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Introduction 

§ Hadron spectrum is the primary observable of QCD
§ LHCb has been providing propellants for heavy flavour

spectroscopy
§ Focus on very recent results of baryon spectroscopy

• Beautiful baryons
► Observation of new excited 𝛴"

± states
► Observation of new excited 𝛬" states (NEW)
► Observation of a new excited 𝛯" state

• Doubly charmed baryons
► Observation of 𝛯&&'' → 𝛯&'𝜋'

► A search for 𝛯&&'' → 𝐷'𝑝𝐾-𝜋' (NEW)
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The LHCb detector

§ A single-arm forward spectrometer at LHC
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Vertex Locator
𝜎/0 = 20 µm
𝜎6 = 45 fs

RICHs
𝜖 𝐾 → 𝐾 ~95%
mis-ID 𝜖 𝜋 → 𝐾 ~5%

Tracking stations
𝜖?@ABCDEF~96%
⁄𝜎I 𝑝~0.5% − 1%(5 − 200 GeV)

Acceptance 
2 < 𝜂 < 5

ECAL
⁄𝜎T 𝐸 =

10%
𝐸
⊕ 1%

JINST 3 (2008) S08005 
IJMPA 30 (2015) 1530022 
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LHCb data taking

§ A huge amount of 𝑏X𝑏 and 𝑐 ̅𝑐 have been produced
• About 10[\ 𝑏X𝑏 and 10[] 𝑐 ̅𝑐

§ High 𝑏-baryon production fraction
• 𝐵: 𝐵`: 𝛬" ≈ 4: 1: 2
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Run2
6 fb-[ at 13 TeV

Run1
3 fb-[ at 7/8 TeV

About 9 fb-[
accumulated in 
Run1+Run2
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Reconstruct heavy flavour decays at LHCb
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𝜇

~mm

𝜋

𝑝
Primary Vertex

~200 prompt tracks in acceptance

Beauty/charm

Displaced Vertex

Detached tracks

𝐾



BEAUTIFUL BARYONS

𝛬"d = 𝑢𝑑𝑏

𝛴"' = 𝑢𝑢𝑏 𝛴"d = 𝑢𝑑𝑏 𝛴"- = 𝑑𝑑𝑏

𝛯"d = 𝑢𝑠𝑏 𝛯"- = 𝑑𝑠𝑏

𝛺"- = 𝑠𝑠𝑏
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𝛴" and 𝛴"∗ at LHCb

§ Study 𝛬"d𝜋± mass spectra

§ With 𝛬"d → 𝜋-𝛬&'(→ 𝑝𝐾-𝜋')

§ 230k 𝛬"d candidates in 3 fb-[

§ Measure mass and width
• Agree with CDF measurement
• Improved by a factor of 5 
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𝑸 ≡ 𝒎 𝜦𝒃𝟎𝝅± −𝒎 𝜦𝒃𝟎 −𝒎(𝝅±)
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�(⌃b(6097)
+) 31.0± 5.5 ± 0.7

m(⌃�
b ) 5815.64± 0.14± 0.24

m(⌃⇤�
b ) 5834.73± 0.17± 0.25

m(⌃+
b ) 5810.55± 0.11± 0.23

m(⌃⇤+
b ) 5830.28± 0.14± 0.24

�(⌃�
b ) 5.33± 0.42± 0.37

�(⌃⇤�
b ) 10.68± 0.60± 0.33

�(⌃+
b ) 4.83± 0.31± 0.37

�(⌃⇤+
b ) 9.34± 0.47± 0.26

m(⌃⇤�
b )�m(⌃�

b ) 19.09± 0.22± 0.02
m(⌃⇤+

b )�m(⌃+
b ) 19.73± 0.18± 0.01

�(⌃b(6097)
±) �2.2± 2.4 ± 0.3

�(⌃±
b ) �5.09± 0.18± 0.01

�(⌃⇤±
b ) �4.45± 0.22± 0.01

Quantity Value [MeV]

m(⌃b(6097)
�) 6098.0± 1.7 ± 0.5

m(⌃b(6097)
+) 6095.8± 1.7 ± 0.4

�(⌃b(6097)
�) 28.9± 4.2 ± 0.9

�(⌃b(6097)
+) 31.0± 5.5 ± 0.7

m(⌃�
b ) 5815.64± 0.14± 0.24

m(⌃⇤�
b ) 5834.73± 0.17± 0.25

m(⌃+
b ) 5810.55± 0.11± 0.23

m(⌃⇤+
b ) 5830.28± 0.14± 0.24

�(⌃�
b ) 5.33± 0.42± 0.37

�(⌃⇤�
b ) 10.68± 0.60± 0.33

�(⌃+
b ) 4.83± 0.31± 0.37

�(⌃⇤+
b ) 9.34± 0.47± 0.26

m(⌃⇤�
b )�m(⌃�

b ) 19.09± 0.22± 0.02
m(⌃⇤+

b )�m(⌃+
b ) 19.73± 0.18± 0.01

�(⌃b(6097)
±) �2.2± 2.4 ± 0.3

�(⌃±
b ) �5.09± 0.18± 0.01
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Observation of 𝛴" 6097 ±

