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Intro to Semi-Inclusive DIS: e−p→ e−hX
lepton plane

hadron plane

Trento frame

Hadronic Breit frame

Decomposition according to different polarization contributions
dσ

dxdy dz d2 ~PhT
=
πα2

2Q4

y

z
Lµν(p`, p`′ )W

µν(q, PN , Ph)

∼(L·W )UU+λ`(L·W )LU + SL

[
(L·W )UL+λ`(L·W )LL

]
+ ST

[
(L·W )UT +λ`(L·W )LT

]
Lµν = 〈`|J†µ¯̀̀ |`′〉 〈`′|Jν¯̀̀ |`〉 = 2

[(
pµ` p

ν
`′ + pν` p

µ
`′ − p` ·p`′ g

µν
)

+ iλ` ε
µνρσp`ρp`′σ

]
Wµν(q, PN , Ph) =

∑∫
X

∫
d4b

(2π)4
eib·q 〈N |J†µ(b)|h,X〉 〈h,X|Jν(0)|N〉

= Wµν
U + SLW

µν
L + ST cos(φh − φS)Wµν

T x̃ + ST sin(φh − φS)Wµν
T ỹ

TMD region: PhT � Q
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Tensor Decomposition for (Unporlarized) Inclusive DIS

Summing over final states

Wµν(q, PN ) =
∑∫
X

∫
d4b

(2π)4
eib·q 〈N |J†µ(b)|X〉 〈X|Jν(0)|N〉

=

∫
d4b

(2π)4
eib·q 〈N |J†µ(b)Jν(0)|N〉

qµW
µν = 0, Wµν = W νµ, dependence on only two vectors qµ and PµN

⇒ Two structure functions

Wµν(q, PN ) = W1

(
−gµν +

qµqν

q2

)
+W2

(
PµN −

PN · q
q2

qµ
)(

P νN −
PN · q
q2

qν
)
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Tensor Decomposition for SIDIS
lepton plane

hadron plane

Trento frame

Hadronic Breit frame

Projection

(L ·W )♦♥ =

7∑
i=−1

(P−1
i · L)♦ (Pi ·W )♥

Projectors defined in the hadronic Breit frame
Pµν−1 = (x̃µx̃ν + ỹµỹν) , Pµν0 = t̃µt̃ν , Pµν1 = −(t̃µx̃ν + x̃µt̃ν) , . . . , Pµν7

q · L = q ·W = 0 ⇒ no z̃ ⇒ 3× 3 = 9 projectors
Parity and hermiticity constraints reduce # of structure functions

⇒ In total 18 structure functions [Bacchetta et al ’06]

(L·W )UU = WUU,T + εWUU,L +
√

2ε(1 + ε) cos(φh)W
cos(φh)
UU + ε cos(2φh)W

cos(2φh)
UU ,

(L·W )LU =
√

2ε(1− ε) sin(φh)W
sin(φh)
LU ,

(L·W )LT =
√

1− ε2 cos(φh − φS)W
cos(φh−φS)
LT

+
√

2ε(1− ε)
[
cos(φS)W

cos(φS)
LT + cos(2φh − φS)W

cos(2φh−φS)
LT

]
,

. . . . . .

W
sin(φh)
LU ,W

cos(φS)
LT ,W

cos(2φh−φS)
LT , ... : O(λ) SCETII observables
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Summary of what I presented last year at SCET

Match QCD onto SCETII: J = J(0) +
∑
k J

(1)
k + . . .

J(0)µ ∼ (γµ⊥)αβ C
(0)
f (Q) χ̄αn̄,ωb

[S†n̄Sn]χβn,ωa
⇒ W (0)µν ∼ H(0)Tr

[
B γµ⊥ Gγν⊥

]
where B(b⊥)∼〈N | χ̄n(b⊥)χn(0) |N〉

√
S, G(b⊥)∼〈0|χn̄(b⊥) |h,X〉〈h,X| χ̄n̄(0) |0〉

√
S,

S(bT ) = 1
Nc

tr
〈

0
∣∣∣[S†n(b⊥)Sn̄(b⊥)

] [
S†n̄(0)Sn(0)

]∣∣∣0〉
Next-to-leading power collinear operators (ξ: energy fraction of Bni⊥)

J
(1)µ
P ∼

C
(0)
f

2ωa
χ̄n̄,ωb [S†n̄Sn] γµ /P⊥ /̄nχn,ωa + h.c.

