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Motivation

Two particle angular correlation observed in UPC measurement at LHC

(a) PHYSICAL REVIEW C 104,
014903 (2021), ATLAS (b) CMS PAS HIN-18-011
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Ultra-peripheral collisions

• b > RA +RB

• equivalent photon
approximation

• photon-nuclear interaction
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Existing calculation
• Parton Wigner distribution to model real photon

W (x, b,k) = fγ/p(x)
1

π2
exp

{
−b2/Bp − k2/∆2

}
where fγ/p(x) is the collinear parton distribution of photon

• Forward (photon direction) rapidity kinematics

• Ignored color and momentum correlation in the projectile.

Phys.Rev.D 103 (2021) 5, 054017, Yu Shi et al. 4



Difference between forward and central rapidity kinematics

• Experimental data was taken at mid rapidity

• Forward scattering at photon going direction

(a) Forward (b) Mid-rapidity

• Mid-rapidity gluon production contains Lipatov vertex which
prevents zero momentum transfer (p = k).

Li(p,k) =
pi

p2
−

ki

k2
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Compute cross section

Main ingredients of the approach:

• Wave function of the projectile

• Gluon production in the CGC formalism from the valance
degrees of freedom

• Eikonal scattering

• Ensemble average over projectile and the target
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Angular correlation from the cross section

From the cross section of the two gluon production

Σ =
dN

dηdq21dξdq
2
2

one can extract the angular correlation function

C(q, θ) =
Σ(q, θ)

1
2π

∫ 2π
0 Σ(q, θ)dθ

set |q1| = |q2| = q, and θ is the angle between the two particles
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Wave function of the projectile
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Dipole model

• Dipole model to approximate the photon
Small Q2 suppresses the longitudinal polarization

ΨT
λ (z, r, s1) = −i

2eef

2π
δs1,−s2 (2z − 1 + 2λs1)

√
z(1− z)

r · ϵλ
|r|

εfK1(εf |r|)
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MV model

• Inspired by Vector Meson Dominance Model

• Due to the existence of the high energy fixed point,
ρ-meson w.f. at asymptotically high energy ≡ nucleus w. f.

• Valence degrees of freedom ρa(x) follow the distribution
defined by McLerran-Venugopalan (MV) model

W (ρa) = exp

{
−

∫
x

ρa(x)ρa(x)

2µ2

}
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Gluon production
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Create gluons within initial states

One account for the emission of the gluons using coherent
operators

C = Pe
i
√
2
∫
d2xdξ b̂ia(ξ,x)

[
a
†
i,a(ξ,x)+ai,a(ξ,x)

]

with the background field

b̂ia(ξ,x) =
g

2π

∫
d2y

(x− y)i

|x− y|2
ρ̂aP(ξ,y)

• MV model source ρa

• ρ̂aD(x) = b†ασ(x1)taαβbβσ(x1)δ(2)(x− x1)− d†ασ(x2)taβαdβσ(x2)δ(2)(x− x2)

• ρ̂ag(ζ,x) = ai†b (η,x)Ta
bcac(η,x)
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The cross section

dN
dηdq21dξdq

2
2

=
1

(2π)4

∫
d2u1d

2u2d
2ū1d

2ū2e
−iq1(u1−ū1)e−iq2(u2−ū2)

× ⟨γ∗|C†Ŝ†Ca†i,a(η,u1)a
†
j,b(ξ,u2)ai,a(η, ū1)aj,b(ξ, ū2)C

†ŜC|γ∗⟩

where C = CξCη, and η ≫ ξ,

Cη ≃1 + i
√
2

∫
d2v1b̂

i
Da(v1)

[
ai†a (η,v1) + aia(η,v1)

]
Cξ ≃1 + i

√
2

∫
d2v2

(
b̂jDb(v2) + δb̂jb(η,v2)

) [
aj†b (ξ,v2) + ajb(ξ,v2)

]

• C|γ∗⟩ Initial state
• Ŝ S-matrix

• Caj,b(ξ, ū2)C
† dressed gluons in the final state
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Organize the cross section

