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What this is all about

Prior to scattering, gluons in the hadronic wavefunction are correlated via Bose
enhancement.

At small x DIS, there is a non-zero probability that the dipole’s quark and the
antiquark scatter on the correlated gluons.

The final jets’ momenta will carry the information about the correlation in the
hadronic wavefunction.
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The Color Glass Condensate [E. Iancu, R. Venugopalan arXiv:hep-ph/0303204]

In CGC, the nuclear wavefunction is split into the valence modes and the soft modes.

|Ψ⟩ = |sv⟩ ⊗ |v⟩

Computing the expectation value of an operator O,

⟨Ψ| O |Ψ⟩ =
∫

[Dρa][DAµ,a]W [ρ]eiS[ρ,A]O[ρ, A]

with the normalisation

⟨Ψ| Ψ⟩ = 1

The weight function is a Gaussian.

W [ρ] = e
−
∫ d2k

(2π)2
1

2µ2 ρa(k)ρ∗
a(k)

The McLerran-Venugopalan model.
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Density matrix in CGC [H. Duan, C. Akkaya, A. Kovner, V. V. Skokov arXiv:hep-ph/2001.01726]

ρ̂r = N
∫

Dρe
−
∫

k

1
2µ2 ρa(k)ρ∗

a(k)
C(ρb, ϕi

b) |0⟩ ⟨0| C†(ρc, ϕj
c)

Normalization of states are given by〈
nc(k)

∣∣nc(k′)
〉

= ⟨0| [ac(k)]n√
n!

[a†
c(k′)]n√

n!
|0⟩

Multigluon states:∏
c

∏
k

|nc(k), mc(−k)⟩ =
∏

c

∏
k

[ac(k)]n√
n!

[a†
c(−k′)]m√

n!
|0⟩

The action of the coherent operator on the soft gluon vacuum:

C |0⟩ = e

∫
k

bi
c(k)[ai†

c (k)+ai
c(−k)]

|0⟩
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Calculation in the CGC

The matrix elements of ρ̂r between states in the momentum space Fock basis:

ρn,m,α,β ≡ ⟨nc(q), mc(−q)|ρ̂r(q)|αc(q), βc(−q)⟩ = (1 − R) (n + β)!√
n!m!α!β!

(
R

2

)n+β

× δ(n+β),(m+α) ,

R =
(

1 +
q2

2g2µ2

)−1

Correlator of two gluons:

D(k, p) = Tr
(
ρ̂ra+

b (k)a+
c (p)ab(k)ac(p)

)
.

⟨a+
a (k1)ab(k2)⟩ = Tr

(
ρ̂ra+

a (k1)ab(k2)
)

= (2π)2δ(2)(k1 − k2)δab

∑
n,m

nρn,m,n,m

= (2π)2δ(2)(k1 − k2)δab
g2µ̄2

k2
1

.

5 / 20



Bose Enhancement [T. Altinoluk, N. Armesto, G. Beuf, A. Kovner, M. Lublinsky arXiv: hep-ph/1503.07126]

Probability amplitude for finding a boson at r and the other at r′ is

⟨ϕ| φ̂†(r)φ̂†(r′)φ̂(r′)φ̂(r) |ϕ⟩ = n2 +

∣∣∣∣∣
∫

d3p

(2π)3 eip.(r−r′)n(p)

∣∣∣∣∣
2

Considering a coherent state,

|b(x)⟩ ≡ exp
(

i

∫
d3xbi(x)(ai(x) + ai†(x))

)
|0⟩

Computing the 2-particle correlator in this state gives

⟨b(x)| ai†(x)aj†(y)ai(x)aj(y) |b(x)⟩ =bi(x)bi(x)bj(y)bj(y)
=n(x)n(y)
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What about the CGC then? [T. Altinoluk, N. Armesto, G. Beuf, A. Kovner, M. Lublinsky arXiv: hep-ph/1503.07126]

