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Looking deeply into the proton

Atom Mucleus

Internal structure
10715 - 10718 m
< 1960 1964-1969 1972-1973

- Elementary particle? - Quark hypothesis - QCD lagrangian
(Gell-Mann - Zweig) - colors, sea quarks,
- Scaling at SLAC (‘69) gluons
- Parton Model - discovery of gluons
(Faynman, Bjorken) (PETRA ‘73)
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Looking deeply into the proton

Atom
; Internal structure
10715 - 1078 m

<1960 1964-1969

- Elementary particle? - Quark hypothesis - QCD lagrangian - EMC experiment
(Gell-Mann - Zweig) - colors, sea quarks, - the spin crisis
- Scaling at SLAC (‘69) gluons 1 _AY+AG+I
- Parton Model - discovery of gluons 2 +9

_ , - quest for AG& L, 4
(Faynman, Bjorken) (PETRA ‘73) ’
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What is the final goal?

Understand the full phase-space distribution of the partons:

» Where are they located ? — x,y,z=7r } W (x, pr,7) Wignfer
» How do they move ? — py,py,p; = X, Pr e function

..but AxAp >

N | S

— no simultaneous knowledge of momentum and position!

C. Lorce
Session A
Thur. 19
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What is the final goal?

Understand the full phase-space distribution of the partons:

> Where are they located ? — x,y,z =7 W (x r) Wigner

> 5 — P function
How do they move ? — py,py, P, = X, pr

..but AxAp > g — no simultaneous knowledge of momentum and position!
— can only measure quantities integrated over momentum and/or position
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The nucleon collinear structure
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The nucleon collinear structure
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The nucleon collinear structure
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The nucleon collinear structure
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...now let’s go transverse!
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The non-collinear structure of the nucleon

momentum helicity Boer-Mulders
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Sivers worm-gears

TMDs depend on pr

Vanish when integrated over pr
Describe correlations between
pr and quark or nucleon spin
(spin-orbit correlations)
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The non-collinear structure of the nucleon

momentum helicity Boer-Mulders
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TMDs depend on pr
Vanish when integrated over pr
Describe correlations between
pr and quark or nucleon spin
(spin-orbit correlations)
Provide a 3-dim picture of the
nucleon in momentum space
(nucleon tomography)

py (GeV)

A.B., Conti, Guagnelli, Radici, arXiv:1003.1328

\

J

0 02 04

)]

p(GeV?)

4.4

L.L. Pappalardo - QNP2012 — Palaiseau — April 16-20 2012



The non-collinear structure of the nucleon

mo_men\mm helicity Boer-Mulders
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(spin-orbit correlations)
Provide a 3-dim picture of the
nucleon in momentum space
(nucleon tomography)

Mostly studied in SIDIS
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The non-collinear structure of the nucleon

Fragmentation Functions (FF)

mo_men\mm helicity Boer-Mulders
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Mostly studied in SIDIS

: i

L.L. Pappalardo - QNP2012 — Palaiseau — April 16-20 2012

19



The SIDIS cross-section
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The SIDIS cross-section
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Transversity
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Transversity D8 hi(x, P ®H (z,k7)
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Transversity ooy Doa€e (X PR ®HH (2,k7)
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Transve rs ity COMPASS 2010 proton data
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Collins FF from inclusive hadron-pair production in e*e” ©®

Describes correlation between quark polarization and
observed hadron transverse momentum
e
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Collins FF from inclusive hadron-pair production in e*e” ©®
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First extraction of Transversity

%Ayh @

v

\ -
q "Wv

QN Q!
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-
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\ A4
>

~ /

D
d X <o
BELLE
N

' 4

Anselmino et al. Phys Rev. D 75 (2007) 0. chiral color-dielectric model [Barone et al.,PLB 390 (97)]
1. Soffer bound [Soffer et al., PRD 65 (02)]
05 T 0.5 2. hy = g4 [Korotov et al.., EPJC 18 (01)]
X o . soffer bound — o 3. Chiral quark-soliton model [Schweitzer et. al., PRD 64 (01)]
?Cﬁ ! ~ - 4. chiral-quark soloiton model [Wakamatsu, PLB 509 (01)]
X 03 5: 03 5. light-cone constituent quark model [Pasquini et al., PRD 72 (05)]
S 6

. quark-diquark model [Cloet, Bentz, Thomas, PLB 659 (08)]

el |V S
x 3 (08)]

(]

8. Parametrization [Anselmino et al., arXiv 0807.0173]
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1
4
o s
sS4 ol
o= 0
< o0s|-
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015
02 P S S
1 0 02 04 06 08 1
X k| (GeV)
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First extraction of Transversity

v

q NV

y
h

Anselmino et al. Phys. Rev. D 75 (2007)

xhy(x)

fx)

xh

05
04
0.3
0.2
0.1

<01

0.2

T
1
1, Soffer bound
|

0. chiral color-dielectric model [Barone et al.,PLB 390 (97)]
1. Soffer bound [Soffer et al., PRD 65 (02)]

2. hy = g4 [Korotov et al.., EPJC 18 (01)]

3. Chiral quark-soliton model [Schweitzer et. al., PRD 64 (01)]
4. chiral-quark soloiton model [Wakamatsu, PLB 509 (01)]

5. light-cone constituent quark model [Pasquini et al., PRD 72 (05)]
6. quark-diquark model [Cloet, Bentz, Thomas, PLB 659 (08)]

i LRadigi (08)]

8. Parametrization [Anselmino et al., arXiv 0807.0173]

02 04 06 08

02 04 06 08 1

ky(GeV)

Tensor charge

& = [ ax [ () ~h? ()]

L 4 ourresult .

L ® 11 °

- . 2 L .

- ° 3L .