Organize the cross section Σ according to the order of ρ

Σ = Σ2 +Σ3 +Σ4

(a) Σ2(ρ
2) (b) Σ3(ρ

3) (c) Σ4(ρ
4)
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Eikonal scattering
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Eikonal scattering

• Eikonal scattering

V (x) = P exp

{
ig

∫ ∞

−∞
dx+taA−

a (x+,x)

}
U(x) = P exp

{
ig

∫ ∞

−∞
dx+TaA−

a (x+,x)

}

• Rotation in the color space

Ŝ†bα(x)Ŝ = Vαβ(x)bβ(x)

Ŝ†dα(x)Ŝ = V †
βα(x)dβ(x)

Ŝ†aia(ζ, ū)Ŝ = Uaa′
(ū)aia′ (ζ, ū)

Ŝ†ρ̂D,a(ū)Ŝ = Uaa′
(ū)ρ̂D,a′ (ū)

Ŝ†ρ̂a(ζ, ū)Ŝ = ai†b (ζ, ū)ac(ζ, ū)
[
U†(ū)TaU(ū)

]
bc

.
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Continue the calculation of Σ

Use Σ2 as example, in coordinate space,

Σ2 = 4

∫
d2x

∫
d2x̄f i(ū1 − x)f i(u1 − x̄)fj(ū2 − ū1)f

j(u2 − u1)⟨ρd′ (x̄)ρd(x)⟩P〈[
[U†(u1)T

aU(u1)][U
†(u2)− U†(u1)][U(ū2)− U(ū1)][U

†(ū1)T
aU(ū1)]

]
d′d

〉
T

where f i(x) = g
(2π)2

xi
x2 .

• Kinematic factors (Eikonal emission vertices)

• Projectile (photon)

• Target (nucleus)
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Expectation values for projectile and target
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Dipole expectation values

• Expectation values for qq̄

⟨qq̄|ρ̂d′ (x̄)ρ̂d(x)|qq̄⟩ =
δdd

′

2

(
δ2(x̄− z1)− δ2(x̄− z2)

) (
δ2(x− z1)− δ2(x− z2)

)
⟨qq̄|ρ̂a(x1)ρ̂

b(x2)ρ̂
c(x3)|qq̄⟩

=
ifabc

4

(
δ(2)(x2 − z1) + δ(2)(x2 − z2)

) ∏
i=1,3

(
δ(2)(xi − z1)− δ(2)(xi − z2)

)
z1, z2 are the transverse coordinates of quark and anti-quark.

• Average over different dipole size r = z1 − z2

⟨ρd′ (x̄)ρd(x)⟩P ≈
∑
s1

∫
z

∫
d2rΨT∗

λ (z, r, s1)Ψ
T
λ (z, r, s1)⟨qq̄|ρd′ (x̄)ρd(x)|qq̄⟩
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MV model projectile average

• MV model describes the distribution of classical color source
not quantum operators.

W (ρa) = exp

{
−

∫
x

ρa(x)ρa(x)

2µ2

}
• Two and three point correlators

⟨ρ̂a(x)ρ̂b(y)⟩MV = ⟨ρa(x)ρb(y)⟩MV = µ2δ(2)(x− y)δab

⟨ρ̂a(x)ρ̂b(y)ρ̂c(z)⟩MV = −
1

2
δ(2)(x− y)δ(2)(y − z)Ta

bc µ
2

• Symmetrization of ρ̂s

ρ̂a(x)ρ̂b(y) = {ρ̂a(x), ρ̂b(y)}+ [ρ̂a(x), ρ̂b(y)]

= ρa(x)ρb(y)−
1

2
δ(2)(x− y)T c

abρc(x)
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Target average(I)

• “Dipole” approximation
Phys. Rev. D 96, 074018, Kovner, Rezaeian

• Dense target → Saturated

• 1
Qs

serves the role of correlation
length in transverse plane

• For the example configuration

Tr
[
U(x1)U†(x2)U(x3)U†(x4)

]
≈

1
N2

c−1
Tr

[
U(x1)U†(x2)

]
Tr

[
U(x3)U†(x4)