In the MV model,

⟨a+
a (k1)a+

b (k2)⟩ ≠ 0

Instead

⟨a+
a (k1)a+

b (k2)⟩ =(2π)2δ(2)(k1 + k2)δab
g2µ̄2

k2
1

=⟨aa(k1)ab(k2)⟩

Hence, the 2-gluon correlator is

D(k, p) =Tr
(
ρ̂ra+

b (k)a+
c (p)ab(k)ac(p)

)
=
(

S(N2
c − 1)g2µ̄2

k2

)
︸ ︷︷ ︸

n(k)

(
S(N2

c − 1)g2µ̄2

p2

)
︸ ︷︷ ︸

n(p)

+ (2π)2(N2
c − 1)S

(
g2µ̄2

k2

)2
δ(2)(k + p)︸ ︷︷ ︸

back-to-back

+ δ(2)(k − p)︸ ︷︷ ︸
collinear


7 / 20



Dipole Picture of DIS [Y. V. Kovchegov, E. Levin Quantum Chromodynamics at High Energy]

In high energy we use the dipole picture of DIS.

The photon splits into a qq̄ pair and interacts with the target.

The total cross section is given by

σγ∗A(x, Q2) =
∫

d2x

∫ 1

0

dz

z(1 − z) |Ψγ∗→qq̄(x, z)|2σqq̄A(x, Y )
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Incoherent Diffractive Dijet Production in DIS [B. Rodriguez-Aguilar, D. N. Triantafyllopoulos, S. Y. Wei arXiv:

hep-ph/2302.01106]

A rapidity gap between the scattered qq̄
pair and the target remnants.

The qq̄ is in a color singlet state.

The part of the cross section that describes the interaction of the dipole with the target

Nincoherent diffractive =
1

N2
c

〈
Tr
[
V †(x2)V (x1)

]
Tr
[
V †(x′

1)V (x′
2)
]〉

−
1

N2
c

Tr⟨V †(x2)V (x1)⟩Tr⟨V †(x′
2)V (x′

1)⟩

σγ∗A(x, Q2) =
∫

d2x

∫ 1

0

dz

z(1 − z)
|Ψγ∗→qq̄(x, z)|2σqq̄A(x, Y )
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Averaging in MV model

MV model defines the correlation between the static color charges

⟨ρa(x−, x)ρb(y−, y)⟩ = δabµ2(x−)δ(x− − y−)δ(2)(x − y)

In the covariant gauge,

∂2A+
a (x−, x) = gρa(x−, x)

=⇒ A+
a (x−, x) = − g

2π

∫
d2y ln

(
|x − y|Λ

)
ρ(x−, y)

Hence, the correlation between the soft gluon fields is

⟨Aa(x−, x)Ab(y−, y)⟩ = δabg2µ2(x−)δ(x− − y−)L(x − y)

where

L(x − y) = g2

(2π)2

∫
d2z ln(|x − z|Λ) ln

(
|z − y|Λ

)
.
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Dilute approximation

Expanding the Wilson line,

V (x) ≈ 1 + (ig)4

2

(
Cf g2µ̄2L(0)

2

)2

+ igtaαa(x)
(

1 + (ig)2 Cf ḡ2µ2L(0)
2

)
+ (ig)2

∫ +∞

−∞
dx−

0

∫ x−
0

−∞
dx−

1 tatbA+
a (x−

0 , x)A+
b (x−

1 , x) .

The dipole factor:

1
Nc

Tr V †(y)V (x) =1 + (ig)2

2
1

Nc
Tr(tatb)(αa(y) − αa(x))(αb(y) − αb(x))

+ (ig)4(Cf g2µ̄2)2

2 [L(0) − L(x − y)]2

We can drop the first and the last term as the diffractive cross-section contains
1

Nc
Tr V †(y)V (x) −

〈
1

Nc
Tr V †(y)V (x)

〉
.

∴ Ndiffractive ≈ Cf g8µ̄4

4Nc
(L(x1 − x′

1) − L(x1 − x′
2) − L(x′

1 − x2) + L(x2 − x′
2))2
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Analysis of the cross-section

The cross-section is

E1E2
dσγ∗

LA→qq̄X

d3k1d3k2

∣∣∣∣
D

=αeme2
qQ2z2z̄2 Cf g8µ̄4S

(2π)4

∫
d2q

(2π)2 L(q)L(k1 + k2 − q)

×

(
1

ϵ2
f + (k1 − q)2 − 1

ϵ2
f + k2

1
+ 1

ϵ2
f + (k2 − q)2 − 1

ϵ2
f + k2

2

)2

.

