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» Transverse single-spin asymmetries
e TMD and collinear twist-3 (CT3) functions

» TMD and CT3 observables

e Sivers and Collins effects
* Ayinpp>{y,n} X

» Relations between TMD and CT3 functions
» Towards a global analysis of TMD and CT3 observables
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Sivers ~ sin(¢p, - ¢. ), Collins ~ sin(¢p, + P, ), ...

Thrust axis 71

Collins ~ cos(¢p, + ¢, ), ...
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lepton plane

Sivers ~ sin(¢._ ) (lepton pair) / Sivers ~ cos(qSW/z) (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(¢p, - ¢, ))
HERMES (2009)
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Anselmino, et al. (2017)
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Echevarria, et al. (2014)
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SIDIS Collins effect ( sin(¢p, + ¢.))
COMPASS (2015)
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Anselmino, et al. (2015) Kang, et al. (2016)

03 I~

0.4
03 F Q3%=2.4GeV? =
S 6
= <
< : —

‘01 [ 7 \’\

X h 1(x 9Q2)
u

0.1 F : 0.05

0.1 ¢ | e — -0.05
0.2t g / 0.1
-0.3 F 2 i

TMDs in CSS 015

-0.4 - - . . 1 - .
0.001 0.01 0.1 1 formalism 0 0.2 0.4 0.6 0.8 1

0.3
\ ......... Q> =24 GeV?
0-04 — Q2 — 10 GeVZ

Ard

0.2 f
01 : ’:,
0B
0.1 f
0.2
0.1 f
0
0.1 f
0.2
-0.3 L

z AN Dy4(2)

zAND,(2)




'~ 3 PennState . T@ D
g Berks P Pltonyak Collaboration

Z-axis

lepton plane
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Ayinpp->y X
VS =200Gev,n =30 VS =510GeV,n =30
A?;. — Total A};i — Total
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-0.01} -.-Yy-eSFP —0.005; -.-y-e SFP
-0.02- [
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-0.03 :
[ -0.015}
-0.04/

(Kanazawa, Koike, Metz, DP — PRD 91 (2015))
(See also Gamberg, Kang, Prokudin (2013))

Qiu-Sterman term is the main
cause of A, in pp ->y X

dAc? ~ H® fi @ Fpr(x,x)

N\

Qiu-Sterman function
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A, in pp -> t X — PUZZLE FOR 40+ YEARS!
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RHIC, PHENIX (2014)

- p+p — 10 + X, V5=62.4GeV

E_ @ PHENIX 7, 3.5<In|<3.8

T O PHENIX 2, 3.1<ini<3.5 +

" s e 02 0.4 0.6
Xg



G’o 3 PennState . m
¥ Borks D. Pitonyak O;I-” < P
ollaporarton

dAoc™ ~ H® f1 @ Frr(z,x)

d*Ac(37) a? ! dz
E = 5
e dgg S a;c /me C " Z) / 1" :E’S + T/ ¢b/B( )
esTnn d )
X VATa, ( ) [ Tor(z,z) —x (ETQ,F(:I;,J:))] Hoy (8L 45)
I Frr ~TEg 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 TSSAs in pr — 7 X
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RHIC, STAR (2012)
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CERN, COMPASS (2013)
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RHIC, STAR (2012) \|
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., Kang and Prokudin (2012)

0.1
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> 25 3
W (GeV)

Sivers input agrees reasonably well with the JLab data == FIRST INDICATION on the

PROCESS DEPENDENENCE of the Sivers function (see also Gamberg, Kang, Prokudin (2013))

KQVY input gives the wrong sign =ssp Qiu-Sterman function cannot be the main cause of the
large TSSAs seen in pion production from pp collisions
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dz HS
dA Nh J—(l) H / 1 FU
o 1®S®< 12— 1/3)?

