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Sfeolon7 O/7/7E

Sivers ~ sin(¢, - ¢.), Collins ~ sin(¢p, + ¢p.), ...

Thrust axis 1

Collins ~ cos(¢p, + ¢, ), ...

p'{p,n} — {IT1", W/Z} X p'{p. 1} = {r.1}X
4y .

lepton plane

Sivers ~ sin( ¢, ) (lepton pair) / Sivers ~ cos( ¢y, ) (boson) A\~ do,—do,
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TMD and CT3 Observables
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Drell-Yan Sivers effect

RHIC, STAR (2016)
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SIDIS Sivers effect ( sin(¢, - @.))
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Anselmino, et al. (2017)
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SIDIS Collins effect ( sin(¢, + ¢.)) e*e Collins effect ( cos(2¢p,) )
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v Anselmino, et al. (2015) Kang, et al. (2016)
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el it Thrust axis 7

hla flJ_Ta HlJ_ HlJ_

lepton plane
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Ayinpp->y X
VS =200GeV,n =30 VS =510GeV,n =30
A{ — Total A};i — Total
X -- x-¢SGP I s xr -- x-¢ SGP
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(Kanazawa, Koike, Metz, DP — PRD 91 (2015))
(See also Gamberg, Kang, Prokudin (2013))

Qiu-Sterman term is the main
cause of Ay inpp ->y X

dAc™ ~ H® fi @ Fpr(z,x)

N\

Qiu-Sterman function
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dAoc™ ~ H® f1 ® Frr(z,x)

PAo(Fr) _ o <~ [1 dz a1
E, = = R B g g ‘ ~J
4 d3/ IS Z/ T h( ) /;/ = IL"S-i—T/Z qu/B(’L)

a,b,c ¥’ #min min
€€sTnﬁ 1 d

X VAmas ( . ) . [Ta,p(a:.:z;) —z (ETQF(:I;’L))] Hap.o(3,t,1)

~ W

I Frr ~Tg I (Qiu and Sterman (1999), Kouvaris, et al. (2006))

For many years the Qiu-Sterman/Sivers-type contribution was thought
to be the dominant source of TSSAsin p'p — 7 X
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(Metz and DP - PLB 723 (2013))
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AAGT Nh1®5®< J_(l)H/dzl HFU )

1/2 — 1/2’1)2

Hi(z) = —QZHf(l)’q(z) +

relation

dzq 1 NP QCD e.o.m.
(EOMR)
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ﬁ%
dAG™ ~h1®5®< “”H/dzl FU )

1/2 — 1/2’1)2

dz HS
dAc™ ~hy @ S | - H/ ! FU
7 ®< S RN VPR VEAL

Also included the Qiu-Sterman term 7 Frr(x, ) = flLT(l) (x)

T T T T T

0o | STAROS svi | TOTAL = SV2 |
| <n>=37 i
_ H

Fragmentation term is the main
cause of Ay inpp ->mt X

02 04 06 | 04 0.6
F
(Kanazawa, Koike, Metz, DP, PRD 89(RC) (2014))
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d oS
dAG™ ~h1®5®< “”H/ “1 FU )

1/,2 — 1/2’1)2

Invariance
Z

H(z) (1 B zi) HEa( ) 2/00 dz1 HE(2,21) Lorentz
z Z% (1/2=1/21)* | relation (LIR)

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))
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== Thrust axis 72

hi, flJ_Ta HlJ_ HlJ—

lepton plane

1
1T h]_7 FFT, H]_ ’ H
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lepton plane

1
1T h]_7 FFT, H]_ ’ H
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Relations between TMD and CT3 Functions
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Figure from EIC Whitepaper

Wi(x,b,,k,)
Wigner distributions

[d’b, | | [dk,

/‘ '\.'k/ ) .f(x9b'l')

transverse momentum impact parameter
distributions (TMDs) distributions

semi-inclusive processes

[d’k, [dp,

f(x)
parton densities
inclusive and semi-inclusive processes

One naively expects that we can obtain collinear functions by integrating TMDs over k-
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

Takes into account “complications” of QCD (e.g., parton re-scattering and gluon radiation)
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

“b-space” correlator

~ + —_ _~ . . . . .
O (2, b0 Q% 1q) = fu(x, br; Q% pg) — iMeIbyS5, [—
Boer, Gamberg, Musch, Prokudin (2011)