- 4.74 - _— &
I I I I

0 0.5 1 15 -06 -04 -02 0

1: Quark-diquark model

2: Chiral quark soliton model
3: Lattice QCD

4: QCD sum rules

= 4+0.09
ou = O"J4—D.22

c 1 o+0.00

M. Anselmino et al hep-ph:0812.4366

Need data in valence region

\ (x>0.4) ->JLab @ 12 GeV )
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c
/ O-
PDE > X
- Survives integration over transverse momentum
2 2 < 2 2
Sin(gr+gs)sing Z‘4qeth(X’Q JH (M, Q") - Collinear factorization (simple product)
T 2 2 2 2 - i
quq f (x,Q*)Df(z M2, Q%) DGLAP evolution
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Transversity 0T e commasszon T EEEEE T
005 @ HERMES . HEENENIR |
0_ ____________________________________________________ I § ____________________
$s 5 ¢ ié i }
003 %%*ﬁ }%%# HeopT et g
0.1~

COMPASS 2010 proton data

T

> &h(xQ)H (z M;.Q%)

Sin(gg+ds)sin o e

> E&L(xQ)D](z M}, Q)

MM (Gevic?)

Survives integration over transverse momentum
Collinear factorization (simple product)

DGLAP evolution

Large asymmetries @ HERMES & COMPASS

L.L. Pappalardo - QNP2012 — Palaiseau — April 16-20 2012

31



Transversity

COMPASS 2010 proton data

h
o
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2

0.05- @ HERMES
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|

" @ compAsS 2010

e C e

h’h’ COMPASS 2010, x=0.032
h'™h COMPASS 2010, x<0.032
h'h’ COMPASS 2007, x=0.032
h'™h” COMPASS 2007, x<0.032
n'm HERMES (scaled with 1/Daon)

T

Sin(gg+ds)sin o oc

> &h(xQ)H (z M;.Q%)

> E&L(xQ)D](z M}, Q)

Phys.Rev.Lett.107:072004,2011
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-
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v
v

0.65 < z,< 0.72

4
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0.72 < z,< 0.82

v
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v
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0.82 < z,< 1.00

0.

£703 0405 06 0.7 08 63 02 03 04 05 06 0.7 06 0§ 0.2 0.3 04 05 0.6 6.7 0.8 0.3
1 1 1

107"

X

z MEE

(GeV/c?)

mv

- Survives integration over transverse momentum
- Collinear factorization (simple product)
- DGLAP evolution
- Large asymmetries @ HERMES & COMPASS
- H1* chiral-odd, measured at BELLE
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COMPASS 2010 proton data

? = < 0.1 ®  b'h COMPASS 2010, x-0.032 —
r'ansve r.S| Y =o @ CoMPASS 2010 " b’ COMPASS 2010, x<0.032
= o] h'h COMPASS: %OU : )ii_=0.03%
0.05- @ HERMES o  n FERMES (scated with D) |-
I g ] I :
: FLNEE RIS
L] ,
008 % _%%@ﬂ} N Baetd
0.05 % g IS L $1
0.1 ] l - L
||||||| 1 - |||||| %I ‘I; 1111 1 I 1 | | I |
102 o] 0.5 I 05 1 15 2
X z M (Gev/e?)
z R 2V (2 M2. O - Survives integration over transverse momentum
Sin(g+d)sing qeth(X’Q JH(Z M, Q%) - Collinear factorization (simple product)
T p) 2 2 2 - i
Z & f,(x Q*)D;(z M2, Q%) DGLAP evolutlon.
q - Large asymmetries @ HERMES & COMPASS
- H17 chiral-odd, measured at BELLE
Phys.Rev.Lett.107:072004,2011 . .
204 c : - Independent extraction of transversity!
(D :0'0,2.;_ F
002 ey —""'v-,' A e _
O g - - , z hi(z) — £ hil(z) | Bacchetta etal,, PRL107 (11)
"ji: 0.20 <z,<0.28 E 0.28<z,<0.35 : 0.35<2,<042 ' w
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0.04f = E
D02 3 2
S = — — 0.3 $ compass
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Sivers function

do a2 ;')‘Q 12

1. g1 7.1 2 = . 9 1 + 9.

dx dydp s dzdo dP; | ry@=2(1 —¢) 2r
{ {FUU,T +eFuuL Describes correlation between quark

transverse momentum and nucleon
transverse polarization

+1/26 (11 ©) cos (O)F @ + e cos (20)F (29&)}

i ~ . | sin (@)
T A I 2¢ (1 —¢)sin (0) Fpy } Distribution Functions

+ St \/m sin (c,:r)FE'lE @) 4 esin (2r;'))FETiE (Qé}} @ T quirk

-
_ , n -
+ S N [V —e2F, + /26 (1 —€) cos ((,))Ffis (@}} u U f1 "’1L
- T — o ‘I: L 91—@ hﬁ,_
wsr [sin—os) (FUET +erhE) o e
tesin (¢ + ¢ g)FEn@0s) | egin (3 — ¢ g)FEmGe=95) | 1o | T |1 Ao |gir{o e -{op
n

h ﬁ-@»— -@

sin (¢ 5)

+v/2€e(1+¢€)sin (¢ g)Fp
++/ 2¢ (1 + E) sin (2(_;') — (f') S)FE}%(‘Ec‘b_q',S)}

Fragmentation Functions
+ ST N\ {\,-”al —€eZcos (¢ — ¢ S'JFE%S (9—¢s) @ quark

++1/2€¢(1 —€) cos ((_,T)S)FE%S (¢5) U __ L T
+/2¢(1 —€)cos (26 — ¢ ) F{p (2¢_¢S)} } hiu| D H1L® - @
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Sivers function

n

2 (sin(9 - dg))

uT

sin(e +¢g) Zq e; fl#’q (X1 pTZ') ® qu (Za k‘l?)
oC —
' >.e 1(x pf) ®Dj(z,k?)

