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Deep Inelastic Scattering

= The nucleon has an internal structure

= x is the fraction of proton momentum carried by the parton

= The cross section is the incoherent sum of all partonic contributions convoluted
with the parton distribution function, which only depends on x at LO
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Q2 Evolution

** QCD corrections induce Q? dependence

R =

< f(x) — f(x,Q2)

*» DGLAP evolution equations exactly
predict this Q% dependence
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Parton distribution functions

Unpolarized distribution functions
q=0;+q: g=0.+9-
fo/n(X)

S

Transversity distribution functions
ar i
At =0, -0,

M. Boglione 4



Correlator

D.E. Soper, Phys. Rev. D 15 (1977) 1141; Phys. Rev. Lett. 43 (1979) 1847,
J.C. Collins and D.E. Soper, Nucl. Phys. B194 (1982) 445; R.L. Jaffe, Nucl. Phys. B 229 (1983) 205.
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i ~ +» Fairly good knowledge of longitudinally polarized, partonic

distributions, Ag(x,Q?); poor knowledge of longitudinally
polarized gluons Ag(x,Q?)

w8 ¥« NO direct information on transversely polarized partonic

distributions, A.q(x,Q?), from DIS
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Transversity

** There is no gluon transversity distribution function

¢ Transversity cannot be studied in deep inelastic scattering
because it is chirally odd

¢ Transversity can only appear in a cross-section
convoluted to another chirally odd function
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Semi Inclusive Deep Inelastic Scattering
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Plenty of theoretical and experimental evidence
for transverse motion of partons within nucleons,
and of hadrons within fragmentation jets
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Intr|n5|c Transverse Momentum

g+ distribution of lepton pairs

in D-Y processes

p distribution of
hadrons in SIDIS
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_Intrinsic Transverse Momentum

Distribution and fragmentation functions now depend

+** on the lightcone momentum fraction
(x for the distributions and z for the fragmentations)

s on Q% (—pQCD evolution),

¢ on the intrinsic transverse momentum of the partons,
(k, for the distributions and p, for the fragmentations)

OPEN QUESTIONS:

**How do TMD’s depend on the intrinsic transverse momentum ?
v'Gaussian behaviour in the central region ...
v'Power law decrease at large transverse momentum...

** Does the partonic intrinsic transverse momentum k, (p,) depend on x (z) ?
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Leading twist TMD Correlator

Mulders and Tangermann, NP B461 (1996) 197, Boer and Mulders, PR D57 (1998) 5780
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Transverse Mometum Dependent
Distribution Functions

Correlations
between spin
and transverse
momentum

Courtesy of Aram Kotzinian
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Transverse Mometum Dependent
Distribution Functions

QUARK POLARIZATION

U L T
Z
Ol | filxk) het (k)
N Unpolarized Boer-Mulders
o
S
ol L g4(x.k,) h, (x.k,)
e Helicity
Z
o
iy B fl1T_(X’kl) g47(%,k)) hir(x,k,) | htyr(xk))
= Sivers Transversity

Courtesy of A. Bacchetta
*Functions in bold face survive k, integration
*Functions in shaded cells are naive T-odd
*Functions in red box are chirally odd
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. General Formalism with Helicity Amplitudes

M. Anselmino, M. Boglione, U. D-Alesio, E. Leader, S. Melis, F. Murgia, PR D71, 014002 (2005), PR D73, 014020 (2006)

Frorx 2al®akia) helicity amplitude for the "process™

A—a+ X a

A

X
AL :
Y>3\ (2a,k1a) is the quark correlator
A A

AAQ,A; L A~ A*
BN = i F)‘m)\XA;)\AF;,)\XA;)\h

XASAX 4
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General Formalism with Helicity Amplitudes

from general properties of helicity amplitudes:

~ B Y
f,\a,,\XA;,\A(SCa, ki.)= Frdx ih (24, kJ_a.
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‘ %5 General Formalism with Helicity Amplitudes

similar situation with fragmentation functions

EAGA, A 2
DY (2 kie) = i Drgagin (= k1ic) Dy \ o (2 kic)
Xa X

c! e

Dagrgin, helicity amplitude for the “process":
c— O+ X

from general properties of helicity amplitudes:
. ow
Dr aen (2,k10) =D a oo (2 ki) ehe?e

ﬁiiﬁc (z,k1c) = Dif,f?f (2, k1) elPemP0)oc

Collins function (unpolarized final particles)

—2i D" (2 kyc) = 2Im D (2, kyc) = AN Doy (2, kL c)
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Transverse Mometum Dependent
Distribution Functions

A sz/p+ XKy
Helicity fn.