1 0
M? b Obr

= fl_LT(l) (ZU, br; Q27 UQ)

fi}(m, br; Q27 /JJQ)]
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

“b-space” correlator

.4 o ~ _ i i 1 0 -
8712, B3 Q%) = (e brs Q% ) — iMe 5 - Fie (b1 @, 1)
: M?2 by Obr
Boer, Gamberg, Musch, Prokudin (2011)
sl
= flT(l) (ZU, bT; Q27 UQ)

fi(z,br; Q% ng) ~ (éfl(as/s?:,b*(bT);ui*,ub*,ozs(ub*))®f1(fi';ub*))

Collins (2011); ... X €xXp [_Spert(b* (bT); Hb, Qa :UJQ) - S]];lp(bTa Q)]
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

“b-space” correlator

.4 o ~ _ i i 1 0 -
8712, B3 Q%) = (e brs Q% ) — iMe 5 - Fie (b1 @, 1)
: M?2 by Obr
Boer, Gamberg, Musch, Prokudin (2011)
sl
= flT(l) (ZU, bT; Q27 UQ)

fi(z,br; Q% ng) ~ (éfl(as/s?:,b*(bT);ui*,ub*,ozs(ub*))®f1(fi';ub*))

Collins (2011); ... X €xXp [_Spert(b* (bT); Hb, Qa :UJQ) - S]];lp(bTa Q)]

~ el R R R
fL(l)(CU br; Q?, nQ) o~ (CflT(xlax%b*(bT);:u%*nUJb*aas(:ub ) ® Frr(Z1, CUzslib*))

X exp [_Spert(b* (bT)7 b, 5 Q? MQ) SflT (bT Q>]

Aybat, Collins, Qiu, Rogers (2012); Echevarria, Idilbi, Kang, Vitev (2014); ...
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

fi,br3 Q% ng)  ~ (éf1<a:/:%,b*<bT>;ui*,ub*,as<ub*>>@fl(az;um)

X exp [_Spert(b* (bT)3:“b*7Q"uQ) N S]]iflp(bT’ Q)]

~ /

perturbative Sudakov factor non-perturbative Sudakov factor

(@)K bepi) [ U n(51) — (s (W) QY] g (2, br) + gic(br) In(Q/Qo)

M, ,u I

same for unpol. and pol. different for  universal
each TMD
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

fi,br3 Q% ng)  ~ (éf1<a:/:%,b*<bT>;ui*,ub*,as<ub*>>@fl(az;um)

X exp [_Spert(b* (bT)3:“b*7Q"uQ) N S]]iflp(bT’ Q)]

~ /

perturbative Sudakov factor non-perturbative Sudakov factor
o He d ! / /
—In(Q/pp, ) K (bs, 1y, ) — / ui (as(i'); 1) — v (as(W) In(Q/u)]  gp (,07) + g (br) In(Q/Qo)
b, I
Y .
same for unpol. and pol. different for  universal
each TMD

b.(br) = \/1 n bg 2 /12 o, = C1/by(br)

max
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

fi,br3 Q% ng)  ~ (éf1<x/:%,b*<bT>;ui*,ub*,as<ub*>>@fl(:r:;um)

X exp [_Spert(b* (bT)3:“b*7Q"uQ) N SJJGP(bT’ Q)]

~ /

perturbative Sudakov factor non-perturbative Sudakov factor

~ NQd
—1n(Q/ub*)K(b*,ub*)—/ : Y(as(u'); 1) — vk (as(W) In(Q/1)]  gp (z,br) + gr (br) In(Q/ Qo)
M, |
same for unp'ol.and pol. different for ~ universal
each TMD
bQ
b.(br) = — .
(br) 1+ 02 /02 ty, = C1/bi(br)

Note: b, (0) = 0 and (up, )b, 0 = oo ==y problematic large logarithmsin S,
(Bozzi, Catani, de Florian, Grazzini (2006); Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

fi,br3 Q% ng)  ~ (éf1<x/:%,b*<bT>;ui*,ub*,as<ub*>>@fl(:re;um)

X exp [_Spert(b* (bT)3:“b*7Q"uQ) N SJJGP(bT’ Q)]

~ /

perturbative Sudakov factor non-perturbative Sudakov factor
% Hed / ! ~
~In(Q/ ) K (b, an.) - 6;‘ e 1 ),1)—7K(as(u) 97, (,br) + g (br) n(Q/ Qo)

Hb

- | ' J \

same for unpol. and pol. different for  universal
each TMD
bQ
b.(br) = = C1/b.(b

Note: b, (0) = 0 and (up, )b, 0 = oo ==y problematic large logarithmsin S,
(Bozzi, Catani, de Florian, Grazzini (2006); Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

[ (k13 @ 1) = Fibr — 0:Q%, 1) = 01

(Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

k2 ~
/dsz 2]\?2 fir(@, ks Q% o) = fid ) (@1Q% pq) = fir (2, br — 0;Q2, 1g) = 0!