First evidence by HERMES (2005)
Phys. Rev. Lett. 94 (2005) 012002

0.15 |- +

WIS - I
RN S S S LS S

005 Bt b b b b L
01 - m —

0.05 — + |

-0.05 | -

lIIlIIIIlIIlI[IlIIIIIIIIIIIIIIIIIII

01 02 03 0.3 04 05 0.6
X z

* Transv. pol. H target

e Limited statistics (2002-2003)

e Non-zero Sivers amplitudes for ™
- Non-zero Sivers functon !!
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Sivers function

3t P ODI( )

sin(g +¢s)

B
Zq e; f,'(x, p7)® D (z,k;) ) COMPASS 2002-2004
0.05F ©Callh - + -
First evidence by HERMES (2005)
Phys. Rev. Lett. 94 (2005) 012002 b q’#{ e % ! T 2o ¥ +
Sl (T | %
o T
e‘f’ 0.1 + * B e 1 1 1 1 | |
é- 0.05 - + i + 10 10 0.2 0.4 0.6 0.8 05 lh éjV/
U W : ;o PGV
N-O.05— L1 | |, b sl |
0.1 - T B = m1n Quark-diquark
0.05 - + | + === Phenomenological Fit E. Cisbani
B D e . Y S L L Light-Cone Quark Session A
0 +# + + —* + + == Axial Diquark W d 18
-0.05 | - m _ U =o
S R ERETREE R ERR Jlab Hall-A n |8
01 02 03 03 04 05 0.6 5 r
X z =~
em
* Transv. pol. H target o= 3
e Limited statistics (2002-2003) =
. . & - Ty
e Non-zero Sivers amplitudes forr™ —
- Non-zero Sivers functon !! 01 02 03 0-4x
bj
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Sivers function 5 0 T
£ 005k, ¢ t1L bR pe ot
- COMPASS amplitudes smaller than HERMES £ SR P4 4t
- New studies: difference reduces substantially N o SRR o S

in the low y region (0.05<y<0.1)

- TMD evolution? (Anselmino) _ * - - +
. COMPASS 2010 proton data [ ++ + T t } o ++ bl
= & COMPASS poe?'!l:we hadmn.x: x<0.032 preliminary 0 L. + _______ + ______ L + _________ + __ _-_T ______ + _______ I |
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Sivers function 5 01f T
< oost bt 41 L bEE 4t
- COMPASS amplitudes smaller than HERMES = SR P4 4t
- New studies: difference reduces substantially N e e ]
in the low y region (0.05<y<0.1) x
- TMD evolution? (Anselmino) _ * - -
. COMPASS 2010 proton data ++ tH } |+++ bl
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Extracting the Sivers function Pavia )

Final-state interaction

: m N (lensing function)
/ Torino \ M. Radici [, 85

sin(®-®, ) 1 q Session A
oC
AUT -f].T (x) ® w Monda 16 ortion in. \
transverse momentun: Y _
(related to Sivers \ 4
. unction) Burkards, PRD66 (02)
Fit to Compass d, Hermes p P e e
“(x; = —L(z) E*(z,0,0;
+ unnu.! FF - i (2Q1) (z) E%(z Q1)
. | , M. Anselmino
008 | 0204 a\? arXiv: 1107.4445 Session A Stvers TMD Lensing function.
Q.06 I Monday 16 Use SIDIS Sivers asymmetry 1 M ‘"/:)
) zjz - = . data to constrain shape e Lab
=i — ‘ x5 )
z e & w1 —
= 002 e ¥ \'.)
004 b ' S oos. PRL107 (2011) down
0.06 } dowh wmme e . '
up (09)
-0.08 down (09) ‘ 0.00
0.1 - 3 : 2 : 1 .
10 10 10 . X “J
\New approach: TMD evolution! / _a.05!
Q=1 GeV
- - -0.10%— - — 1
Extraction of Sivers L. Gamberg 10 10 10
through Bessel weighting Session A Also put constrdints on GPD E
avoids convolution! Monday 16 vnd quark OAM!! /
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Transversity & Sivers in pp scattering

2
p Left
Right

Aall. s) all.s) g, —8)

alf TgIt.8) 4+ T, —8)

,i\, =

Naive (collinear) pQCD predicts Ay = 0
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Transversity & Sivers

in pp scattering

= | IR
Sp Left 0.4 * —
& — o Lt
5 -~ 0.2 L .
_ I s %
Right o j . ?
<: 0 g XK.
¢
I .}
A : T\ ¢ : : T : _0 2 | @ ]
1 | . n*=0 P
S 5 Oex 4
—04}- ®=0 {) *_
Naive (collinear) pQCD predicts Ay = 0 N

0 02040608

Xp

In ‘90s E-704 exp. @ Fermilab reported
large A, asymmetries (up to 40%!!)

XF~ (Z)Pjet/PL

Possible explanations:

Collins effect (Transv. x Collins FF)
Sivers effect (orbital motion of quarks)
Twist-3 effects

e Combination of above

L.L. Pappalardo - QNP2012 — Palaiseau — April 16-20 2012 41



Transversity & Sivers

2
p Left
|

Right

Naive (collinear) pQCD predicts Ay = 0

Ay (%)

40

20

=20 +

-40 [

ANL
\s=4.9 GeV

PRL 36, 929 (1976)

ot
o

FETYY FYRTY IYST1ITITY ITITL PYETY FPTR1 PYPTY T T

02 04 06 0.8
Xr

1

20f

20}
-40

-60

40}

BNL
Vs=6.6 GeV

[ PRD 65, 092008 (2002)

'....|...11)...|,...1;...L.J.Jl....l..(%....l....
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X

0.4

0.2

-0.2

-04

0 02040608

XF
FNAL
Vs=19.4 GeV
I PLB 261,201 (1991)
40 _ PLB 264, 462 (1991) +
[ ®
20} o0
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0 ‘ -=- ‘éo“o‘ “““““
20 L @]
20 [ o
-40 ¢ C})
-60 PP PPTIN YN PUYL PPE PRTY PPTVE POTY VPP POPY

02 04 06 08 1
X

in pp scattering

In ‘90s E-704 exp. @ Fermilab reported
large A, asymmetries (up to 40%!!)

