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➢ Background and Generalized TMDs (GTMDs)

➢ Quark GTMDs in the Exclusive Double Drell-Yan Process 

( S. Bhattacharya, A. Metz, J. Zhou / arXiv: 1702.04387v1)
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Back ground

➢ Still to resolve completely (to address few):

1. How are quarks distributed spatially and in the momentum space inside the nucleon?

2. How do they contribute to the properties of nucleon- spin?

➢ Scattering experiments: Inclusive, Exclusive, Semi-Inclusive

➢ QCD factorization: Hard part (point-like, perturbatively calculable), Soft part (non-perturbative QCD)

➢ Investigation of QCD matrix elements:

• Non-local

• Forward

DIS 

PDFs

𝐟𝟏 𝐱

𝐠𝟏(𝐱)

• Local

• Off-forward

ELASTIC                              

SCATTERING

FFs

𝐅𝟏 𝐭

𝐅𝟐 𝐭

𝐆𝐏 𝐭 𝐆𝐀(𝐭)

• Non-local

• Off-forward

EXCLUSIVE 

SCATTERING

GPDs

𝐇 𝐱, 𝛏, 𝐭 ෩𝐇 𝐱, 𝛏, 𝐭

𝐄 𝐱, 𝛏, 𝐭 ෨𝐄(𝐱, 𝛏, 𝐭)

QCD MATRIX ELEMENT (Diagram) FEATURES OF THE ELEMENT      PROCESS NON-PERT. FUNCTIONS



G enera l i zed Transverse Mom ent um Dependent  d i s t r i but i ons  

➢ GTMD matrix element graphical description:

P =
p+p′

2
Δ = p′ − p t = ∆2

➢ GTMD matrix element definition: 𝐖
𝛌,𝛌′
𝐪 𝚪

𝐏, 𝚫, 𝐱, Ԧ𝐤𝐭

= න
dz−d2Ԧzt
2(2π)3

eik.z p′, λ′ തq −
z
2 Γ q(

z
2) p, λ |z+=0

➢ Matrix elements parameterized through 

GTMDs: 𝐗𝐪 𝐱, 𝛏, Ԧ𝐤𝐭, ∆𝐭

x =
k+

P+
ξ =

p+−p′+

p++p′+
= −

Δ+

2P+
Δt=pt

′-pt

GPD (x, 𝚫) TMD (x, Ԧ𝐤𝐭)

FFs (𝚫) PDFs (x)

නd2 kt ∆= 0

නx ∆= 0

In particular, 𝐅𝟏,𝟒 and 𝐆𝟏,𝟏 have a direct role in 

understanding spin-structure of hadrons 

(Lorc ƴe, Pasquini, 2011 / Hatta, 2011 / Lorc ƴe, 2014).

But, how would we measure them?  

GTMD (x, Ԧ𝐤𝐭, 𝚫)

GTMDs as ‘mother distributions’



Exc l us i ve  Doubl e  Dre l l - Yan  Proces s

( S B ,  M e t z ,  Z h o u  /  a r X i v :  1 7 0 2 . 0 4 3 8 7 v 1 )

1.    Process: 𝚷(𝐩𝐛)𝐍 𝐩𝐚, 𝛌𝐚 →

2.    Leading-order diagrams:

3.   Kinematics:

)Π 𝑝𝑏 + 𝑁 𝑝𝑎 , 𝜆𝑎 → 𝛾1
∗ 𝑞1, 𝜆1 + 𝛾2

∗ 𝑞2, 𝜆2 + 𝑁′(𝑝𝑎
′ , 𝜆𝑎

′

Graph (a) Graph (b)

Region: TMD type

𝐬 = 𝐩𝐚 + 𝐩𝐛
𝟐 = 𝐥𝐚𝐫𝐠𝐞

𝐪𝟏
𝟐, 𝐪𝟐

𝟐 = 𝐥𝐚𝐫𝐠𝐞

𝐪𝐢
𝟐 ≫ |𝐪𝐢𝐭|

𝟐

Kinematical variables:

𝐱𝐚 =
𝐤𝐚
+

𝐏𝐚
+

𝐱𝐛 =
𝐤𝐛
−

𝐩𝐛
−

𝚫𝐚 = 𝐩𝐚
′ − 𝐩𝐚

𝛏𝐚 = −
𝚫𝐚
+

𝟐𝐏𝐚
+ =

𝐪𝟏
+ + 𝐪𝟐

+

𝟐𝐏𝐚
+

(𝐥𝟏
+𝐥𝟏

−)(𝐥𝟐
+𝐥𝟐

−)𝐍′(𝐩𝐚
′ , 𝛌𝐚

′ )



𝐱𝐛 = 𝟏 −
𝐪𝟏
−

𝐩𝐛
− =

𝐪𝟐
−

𝐩𝐛
−

Longitudinal parton momenta fixed as:

4. Scattering Amplitude:

Graph (a) GGraph (b)

Longitudinal parton momenta fixed as:

𝐱𝐚 =
(𝐪𝟏

+ − 𝐪𝟐
+)

𝟐𝐏𝐚
+

−𝛏𝐚 ≤ 𝐱𝐚 ≤ 𝛏𝐚 ERBL region 𝐱𝐚 = −
(𝐪𝟏

+ − 𝐪𝟐
+)

𝟐𝐏𝐚
+

𝐱𝐛 =
𝐪𝟏
−

𝐩𝐛
−

𝐱𝐚(Graph (b)) = -𝐱𝐚(𝐆𝐫𝐚𝐩𝐡 𝐚 )

𝐱𝐛 𝐆𝐫𝐚𝐩𝐡 𝐛 = 𝟏 − 𝐱𝐛(𝐆𝐫𝐚𝐩𝐡 𝐚 )

𝐓
𝛌𝐚𝛌𝐚

′
𝛍𝛎

= 𝐢෍

𝐪𝐪′

𝐞𝐪 𝐞𝐪
′ 𝐞𝟐

𝟏

𝐍𝐜
න𝐝𝟐 Ԧ𝐤𝐚𝐭න𝐝𝟐 Ԧ𝐤𝐛𝐭𝛅

𝟐
∆𝐪𝐭
𝟐

− Ԧ𝐤𝐚𝐭 − Ԧ𝐤𝐛𝐭 𝛟𝛑
𝐪′𝐪

𝐱𝐛, Ԧ𝐤𝐛𝐭
𝟐

−𝐢𝛆⊥
𝛍𝛎

𝐖𝛌𝐚𝛌𝐚′

𝐪𝐪′ 𝛄+
𝐱𝐚, Ԧ𝐤𝐚𝐭 −𝐖𝛌𝐚𝛌𝐚′

𝐪𝐪′ 𝛄
+

−𝐱𝐚, −Ԧ𝐤𝐚𝐭 − 𝐠⊥
𝛍𝛎

𝐖
𝛌𝐚𝛌𝐚′

𝐪𝐪′ 𝛄+𝛄𝟓
𝐱𝐚, Ԧ𝐤𝐚𝐭 +𝐖

𝛌𝐚𝛌𝐚′

𝐪𝐪′ 𝛄+𝛄𝟓
−𝐱𝐚, −Ԧ𝐤𝐚𝐭

➢ ∆𝐪𝐭 = 𝐪𝟏𝐭 − 𝐪𝟐𝐭

➢ ∆𝐚𝐭= −(𝐪𝟏𝐭 + 𝐪𝟐𝐭) ➢ 𝛟𝛑
𝐪′𝐪

(𝐱𝐛, Ԧ𝐤𝐛𝐭)= 𝛟𝛑
𝐪′𝐪

(𝐱𝐛, −Ԧ𝐤𝐛𝐭)

➢ 𝛟𝛑
𝐪′𝐪

𝐱𝐛, Ԧ𝐤𝐛𝐭
𝟐 = 𝛟𝛑

𝐪′𝐪
(𝟏 − 𝐱𝐛, Ԧ𝐤𝐛𝐭

𝟐 )

Symmetry considerations:

𝐓
𝛌𝐚𝛌𝐚

′
𝛌𝟏𝛌𝟐= 𝐓

𝛌𝐚𝛌𝐚
′

𝛍𝛎
𝛆𝛍
∗ (𝛌𝟏)𝛆𝛎

∗(𝛌𝟐)