J
(1)µ
B ∼ C(1)

f (Q, ξ) (nµ + n̄µ)

[
χ̄n̄,ωb [S†n̄Sn]/B⊥n,−ωc

χn,ωa + χ̄n̄,ωb
/B⊥n̄,ωc

[S†n̄Sn]χn,ωa

]
⇒ W (1)µν ∼ H(0)Tr

[
B γµ GP γν+BP γ

µ G γν
]
+
∫
dξH(1)Tr

[
B γµ G̃B γν+B̃B γ

µ G γν
]

where B̃B(b⊥, ξ) ∼ 〈N | χ̄n Bn⊥χn |N〉
√
S, G̃(b⊥, ξ) ∼ 〈0|χn̄ |h,X〉 〈h,X| Bn̄⊥χ̄n̄ |0〉

√
S,

BP ∼ ∂⊥B, GP ∼ ∂⊥G,
. Same soft function and rapidity anomalous dim
. Two hard functions for all NLP structure functions, H(0)(Q), H(1)(Q, ξ)

. ξ dependence/integral
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Summary of what I presented last year at SCET

Contracting Wµν with Pµν , we get the factorization formulae for
structure functions with full spin dependence
For example

W sinφS
UT = F

{
− qT

2Q
H(0)

(
kTx
MN

f⊥1TD1 − 2pTx
Mh

h1H
⊥
1

)
(Kinematic corrections)

+H(0)

(
−k

2
T + ~kT · ~pT

2MNQ
f⊥1TD1 +

p2
T + ~kT · ~pT
MhQ

h1H
⊥
1

)
(From the P⊥ operators)

+H(1)

[
xMN

Q

(
2f̃TD1 −

~kT · ~pT
MNMh

(
h̃T − h̃⊥T

)
H⊥1

)
−Mh

zQ

(
2h1H̃ +

~kT · ~pT
MNMh

(
g1T G̃

⊥ + f⊥1T D̃
⊥
))]}

(From the Bn⊥ operators)

F [ωH g D] = 2z
∑
f

∫
d2pT d2kT δ

2
(
~qT + ~pT − ~kT

)
ω(~pT , ~kT )

×
∫

dξHf (Q, (ξ)) gf (x, (ξ), pT )Df (z, (ξ), kT )

f⊥1T , h1 ∈ B, D1, H
⊥
1 ∈ G

f̃T , h̃T , h̃
⊥
T ∈ B̃B, H̃, G̃⊥, D̃⊥ ∈ G̃B
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New for this talk

Construction of NLP SCETII soft currents

Vanishing of all the subleading soft contributions

Extension to Drell-Yan and e+e− → dihadron

We still assume the leading power Glauber contributions do not spoil
factorization at NLP for SIDIS, which needs to be confirmed explicitly
in the future
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Constructing SCETII to Subleading Power

Match SCETI onto SCETII

SCETI at O(ηk) =⇒ SCETII at O(λk/2+E) with E ≥ 0 .
Ldyn = L(0)

dyn + L(1/2)
dyn + L(1)

dyn + . . . ,

Lh = L(0)
h + L(1)

h + L(2)
h + . . . ,

Lhc = L(0)
hc + L(1/2)

hc + L(1)
hc + . . . ,
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Hard Operators in SCETII

Leading power current J(0)µ ∼∑f (γµ⊥)αβ C
(0)
f (Q) χ̄αn̄,ωb

[S†n̄Sn]χβn,ωa

In general, operators are constructed using “building blocks”

