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The spin degree of freedom

Spin degrees of freedom can explain otherwise surprising
phenomena and bring new insights into nuclear matter structure

Fundamental: do not neglect it !!
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The spin surprising phenomenology
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The spin surprising phenomenology
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The spin structure of the nucleon

Describe the complex nucleon structure in terms
of partonic degrees of freedom of QCD

Important testing ground for QCD

Latest news from Deep A22033i003 AG small at 0.02<x<0.3
Inelastic Scattering (DIS) From DIS and pp scattering

Phys Lett B647 (2007) 8-17 e-print 0804.0422
Phys. Rev. D 75 (2007) 012007

Proton’s spin

Understanding of the orbital motion of quarks is crucial!
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The real experience: 3D !
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Quantum phase-space distributions of quarks

W, 9(x,kr,r) “Mother” Wigner distributions

Probability to find a quark g in a nucleon P with a certain polarization in a position r & momentum k
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Quantum phase-space distributions of quarks

qu(x,kT,r) “Mother” Wigner distributions

Probability to find a quark g in a nucleon P with a certain polarization in a position r & momentum k
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TMD correlators

Distribution Functions (DF)
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Off-diagonal elements are important objects:

Interference between wave functions with
different angular momenta: contains infos
about parton orbital angular momenta

Testing QCD at the amplitude level

=» sign change between DY and SIDIS
* universality of TMDs

Strict prediction of QCD !

Fragmentation Functions (FF)
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The 3D description of the nucleon

Distribution Functions (DF)

BOER-MULDERS
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Spin orbit effect
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Moving out of collinearity

Inclusive

SFs (x,Q2?)

Structure functions
(unpolarized, helicity)

Sum over quark charges

do x F2(=E esq(x))

q



Moving out of collinearity

Inclusive

Semi-inclusive

Structure functions
(unpolarized, helicity)

Sum over quark charges

do x F2(=E esq(x))

q
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P P > X
SFs (x,Q?) PDFs (x,z,Q?)

Parton distributions

Flavor sensitivity

do" « Eeqzq(x)Dg (2)




Moving out of collinearity

Inclusive Semi-inclusive Semi-inclusive
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Rich and Involved phenomenology !!
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The collinear case
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Great success, but exploiting only leptonic degrees of freedom.
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TECHNOLOGICAL
CHALLENGES



COMPASS @ CERN

“Natural” muon beam polarization:
100-200 GeV muons from pion decays
low beam currents | =1 pA

Solid state target operated in frozen spin mode
high-mass cryogenic target N = 1024 nucleons/cm?
small fraction of polarizable nucleons NH;,ND,,6LiD

2002-2004: SLiD (polarised deuteron)
dilution factor f = 0.38
polarization P; = 50%

2007: NH; (polarised protons)
dilution factor f = 0.14
polarization P, = 90%

dN/dz

[ COMPASS 2007 transverse proton data
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i n Rotator
27.5 GeV (et/e)
self-polarising

Transverse
Polarimeter

HERMES @ DESY

Longitudinal Self-polarising e*/e- beam: Sokolov-Ternov effect

Pure nuclear-polarised H,D atomic gaseous target

,/"~ K "r e
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HD-Ice target @ JLab

HD-Ice target vs std nuclear targets

Material | gm/em’ |mass fraction
Heat extraction is accomplished with HD 0.735 77%
thin aluminum wires running through Al 0.155 16%
the target (can operate at CTFE | 0.065 7o,
T~500-750mK) (C,CIF;)
Pros P=95%H,70%D

Small field (/BdI~0.005-0.05Tm)

Small dilution (fraction of events from polarized material)
Less radiation length
Less nuclear background (no nuclear attenuation)

HD-Ice target at ~ 1-2nA
NH; at ~ 5-10 nA

Wider acceptance much better FOM, especially for deuteron
H and D may be independently polarized

SRR

Cons
1. HD target is highly complex and there is a need for redundancy due to the very
long polarizing times (months).
1. Need to demonstrate that the target can remain polarized for long periods with an
electron beam with currents of order of 1-2 nA
2. Additional shielding of Moller electrons necessary (use minitorus)



RHIC — polarized pp collider
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The spin filtering

Polarized antiproton beams 4= polarized valence antiquarks

P beam polarization
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— Spin filtering works for protons
Polarization buildup process quantitatively understood

D. Oellers et al., PLB 674 (2009) 269

Model A: T. Hippchen et al., Phys. Rev. C 44, 1323 (1991).

Model OBEPF: J. Haidenbauer, K. Holinde, A.W. Thomas,

Phys. Rev. C 45, 952 (1992).

