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Introduction
• Heavy flavour production 

– Test QCD: PDF, hard scattering, fragmentation

– New physics search: Background; 𝑓!
– pp collisions, reference for pPb, PbPb
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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
• 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

Flavour factory!
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Initial energy of 𝑏(𝑏 not known



The LHCb experiment
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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



Charmonium states

[F.-K. Guo (郭奉坤), PoS LATTICE 2022 (2023) 232]
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Charmonium(like) states
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𝑋(3872)?
• Tetraquark
• 𝜒#"(2𝑃)
• Molecule
• Mixture



𝐽/𝜓 hadroproduction
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25/62马滟青

CO mechanism

States pT behavior at 
LO

3S1[1] pT-8

3S1[8] pT-4

1S0[8] pT-6

3PJ[8] pT-6

Kramer, 0106120

YQM, Wang, Chao, 1012.1030 Butenschoen, Kniehl, 1105.0820

Nicely explain 𝝍′ surplus by CO contributions

Gong, Wan, Wang, Zhang, 1205.6682

Credit: Y.-Q. Ma



Polarisation?

11

33/62马滟青

Polarization puzzle at NLO

 𝐽/𝜓: transverse polarization canceled (why?) in ଷ𝑺ଵ
𝟖 and ଷP

𝟖

Chao,YQM,Shao,Wang, Zhang,1201.2675 Bodwin, Chung, Kim, Lee, 1403.3612

𝜓(2𝑆): cancelation weak, hard to understand data

Shao, Han, YQM, Meng, Zhang, Chao, 1411.3300 Gong, Wan, Wang, Zhang, 1205.6682

Faccioli,Knunz,Lourenco, Seixas,Wohri,1403.3970

Bodwin et al., 1509.07904

Credit: Y.-Q. Ma



Hadronic decays
• Sizable branching fractions

• High multiplicity in pp collisions, high level of  
background  due to too many combinations, 
chanllenging even for LHCb that has excellent 
hadron particle-identification
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𝜂!(1𝑆) production at 7/8 TeV 

• 𝜂!(1𝑆) hadroproduction
firstly measured by LHCb

• Prompt signal suffers from 
high background 
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[LHCb, EJPC 75 (2015) 311]

detached

prompt



𝜂!(1𝑆) production at 7/8 TeV 

• Results described by NLO CS?
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[M. Butenschoen, et al., PRL 114 (2015) 092004]



D Comparison with theory prediction378

The comparison of the measured ⌘c di↵erential prompt production cross-section with379

the colour-singlet model prediction [31] is shown in Fig. 10. While the colour-singlet380

contribution provides in general a good description of the LHCb measurements, an381

indication of a di↵erent slope could point to a colour-octet contribution exhibiting at382

larger pT values. Enlarging measured pT range and improving theory uncertainties can be383

decisive to quantify this e↵ect.
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Figure 10: Measured (points) prompt production cross-section of the ⌘c meson compared to the
prediction (boxes) of the colour-singlet model [31].

384

19

𝜂!(1𝑆) production at 13 TeV 

• Comparison w/ CS, 
good agreement

• Theoretical precision 
limited by scale 
uncertainty

15

[Y. Feng, et al., NPB 945 (2019) 114662]

Prediction: 1.56!".$%&".'( scale !".)*
&".(' CT14NLO 	µb  

[LHCb, EPJC 80 (2020) 191]



Impact of 𝜂!(1𝑆) production 
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𝑋(3872) production
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𝜎- ./01 /𝜎2 13  Vs. Multiplicity

• Clear dependence, interpretation on debate 
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B mesons’ production
• Measured B mesons’ production at 7 TeV, 

agree with FONLL (Fixed Order+Next-to-Leading Log)

23.12.17 19
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[M. Cacciari et al., JHEP 10 (2012) 137]
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𝐵4 production at 13 TeV
• New energy, ratio 13/7 TeV
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𝑓5/𝑓6 in beauty system
• Combined analysis 

of different decay 
modes. BR of 𝐵%# 
updated 
– ℬ(𝐵+" → 𝐽/𝜓𝜙) and 
ℬ 𝐵+" → 𝐷+!𝜋&  improved by 
a factor of 2

21

7 8 9 10 11 12 13
Proton-proton collision energy [TeV]

0.2

0.22

0.24

0.26

0.28

0.3df/
 sf LHCb

[P
R

D
 1

04
 (2

02
1)

 0
32

00
5]



20 40 60
 (GeV)