]
+

...

see also talk by A. Kovner
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Target average (II)

We only have one type of Wilson line correlator in momentum
space〈

Tr
[
U(k1)T

aU†(k2)U(k3)T
aU†(k4)

]〉
T

=Ta
bcT

a
de

〈[
Ufb(k1)U

†cg(k2)U
gd(k3)U

†ef (k4)
]〉

T

≈Ta
bcT

a
de(

(2π)2

N2
c − 1

)2
{
(N2

c − 1)δbcδdeδ(2)(k1 − k2)D(k1)δ
(2)(k3 − k4)D(k3)

+ (N2
c − 1)δbdδceδ(2)(k1 + k3)D(k1)δ

(2)(k2 + k4)D(−k2)

+ (N2
c − 1)2δbeδcdδ(2)(k1 − k4)D(k1)δ

(2)(k2 − k3)D(−k2)
}

here the dipole D(p) is defined as

D(p) =
1

N2
c − 1

∫
dx2eipx⟨Tr

(
U†(x)U(0)

)
⟩T
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The structure of analytic results(Σ2)
• Dipole model

dN(2)

dηdq21dξdq
2
2

∝
∫
k,k̄

S⊥I(εf , |q1 + q2 + k + k̄|)D(−k̄)D(−k)

(N2
c − 1)Γ(q2, q2 + k, q2 + k)− Γ(q2, k + q2, k̄ + q2)

(q1 + q2 + k + k̄)2

• S⊥-Transverse area
• I(εf , |P |) =

∫
drrε2fK

2
1 (εf r)(1− J0(|r||P |))

• MV model

dN2

dq21dq
2
2dηdξ

∝
∫

d2xµ2(x)

∫
k1,k2

D(k1 + q1)D(−k2 + q2){
(N2

c − 1)(
(k2 − k1) · L(q2, k2)

(k2 − k1)2
)2

−
(k2 − k1) · L(q2, k2)

(k2 − k1)2
(k2 − k1) · L(q2, q2 − k2 − k1)

(k2 − k1)2

}
• Li(p, q) = pi

p2 − qi

q2 (Lipatov vertex)

• Γ(p,k, q) = L(p,k) · L(p, q)
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Numerical results

We now consider different contribution to the total cross section.
We normalize them to show their relative strength.
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Σ2, q = Qs

(a) Dipole (b) MV

As expected, a strong back-to-back correlation.
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Σ3, q = Qs

(a) Dipole (b) MV

Back-to-back correlation
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Symmetrization of Σ4

• MV model

⟨ρ̂a(x)ρ̂b(y)ρ̂c(z)ρ̂d(u)⟩MV

= µ4δabδcdδ(2)(x− y)δ(2)(z − u) + µ4δacδbdδ(2)(x− z)δ(2)(y − u)

+ µ4δadδbcδ(2)(x− u)δ(2)(z − u) +O(µ2)(not fully symmetric)

• Dipole model

Tr
(
tatbtctd

)
=

1

12Nc
(1 +

1

6Nc
)(δabδcd + δacδbd + δadδbc) + (not fully symmetric)

• Σ4 = Σsym
4 +Σnsym

4

• Σsym
4 is the signal.
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Σnsym
4 , non-symmetric part, q = Qs

(a) Dipole (b) MV

Also gives us back-to-back correlation.
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Σsym
4 , symmetric part,q = Qs

As what was done in experimental analysis, we subtract
backgrounds and normalize the signal.The preliminary results
shows similar correlations in CGC calculation.

Stay tuned for the comparision with (ATLAS) experimental data!
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Summary and outlook

• We analytically derived inclusive two gluon production in UPC
at mid-rapidity.

• To estimate systematic uncertainty originated from the poor
knowledge of the real photon wave function, we studied two
limiting cases.

• Both models result in qualitatively similar correlation.
Quantitatively, the amplitude of azimuthal anisotropy for MV
model is about two times the dipole model.

• Our results show similar correlation as experimental data.
• Further development

• To compare with experimental data
• To incorporate rapidity difference
• To extend to EIC physics
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