B Collinear quark and gluon χn, Bµn⊥ = 1
g

[
W †
n(x) iDµ

n⊥Wn(x)
]
∼ λ

B Soft quark and gluon ψs(n) ∼ λ3/2, Bµs(n) ∼ λ
B Momentum operators P⊥, n · ∂s, n̄ · ∂s ∼ λ

Operators get generated from two offshell scales
B Hard (tree-level and beyond) Lh

B Hard-collinear (one-loop and beyond for O(λ))

T
[
J

(0)µ
I L(1)

I

]
, T
[
J

(0)µ
I L(2)

I

]
, T
[
J

(0)µ
I L(1)

I L
(1)
I

]
, T
[
J

(1)µ
I L(1)

I

]
in SCETI

→ hard scattering operators in SCETII: Lhc
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Category of NLP

Kinematic power corrections

Hard scattering power corrections from the hard region through L(1)
h

Hard scattering power corrections from the hard-collinear region

through L(1)
hc and T

[
L(1/2)

hc L(1/2)
dyn

]

Subleading dynamic Lagrangian insertions:

T
[
L(0)

hardL
(1/2)
dyn L

(1/2)
dyn

]
, T
[
L(0)

hardL
(1)
dyn

]
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Subleading Insertion involving J (0)

SCETII Subleading Lagrangian insertions

W
(1)µν
L ∼〈N |J(0)†µ(b)|h,X〉 〈h,X|

∫
d4xd4y T

[
J(0)ν(0)L(1/2)(x)L(1/2)(y)

]
|N〉

+ 〈N |J(0)†µ(b)|h,X〉 〈h,X|
∫

d4xT
[
J(0)ν(0)L(1)(x)

]
|N〉+ . . .

Since µ, ν are transverse (J(0)µ ∼ (γµ⊥)αβ C
(0)
f (Q) χ̄αn̄,ωb

[S†n̄Sn]χβn,ωa
),

when contracting with Pµν1 = −(t̃µx̃ν + x̃µt̃ν), Pµν2 = i
(
t̃µx̃ν − x̃µt̃ν

)
, ...

such contributions vanish

T
[
J

(0)µ
I L(1)

I

]
, T
[
J

(0)µ
I L(2)

I

]
, T
[
J

(0)µ
I L(1)

I L
(1)
I

]
in SCETI

→ hard scattering operators in SCETII (L(1/2)
hc , L(1)

hc )
Vanish since µ, ν in J (0) are (again) transverse
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Operators involving a n · ∂s, n̄ · ∂s, n̄ · B(n)
s , or n · B(n̄)

s

RPI constraints contributions of n · ∂s, n̄ · ∂s, n̄ · B(n)
s , or n · B(n̄)

s

operators to in · ∂s
(
S†nSn̄

)
(b+s ) and in̄ · ∂s

(
S†nSn̄

)
(b−s )

Leads to derivative of generalized soft function ∂
∂b∓s

S(bT , b
+
s b
−
s )

∣∣∣∣
b±s →0

It scales linear in n̄ or n under RPI-III (n→ eαn, n̄→ e−αn̄) of
SCET , thus vanishes (remains true with rapidity regulators)
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Operator Involving B⊥s

Hard and hard-collinear contributions

J
(1)µ

B⊥
s

(0) = J
(1)µ

hB⊥
s

(0) + J
(1)µ

hcB⊥
s

(0)

=
∑
n1

∫
dω1dω2

∑
f

p̃µ2 − p̃
µ
1

q̃2

∫
db̂s C

(1)

B⊥
s

(
q̃2, b̂s

)
× χ̄n̄1,−ω2

{[
S†n̄1

Sn1g/B
(n1)
s⊥

]
(ω1b̂s) +

[
g/B(n̄1)

s⊥ S†n̄1
Sn1

]
(ω2b̂s)

}
χn1,−ω1 ,

C
(1)

B⊥
s

(
q̃2, b̂s

)
=

1

2
C(0)(q̃2) δ(b̂s) +

∫
dξ C(1)(q̃2, ξ) J̃B⊥

s
(b̂s, ξ) .

