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Why (transverse) SSA?




}A =2 dUT—dU¢
adisleni el = P ™

TwWo meorta nt e)qaenmewtaL obser\/atwws for TSSAs
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Two important experimental observations for TSSAs

P = _alaT—ala¢
N Ter At adel

1) Transverse SSA in plon-production P + pT — W+ X

Ay p+p —> n°+X at vs=200 GeV

Spin t

r Spin ,
i Left | Right

"ﬂ Hl ‘{A:‘km- {: — twist—3

0025 0 025 5/ [
| ¥y moss (Gev/c?) &

-

__. Sivers (HERMES fit)

- v f
L <n>=3.7 .

V5 = 20 GeV [E704 coll. (1991)] V3 = 200 GeV [STAR coll. (2008)]

0 stzeable effect at Llarge x (and large Pr... (?))
* cannot be explained in the naive parton model [kane, Repkol
=> collinear twist-z framework




2) Transverse SSA L semi-tnclusive BIS eo-c pT — e+ m+ X

(“sivers”, “Collins” effect...)

AoBP'S = Fx®=*)sin(6 - os)

+Fyp*t*sin(o + ¢s) +




2) Transverse SSA L semi-tnclusive BIS eo-c pT — e+ m+ X
(“sivers”, “Collins” effect...)

dogiP'® = Fyp *~*¥sin(¢ — os)

FSIH(¢+¢S)SIH(¢ n CbS)

COMPASS:

S
—

a5 0.1
<
0.05

)

2 (sin(0-00))yr
o
&

.
o
] L LA

. Effect on the percent-level
‘usually discussed tnw TMD-framework




Collinear Twist-3

approach to SSA




Collinear Twist-2 approach for SSA in pRCD

* applicable to 1-particle inclusive processes (one hara scale @):

p+pl = m v, jet + X e+pl =l jet + X




Collinear Twist-2 approach for SSA in pRCD

* applicable to 1-particle inclusive processes (one hara scale @):

p+pT—>7T,l,%jet+X e+pT—>7r,l,%jet+X

* 2-(or more...)particle tnclusive processes doyT
=> second scale: Transverse Momentum qar / d2 qr w(qT) = <w(QT)>UT

2
=> Lntegrated (welghted) observables d“qr
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* applicable to 1-particle inclusive processes (one hara scale @):

p+pT—>7T,l,%jet+X e+pT—>7r,l,%jet+X

* 2-(or more...)particle tnclusive processes

do
—> second scale: Transverse Momentum g+ / d*qr w(gr) > 2= (w(gr))ur
= integrated (welghted) observables qar
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Collinear Twist-2 approach for SSA in pRCD

* applicable to 1-particle inclusive processes (one hara scale @):

p+pT—>7T,l,%jet+X e+pT—>7r,l,%jet+X

* 2-(or more...)particle tnclusive processes

do
—> second scale: Transverse Momentum g+ / d*qr w(gr) > 2= (w(gr))ur
= integrated (welghted) observables qar

. uwiw’cegmted ;2—]3.'L. SSA at A gep< qr— &

Ruark-gluown Correlation Functions
(ETRS-matrix elements)

dAdn . / /
M 28 615 G (2, 2') = / 2(2 ;7 e P A+ =2 (P, Gr|G(0)y* gF* (nn) g(An)| P, S)
/[y

‘MSO‘ zéq x’x, = d)\dT] ez’(P.n)(;c’)\—i—(a:_g;’)n) P, ST q_ 0 74_75 gF+a ) q AN P, ST
B X 2(2m)?




Dilrect-Photon Production

*p+p'- process: most data from T-production (RHIC) => complicated, ma ny contributions...
oy i e o e o theore’cicaLLg cleaner /Simpler = AFTER (?)
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*p+p'- process: most data from T-production (RHIC) => complicated, ma ny contributions...
oy i e o e o theore’cicaLLg cleaner /Simpler = AFTER (?)

Twist-2 factorization: Sample diagrams

worked out by many people: Riu, Sterman; Kouvaris, Vogelsang, Yuan; Kolke, Yoshida; ...

