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Transverse single spin asymmetry

« hadron production is left-right asymmetric

unpolarized
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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

e the first pQCD estimate of SSA: Kane, Pumplin, Repko
(1978) consider the two-loop box diagram

VoLums 41, Numser 25 PHYSICAL REVIEW LETTERS 18 DECEMBER 1978

Transverse Quark Polarization in Large-py Reactions, e*e~ Jets,
and Leptoproduction: A Test of Quantum Chromodynamics

G. L. Kane
Physics Department, University of Michigan, Ann Avbor, Michigan 18109 & m

and
J. Pumplin and W. Repko mn
Physics Department, Michigan State University. East Lansing, Michigan 18523 N

(Received 5 July 1978) P

— believed to be negligible because my; — 0

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

: _ [ D(9)
« hadronic tensor W, = [ —Fw,,

o= [ MOWSLW)+ [ MOl ko) S . )

k k1,ko
« two parton: MO ~ (P, S|i|P, S)
« three parton: M ~ (P, S|JA0|P, S)
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Hadronic tensor
« hard part - collinear expansion

dsto)

— 0 _ 0
k= xPr+Ky SO (k) = S;V)(xP)+—dk%

1%

« soft part

MOG) ~ PF(x) + Mye(x) + Mu(S - n)PrsF(x)
+ My(S - n)[P, flvsh(x) + [P, $rlvshu(x) +
+ MyErysgT(x)

« no contribution from gr(x) at Born level

substitution _: the spinor trace
Tr[-- -] involving ys produces the factor i to the first term in (26) and the result is contracted with
the real tensor L, of (20) to derive the contribution to (19): but this yields a real quantity for the
cross section only when another factor i is provided by the hard part S (xp, ¢. P;,/2). which is
Similarly, it is straightforward to see that the second term

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

o higher-orders — non-zero result
SB, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027
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Hadronic tensor

. all-order gauge invariant result
=29 [ r()Te [155 7S

(0)
- [z [75?5% Pt . P]

Dk
N :MJ/ Tr[(PEaPnsTGF(XhX) + i»yS?S%CM)SS)a(thz)]
X1,%2

2
4 X1 — X2 X1 — X2

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

e intrinsic g7 ~ <TZ¢>
e kinematical g ~ (@58“@@
o dynamical Gg ~ (tpFH 4))
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Wandzura-Wilczek approximation

« g7 and g have a twist-two piece

1 1
gr() = [ Sraata) o B0 = -2x [ Aqea) 4o

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

Ao~ Ag®® H® Dy

« Sivers and Collins asymmetry NOT from Sivers
and Collins functions

« Aq - twist-two helicity PDF
o Dy - twist-two unpolarized FF
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5,53) at two loops - return of the box

n

— can get a phase

SB, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027
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5,53 at two loops - return of the box

— real-virtual cancellation

SB, Hatta, Li, Yang Phys. Rev. D 100 (2019) 9, 094027
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S(V) at two loops

« check all possible cuts in all possible diagrams
— total of 12 diagrams

@mmwﬁ@

/\W\ /W\N%’\/t‘%’\

(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

Worm-gear
' collinear limit: g{}(x)~§(x)
Sivers

0 1 2
do = flroH oD fftreH oDt +fheH? | ect
tor® Hﬂ(fizvi'rswy ®GT +qr® H'(vi)rﬁy ® D*
A HT e O+ HD G H 10 H O F

teroH) L @HMtetoH . ©Hf

cott 1111 o .+ O

threHY et +heHY | oHf

Y50 YT s Y50~

collinear limit: g;(x)

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 gr(x)

/ Z%ef*mpswam)[o, An]F™2(An)|PS) = f%XG(x)gﬁﬁ
+ éxAG(x)e"Po‘ﬁ(n - S) + iMyxGsT(x)e™ BT 4+ .