XF~ (Z)Pjet/PL

Possible explanations:

40

20F

-20

40 f

Collins effect (Transv. x Collins FF)

Sivers effect (orbital motion of quarks)
Twist-3 effects
Combination of above

RHIC
\s=62.4 GeV

PRL 101, 042001 (2008)
[ BRAHMS

K

FYETL FETTYPTETE FYETY FTUTI PETRL FYTTE [ROTL PTOT] FTTE

-60

02 04 06 038
X

1

Reproduced by
various exps.
over 35 years!
persistent with
energy!
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Transversity & Sivers in pp scattering: RHIC

A, p+p = °+X at ¥s=200 GeV. p+p—>7°+X at v5=200 GeV
| | Spin 1 | | <x >=O.28 <x >=0.32
o1 Spin ¢ OO e fPDdata [ Sivers (E704 fit)
| Left | Right , e 0.04
: : __. Sivers (HERMES fit)
0.1 * __ twist=3 0.0
] E 0.08}
0 0.25 0 O._Q% i A
vy mass (GeV/c*) ; o
0.05 K pseudorapidity N 0.04
0.12
0 { E"‘E }IKA“ 0.1 +
[ - i 'l\_ _—_ p—1 [ -_-.A 0.06 :
| | |
~0.5 0 05 -05 0 0.5 0.02
*fAR Phys. Rev. Lett. 101 (2008) 222001 F
0.25 < |x | < 0.30 0.30 < |x | < 0.35 0.35 < |x | < 0.40 0.40 < |x | < 0.47
576@ PHENIX Foo @ xo0 % %o * Large asymmetries measured
asf O and] .t and] ++ ¢ + by STAR, PHENIX and BRAHMS
.mz:j (%, 1:.023j ‘e ® . onzf +‘ c}) ‘mz:j + L No Strong dependence on \/E
o 488% RIS e o boo from 19.4 to 200 GeV
002 002 002 002 % Admixture of Transversity,
0. u4: -D\'J-t -nn.uulE -o.m; i i - ?
o : ; : r— Sivers and Twist-3 effects?

3 a 5
P, (GeV/c)

3 4 5
Py (GeV/c)

3 4 s
P, (GeV/c)

L.L. Pappalardo - QNP2012 — Palaiseau — April 16-20 2012

43



Boer-Mulders function: DY

|

doPe (1—A4) —2v =0 Lam-Tung rel.

oc 14+ Acos” O+ usin 2¢9cos¢+%sin2 0cos2¢ }
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Boer-Mulders function: DY

|

do e

oc 14+ Acos” O+ usin 2¢9cos¢+%sin2 0cos2¢ J

(1—-A4) —2v =0 Lam-Tung rel.

violated in pion-induced DY!

Y 0.6 F T n
15 + | E615 (mp) 04 F _% %&_| NA10 (rtp) T e ‘%‘ +
3 02 F ' | a + ol -+—
:IL 1 B —+— 0 B | ¥ N —+_ C | —
> ” | =
N 05 B —'+— - - A L
| -0.2 '—’fr 140 ‘—+ —4— 194 jk 286
0 - Gev | f Gev_ | F. . Gev
T T T T _0'4 1 ] | 1 ] 1 rBaer-M LMEMH&E_&LDQ.'
0 05 1 15 2 25 3 0 2 0 2 i 2 4
pr (GeV) p; (GeV)
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Boer-Mulders function: DY

hp—eex (1—A4) —2v =0 Lam-Tung rel.
[ daoc1+/100329+ysin20cos¢+‘2/sin2¢90032¢J

dQ violated in pion-induced DY!
2 [ 0.6 : F T : 7+_ l
15 F E615 (TCp) 0.4 3 _%r _‘%&_| NA1O (np) T C T
31 02 £ 'L - - A
Nl e Rt g s SOV
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A 02 F 140 ?‘%—#— 194 :Tr 786
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L *p+datBooGevic’ ' R
. w1+ W at 252 GeVie E615
Naive parton model: R e e
do/dQ « 1+ cos?9 = I "
N 0.6 — B _’.-‘ NALO -
Boer-Mulders effect offers an os | T e ]
explanation: .
I 5
[V~r11qxrllq] )l! PN EPRNEPEN EPEPEPEPE BRI BPEPEPEN EPEPEEFES BT P

0 0.5 1 1.5 2 2.5 3 3.5 4

p; (GeVic)
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Boer-Mulders function: SIDIS

der h _ 2 12 A[,_Q

drdyddgdzdo dP _ B ryQ22 (1 —€) 2x

{FUUT +eFuuL Describes correlation between quark
transverse momentum and transverse
spin in unpolarized nucleon

2¢ (1 + €) cos (¢)F {1

+ Al \/2¢ (1 —€)sin (o)FLSIS (é)}

Distribution Functions

sin (3¢—¢ 5)

—|—€. sin (¢ + (_,DS)FGI; (@+¢'_5J +e sin (3¢ — ¢ s)F T |1 @'—-@ QfT-@-—-@ ”
2¢ (1 + €) sin (c_f}g)F{}l;{@S) 1T'@'_'@

2¢ (14 €)sin(2¢ — o S)Flﬁ}i,_?m‘-f’—‘f’sq

+Sp [V2e@+ o) sin (f_D)FSm( 9 4 esin (20 )FEEE(%}} .h‘ U qUirk T
+ 810 [VI= @Fu+ 2T e eos ()7 o~
_ | NORCITTCRE
o s5in } Sln Cb @S)
+ St 5111( ) (FUT 6—05) -
e h’l-@'__@
(o}
n

Fragmentation Functions
+ St A\ {V“l—f COS(r}—cjs)Ff%S(@ ¢s) @ quark
2e (1 — €) cos (¢ 5)F Lo (@s) u L T
26 (1 — €) cos (20 — rf-;S)FE%S{%_éS)} } hju| D O Hii/ - (&)
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Boer-Mulders function: SIDIS (cos2¢)

L o b o HY +[]‘1®D +. ]/QJ

o — ] —
_3 i ;; 1ep—enX : i HERMES preliminary - Opposite signs for Tl'+/Tl'_
o= 0.05¢ T 3 T ] 3 I ]
S ! } ' ox ' . i 3 i - Similar results on H & D target
S o —F " . 3 5 - — same sign for u and d?
« ot g ° : o ® ie 5
0.051 1 : 5 | -K"/K amplitudes are larger
' ] and of same sign
B A B 2 B O S s ;
107 04 06 08 04 06 02 04 06 08 1
X y z P, IGeV]
_ . + —_
3 > mc:):;igs?ﬂ: 215/-/::004 data) i G. Sbrizzai
- % O relimi
53 | pestminary Session A COMPASS D arXiv: 0912.5194
0.1 - . e ——
= l } P . Monday 16 | .
0.05- . t bt i } i {, 01}
[ i r }} } } } ' } s 005
o ”* ik - AN SR 2 S B T
v < 005}
01r - CahnT === Cahn] === Cahn ]
= L nlz n!. nls oln | T . 015 | e Boer-Mulders | ------- Boer-Mulders | -+ Boer-Mulders |
10 107 - : z P¥ [GeVIc] o Ca:hn-ﬂ-BM _— : C?hn+:BM M : Cah:n+BIVI:
» Amplitudes are significant !
> Clear evidence of BM effect g 005 | st o e
> Strong dependence on kinematic variables % _0_02
> |ssue on data consistency for h* 01 cahn --- CamnT --- Cahn |
. . 015 F e Boer-Mulders + -+ Boer-Mulders + -+ Boer-Mulders 4
» New 2-dim extraction from COMPASS! - CapntBM | ——, , CohneBMy, —— ., Cahn+BM
. . 1072 107! 03 04 05 06 07 01 03 05 07 09
» Discrepancy with theory: uncert. on Chan + HT x 2 P (GeV)
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Worm-gear h'y;