SSA: needs tmaginary part tn the hard part |

P 9
=> propagators may go on-shell 2 4 je PE — imo(p°”)

“Soft-gluon Poles” Gr(z,z) “Soft-Fermion Poles” Gr(z,0)




Dilrect-Photon Production

*p+p'- process: most data from T-production (RHIC) => complicated, ma ny contributions...
oy i e o e o theoret'waLLg cleaner /Simpler = AFTER (?)

Twist-2 factorization: Sample diagrams

=0 8

worked out by many people: Riu, Sterman; Kouvaris, Vogelsang, Yuan; Kolke, Yoshida; ...

SSA: vxjeols Lmagiwawd part in the hard part 1 e Pi = i7T5(p2)
propagators may go on-shell 2 4 e 2

“Soft-gluon Poles” Gr(z,z) “Soft-Fermion Poles” Gr(z,0)

Typical Twist-2 pRCP form at LO:

| dAo

> /da: /da: fq/g Gq/g(x z) —zd d GQ/Q(:U $)]HSGP(x m)—l—
g




Predictions from Fits
[Kowvaris, Riu, Vogelsang, Yuan]

Input from fits of RHIC T-production data (“Soft-Gluon Pole” only)

b’%(w,x) = N7z%(1 — z)P f{(x)
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Predictions from Fits
[Kowvaris, Riu, Vogelsang, Yuan]

nput from fits of RHIC T-production data (“Soft-Gluon Pole” only)

GE(z,2) = N?a%(1 — 2)" f](z)

LO preolictiow for direct and prompt photon. SSA

A ] 1 4 T 1 I
N n = 33
0.1 —

TTO

—_—~-
el
i ———
—

v (dir.+frag.)

Xp

—> Expect SSA of wp to 10 P!




Tri-Gluon contributions

[Koike, Yoshidal

Two Twist-3 glue-Glue correlation function:
FT(P,S|F"'(0) F™7 (An) F*"(yn)|P, S)] — O(x,z"), N(z,z)

LO-contribution from Tri-Gluow correlations to direct-y SSA

dA” x fi(z)) ® (1 - 2L)((O(z,2) + O(,0)) — (N(z,x) + N(z,0)))




Tri-Gluow contributions

[Koike, Yoshidal

Two Twist-3 glue-Glue correlation function:
FT(P,S|F"'(0) F™7 (An) F*"(yn)|P, S)] — O(x,z"), N(z,z)

LO-contribution from Tri-Gluow correlations to direct-y SSA

dAo0” x fi(z') ® (1 — £L)((O(z, ) + O(z,0)) — (N(z,z) + N(z,0)))

M: N _0; | wpper left: O(z) = N(x) O(x) = 0.004 xG(x)

0.04
7

< . | | upper right: O(x) = N(x) O(x) = 0.001 \/EG(ZE)

-0.08

b8 04 02 0 02 04 08 LOWCV Left; O( ) — —N(gj) O(Qj) S 0004 ZEG(QZ)

Xr x'_.
(a)

Lower right: O(z) = —N(x) O(z) = 0.001 v/zG(z)

large tn backward direction
Xe < O

0.05
06 04 02 0 02 04 08 06 04 02 0 02 04 06
Xg Xp
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Photown fragmentation

Photow observables = contamination from fragmention photons

@+

fragmentation




Photown fragmentation

Photow observables = contamination from fragmention photons

@+

fragmentation

direct

Dlrect photons = Lsolation cuts, Lowers event rate

Direct photons: “Sivers” SSA, Frag. photons: “Sivers” + “Collins”

o
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Photown fragmentation

Photow observables = contamination from fragmention photons

@+

direct fragmentation

Direct photons => Lsolation cuts, lowers event rate
Direct photons: “Sivers” SSA, Frag. photons: “Sivers” + “Collins”

* Recent model caleulation of unpol. and Collins FFs [qamberg, Kang]

