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Why Transverse

Spin Asymmetries?




“Show-off” Transverse SSA p+p' -7+ X
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V5 = 20 GeV [E704 coll. (1991)] V5 = 200 GeV [STAR coll. (2008)]

* sizeable effect at Llarge x = too Large to be Left unexplained
g canwnot be cxptaiwcd i the nauve parton model
-»> Twist-2 Formalism (ETRS)!




Transverse s]siw Matrix Elements

1) Tva wsversitg distribution
o) = [ B

0.9

“chiral-odd” structure

— L combination with other chiral-odd objects (Collins effect)
= quark mass effects (twist-3)
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“chiral-odd” structure

— L combination with other chiral-odd objects (Collins effect)
= quark mass effects (twist-3)

2) ‘bad components’ = g_

o

(P-n) a2 e (P Sp| 4(0) 15 [0;An] g(An) |P, 5T>J
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Twist - 2 characteristies hidden L DLrace structuwre




2) Ruark - gluown - @uark Correlations
(ETRS-matrix elements)

z
d\dn : : _
Yei?525 Gy (r0") = | o ¢ EO R, Srla(0)y* g () a(An) P, St

. Dids = /
Moo G (x,x') = / L el P M@= (P Gl g(0)y+ys gF (nn) q(An)| P, St)
S 22 &

‘dynamical twist - 3’
— 3 - partown corvelator: suppression by additional propagator

= olepewolewce ow two parton momenta x, x’:
2-dimensional support, richer parton ol ywa MLCS

— <o far: ong “diagonal support” Gg(x,x) constralnt bg data...

= ‘Wntegrated’ ge(x,.x’): average transverse color Lorentz force

on struck qua YR [Burkardt, PRDELS, 114502]

(Fy — [E + 7 x B]Y x /da;/d:p’ Gp(x,w’ﬂ




4) ‘Transverse Parton. Momenta R+’

‘Sivers function’ ‘wormgear function’

Lff_f(l)( ) /d2 2M2f1T(ZE k} [9%2( ):/d2kT 2%291T(x7k%)}

‘inematieal twist-=’

— Suppression by small transverse parton momentum Rr
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‘inematieal twist-=’

— Suppression by small transverse parton momentum Rr

Relations in collinear factorization
Sivers vs. Gluownte Pole: ‘RED - equation of motlon”:

ng) — CETCE—%hlx
[f“l) B %Gp(x,x)J 917 (2) gr(z) ()

1
17T DIS / dCE, Gr(x, CU()—|—G1;‘<ZB x')
2(x’ —x
0

\_ J

— eliminate TMD moments in twist - 3 formalism




f Sivers function

TMD - factorization: ‘Fully evolved’ form o

[AYybat, Collins, Riu, Rogers, PRDES,034043]
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J

= &. determines x-dependence of Sivers -(:t:cwctlow
— C at NLO: full support of G neededl!
= Sivers function < Spin-Orbit Correlation/OAM (talk b Y A. Bacchetta)




TMD - factorization: ‘Fully evolved’ form of Sivers function
[AYybat, Collins, RLu, Rogers, PRDE5,034043]

4 B 1 | )

gor Jir (2,073 11, €) o / dz d2' C(2,7, ) Gr(2, 7, ) |elSrerttSnon—pert)(b7)

. J

= &. determines x-dependence of Sivers -(:t:cwctlow
— C at NLO: full support of G neededl!
= Sivers function < Spin-Orbit Correlation/OAM (talk b Y A. Bacchetta)

back to plown production... p+pl 57+ X

many competing twist - 3 effect:

— tw-3 transverse spin matrix elements (‘Sivers’-like)
— chival-odd tw-= matrix elements of unpolarized proton (Boer-Mulders’-like)
= tw-3 matrix elements deseribing fragmentation (‘Collins’-like)




TMD - factorization: ‘Fully evolved’ form of Sivers function
[AYybat, Collins, RLu, Rogers, PRDE5,034043]
4 B | )

1
gor 17 (2, b3 11, C) X / dz d2' C(2,7, ) Gr(2, 7, ) |elSrerttSnon—pert)(b7)

