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Transverse single spin asymmetry

• hadron production is left-right asymmetric
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• observed in ep, pp etc..
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Origin of (T)SSA?

• amplitude is complex - SSA sensitive to the
phase

→ interference contributions

• we need twist-3 quantities such as
quark-gluon-quark correlations
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Origin of SSA?
• some known sources in collinear framework

ETQS functions: soft gluonic pole, soft
fermionic pole, hard pole...
(TMD: closely related to the Sivers function)
Efremov, Teryaev, Sov. J. Nucl. Phys. 36, 140 (1982)
Qiu, Sterman, Phys. Rev. D 59, 014004 (1999)

twist-3 fragmentation functions
(TMD: closely related to the Collins function)
Yuan, Zhou Phys. Rev. Lett. 103 (2009) 052001
Kang, Yuan, Zhou Phys. Lett. B 691 (2010) 243
Kanazawa, Koike Phys. Rev. D 88 (2013) 074022

...

→ require new PDFs and/or FFs..
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Revisiting a 40 year old estimate
• the first pQCD estimate of SSA: Kane, Pumplin, Repko

(1978) consider the two-loop box diagram

AN ∼
αsmq

PhT

→ believed to be negligible because mq → 0

→ for > 40 years there has been no attempt to go beyond
this simple parametric estimate!

this work: explicit computation
SB, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027
SB, Hatta, Kaushik, Li 2109.05440
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Hadronic tensor
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• hadronic tensor Wµν =
∫
z
D(z)
z2 wµν

wµν =

∫
k

M (0)(k)S (0)
µν (k) +

∫
k1,k2

M (1)
σ (k1, k2)S (1)σ

µν (k1, k2)

• two parton: M (0) ∼ 〈P , S |ψ̄ψ|P , S〉
• three parton: M

(1)
σ ∼ 〈P , S |ψ̄Aσψ|P , S〉
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Hadronic tensor
• hard part - collinear expansion

kµ = xPµ+kµT S (0)
µν (k) = S (0)

µν (xP)+
dS

(0)
µν

dkαT
(xP)kαT +. . .

• soft part

M(0)(x) ∼ /Pf (x) + MNe(x) + MN(S · n)/Pγ5∆f (x)

+ M2
N(S · n)[/P, /n]γ5hL(x) + [/P, /ST ]γ5h1(x) +

+ MN /STγ5gT (x)

• no contribution from gT (x) at Born level

Eguchi, Koike, Tanaka Nucl. Phys. B 763, 198, (2007)

• higher-orders → non-zero result
SB, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027

Benić - gT (x) contribution to SSA in SIDIS - SPIN2021 - 2021/10/19



Hadronic tensor

• all-order gauge invariant result

wµν =
MN

2

∫
x

gT (x)Tr
[
γ5/STS

(0)
µν (x)

]
− MN

4

∫
x

g̃(x)Tr

[
γ5 /PS

α
T
∂S

(0)
µν (k)

∂kαT

∣∣∣∣∣
k=xP

]

+
iMN

4

∫
x1,x2

Tr

[(
/PεαPnST

GF (x1, x2)

x1 − x2
+ iγ5 /PS

α
T
G̃F (x1, x2)

x1 − x2

)
S (1)
µνα(x1, x2)

]
Ratcliffe Nucl. Phys. B 264, 493 (1986)
SB, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027

• intrinsic gT ∼ 〈ψ̄ψ〉
• kinematical g̃ ∼ 〈ψ̄∂µψ〉
• dynamical GF ∼ 〈ψ̄F µνψ〉
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Wandzura-Wilczek approximation
• gT and g̃ have a twist-two piece

gT (x) =

∫ 1

x

dx1

x1
∆q(x1) + . . . g̃(x) = −2x

∫ 1

x

dx1

x1
∆q(x1) + . . . .

• SSA from twist-two PDFs and twist-two FFs

∆σ ∼ ∆q ⊗ H ⊗ D1

• Sivers and Collins asymmetry NOT from Sivers
and Collins functions

• ∆q - twist-two helicity PDF

• D1 - twist-two unpolarized FF
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S
(0)
µν at two loops - return of the box

p2-l2

l2-l1

p1
l2 l1

p1-l2

p2-l1

q𝜈 μ

→ can get a phase
SB, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027
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S
(0)
µν at two loops - return of the box

+ =0

→ real-virtual cancellation
SB, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027
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S
(0)
µν at two loops

• check all possible cuts in all possible diagrams

→ total of 12 diagrams

(8 above + box + mirror of 1st, 2nd and 5th)

SB, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027
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SSA from TMDs - beyond Sivers
and Collins

• up to two loops

Sivers

Collins

collinear limit: g    (x)~g(x)

collinear limit: g  (x)T

1T
(1) ~

Worm-gear

SB, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027
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SSA at two loops - gluonic channel
• a gluonic analog of gT (x)∫

dλ

2π
e iλx〈PS |F nα(0)[0, λn]F nβ(λn)|PS〉 = −1

2
xG (x)gαβ

T

+
i

2
x∆G (x)εnPαβ(n · S) + iMNxG3T (x)εnαβST + . . .

