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L ast Lecture...

e Parton Model:

Nucleon: No elementary particles — Constituents: Quarks and Gluons (Partons)
Strong Interactions. Quantum Chromodynamics (QCD)

* Inclusive Deep-Inelastic Scattering (DIS):

Parton Moddl:
Kinematics: >
* large virtuality Q > 1 GeV
e |nfinite-Momentum frame,
WP B arge —>—
g "
——
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Factorization of the Cross Section:

ook 5
—C__PDF == —

lopis ~ (hard) ® (soft)]
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Hard part: Soft Part:
* Lepton-Parton scattering * non-perturbative =
» asymptotic freedom = a (Q) Experiments, Lattice, Models

« PDFs: f (x), 9,(x), h (X)

* collinear picture
* Universality

* perturbatively calculable

Transversity h (x) not feasible in inclusive DIS

— Semi-inclusive DIS
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Semi-inclusive DI S

’f
f'

“"’3\/\4,, '»g kinematical variables:

Q7 . N2 _ PP . p
QCB—QP.QJQ Zh = .hJPhJ_

Y

Cross section = sguared amplitude

33/ 3
do o Z |MX Xh| (27‘(‘) (4) (P + q — PX PXh Ph) (27:;3Z2El/ (271'6;35%Ph
X, Xy

do o L, WH

qeffers?on Lab



e Hadronic Tensor:

IMWH = / dkd*p 89 (k4 g - p)Te[B(k)y*A(p)y"]

* Two soft objects: Partonic distribution and fragmentation.

03j(k) = [ e (S| 0;(0) 03 () 7. S)

2r) =3 [ s e 01042 s X)(Pis X155 [0

Simple spin sum in DIS = Fragmentation correlator in SIDIS
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Choose | nfinite Momentum Frame (Nucleon and Photon collinear)

\/‘7(] _TaPT qr =0 P;L_ZZ\}}Q P

Hadronic Tensor: MW ~ [dtdhy [dydprd(kt +¢7)(g - ) )(kT =~ ) T k™ @(Kk)y" [ dp Alp)”]

i7) Te[®(2 g, kr)y* A (20, e 1] + O(1/Q)

IMWH = / ky / d*pr 6@

TMD Correlators:

Bij(x, kr) = / de_d gr giePT =" =ik Zr (P 8| 4(0) iz, 07, Zr) | P, S)

=L
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TMD parton distributionsand FF

o Extract TMDsfrom Correlators:
Wiy = TTv[LA 4 95 Trlys A4 4Ty, Al = 995 Trlns A] = i Trlioyns A

unp. quarks: %Tr [q) fr] — fl(x,E%) | ET]>\<4§T ffT(fE,E%)‘

x|
N

long. pol. quarks: ‘%Tr [CID *y+’y5] = SLY1L

transv. pol.[chiral-odd]: Ir [<I> O'JA_}H(hl ; hlLT ; hﬁ, ) hf)‘

* Fragmentation functions for a meson (Pion, Kaon,...):

s A ] =22D(e,5p)| [Tr{Aio™ 9] = ~2: LB}z, )

Mr

Hll . Collins-fragmentation function

@&~
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TMDsIn pictures

DISTRIBUTION FUNCTIONS TN PICTURES
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gir (=, PF) = @ —
S har (=, pr) =

@
3 j;{—% hi (m,pi} == @ —

Boer-Mulders function

Pr S pF
= S8 P pl(mpd) = (b)) - L%

Sivers- and Boer-M ulders functions vanish under time-reversal!
(forgotten for more than 10 years...)
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Single Spin Asymmetries

(Transverse) structure functions
in SIDIS;

d sm¢ ds)
da:ded(;SSOquh i, ocsin0n = 9s)Fyp

+Slﬂ(¢h‘|—¢s) SlH (bh_I'(b ) _|_“.

18 structure function = 18 observables

Sivers-Asymmetry: ‘F§;(¢h_¢s)(x3,zh,Pﬁ RO =C| - f ]%:L"j\; ffTDﬂ‘

Collins-Asymmetry: [FRnt0) (30 2 P2 92 =] _ Buupry, 1Hi]

| hJ_mﬂ'

Convolution:

1= T [ bt - - <ET,5T>fq<xB,E%>Dq<zh,z%

@JSA
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Experiments (HERMES, also COMPASS,
JLab,...)

Collins-Asymmetry Sivers-Asymmetry
o8& e 5 5018 =
2 0-1 ' + 2 o " i +
roor - £ 005 | -
: e g T " Bl = Ml W
o 1 B s I O O o e e e e N-O.OS st R % O o A e o e e Wl
o [ L I NSRRI, XSS ——— 01 - T =
+ i + 0.05 —
o1 ¥ L, '
iy + y olhh B i + ------ P +
| | | +| ] | | | | R _...I....I....I.._..I....I....I....I....
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X z X z

Sivers function must be non-zero!
What went wrong?



