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Works done: 
Charmonium production at LHCb

S. Barsuk, J. He, E.K., M. Teklishyn, B.Viaud 
• Studying quarkonium is very important to have a 

deep understanding of QCD. 

• Tevatron anomaly since 1995 on J/ψ and χcJ. 

• Investigating ηc, hc is important. However, 
hadron machines had never seen these states!

Current status of charmonium spectrum

n 2s+1 lJ JPC mass MeV width MeV discovery

ηc pseudoscalar 1 1S0 0−+ 2980 25.5 1980
J/ψ vector 1 3S1 1−− 3097 0.093 1974
hc axial vector 1 1P1 1+− 3524 2005
χc0 scalar 1 3P0 0++ 3415 10.4 1975
χc1 axial vector 1 3P1 1++ 3511 0.89 1975
χc2 tensor 1 3P2 2++ 3556 2.06 1975

ψ(3770) vector 1 3D1 1−− 3771 23.0 1977
ηc(2S) pseudoscalar 2 1S0 0−+ 3637 < 55 2002
ψ(2S) vector 2 3S1 1−− 3686 0.337 1974

J (total spin): |l − s| < J < |l + s|
l (orbital angular momentum):

S-wave (l = 0), P-wave (l = 1), D-wave (l = 2)...

s (spin): 1 (quark spin parallel) or 0 (quark spin anti-parallel)

P (parity): (−1)l+1

C (charge): (−1)l+s.

n: radial excitation (ground state n = 1)

c c



J/ψ
χJc

Decays to μ+μ-(γ) Decays to γγ (γ)

ηc

hc

This is why J/ψ and χJc have been already seen at hadron 
machines but not hc and ηc.

Works done in collaboration: 
Charmonium production at LHCb

J/ψ
ηc

χJc hc

Decays to proton anti-proton!

We can investigate simultaneously all the states using the 
proton anti-proton final state! 

S. Barsuk, J. He, 
E.K. B.Viaud 

PRD ‘12



Works done in collaboration: 
Charmonium production at LHCb

J/ψ

χc0

hc

χc1
χc2

MPP(GeV

MC simulation with toy 
background

before trigger with 100pb-1

under an assumption of the 
same production rate for all

Barsku, He, E.K. 
and Viaud ‘10

Simulation in 2010...



a)

b)

Figure 2: Proton-antiproton invariant mass spectrum for candidates originating from a primary
vertex (upper panel in each plot), and distribution of differences between data and the background
distribution resulting from the fit (lower panel in each plot), in data at a)

√
s = 7TeV and b)√

s = 8TeV centre-of-mass energies. Distributions on the upper panels are zero-suppressed.

4 Systematic uncertainties

We consider systematic uncertainties due to limited knowledge of the detector mass resolu-
tion, the J/ψ polarization, the ηc(1S) natural width, possible differences of the prompt
charmonium production spectra in data and simulation, cross-feed between the prompt
charmonium sample and the charmonium sample from b-hadron decays, background de-
scription and feed-down from J/ψ → ppπ0 decays. Uncertainties due to limited knowledge
of the detector mass resolution are estimated by assigning the same σa value to the ηc(1S)
and J/ψ signal description for the b-hadron sample, and by varying the σa parameters
in the prompt production analysis within their uncertainties. Uncertainties associated
with the J/ψ polarization in the prompt production reflect those of the polarization
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Figure 1: Proton-antiproton invariant mass spectrum for candidates originating from a secondary
vertex and reconstructed in

√
s = 7TeV and

√
s = 8TeV data. The solid blue line represents

the best-fit curve, the long-dashed red line corresponds to the ηc(1S) signal, the dashed-dotted
cyan line corresponds to the J/ψ signal, and the dashed magenta line corresponds to the small
contribution from J/ψ → ppπ0 decays with the pion unreconstructed. The dotted blue line
corresponds to the combinatorial background. The distribution of the difference between data
points and the fit function is shown in the bottom panel.

background contribution from the J /ψ → ppπ0 decay with an unreconstructed pion, is
small. The fit yields 2020± 230 ηc(1S) signal decays and 6110± 116 J /ψ signal decays.