J
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= &. determines x-dependence of Sivers -(:t:cwctlow
— C at NLO: full support of G neededl!
= Sivers function < Spin-Orbit Correlation/OAM (talk b Y A. Bacchetta)

back to plown production... p+pl 57+ X

many competing twist - 3 effect:

— tw-3 transverse spin matrix elements (‘Sivers’-like)
— chival-odd tw-= matrix elements of unpolarized proton (Boer-Mulders’-like)
= tw-3 matrix elements deseribing fragmentation (‘Collins’-like)

Frag mentatlon seemns to dominate! [kanazawa, Koike, Metz, Pitonyak, PRDELI, 111501 (R)]

=> Less compLLcated processes? 5




Transverse Spin Asymmetries

in
deep-inelastic
lepton-nucleon processes




Structure functions

d
@x;dy X (Fla FQ) + )‘e SLQI + )\e ST COS%(Ql ‘1‘923




The archetype: 9. in DIS (¢ + pl— e+ X)

/ \\> Structure functions

q11

E d
_)_GE Eaé_)_ @x;dy x (F1,F2) + Ae Spg1 4+ Ae ST cosds(01 +gzﬂ

Twist - 3 formalism.

Hard part to LO:

Dowble-Spin Asymmetry:

1 1 N
ALT X (91 + 92) X ngT( ) -+ gng( ) %hl(x) _|_/ dr 1 Gr(zx, ;U(O)C—i—_ze;(a: ,T)
0

(QCD — EOM) — 2 xzgp(x)
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Transverse SSA Ln DIS
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Transverse SSA Ln DIS

AN = 0 in 1-y exchange [Christ, Lee,1966]!

_O'T—O'

An =
=> New effects for a Two-Photon Exchange! [ ol + ol




Transverse SSA Ln DIS

AN = 0 in 1-y exchange [Christ, Lee,1966]!

O'T—O'

An =
=> New effects for a Two-Photon Exchange! [ ol + ol

Transverse Single-Beam Spin Asymmetry in BIS

[Metz, M.S., Goeke, PLB 6432 (2006) 319]

Transversely polarized Lepton > Lepton mass effect

do' —d 3
Ary = d§¢+da¢ o8 O‘em Z fl( B)

q




Transverse SSA Ln DIS

AN = 0 in 1-y exchange [Christ, Lee,1966]!

O'T—O'

An =
=> New effects for a Two-Photon Exchange! [ ol + ol

Transverse Single-Beam Spin Asymmetry in BIS

[Metz, M.S., Goeke, PLB 6432 (2006) 319]

Transversely polarized Lepton > Lepton mass effect

do' —d 3
Ary = d§¢+da¢ o8 O‘em Z fl( B)

q

Transverse Target Single Spin Asymmetry in DIS
[Metz, M.S., GoeRe, PLB 643 (:2006731:9] %

3
AUT X Qem > Q + b) g €, TB QT(xB)
q
RED NLO soft singularities & higher twist effects




Inclusion of ‘@Quark - gluow Correlations’

TR R R Y

= Sum of all twist-3 Two-Photow effects finite!

[MS, PRD €%, 034006 (2013)]




Inclusion of ‘@Quark - gluow Correlations’

TR R R Y

= Sum of all twist-3 Two-Photow effects finite!

[MS, PRD €%, 034006 (2013)]

Complementary effect: Soft photon from nucleon wave function
[Metz, Pitonyak, Schitfer, MS, vogelsang, Zhow, PRDES, 094039 (2012)]

Cowntributions from @uark - Photow - uark correLatwws
’Y =
| gi Gp(z,2') ~ (7 Fom @)




Inclusion of ‘@Quark - gluow Correlations’

TR R R Y

= Sum of all twist-3 Two-Photow effects finite!