T
p

0.8

1

1.2

uf
 / df Data

Average

| < 2.4y|

 = 13 TeVs

-1L = 61.6 fb
CMS

0 1 2
|y|

 < 70 GeV
T
p12 < 

𝑓5/𝑓6 in beauty system
• Confirming pT 

dependence 
seen by LHCb

• No dependence 
for fd/fu
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Baryon-to-meson ratio

• Clear trend as function of pT, well decribed by, e.g.,  
– Pythia8 + New Colour-Reconnection (CR) mode
– Statistical Hadronisation (SH) including additional excited 

charm baryons predicted by Relativistic Quark Model (RQM)
– Catania, hadronisation via coalescence + fragmentation
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Flavour dep. of Baryon/meson 
• Similar baryon-formation mechanism among 

light, strange, charm, and beauty hadrons?  
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𝐵! production
• Difficult to produce at 𝑒&𝑒' 

machine. Mainly through 
𝑔𝑔 → 𝐵! + 𝑏 + ̅𝑐 at LHC

26

b̄

c
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• Production rate
– Theoretical prediction (in nb)

• Color octet contribution is small 
– 𝜎(2𝑆)/𝜎(1𝑆) would be 𝑅%C(0)/𝑅$C(0) ≈ 0.6
– 𝜎 𝐵!" ~0.9	µb for 𝑠 = 14 TeV

[C.-H. Chang, et al., PRD 71 (2005) 074012] 



𝐵!4 diff. production by LHCb
• Double-differential production as (𝑝(, 𝑦), 

w/ 2 fb-1 data at 8 TeV 
• 𝑝( distribution well described by BcVegPy
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𝐵!4 diff. production by LHCb
• ℛ = ! "!" ⋅ℬ("!"→'/)*")

! "" ⋅ℬ(""→'/),")
= 0.683 ± 0.018 ± 0.009 %       

for 𝑝- < 20	GeV, 𝑦 ∈ [2, 4.5]
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𝐵!4 production w/ 𝐽/𝜓𝜇4𝑋
• Similar trend seen in 𝑝( > 5	GeV region

Use ℬ#$ = 10.70 ± 0.19 %,ℬ(𝐵%& → 𝐽/𝜓𝜇&𝜈) = 1.95 ± 0.46 %
D!

D""D#
= 3.78 ± 0.04 ± 0.15 ± 0.89 ×10EF at 13 TeV
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• Very big as predicted by Pythia
• Different 𝑝( spectrum? However… 
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Doubly charmed baryon
• Mass

– 𝑀 𝛯../ ≈ 𝑀 𝛯..//
= 3621.55 ± 0.38	MeV

– 𝑀 𝛺../ ≈ 𝑀 𝛯..// + 100	MeV
• Lifetime

– 3𝜏 𝛯../ ≈ 3𝜏 𝛺../ ≈ 𝜏 𝛯..// = 0.256 ± 0.027	ps
• Production

– 𝜎 𝑐𝑐 = 90	nb @ 13	TeV in LHCb
– 𝑓0123 𝑢: 𝑑: 𝑠 ∼ 1: 1: 0.3
𝜎 𝛯..// = 𝜎 𝛯../ ∼ 40	nb
𝜎 𝛺../ ∼ 13	nb

[J.-W. Zhang et al., PRD 83 (2011) 034026]
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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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[F.-S. Yu et al., CPC 42 (2018) 051001]

313±33 113±21
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• Relative to 𝛬78, in 
4 < 𝑝# < 15 GeV,
2 < 𝑦 < 4.5

𝜎 𝛯..//

𝜎 𝛬./
ℬ 𝛯..// → 𝛬./𝐾4𝜋/𝜋/

= 2.22 ± 0.27 ± 0.29 ×1045

SELEX, 20% 𝛬./ from 𝛯../
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[SELEX, PRL 89 (2002) 112001]



The LHCb upgrades
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Upgrade	II,	4D	detector	
Timing,	𝒪(10	ps),	is	essential



The LHCb trigger (Run3)
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Data-taking in 2024
• Calibration / alignments much improved 
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Trigger	efficiency	for	
hadronic	modes	improved	
by	a	factor	of	~2



SMOG (System for Measuring Overlap with Gas)
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Summary
• Heavy flavour production in pp at LHCb

– Charomonium(like) 
– Beauty
– 𝐵!"

– Doubly charmed baryon  

• With LHCb upgrade (50 fb-1) & upgrade-II 
(300 fb-1), much more will be done 

• Your suggestions are always appreciated!
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