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Introduction

ηc,b, χc,b

p

p

Even C-parity quarkonia (cc̄ or bb̄ states) : prompt production via gluon-gluon fusion.

a good probe for transverse momentum dependent gluon densities. In kT factorization: need
off shell matrix element for the fusion of two spacelike virtual gluons.



Description of the mechanism γ
∗
γ

∗
→ ηc(1S, 2S)

Production of ηc in double-tagged e+e− collisions measures the γ∗γ∗ηc transition form factor.
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γ
∗
γ

∗
→ M, M = ηc(1S, 2S), χc0

Mµν =

∫
dzd2k

z(1 − z)16π3

∑

λ,λ̄

Ψ∗

λλ̄
(z , k)Mλλ̄

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

General form of the amplitude – invariant form factors:

pseudoscalar:

1

4παem

Mµν(γ∗(q1)γ∗(q2) → ηc ) = (−i)εµναβ qα
1 q

β
2 F (Q2

1 ,Q
2
2)

scalar:

1

4παem

Mµν(γ∗(q1)γ∗(q2) → χc0) = − δ⊥
µν(q1, q2) FTT (Q2

1 ,Q
2
2)

︸ ︷︷ ︸
transverse

+ eL
µ(q1)eL

ν(q2) FLL(Q2
1 ,Q

2
2)

︸ ︷︷ ︸
longitudinal

.

we can extract the invariant form factors by calculating the projection on light-front directions

n+µn−νMµν in the frame q1µ = q+
1 n+

µ + q⊥
1µ, q2µ = q−

2 n−
µ + q⊥

2µ,



Light-front wave functions

Q

Q̄

z,~k⊥, λ

1− z,−~k⊥, λ̄

Ψλλ̄(z,~k⊥)

Frame-independent QQ̄ component from LF-Fock-state expansion:

|Meson; P+,P〉 =
∑

i,j,λ,λ̄

δi
j√
Nc

∫
dzd2k

z(1 − z)16π3
Ψλλ̄(z , k)|Qiλ(zP+, pQ)Q̄j

λ̄
((1 − z)P+, pQ̄)〉 + . . .

z=fraction of meson’s plus-momentum carried by quark, k = (1 − z)pQ − zpQ̄

dominance of 2-body Fock state:

∑

λ,λ̄

∫
dzd2k

z(1 − z)16π3
|Ψ

λλ̄
(z , k)|2 = N

QQ̄
∼ 1.

We ideally would like to use LFWF’s from a direct formulation of the bound-state eqn’s on the
LF. For the time being we use a prescription based on the rest-frame WF.



Nonrelativistic quarkonium wave functions
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Radial momentum space wave function for different potentials.

Radial wave function are obtained from the Schrödinger equation
J. Cepila, J. Nemchik, M. Krelina and R. Pasechnik, Eur. Phys. J. C 79, no. 6, 495 (2019).

∂2u(r)

∂r2
= (Veff (r) − ǫ)u(r) , u(r) =

√
4π rψ(r) , u(p) =

√

2

π

∫ ∞

0

rdrj0(pr)u(r)

Ψσσ̄(~p) =
1√
2
χ†

σ iσ2χσ̄

︸ ︷︷ ︸
spin−singlet

u(p)

p

1√
4π

︸ ︷︷ ︸
s−wave

.



Light-front wave functions

Frame-independent qq̄ component from LF-Fock-state expansion:

|ηc ; P+,P〉 =
∑

i,j,λ,λ̄

δi
j√
Nc

∫
dzd2k

z(1 − z)16π3
Ψλλ̄(z , k)|ciλ(zP+, pc )c̄ j

λ̄
((1 − z)P+, pc̄ )〉 + . . .

Ψ
λλ̄

(z , k) = ūλ(zP+, k)γ5vλ̄((1 − z)P+,−k)ψ(z , k)

ψ(z , k) =
π√

2Mcc̄

u(p)

p
.

Terentev prescription valid for weakly bound system

p = k, pz = (z − 1
2

)Mcc̄ , M2
cc̄ =

k2+m2
c

z(1−z)
.