§ Extend to higher mass region
• With tighter 𝑝r(𝜋`) requirement

§ Fit the 𝑄-value distributions

§ Compatible with 𝛴"(1𝑃) states 

• Expected in heavy-quark limit 

• Might be a superposition of 
several resonances 
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𝛬"d excitations in 𝛬"d𝜋'𝜋-

§ Study 𝛬"d𝜋'𝜋- spectra

§ With 𝛬"d → 𝜋-𝛬&'(→ 𝑝𝐾-𝜋')

§ 900k 𝛬"d candidates in 9 fb-[

§ Structure around 6.15 GeV

§ Cross-check with 

• 𝛬"d → 𝑝𝐾-𝐽/𝜓 (→ 𝜇'𝜇-)

§ Investigate decay substructure

• Mass above the 𝛴"
∗ ∓𝜋± threshold

Hadron 2019 9

arXiv:1907.13598

𝒎𝜦𝒃
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𝛬"d excitations in 𝛬"d𝜋'𝜋-

§ Split by 𝛬"d𝜋± invariant mass
• 𝛴" region

• 𝛴"∗ region

• Nonresonant (NR) region

§ A simultaneous fit
• Two-signal hypothesis with 7𝜎

§ Almost degenerate narrow states

Hadron 2019 10

arXiv:1907.13598

𝒎𝜦𝒃
𝟎𝝅}𝝅~

𝜦𝒃 𝟔𝟏𝟒𝟔 𝟎 𝜦𝒃 𝟔𝟏𝟓𝟐 𝟎

±𝚪(𝜮𝒃)

±𝚪(𝜮𝒃∗ )
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𝛬"d excitations in 𝛬"d𝜋'𝜋-

§ Study 𝛬"d𝜋± spectra
• SPLOT technique

§ Different couplings
• 𝛬" 6152 d to both 𝛴" and 𝛴"∗

• 𝛬" 6146 d primarily to 𝛴"∗

§ Consistent with the 𝛬" 1𝐷 d

doublet of 𝐽� = ]
\

'
and �\

'

• Observed mass
• Measured natural width
• Observed decay pattern  
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arXiv:1907.13598

𝒎𝜦𝒃
𝟎𝝅} 𝒎𝜦𝒃
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𝜮𝒃'

𝜮𝒃∗'
𝜮𝒃-

𝜮𝒃∗-

𝜦𝒃 𝟔𝟏𝟒𝟔 𝟎

𝜦𝒃 𝟔𝟏𝟓𝟐 𝟎

𝜮𝒃∗' 𝜮𝒃∗-
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Observation of 𝛯" 6227 -

§ Study the 𝛬"d𝐾- and 𝛯"d𝜋- spectra in 4.5 fb-[

§ The most massive baryon observed so far
• 𝑚�� �\\� ~ = 6226.9 ± 2.0 ± 0.3 ± 0.2 MeV

• Γ�� �\\� ~ = 18.1 ± 5.4 ± 1.8 MeV
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𝜩𝒃 𝟔𝟐𝟐𝟕 - → 𝜦𝒃
𝟎 → 𝜦𝒄'𝝅- 𝑲- 𝜩𝒃 𝟔𝟐𝟐𝟕 - → 𝜦𝒃𝟎 → 𝜦𝒄'𝝁-𝑿 𝑲- 𝜩𝒃 𝟔𝟐𝟐𝟕 - → 𝜩𝒃

𝟎 → 𝜩𝒄'𝝁-𝑿 𝝅-
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Observation of 𝛯" 6227 -

§ Production ratios

𝑅 𝛬"d𝐾- ≡
𝑓𝜩𝒃 𝟔𝟐𝟐𝟕 ~

𝑓𝜦𝒃𝟎
ℬ 𝛯" 6227 - → 𝛬"d𝐾-

𝑅 𝛯"d𝜋- ≡
𝑓𝜩𝒃 𝟔𝟐𝟐𝟕 ~

𝑓𝜩𝒃𝟎
ℬ(𝛯" 6227 - → 𝛯"d𝜋-)

§ Assuming 𝑓𝜩𝒃� ≈ 0.1𝑓𝜦𝒃𝟎
ℬ(𝛯" 6227 - → 𝛬"d𝐾-)/ℬ(𝛯" 6227 - → 𝛯"d𝜋-) ≈ 1

§ Candidate of 𝛯" 1𝑃 - or 𝛯" 2𝑆 - or the admixture?
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DOUBLY CHARMED BARYONS
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The doubly charmed baryons

§ Two SU(4) 20-plets containing SU(3) triplets
• 𝛯&&' = 𝑐𝑐𝑑, 𝛯&&'' = 𝑐𝑐𝑢, 𝛺&&' = 𝑐𝑐𝑠