[MS, PRD €%, 034006 (2013)]

Complementary effect: Soft photon from nucleon wave function
[Metz, Pitonyak, Schitfer, MS, vogelsang, Zhow, PRDES, 094039 (2012)]

Cowntributions from @uark - Photow - uark correLatwws




Experimental situation

HERMES [pLrege, 251 (2010)]
polarized protow target

O Q%< 1GeV?
® Q?> 1GeV?

l]ll

lll
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Experimental situation

H’ERM | SASS [PLBGR2, 251 (2010)] J La b [PRL11=, 022502]
polarized protow target polarized He* (—neutron) target
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Experimental situation

H’ERM | SASS [PLBGR2, 251 (2010)] J La b [PRL11=, 022502]
polarized protow target polarized He* (—neutron) target

< +

O Q@*<1GeV?
® Q’>1GeV’

I L]

9.3% scale;uncertainty

W Average of

- W>2 GeV
@ BigBite stat (W>2 GeV)
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Models = quark-photon-quark correlations seem to dominate for He*
Measurements to be continued at JLabi2 for He® and proton target




Hadron production
in lepton - hadron collisions

(e+p' — h+X)
Pt » Aqcp




amazingly accurate data from HERMES, JLab...

HERMES [pLe72g, 122]

D v

JjLta b [PrCg9, 042201 (R)]
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LO calewlation:

[qamberg, Kang, Metz, Pitonyak, Prokudin, arxiv:1407#.507€]

[ 4 [ 4

o« o«

outgoing Lepton momentum tntegrated out:
twist - 3 ETRS matrix elements § twist - 3 fragmentation




LO calewlation:

[qamberg, Kang, Metz, Pitonyak, Prokudin, arxiv:1407#.507€]

[ 4 [ 4

o« o«

outgoing Lepton momentum tntegrated out:
twist - 3 ETRS matrix elements § twist - 3 fragmentation

06

oo . LO tnput typieally
U SN overshoots the data
- : S g — NLO?

01

e i - - refit?
| = opportuwitg for elc

opportunity for EI1C: ¢ + pT — jet + X




Photon Semi-inclusive DIS
or

‘inclusive DVCS’
(e+p—e+y+X)




Photon semi-tinclusive dIS: e +p— e+ vy + X

[Prokudin, Rady ushkin, M.S., in preparation]
Clreumvent Christ - Lee theoreme: real photon eMLSSLON




Photon semi-tinclusive dIS: e +p— e+ vy + X

[Prokudin, Rady ushkin, M.S., in preparation]
Clreumvent Christ - Lee theoreme: real photon eMLSSLON

uwpoLarizeol cross sectlon Lin the parton. wmoodel

- avold photon fragmentation: Lsolated photons
- collinear factorization:
information on final quark is integrated out
LO result:

doyy 2 4 3 4] pas
5 DL‘H‘-CYBV\/{Z rBJDYK’,CV\z—)(': E’Z‘ —
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Photon semi-tinclusive dIS: e +p— e+ vy + X

[Prokudin, Rady ushkin, M.S., in preparation]
Clreumvent Christ - Lee theoreme: real photon eMLSSLON

uwpoLarizeol cross sectlon Lin the parton. wmoodel

- avold photon fragmentation: Lsolated photons
- collinear factorization:

information on final quark is integrated out
- LO result:

dO.UU L 2 A 3 A 4 A q —
[EWE& BB, &3P, Zq o6 02+ e bt e o) (@)
; ) = — T
2 Dbﬁerewt ’BJOVRCV\,—)(. [x — T

rave process, cross section = O(0®) = too rare?




LO nwumerieal estimate

O Assume collider mode, S¥2 = 100 Gev (EIC)

O e-p-cm. frame § widrapidity “back-to-back” Lepton-photon pairs
—> ASSUME CULS -1 < Ty, <1, Ey,,< SV2/2, /2 < Ad = 23T/2
— no “soft” propagators tn. LO hard part




LO nwumerieal estimate

O Assume collider mode, S¥2 = 100 Gev (EIC)
O e-p-cm. frame § widrapidity “back-to-back” Lepton-photon pairs
—> ASSUME CULS -1 < Ty, <1, Ey,,< SV2/2, /2 < Ad = 23T/2