—sy/p\
Boer-Mulders

Afpr (3 K1)
Transversity
function

Bt

Afgypr(X,k L)
Transversity
function

Correlations

and transverse
momentum

M. Boglione 18




Transverse Mometum Dependent
Distribution Functions

QUARK POLARIZATION

U L T
pa
21 | faplok) Afy, 00K, )
< Unpolarized Boer-Mulders
% Af_ .(xk,)
o L z2lp+\ X, K Af. . (Xk
Gt Helicity swprK.)
Z
o
d T Aqu/pT(X,kJ_) Af szlp (X,kJ_) AfstpT(X,kJ_) Af sylp (X kJ_)
= Sivers Transversity

*Functions in bold face survive k, integration
*Functions in shaded cells are naive T-odd
*Functions in red box are chirally odd
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TMD’s in SIDIS
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TMD’s in SIDIS

SIDIS in parton model
with intrinsic k.

Factorization holds at large Q?,
and P = kl ~ AQCD
(Ji, Ma, Yuan)

T g = Pr=zk) +p,|

O(kL/Q)

1+(1— )2—4— 2-y)/1-9lecosp) Ok
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m@fw . TMD in unpolarized SIDIS — Cahn Effect

s Assume a simple, factorized form for the TMD distribution and fragmentation functions,
with a gaussian dependence on the intrinsic transverse momentum

s*Determine the free parameters by fitting experimental data

(k5) =0.28 (GeV)*  (p) =0.25 (GeV)?

-]

Xg > 0.2

A cosp dependence is also generated
by Boer-Mulders®Collins term,

+ + via a kinematical effect in dAG ,

not included in this fit.

do/doy, (arbitrary units)

At O(k3 /Q* further dependence on
3 | | ‘ | ‘ ' cos(2¢) is generated

0 2 4 6 2 4 6
oy, (radians) ¢y, (radians)

EMC data, pp and pd, E between 100 and 280 GeV

M.Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia and A. Prokudin
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errors shown are statistical only

W. Kafer, COMPASS collaboration, talk at Transversity 2008, Ferrara

Comparison with

M. Anselmino, M. Boglione, A. Prokudin, C. Tiirk
Eur. Phys. J. A 31, 373-381 (2007)

does not include the Boer — Mulders contribution

M. Boglione
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Pt dependence of data in agreement with a
Gaussian ki1 dependence of unpolarized TMDs

CLAS data, arXiv:0809.1153 [hep-ex] CLAS data, arXiv:0809.1153 [hep-ex]
1.6
i b Q? = 2.37 (GeV)?

14 z =03

12 ’ ) 121
g 1 7|QF = 2.37 (CeVv)? -’:i !
S 08 S| & =027 g 08
N:‘H 06 Ng;. 0.6

04 04

l]‘i .l]q].--ﬂlz “13 0'.4 0"5 l]l.ﬁ l]I.'T 0.8 l]I]..'!. O.IZS l]l.3 I]_I35 0;4 0.215 GI.S I].ISS 0.6

Hint of a z-dependence No hint of x dependence
at small z values in the explored region

o {Gaussian TMD’s with (ki) =0.25 (pﬁ_) = 0.20
solid line —
(Pp)=2%k1) + (1) O(kL/Q)
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TMD'’s in polarized SIDIS

= Fyy + cos(2¢) Fgor3®) 4 % cos p Fgor® + A %

. 1 | 1
+ 8z {Sin(%) LAt RS, [F“' Q9 cosqSFI‘f:“’] }

i ST{sin(cb — ¢5) Fpn®=99) 1 gin( + ¢g) o #1%9) 1 6in(3¢ — ¢g) Fpr(39~99)

: 8in ¢
singF

i 2 :
t o [sm(2¢ — ¢g) FEn(26=9s) 4 gin g g FoI ¢8]

+ A [cos(qb — ¢s) F::_‘(‘f’—#’sJ + % (cos s Frix ¢s | cos(2¢ — Ps) FE;s(2¢—¢S))] }

F S( é contains the TMDs
BYp

Studying Sivers, Collins and other mechanisms is complicated by the fact that all
these effects mix and overlap in the polarized SIDIS cross section and
azimuthal asymmetries

Way out : build appropriately ‘weighted’ azimuthal asymmetries !