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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Figure from EIC Whitepaper

Wi(x,b, ,k,)
Wigner distributions

N -

[d’b, [dk,
4 27
J(x.k) J(x,b,)
transverse momentum impact parameter
distributions (TMDs) distributions

semi-inclusive processes
F 4

9 [d’k, [dp,
o X
f(x)

parton densities
inclusive and semi-inclusive processes

L9
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

[ (k13 @ 1) = Fibr — 0:Q%, 1) = 01

(Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

k2 ~
/dsz 2]\?2 fir(@, ks Q% o) = fid ) (@1Q% pq) = fir (2, br — 0;Q2, 1g) = 0!

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))

TMDs lose their physical interpretation in the “Original CSS” formalism!
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

[ (k13 @ 1) = Fibr — 0:Q%, 1) = 01

(Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

k ~
/d2kT Sz fir (@ ke Q7 ) = @ Q% ) = fir (z,br — 0;Q%, ug) = 0!

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))

TMDs lose their physical interpretation in the “Original CSS” formalism!

Kr(a)or = [dhr iy (WMSTffT(x, kﬂ)

/

avg. TM of unpolarized
quarks in a transversely
polarized spin-1/2 target

d quark

e
&)

Momentum along y axis (GeV)

0.5 0 05 ;
Momentum along x axis (GeV) A. Prokudin (2012)
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..

[ (k13 @ 1) = Fibr — 0:Q%, 1) = 01

(Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

fﬁ(aja kT; Q27 :LLQ)

(Gamberg, Metz, DP, Prokudin, PLB 781

TMDs lose their physical interpretati

/

avg. TM of unpolarized f‘!?
quarks in a transversely
polarized spin-1/2 target

1(1
= 1T( )(ZC;Q2,,[L

Q) = f#l)(wa br — 0;Q%, ug) = 0!

in the “Original CSS” formalism!

(i ()7 = / Pl Ky (

ot 9 05 A. Prokudin (2012)

Momentum along x axis (GeV)
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“Improved CSS” (Unpolarized) (Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))*

Place a lower cut-off on b;: by — b.(by) where b.(br) = \/b2 + b2/ (C5Q)?

L C1 . C1C5Q
— [lp, — = b (b (b7) so pp, is cut off at p. ~ b

*Other modifications are discussed in this reference that attempt to improve the agreement of the CSS
W+Y formulation with the differential cross section over all transverse momentum regions.
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“Improved CSS” (Unpolarized) (Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

Place a lower cut-off on b;: by — b.(by) where b.(br) = \/b2 + b2/ (C5Q)?

L C1 . C1C5Q
— [lp, — = b (b (b7) so pp, is cut off at p. ~ b

i@, be(br); Q% ng)  ~  (CF(a/a,b(belbr))s B2 i s (1) © (&3 )

X €exp [_Spert(b*(bc(bT)); I, Q7 :U’Q) - S]{flP(bC(bT)? Q)}
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“Improved CSS” (Unpolarized) (Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

Place a lower cut-off on b;: by — b.(by) where b.(br) = \/b2 + b2/ (C5Q)?

L C1 . C1C5Q
— [lp, — = b (b (b7) so pp, is cut off at p. ~ b

i@, be(br); Q% ng)  ~  (CF(a/a,b(belbr))s B2 i s (1) © (&3 )

X €exp [_Spert(b*(bc(b’f)); I, Q7 /'LQ) - S]{flP(bC(bT)? Q)}

“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, PLB 781 (2018))

~7 4 — ~
Q)[’Y ](ZC, bT7 Q27 MQ) — fl (,’1}, bT7 ,[,LQ) — ZMGZJbZ Sr%fL(l)(ma bT; Q27 I’LQ)
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“Improved CSS” (Unpolarized) (Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

Place a lower cut-off on b;: by — b.(by) where b.(br) = \/b2 + b2/ (C5Q)?

