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Single-Spin Asymmetries
• Collisions involving transversely polarised hadrons → left-right

asymmetry in particle production
• Observed in various pp and ep processes – AN ∼ a few %

AN =
dσ↑ − dσ↓

dσ↑ + dσ↓
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Quest for a phase

• SSA is linear in spin:

AN ∝ S · (P × k)

and spin always comes with a factor of i

=⇒ A phase (interference) is required!

• Quest for SSAs is a quest for a phase
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Theoretical description of SSAs
• In collinear factorization, SSAs have been described in terms of
three-parton correlation functions, i.e twist-3 parton distribution
functions (ETQS) functions and twist-3 fragmentation functions
Efremov, Teryaev, Sov. J. Nucl. Phys. 36, 140 (1982)
Qiu, Sterman, Phys. Rev. D 59, 014004 (1999)
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

For example,

• Relevant hard parts involve three active partons. Phase arises when
internal propagator goes on-shell: 1/(k2 + iϵ) = PV(1/k2) + iπδ(k2)

• Twist-3 distributions not very well known.

Abhiram Kaushik (Univ. of Zagreb) SSA from gT (x) in SIDIS 4 / 25



Perturbative source of phase
• first parametric estimate of SSA in pQCD: Kane, Pumplin and Repko
(1978) considered the two-loop box diagram

AN ∼ αs
mq

PhT

• asymmetry expected to vanish as mq → 0

However,

• difficult to perform real life experiments with a transversely polarised
quark beam

• No attempts to go beyond this simple parametric estimate for more
than 40 years
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Perturbative sources of a phase
A more complete pQCD computation =⇒ SSA from gT (x)

p2-l2

l2-l1

p1
l2 l1

p1-l2

p2-l1

q𝜈 μ

• Real life cross-sections in QCD are convolutions of hard parts and
PDFs: the twist-3 quark distribution gT (x) can lead to SSA in SIDIS
at the two-loop level
Benić, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027

• Phase arises in two-loop diagrams (as in KPR) when certain certain
internal propagators are cut.

• gT is a chiral-even transverse-spin dependent contribution to the
quark-quark correlator∫

dλ

2π
e iλx⟨PS |ψ̄(0)ψ(λn)|PS⟩ = MN

2
γ5/STgT (x) + ...
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SSAs at two loops in SIDIS
• Schematically,

dσ↑ − dσ↓ ∝ d∆σ

dPhT
∼ gT (x)⊗ H(2) ⊗ D1(z)

• gT (x) has contributions from twist-2 helicity PDF

gT (x) =

∫ 1

x

dx ′

x ′
∆q(x ′) + (genuine twist-3)

• Wandzura-Wilczek approximation: ignore genuine twist-3
contributions

• In effect,

d∆σ

dPhT
∼ gT (x)⊗ H(2) ⊗ D1(z) ∼ ∆q(x)⊗ H(2) ⊗ D1(z)

• SSA completely determined in terms of well understood twist-2
distributions!
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This work

In this work we,

1. extend the analysis to include gluon-initiated contribution from the
twist-3 distribution G3T , which is the gluonic counterpart of gT .

• In analogy with the quark case,

d∆σ

dPhT
∼ G3T (x)⊗ H(2)

g ⊗ D1(z) ∼ ∆G (x)⊗ H(2)
g ⊗ D1(z)

2. present numerical estimates for asymmetry in SIDIS through these
mechanisms at COMPASS and EIC.

Benić, Hatta, Li, AK Phys. Rev. D 104 (2021) 9, 094027

Abhiram Kaushik (Univ. of Zagreb) SSA from gT (x) in SIDIS 8 / 25



Why gT at two loops?
Consider the hadronic tensor in SIDIS

P

k

q

Ph�z

SH0L

M H0L

PhPh

P

k1 k2k2-k1

q

Ph�z

SH1L

M H1L

PhPh

• W µν =
∫
z
dz
z2
D(z)wµν ,

wµν =

∫

k

M(0)(k)S (0)
µν (k) +

∫

k1

∫

k2

M(1)
σ (k1, k2)S

(1)σ
µν (k1, k2)

• Need to include twist-3 distributions =⇒ consider hadronic tensor
upto three parton correlator.