T
[
J

(1)µ
I L(1)

I

]
in SCETI → hard scattering operators in SCETII in Lhc

Anjie Gao (MIT) Subleading TMDs April 20, 2022 13 / 21



Operator Involving B⊥s

W
(1)µν

B⊥
s

= −4z

Q

∑
f

∫
d2bT
(2π)2

e−i~qT ·~bT
∫

db̂s C
(1)

B⊥
s

(
q̃2, b̂s

)
C(0)(q̃2)

×
{

(nν+n̄ν) Tr
[
B̂f/N (x,~bT ) γµ⊥ Ĝh/f (z,~bT ) γ⊥ρ

]
Ŝρ1 (b⊥, Qb̂s, Qb̂s)

+(nµ+n̄µ) Tr
[
B̂f/N (x,~bT ) γ⊥ρ Ĝh/f (z,~bT ) γν⊥

]
Ŝρ2 (b⊥, Qb̂s, Qb̂s)

}
.

Ŝρ1 (b⊥, b
+
s , b
−
s ) ≡ 1

Nc
tr
〈

0
∣∣∣[S†n(b⊥)Sn̄(b⊥)

][
S†n̄(b−s )Sn(b−s )gB(n)ρ

s⊥ (b−s )
]∣∣∣0〉

+
1

Nc
tr
〈

0
∣∣∣[S†n(b⊥)Sn̄(b⊥)

][
gB(n̄)ρ

s⊥ (b+s )S†n̄(b+s )Sn(b+s )
]∣∣∣0〉 ,

Ŝρ2 (b⊥, b
+
s , b
−
s ) ≡ 1

Nc
tr
〈

0
∣∣∣[gB(n)ρ

s⊥ (b⊥, b
−
s )S†n(b⊥, b

−
s )Sn̄(b⊥, b

−
s )
][
S†n̄(0)Sn(0)

]∣∣∣0〉
+

1

Nc
tr
〈

0
∣∣∣[S†n(b⊥, b

+
s )Sn̄(b⊥, b

+
s ) gB(n̄)ρ

s⊥ (b⊥, b
+
s )
][
S†n̄(0)Sn(0)

]∣∣∣0〉 .
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Vanishing of Ŝρi (b) due to Parity and Charge Conjugation

Ŝρ1 (b⊥) ≡ 1

Nc
tr
〈

0
∣∣∣[S†n Sn̄](b⊥)

[
S†n̄ SngB

(n)ρ
s⊥ + gB(n̄)ρ

s⊥ S†n̄ Sn
]
(0)
∣∣∣0〉 ,

Ŝρ2 (b⊥) ≡ 1

Nc
tr
〈

0
∣∣∣[gB(n)ρ

s⊥ S†n Sn̄ + S†n Sn̄ gB
(n̄)ρ
s⊥

]
(b⊥)

[
S†n̄ Sn

]
(0)
∣∣∣0〉

(For simplicity, here I show the vanishing of Ŝρi for b = b⊥. The story for general b is similar.)

Under parity,
B Sign flip associated to the ρ
B n↔ n̄
B b⊥ → −b⊥

Using parity invariance of the vacuum,

Ŝρ1 (b⊥)

=
−1

Nc
tr
〈
0
∣∣∣[S†n̄Sn](−b⊥)

[
S†nSn̄gB

(n̄)ρ
s⊥ +gB(n)ρ

s⊥ S†nSn̄
]
(0)
∣∣∣0〉

=
−1

Nc
tr
〈

0
∣∣∣[S†nSn̄gB(n̄)ρ

s⊥ +gB(n)ρ
s⊥ S†nSn̄

]
(b⊥)

[
S†n̄Sn

]
(0)
∣∣∣0〉

= −Ŝρ2 (b⊥) .
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Vanishing of Ŝρi (b) due to Parity and Charge Conjugation

Ŝρ1 (b⊥) ≡ 1

Nc
tr
〈

0
∣∣∣[S†n Sn̄](b⊥)