1(1), > dz 1 5, S QCD e.o.m.
H%(z) = =2z H, ( )q(z) 22 / 2 1 1 H%U (2,21 relation
1oz T % (EOMR)




'« 3 PennState
Y Berks

dAG™ ~h1®5®< “”H/dzl

d
dAoc™ Nh1®5®< J_(1)71_17‘/ Z21(
Z

Also included the Qju-Sterman term 7 Fpr(x, x)
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Hgy
/2 —1/2)2

= firx ()

Fragmentation term is the main
cause of Ay inpp ->mt X
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d oS
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q 00 Tq,S Lorentz
H(z) — 1 — zi HlJ-(l)JJ(Z) — g/ dz1 Hyy(2,21) invariance
zJ). 21 (1/2=1/21)* | telation (LIR)

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))
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cause of A, in pp ->mt X
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2013 expression from Metz and DP

dAcFrag 4 M : 1
g, 3A0(ST) _ _ dazMa ppphstzf /dx/dx(;HHu)A L
dSPh S(—

PR
T x't — x)

) S
< (@) f1) { [H#“” @) - s 4 L) Sy
2 oodzl 1 e, i
+ ;/z Z% 2 HFU(z’Zl)SHFU}

(1-2)
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2013 expression from Metz and DP

Frag / ' N
EhdAo‘ _}(ST) _ 405 Mh PPPhSTZZ/ /dx/dx 5(§+t+’&) 1

d3 Py, — = 8 (—a't — x1)
L(1),c
a L(1),c dH (Z) 1 1 c )
< b (o) ff(af’){[Hl T S O |~

/ +

~ A—1/3

~ AD / Include saturation corrections
A to calculate pA TSSA
(Hatta, Xiao, Yoshida, Yuan (2017))
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2013 expression from Metz and DP

dAcFrag 4 M : 1
g, 3A0(ST) _ _ dazMa ppphstzf /dx/dx(;HHu)A L
dSPh S(—

x hi(z) f(a) { [Hﬂ”’%z) —z

EOMR + LIR =

D) 5 1y
< <1 (l_L>

1 a,b,c

dH; " (2)

x't — x)

— ],sgLr “H(2) Sy

5 5 HF’U(Z’Zl)SFIF»l}

1 (1 _ 1
z zZ1

~A0

2 [*d 1 A eSS . dH;° 1 -~
‘/ 5 A0 (2 0) = HE Do) + T8 Lo
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2013 expression from Metz and DP

dA\ Frag 4 M , 1
g, 440 _}(ST): 402 M, ppphstz/ /dx/dx(;SJrHu)A L
dSPh S(—

17
1 a,b,c Tt QZ’LL)

L(1),¢
% hclz(x) f{)(il?/) { [HlJ-(l),c(z) —ZdHl ( )] S}{L + Hc( )SH

dz

“ HC,\S S@A
+ z/z 23 (1 N L>2 Fu (2 21) HF1}

z zZ1

NAO/

EOMR + LIR =

92 [ 1 PN ) dH e 1 -
—/ -l ar/e (z,21) :Hfm”(z)—i—z ! 2) — —H (2)

2 2 FU
< 1 (1 _ 1
z Z1

Calculate pieces involving the (first k,-moment of the) Collins function to
get an updated estimate for the term in blue
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0.15
0.1
<Z
0.05
0
-0.05

STAR

—=e— p' P X, s =200 (GeV), (y )=3.7

0.2

0.3 0.4 0.5

0.6

XE

Fragmentation term as the cause of A, in pp collisions is not ruled out by the STAR pA TSSA data

(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))



'; :’ geerlg nState D. Pitonyak OT@ D
Collaboration

)
hadron/
plane
P /
(=

Z-axis

lepton plane




'~ 3 PennState . Tm D
g Berks P Pltonyak °Colloboro’rion

Sfeolon7 O/7/7E

Z-axis

lepton plane



g‘o 3 PennState : I
¥ Berks D. Pitonyak Oc I@ P
ollapordarion

Relations between TMD and CT3 Functions
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“Parton Model”

TMD CT2
/dQET fi(z,kr) = fi(x)

TMD CT2

|5 Dizpr) = Di)
TMD kinematical CT3 dynamical CT3

. k2 e
[ ot @k = 5@ = wFer(e)

Boer, Mulder, Pijlman (2003); Meissner (2009); ...

TMD kinematical CT3

—2

- p 1

/d2pT s Hi(zpr) = H, D (2)
h

Yuan and Zhou (2009)
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“Parton Model”

TMD CT2
/d% fulzkr) = fi(z)

lgnore UV divergences and effects

™MD CT2 from soft-gluon radiation
|5 Dizpr) = Di)
TMD kinematical CT3 dynamical CT3
. k2 e
[ ot @k = 5@ = wFer(e)

Boer, Mulder, Pijlman (2003); Meissner (2009); ...