αeme2
q

Cf g8µ̄4S

4(2π)6

∫
d2q

(2π)2 L(q)L(k1 + k2 − q)[( 1
ϵ2

f
+ k2

2
+

1
ϵ2

f
+ k2

1

)2
+

1
ϵ2

f
+ (k1 − q)2

( 1
ϵ2

f
+ (k1 − q)2

− 2
( 1

ϵ2
f

+ k2
1

+
1

ϵ2
f

+ k2
2

))
+

1
ϵ2

f
+ (k2 − q)2

( 1
ϵ2

f
+ (k2 − q)2

− 2
( 1

ϵ2
f

+ k2
1

+
1

ϵ2
f

+ k2
2

))
+ 2

1
ϵ2

f + (k1 − q)2
1

ϵ2
f + (k2 − q)2︸ ︷︷ ︸

Bose-enhanced

]
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Finite color neutralisation scale

The sum of all source is color neutral.

ρ̃(k) =
∫

dye−ik.yρ(y) k=0−−→
∫

dyρ(y) = 0

We introduce a color neutralisation scale.

⟨ρa(x−, k)ρb(y−, k′)⟩ = µ2k2

k2 + m2 δabδ(x− − y−)δ(k + k′)
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Result for dilute approximation

Figure: MV model with no color neutralization, m → 0.

Figure: MV model with the color neutralization scale m = Q̃s.
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Why not Inclusive DIS?

The term in the cross section describing the
interaction of the dipole with nucleus is

NI =1 + 1
Nc

Tr⟨V †(x2)V (x1)
[
V †(x′

2)V (x′
1)
]†⟩

− 1
Nc

Tr⟨V †(x2)V (x1)⟩ − 1
Nc

Tr⟨V †(x′
2)V (x′

1)⟩

The term that gave rise to Bose enhancement in diffractive process was
proportional to

L(x1 − x′
2)L(x2 − x′

1) × δab′ δba′
[

1
Nc

tr(tatb)
] [

1
Nc

tr(ta′
tb′

)
]

.

And,

δab′ δba′

[ 1
Nc

tr(tatb)
] [ 1

Nc
tr(ta′

tb′
)
]

= Cf

2Nc

The same combination of L contributes to the inclusive case as well, but with a
different color factor

δab′ δba′

[ 1
Nc

tr(tata′
tb′

tb)
]

= − Cf

2Nc
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Beyond Dilute Approximation

As x decreases, no. of partons as well as the parton density increases.

Taking the MV model as the initial point of the theory and then evolving it in x
using the JIMWLK evolution equation.

∂Y WY =αs

2

∫
d2xd2y

δ2

δαa(x−, x)δαb(y−, y) (ηabWY )

− αs

∫
d2x

δ

δαa(x−, x) (va
xWY )
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Result for Beyond Dilute Approximaion and including small-x evolution

Figure: αsY = 0.0, αsY = 0.4

Figure: αsY = 0.8, αsY = 1.0
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Result contd...

Figure: Incoherent Diffractive production for collinear configuration ∆ϕ = 0 as a function o f
k2: k1 = 7Q0

s , ϵf = 2Q0
s .
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Conclusion

In dilute approximation, for m = 0 as well as m = Qs, the correlator has a
maximum at zero angle as long as the momenta of the two gluons are close to
each other.

The color neutralization scale makes the maximum more robust.

For inclusive dijet production there is a ’dip’ from the Bose enhancement terms.

At higher energies we see a similar outcome due to the fact that upon evolving
in energy the theory naturally generates a color neutralisation scale.

Evolving from αsY = 0 to αsY = .4 significantly increases the Bose
enhancement signal.

Further evolution to αsY = .8 doesn’t change the correlation.
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THANK YOU!
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