[
S†n̄ SngB

(n)ρ
s⊥ + gB(n̄)ρ

s⊥ S†n̄ Sn
]
(0)
∣∣∣0〉 ,

Ŝρ2 (b⊥) ≡ 1

Nc
tr
〈

0
∣∣∣[gB(n)ρ

s⊥ S†n Sn̄ + S†n Sn̄ gB
(n̄)ρ
s⊥

]
(b⊥)

[
S†n̄ Sn

]
(0)
∣∣∣0〉

Under charge conjugation,

Aµ = AAµ T
A C−→AAµ (T̄ )A = −AAµ (TA)T = −ATµ ,

Sabn (b; 0,∞) = P̄ exp
[
− ig

∫ ∞
0

ds n ·As(b+ ns)T
]ab

C−→ P exp
[

+ ig

∫ ∞
0

ds n ·As(b+ ns)
]ba

= S†ban (b; 0,∞) ,

gB(n)ρ ab
s⊥ =

[
S†niD

ρ
s⊥Sn

]ab C−→
[
S†n(i
←−
Dρ
s⊥)Sn

]ba
= −gB(n)ρ ba

s⊥ ,

⇒ Ŝρ1 (b⊥) =
−1

Nc

〈
0
∣∣∣[Sban S†cbn̄

]
(b⊥)

[
Sdcn̄ S†edn gB(n)ρ ae

s⊥ + gB(n̄)ρ dc
s⊥ Sedn̄ S†aen

]
(0)
∣∣∣0〉

=
−1

Nc
tr
〈

0
∣∣∣[gB(n)ρ

s⊥ S†nSn̄ + S†nSn̄gB
(n̄)ρ
s⊥

]
(0)
[
S†n̄Sn

]
(b⊥)

∣∣∣0〉
=
−1

Nc
tr
〈

0
∣∣∣[S†n̄Sn](b⊥)

[
gB(n)ρ

s⊥ S†nSn̄ + S†nSn̄gB
(n̄)ρ
s⊥

]
(0)
∣∣∣0〉 = −Ŝρ1 (b⊥)

∣∣∣∣
n↔n̄

.
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Vanishing of Ŝρi (b) due to Parity and Charge Conjugation

Ŝρ1 (b⊥) ≡ 1

Nc
tr
〈

0
∣∣∣[S†n Sn̄](b⊥)

[
S†n̄ SngB

(n)ρ
s⊥ + gB(n̄)ρ

s⊥ S†n̄ Sn
]
(0)
∣∣∣0〉 ,

Ŝρ2 (b⊥) ≡ 1

Nc
tr
〈

0
∣∣∣[gB(n)ρ

s⊥ S†n Sn̄ + S†n Sn̄ gB
(n̄)ρ
s⊥

]
(b⊥)

[
S†n̄ Sn

]
(0)
∣∣∣0〉

Parity Ŝρ1 (b⊥) = −Ŝρ2 (b⊥)

Charge conjugation Ŝρ1 (b⊥) = −Ŝρ1 (b⊥)

∣∣∣∣
n↔n̄

= −Ŝρ2 (−b⊥)

Decomposition Ŝρi (b⊥) = bρ⊥ S
‖
i (bT ) + ερσ⊥ b⊥σ S>i (bT ) , i = 1, 2

⇒ Parity and charge conjugation contradict
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All the subleading soft contributions vanish, unlike most example of
subleading SCET where subleading soft contributions are nonzero

(B physics, threshold expansions, thrust, ...)
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Extension to Drell-Yan π + p→ ``′
TMD handbook 88

z-axis

x-axis

φφS
θ

l

l′

P  p

ST

P  π
hadro

n plane
le

pt
on

 p
la

ne

Figure 2.13: The DY process in the Collins-Soper frame where the pion and the proton come in with
different momenta %�, %? , but each carries the same transverse momentum 1

2 q
)

, and the produced
lepton pair is at rest. The angle ) describes the inclination of the leptonic frame with respect to the
hadronic plane, and )( is the azimuthal angle of the transverse-spin vector of the proton. Here  is the
angle between the final state lepton and I-axis, where the I-axis is defined by the intersection of the
hadron and lepton planes. The figure is from Ref. [197].