do™ o? iy 72

1. g1 7.1 2 = . 9 1 + 9.

dx dydp s dzdo dP; | ry@=2(1 —¢) 2r
{ {FUU,T +eFuulL

2¢ (1 + €) cos () F {1 *4) 4 ecos (2¢

[ ~ . | sin (o)

~+ A 2¢ (1 — €)sin (@) F }
+ 5L _\/ 2¢ (1 + ¢€) sin (Gﬁ)FEIE( ¢ 4 esin (20)F

+ 5L /\g l—szI_L—f— \/2€¢ (1 —€)cos (,J

))FETCI)? (‘26.5)}

.\[]lz}(.;"?
[
Es YT

o8 W

@)}

+ St sin (¢ — ¢ s) (Fél%{%’_@b"} n EFSI%,{S_QS))
Fesin (04 ¢5)Pop T + esin (36— 0) Py

sin (¢ 5)

2¢ (L +¢€)sin(os)F o
2¢ (14 €)sin(2¢ — o 5‘)FE—1%(2¢_¢"S

+ St A { mcos( ’_U%)FE%S(@ ¢s)
2¢(1—€)cos (p5)Fip (65)

|

(3p—d s)

Describes the probability to find
transversely polarized quarks in a
longitudinally polarized nucleon

Distribution Functions

@ quark
&, u L T

U n h%
L 91 (- |hi &

Y |f5 -@— .QfT-@-—-@-

Fragmentation Functions

@ quark
U L T

%€ (1—€) cos (20 — ¢ §)F 1 (Q‘f’—m} } hju| D, (O H®-®
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Worm-gear h*q;

arXiv: 1007.1562

AP (x X 7 fp (a) A;'['im(x) T ;"]1 (b) . 01
006_— T T 0.04 [ | | ] cg P : _:EER&HES i
0.04 | 1 0| L °&=6 i i +
0.02 ' 1 0 = 1 : A A
0 fF—=——"—— 002 | . -
-0.02 ' 4 004 F .
004 4 006 - -AT
0 01 02 03 x 0 01 02 03 x
. 0.1 —TC : r° —
AS'“2¢(X) n /d (c) Ai}'ﬁzq’(x) n-/d (d) = A 1.‘. e e B
006~ T T T ] eesf T T T .g“b‘_?Z N a3 “‘A_
0.04 | 1 00al . ©0.05 | AdAaar AA“A
r e 0 & P IS S SIS S RS
I TR Bl = 0 025 0 025 0 025 05
0 T—— 0= > X
-0.02 4 002 K
004 4 w04 ~ JjaXiv: 09020685 | % Consistent with zero @ HERMES &
0 01 02 03 x 0 01 02 03 x COMPASS
» Significant amplitude @ CLAS!
0.02 0.02 0.02
S oosf COMPASS G oo | &oots Deuteron
‘g 0.01; g 0.01 | '5 0.01 |- | | | |
Q(],005; - co.cms - ‘ P T | } eﬂ.(}l:ls I q ® T i |T arXiv: 1003.4549
0; ol 0 7 """"" F LlJ LI% """""""""""" L } 0 7|‘|l L{-J]
-0 005.;— _ N -0.005 |- | Fl | | 0.005 [~ L[ _L | | V‘h G. Sbrizzai
2] Sy Tis work " Fen |1 len | Session A
~001% AT HERMES 0015 E h il 1
ook S ST T .. B rrTarTaryarrarrararrarra Monday 16

p$ [GeV/c]
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Wor'm-gear' gJ' 1T Describes the probability to find

longitudinally polarized quarks in a

doh a2 2 ¥y transversely polarized nucleon!
— - — 14 —
1o dy do g d= do dP2 ry(Q22 (1 — ¢ ( 21') . .
s L v@=2(l - > The only TMD that is both chiral-even and
{ {FUU,T + EFUU._L naive-T-even

@) 1 ecos (20)F{5; (29)

o > requires interference between wave funct.
++/2€ (1 +€)cos (0)Fyp }

components that differ by 1 unit of OAM

+ N[V = gsin(o)Fy Y]

Distribution Functions

+ SL 2¢ (1 + €)sin (@)FET (9) + esin (2(;'-,)}735 (2‘-“"}} @ quark
+Sp N [WVI—@FiL+ 2e (@ =€) cos (Q)Fiy (d’}}
+ ST sin (¢ — ¢ s) (F[S;i%__{?_é*g} + EFS%{EJ—@SJ)

+esin (¢ + ¢ S)FEJ% ($+95) | ¢gin (3p — ¢ S)}T%"%(%—és}

+1/26 (1 + ) sin (¢ ) Fom(?s)
+v/26(1+€)sin (29 — ¢ 5‘)FE—1%(2¢_¢"53}

Fragmentation Functions
+ 81 A [VI=eos (- o) Fip 70 quark
++/2¢ (1 — €) cos (¢s)Fit (¢5) 2 U L T
+1/26 (1 —€)cos (20 — pg)Fip (2‘;’_‘?5)} } hiu| D H1L® -®
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1
Worm-gear g- .,