Other TMD processes...
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Final State Interactions

* Till 2002: Sivers-function vanishes due to time-reversal.

* Brodsky, Hwang. Schmidt, 2002: Sivers asymmetry due to final state interactions.

Diquark spectator model: “ Rescattering-effect”

. .

* Collins 2002: Hide Final State Interactionsin TMD parton distributions
— Gauge Link! (take it serioudly...)
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Gauge link for TMDs
e k_-dependence — more complicated gauge link

FT(P &(Zl)W[Zl; () ’PHz;:Z;:O‘ [ _ sz

Wiess 2] — Pe 915 A0
,

 Light-cone gauge A"=0 doesn't help anymore!

* Describesinitial (DY) and Final (SDIS) State Interactions

000000
000000
100000
000000

* Time-reversa: switches Wilson-lines 1Sl «— FS

n 1 0 1
Jir DIS fir ’ DY 1 1

‘ DIS DY
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How to extract TM Ds from data?

Example: Siversfunction [procedure of Efremov, Goeke, Schweitzer...]

Sivers-asymmetry: k_- convolution of flLT QR Dy

Deconvolution:
Gaussian ansatz (model):

(@, ) = fi (o) 2L

L (1)Jq q
Asymmetry much simpler: Ivers __ aGZq eq (z5)Dj (21)
g P qfl (zB) Dy (21)

a_: model-dep., involves Gaussian width etc.

D, accordingly

Further assumption:  f2" = — f222% + O(1/N,)

Ansatz for Sivers-function: xfél(l)u(a;B) = Az"(1 — zp)’°

Inserting back into asymmetry and fitting to HERMES 11" - data:

A=-0.17,b=0.66
.geffers)on -15) @@JSA
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1. Ansatz 2. Fit to HERMES data 3. Cross check

* Fit describes pion data reasonably well.
Works also for COMPASS data (deuterium target)

* Sivers-effect was also measured for kaons. Fit not satisfying around x=0.1...
Sea-quark effect? Sea-quark Sivers-function relevant?

* Sivers function can be extracted also from Drell-Y an. Test sign change.
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Extraction of Transversity

Collinseffect: h; @ Hi-

[Anselmino et a.]: Again, use Gaussian ansatz for deconvolution

However, Collins FF is needed. Extraction from BELLE-data (e¢"e - annihilation).

First extraction of u- and d-quarks transversity:

0.5

- 05
Recent improvements of fits: 04l <o
reduced error bars. 2 Z
q|— o/ <]I—
Transversity doesn't seemto be * ¢ X
01 -0.1-
small. T S
% 005 5% 0.051
More improvements needed. °© ‘I —= ° —
(Evolution etc.) » _O_j\/ S o
B 045 x=01
0.2 ‘ L ‘ L -0.2 ‘ — L ‘
02 04 06 08 1 0 02 04 06 08 1

) J
‘Jefferson Lab X k| (GeV)



(Possible) relations between TM Ds and GPD‘

Trivia Relations are well-known:

i~

—

=
|

H(z,0,0) = / Pl fi(z, k2) = / d*brH(z, b2)

~ —

g1(r) = H(x,0,0) = /dszglL(xak%)

hl(.SU) — HT(CE,O,O) — /koT hl(w,g%)

——> Mmodel-independent, integrated relations

also for twist-3 PDFs &(x), g.(X), ...
.Jeffers?on Lab @ @JSA



Non-trivial Relations

Non-trivial relations for “T-odd” parton distributions:
M. Burkardt [Nucl.Phys. A735, 185], [PRD66, 114005]

Step 1: Average transverse of unpolarized partonsin a
transversely polarized nucleon:

knta) = [ Ehrip o

"]

(Sr) - 0(=Sp)| o i7" (z)

Step 2: Impose parity and time reversal:
Oz, ET; —§T) = fT[(P, ~Sr| vyt Waipisy | P, _ST>]
s FT|(P4Sr |y Wovt P, +57)

.geffergon Lab @ @JSA




Non-trivial Relations
Stgp 3: Derivatives of gauge lin

(ki) (z) o [ d2hy [ d% @

i0%.
o [y =5y gF Ty )y 5]

ZT—O

=)-5 5] I'(5)

L

b)) = | e P Spl(- - 51T () w5 )P S

(bt (WSIDIS - WDY) V)

A (WSIDIS — WDY)

collinear “soft gluon pole” matrix element

‘Jeffers?on Lab



Non-trivial Relations
Step 4: Impact parameter space: 22 =F5n-+br

0360 = [ [ s s e sl s

> |mpact parameter representation for GPD E

Assume factorization of final state interactions and spatial distortion:

i ii of pL,(1 ; >\ brXxSr =
(k) = —Mesi 10 (2) o / Py T, br) e B0 3

'z, 5%) . Lensing Function = net transverse momentum

.geffergon 1) @ @JSA



Physical picture of the Relation

Intuitive picture of the Final State Interactions:

Final State interactions are assumed to be attractive
=== Lensing

‘Jefferé?on Lab



Physical picture of the Relation

Intuitive picture of the Sivers asymmetry:
Spatial distortion in the transverse plane due to polarization!