The hadronic physics is encoded in the hadronic tensor

,
⇠⇡ =

π
d4

G

(2�)4 4
8@·G h%1, (1;%2, (2 |�⇠em(0)�⇡em(0)|%1, (1;%2, (2i , (2.173)

where �
⇠
em is the electromagnetic current. By decomposing the Lorentz tensors !

⇠⇡ and ,
⇠⇡

into all independent angular and spin structures, one can derive the most general decompo-
sition of the Drell-Yan cross section. In the most general case with two arbitrarily polarized
hadrons, there are a total of 48 independent structures [198], out of which 24 are suppressed
at small @) .

For brevity of our discussion, we only focus on the case of pions scattering off polarized
protons, �? ! ✏⇤ ! ✓

+
✓
�, as measured by the COMPASS Collaboration [199], and refer to

[198] for the fully generic result. We also neglect contributions from / exchange, which are
suppressed at low energies. At small @) , this process is described by only six independent
structures, and can be written as [198]

d�
d4

@d⌦
=

�2
em

⇧&
2

nh
(1 + cos2 )�1

**
+ sin2  cos(2))�cos 2)

**

i
+ (! sin2  sin(2))�sin 2)

*!

+ ()(1 � cos2 ) sin )(�
sin )(

*)

+ () sin2 
h
sin(2) + )()�sin(2)+)()

*)
+ sin(2) � )()�sin(2)�)()

*)

io
, (2.174)

where ⌦ is the solid angle of the dilepton system in the Collins-Soper frame, with the angles
),  and )( defined accordingly, see Fig. 2.13. The first subscript on the structure functions �

indicates that the pion is unpolarized (*), while the second subscript corresponds to the proton
polarization, which can be unpolarized (*), longitudinally (!) or transversely ()) polarized. It

Figure from [Bastami et al ’20]

The Collins-Soper frame (PπT = PpT = qT /2)

W cosφ
UU =F

{
−H(0)

[
pTx + kTx

Q
f1pf1π +

p2
T kTx + k2

T pTx

QMpMπ
h⊥1ph

⊥
1π

]
(From the P⊥ operators)

+H(1)

[
2x1

Q

(
kTx f̃

⊥
p f1π +

Mp

Mπ
pTx h̃p h

⊥
1π

)
+

2x2

Q

(
kpx f1pf̃

⊥
π +

Mπ

Mp
kTx h

⊥
1ph̃π

)]}
(From the B⊥ operators)

F [ωH g D] = 2z
∑
f

∫
d2pT d2kT δ

2
(
~qT + ~pT − ~kT

)
ω(~pT , ~kT )

×
∫

dξHf (Q, (ξ)) gf (x, (ξ), pT )Df (z, (ξ), kT )

Anjie Gao (MIT) Subleading TMDs April 20, 2022 19 / 21



Extension to e+e− → Dihadron
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FIG. 2. e+ + e− → h1 + h2 + X process in the frame of method (2).

hadron h2 and the lepton pair (see Fig. 2), and Ph⊥ is the transverse momentum of hadron h1 in this frame. We can

rewrite the contribution corresponding to Zh1h2

collins in Eq. (76) in the following form:

sin2 θ cos(2φ0)Z
h1h2

collins = sin2 θ
(
2êα

x êβ
x − gαβ

⊥

)
Zh1h2 αβ

collins , (77)

where the unit vector êx represents the transverse direction of the hadron in the hadron frame and is defined in Fig. 2.
The tensor structure of this term leads to a cos 2φ0 azimuthal asymmetries between the two hadrons.