—> Estimates of “prompt = dir. + frag.” photon asymmetries:

dashed: direct photons

F . y=3.5 dotted: fragmentation photons
[ . solid: prompt photons

< 015f

- KQVY
——
old

o Collms : Size and sigw of prediction

| drastically

depends on input for Gr(z, x)
10




Twist-3 Formalism ine +p' = e (+ 1) + X




Twist-3 Formalism ine +p' = e (+ 1) + X
SIS at NLO [kang, vitev, Xingl
Pr- WBL@VI’CBD( SSA: “Stvers” (Priur = /d2PT (St x Pr)

i

7

4o
dP2

* Improves extractions of ETRS-functions

o Additional sewsiti\/it5 at NLO to Gr(x,zp)
* BY product: re-derive evolution equations

* Test of Universality



Twist-3 Formalism ine +p' = e (+ 1) + X
SIS at NLO [kang, vitev, Xingl
Pr- Weiglflted SSA: “Stvers” (Priur = /d2PT (St x Pr)

4o
dP2

4 7 mproves extractions of ETRS-functions
* Additional sensitivity at NLO to Gr(z, )
* BY product: re-derive evolution equations
* Test of Universality

Two-Photon Excha ngeé Ln Lnel. DIS [Metz, Pitonyak, Schiifer, M.S., Vogelsang, Zhoul

M. [ -
Ayr Oéema [/ dlL‘(Cl GF(CC,CEB) + CQGF(CE,xB)) + (1 - ZCBﬁ)G}/»(LEB,ZEB)]
0

* Asymmetry suppressed by o=1/133
* Maybe feasible at JLab...
* n principle sensitivity to the full support of ETRS-functions.
* Contributions from uark-Photon Correlations
—> wmay dowminate at large xe.




TMD approach to SSA
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TMD approa ch:

applicable to semi-tncl. (SIDLS, DY)processes at qr~Agcn

transverse momentum g+ -from “Lntrinsle” transverse parton

momentum kR
=> different Rind of factorization
—> study different aspects of hadron spin structure (e.g9. 3-d
momentum structure, spin-orbit correlations, ete.)




TMD approach:
applicable to semi-tncl. (SIDLS, DY)processes at qr~Agcn
transverse momentum g+ -from “Lntrinsle” transverse parton
momentum R+
=> different Rind of factorization
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= Wilsow Line: process dependent,
inttLal / Funal State interactions




TMD approa ch:

applicable to semi-tncl. (SIDLS, DY)processes at qr~Agcn

transverse momentum g+ -from “Lntrinsle” transverse parton
momentum kR
=> different Rind of factorization
—> study different aspects of hadron spin structure (e.g9. 3-d
momentum structure, spin-orbit correlations, ete.)

(Naive) definttion of the quark TMP correlator

o) (¢, k) = / d;(_z‘f)? e* (P S| §(0) T W0, 2] q(2) | P, S)

= Wilsow Line: process dependent,
inttLal / Funal State interactions

(nttLal State nteractions: DreLL—Yaw




Sivers-—fuwatiow

eaﬁkTaS
(z, kr) = fi(x, k§) - L1222 £ A(z, k




Sivers-—fuwo’clow f

eaﬁkTaS
(z, kr) = fi(x, k}) — TrTaSTs placy p2)

%

Pl

* Sivers-function “T-odd” => stgn-switch ‘flLT SipIs = —flLT‘D_ﬁ




Si\/ers-—fuwo’ciow
eaﬁkTaST |
(z, kr) = fi(x, k2) — TrraSta pla(y j2)

%

Pl

* Sivers-function “T-odd” => stgn-switch ‘fiLT

¢
sipis = —JiT

* Sivers-function generates transy. SSA tn the TMD-approach “sivers effect”:

Fsm(d’ %) x firn ® Dy = /d2de2pT 8 (kr — pr — Pur/2) §4|1§h |f1T(5L’ k7)Di(z,p7)




Sivers-—fuwo’clow
eaﬁkTaST |
(z, kr) = fi(x, k2) — TrraSta pla(y j2)

%

Pl

* Sivers-function “T-odd” => stgn-switch ‘flLT SipIs = —flLT‘D_ﬁ

* Sivers-function generates transy. SSA tn the TMD-approach “sivers effect”:

Fsm(d’ %) x firn ® Dy = /dszdsz 8 (kr — pr — Pur/2) §4|1§h |f1T(5’3 k7)Di(z,p7)

e relation to the Twist-= approach:

Gr(@,2) = 315" @) = [ dkr S fir(o, k)

* Twilst-= and TMD-approach to Slvers SSA showwn to be
equl\/a lent tn tntermeediate region A oon< <R

Dt @iw, Vogelsang, Yuan; Bacchetta, Boer, Diehl, Mulders]

* “Sign mismatch” between pp- and SIDIS extractions. ..