TMD kinematical CT3

—2

L p 1

/d2pT2z2§42 Hi(z,pr) = H; V(2
h

Yuan and Zhou (2009)
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..
fi(z,br; Q% pg) ~ (Cfl(x/x,b*(bT);ub*,ub*,as(ub*)) ® fl(w;ub*))

/ X exp [_Spert(b* (bT)a Hb., Q7 MQ) T SZ{/}P(bTa Q):|

“b-space” functions
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..
fi(z,br; Q% ng) ~ (Cfl(x/x,b*(bT);ub*,ub*,as(ub*)) ® fl(w;ub*)>

X exp [_Spert@* (b1); po., Qs p@) — S]];}P(bT’ Q)]

— /

perturbative Sudakov factor non-perturbative Sudakov factor

—1D(Q/ub*)ff(b*,ub*)_/MQdu y(as(p'); 1) =y (as(W) In(Q/u)]  gp (x,br) + 9K (br) In(Q/ Qo)

1 o W J J
Y

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(z,br; Q% ng) ~ (Cfl(x/x,b*(bT);ub*,ub*,as(ub*)) ® fl(w;ub*)>

X exp [_Spert@* (b1); po., Qs p@) — S]];}P(bT’ Q)]

— /

perturbative Sudakov factor non-perturbative Sudakov factor

—1D(Q/ub*)ff(b*,ub*)_/MQdu y(as(p'); 1) =y (as(W) In(Q/u)]  gp (x,br) + 9K (br) In(Q/ Qo)

1 Mb'u f J
I

same for unpol. and pol. different for ~ universal
each TMD
b2
by (br) = = C4 /b.(b

Note: b, (0) = 0 and (up, )b, —0 = 00
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“Original CSS” (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ..
fi(z,br; Q% ng) ~ (Cfl(x/x,b*(bT);ub*,ub*,as(ub*)) ® fl(w;ub*))

X exp [_Spert@* (b1); po., Qs p@) — S]];}P(bT’ Q)]

— /

perturbative Sudakov factor non-perturbative Sudakov factor

1n(@/ub*)f%(b*,ub*)éf§? [y (ovs (0 ),1)—7K(as(u’) gjl(x,bT)—i-gK\(bT)ln(Q/Qo)
| — Y J

same for unpol. and pol. different for ~ universal
each TMD
b2
b.(br) = = C1/b.(b

Note: b, (0) = 0 and (up, )b, —0 = 00

mm) | cads to problematic large logarithmsin S

pert

(Bozzi, Catani, de Florian, Grazzini (2006); Collins, Gamberg,
Prokudin, Rogers, Sato, Wang (2016))
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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) = \/62 +05/(C5Q)?

. Ch , C1C5Q
—_— [y, — = b (bo(br)) SO iy, is cut off at . ~ T

*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) = \/192 + 02/ (C5Q)?

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

i@, be(br); Q% ng)  ~  (CF(/a,b(belbr))s B2 i s (1) © 123 )

X exp [_Spert(b*(bc(bT)); I, Qa /'LQ) - S]JiflP(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) = \/192 + 02/ (C5Q)?

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

fi(x,be(br); Q% png)  ~ (C*fl(as/rﬁ, b (be(br)); 1%, 1, s (1)) © fa(E; ﬁ)>
X €exXp [_Spert(b*(bc(bT)); laa Qa MQ) o S]Jiflp(bc(bT)a Q)}
“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, Rogers, in preparation)

1 1 0
M? by Obr

~ _|_ — ~ 3 /L, . Z. .
oV (z,br; Q% p1g) = fi(z, br; Q% pg) — iMe bS5, [—
Boer, Gamberg, Musch, Prokudin (2011)

flJa“(wa br; Q29 HQ)]
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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) = \/192 + 02/ (C5Q)?