L C1 . C1C5Q
— [lp, — = b (b (b7) so pp, is cut off at p. ~ b

i@, be(br); Q% ng)  ~  (CF(a/a,b(belbr))s B2 i s (1) © (&3 )

X €exp [_Spert(b*(bc(b’f)); I, Q7 /'LQ) - S]{flP(bC(bT)? Q)}

“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, PLB 781 (2018))

(1:’[7+](5U75T;Q27MQ) = fl(il?: by Q% Q) — Z'MEin1 (1)(m br} Q% 11q)

v / ™~

b,-> b (b;) NO b, -> b.(b;) replacement — b;->b(b;)
kinematic factor NOT associated
with the scale evolution
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“Improved CSS” (Unpolarized) (Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

Place a lower cut-off on b;: by — b.(by) where b.(br) = \/b2 + b2/ (C5Q)?

L C1 . C1C5Q
— [lp, — = b (b (b7) so pp, is cut off at p. ~ b

i@, be(br); Q% ng)  ~  (CF(a/a,b(belbr))s B2 i s (1) © (&3 )

X €exp [_Spert(b*(bc(b’f)); I, Q7 /'LQ) - S]{flP(bC(bT)? Q)}

“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, PLB 781 (2018))

O (2, by, be(br): Q% 1) = Fi(@, be(br); Q2 o) — iM TS0 F- (@, be(br); Q2 po)

Fir? @, be(br); Q% )~ (OFir(@1, 8, bu(be(br))s B2, s a(1)) © F (1, 23 )

X exp [_Spe"r’t(b*(bc(bT)); 1, Qa MQ) — S]]:;;g(bc(bT)? Q)}
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Analogous modification for fragmentation functions...

Dy (2,be(br); Q% @)~ (CP(2/2,bu(bebr)): %, (1)) @ Da (33 )

X eXp [_Spert(b*(bc(bT)); laa Q: MQ) T S.ﬁ}?(bc(bT)? Q)i|

A (2,00 (br); Q% pq)  ~  (CH(2/2,bu(belbr)): i, s (1) @ H (2 10))

X exp [_Spert<b* (bc(bT))a /j’a Qa MQ) o S]I\_%J; (bC(bT>’ Q)}
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We then define the momentum-space functions...

db
fi(z, kr; Q%, 1ng; Cs) = /—TbTJo krbr) fi(z, be(br); Q%, o)

db
Di (2, prs Q2, s Cs) = / O b Jo(prbr) Da (2, be(br); Q2 1Q)

k2 db
2]\;2 fir(x, kr; Q% ng; Cs) = kr —TbTJ1(k7TbT) fi (1)($ be(br); Q%, o)
P db N

geagz Hi (%:p13 Q% 1qi Gs) = pr / —L0% Ji(prbr) Hy (2, be(b1); Q%5 1)

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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which leads to...

/d2lZT Fi(a kr; Q% pg; Cs) = fi(z,b:(0); Q% ng) = fi(x; pe) + O(as(Q)) + O((m/Q)P)

/d2ﬁT Di (z,pr; Q°, pq; Cs) = D1(2,bc(0); Q% pg) = Di(2; pe) + O(as(Q)) + O((m/Q)?)

/ Pk 75 Fir (@ ke Q% pqi Cs) = iz (2, 0e(0): Q% Q) = m Frr (, @ 1) + O(0s(Q)) + O((m/Q)

_)2 ~ 7
/dQﬁT 2;2)?\42 Hf_ (Za Pt Q2’ HQs C5) - HlJ_(l)(Za bc(O); Qza /JJQ) - Hf_(l) (Z; HC)+ O(“s(@))_‘_ O((m/Q)p )
h

At LO in the “Improved CSS” formalism we recover the relations one
expects from the “naive” operator definitions of the functions

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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which leads to...

/d2ET Fi(a kr; Q% pg; Cs) = fi(z,b:(0); Q% ng) = fi(x; pe) + O(as(Q)) + O((m/Q)P)

/dQﬁT Di (z,pr; Q°, pq; Cs) = D1(2,bc(0); Q% pg) = Di(2; pe) + O(as(Q)) + O((m/Q)?)