TMB-approach LA PP-Processes

TMD factorization for photonie § leptonie final states
p+p' — (W), (1), (v2),(22),...) + X

No TMD factorization for colored final states (m+m, y+ jet, dijet...)!

[Collins, Riu; Mulders, Rogers; ...]




TMB-approach LA PP-Processes

TMD factorization for photonie § leptonie final states
p+p' — (W), (1), (v2),(22),...) + X

No TMD factorization for colored final states (T+m7, v+ jet, dijet...)!

[Collins, Riu; Mulders, Rogers; ...]

o gluon-gluon fusion at NNLO through Loops
=> knowwn to contribute in coll. factorization

e No gluon fusiow LA DYBLL-Yaw
(Fuwa ’'s Theoremt)

Q2 =10 GeV2

HERAPDF1.7 (prel.)
HERAPDF1.6 (prel.)

B experimental uncertainty
l:] model uncertainty xu,,

] parametrization uncertainty

| xG (% 0.05) |
- xS (x 0.05)
Ll A ' IIALAAI




Photown PaLr prodl wetlon

[Riu, M.S., Vogelsang, PRL 107, 062001 (2011)]

qua rlkk TMDs

P f
Xb 2 “ _J"r
Ay :

+ f i

gluon TMDs at O (X2)

Qa

Xa é _




Photown PaLr prodl wetlon

[Riu, M.S., Vogelsang, PRL 107, 062001 (2011)]

quark TMPs gluon TMDs at O (X2)

L Xb !! d

Xb

qb qb ;
+ ' {
da Qz da )

i _
Xa Xa
P,

Initial state interactions only, past-pointing Wilsow lines
gauge tnvariance = box finite = effectively tree-level




Photown PaLr prodl wetlon

[Riu, M.S., Vogelsang, PRL 107, 062001 (2011)]

quark TMPs gluon TMDs at O (X2)

L Xb !! d

Xb

Qp Qp |
+ ' :
da Qz da )

ii _
Xa Xa
P,

Initial state interactions only, past-pointing Wilsow lines
gauge tnvariance = box finite = effectively tree-level

= = X, Kt
F[T—even] ($, kT) P[T_Odd] (ZU, kT) '

flip flip
hy ¥

* gluonic correspondence to “Boer-Muloers”:
T-even

L e 2l i ,
Ui e *  unpolarized gluons in transversely pol.

hi9

, roton: gluon Stvers functlon
[Mulders, Rodriues, PRP 63,094021] P 9 f
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Lnpolarized pprYYX Cross-Section at gr << &

doyu 2 - . _

4qu ~J (Sin2 9) ((1 + 0052 0) [f{l X f{l] + COS(2¢)sm(20) [hiLq R hqu])
I ———————————————
quark contritbutions = almost tdentical to DY
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Lnpolarized pprYYX Cross-Section at gr << &
doyu 2 5 . L 1a
o0~ (Go7g) (+cos*O)[f ® f{] + cos(2g)sin(20) 1 * @ by )
I ———————————————————
quark contributions => almost Ldentical to DY

2
(52) (i1 111+ Rl 011 + o) © 1 + 1 81 +ow(td)Ful? 01

I EE——————

gluon contributions = absent tn DY




H HHHHHHHUHHHEHB
Lnpolarized pprYYX Cross-Section at gr << &
doyu 2 . . 1 ¥
Tty ™ (oz) (@ + cos®B)( 71 @ ] + cos(26)sin(26) [y * ® B )
I ——
quark contributions => almost tdentical to DY

7
+(;_7sr) (fl 1@ £+ Falhy @ hy*] + cos(20) Rk * @ ff + f{ © by + cos(dg)Filh;* © h'fg])

gluon contributions = absent tn DY
Fi ((9) = non-trivial functions of cos(0) and sin(0) (Logarithms from quark Loop)