The structure functions Zh1h2
uu and Zh1h2

collins have the following form ,

Zh1h2
uu (Q; Ph⊥) =

1

z2
h1

∫
d2b

(2π)2
ei#Ph⊥·#b/zh1 Z̃h1h2

UU (Q; b) + Yuu(Q; Ph⊥) , (78)

Zh1h2 αβ
collins (Q; Ph⊥) =

1

z2
h1

∫
d2b

(2π)2
ei#Ph⊥·#b/zh1 Z̃h1h2 αβ

collins (Q; b) + Y αβ
collins(Q; Ph⊥) , (79)

where the first term depends on the TMD fragmentation functions for the two hadrons and dominates in Ph⊥/zh1 " Q
region, and the second term dominates in the region of Ph⊥/zh1

>∼ Q. For cos 2φ0 asymmetries, we have an additional
contribution from gluon radiation [86] associated with spin-averaged fragmentation functions. This contribution does
not depend on the Collins fragmentation function, and is proportional to P 2

h⊥/Q2. It will become important at
relatively large transverse momentum, and should be included in the above Y terms. However, in the following,
we only consider the low transverse momentum region Ph⊥ " Q, where this contribution is power suppressed as
compared to the Collins contributions. In addition, in the experimental measurements, the double ratio of the cos 2φ
asymmetries are reported for di-hadron correlations in e+e− annihilations, where this contribution is cancelled out.
Therefore, in the following analysis, we will not include neither the contribution from gluon radiation independent of
Collins FF nor the Y term.

1. Experimentally measured Collins azimuthal asymmetries in e+e−

Let us now discuss the definitions of the asymmetries associated with Collins fragmentation functions in the actual
experimental measurements. Collins function generates cos 2φ0 modulation in the e+e− cross-section, let us rewrite
Eq. (76) as follows:

d5σe+e−→h1h2+X

dzh1dzh2d2Ph⊥d cos θ
=
πNcα

2
em

2Q2
(1 + cos2 θ)Zh1h2

uu · Rh1h2(zh1, zh2, θ, Ph⊥) , (80)

Rh1h2(zh1, zh2, θ, Ph⊥) ≡ 1 + cos(2φ0)
sin2 θ

1 + cos2 θ

Zh1h2

collins

Zh1h2
uu

. (81)

One could also define analogously the Ph⊥-integrated modulation

Rh1h2(zh1, zh2, θ) ≡ 1 + cos(2φ0)
sin2 θ

1 + cos2 θ

∫
dPh⊥Ph⊥ Zh1h2

collins∫
dPh⊥Ph⊥ Zh1h2

uu

. (82)

Figure from [Kang et al ’15]

W cosφ0 =F
{
−PhT
z1Q

H(0)

[
Dh2

1 Dh1
1 −

2 pTx kTx − ~pT · ~kT
Mh1

Mh2

H⊥h2
1 H⊥h1

1

]
(Kinematic corrections)

−H(0)

[
pTx + kTx

Q
Dh2

1 Dh1
1 +

p2
T kTx + k2

T pTx

QMh1
Mh2

H⊥h2
1 H⊥h1

1

]
(From the P⊥ ops)

+H(1)

[
2

z2Q

(
kTx D̃

⊥h2Dh1
1 +

Mh1

Mh2

pTx H̃
h2 H⊥h1

1

)
+

2

z1Q

(
kpxD

h2
1 D̃⊥h1 +

Mh2

Mh1

kTxH
⊥h2
1 H̃h1

)]}
(From the B⊥ operators)

F [ωH g D] = 2z
∑
f

∫
d2pT d2kT δ

2
(
~qT + ~pT − ~kT

)
ω(~pT , ~kT )

×
∫

dξHf (Q, (ξ)) gf (x, (ξ), pT )Df (z, (ξ), kT )
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Summary & Outlook

Reviewed factorization of Wµν at NLP, as well as the NLP structure
functions, including contribution from subleading operators with
insertion of P⊥ and Bni⊥
Discussed NLP soft contributions

Showed that NLP soft contributions vanish in this process

Extension to Drell-Yan and e+e− → dihadron

Thanks for your attention!
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