«d 02 & PRELIMINARY
= C C 8.0% scale [uncertainty
_et_n 0.1 ) + 3 -
? Oz_‘,_;*i:_f___}_q-_j_;_j_ _i'.i_¢_++,:_;.__‘u'___+
\8/-0.1;,(.). | || |||
c\'0.11—’T| l-__{"l |_ll++
- - 1 -
o+:+w+rw 1]
-0.1r - -
—— I L |
0.1FT - ! - |
o ot | ' N | )
0:_!_i'_f__i'_T__Jll____*__*__+__'___+_f:_+_'l'_+_+___.+____
01F 2 o
TTH...I. —— — T
10'1 04 0.6 0.5 1
X z P, [GeV]
Jlab Hall"A n Jlab n, PRL108(2012)
0.4_ I I J- I I
Neutron et 1 A | |
0.2 | [ "L‘ | ‘|‘
¥ 0___T,|.___ s At
:ga" H L l | --------- WW-Type [28]
<« 0.2 | . WW-Type [26,27] |
Q | LCCOM [12, 18]
E. Cisbani = Leaonzn
. o e
Session A 0.2 0.3 0.2 0.3
Wedn. 18 X 5

COMPASS p

%K 0‘_"‘1""”“" all hadrons _.COMPASS 2007 proton data
U('-_J | =negative
0.2 -
A8 5 I L AECE B AR B
0.2 L
0.4 ﬁ —m]
1 L 1 L 1 L 1 1 1
10? 10" 02 04 06 08 0.5 1 1.5
X z P, (GeVic)

_htd
L

ngz

WW —type
gqu(l) (X) =~

<

1
d
X f%gf(y)

Gatistics not enough to investigate relations
supported by many theoretical models:

(supported by Lattice QCD and first data)

(Wandura-Wilczek
type approximation)

From constituent quark model:

arXiv: 0903.1271

0.1

0.075

0.05}

0.025

0

cos((, - de)
h 'S
ALT

| T proton

02 04 06 X

0.1

0.075

005}

0.025|

0

cos(d, - h)
h 'S
ALT

| ©° proton

—
—
=~

02 04 06 X

A;];“bh- bg)
0.1

0.075f ® proton

0.05}

o

0.025

—

0

02 04 06 X

L.L. Pappalardo - QNP2012 — Palaiseau — April 16-20 2012

52




Pretzelosity

doh a? y? 2
7. 7.1 7 5 — _ 5 1+ P
dx dydp s dzdo dP; | ryQ22 (1 —¢) 2
{ {FUU,T + eFuuL
2¢ (1 + €) cos () F {1 (%) 1 ¢ cos (20)F{5; (2¢)

+ Al 2¢ (1 — €)sin (u)FLSIS (é}}

+ 5L :\/msm (Gﬁ)FEIE( + esin (2¢ )FETIE (2¢)
+ 5L ’\‘E V1—e2Fpy, + /2€e (1 —€) cos (o) F @}}
+5r [sin(o-os) (FEi s + crime=e?)

sin (p+@
—|—fsm(r;—|—(,)c,)FLT '_l")
sin(¢g)

2¢ (1+€)sin(ps)Fyp
2¢ (14 €)sin(2¢ — o S)Fi}%(‘ng_qasj}

+ St A { mcos( ’_UG)FEE[).S(@ ¢s)
2¢(1—€)cos (p5)Fip (65)
2¢ (1 —€)cos (20 — ¢ ) Fi{p (2¢_¢S)} }

|

:-'3‘:11

+ esin (3¢ — ¢ g)f[{i

I’\{“ ('} ;:

Describes correlation between quark
transverse momentum and transverse
spin in a transversely pol. nucleon

» Sensitive to the D-wave component

» Sensitive to non-spherical shape of the
nucleon

» Kinematically suppressed w.r.t. Collins
and Sivers by a factor Py, 2

Distribution Functions

@ quark
&, u L

:
3 U fl hf-
‘I: L hn - hiz @‘.
e h

o| 70 @ le-a T
n Sf: -»:* "““.,k""

Fragmentation Functions

quark

U L T
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N“.S}

COMPASS p e

[ ]
P r'e'l'zelOSl'I'y T | all hadrons
”<[ - regative
0.05}- - -
= o s 1] | B
> F T PRELIMINARY 0 1] ff . PRID i S . I Lt 1
% 0'04;_ 7.3% scalef uncertainty ! “ri 1 ﬂ !“iq Co q P !fli l} l
< 0.02 3 + + + il l A
5 o R S A Pe——
N—r" C I ! #
c -0.02¢F 0.4l T IR £ | _-# - 1 i 1
‘D —_— ; ; e ———— 102 107" 02 04 06 08 0.5 1 15
~ 0.05f - X Py (GeVre)
(q\| C L -
- I
0 : _|_+--|__+__|__{_ _H-i- ++* - Proton and deuteron data consistent with zero
-0.05F j-+ - Statistical power of existing data is not enough to
- - observe significant signals
0.04¢ 3 o2 T T 2 B L
0.02F - ) + E F positive hadrons 1 F negative hadrons 1
ok _i-_:,_ _+__ SR 4] > - h* deuteron - 0.1 h- deuteron 7
: f { LI ! b r : ; ]
-0.02 ¢ - " 0ﬁ 0 ——t 1
5| O 1 i i :_ ¢ 0.1 | COMPASS preliminary - -0.1 o Avakian, PRD78 1
— L C C 02 F ol 3 z2f.. ]
-IGU-) 0 5 L I ¢ Y S LA T 0.01 0.1 X 0.01 0.1 x
0 B S s T i
™ r - - —_ [ T T
c -01F - o L I roton
% 81 e . R g: 0.05 - TP + positivity - arXiv: 0812.3246
(\\l/ . : K- . | L + E I + ;'I% I mgled
' 8 ! - L = L '
0 ;_'+""£+'I'+' _!++ """" :_1"1!4"4'"'"1|I """ = E 0 —_— | r ~
01; ! - I - \_/,-r/'_‘f—_f—_ Few % signal
-0l C L G d at
- T C - mﬂla
e e = 005 - 0.5=p<0.6 GeVlc :
10 -1 0.4 0.6 0.5 1 [ L. ] covariant model
X z P, [GeV] 0 02 04 06 x
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Looking deeply into the proton
<1964 1964-1969 1972-1973 > 1988

Gluon saturation?
AQseq? AG? Lq’g?

