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In this episode...

• Scaling curve for the cross section

• ...for exclusive production of vector mesons and

Deeply Virtual Compton Scattering (DVCS) in 𝛾𝑝

and 𝛾𝐴

• Geometrical Scaling phenomenon
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SPOILER!
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Small x physics

• Shall use Deep Inelastic Scattering (DIS) to motivate physical 

framework

• Useful kinematic variables (2 independent ones):

𝑄2 ≡ −𝑞2 ≥ 0, 𝑠 ≡ 𝑃 + 𝑞 2, 𝑥 ≡
𝑄2

2 𝑃 ⋅ 𝑞
≈

𝑄2

𝑠 + 𝑄2
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Small x physics

• Shall use Deep Inelastic Scattering (DIS) to motivate physical 

framework

• High energy: 𝑠 ≫ 𝑄2 ↔ 𝑠𝑚𝑎𝑙𝑙 𝑥 ≈
𝑄2

𝑠
≪ 1

𝑄2 ≡ −𝑞2 ≥ 0, 𝑠 ≡ 𝑃 + 𝑞 2, 𝑥 ≡
𝑄2

2 𝑃 ⋅ 𝑞
≈

𝑄2

𝑠 + 𝑄2
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• Parton distribution functions 𝑥𝑞(𝑥, 𝑄2) and 𝑥𝐺(𝑥, 𝑄2)

➢ Number of partons (quarks, gluons) with transverse area 

𝐴 ~
1

𝑄2
and 𝑝𝑧 = 𝑥𝑃𝑧

Small x physics
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Small x physics

• At small 𝑥 hadron wavefunction is mostly gluons

• Partonic content changes when changing 𝑥 or 𝑄2 due to 

additional radiation
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Parton Evolution

• Gluon occupation number    𝑛 𝑥, 𝑄2 = 𝑥𝑔 𝑥, 𝑄2 ×
1

𝑄2
×

1

𝑅2
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Parton Evolution

• Gluon occupation number    𝑛 𝑥, 𝑄2 = 𝑥𝑔 𝑥, 𝑄2 ×
1

𝑄2
×

1

𝑅2

• Small x evolution (fixed Q, increasing s):

➢ There’s an increasing number of gluons that have similar transverse

area 𝐴~
1

𝑄2
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Parton Evolution

• Gluon occupation number    𝑛 𝑥, 𝑄2 = 𝑥𝑔 𝑥, 𝑄2 ×
1

𝑄2
×

1

𝑅2

• Small x evolution (fixed Q, increasing s):

➢ There’s an increasing number of gluons that have similar transverse

area 𝐴~
1

𝑄2
→ overlap leads to nonlinear recombination and

saturation
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Geometrical Scaling

• Stasto, et. al (2001)

Saturation → Inclusive ep cross section

is a function of a single variable 𝜏

𝜎𝛾∗𝑝(𝑥, 𝑄
2) = 𝜎𝛾∗𝑝(𝜏)

Where 𝜏 = 𝑄2/𝑄𝑠
2(𝑥)

And 𝑄𝑠 𝑥 = 𝑄𝑜𝑥
−𝜆 defines the

saturation scale

• HERA confirmation: 

𝑥 < 0.01 𝑎𝑛𝑑 𝑄2 ≤ 400𝐺𝑒𝑉2
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Inclusive Scaling Curve

Armesto, et. al (2009): data are well described by

𝜎𝛾∗𝑝 𝜏 = 𝜎0[𝛾𝐸 + Γ 0, 𝜉 + ln 𝜉]

where 𝜉 = 𝑎/𝜏𝑏, with 𝑎 = 1.868, 𝑏 = 0.746 and 𝜎0 = 40.56 𝜇𝑏 (data fit)
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Vector Meson Production

Marquet, et. al (2006) → geometrical scaling in vector meson production

and DVCS

For vector meson production

𝜎𝛾∗𝑝→𝑉𝑝 𝑥, 𝑄2, 𝑀𝑉
2 = 𝜎𝛾∗𝑝→𝑉𝑝(𝜏𝑉)

where 𝜏𝑉 = 𝑄2/𝑄𝑠
2 𝑥𝑃 e 𝑥𝑃 =

𝑄2+𝑀𝑉
2

𝑄2+𝑊2

13



In this episode...