§ 𝛯&&'' was observed in the 𝛬&'𝐾-𝜋'𝜋' final state in 2017
• 𝑚���}} = 3621.40 ± 0.72 ± 0.27 ± 0.14 MeV                PRL 119 (2017) 112001

• 𝜏���}} = 0.256-d.d\\'d.d\� ± 0.014 ps PRL 121 (2018) 052002
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𝑱𝑷 =
𝟏
𝟐

'
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Observation of 𝛯&&'' → 𝛯&'𝜋'
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§ Study 𝛯&'(→ 𝑝𝐾-𝜋')𝜋' spectrum
§ Significance of 5.9𝜎

§ Weighted average
• 𝑚���}} = 3621.24 ± 0.65 ± 0.31 MeV

§ ℛ ≡ ℬ(���}}→��}�};��}→I¡~�})
ℬ(���}}→¢�}¡~�}�};¢�}→I¡~�})

• ℛ = 3.5 ± 0.9 ± 0.3 ×10-\

• ℬ 𝛯&' → 𝑝𝐾-𝜋' = (0.45 ± 0.21 ± 0.07)%
[Belle, Phys.Rev. D100 031101]

• ℬ(���}}→��}�})
ℬ(���}}→¢�}¡~�}�})

≈ 0.5

PRL 121 (2018) 162002

1.7 𝐟𝐛-𝟏

1.7 𝐟𝐛-𝟏
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A search for 𝛯&&'' → 𝐷'𝑝𝐾-𝜋'

§ Helpful to further understand the dynamics of 𝛯&&''

§ Efficient 𝐷' trigger at LHCb
§ Low branching fraction due to small phase space
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arXiv:1905.02421
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A search for 𝛯&&'' → 𝐷'𝑝𝐾-𝜋'

§ Study the 𝐷'𝑝𝐾-𝜋' spectrum with 2016 data of 1.7 fb-[

§ With 𝐷' → 𝐾-𝜋'𝜋'

§ No significant signal is observed

§ Upper limit on ℛ ≡
ℬ ���}}→§}I¡~�}

ℬ ���}}→¢�}¡~�}�}

• ℛ < 2.1×10-\ at 95% CL
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Prospects

LHCb	Timeline	
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Install	LHCb	Upgrade	
(Phase	I)	

LS2	 LS3	 LS4	Run	4	 Run	5,6,…	

HL-LHC:		
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Phase-II	?	

L	=	2	×	1034	cm−2s−1		(50×)	
55	visible	interac2ons		
/	crossing	

300	h−1	collected	

LHCb	Upgrades	Overview 		Mark	Williams														INSTR	Conference,		3rd	March	2017,	Novosibirsk	
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/	crossing	

300	h−1	collected	

LHCb	Upgrades	Overview 		Mark	Williams														INSTR	Conference,		3rd	March	2017,	Novosibirsk	

Poten2al	‘stepping	stone’	
projects	to	prepare	for	
Phase	II	

Phase-I	Upgrade	

L	=	2	×	1033	cm−2s−1					(5×)	
5.5	visible	interac2ons		
/	crossing	

50	h−1	collected	

L	=	4	×	1032	cm−2s−1	

1.1	visible	interac2ons		
/	crossing	

8	h−1	collected	

Current	detector	

We	are	
here	
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Courtesy of Mark Williams

CERN-LHCC-2011-001
CERN-LHCC-2017-003

§ LHCb Upgrade I: installation ongoing
§ LHCb Upgrade II: investigation started



Ao Xu (Tsinghua)

Projection of the yield
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CERN-LHCC-2018-027

680k        1.4M          8M

§ LHCb data sample will be boosted
• Observation of new states
• Precise measurement of the observed states 

[*]

[*] Updated according to the latest measurement  



Ao Xu (Tsinghua)

Summary

§ LHCb has been and will continue providing propellants 
for heavy flavour spectroscopy
• Observation of several beautifully excited baryons
• Progress in the sector of doubly charmed baryons
• The full Run1+Run2 data are being exploited

• The ongoing upgrade will increase the instantaneous 
luminosity by a factor of 5 with fully software trigger
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Stay Tuned



Backup slides 



Ao Xu (Tsinghua)

𝛴" and 𝛴"∗ at LHCb

§ Study 𝛬"d𝜋± spectra

§ With 𝛬"d → 𝜋-𝛬&'(→ 𝑝𝐾-𝜋')

§ 230k 𝛬"d candidates in 3 fb-[
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Ao Xu (Tsinghua)

𝛬" excitations in 𝛬"d𝜋'𝜋-

§ 𝛬"d𝜋'𝜋- spectra
§ With 𝛬"d → 𝜋-𝛬&'(→ 𝑝𝐾-𝜋') and 𝛬"d → 𝑝𝐾-𝐽/𝜓 (→ 𝜇'𝜇-)
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