TMDs? GPDs?
3D imaging?

higher-twist?
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The ftreasure map!

Jeffef?un Lab

4 .
i e & BROOKHFAEN

MATIONRAL LABRORATORY

‘F_——'\
=
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Back-up
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The nucleon collinear structure: momentum

U|L| T %ﬁ/mv » 40 years of inclusive DIS experiments

U| fi y S » fixed target exp. & HERA collider
L I~ > very precise data!
T O

\ > wide kinematic range in x and Q?
> x > prediction of Q% dependence — triumph of QCD!

fi(x) =q* (x) +q (%)

HERA F,

1 HERA I+l inclusive, jets, charm PDF Fit

—
Z LOA=632E-S ) nuntz 4
= *=1.0001 61 B ZEUSNLO QCD fit x r QZ =10G V'l'
%l: 3 e f o x=HHIZS3 i " D I SZO 1 2 B ©
= £1F 00004 —— HI PDF 2000 (it
T e & T k=000 L
= st =0 Dih63 2

* HI1 2440

June 2011

—— HERAPDF1.7 (prel.)
I exp- uncert.

[ model uncert.
] parametrization uncert.

AT =g
. S x=0.0013
s f o
i
L S _x=0z]
& o o
4 F »
LT 2 x=.0032
. P - ‘gﬁ
.
el o sa X005
L ; “’.al‘ "l’ﬁ

-
o= ate Y0008
. =7
J"-Pl ‘_,..qtiii x=0.013
x=021

& J‘i»‘ 7"""-' .
B "y el \=0032
5 Lo e ! +h'.a!ilﬂ? [11 !

i el
Tk

& HI (prel) 99:am)
u LEUS 96497

4 BCDMS 4 orders Of p

. magnitude B |\ HERAPDF1.6 (prel.)
_—~7 inx!

o
3 A - o

e amanmengtiyd i xS

B ..-_-'"A---.-..-i—i—!- x=1.08

| N hhﬁ—ﬁ—‘-—m#hﬁ—%— x=in13

] __ ___-: I.‘T.__'-m_n_;u-b._.._-.l_n_“. eeg oy 018
. u«—-f_a.f._.__.“.“.-.nu-l_,.! -

HERAPDF Structure Function Working Group

10" 10:1 ‘HHI1‘0‘2‘HH

| — .
10" 1
0 X

very good knowledge of longitudinal
momentum structure of the nucleon!

. I 3=0.25

o _tw‘z"“""ﬂ*-—u'ﬁ-'l}.l’.:-.—_-_—l—‘—-i—; a=i4

e I = 5 orders of :
0 [ bl bl magnitude ...but gluons should saturate!
2 b i 2y
Qi (GeV?) in Q“!
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The nucleon collinear structure: helicity

U | L T %_/Mv » inclusive DIS (+ semi-inclusive — flavor tagging)
v ¥ § » Fixed target experiments
L AL : » polarized beams and target — challenging
4 > relatively limited kinematic coverage in x and Q2

1) =q" (x)—q (x)

V\f(

10

gIobaI NLO fit of helicity distributions

[DH‘)\«’ FF\L 1(20 I]R PRD(2009)]

g°(x,Q%) + C(x)

1_

Eim ) x=0.0063 (+7.5) . HERMES

— DSSV 04 _ B C xAg , q a3

DSSV+1 o x(Au+Au) xAu,
s DSSV 2%

* COMPASS

T ——— DNS b x(Ad+Ad) 1 xad, ’
B v SMC —— GRSV std ot ccadl o s
=== X =00 (48) e | T GRSV val vos | xdu I xad ] xAs ]
gt ¢ 20,0245 (+6.2) ]
B143  tageetemn x=0.0346 (+4.5)

B E155  __jeeqpessshosw x m 0,0490 (+4.0)
& CLAS secnpimmecassstad  x = 0.0775 (+3.5)
et X = 0,122 (+3.0)

R me——gemieae= X = 0.173 (+2.5)

m
¥y -log,,(x)

104 |-

106

1
-1 2 -1 2 -1

i :iz et x=0245(+20) good knowledge of helicity distrib. of
o e —— 2 X = 0,346 (+1.5)
________ RSV s e on x= 0490 (+1.0) valence quarks
[ This it rm—w  x=0735(+05) Sea quarks and gluon helicity still
"1 . poorly constrained...
Q* (GeV?)
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The nucleon collinear structure: transversity

U

L

T

h’l:

hy(x) = q'(x) —q' (%)

L

N

\

Double-polarized DY Golden process!
A ...but challenging:

B - very small X-section
- huge background
* - polarizing p beams
Future exp. RHIC, CERN,FAIR

Chiral-odd!l +/l

Semi-Inclusive DIS Inclusive hadron-pair in e+e‘@

xhy " (x)

-0.1

o1
0.05

P—DF > X
HERMES, COMPASS, JLab,... BELLE, BABAR, SuperB,...

xhy ¢ (x)

» Very recent: first evidence (2005), first extraction (2007)!

» limited coverage in x (< 0.4)

» more data in valence region (JLab) to constrain tensor charge
» sea quark transversity completely unconstrained
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Reactions and experiments

{ SIDIS: rich phenomenology, the most explored so far }

sipls o™ 2@@ g ®(FF) ¥ L]

Jeffer?nn Lab

l e*e: B-factories as powerful fragmentation laboratories J

e om-Yorre@Ee §E
r: BELLE

L DY: challenging for experiments (only unpolarized so far) J

DY o - T RGO  Lremin
@' &

Hadron reactions: challenging for theory (ISI + FSI)

pp—hX S " 99—>qq —F)  BROOKHRVEN
pp "= Y OHRLA®GT ®FF)
q
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Boer-Mulders function: SIDIS

( dSO, =)
| ot Fyyr +€Fy, , +2Je(+€) cos @, oy +ecos2¢, Frp™*

I\d,xdy dz d¢hdﬂll uu.T UU.L h™ UU h™ UU }
Pure kinematic effect due
AP kWP -B.)—k.-B to transverse momentum
Twist-2: dGSSSM oc COS 2¢ . Zejl ( hi T )( I\;lLl\/l pT) T Pr hlLHlLq of partons in the nucleon