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

« by a completely analogous computation

. dx no o' B’
Wy = iMy / 7g3r(x)e oL S;(LOJ P (p1)waraws 5
. dx ~ BX _aPnS | aX _BPnS| 8SL(¢OV)QB(k)
_/I\/IN/Fg(X)(gJ_e — g€ ) o +...
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

v n

qull pl, Pl \):r’ « WW dpprox

1 ! dX]_
Pl lz-lé g”(x)_é/x S AGka)+

i X 1 X
nEL 1 B9=" [ Lracta..
B a :
e SSA from twist-two PDFs and FFs

Ao = AG® H? @ Dy

« AG - twist-two gluon helicity

SB, Hatta, Kaushik, Li 2109.05440
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Hard coefficients

e |, gluon can be collinear to
the proton
— divergence is cancelled
between S,S(,),) and dS,(“O,) /dk$

lﬁ/lg
X Jy . z

‘min ‘min

d°A 2 o2M
s A |
dxgdQ2dzrdqTdpdx  16m2x3S52,Q2 p .

2
><6<qT (17§) (11)>
Q2 X z
X Z &2 [Dr(2)x°gh(x)AG% + Dr(z)xgre(x)A6(7 + (qg channel) + (gq channel)]
F

SB, Hatta, Kaushik, Li 2109.05440
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Hard coefficients

« all hard coefficients A6 extracted in completely
closed form expressions

e S S
« checked QCD and QED gauge invariance

SB, Hatta, Kaushik, Li 2109.05440
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Numerical setup

Asn(asntBos) _ 2 Jo dondgs sin(agn + Bos)[do(dn, ¢s) — do(én, s + )]
o fo27r dordps[do(dn, s) + do(én, s + )]

. numerator: O(a?) gt contribution

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

Sivers Asm(d)h ), Collins As'n(¢h+¢5), etc...

e g7(x) and G37(x) computed from the WW relation to helicity PDFs

gr(0= [ aqx).  Garb = [ 2a6(a)

X1
e we use most recent global fits for helicity PDFs: NNPDF and JAM
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Sivers - EIC predictions
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o Sivers up to 2% (JAM) at large xg and small Q?
e drop for small xg:
Ao a’xgr(x) xAf

A ~N — ~ ~ Qs
i, asf(x) TF
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Channel breakdown

EIC. VS, = 45GeV, 0.05 < z; < 0.4 EIC. VS, = 45GeV., 05 < z; < 0.9

+
0.005 ™

—0.010 A?}‘%Oh*@) NNPDF NNPDF

s JAM | JAM

10 15 20 25 L0 15 20 25 30
Pir (GeV) Pir (GeV)

« cancellation between gq and gg channels

« Sivers flips sign going from small to large zf
e tiny contribution from the gluon initiated (gq) channel
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All AUTS @ EIC

—oot
Sivers =m—p

. —o0ms
Collins me——p =

VSep = 45GeV

sin(30,—0s) 10V < Q2 < 10GeV?
A” 1GeV? < Q* < 10GeV

==NNPDF
JAM
=

5 20 25 10 5 20 25 5 20 25
Pur (GeV) Pur (GeV) Pur (GeV)

o three Ayrs at a few percent level:
sin(¢n — ¢s) (Sivers), sin(¢s) and sin(2¢, — ¢s)
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Sivers and Collins at COMPASS

COMPASS COMPASS
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o Sivers up to 1% (JAM) in magnitude, Collins small

« Sivers asymmetry at COMPASS positive, but for P, < 1
GeV
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Conclusions
e new contribution to SSA from gr(x f dx1 Af(x1)/x
in SIDIS at two loops

QMg

KPR : Ay ~

hT

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

e numerical computation in SIDIS reveals up to 2% for the
Sivers moment AS(“"~?) at the EIC with Py > 1 GeV

o asymmetries drop for small xg: Ao ~ xgr(x)

o expect similar contributions from gr(x) in pp, DY, open
charm etc..

e at P, <1 GeV we need a TMD computation — more
sources for SSA possible
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Energy dependence
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« 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
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o Sivers asymmetry at COMPASS positive, but for P, < 1
GeV

Benié - g7(x) contribution to SSA in SIDIS - SPIN2021 - 2021/10/19