The results of the fit to the ppinvariant mass spectrum of the prompt sample are
shown in Fig. 2a and 2b for data collected at

√
s= 7TeV and

√
s= 8TeV, respectively.

The fits yield 13 370± 2260 ηc(1S) and 11 052± 1004 J /ψ signal decays for the data taken
at

√
s= 7TeV, and 22 416 ± 4072 ηc(1S) and 20 217 ± 1403 J /ψ signal decays for the√

s= 8TeV data.
From the observed ηc(1S) and J /ψ yields, and taking into account cross-feed between

the samples, the yield ratios are obtained as

(
NP

ηc(1S)/ NP
J/ψ

)
√
s=7TeV

= 1. 24± 0 . 21,
(
NP

ηc(1S)/ NP
J/ψ

)
√
s=8TeV

= 1. 14± 0 . 21

and
Nb

ηc(1S)/ Nb
J/ψ = 0. 302± 0 . 039

for the prompt production and charmonium production in b-hadron decays. Only statistical
uncertainties are given in the above ratios.
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Works done in collaboration: 
Charmonium production at LHCb

LHCb result 2014 !! 

ηc and J/ψ from b quark decayηc and J/ψ from prompt production

J/ψηc

J/ψηc

Thesis of Maksym Teklishyn 2014, 
LHCb publication
arXive:1409.3612

First observation of ηc at hadron machine! 



Quarkonium production mechanism

The effective Lagrangian of NRQCD

! expansion in 1/m and αs(m)

! LNRQCD =
∑

n

cn(αs(m), µ)

mn
×

On(µ,mv,mv2, . . .)

Factorisation assumption

! cc̄ pair production at E ∼ mQ
! independent hadronisation at

E ∼ mQv

Two production mechanisms:

! colour-singlet (CS)
! colour-octet (CO)

Very few theory predictions for ηc

! no NLO calculations
! LO colour-singlet and colour-octet

differs by two orders of magnitude

ηc hadroproduction at LO
[F. Maltoni and A. D. Polosa, Phys. Rev. D 70

(2004) 054014]

J/ψ colour-singlet [M. Kramer, 1,

Prog. Part. Nucl. Phys. 47 (2001) 141]

J/ψ colour-octet
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Works possible in the future I?
Theoretical interpretation of the LHCb result

Slide from M.Teklishyn thesis defense

Process dependent: 
calculable in 

perturbation theory

Hadronic 
parameters: 

Non-perturbative 
but extractable 

from experiments

collisions probes Mψ
7 (1S(8)

1 , 3P (8)
J ) (assuming the validity of NRQCD factorization, which

may be controversial). Given that a different combination of matrix elements enters,
the values obtained in Ref. [25] are certainly consistent with the above central value.
In view of the uncertainties involved in charmonium production in hadron collisions, we
believe that the above upper limit on Mψ

3.1(
1S(8)

1 , 3P (8)
J ) is the most stringent one existing

at present. We note that small values of 〈Oψ
8 (1S0)〉 and 〈Oψ

8 (3P0)〉 seem to be preferred
by the non-observation of a significant colour octet contribution in the energy spectrum
of inelastic J/ψ photoproduction [26,7,27] (see, however, the discussion in Ref. [13]).
We conclude that the measured J/ψ and ψ′ branching fractions can be accounted for
with values of the NRQCD long-distance parameters consistent with previously available
values.

3. B → ηc + X

Presently, only an experimental upper bound Br (B → ηc + X) < 0.9% [2] exists on ηc

production. For the same choice of input parameters as above, we have

Br (B → ηc + X) =











−1.19
0.250
−0.210











10−2 〈Oηc

1 (1S0)〉 + 0.342〈Oηc

8 (1S0)〉 (4.13)

+ 0.195

[

〈Oηc

8 (3S1)〉 −
0.240

m2
c

〈Oηc

8 (1P1)〉
]

.

