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Spectrum of charmonium system and beyond

R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022)

JPC = 0−+ - pseudoscalar ; 0++ - scalar ; 1−− - vector ; 1++ - axial vector
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Transition form factor γ∗γ∗ to S-wave (cc̄) bound system

Mµν(γ
∗(q1)γ

∗(q2) → ηc) =
4παem (−i)εµναβq
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2 )
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γ∗(Q2
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−~k⊥ + (1 − z)~P⊥ ~P⊥ = ~q1⊥ + ~q2⊥

ηc(1S)

space-like photons, their virtualities: Q2
i > 0

Fγ∗γ∗→Q - provide information,
how photons couple to cc̄ state
- 2γ can couple only to
quarkonia with even charge
parity

ψ(z, k⃗⊥) - cc̄ light-cone wave
function
z - the fraction of the longitudinal
momentum carried by quark
k⃗⊥ = (1 − z)p⃗Q⊥ − zp⃗Q̄⊥

From LF-Fock state expansion
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∫
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}
.
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Light-front wave functions from the rest-frame

Rest-frame wave functions for J = 0:
Ψττ̄ (p⃗) =

1√
2
ξτ†Q Ôiσ2 ξ

τ̄∗
Q̄︸ ︷︷ ︸

spin−orbit

u(p)

p︸ ︷︷ ︸
radial

1√
4π

;

where Ô ={
I spin-singlet, S = 0, L = 0.
σ⃗·k⃗
k
, spin-triplet, S = 1, L = 1.
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mapping rest frame momentum to
light-front representation:

p⃗ = (k⃗⊥, kz ) = (k⃗⊥,
1
2 (2z − 1)Mcc̄ ) ,

M2
cc̄ =

k⃗2
⊥ + m2

Q

z(1 − z)
,

Melosh-transf. of spin-orbit part:
ξQ = R(z , k⃗⊥)χQ , ξ

∗
Q̄ = R∗(1 − z ,−k⃗⊥)χ

∗
Q̄

R(z , k⃗⊥) =
mQ + zM − i σ⃗ · (n⃗ × k⃗⊥)√

(mQ + zM)2 + k⃗2
⊥

Ô′ = R†(z , k⃗⊥)Ô iσ2R
∗(1−z ,−k⃗⊥)(iσ2)

−1
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S-wave light-front wave function for J = 0

Ψλλ̄(z , k⃗⊥) =
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Normalized transition form factor at on-shell point

F (Q2
, 0) = e2

c

√
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Ψλλ̄(z, k⃗⊥) = e imϕ ψ̃λλ̄(z, k⊥) ; ψ̃↑↓(z, k⊥) → mc√
z(1−z)

ψ(z, k⊥); ψ̃↑↑(z, k⊥) → −|⃗k⊥|√
z(1−z)

ψ(z, k⊥)

BLFQ: Phys.Rev.D96(2017)016022
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Γ(γγ → ηc) =
π
4α

2
emM

3
ηc |F (0, 0)|

2

Transition Form-Factor for ηQ at NNLO in the
strong coupling constant and with all order v2

resummation

I.B., Ch. A. Flett, M. A. Ozcelik, W. Schäfer, A.

Szczurek, [2509.15310]
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Application to electron-ion collisions
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the nuclear radius: RA = r0A1/3, with
r0 = 1.1 fm
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∫
dωedQ

2 d2Ne

dωedQ2

× σ(γ∗A → ηcA)

σ(γ∗A → ηcA) =

∫
dωA

dNA

dωA

× σTT(γ
∗γ → ηc;Wγγ ,Q2, 0)

Wγγ =
√

4ωeωA − p2
⊥

ωe =

√
M2 + p2

⊥
2

e+y

ωA =

√
M2 + p2

⊥
2

e−y

p2
⊥ =

(
1 − ωe

Ee

)
Q2

dNA

dωA
=

2Z 2αem

πωA

[
ξK0(ξ)K1(ξ)−

ξ2

2
(K 2

1 (ξ)− K 2
0 (ξ))

]
ξ = RAωA/γL, K0 and K1 -modified Bessel functions
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σTT(γ
∗γ → ηc) cross-section
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2 ) =
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Differential distribution in ηc rapidity
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ηc transverse momentum distributions
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Summarize

• The transition form factor for two off-shell photons F (Q2
1 ,Q

2
2 ) was

presented.
• We estimate the rapidity, transverse momentum, and Q2 distributions

considering the energy configurations expected in the future electron-ion
colliders
at the BNL(USA) → EIC , CERN → LHeC, and in China → EicC.

• Our results indicate that the electron-ion colliders can be considered as an
alternative and provide supplementary data to those obtained in e+e−

colliders.
• The results indicate the cross sections for the future electron-ion colliders

• LE EIC ∼ 3 nb
• HE EIC ∼ 10 nb
• EicC ∼ 0.3 nb
• LHeC ∼ 20 nb
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