'ava

Spin polarization

——="> Mechanism leads to non-zero Sivers asymmetry!

.geffers)on Lab @ @BA



Predictions

| ntuitive picture seems to work “numerically”:

Distortion effect given by flavor dipole moment:

4 = [ d [ by bi, XSr gy ) = -

15 QJ
€7 ST

q
o

(2,0,0) = -

with flavor dipole mement %/P ~ 1.7 k4P ~ 20

[1:0@) o ] oo )P . 1)

Predicts opposite signs of u- and d- Sivers functions.

« INn agreement with IargeNC prediction [Pobylitsa, 2003]
model calculations in spectator models, M1 T-bag model, etc.
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Predictions

Intuitive picture also predicts the absolute sign

If:
w=—==> Fina state interactions are attractive, Z(x,br) < 0
1,u 1.d
Ji7 <0 fap >0
Confirmed by HERMES, COMPASS data:
x 15 19x) x £ 12 %x)
- " 'Ref.20] —— ] 03 |- o~ 'Ref[20] %—; Fits taken from:
0os | RS 0 RHETTS 120] Anselminoet al
/:H > N d-quark ] 0.1 [ ,':I",’ “\:‘::‘\d-quark 1 PRD72 (05)
NS N/ 3 [21] Vogelsang, Y uan,
N I PRD72 (05)
oos b =TT u-quark ] '0'2 : [23] Callins et al., hep-
[T T T T ) HERMES x-range ] - LT T 1 mERwES ph/0510342
i I BT R R 03 |x_m‘g€ .
e 0z 04 s 08 = 0 02 04 06 08 x
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Chiral-odd Relation

*Av. transv. momentum of transv. pol. partonsin an unpol. hadron:

(k)i (@) = [ dhr ki L@ 7(S) + @lir 27— 5))

> |02 W () ~ /deT by - Iz, br) %(57“”%) (2,0%)

*Spatial distortion in transv. plane of transv. pol. quarks quantified by

‘HT = [dx (ET + QFIT> (a:,0,0)‘

*L attice QCD, const. quark model: k7 > 0  and Ii% > 0

mm—==2> Boer-Mulders function negative for u- and d-quarks!
[in agreement with large-N _, models]
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Relations in Spectator M odels

Explicit checks of relationsin adiquark spectator mode!.:
[Burkardt, Hwang, PRD69, 074032], [Meissner, Metz, Goeke, PRD76, 034002]

L owest order calculations:
(T-odd) TMDs:

Non-trivial relations are exactly fulfilled!

(55, ) = / by TS gr| |—2ps pO) = / d?br 2 (&7 + 2Hr)’

.Jeffergon -15) @ @JSA




Relations in Spectator M odels
In the diquark-spectator mode!:

*Relations between arbitrary moments:

ey STMD: )0) ~ [ Py (51 )
fin ()  BE™(z),0<n <1

*GPD: E"(r) ~ [ ¢ Ar (33 Ela, 0,72k
*Relation between GPDs and T-even TMDs:

1, -
th(n) () ~ Hé?) (%)
e No FSI / Lensing function needed!

*Relations also for gluon-GPDs and gluon-TM Ds.

Relations are likely to be broken for higher order diagrams.

.Jeffergon Lab @ @JSA



Mother functions

Rel ations between functions:

A=0
| GPCFs| ~ | PCFs|
(G)PCFs:. (Generalized) Parton Correlation Functions
(G)TMDs: (Generalized) Transv. Momentum Depend. l f dk— l f d k_
Wigner Impact parameter A =0
functions| ‘ GTM DS‘ > ‘ TM DS‘
idekT ij‘deT idekT
| mpact parameter A = 0
| P. GPDs | = | GPDs| ~ | PDFss|

Which GPDs and TMDs have the same mother functions?
‘Jeffergon -15) @ QJSA



Summary

* Semi-inclusive DIS: structure functions KT — convolutions of
TMDs + fragmentation functions
* TMDs: provides a deeper insight into the (spin) substructure of
nucleons.
* Gauge link more complicated, physically relevant.

* SIDISyields access to chirally-odd functions such as transversity

e Possible, non-trivia relations between TMDs and GPDs.

.geffers)on 1) @ @BA
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