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

i@, be(br); Q% ng)  ~  (CF(/a,b(belbr))s B2 i s (1) © 123 )

X exp [_Spert(b*(bc(bT)); I, Qa /'LQ) - S]JiflP(bC(bT)? Q)}

“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, Rogers, in preparation)

o - - PR 1 1 0 -
OV (2, b5 Q% nq) = fi(z, br; Q% pg) — iMeT b5, [— : fiz(z,br; Q2,uQ)]
M?2 br Obr

Boer, Gamberg, Musch, Prokudin (2011) \ Y )

= flJ_’_'[Sl) (33, bT; sz H’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) = \/192 + 02/ (C5Q)?

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

i@, be(br); Q% ng)  ~  (CF(/a,b(belbr))s B2 i s (1) © 123 )

X exp [_Spert(b*(bc(bT)); I, Qa /'LQ) - S]JiflP(bC(bT)? Q)}

“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, Rogers, in preparation)

~ + — g 2 )
q)['Y ](CE, bT7 Q27 /'LQ) — fl(m, bT’ ,[,LQ) — 1 Me jb S%fL(l)(ma bT; Q27 IJ’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) = \/192 + 02/ (C5Q)?

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

i@, be(br); Q% ng)  ~  (CF(/a,b(belbr))s B2 i s (1) © 123 )

X exp [_Spert(b*(bc(bT)); I, Qa /'LQ) - S]JiflP(bC(bT)? Q)}

“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, Rogers, in preparation)

~ + — g 2 )
q)['Y ](CE, bT7 Q27 /'LQ) — fl(m, bT’ ,[,LQ) — 1 Me jb S%fL(l)(ma bT; Q27 IJ’Q)

Fir P (@,b13Q% ng)  ~ (CFT(n, 2, bu (br)i i, v s (16.)) @ Fror (1, 25 o)

X exp [_Spert(b* (bT); Hb., Q7 :LLQ) SflT (bT Q)}

Aybat, Collins, Qiu, Rogers (2012); Echevarria, Idilbi, Kang, Vitev (2014); ...
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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) = \/192 + 02/ (C5Q)?

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

i@, be(br); Q% ng)  ~  (CF(/a,b(belbr))s B2 i s (1) © 123 )

X exp [_Spert(b*(bc(bT)); I, Qa /'LQ) - S]JiflP(bC(bT)? Q)}

“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, Rogers, in preparation)

~T o+ - r ; 1)
q)['y ](x,bT7Q27,LLQ) — fl(m‘, bT; Qz, I,LQ) —Me Tfl (1)(m bT7 Q27 I’I’Q)

e / ~

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) = \/192 + 02/ (C5Q)?

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

i@, be(br); Q% ng)  ~  (CF(/a,b(belbr))s B2 i s (1) © 123 )

X €exp [_Spert(b*(bc(bT)); laa Qa MQ) o S]Jiflp(bc(bT)a Q)}
“Improved CSS” (Polarized) (Gamberg, Metz, DP, Prokudin, Rogers, in preparation)

O ) (2, br, be(br); Q% p1g) = Fi(, be(br); Q% pg) — iMeTbi53 F1o (2, be(br); Q2 pg)
Fir? @, be(br); Q% )~ (OFir(@1, 8, bu(be(br))s B2, s a(1)) © F (1, 23 )

< 05 [~ Spers (b 5o (br)): 1 Qs i) — STE 0 (br), Q)]
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Analogous modification for fragmentation functions...

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

X exp [_Spert(b*(bc(bT)); Iaa Q7 MQ) o Sﬁ}:’(bc(bT)7 Q)i|

A (2,00 (br); Q% pq)  ~  (CH1(2/2,bu(belbr)): 2, s (1) @ H (2 10))

X exp [_Spert<b* (bc(bT))a /j’a Qa :U’Q) o Sﬁ}i (bc(bT>’ Q)i|
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We then define the momentum-space functions...

ng —’L'_» __> g
fi(z kr; Q% pg) = /ﬁ e~k bT ) (2, bo(br); Q3 o)
2 _ d2gT ipr-br T 2
Dl(zapT;Q aHQ) :/We Dl(za bc(bT)§Q aNQ)

];;2 dQI; —’I:_’ '_> g
gz (@ b @ ig) = [ G e ™5 ) (@, be(br): @ )

d2bp
(27)?