Helicity dependence from Melosh-Trf. of RF-WF
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Normalized transition form factor F̃ (Q2
, 0)
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J. P. Lees et al. [BaBar Collaboration], Phys. Rev. D 81, 052010 (2010) [arXiv:1002.3000
[hep-ex]].



Hadroproduction of ηc(1S, 2S) via gluon-gluon fusion

ηc(1S, 2S)

p

p

dσ

dyd2p
=

∫
d2q1

πq2
1

F(x1, q
2
1)

∫
d2q2

πq2
2

F(x2, q
2
2)

× δ(2)(q1 + q2 − p)
π

(x1x2s)2
|M|2 ,

where the momentum fractions of gluons are fixed as x1,2 = mT exp(±y)/
√

s. The off-shell matrix
element is written in terms of the Feynman amplitude as (we restore the color-indices):
Catani, Ciafaloni & Hautmann; Gribov, Levin & Ryskin, Collins & Ellis

Mab =
q

µ

1⊥
qν

2⊥

|q1||q2|
Mab

µν =
q1+q2−

|q1||q2|
n+

µ n−
ν Mab

µν =
x1x2s

2|q1||q2|
n+

µ n−
ν Mab

µν .

In covariant form, the matrix element reads:

Mab
µν = (−i)4παs εµναβqα

1 q
β
2

Tr [tatb ]√
Nc

I(q2
1, q

2
2) .

To the lowest order, it is proportional to the matrix element for the γ∗γ∗ηc vertex. In particular,
the form factor I(q2

1, q
2
2) is related to the γ∗γ∗ηc transition form factor F (Q2

1 ,Q
2
2), Q2

i
= q2

i
as

F (Q2
1 ,Q

2
2) = e2

c

√

Nc I(q2
1, q

2
2) ,



kT -factorization

n+
µ n−

µ Mab
µν = 4παs(−i)[q1, q2]

Tr [tatb ]√
Nc

I(q2
1, q

2
2) = 4παs (−i)

1

2
δab 1√

Nc

[q1, q2] I(q2
1, q

2
2) ,

and averaging over colors, we obtain our final result:

dσ

dyd2p
=

∫
d2q1

πq4
1

F(x1, q
2
1)

∫
d2q2

πq4
2

F(x2, q
2
2) δ(2)(q1 + q2 − p)

π3α2
s

Nc (N2
c − 1)

|[q1, q2] I(q2
1, q

2
2)|2.

Parametrizing the transverse momenta as qi = (qx
i , q

y
i
) = |qi |(cosφi , sinφi ), we can write the

vector product [q1, q2] as

[q1, q2] = qx
1 q

y
2 − q

y
1 qx

2 = |q1||q2| sin(φ1 − φ2) .

Note: gluons are linearly polarized (cf. gluon distributions f (x , q), h1(x , q) in TMD factorization).

In our numerical calculations presented below, we set the factorization scale to µ2
F

= m2
T

, and the
renormalization scale is taken in the form:

α2
s → αs(max {m2

T , q
2
1})αs (max {m2

T , q
2
2}) .

Application to exclusive diffraction: talk by Izabela Babiarz on Thursday



Normalization

Γ(ηc → γγ) = ΓLO(ηc → γγ)

(

1 − 20 − π2

3

αs

π

)

,

Γ(ηc → gg) = ΓLO(ηc → gg)

(

1 + 4.8
αs

π

)

.

Table: Total decay widths as well as |F (0, 0)| obtained from Γtot using the next-to-leading order approximation
(see Eq. (1)).

Experimental values Derived from NLO
Γtot (MeV) |F (0, 0)|gg [GeV −1]

ηc (1S) 31.9±0.7 0.119±0.001
ηc (2S) 11.3±3.2±2.9 0.053±0.010

Table: Radiative decay widths as well as |F (0, 0)| obtained from Γγγ using leading order and next-to-leading
order approximation.