: h / Cahn effect
Boer & Mulders PRD 57 (1998) | Boer-Mulders effect  Cahn PL8 78 (1978) |
. 2M P - P -k
Twist-3: doys? occosg- > ef —— _(Ru B, h"H; RGN f.D, +..
q Q M, M

Till 2008: qualitative agreement with Cahn expectations
8 0 F 7 * No hadron identification
' + No charge separation
* Poor statistics for cos2¢

-01

da/ddy, (arbitrary units)
<cos ¢>/w, (y)

EMC (1987)

W) =2 yWA-y) /[1+A-yP*]

3 | | | | | | 0 05 1

-0.3

¢, (radians) o0, (radians) Xg
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Boer-Mulders function: SIDIS (coso)

2((:()s(c|nh))UU

cos(¢@)
L Oyy

OC[fl ® D, +hf®H1l+...]/Q J

COMPASS ‘LiD

S

(25% of 2004 data)

4
i

- ) e B

P! [GeV/c]

0.1} °7T

1 HERMES preliminary ]

r .
-0.10 & e

>

No dependence on hadron

charge is expected

Difference between h* /h~
due to Boer-Mulders term
Predictions overestimate data

BM or twist-3?

02—

—

COMPASS SLiD T
(25% of the 2004 data)

03~
*h

I COMPASS D

. Anselmino et al

Schweitzer et al,

0.4 0.6

numM+cuts

[0 2 — e A@Nnalyt e

= &
- ]

[ arXiv: 1106.6177 ]

(0} 0.2 04 0.6 0.8 1
Pr

1.2
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Unpolarized TMDs

der h 2 02 Ar,_Q

dr dy dd s dz dd dP?

[FL'U.T +eFuulL

+/2¢ (L +€) cos (¢) Fp; ©) t €cos (295)}«"1‘}%(2‘-5)}

t Al _ 2¢ (1 — ¢€)sin (o)FEIS Gﬂ}

+ 8, V2@ + o) sin (@) FER@) 4 esin (20) P (““f’}}

+ 8L N [VI= Py + /26 (1 =€) cos (@)Fﬁfw’)}

sin (¢ — ¢ s) (Ftsli;,gl?_és} n EFSEEE_@}S)

+esin (¢ + @S)F[SIiFT“ (6+05) 4 esin (3¢ — gﬁS)F§;{3¢_¢S)
+1/26 (1 + ) sin (¢ ) Fom(?s)

+1/2¢ (1 +€)sin (2¢ — fr-""s)FEi;{%_‘ﬁ’S)}

+ 57 A {\/ﬁcos (¢ —ods)Fip (¢—¢s)
++1/2€¢(1 —€) cos (@5S)FE%S{¢5)
++/2€ (1 —€) cos (20 — ﬂf’S)FE%S{M_M)} }

Distribution Functions

quark

U L T

fir @'—@ ng-@-—-@- |

Fragmentation Functions

quark

U L

=
Hi®-®
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Unpolarized TMDs: P, -unintegrated distributions

arXiv: 1008.5125

o~ T T
T ;oke  COMPASS 2004 LiD (part)

s, VE

z =

k=] :'_ +
"E i h
© b=

—8— 0.20<z<0.25

| & 0.25<z<0.30

—+— 0.30<2<0.35
—7— 0.35<z<0.40
0.40<z<0.50
0.50<z<0.60
—— 0.60<z<0.70
—#— 0.70<z<0.80

,
h

N~ NﬁIS(QZ)

/!

k0 _ 2.4

dx f,,(x,0")Dy,(z,.0%)

dz

2.6 fdx £,(0%

disentangling the z and P;,; dependencies allows
to access intrinsic transverse momenta pr and kr:

(B2)=2*(k;)+(p}) — 3D analysis (x,z,Pp,)

R :
Tl Hadron multiplicities
10 : ; ; - =
T r02<z<03 T .
(@ = 757 (GeVicy’ g o K" HERMES PRELIMINARY K ]
(g, =0.0932 T ey Tt .
M B 1 | I i n m By
0 0.2 0.4 0.6 0.8 1 [ LI ] u
2 u .
p2 (GeVic) s T . >
—-—
arXiv: 0709.3020 D’Alesio, Murgia, PRD70 (04) e . y ,
12 25 ¢ g data E288, E605, R I“:_'1L3~=='*“1‘l I ]
(£ 7 fromH , 1\* 7 from H T s eey —a— T . e, ] ]
- 199, 2 M=5-6 GeV —--- ] 0.2 ] .
E 0.8 - %%% + sl “\tiﬂ&} . DY :J::STG&V P uE! | n o lm LI - . ]
- I at § 10 k V=/-8 GEY = %= [T s e - e B ittt ttel --—
% o st ) i e , ,
I o |
S o G 10% pag, ;
g | i » o ok, r T ]
2 %9 0.1 02 %o 0.1 02 § 12 aBeg .
D-E-; 2 ;:;g n~ from D 3 fe 7* from D ”% o L u:_;._ ................................ l-_J-!-_E-.!-f_-.-i-_!_-.'. ....... -]
I @ [) E
w15 [ Tew ,"i." i
T, = W el r06<z<08 ] ]
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Unpolarized TMDs: energy dependence & evolution
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P. Schweitzer, T Teckentrup,A. Metz, PRD81(10)
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Transverse-momentum broadening in SIDIS & DY
Available data suggest that intrinsic pr in f;(x, pr)
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S.M. Aybat & T.C. Rogers arXiv: 1101.5057v2

“”QCD evolution has a strong quantitative effect on TMDs”
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Helicity TMDs
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Helicity TMDs: P, -unintegrated A;; DSAs
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Higher-twist
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Sivers kaons amplitudes: open questions

n*/K* production dominated by u-quarks, but:
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Transversity & Sivers in pp scattering: RHIC
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e Large asymmetries measured by STAR, PHENIX and BRAHMS

e No strong dependence on +/s from 19.4 to 200 GeV

 Spread of data probably due to different acceptance in pseudorapidity and/or p;
* Could be due to admixture of Transversity, Sivers and Twist-3 effects

L.L. Pappalardo - QNP2012 — Palaiseau — April 16-20 2012 72