Lnpolarized pprYYX Cross-Section at gr << &
i‘;’g& ~ ( ‘ ) ((1 +cos?0)[fI ® £I] + cos(2¢)sin(26) [k ? ® hlu])

sin? @
T —

quark contributions => almost tdentical to DY

2
(52) (i1 111+ Rl 011 + o) © 1 + 1 81 +ow(td)Ful? 01

gluon contributions => absent in DY
Fi ((9) = non-trivial functions of cos(0) and sin(0) (Logarithms from quark Loop)

*  cos(4®) modulation a pure gluonic effect

cos () => sigwn of gluon hyt

requires pr isolation cuts for the photons

sin() * prefactor(f)

powerful L combination with DY
= map out quark TMps LA Y

= gluon TMPs in YY 17
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RHIC energy: v/S = 500 GeV

’
P —

f,

BM)

cos(20)>

: <cos(40)>
qq: £, £,

-+ qq: <cos(20)>

.= DY:f 1,

- = DY: <cos(20)>

]

73 03 09
A

g g 09 09

=]

= Gluon TMDs feastble at RHIC at mid-rapldity! e
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Gluon Stivers Effect

(Transverse) SPLV\, dependent photon pa'w cross sectlon:

doTu

4gdf2

~ Sr sinds [

o

Qg

27

2
sin? @

2 |
) (7157 ® £]+ Fa b @ hi ) + Fa [hiz @ b)) | + ..

(1+ cos?0) [fiz2? ® f{]

|




| 1 | | |
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N - . N N N =

o - e ...
Gluon Sivers Effect
(Transverse) SPLV\, dependent photon pair cross sectlon:
2

~ St sin s [Sin (1+ cos?0) [fiz? @ f1]

doTu
4gdf2

+(&)2(}'1 fi2? @ f{1+ F2[h] @ hi?) + Fa[hi7’ @ iﬂ)‘ 4o

2T |

Estimates for RHIC 500 GeVv Gaussian Ansatz + positivity bound
for gluon and quark TMPs

— gg: Sivers
— gg: transversity

— gg: pretzelosity

— qq: Sivers
——

* Flavor ca woeLLatLow {or Aua) rk Sivers func.:

fir" = —fir"

= exploit bound only for u-quarks

. Sign not fixed by bound
= quark and gluon Sivers effect could add.

Gluons dominate at miol—mpidi’cgj,

quarks at large rapidity
)
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— Summary

* Transverse SSA give unigue Lnstght tnto the
Twist-3 structure of the nucleon
—> test of our understanding of pRCD

Photown Observables: theoretica Ly stmple,
experimentally challenging => AFTER

o Direct photon SSA

= gquark-gluon anod multi-gluown corvelations
* Diphoton SSA => gluon Sivers function




”SL@V\, - mismateh”
[Kawng, ®RLW, Vogelsang, Yua n]

comparison of pp- and SIDIS-data via relation. Gp(z,z) = %flLT(l)(w)

Q=2Gev . [/ N e

== 8 B B S e |
| | b= RE | |

i .
ad aa g da e b a oy PR PURE T TR T T T N Y YT T N N W W

02 04 06 08 1 0 02 04 06 08 1
x x

“Dlrect” extraction of Gg(x,x) from ppT =X (RHIC)
“ndirect” extraction from ep’ Penx (HERMES +COMPASS)

o




”SL@V\, - mismateh”
[Kawng, ®RLW, Vogelsang, Yua n]

comparison of pp- and SIDIS-data via relation. Gp(z,z) = %flLT(l)(a:)

—

== 8 B B S e |
| | b= RE | |

i .
ad aa g da e b a oy PR PO TN T T T VT T S Y T T Y S W 1

02 04 06 08 1 0 02 04 06 08 1
x x

“Dlrect” extraction of Gg(x,x) from ppT =X (RHIC)
“ndirect” extraction from ep’ Penx (HERMES +COMPASS)

o

pp-data: other (thawn Sivers) effects dominant? Fragmentation? Lanselmino et al., Metz et al.]
ep-data: Sivers function only constraint for x<o0.4: Nodes? [kang, Prokudin

More data from other processes (Dlrect photow...) may help to solve the puzzle...
21