The LO term is enhanced by about 10% because of the penguin correction.
There is at present no information on the ηc colour octet matrix elements from other

ηc production processes. The colour octet matrix elements are non-zero because soft
gluon emission connects the colour octet cc̄ state to the physical charmonium state. The
soft gluon emission amplitude can be multipole expanded, supposing that the character-
istic momentum of the emitted gluons is of order mcv2, smaller than the characteristic
momentum mcv of the charm quarks in the charmonium rest frame. Up to corrections of
order v2, spin symmetry imposes relations between the ηc and J/ψ matrix elements. In
addition to the familiar spin symmetry relation 〈OJ/ψ

1 (3S1)〉 = 3 〈Oηc

1 (1S0)〉 for the colour
singlet wave function, we find

〈Oηc

8 (1S0)〉 =
1

3
〈OJ/ψ

8 (3S1)〉,

〈Oηc

8 (3S1)〉 = 〈OJ/ψ
8 (1S0)〉, (4.14)

〈Oηc

8 (1P1)〉 = 3 〈OJ/ψ
8 (3P0)〉.

Note that these relations are consistent with the renormalization group equations for
the matrix elements that follow from (3.8). Since we do not know 〈OJ/ψ

8 (1S0)〉 and

20

Spin symmetry
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Theoretical interpretation of the LHCb result

Slide from M.Teklishyn thesis defense
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20

Spin symmetry

We can obtain a new information 
about J/ψ production mechanism by 

investigating the ηc production:
To do so, we need NLO computation of 

the ηc production  
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Spin symmetry

Characteristic diagrams of the QCD radiative corrections are shown in Fig. 3.19. They

involve the virtual corrections to the gg → H subprocess, which modify the LO fusion cross

section by a coefficient linear in αs, and the radiation of gluons in the final state. In addition,

Higgs bosons can be produced in gluon–quark collisions and quark–antiquark annihilation

which contribute to the cross section at the same order of αs.

• H
Q

g

g

g • •

• H

Q

g

g
g

•

q

g •

q

q̄

Figure 3.19: Typical diagrams for the virtual and real QCD corrections to gg → H.

The cross sections for the subprocesses ij → H + X, i, j = g, q, q, can be written as

σ̂ij = σ0

{
δigδjg

[
1 + CH(τQ)

αs

π

]
δ(1 − τ̂) + DH

ij (τ̂ , τQ)
αs

π
Θ(1 − τ̂)

}
(3.60)

where the new scaling variable τ̂ , supplementing τH = M2
H/s and τQ = M2

H/4m2
Q introduced

earlier, is defined at the parton level as τ̂ = M2
H/ŝ; Θ is the step function.

The coefficients CH(τQ) and DH
ij (τ̂ , τQ) have been determined in Refs. [180,286] for arbi-

trary Higgs boson and quark masses and the lengthy analytical expressions have been given

there [see also §2.3.3 for some details on the calculation and on the renormalization scheme].

If all the corrections eq. (3.60) are added up, ultraviolet and infrared divergences cancel.

However collinear singularities are left over and are absorbed into the renormalization of the

parton densities [84, 325] where the MS factorization scheme can be adopted.

The final result for the hadronic cross section at NLO can be cast into the form

σ(pp → H + X) = σH
0

[
1 + CH αs

π

]
τH

dLgg

dτH
+ #σH

gg + #σH
gq + #σH

qq (3.61)

The coefficient CH denotes the contributions from the virtual two–loop quark corrections

regularized by the infrared singular part of the cross section for real gluon emission. It splits

into the infrared term π2, a term depending on the renormalization scale µR of the coupling
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Works possible in the future II?
Various topics on B physics

2020201920182017201620152014

LHCb run II start! 8fb-1 data

Belle II start! 10 ab-1 data!1 ab-1 data!

New thesis

1 ab-1

3fb-1

• Advance of the LHCb analysis and strategies for the next run

Constraining new physics with full data analysis of LHCb (7, 8 TeV run) 
Determining the new benchmark points 

• Belle II Theory-Experiment Working Group 

What could we learn with the first 10/ab’s data?

Many collaborations possible! 
continuation of the work on B->K*e+e- or Bs->ΦΦ (SM, and BSM) etc etc

Focus of our group
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Conclusions

• Our group has been having very nice 
collaborations and research exchanges with 
professor and student from Ukraine. 

• LIA will certainly help us to further increase 
the interactions with our Ukrainian colleagues. 

• Short term visiting will be quite useful for our 
collaborations in the future. 