— no “soft” propagators tn. LO hard part

total cross sectlon
GYSPIS =~ 1pp fb

(o™= =100 plo)

o
o
—
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= e
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© i
© 48)
© =
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©

0.005

differential cross section
dovsPS = o (10 o)

= Needs large luminosity

do/dAo [pb)

(tab or EIC)




Transverse SSA Ln photon SIDIS

nclude “bad components’, ‘Rinematical’ § ‘dy namical’ twist - 2 contributions

At tree-level (LO):
No contribution from g+ and 9@
(no tmaginary part)
uark - gluow correlations:

=) Soft gluown Poles: G#(x,x)
2) Soft Fermion Poles: Gx(x,0)
2)  Hard Fermion Poles: G (x,x’)




Transverse SSA Ln photon SIDIS

nclude “bad components’, ‘Rinematical’ § ‘dy namical’ twist - 2 contributions

At tree-level (LO):
No contribution from g+ and 9@
(no tmaginary part)
euark - gluow correlations:

=) Soft gluown Poles: G#(x,x)
2) Soft Fermion Poles: Gx(x,0)
| 3)  Hard Fermion Poles: Ge(x,x’)

LO Result: (7= 8524 + =)

Soft gluow Poles vanish

A A )
Z [Cl,SGP GF(Q_:‘, f) + CQ)SGP %GF(CE, Q_j‘) ( Ci/2, SC,?ZO)!
q

+C srp Gp(2,0) + C_ svp Gr(2,0) Coefficients e,2 C? = 0

—I—é_}_,HFp GF(STI, fi‘) + CA'_yHFP éF(.CE, ff})} (C[’IYLSt - Lee theorem)!
J
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Transverse SSA Ln photon SIDIS

nclude “bad components’, ‘Rinematical’ § ‘dy namical’ twist - 2 contributions

At tree-level (LO):
No contribution from g+ and 9@
(no tmaginary part)
euark - gluow correlations:

=) Soft gluown Poles: G#(x,x)
2) Soft Fermion Poles: Gx(x,0)
| 3)  Hard Fermion Poles: Ge(x,x’)

LO Result: (7= 8524 + =)

Soft gluow Poles vanish
4 doyT

R A )
_ i 47,7 c =0)!
EvEe d3ﬁ,y dgp,e Zq: [Cl,SGP Gp(x,x) -+ CQ)SGP iz GF(CU,QL‘) ( 1/ ap )

+C srp Gp(2,0) + C_ svp Gr(2,0) Coefficients e,2 C? = 0

—I—é_}_,HFp GF(STI, fi‘) + CA'_yHFP éF(.CE, ff})} (C[’IYLSt - Lee theorem)!
J

= unigue process to directly study “off-diagonal” support

of twist - 3 uark - gluow Correlation functions!




Summary

O Twist - 3 matrix elements essential for
the understanding of transverse SSA.

O ETRS - matrix element Ge(x,x):
extractions from semi-tnclusive data

Most promising process to fine-tune
G- ek ‘PT S h/jet + X!

Direct information at LO on “nown-
diagonal” from photon SIDIS.




(91 + 92)(zB, Q%) =

derivation from Operator Product Expansion
Breaking term of the Ww approximation: A - term
Common assumption: A = o (smalll)

A < @uark - gluow Correlation functions @F (x,2"), Gp (, :U/)




(g1 + 92)(xB, QQ) - /

L B

derivation from Operator Product Expansion
Breaking term of the Ww approximation: A - term

Common assumption: A = o (smalll)

A < @uark - gluow Correlation functions @F (x,2"), Gr (, :U/)

'I L L4 T LI
—&— SLAC E143
—&— SLAC E156x A

L rYY] T LA Try

—&— BSLAC E156x
—&— JLab E99-117 4
—+— JLab EOI“Ola_j

Ruantitative ana Lgsis

[Accardi, Bacchetta, MelnitchouR, MS, JHEPO911(2009)093]

Fit toLab § SLAC (p,n) data
(A(zp) = a(l —zp)?((2+ B)zs — 1))
Effect about 15% - 40% of 9!

uark - Ggluow - @uark Correlations
wot necessarily smalll
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