Kotzinian, NP B441 (1995) 234,:Mulders and
Tangermann, NP B461 (1996) 197;Boer and
Mulders, PR D57 (1998) 5780, Bacchetta et al.,
PL B595 (2004) 309, Bacchetta et al., JHEP
0702 (2007) 093

M. Boglione 26




TMD’s in polarized SIDIS

HADRON PRODUCTION PLANE

Z—axis

LEFTON SCATTERING PLANE

F o~ 32 G Do Fc°3(¢—¢.§) i 82 la Da.
£ ; il Z fir @ chiral-even
F,, ~ Z e3 g% ® D3 Fein(g—¢s) , Z &2 fibo TMDs
(4]
cos(2 21 la la S0
Fos24) Zea hi® ® Hj prinlttes) Ee he, @ Hii® i
| ¥ TM Ds
F313(2¢) ; B h @ H Fsm(3¢ $s) ., Z 2 h J
s

; e e S 3
o8¢ Fpos? ~ fl@ Df ®d0+(h(f ® H{ ®dA") Cahn kinematical effects

(Avakian, Efremov, Schweitzer, Metz, Teckentrup, arXiv:0902.0689)
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The Sivers Distribution Function
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T-odd

the correlation between
quark transverse momentum

The Sivers function inbeds
the proton spin and the
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The Sivers Distribution Function

5 01F
5 g :

dot —de? = %005:—* TR +++ ST
ZAqu/pT (z, k1) S (D x ki) ®dé(y, k1) ® Dryglz,py) of
q S o =
sin(g — ®g) % 04
5 of
2(sin(p — ¢s)) = Apz® ¢ e
fdt.bdqb,g [do! — dot] sin(¢ — ¢g) 3 |

fd¢d¢s [de’ +do?] 208

2 (Sin(¢"¢'5)>UT
o

HERMES Collaboration arXiv:0906.3918 [hep-ex]

202(T s Q?<4GeV | KT i T %‘" 0.1
< o Q2> 4 GeV? g
QIR PR TS TR RN
o ot we ML WY YT -ﬂ:} | ' =
7T : R
-01 — E:—:H <025 b o a3
I T I | i T I I | % L + *** ' [ [ ¥4 +: *+ (O]
0.4 06 05 1 04 06 05 1 S oot S TR LA * i
z P, [GeV] z P, [GeV] o N
10" 0.4 0.6 0.5 1

X z Phl [GEV]

HERMES Collaboration arXiv:0906.3918 [hep-ex]
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The Sivers Distribution Function

COMPASS proton data

0.2
—— positive hadrons
o —s— negative hadrons L
0 ;;&;i;:»i} L7 79 S LA 1atak k% i
IS LIRSS B I B ILTRAL i
0.1 r
bl Wl ol ! | ! ! ! !
102 107 0.2 0.4 0.6 0.8 0.5 1 1.5
X z P (GeVic)

S. Levorato for the COMPASS Collaboration, Transversity 2008

COMPASS vs HERMES,
problems?

COMPASS 2007 proton data (part.

-=- COMPASS h
| = HERMES = ('02-'05)

- COMPASS h*
0.1 + HERMES =* ('02-'05)
g ¢t
> + + +
wn
< 0 + +"'+' """ v + """""""
-0.1-
Lol ! Lol Lo
102 10"
X

Courtesy of F. Bradamante

107!
X

102

M. Boglione

COMPASS deuteron data
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= o leading
0.1 - F
0 1 5B .[1 G E } ] PR I
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=504 = Iez-lxding K> I - I
e o leading K
(! l L l L
.. R §§ 3 1% ]] l r.T._iv P i ﬂ ki, .xL*T i 1
gE T Ty
02+ ' S { F i %
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0.2+ l F
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L b } LI |
-0.2- r
" e 0103 06 08 05 I 13
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COMPASS Collaboration, Phys. Lett. B673: 127-135, 2009
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~ Determining
the Sivers
function

The Sivers Distribution Function

/ 27{: 7.3
/ L. Gamberg g i3 l-_:q J?"ZFE. ksgsl E k+g
Models — see talks of | Cour.tgy o 2
< M. Radici o N T
S‘ BOffi Bacchetta, Gamberg, Goldstein, Mukher jee, Metz, Amrath, Schaefer
\M ) Bu rka rdt Yang, Brodsky, Schmidt, Hwang, Scopetta, Courtoy, Frattini, Vento ...