• M
(0)
ij ∼ ⟨PST |ψ̄jψi |PST ⟩

• M
(1)σ
ij ∼ ⟨PST |ψ̄jgA

σψi |PST ⟩
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Why gT at two loops?

• Hard part - expand in collinear limit: kµ = xPµ + kµT

S (0)
µν (k) = S (0)

µν (xP) + kα
T
dS

(0)
µν

dkα
T

(xP)

• Soft part

M(0) ∼ /pf (x) +MN/pγ5(S · n)∆q(x) +MN /STγ5gT (x)

+transversity and higher twist terms...

• gT appears in correlator with γ5. Traces involving γ5 produce a factor
of i.

• Hence gT recieves no contributions from hard part S (0) at the Born
level.
Eguchi, Koike, Tanaka Nucl. Phys. B 763, 198, (2007)

• Can receive non-zero contributions beyond Born level.
Benić, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027
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Why gT at two loops?
All order and gauge invariant result:

wµν =
MN

2

∫
dxgT (x)Tr

[
γ5/STS

(0)
µν (xP)

]
− MN

4

∫
dxg̃(x)Tr

[
γ5 /PS

α
T
∂S

(0)
µν (k)

∂kα
T

∣∣∣∣∣
k=xP

]

+
iMN

4

∫
dx1dx2Tr

[(
/PϵαPnST GF (x1, x2)

x1 − x2
+ iγ5 /PS

α
T
G̃F (x1, x2)

x1 − x2

)
S (1)
µνα(x1P, x2P)

]

• g̃(x) is another “kinematic” twist-3 distribution - first moment of
worm-gear TMD g1T

gT (x) +
g̃(x)

2x
=

∫
dx ′GF (x , x

′) + G̃F (x , x
′)

x − x ′

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

Neglecting explicit twist-3 contributions (WW approximation),

wµν ≈ MN

2

∫
dxgT (x)S

α
T

(
∂

∂kαT
Tr[γ5/kS

(0)
µν (k)]

)

k=xP
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Gluon initiated contribution G3T
Two-gluon correlator in a polarised proton,

M(0)αβ ∼ ⟨PST |F nα W F nβ |PST ⟩ ∼ xG(x)gαβ
T + iMNx∆G(x)(S · n)ϵnrαβ

+ iMNxG3T (x)ϵ
nαβS⊥

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

• G3T - transverse spin dependent contribution to the two-gluon
correlator.

• WW decomposition:

G3T (x) =
1

2

∫ 1

x

dx ′

x ′ ∆G(x ′) + (genuine twist three)

q p2-l1p2-l2

l2-l1p1-l2

l2 l1
p1

𝜈

β α

μ
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Calculation of hard part
Asymmetry can be written schematically as,

A
sin(αϕh+βϕS )
UT ∼ α2

s (xgT (x) or xG3T (x))⊗ H(2) ⊗ D1(z)

αs q(x)⊗ H(1) ⊗ D1(z)
∼ αs

x∆q or x∆G

q(x)

All contributions to H(2) have a generic ‘AMA’ structure:

Ν Μ

l2 l1

AMA
�

�

• Each blob represents 2-2 scattering

• Phase arises from cutting internal lines, i.e., regions of loop
momentum l2 where the two lines go on-shell.

• Potential divergence when l2 gluon is collinear to proton cancels out

between S
(0)
µν and

dS
(0)
µν

dkα
T
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Calculation of hard part

d6∆σ

dxBdQ2dzf dq2
Tdϕdχ

=
α2
emα

2
SMN

16π2x2
BS

2
epQ2

∑
k

AkSk

∫
dx

x

∫
dz

z

× δ

(
q2
T

Q2
−

(
1− 1

x̂

)(
1− 1

ẑ

))
×
∑
f

e2f
[
Df (z)x

2 ∂gTf (x)

∂x
∆σ̂qq

Dk + Df (z)xgTf (x)∆σ̂
qq
k + (qg channel) + (gq channel)]
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Numerical results

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)]

,

• Five independent moments including Sivers A
sin(ϕh−ϕS )
UT and Collins

A
sin(ϕh+ϕS )
UT

• Sivers and Collins asymmetry NOT from Sivers and Collins functions.