Ji Phys. Lett. B 289 (1992) 137-142
Hatta, Tanaka, Yoshida JHEP 02 (2013) 003

• by a completely analogous computation

wµν = iMN

∫
dx

x
G3T (x)ε

nαβS⊥S (0)α′β′
µν (p1)ωα′αωβ′β

−iMN

∫
dx

x2
g̃(x)

(
gβλ⊥ εαPnS⊥ − gαλ⊥ εβPnS⊥

)(∂S (0)
µναβ(k)

∂kλ

)
k=p1

+ . . .

Hatta, Kanazawa, Yoshida Phys. Rev. D 88 (2013) 1 014037
SB, Hatta, Kaushik, Li 2109.05440
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SSA at two loops - gluonic channel

q p2-l1p2-l2

l2-l1p1-l2

l2 l1
p1

𝜈

β α

μ

• WW approx

G3T (x) =
1

2

∫ 1

x

dx1

x1
∆G (x1)+. . .

g̃(x) =
x2

2

∫ 1

x

dx1

x1
∆G (x1)+. . .

• SSA from twist-two PDFs and FFs

∆σ = ∆G ⊗ H(2) ⊗ D1

• ∆G - twist-two gluon helicity
SB, Hatta, Kaushik, Li 2109.05440
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Hard coefficients

l2

• l2 gluon can be collinear to
the proton
→ divergence is cancelled

between S
(0)
µν and dS

(0)
µν /dkαT

d6∆σ

dxBdQ2dzf dq
2
Tdφdχ

=
α2

emα
2
sMN

16π2x2
BS

2
epQ

2

∑
k

AkSk
∫ 1

xmin

dx

x

∫ 1

zmin

dz

z

× δ
(

q2
T

Q2
−
(

1−
1

x̂

)(
1−

1

ẑ

))
×
∑
f

e2
f

[
Df (z)x2g ′

Tf (x)∆σ̂qq
Dk + Df (z)xgTf (x)∆σ̂qq

k + (qg channel) + (gq channel)
]

SB, Hatta, Kaushik, Li 2109.05440
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Hard coefficients

• all hard coefficients ∆σ̂ extracted in completely
closed form expressions

• checked QCD and QED gauge invariance
SB, Hatta, Kaushik, Li 2109.05440
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Numerical setup

A
sin(αφh+βφS )
UT =

2
∫ 2π

0
dφhdφS sin(αφh + βφS)[dσ(φh, φS)− dσ(φh, φS + π)]∫ 2π

0
dφhdφS [dσ(φh, φS) + dσ(φh, φS + π)]

• numerator: O(α2
s ) gT contribution

• denominator: O(αs) unpolarized cross section
Meng, Olness, Soper Nucl. Phys. B371, 79, (1992)

Sivers A
sin(φh−φS)
UT , Collins A

sin(φh+φS)
UT , etc...

• gT (x) and G3T (x) computed from the WW relation to helicity PDFs

gT (x) =

∫ 1

x

dx1

x1
∆q(x1) , G3T (x) =

1

2

∫ 1

x

dx1

x1
∆G (x1)

• we use most recent global fits for helicity PDFs: NNPDF and JAM
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Sivers - EIC predictions

• Sivers up to 2% (JAM) at large xB and small Q2

• drop for small xB :

AUT ∼
∆σ

σ
∼ α2

sxgT (x)

αs f (x)
∼ αs

x∆f

f
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Channel breakdown

• cancellation between qq and qg channels
• Sivers flips sign going from small to large zf
• tiny contribution from the gluon initiated (gq) channel
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All AUTs @ EIC

Sivers

Collins

• three AUT s at a few percent level:
sin(φh − φS) (Sivers), sin(φS) and sin(2φh − φS)
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Sivers and Collins at COMPASS

• Sivers up to 1% (JAM) in magnitude, Collins small
• Sivers asymmetry at COMPASS positive, but for PhT < 1

GeV
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Conclusions
• new contribution to SSA from gT (x) ∼

∫ 1

x
dx1∆f (x1)/x1

in SIDIS at two loops

KPR : AN ∼
αsmq

PhT

x∆f (x)

f (x)

• involves only (known) twist-2 PDFs and FFs (after WW
approx)

• numerical computation in SIDIS reveals up to 2% for the

Sivers moment A
sin(φh−φS )
UT at the EIC with PhT > 1 GeV

• asymmetries drop for small xB : ∆σ ∼ xgT (x)

• expect similar contributions from gT (x) in pp, DY, open
charm etc..

• at PhT < 1 GeV we need a TMD computation → more
sources for SSA possible
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Energy dependence

• a percent level asymmetry persits up to top EIC
energies

SB, Hatta, Kaushik, Li 2109.05440
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Sivers and Collins at COMPASS

Sivers up to 1% (JAM) in magnitude, Collins small
• Sivers asymmetry at COMPASS positive, but for PhT < 1

GeV
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