A scaling curve expression that describes DVCS 

and vector meson cross sections
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SPOILER!
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Exclusive Cross Section

• Armesto et. al → expression for 𝛾∗𝑝 → 𝑋 (total cross section)

𝜎𝛾∗𝑝 𝜏 = 𝜎0[𝛾𝐸 + Γ 0, 𝜉 + ln 𝜉]

• Similar expression for 𝛾∗𝑝 → 𝛾∗𝑝 (elastic cross section) comes from

Optical Theorem + Eikonal approach

𝜎𝑒𝑙
𝛾∗𝑝 →𝛾∗𝑝

=
𝜎0
2
[ln

𝜉

2
+ 𝛾𝐸 − Γ 0,2𝜉 + 2Γ 0, 𝜉 ]

• WANT: 𝛾∗𝑝 → 𝑉𝑝 (exclusive vector meson cross section)
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Exclusive Cross Section

• Armesto et. al → expression for 𝛾∗𝑝 → 𝑋 (total cross section)

𝜎𝛾∗𝑝 𝜏 = 𝜎0[𝛾𝐸 + Γ 0, 𝜉 + ln 𝜉]

• Eikonal approach → 𝑎𝑒𝑙(𝑠, 𝑏) = 𝑖(1 − 𝑒−
Ω 𝑠,𝑏

2 ), where Ω 𝑠, 𝑏 = 𝜈 𝑠 𝑒
−
𝑏2

𝑅2

Optical theorem leads to

𝜎𝑡𝑜𝑡 = 2න𝐼𝑚 𝑎𝑒𝑙 𝑠, 𝑏 𝑑2𝑏 = 2𝜋𝑅2 𝛾𝐸 + ln
𝜈

2
+ Γ 0,

𝜈

2
Similar to 𝜎𝛾∗𝑝 𝜏 = 𝜎0[𝛾𝐸 + Γ 0, 𝜉 + ln 𝜉], where 2𝜋𝑅 → 𝜎0 e 𝜈/2 → 𝜉

In those variables

𝜎𝑒𝑙
𝛾∗𝑝 →𝛾∗𝑝

= න 𝑎𝑒𝑙 𝑠, 𝑏
2𝑑2𝑏 =

𝜎0
2
[ln

𝜉

2
+ 𝛾𝐸 − Γ 0,2𝜉 + 2Γ 0, 𝜉 ]

• WANT: 𝛾∗𝑝 → 𝑉𝑝 (exclusive vector meson cross section)
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Exclusive Cross Section

• Armesto et. al → expression for 𝛾∗𝑝 → 𝑋 (total cross section)

𝜎𝛾∗𝑝 𝜏 = 𝜎0[𝛾𝐸 + Γ 0, 𝜉 + ln 𝜉]

• Eikonal approach → 𝑎𝑒𝑙(𝑠, 𝑏) = 𝑖(1 − 𝑒−
Ω 𝑠,𝑏

2 ), where Ω 𝑠, 𝑏 = 𝜈 𝑠 𝑒
−
𝑏2

𝑅2

Optical theorem leads to

𝜎𝑡𝑜𝑡 = 2න𝐼𝑚 𝑎𝑒𝑙 𝑠, 𝑏 𝑑2𝑏 = 2𝜋𝑅2 𝛾𝐸 + ln
𝜈

2
+ Γ 0,

𝜈

2
Similar to 𝜎𝛾∗𝑝 𝜏 = 𝜎0[𝛾𝐸 + Γ 0, 𝜉 + ln 𝜉], where 2𝜋𝑅 → 𝜎0 e 𝜈/2 → 𝜉

In those variables

𝜎𝑒𝑙
𝛾∗𝑝 →𝛾∗𝑝

= න 𝑎𝑒𝑙 𝑠, 𝑏
2𝑑2𝑏 =

𝜎0
2
[ln

𝜉

2
+ 𝛾𝐸 − Γ 0,2𝜉 + 2Γ 0, 𝜉 ]

• Will treat 𝜸∗𝒑 → 𝑽𝒑 as quasielastic and modify elastic cross section

𝛾∗𝑝 → 𝛾∗𝑝 to obtain expression for vector meson
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Quasielastic cross section
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Quasielastic cross section

