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Abstract

We present a new approach for the prompt production of quarkonia which is based on
the kT -factorization method. The production of even C-parity quarkonia proceeds via
the fusion of two (off-shell) gluons. Especially in the kinematics of the LHCb experiment
these processes are thus expected to be a sensitive probe of the small-x gluon distri-
bution. We calculate the relevant off-shell matrix elements in terms of the light-front
wave functions of the quarkonium states. We present our results for scalar and pseu-
doscalar charmonia and discuss photon transition form factors as well as cross sections
for prompt hadroproduction. We compare our results for the ηc to recent LHCb data.

1 Introduction

The production of C-even quarkonia at high energies is a sort of “Drell-Yan” process for glu-
ons. Indeed, within the color-singlet approach the leading-order production mechanism is the
fusion of two gluons into the color-singlet heavy quark-antiquark QQ̄ pair. Provided the forma-
tion of the charmonium bound state is well understood, the process can be thought as a probe
of the gluon densities. For a recent review of current challenges in quarkonium production,
see [1]. A typical hard scale for the process is the transverse mass mT =

p

p2 +M2, where
p is the transverse momentum, and M the mass of the meson. In the high-energy regime,
where we have ΛQCD � mT �

p
s, transverse momenta of small-x gluons can be taken into

account in the kT -factorization approach, which for heavy quark production has been initiated
in [2–4]. The crucial ingredient for the calculation is the off-shell matrix element (or impact
factor) which describes the g∗g∗→Meson subprocess.

In the color–singlet model, and in the lowest order of perturbation theory, the relevant
off-shell matrix elements are directly propotional to γ∗γ∗ transition form factors of the meson.
Here, we give a brief summary of our recent work [5–7], where we discussed the cases of
spinless, pseudoscalar and scalar, quarkonia.
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Figure 1: γ∗γ-transition form factor F(Q2, 0) of ηc . In panel a) we show the transition
form factor normalized to its value at the on-shell point. Theoretical results for a
variety of potential model WFs are shown. The data are from Ref. [8]. In panel
b) we show Q2F(Q2, 0). The band shows the asymptotic limit for several potential
models.

2 Brief overview of the formalism and some results

We are interested in processes, where mesons are generally produced in highly boosted states.
The light front approach allows us to define constituent structure of hadrons in a frame inde-
pendent manner. We treat quarkonia as states dominated by the QQ̄ Fock component:

|Meson; P+, P〉=
∑

i, j,λ,λ̄

δi
j
p

Nc

∫

dzd2k
z(1− z)16π3

Ψλλ̄(z, k)|Q iλ(zP+, pQ)Q̄
j
λ̄
((1− z)P+, pQ̄)〉+ . . . . (1)

Here Ψλλ̄(z, k) is the light-front (LF) wave function (WF), which depends on quark (light-
front) momentum fraction z and the relative momentum k = (1 − z)pQ − zpQ̄. For weakly
bound, nearly non-relativistic systems, following Terentev, one can relate the light-front WF
to the rest frame WF of a nonrelativistic potential model for quarkonia.

Ψττ̄(~k) = ξτ†
Q Ô iσ2 ξ

τ̄∗
Q̄

︸ ︷︷ ︸

spin−orbit

uL(k)
k
︸ ︷︷ ︸

radial

1
p

4π
; where Ô =
¨

I/
p

2 spin-singlet, S = 0, L = 0.
~σ·~kp
2k

, spin-triplet, S = 1, L = 1.
(2)

The relation between variables z, k and the rest-frame (RF) relative momentum k is simple,
the nontrivial part is the relation between RF and LF spinors, given by the Melosh-transform:

ξQ = R(z, k)χQ, ξ∗
Q̄
= R∗(1− z,−k)χ∗

Q̄
with R(z, k) =

mQ + zM − i ~σ · (~n× k)
q

(mQ + zM)2 + k2
,

so that

Ô′ = R†(z, k)O iσ2R∗(1− z,−k)(iσ2)
−1 = R†(z, k)ÔR(1− z,−k) , (3)

which implies

Ψττ̄(~k)→ Ψλλ̄(z, k) = χλ†
Q O′ iσ2χ

λ̄∗
Q̄
·φ(z, k) . (4)
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Figure 2: Prompt ηc(1S) production: We show the differential cross section as a func-
tion of transverse momentum at a)

p
s = 7TeV, b)

p
s = 8 TeV, and c)

p
s = 13TeV.