• gT (x) and G3T from helicity distributions using the WW
approximation.

gT (x) =

∫ 1

x

dx ′

x ′ ∆q(x ′), G3T (x) =

∫ 1

x

dx ′

x ′ ∆G(x ′)

• We used the latest fits of helicity distributions from NNPDF and JAM.
Nocera, Ball, Forte, Ridolfi, and Rojo, Nucl. Phys. B 887, 276 (2014)
Ethier, Sato, and Melnitchouk, Phys. Rev. Lett. 119, 132001 (2017)

A
sin(αϕh+βϕS )
UT ∼ α2

s (xgT (x) or xG3T (x))⊗ H(2) ⊗ D1(z)

αs q(x)⊗ H(1) ⊗ D1(z)
∼ αs

x∆q or x∆G

q(x)
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Sivers asymmetry at EIC
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• Sivers asymmetry up to 2% with JAM at moderate-to-large x and low
Q2.

• Decreases at low-x .
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Channel breakdown
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• cancellation between qq and qg channels
• qg channel kinematically suppressed at large zf — sign change in
asymmetry with NNPDF

• JAM has smaller g → π+ FF =⇒ less cancellations
• Negligible contribution from gluon-initiated (gq) channel (x2

suppression).
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All AUT moments at EIC

• sin(ϕh − ϕS) (Sivers), sin(ϕS) and sin(2ϕh − ϕS) moments are at
percent level. Collins negligible.
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Comparison with HERMES results on AsinϕS
UT
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• Recent low pT HERMES data indicate 1-2% level sinϕS moment in
SIDIS
A. Airapetian et al. (HERMES), JHEP 12, 010 (2020)

−→ First extraction of collinear twist-3 fragmentation function H̃ by
JAM collaboration
Gamberg, Malda, Miller, Pitonyak, Prokudin, Sato, Phys. Rev. D 106, 034014 (2022)

• Interestingly, two-loop mechanism gives AsinϕS
UT of similar size and sign

at slightly higher pT (collinear regime)

• Potential contributions from this mechanism in the TMD regime?
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Sivers and Collins at COMPASS
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• Sivers at percent level for π+ with JAM. Collins negligible.

• Only available datapoint from COMPASS at PhT ≈ 1.5 shows
positive Sivers asymmetry (∼ 2.5%) but with large errors.
Adolph et al., Phys. Lett. B744, 250 (2015)
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Summary and conclusions

Presented numerical results for gT contribution to SSA at two loops.

• Perturbative contributions to SSA not vanishing as generally believed

• Via the twist-3 distribution gT , they can lead to percent level SIDIS

moments A
sin(ϕh−ϕS )
UT (Sivers), A

sin(ϕS )
UT and A

sin(2ϕh−ϕS )
UT upto EIC

energies.

• Negligible contribution from G3T to SIDIS (which was to be
expected). Heavy quark production (open charm, J/ψ) in SIDIS.

• Asymmetry calculated entirely in terms of twist-2 distributions.

• Perturbative contributions need to be accounted for when
constraining other mechanisms (ETQS, twist-3 fragmentation etc.)

• Two-loop mechanism in the kT -factorization regime might be
relevant in describing AsinϕS

UT data.
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Thank you!
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Additional slides
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Comparison with the KPR estimate

• Kane, Pumplin and Repko (1978) presented the first parametric
estimate of SSA in pQCD as

AN ∼ αs
mq

PhT

• expected to vanish since mq → 0
• but in this mechanism,

AN ∼ αs
xMN

PhT
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Another source of phase

• Kovchegov and Sievert proposed using a quark level calculation
(q↑A → h+ X ) that the imaginary part of the dipole distribution (the
odderon) could supply the necessary phase for a SSA in polarised p↑A
collisions.

S(x⊥, y⊥) = P(x⊥, y⊥) + iO(x⊥, y⊥)

Kovchegov, Sievert, Phys. Rev. D 86, 034028 (2012)

• Attempting to perform this calculation at the hadron level, we
recently identified the relevant collinear PDF for the odderon
mechanism as the twist-3 gT (x) distribution and showed that the
asymmetry vanishes up to next-to-leading order when the
Wandzura-Wilczek approximation.
Benić, Horvatić, AK, Vivoda, 2210.10353
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