5. Quark GTMDs (Meissner, Metz, Schlegel, 2009): 

➢ 𝐖
𝛌,𝛌′
𝐪 𝛄+

=
1

2M
തu(p′, λ′) 𝐅𝟏,𝟏

𝐪
+

iσi+kt
i

P+
𝐅𝟏,𝟐
𝐪

+
iσi+Δt

i

P+
𝐅𝟏,𝟑
𝐪

+
iσijkt

iΔt
j

M2 𝐅𝟏,𝟒
𝐪

u(p, λ)

=
1

M 1 − ξ2
൜ Mδλ,λ′ −

1

2
(λΔt

1 + iΔt
2)δλ,−λ′ 𝐅𝟏,𝟏

𝐪

+
iεt
ij
kt
iΔt

j

M2
λMδλ,λ′ −

ξ

2
(Δt

1 + iλΔt
2)δλ,−λ′ 𝐅𝟏,𝟒

𝐪 ሽ+more helicity − flip terms

➢ 𝐖
𝛌,𝛌′
𝐪 𝛄+𝛄𝟓

=
1

2M
തu(p′, λ′) −

iεt
ij
kt
iΔt

j

M2 𝐆𝟏,𝟏
𝐪

+
iσi+γ5kt

i

P+
𝐆𝟏,𝟐
𝐪

+
iσi+γ5Δt

i

P+
𝐆𝟏,𝟑
𝐪

+ iσ+−γ5𝐆𝟏,𝟒
𝐪

u(p, λ)

=
1

M 1 − ξ2
൝ −

iεt
ij
kt
iΔt

j

M2
(Mδλ,λ′ −

1

2
λΔt

1 + iΔt
2 δλ,−λ′) 𝐆𝟏,𝟏

𝐪

+ λMδλ,λ′ −
ξ

2
(Δt

1 + iλΔt
2)δλ,−λ′ 𝐆𝟏,𝟒

𝐪 ሽ+more helicity − flip terms



6. Polarization Observables:

➢ Unpolarized: 

➢ SSA: 

➢ DSA: 

𝛕𝐔𝐔 =
𝟏

𝟐
෍

𝛌,𝛌′

| 𝐓𝛌,𝛌′|
𝟐

𝛕𝐋𝐔 =
𝟏

𝟐
෍

𝛌,𝛌′

(|𝐓+,𝛌′|
𝟐 − 𝐓−,𝛌′

𝟐
) Similarly, define 𝛕𝐗𝐔, 𝛕𝐘𝐔 etc.

𝛕𝐋𝐋 =
𝟏

𝟐
( 𝐓+,+

𝟐
− 𝐓+,−

𝟐
− (|𝐓−,+|

𝟐− 𝐓−,−
𝟐
)) Similarly, define 𝛕𝐗𝐗, 𝛕𝐘𝐘 𝛕𝐗𝐘, 𝛕𝐘𝐗

Remarks:

➢ Summation over photon polarization (𝛌𝟏, 𝛌𝟐) is implied.  

➢ If photon polarization (𝛌𝟏, 𝛌𝟐) is summed over, there is no interference between the objects 𝐖
𝛌,𝛌′
𝐪 𝛄+

and 𝐖
𝛌,𝛌′
𝐪 𝛄+𝛄𝟓

.

Key point is to realize that if we ~

• Define ‘Polarization Observables’ in a 

certain fashion

• Take proper linear combination of those 

observables

‘Single out’ what you want!

JUST A MOMENT!     What do we have?                 What do we want? 