• In the dipole framework one can write

𝜎𝛾∗𝑝 ∝ ∫ 𝑑𝑧∫ 𝑑2𝑟𝜓∗ 𝑧, 𝑟, 𝑄2 ො𝜎 𝑥, 𝑟2 𝜓(𝑧, 𝑟, 𝑄)

𝑑𝜎𝑉𝑀
𝑑𝑡

=
1

16𝜋
∫ 𝑑𝑧∫ 𝑑2𝑟𝜓𝑉

∗ 𝑧, 𝑟, 𝑄2 ො𝜎 𝑥𝑝, 𝑟
2 𝜓 𝑧, 𝑟, 𝑄

2

Vector meson wavefunction 𝜓𝑉 is model dependent! (Motyka, et. al)

• In essence:

𝜎𝛾∗𝑝 ∝ 𝜓∗𝜓 ∝ 𝛼𝐸𝑀෍

𝐹

𝑒𝑓
2

𝜎𝑉𝑀 ∝ 𝜓𝑉
∗𝜓 2 ∝ 4𝜋𝛼𝐸𝑀 Ƹ𝑒𝑓

2 𝑓𝑉
2

𝑀𝑉
2
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Quasielastic cross section

Therefore

𝜎𝑉𝑀
𝜎𝛾∗𝑝

∝
𝜎𝑉
𝜎0

=
4𝜋 ෝ𝑒𝑓

2𝑓𝑉
2

∑𝑒𝑓
2𝑀𝑉

2

𝜎0 → 𝜎𝑉 will be assumed to incorporate 𝜓 → 𝜓𝑉
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Quasielastic cross section

Therefore

𝜎𝑉𝑀
𝜎𝛾∗𝑝

∝
𝜎𝑉
𝜎0

=
4𝜋 ෝ𝑒𝑓

2𝑓𝑉
2

∑𝑒𝑓
2𝑀𝑉

2

𝜎0 → 𝜎𝑉 will be assumed to incorporate 𝜓 → 𝜓𝑉

𝜎𝑒𝑙
𝛾∗𝑝 →𝛾∗𝑝

=
𝜎0
2
[ln

𝜉

2
+ 𝛾𝐸 − Γ 0,2𝜉 + 2Γ 0, 𝜉 ]

𝜎𝑉𝑀
𝛾∗𝑝 →𝑉𝑝

=
𝜎𝑉
2
[ln

𝜉

2
+ 𝛾𝐸 − Γ 0,2𝜉 + 2Γ 0, 𝜉 ]

where 𝜉 = 𝑎/𝜏𝑏, with 𝑎 = 1.868, 𝑏 = 0.746 and 𝜎0 = 40.56 𝜇𝑏 (fit 

values by Armesto et. al)
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Results and Fitting
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Results and Fitting

Original parameters

from Armesto et. al 

fit for ep data for 

total cross section
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Results and Fitting

Fit 1 ajusts

𝒂, 𝒃 and 𝝈𝟎
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Results and Fitting

Fit 2 ajusts 𝒂 and 𝒃
keeping 𝐟𝐢𝐱𝐞𝐝 𝝈𝟎 =
𝟒𝟎. 𝟓𝟔 𝝁𝒃 (as for the

inclusive case)
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Results and Fitting

DVCS 𝑱/𝚿

𝝓 𝝆
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Nuclear targets

Geometrical scaling translates to nuclear targets

𝜎𝛾
∗𝐴 →𝐸𝐴 𝜏𝐴 =

𝜋𝑅𝐴
2

𝜋𝑅𝑃
2 𝜎

𝛾∗𝑝→𝐸𝑝(𝜏 = 𝜏𝐴)

Where 𝜏𝐴 = 𝜏𝑃
𝜋𝑅𝐴

2

𝐴𝜋𝑅𝑃
2

Δ
Parameters from Fit 2 

for 𝜸𝒑 data

28



Summary

• Geometrical scaling and simple considerations on the
scope of the eikonal model

• Scaling curve derived for the first time for the
exclusive case, generalizing the curve found for the
inclusive case

• Able to describe available data for vector meson
production and DVCS with a universal scaling
function without any further parameter

• Parametrization can be extrapolated to nuclear targets
to be tested in future
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Thank you!

Felipe G. Ben

felipeben@gmail.com

33