Experimental values Derived from LO Derived from NLO
Γγγ (keV) |F (0, 0)|[GeV −1] |F (0, 0)|γγ [GeV −1]

ηc (1S) 5.0 ±0.4 0.067±0.003 0.079±0.003
ηc (2S) 1.9 ±1.3 ·10−4 · Γηc (2S) 0.033±0.012 0.038±0.014

M. Tanabashi et al. [Particle Data Group], Phys. Rev. D 98, no. 3, 030001 (2018).



Results in LHCb kinematics
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Figure: Two-dimensional distributions in (x1, q1T ) (left panel) and in (x2, q2T ) (right panel) for ηc (1S)
production for

√
s = 8 TeV. In this calculation the KMR UGD was used for illustration.



Results in LHCb kinematics
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Unintegrated gluon distributions
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xg(x , µ2
F ) =

∫ µ2
F dk2

k2
F(x , k2, µ2

F )



pT distributions in LHCb kinematics
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Predictions for ηc(2S)
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Integrated cross section with LHCb cuts
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[1] R. Aaij et al. [LHCb Collaboration], Eur. Phys. J. C 75, no. 7, 311 (2015).
[2] R. Aaij et al. [LHCb Collaboration],Eur. Phys. J. C 80, no. 3, 191 (2020).



Importance of the form factor
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pointlike coupling of ηc to gluons ∝ ηc F a
µν F̃ aµν badly overshoots data. Off-shell form factor is

essential.



Hadroproduction of χc0, χb0 via gluon-gluon fusion

dσ

dyd2p
=

∫
d2q1

πq2
1

F(x1, q
2
1)

∫
d2q2

πq2
2

F(x2, q
2
2) δ(2)(q1 + q2 − p)

π3α2
S

Nc(N2
c − 1)

×
(

G1(q2
1, q

2
2) + cos(φ1 − φ2)G2(q2

1, q
2
2)

)2

,

We parametrize the transverse momenta as qi = (qx
i , q

y
i
) = |qi |(cos φi , sinφi ).

G1(q2
1, q

2
2) = |q1||q2| 4mQ

q2
2

∫
dzd2k

z(1 − z)16π3
ψ(z , k) 2z(1 − z)(2z − 1)

[
1

l2
A + ε2

− 1

l2
B + ε2

]

G2(q2
1, q

2
2) = 4mQ

∫
dzd2k

z(1 − z)16π3
ψ(z , k)

[
1 − z

l2
A

+ ε2
+

z

l2
B

+ ε2

]

+
4mQ

q2
2

∫
dzd2k

z(1 − z)16π3
ψ(z , k)4z(1 − z)

[
q2 · lA

l2
A + ε2

− q2 · lB

l2
B + ε2

]

.

ε2 = z(1 − z)q2
1 + m2

Q , lA = k − (1 − z)q2 , lB = k + zq2 .

Form factors G1,G2 are linear combinations of the helicity form factors FTT ,FLL.



Gluon polarizations: transverse vs. longitudinal
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Figure: The comparison of meson transverse momentum distribution with only the LL amplitude and only TT
amplitude as well as for the full, coherent sum of TT and LL amplitudes. Here the B-T potential was used.

production of scalar particle probes a density matrix of transverse (linear - along the gluon
transverse mom.) and longitudinal polarizations of gluons.



Conclusions

The γ∗γ∗ transition form factors for different wave functions obtained as a solution of the
Schrödinger equation for the cc̄ system for different phenomenological cc̄ potentials from the
literature, was calculated.

We have studied the transition form factors for γ∗γ∗ → ηc (1S,2S) for two space-like virtual
photons, which can be accessed experimentally in future measurements of the cross section for
the e+e− → e+e−ηc process in the double - tag mode.

kT -factorization approach leads to good description of LHCb data for inclusive pp → ηc for√
s = 7, 8 TeV, and somewhat worse for

√
s = 13 TeV. Some room for a color octet

contribution is left.

In the LHCb kinematics very small x are probed. Asymmetric kinematics where the small-x
gluon transfers bulk of pT .

Despite sensitivity to small x , no sign of gluon saturation is observed.

Predictions for ηc (2S). A measurement could help to pin down possible color octet.

Uncertainty due to g∗g∗ηc , χc form factors somewhat smaller than the one from UGD.

For the case of χc0, χb0 a gluon density matrix of transverse and longitudinal polarizations are
probed.

Predictions for χc0, χb0 at LHC. Difficult to measure?
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