Data are from the LHCb Collaboration [9]. Figs. a) and b) are found in [6], while
Fig. c) is an update showing the now published data of Ref. [10].

a)
 (GeV)

T
p

0 2 4 6 8 10 12 14

 (
n

b
/G

e
V

)
T

/d
p

σ
d

1

10

210

310

410

510

(1S) prompt production LHCb data
c

η

2.0<y<4.5

UGD: KMR from MMHT 2014nlo

]1FF normalized to F(0,0)=0.079[GeV

FF for powerlaw

FF for powerlaw
]1point like coupling, F(0,0)=0.079[GeV

2
T = m

F

2µ 
 =  7TeV s

b)
 (GeV)

T
p

0 10 20 30 40 50

 (
n

b
/G

e
V

)
T

/d
p

σ
d

310

210

110

1

10

210

310

410

Potential type: BT
UGDF: KMR MMHT2014nlo

LL
TT
TT+LL

 =  13TeV  6.0<y<6.0s    
c0

χ

Figure 3: Panel a): Differential cross section for ηc production in pp collisions atp
s = 7TeV. The dashed curve shows the result obtained neglecting the off-shellness

of gluons in the hard matrix element. From Ref. [6]. Panel b): results for χc0 pro-
duction. We show the helicity decomposition of the cross section encoded in two
independent form factors. Figure taken from Ref. [7].

The amplitude for the γ∗(Q2
1)γ
∗(Q2

2) → Meson process is then obtained as a convolution
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of the γ∗γ∗→QQ̄ amplitude with the light-front WF of the meson:

Mµν =

∫

dzd2k
z(1− z)16π3

∑

λ,λ̄

Ψ∗
λλ̄
(z, k)Mλλ̄

µν(γ
∗γ∗→Qλ(zP+, pQ)Q̄λ̄((1− z)P+, pQ̄) . (5)

The amplitude of Eq.5 has a standard decomposition into invariant (transition-) form factors.
For the pseudoscalar meson there exists one form factor F(Q2

1,Q2
2), while for the scalar me-

son we have two form factors, FT T (Q2
1,Q2

2) and FLL(Q2
1,Q2

2), for the fusion of photons with
transverse and longitudinal polarizations in the γγ-frame respectively. For all the form fac-
tors representations in terms of the light-front WFs have been derived in [5–7]. In Fig.1a) we
compare the results of our calulations for the ηc transition form factor for one virtual photon,
F(Q2, 0) with data taken by the BaBar collaboration. The results for WFs from different po-
tential models are shown. In Fig. 1b) we show Q2F(Q2, 0), which asymptotically is known to
approach a constant (indicated by the band for different WFs). Evidently, in the practically
relevant range of Q2, we are far away from the asymptotic region. The results for the transition
form factors can be immediately used also in hadroproduction, say in pp collisions. One starts
from the kT -factorization formula for the inclusive meson production cross section:

dσ
d yd2p

=

∫

d2q1

πq2
1

F(x1,q2
1)

∫

d2q2

πq2
2

F(x2,q2
2)δ

(2)(q1 + q2 − p)
π

(x1 x2s)2
|M|2 . (6)

Here F(x ,q2) is the unintegrated gluon distribution (UGD) for the gluon with transverse
momentum q2 and spacelike virtuality q2 = −q2. The off–shell matrix element

Mab =
qµ1⊥qν2⊥
|q1||q2|

Mab
µν =

q1+q2−

|q1||q2|
n+µn−νM

ab
µν =

x1 x2s
2|q1||q2|

n+µn−νM
ab
µν , (7)

is, up to a trivial color factor, identical to the one of Eq.5 and thus inherits the same off-shell
form factors. Results for inclusive ηc production from Ref. [6] are shown in Fig. 2a)-c), for
a choice of UGDs. While there is a sizeable dependence on the UGD at lower pT = |p|, at
large pT a reasonable description of LHCb data at

p
s = 7 and 8 GeV is achieved. The data

at
p

s = 13 TeV show a somewhat harder pT -tail than our calculations. The role of the off-
shell formfactor is crucial. This can be seen in Fig. 3a), where the result neglecting gluon
off-shellness dramatically overshoots the data. Another feature of the off-shell approach is
the polarization of gluons. Indeed the unintegrated gluon density is in fact better understood
in terms of a whole polarization density matrix. In the on-shell limit, gluons are linearly
polarized, while in the general off-shell situation also longitudinal gluons are present. These
have an effect in the case of the scalar particle. In Fig. 3b) we show the pT –dependent cross
section for χc0 production in pp collisions. The contributions related to T T and LL form
factors are shown. We note that longitudinal gluons can affect the shape of the distribution in
the peak region. Notice that an interference between T T and LL contributions is contained
in the full result.

3 Conclusion

In summary, the color-singlet kT -factorization approach leads to good description of LHCb data
for inclusive pp→ ηc for

p
s = 7, 8 TeV, it fares somewhat worse for large pT at

p
s = 13 TeV.

Some room for a possible color octet contribution is left. In the LHCb kinematics very small
x are probed. Calculations show, that in the asymmetric kinematics with one large-x and one
small-x parton, it is the small-x gluon transfers bulk of pT . Despite the sensitivity to small x ,
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no sign of gluon saturation is observed, the possible effects of the latter are concentrated at
lower pT . The g∗g∗ηc , g∗g∗χc form factors are related to γ∗γ∗ transition form factors. Here,
for the ηc we can check our results against the BaBar data, where we get in general a good
description of the Q2 dependence. For the case of the scalar particles χc0,χb0 a gluon density
matrix of transverse and longitudinal polarizations are probed. Predictions for χc0,χb0 at LHC
are available, but these mesons are difficult to measure.
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