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Charmonium
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[E. Eichten et al., Rev.Mod.Phys.80 (2008) 1161]



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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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



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]



𝜂!(1𝑆) production at 13 TeV 
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Figure 2: The prompt ⌘c production cross-section as a function of centre-of-mass energy. (Left)
Relative ⌘c prompt production cross-section. (Right) Absolute ⌘c (black rectangles) and J/ 
(blue circles) prompt production cross-sections. The error bars show uncertainties due to
statistical, systematic, and to the ⌘c! pp and J/ ! pp branching fractions and J/ production
cross-section.

which combined with Bb!J/ X = 1.16± 0.10% [?] gives226

Bb!⌘cX = (5.51± 0.32± 0.29± 0.77)⇥ 10�3.

The last uncertainty includes the uncertainty on Bb!J/ X . This result is the most precise227

measurement of the inclusive b! ⌘cX branching fraction to date and is in good agreement228

with the previous LHCb measurement from Ref. [?]. The measurement is limited by the229

knowledge of the branching fractions B⌘c!pp and Bb!J/ X .230

Numerical results of the measurements of pT-di↵erential ⌘c production are given in231

Appendix B. The relative ⌘c to J/ pT-di↵erential cross-sections for prompt and b-hadron232

decay production are compatible to those measured at
p
s = 7 and 8TeV [?] and are233

shown in Fig. 3. This is the first pT-di↵erential cross-section measurement of ⌘c prompt234

production at
p
s = 13TeV. The pT dependence of the prompt cross-section ratio is found235

to be linear with a slope of 0.22 ± 0.11GeV�1. While the integrated cross-section is236

in good agreement with the colour-singlet model prediction [?], a hint of a di↵erence237

between the J/ and ⌘c slopes motivates the extension of the measurement to larger pT238

values. A larger measured slope with respect to the prediction from Ref. [?] would indicate239

a possible colour-octet contribution. The absolute ⌘c and J/ di↵erential production240

cross-sections are shown in Fig. 4. The exponential slopes for the ⌘c and J/ prompt241

di↵erential cross-sections are determined from the fit to data points to be 0.41±0.07GeV�1
242

and 0.57± 0.01GeV�1, respectively.243

7 Measurement of the J/ J/ J/ –⌘c⌘c⌘c mass di↵erence244

While the prompt ⌘c production measurement requires stringent selection criteria at the245

trigger level to compete with the challenging background conditions, charmonia produced246

in b-hadron decays are reconstructed in an environment with a controlled background247

level and are more suitable for a mass measurement. For this reason, a looser selection is248

8

[LHCb, EPJC 80 (2020) 191]
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Figure 3: Relative ⌘c to J/ di↵erential production cross-sections for (left) prompt production
and (right) production in b-hadron inclusive decays. The uncertainties are statistical, systematic,
and due to the ⌘c! pp and J/ ! pp branching fractions, respectively. For the relative prompt
production cross-section, the result of a fit with a linear function is overlaid.

8 10 12 141

10

210

310
 [n

b/
 G

eV
]

T
/d

p
σd

cη
ψJ/

LHCb
 = 13 TeVs

2.0 < y < 4.5

d�
(c
c)
/d

p T
[n
b
/
G
eV

]

pT [ GeV ]

LHCbp
s = 13TeV

2.0 < y < 4.5

⌘c

J/ 

8 10 12 14
  [GeV]

T
p

1

10

210

 [n
b/

 G
eV

]
T

/d
p

X cη
→b

σd LHCb
 = 13 TeVs

2.0 < y < 4.5

cη
ψJ/

d�
b!

(c
c)
X
/d

p T
[n
b
/
G
eV

]

pT [ GeV ]

LHCbp
s = 13TeV

2.0 < y < 4.5

⌘c

J/ 

Figure 4: Di↵erential production cross-sections of ⌘c (red rectangles) and J/ (blue circles) for
(left) prompt production and (right) production in b-hadron inclusive decays. The uncertainties
for ⌘c production are statistical, systematic, and due to the ⌘c! pp and J/ ! pp branching
fractions and J/ production cross-section. For the prompt production cross-sections, the results
of fits with an exponential function are overlaid. The pT values of the data points correspond to
the average values of the fit function over the bins.

applied for the entire data sample to measure the ⌘c mass relative to the well-known J/ 249

mass.250

Proton and antiproton candidates are required to have good track-fit quality, to be251

incompatible with originating from any PV, and to have a transverse momentum greater252

than 1.0GeV. The proton-antiproton system is required to have a vertex with a good253

fit quality, a large significance, �2

FD
> 81, of the distance between this vertex and any254

PV, and to have a transverse momentum greater than 5.5GeV. The contamination of the255

selected sample from J/ and ⌘c prompt production is estimated to be below 0.1%.256

The mass di↵erence �MJ/ , ⌘c is extracted from an extended maximum-likelihood fit257

to the Mpp distribution. The signal and background components are modelled in the same258

way as described in Sect. 4. The fit provides a good description of the pp invariant-mass259
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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.

6 8 10 12 14

210

310 This measurement

Colour-singlet model
Feng et al.

LHCbp
s =13 TeV

d�
⌘ c
/d

p T
[n
b/

G
eV

]

pT [ GeV ]

Figure 10: Measured (points) prompt production cross-section of the ⌘c meson compared to the
prediction (boxes) of the colour-singlet model [31].
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𝜂!(1𝑆) production at 13 TeV 

• Comparison w/ CS, 
good agreement

• Theoretical precision 
limited by scale 
uncertainty

8

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

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

[LHCb, EPJC 80 (2020) 191]



Prospects at LHCb (for discussion)

• Charmonia to 𝑝𝑝̅ at 13 TeV
– 𝜂! 1𝑆 𝑝" extended to 5-20 GeV (was 6.5-14 GeV), 

upper limits on 𝜂! 2𝑆 , ℎ!(1𝑃), to be public soon
• Charmonia to 𝑝𝑝̅𝜋!𝜋", as 𝜙𝜙,𝜙𝐾𝐾
– No trigger (and chanllenging) for hadroproduction, first 
ℬ(𝑏 → ℎ!𝑋) possible, still useful? 

• 𝛬 reconstruction not very efficient,
improved in Run-3
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Bottomonia?
• Decays to double-charmonium
– CMS/ATLAS can do a good job on 𝐽/𝜓𝐽/𝜓

– 𝐽/𝜓𝜂6
• Wishlists from theoretical side?
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