/ Pk 75 Fir (@ ke Q% pqi Cs) = iz (2, 0e(0): Q% Q) = m Frr (, @ 1) + O(0s(Q)) + O((m/Q)

_‘2 ~ 124
/d2z7:r 2;;7];42 Hi (2,913 Q% 1q; Cs) = Hi M (2,00(0); Q% pg) = Hi™ W (21 p1e) + O(as(Q) + O(m/Q)P")
h

At LO in the “Improved CSS” formalism we recover the relations one
expects from the “naive” operator definitions of the functions

The “Improved CSS” formalism (approximately)
restores the physical interpretation of TMDs!

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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L k2 /
/d2k’T ﬁ fiz (@, kr; Q% pg; Cs) = 7 Fep(x, 25 pe) + O(as(Q)) + O((m/Q)P)

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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/ o j Fis (s ks Q2 pg; Cs) = 1 For (2, @3 1) + 0(a(Q)) + O((m/Q)P)

(K& (5 1))uT

d?b I ~ _
= 3 [rekl [ [ e B (P 51(0)7 Wos (03 D)4 (1) P, )
(27T) bt=0

db—dy~— . i _ |
_ %/4—7:’ =P TOT (P, S| (0)yTW(0; 4T )gFTH(y ™) W(y 367 )3 (b7)| P, S)

= 1 MeVS), Frp(x, x; 1)
(Boer, Mulders, Teryaev (1998); Burkardt (2004); Meissner, Metz, Goeke (2007))

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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/ o j Fis (s ks Q2 pg; Cs) = 1 For (2, @3 1) + 0(a(Q)) + O((m/Q)P)

“Naive” TMD operator — UV renormalization at LO
(k& (z; 1)) UT _~7 and soft factor at LO, Wilson lines on the lightcone

1 d?b T x
=3 /d2kaT/ /(271-)T2 sz+b etk br (P, S|¢(0)7+WDIS (0; b)) (b)| P, S)

b+=0

db—dy~— . i _ |
_ %/4—7:’ =P TOT (P, S| (0)yTW(0; 4T )gFTH(y ™) W(y 367 )3 (b7)| P, S)

= —7 MeijS;} Frpr(x,x; 1)

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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— _)2 /
/d2k’T % fiz (@, kr; Q% pg; Cs) = 7 Fer(x, 25 pe) + O(as(Q)) + O((m/Q)P)

This is NOT the operator

that defines TMDs in CS5 “Naive” TMD operator — UV renormalization at LO
(k& (z; 1)) UT \ _~7 and soft factor at LO, Wilson lines on the lightcone

1 i db— d2bT iePtb— —ikB _
= il [ €T e (P, SI3(0)7 Wors (03 D) ()| P 5)

b+=0

db—dy~— . i _ |
_ %/4—7:’ =P TOT (P, S| (0)yTW(0; 4T )gFTH(y ™) W(y 367 )3 (b7)| P, S)

= 1 MeVS), Frp(x, x; 1)

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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/ o j Fis (s ks Q2 pg; Cs) = 1 For (2, @3 1) + 0(a(Q)) + O((m/Q)P)

(K& (5 1))uT

d?b o _
/dszkT/ / eieP T em ik b (B §14h(0)yT Wis (0; b)3(b)| P, S)

(2m)2" b+ =0

DO | —

= /% =P TOT (P, S| (0)yTW(0; 4T )gFTH(y ™) W(y 367 )3 (b7)| P, S)
—~—

— Meijs% Frr(z,x; 1) Naive cpllmear operator.— LO t.erm of the U_V
renormalized correlator, Wilson lines on the lightcone

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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— _)2 /
/d2kT k—TQ fir (@ kr; Q% pg; Cs) = 7 Fer(z, @5 pe) + O(as(Q)) + O((m/Q)P)

2M

This IS the operator for the Qiu-Sterman
function that enters the OPE within CSS

(ki (x5 u))ur

1 Crdb— [ d2bp . o4

— de k?,/ 1P
2/ T [ on | (2m)2°

db—dy~— . i _ |
_ %/4—7:’ =P TOT (P, S| (0)yTW(0; 4T )gFTH(y ™) W(y 367 )3 (b7)| P, S)
—~—