Fits — see talks of < U. D’Alesio

M. Anselmino, M. Boglione, J.C. Collins, U. D’Alesio, A.V. Efremov, K. Goeke,
A. Kotzinian, S. Menze, A. Metz, F. Murgia, A. Prokudin, P. Schweitzer,
W. Vogelsang, F. Yuan

o KflJ:r“N(K) xf#lﬂ}q“)
L T m— —

T T T T T T I T | T —
Ref.20) ——] %3 U Ref.[20] —
[ Ref.23] ——1 L E . Ref.[21] ------ 3
0.05 - ] 2 F - S .
[ : o~ d-quark T ol \‘:“\‘ d-quark
-“”./f — o T g R .
0 —=== 0 i TN
.-r"’"'fl [
= e 0.1 [ ey
005 L <~ u-quark b E u-guark ]
B 02 F 3
[T T HERMES s-range s T T 1T HERMES v-range ]
o1 . T E

0 0.2 0.4 0.6 0.8 x 0 0.2 0.4 0.6 0.8 X

The first and 1/2-transverse moments of the Sivers quark distribution functions. The fits
were constrained mainly (or solely) by the preliminary HERMES data in the indicated x-

range. The curves indicate the 1-0 regions of the various parameterizations.

2
Zﬂ;z fi#q (I,kj_)

N =i, £

k
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The Sivers Distribution Function

Spin-orbit correlations

A non-zero Sivers function requires non-zero orbital angular momentum !

bylfm)
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~04
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M. Boglione

[Matthias Burkardt]

L >0

Lattice [P. Haegler et al.]
L,<0
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* The Boer-Mulders Distribution Function

g &,

I The Boer-Mulders function
is related to the probability
| of finding a polarized quark
| inside an unpolarized proton

The Boer-
Mulders
function is
chirally odd
and T-odd

X The Boer-Mulders function
inbeds the correlation
between the quark spin and
its transverse momentum
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The Boer-Mulders Distribution Function
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F. Giordano and R. Lamb, arXiv:0901.2438 [hep-ex]
W. Kafer, COMPASS collaboration, talk at Transversity 2008, Ferrara
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ol The Boer-Mulders Distribution Function

s

Boer-Mulders function hi (x. k| ) describes distribution of

transversely polarised quarks in an unpolarised hadron. N —— R P

cos(2¢p) asymmetry is generated in SIDIS by convolution with .
Collins FF. PR~ /
] h
o Large-N, predictions hi" ~ hi-? ¥ |k preliminary
o Burkardt's approach hi- and ;5 are connected to GPD's. )

-~ ud
hJ_U,d ~ K‘T fJ_U.dI hJ_U_.d

1 = Kwd 1T
arXiv:0705.1573 [hep-phl, Phys.Rev.D 72,094020 o
: Kt . 3 K77 19 a8
o Lattice QCD result: i ™ 16 1d = 353 X o I
> hep-lat/0612032 AL E Rt
‘ 107 10" 0.4 0.6
~ A. Prokudin, talk at Workshop on Transverse Spin Physics, Beijing (2008) X z

V.Barone, A.Prokudin, B.Q.Ma
arXiv:0804.3024 [hep-ph]
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The Collins Effect in SIDIS
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F;,.}‘,( s)

7 do! —dot = ®dA6('y, k1) ®QAN Dy
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The Collins effect in ]

SIDIS couples to

transversity

/ d¢ deg [de! — dot] sin(p + ¢g)

f d¢deg [do! + da?]
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Simultaneous determination of
Transversity and Collins functions

We need to determine two convoluted unknown functions

— Fix one of the two functions according to some theoretical model and use
SIDIS data to determine the other (see for example Efremov, Goeke,
Schweitzer)

— Perform a simultaneous fit of SIDIS and e+e—>h h,X BELLE data.

BELLE
Hadronic plane method
BELLE
Thrust axis method I
o B 1 do.e+e_—>h;hg,\' » Jlu'
b A2y, 22,8, 91+ 2) = m dzy dzzdcosHd(py + ¢2) II..
. .2 2 ;"AN D 5 AN D 1 J fl
! _ +l gin 92 cos(-pl—i—wg)zng . hlzqr(fi) hzg./c._n( 2)_
A 8 14 cos?d qu’thlfq(zl)Dhg{q[_Zzi' xfl -

K}
k‘“
4

1 2129 sin® 65 Zq f’g f—\-"\rDhI/qT (1) AN Dy q1(22)

Alzy, 20,02, 01) =1+ — cos(2 0
o) ™ 27 423 14 cos? 6 os(2¢1) 22 q€aDhy jq(21) Dhosq(22)
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Simultaneous determination of
Transversity and Collins functions
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Models for the Collins functions
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Bacchetta, Gamberg, Goldstein, Mukherjee, Metz, Amrath, Schaefer,

Yang, Brodsky, Schmidt, Hwang, Scopetta, Courtoy, Frattini, Vento ....
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d
@) e [ & )

1(1 9 dy > neglecting twist-3 contributions
(@) = —a? [ Wty

Wit % (2) ~ g%(z) — he() !

similar to the Wandzura-Wilczek relation

d
7 (x) o f —yg‘f(y) supported by experiment

9#1)& (z) = f d2kJ. 91T (@, ki)

2m N

for a recent model of all twist-2 TMDs see Bacchetta et al., arXiv:0807.0323
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The last three TMD’s ...