—2

p it b L

2Z2?\42 HlJ_(vaT5Q27 IJJQ) E/ e’ bTHl (1)(,2, bc(bT)3Q27 NQ)
h

(Gamberg, Metz, DP, Prokudin, Rogers, in preparation)
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which leads to...
/d2ET fi(z, kr; Q% pg) = f1(x, be(0); Q2, Q) = fi(x; pe) + O(as(Q)) + O((m/Q)?)

/d%} D1 (z,pr3 Q% 1q) = D1(2,bc(0); Q% nq) = D1(z; pe) + O(as(Q)) + O((m/Q)P)

k2. . ,
/ Pkr o3k fip (@ ks Q% 1) = fir (@, be(0); Q% po) = 7 Frr (@, 3 pe) + 0(as(Q)) + O((m/Q)”"

P2
[&irs o i (20 pri @7 nQ) = BV (2,00(003 Q% q) = H1 Y (24 j10) + O(as( @)+ O((m/ Q)

At LO in the “Improved CSS” we recover the parton model relations

(Gamberg, Metz, DP, Prokudin, Rogers, in preparation)
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Moreover, from a phenomenology standpoint with TMD observables...

Fir(z,br; Q% ng)  ~

I:IlJ_(l)(za bT§Q27.U'Q) ~

FFT(wa €3 .U'b*)

Hf(l)(z; |22

exXp {_Spert(b* (bT>; Hb, Q7 MQ) - S]J:}]§<bT7 Q):|

9 (@, br)|+ g (br) In(Q/Qo)

€Xp [_Spert(b* (bT)7 Hb, Qa :UJQ) - S]I\?}J; (bT7 Q)}

ngJ- (Z, bT)

+ gx (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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Sfeolon7 O/7/7E

hi, Fpr, H

Z-axis

lepton plane
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Sfeolon7 O/7/7E

hla FFT9 HlJ_(l)

This is NOT a
“new” function!

Z-axis

lepton plane



'« 3 PennState )
';; ,:, Bali D. Pitonyak OII@ P
ollaporarton

Asm Ps .
in SIDIS integrated over P (Mulders, Tangerman (1996);

Bacchetta, et al. (2007))

sin 2Mh a ﬁa(Z)
FUT¢S X Z e; O hl(x)—z

Asm Ps .
in e‘e” > h,h, Xintegrated over g; (oer, jakob, Mulders (1997))

2M. D3 (z) 2M; H(z) ...
Sln¢s 2 Da T 2 1 1 Ha
: Z ( (=) 29 - Q 21 1(z2)

And also the TMD version of these (and other) observables (but with many more terms)

-Note: data from COMPASS, HERMES, and Belle show nonzero effects for the
unintegrated version of the above asymmetries
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hi, Frr, HiL(l)a H
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lepton plane
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Towards a Global Analysis of TMD and
CT3 Observables
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1(1), > dzy 1 g, S QCD e.o.m.
H(z) = =2z H, ( )q(z) + 22 / 2 1 LH%U(%Zl) relation
2 1z T m (EOMR)

Hiz) _ _ ( d ) HEWa( ) Z/OO dzy _Hpy (2 21) orentz

1l — z2— invariance
z dz ! Z% (1/2 —1/21)* | reation (LIR)

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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“dn 1 g
HY(z) = _zsz<1>’q(z)+2z/ ! HES (2, 20) | Feo

relation
Z1 (EOMR)

Lorentz
invariance
relation (LIR)

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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PDF (x) PDF (x,I X;) FF (2) FF (z 21)
]| ||
intrinsic | kinematical dynamical intrinsic  y kinematical dynamical I

u | X | KV Her | XXX HR

LXK | X Hpyr X X| XV Hip
XY DXVl aps Ane
T X §r(1; Frr, Grr |6, % G%l), Dy, Grr

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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PDF (x,I X;) FF (zl, Z,)
Hadron l i | ) ol
Pol. | i 1 %
B dynamical dynamical
TR,S
U Hru Hp:;
~ ~ ALL transverse spin observables are
L R, driven by multi-parton correlations
FL FL
AR, ARS
T | Frr,Grr | D5y, Grp

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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lepton plane
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Need to perform a
“globa

I”

analysis!

Z-axis

lepton plane
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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 (1CSS) 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 TSSAs.

 (LIRs + EOMRs + 1CSS) = ALL transverse spin observables are driven by 3-parton
(dynamical) functions.

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