— Mez’jS% Frr(z, z; 1) Naive cpllmear operator.— LO t.erm of the U_V
renormalized correlator, Wilson lines on the lightcone

e~ 707 [P S|4h(0)y Wpis (0; b)) (b) | P, S)
b+=0

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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/ o j Fis (s ks Q2 pg; Cs) = mlFer (@, 3 1) + 0(a(Q)) + O((m/Q)P)

avg. TM of unpolarized quarks in a
transversely polarized spin-1/2 target

(K (x5 p))uT

d?b I ~ _
= 3 [rekl [ [ e B (P 51(0)7 Wos (03 D)4 (1) P, )
(271-) bt=0

db—dy~— . i _ |
_ %/4—7:’ =P TOT (P, S| (0)yTW(0; 4T )gFTH(y ™) W(y 367 )3 (b7)| P, S)

= 1 MeVS), Frp(x, x; 1)

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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/ o j Fis (s ks Q2 pg; Cs) = mlFer (@, 3 1) + 0(a(Q)) + O((m/Q)P)

avg. TM of unpolarized quarks in a
transversely polarized spin-1/2 target

(K& (5 1))uT

d?b o _
/dszkT/ / eieP T em ik b (B §14h(0)yT Wis (0; b)3(b)| P, S)

(2m)2" b+ =0

db—dy~— . i _ |
_ %/4—7:’ =P TOT (P, S| (0)yTW(0; 4T )gFTH(y ™) W(y 367 )3 (b7)| P, S)

= 1 MeVS), Frp(x, x; 1)

Recall also the Burkardt sum rule Z / dz Fp(x,z) =0
a=q,q,g

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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— _)2 /
/d2kT k—TQ fir (@ kr; Q% pg; Cs) = 7 |[Fer(z, @5 pe ) + O(as(Q)) + O((m/Q)P)

2M

avg. TM of unpolarized quarks in a
transversely polarized spin-1/2 target

(k’f_r(a:, N))UT

1 - rdb— [ d?br _ o o _
= = / > kpkt / L iwP b7 —ikr-br (P §|45(0)y T Wpis(0; b1 (b)| P, S)
2 2w ) (2m)?2 b+=0

db—dy~— . i _ |
_ %/4—7:’ =P TOT (P, S| (0)yTW(0; 4T )gFTH(y ™) W(y 367 )3 (b7)| P, S)

= 1 MeVS), Frp(x, x; 1)

1
Recall also the Burkardt sum rule E / dx Fp (x,z) =0
“a.d.q70
a=q,q,g9

The Qiu-Sterman function can fundamentally be understood as an avg. TM, and the first
k,-moment of the Sivers function (using “Improved CSS”) retains this interpretation at LO

(Gamberg, Metz, DP, Prokudin, PLB 781 (2018))
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lepton plane

1
1T h]_7 FFT, H]_ ’ H
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Recall the current phenomenology of TMD observables...

~ 4
fir (@, br35Q% 1)~ [Frr(@, 5 . )|exp [~Spert (b (b); 6., Q. 1) = S35 (br, Q)]

gsi (@, br)|+ gr (br) In(Q/Qo)

ﬁf‘(l) (Z, bT; Q2’ ,U'Q) ~ Hf_(l) (Z, [,l,b*) exp [—Spert(b* (bT>7 ,U/b*aQa :U’Q) o SZI\_/'I}D (bT? Q)i|

9ut(2,07)|+ gk (br) In(Q/ Qo)

The CT3 functions (along with the NP g-functions) are what get extracted

in analyses of TSSAs in TMD processes that use CSS evolution!
(Echevarria, Idilbi, Kang, Vitev (2014); Kang, Prokudin, Sun, Yuan (2016))
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el it Thrust axis 7

hy, Frr, Hil_(l) @ _L(l)
5/71/

p This is NOT a
“new” function!

lepton plane \
o hy, Fpp, H-Y H
FFT 1y L FT 1 ’
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lepton plane

FFT h17 FFT) Hl 9 H
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Summary

 TSSAs have been studied in both TMD processes (SIDIS, e*e”, DY) and
collinear processes (4, 1n pp & Ip collisions).

e The current TMD formalism using “Improved CSS” (iCSS) allows one to
rigorously connect these two different types of observables. We have
extended the original work on the unpolarized cross section to now include
polarization.

*  With the iCSS formalism, we are able at LO to restore the physical
interpretation of (integrated) TMDs.

* A global analysis of TMD AND collinear twist-3 transverse-spin observables
1s possible.