HERMES data, PRL 84 (2000) 4047; PL B562 (2003) 182

A2 xtip @ A0 x/p ® ANl 1td © A% x/d d)
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sin(2d) 21la la
F UL ~ ﬂa h’l L ® H 1
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COMPASS data, arXiv:0705.2402
. . ; sin(3g-d +
ASnG#09(x) on deuteron (a) Ain395)(x) on deuteron (b) AU’I‘( *9)x) = proton (c)
g2 O T T T AR 02 T T T T T -~ 1 - 1 1 = ]
E positive hadrons . negative hadrons i CLAS projections
01 L B o1 L B 0.05 B * positivity
o ] “F ] 3 model — A
0 — #'—gg———-—_f 0 e — N — i
— — : S —f——“. 0 t_
-0.1 E‘ COMPASS preliminary ‘: 0.1 E‘ COMPASS preliminary 'E i 1
i : 1 -0.05 | -
-“‘2 L_I IJI.Il L A L IJIlI.l 1 ' Ill_ -0‘2 _]JI.II. 1 L IJ]lllJ 1 L IJI_ L L I 1 | Il I i
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Frein(3¢—¢s) Z gg hil-,l‘.} ® HIJ-“ H. Avakian., AV. Efremoy, P. Schweitzer, F. Yuan — Bag Model predictions
L - arXiv:0805.3355 [hep-ph]
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Pretzelosity

What do we know about it?

e in transversely polarized nucleon: measure of quark polarization L quark pp
Piet Mulders, Rick Tangerman 1995

e tells us deviation of nucleon shape from sphere
Gerry Miller 2007 ('non-sphericity’, 'pretzelosity')
Matthias Burkardt 2007 ('pretzel’, 'peanut’, 'baggle’)

e pretzelosity-relation in bag: g{(z,pr) — h{(z, pr) = hf'jgl)q(m, PT)
Avakian, Efremov, PS, Yuan 2008

e also in spectator, light-cone constituent and covariant parton model
Jakob et al 1997, Pasquini et al 2008, Efremov et al 2008

P. Schweitzer,, talk given at INT Program 09-3, Seattle

Spin-orbit correlations

Light-cone SU(6) quark-diquark model, Ma, Schmidt (1998)

, . 1(1
also direct calculation hﬂ& )q(:u) = —L9(x)

—

(—1) hj‘jgl)q(w)dw = contribution of quark with z € [z, z + dx]
to light-cone angular momentum

i.e. transverse moment of pretzelosity = direct measure of L9 !

P. Schweitzer,, talk given at INT Program 09-3, Seattle 42



«%%-, Universality of Sivers and Collins functions

Wi Ay Y o
.".‘,A‘.‘,s.';«f' “f (7
> b d
‘.

Pk
IR

[4

* The Collins fragmentation function is universal (no initial/final state
interactions, no effects induced by requiring color gauge invariance)

J. Collins and A. Metz, Phys. Rev. Lett. 93,252001 (2004), F. Yuan, arXiv:0903.4680

* The Sivers distribution function (naively time reversal odd) is subject to
initial/final state interaction — color gauge invariance requirements induce
color factors (process dependence).

C. J. Bomhof, P. J. Mulders,F. Pijiman, Eur. Phys. J. C 47, 147 (2006)
Example:

* If T-odd TMDs # 0: Gauge Link not neglegible, physical effect:

Initial / Final state interactions

%_‘7 ) * }\NW\A/V‘
~ EE% B &

ég:gi; | ‘;b r W,E/‘
%:, J S B

Wilson line process-dependent: 2,

_ia [*2 ds A DY sIDis
Wiz1; 22] = Pe tg [ de-Als) ‘ >z

Time reversal ————— switches sign:

1 . € 1 _ 1
flT‘ - _f1T hl - _hl
DIS DY DIsS DY

Mark Schlegel, talk given at INT Program 09-3, Seattle
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Drell-Yan Processes

Hi+H, — [T+ 174+ X
Kinematical variables:
M? = q* = (pq + pg)*,

— 1, %+aq
=gl qo—aqL
T = X1X2 = MT

f'(x;) — parton density
function (PDF)

Angular dependence in the Collins-Soper frame

l1d 3 1 2N .
. dg = IiNi3 (1 + A cos? # + pusin 26 cost) +ﬁg sm_2 o cos 2(,.@

A. Prokudin, talk at Workshop on Transverse Spin Physics, Beijing (2008)
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