒2
IP to PV>1 14010 (88.96 ± 0.25)%

Ξ+𝑐𝑐 𝜒2
IP to PV>25 13584 (96.96 ± 0.15)%

DIRA>0.99 13231 (97.40 ± 0.14)%

56 LHCb unofficial



• Number of 𝜦𝒄
+ events in 2018 data: 𝟖. 𝟔 × 𝟏𝟎𝟕

• Number of 𝜦𝒄
+ events in part of 2024 data (before including UT): 1.3× 𝟏𝟎𝟖

𝚲𝒄
+  in LHCb Run3 data

29 August 2024Linnuo Zhang | (Re)discovery of the Doubly Charmed Baryon in LHCb Run-3 Data 7
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+  in Run3
Shared this result to egroup for alignment work

Joined the efforts to understand new detector
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• Linnuo Zhang, CERN summer student project



Rediscovery of 𝛯!!"" in 2024 data

25

• Studied 𝛬𝑐
+ mass resolution as functions of 𝑃𝑇, y in 2024, 

sent to alignment group
• Studied and optimized event selection for:

• 𝛯𝑐𝑐
++ →  𝛬𝑐

+𝐾−𝜋+𝜋+, twice signals in part of 2024 data, 
compared to signals in Run 2

• 𝛯𝑐𝑐
++ →  𝛯𝑐

+𝜋+, better sig-to-bkg ratio with new MVA 
model

• 𝛯𝑐𝑐
+ → 𝛬𝑐

+𝐾−𝜋+, blind analysis, more Λ𝑐
+ signal, expect 

1st observation of 𝛯𝑐𝑐
+  w/ 2024 data

Summary

29 August 2024Linnuo Zhang | (Re)discovery of the Doubly Charmed Baryon in LHCb Run-3 Data 21

𝛯𝑐𝑐
++ →  𝛬𝑐

+𝐾−𝜋+𝜋+

𝛯𝑐𝑐
++ →  𝛯𝑐

+𝜋+𝛯𝑐𝑐
+ → 𝛬𝑐

+𝐾−𝜋+ First Chinese Winner of the 
LHCb best summer student

• Extensive studies on 𝛯!!"" in 2024, old / new MVA 



BDT-based trigger for 𝐻!
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触发算法开发

• 𝛯𝑐+ → 𝑝𝐾−𝜋+：
信号数少，与𝛬𝑐+衰变末态相同，应用𝛬𝑐+训练的模型

• 𝛯𝑐0 → 𝑝𝐾−𝐾−𝜋+：
训练变量中增加一个𝐾−

• 触发算法加入2024年取数；2025年经迭代进一步提高性能，可用于其他粒子（双粲重子）的重建

6

保留90%信号，本底压低至20%

保留全部信号，本底压低至10%

Charm WG meeting（2024.4.10）

• Shuyu Han, UROP student



𝛯!!"  search w/ 2024
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克隆事例：重建算法将一根真实径迹错误地重建为两根径迹
• 主要发生在同电荷粒子间
• 要求两条径迹张角小且动量差别不大
• 使用𝛯𝑐𝑐+ 组合本底(𝛬𝑐+𝐾−𝜋−)样本研究

• 二期运行中张角的选择条件定为0.5 mrad
• 三期运行：发现张角分布变宽，条件应该加严

• 张角分布峰值右移(克隆事例增多)的原因：顶点探测器
• 克隆径迹的𝜑值分布出现三个明显峰值
• 峰值位置与升级后顶点探测器的重叠位置吻合
• 径迹在顶点探测器平均击中数目少而径迹数多

去除克隆

9

RTA: Reconstruction WP2 meeting（2025.4.15）

General Performance Meeting（2025.4.7）

• Shuyu Han, undergraduate thesis Moriond EW 2026

5’ YSF talk prompted to 10+5’



Control mode: 𝛯!!"" in 2024

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

data included in BDT for 𝛯&&'' (𝑝#, 𝜒;<% , PID)
– BDT w/o PID as cross-check

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

• Mass consistent with Run2
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Signal mode: 𝛯!!"  in 2024

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

• After unblinding, first observation!
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Precision mass measurement

• Bias due to final-state radiation 
• Bias due to event-selection
• Momentum scale, as funtions of 

kinematics, multiplicity…
– 𝛯&9 in the same decay-time range

30

PPTS meeting, 24.09.2012 Correlation between rec’ted mass and decay time, Jeroen van Tilburg 4/11 

Multiple scattering in the rf foil 
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• Opening angle larger  higher mass 
• Reconstructed decay distance too long 

• Opening angle smaller  lower mass 
• Reconstructed decay distance too short 

Two examples of multiple scattering 

Reconstructed decay distance and mass are correlated 

1. 2. 

Credit: J. Tiburg
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𝛯!!"  mass

• Mass, 𝑚 𝛯&&' = 3619.97 ± 0. 83 ± 0.26:$.=9'$.>9 	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:$.=9'$.>9 	MeV/𝑐%
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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

32

3500 3550 3600 3650 3700

]2c) [MeV/+
ccΞ(candm

1000

2000

3000

4000

)
2

c
C

an
d
id

at
es

 /
 (

4
 M

eV
/ Data

Total fit

Signal

Background+π-K
+
cΛ Æ +

ccΞ

LHCb
 = 13.6 TeVs

1-6.9 fb

915±120

3500 3550 3600 3650 3700

]2c) [MeV/+
ccΞ(

cand
m

500

1000

1500)
2

c
C

an
d
id

at
es

 /
 (

4
 M

eV
/

Data

Total fit

Signal

Background
+π−

K
+
c

Λ → +
ccΞ

LHCb
 = 13 TeVs

1−5.6 fb

304±80

𝑚 𝛯%%! = 3619.97 ± 0. 83 ± 0.26'(.*"!(.+" 	MeV/𝑐,

[a
rX

iv
:2

60
3.

28
45

6]



33



The LHCb upgrades

34

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!!!""? 

35



Summary

• Upgraded LHCb detector and trigger, efficiency of hadronic final 
states 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:$.=9'$.>9 	MeV/𝑐%

–𝑚 𝛯&&' −𝑚 𝛯&&'' = −1.77 ± 0. 84 ± 0.25:$.=9'$.>9 	MeV/𝑐%

consistent with theoretical predictions

• Many thanks to your continued and strong supports
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