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Motivations:

v2n+1 = 0 is the only prediction of CGC/saturation approach in

a qualitative disagreement with the experiment
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ϕ→ π − ϕ symmetry:

• Is this symmetry based on the general features of QCD ?

• Is this symmetry is an artifact of leading order approximation ?

• Does this symmetry hold only for the totally inclusive measurements ?

NO • YES • YES

• How vn depend on the multiplicity of the event ?
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Dilute-dilute system scattering: the origin of the symmetry
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Multiplicities: N ≥ 2 N̄ N � N̄

N̄ is the average multiplicity in the inclusive event.

ᾱS|y1 − y2| � 1
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Can we calculate angular correlations in CGC?
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Sudakov suppression of CD production
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E. Gotsman and E.L.: PRD 96 (2017) 074011

CGC: odd harmonics E. Levin 7



Dilute-dense system scattering: parton model

Parton model: BFKL Pomeron with fixed dipole sizes

• dN (Y ) /dY = ∆
(
N (Y ) − N2 (Y )

)
• N (Y ) = γ e∆Y

1+γ(e∆Y−1)
= γ z

1+γ(z−1)

Generating function:

• Z (w, w̄, v;Y ) =
∑∞
k=0,l=0,m=0 P (k, l,m;Y )wk w̄l vm

It has the form: E.L & Prygarin (2008)

• Z (w, w̄, v;Y ) =
w

(1− w)(z − 1) + 1
+

w̄

(1− w̄)(z − 1) + 1
−

w + w̄ − v
(1− w − w̄ + v)(z − 1) + 1

where z = e∆Y .

• N (γ, γ̄, γin;Y ) = 1− Z (1− γ, 1− γ̄, 1− γin;Y )

• N (γ, γ̄, γin;Y ) = γz
γ(z−1) + 1

+ γ̄z
γ̄(z−1) + 1

− (γ+γ̄−γin)z
(γ+γ̄−γin)(z−1)+1
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For inclusive measurements the CD production = BE enhancement

•
∑∞
n=0 σ

CD
n =

∑∞
n=2N̄ σBE

n =⇒ v2n−1 = 0

For measurements with n ≥ 2N̄ CD contribution =∑∞
n=0 σ

CD
n −

∑n< 2N̄
n=0 σCD

n ; v2n−1∝
∫

cos ((2n− 1)ϕ) dϕ
∑n< 2N̄
n=0 σCD

n

•
∑n< 2N̄
n=0 σCD

n −→ 0 for Y � 1

• R =
(∑n< 2N̄

n=0 σCD
n

)/ (∑∞
n=0 σ

CD
n

)
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• σCD = Γ
2

(2IP → 2G) γ
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∂γ̄
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) ∣∣∣
γ=γ̄,γin=0

= Γ
2
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2γ2 z (z − 1)

(1 + 2γ (z − 1))3
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• σCDn = Γ
2
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∂

∂γ
γ̄
∂

∂γ̄

γkin
k!

∂

∂γk
in

N
(
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) ∣∣∣
γin=0,γ=γ̄

= (k + 2) (k + 1) Γ
2

(2IP → 2G) γ
2
γ
k
in
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(1 + 2 γ (z − 1))k+3

= (k + 2) (k + 1) Γ
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(2 γ)
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(1 + 2 γ (z − 1))k+3

Schwimmer model: γ = gIPG3IPSA (b)
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DIS in QCD

Simplified non-linear equation: leading twist approach

For τ = x2
01Q

2
s > 1

•
∫
K (~x01; ~x02, ~x12) d

2
x02 → π

∫ x2
01

1/Q2
s(Y,b)

dx2
02

x2
02

+ π

∫ x2
01

1/Q2
s(Y,b)

d|~x01 − ~x02|
2

|~x01 − ~x02|2

• ∂2Ñ(Y ;~x01,
~b)

∂Y ∂ ln r2 = ᾱS

{(
1 − ∂Ñ(Y ;~x01,

~b)
∂ lnx2

01

)
Ñ
(
Y ; ~x01,~b

)}

• Ñ
(
Y ; ~x01,~b

)
=
∫ x2

01 dx2
02N

(
Y ; ~x02,~b

)
/x2

01

The leading twist:

• χ (γ) =


1
γ for τ ≥ 1 ;

1
1− γ for τ ≤ 1 ;

From solution τ ≤ 1 the boundary conditions

• N (Y ; ζ = 0−(ξ = −ξs), b) = N0 (b) ;
∂ lnN(Y ;ζ=0−(ξ=−ξs),b)

∂ζ = 1
2;
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Solution:

• Ñ =

∫ ξ

ξs

dξ′
(
1 − e−φ(ξ′,Y )

)
• ∂2φ

∂Y ∂ξ
= ᾱS

(
1 − e−φ(Y ;ξ)

)
• ∂2φ

∂ζ2 − ∂2φ
∂x2 = 1

4

(
1 − e−φ(Y ;ξ)

)
with ζ = ln(τ ) = ξs + ξ and x = ξs − ξ.

Traveling wave solution :

•
∫ φ

φ0

dφ′√
c + 1

2(λ2−κ2)

(
φ′ − 1 + e−φ′

) = κx+ λ ζ

•
√

2

∫ φ

φ0

dφ′√
φ′ − 1 + e−φ′

= ζ
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•
∫ φ

0

dφ′

{
1√

2
(
φ′ − 1 + e−φ′

) − 1

φ′

}
= ln

(
φ0e

1
2ζ
)

N (γ, γ̄, γin; ζ) = 1 − e
−φ

(
γe

1
2ζ
)
− e

−φ
(
γ̄e

1
2ζ
)

+ e
−φ

(
(γ+γ̄− γin)e

1
2ζ
)

CGC: odd harmonics E. Levin 14



R
(
φ0e

1
2ζ
)

=
σCD

0 +σCD
1

σBE =

{
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}
e
−φ

(
2φ0 e

1
2ζ
)

(
φ0e

1
2(ζ−1

2ζ)
)2

1− e
− 2φ

(
φ0e

1
4ζ
)

2

0

Y

Y/2

nucleus

LHC

y1>y2 = Y�2

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
0.0

0.2

0.4

0.6

0.8

Ζ�2

R
HΦ

0
e
Ζ
�2
L

CGC: odd harmonics E. Levin 15



Estimates for DIS ( proton) with nucleus scattering :

• For DIS with proton φ0 ≈ 0.1− 0.2.

• For DIS with nucleus φ0 ≈ 0.2− 0.4 .

• Schwimmer model for proton-A collision gives small φ0.
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τm = x2
01Q

2
s (Y = Ymin)?

τm≤ 1 ⇐= the same as Fig.a. τm≥ 1 ⇐= ?.

Ymin

a)

s Saturation   region

perturbative QCD 

0

= 0

x 
= 0

b)

s Saturation   region

perturbative QCD 

0

= 0 x 
= 0

GS no GS

• Initial condition at Y = Ymin: φ = φ0 e
ξ with φ0= 1.

• ∂2φ
∂t2
− ∂2φ

∂x2 = 1
4

(
1 − e−φ(Y ;ξ)

)
ξ�1−−−→ ∂2φ

∂t2
− ∂2φ

∂x2 = 1
4

t = ζ.
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t ≤ x:

• φ1 (z) = 1
8
ζ2 + 1

2

(
eφ0 − 1

)
ζ + φ0

t ≥ x:

• φ2 (ξs, ξ) = 1
4
ξs ξ + F1 (ξs) + F2 (ξ)

t = x (ξ = 0):

• φ1 (ξ = 0) =φ2 (ξ = 0) and φ2 (ξs = 0) = φ0e
ξ

Solution:

• φ2 (z, ξ) =ζ2/8 − ξ2/8 + φ0 e
ξ + 1

2

(
eφ0 − 1

)
ξs
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Conclusions

• Selection of the events with different multiplicities of produced
particles lead to the violation of φ→ π − φ symmetry.

• For Q2>Q2
s (A;Ymin; b) this violation is so large that we can neglect

the symmetry: v2n ≈ v2n−1;

• For Q2<Q2
s (A;Ymin; b) this violation is negligibly small: v2n−1 = 0;
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