✓ Scatt. Amp.(𝐓𝛌,𝛌′)

✓ 𝛔~|𝐓|𝟐
~𝐅𝟏,𝟒

𝟐 ~𝐆𝟏,𝟏
𝟐 ~𝐅𝟏,𝟒𝐅𝟏,𝟏

~𝐆𝟏,𝟏𝐆𝟏,𝟒



1

4
𝛕𝐔𝐔 + 𝛕𝐋𝐋 − 𝛕𝐗𝐗 − 𝛕𝐘𝐘 =

2

M4 (εt
ij
Δqt

iΔat
j
)2𝐂(+) 𝛃𝐭. kat𝐅𝟏,𝟒ϕπ 𝐂(+) 𝛃𝐭. kat𝐅𝟏,𝟒

∗ ϕπ
∗ + 2𝐂(+) 𝐆𝟏,𝟒ϕπ 𝐂(+) 𝐆𝟏,𝟒

∗ ϕπ
∗

𝐂± w kat, kbt Xϕπ

=
e2

1 − ξa
2

1

Nc
෍

q,q′

eqeq
′ නd2 katනd2 kbtδ

2
∆qt
2

− kat − kbt w kat, kbt ൣ

൧

Xqq
′
xa, kat

± Xqq
′
−xa, −kat ϕπ

q′q
(xb, kbt

2 )

𝛃𝐭 =
Δat
2 ∆qt − (Δat. ∆qt)Δat

Δat
2 Δqt

2 − (Δat. Δqt)
2

Recall: ∆qt = q1t − q2t & ∆at= −(q1t + q2t)

∴ εt
ij
Δqt

iΔat
j

implies that the contribution from the first term is maximum 

when the photons come out perpendicular to each other. 

Remarks:

➢ If you consider specific polarization states of photons, you have the option to switch off the contribution from 𝐆𝟏,𝟒.

➢ For extracting 𝐆𝟏,𝟏, the relevant observable is  
1

4
(𝛕𝐔𝐔 + 𝛕𝐋𝐋 + 𝛕𝐗𝐗 + 𝛕𝐘𝐘). 

The replacements in the above expression would be 𝐅𝟏,𝟒 → 𝐆𝟏,𝟏, 𝐆𝟏,𝟒 → 𝐅𝟏,𝟏, 𝐂(+) → 𝐂(−).
➢ The observables may be challenging.

➢ Choice 1~



➢ Choice 2~

1

2
𝛕𝐋𝐔 + 𝛕𝐔𝐋 =

4

M2 εt
ij
Δqt

iΔat
j
𝐈𝐦 ൛𝐂(−) 𝐅𝟏,𝟏ϕπ 𝐂(+) 𝛃𝐭. kat𝐅𝟏,𝟒

∗ ϕπ
∗ ൟ−4𝐂(+) 𝐆𝟏,𝟒ϕπ 𝐂(−) 𝛃𝐭. kat𝐆𝟏,𝟏

∗ ϕπ
∗

Remark:

This observable is sensitive to 𝐈𝐦 𝐅𝟏,𝟒 and 𝐈𝐦 𝐆𝟏,𝟏. 

➢ Choice 3~

1

2
𝛕𝐗𝐘 − 𝛕𝐘𝐗 =

4

M2 εt
ij
Δqt

iΔat
j
𝐑𝐞 ൛𝐂(−) 𝐅𝟏,𝟏ϕπ 𝐂(+) 𝛃𝐭. kat𝐅𝟏,𝟒

∗ ϕπ
∗ ൟ−4𝐂(+) 𝐆𝟏,𝟒ϕπ 𝐂(−) 𝛃𝐭. kat𝐆𝟏,𝟏

∗ ϕπ
∗

Remark:

This observable is sensitive to 𝐑𝐞 𝐅𝟏,𝟒 and 𝐑𝐞 𝐆𝟏,𝟏 (sensitive to Orbital Angular Momentum, spin-orbit correlation).    



Sum m ary

➢ Generalized Transverse Momentum Dependent distributions are interesting-

• they are ‘mother’ distributions

• their direct link to the orbital angular momentum (𝐅𝟏,𝟒 and 𝐆𝟏,𝟏)

➢ Proposal: A process that is sensitive to relevant quark GTMDs is the Exclusive 

Double Drell-Yan process

1) Quark GTMDs can be accessed in the ERBL region

2) GTMDs can be accessed through Polarization Observables 

➢ What else can be done?

Calculation can be extended to processes like 𝒑𝒑 → 𝜼𝒄 𝜼𝒄 𝒑𝒑 (work in progress)

etc.