Model D: V. Mull, K. Holinde, Phys. Rev. C 51, 2360 (1995).
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The PAX phases
COSY AD

Detector system + storage cell
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TMD STUDIES AT
PRESENT FACILITIES



TMD palette

pp reactions: PDFs x FFs

Strong SSA at large X

pp— hX

Hadron probe

Drell-Yan: PDFs

Not zero Boer-Mulders

hp = uuX

ep—»e’hX
SIDIS: PDFs x FFs

Not zero Sivers
Not zero h,, Collins & IFF
Non zero Boer-Mulders

Lepton probe

CLEAN
e*e = hhX

e+e- annihilation: FFs

Not zero Collins & IFF




Transversity & Collins

Distribution Functions (DF)

quark
U L T
"ful 4@ N ®-@
(|: g:.(&- ) hllL@"'@_‘
vl -0 6672 l-a D
n h,, Qob - @
Fragmentation Functions (FF)
quark
u | L v T |
"u|p @ G ®-@ D

SIDIS:
ep—pe’hX

[O[s]i;wws )

o h, Hﬂ




Transversity & Collins

Distribution Functions (DF)
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Fragmentation Functions (FF)
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SIDIS: sin(@+¢5) J_J

A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002
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2005: First evidence from HERMES
SIDIS on proton

Non-zero transversity !!
Non-zero Collins function !




Transversity & Collins

HERMES & COMPASS:
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Transversity & Collins

Transversity

Collins fragmentation function
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AND,,,(2)/2D, (2)
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-
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| Positivity bound

o
»
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- D
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AN Dfav (z! pl)

A"Dyy(z P )

Gaussian alsatz

>

Standard evolution
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P, (GeV)

Soffer’ bound

Helicity distribution
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X
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Transversity & Collins

Collins fragmentation function

-A"D, (22D (2) A"D,,(2)/2D,_(2)

@ k; dependence ?

(2) Evolution ?

e © o o °© © o o
N RO B w2 N R O -

| Positivity bound
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1 : Anselmino et al.
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M. Wakamatsu hep-ph:0811.4196
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Transversity & Collins

COMPASS 2007 transverse proton data

— —— ;" COMPASS, x > 0.05 Dnn not approved
a 8 0.1 % 1~ COMPASS, x<0.05 | by HERMES;
—o— 1~ HERMES (Dnn corr.) approximated with ( y )
by L A FLTR g
% T
0.1 -
| PP | PR | | 1 | | 1 1 1
0
o O 01r iﬁ : : } - <}l l
$ }Q i 3 ¢t
0 & § e P{ *% FP I t $ } |
—8— i COMPASS, x > 0.05
-0.1F ® 1 COMPASS, x<0.05 |} :
o r HERJ[ESI (Drlm o ’)1 1 I ! 1 !

1072 10" 1 0.2 04 06 0.8 01 0.905 1.8
X y P; (GeVic)

Consistent picture!

Ready to go looking for precision
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Cahn effect

Ky quark distribution ?

) SIDIS: cos() }

Distribution Functions (DF)
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Ky quark distribution ?

Cahn effect

i SIDIS: O_cos(qb) = f D
a s
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Boer-Mulders function
Partonic spin-orbit effect

Distribution Functions (DF)
quark
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Boer-Mulders function

Partonic spin-orbit effect Drell-Yan: cos(20) o pLp L
hp— uuX
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Cos2¢p modulation

O,cos(2¢) oC hlJ_HJ_
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Cos¢p modulation

[ O;(Z;(qb) oC [A fl D, +B hlllill + ]/Q J Sub-leading twist !

Observed difference

@ Higher twists ?
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Sivers

Partonic orbﬁital motion SIDIS:
ep—pe’hX

Distribution Functions (DF)

quark
U L T

Ul 1@ h ®©-©@
L 91L@"'@" hj; '@_

o aDGo O

= 0O —0C S

Fragmentation Functions (FF)

quark
U L T

nNGp® [ H ®-@
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Sivers
Partonic orbital motion SIDIS: {

sin(p—¢g )
o) o £1D)

A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002
50.15
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Fragmentation Functions (FF) 2005: First evidence from HERMES
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Sivers

HERMES on proton: HERMES on proton:
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M. Anselmino et al , Eur. Phys. J.

A39 (2009) 89
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Not negligible sea contribution !
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Sivers

HERMES on proton:
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Sivers

M. Anselmino et al, Eur. Phys. J. A39 (2009) 89
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Not negligible sea contribution !
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M. Anselmino et al , Eur. Phys. J.

A39 (2009) 89

0.06
= 0.04
0.02

Q” = 2.4 GeV*!

o

o

-
T

1
o
<]
)

T

002 bl

107 102 107" 1

X

0.6
0.4
0.2

-0.2
-0.4

-06 |

Sivers

pp SSA @ RHIC:
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Sivers

Not yet confirmed by COMPASS !

COMPASS 2007 proton data (part.

)

| —-HERMES =* ('02-'05)

—* COMPASS h'

—=- COMPASS h

| —-HERMES = (°'02-'05)

t

% = HJI;H

2 1
10° 10 X

M. Contalbrigo

Hadronic Structure Physics, 14t April 2010, Glasgow University

43



Sivers
Not yet confirmed by COMPASS !

COMPASS 2007 proton data (part.)
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Executive summary

TMDs are a new class of phenomena
providing novel insights into the rich nuclear structure

M. Contalbrigo
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Executive summary

o the rich nuclear structure

Non-zero results from DIS experiments provide promises but also open questions
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Executive summary

TMDs are a new class of phenomena
providing novel insights into the rich nuclear structure

Non-zero results from DIS experiments provide promises but also open questions

Limited knowledge on transverse momentum dependences

Still incomplete phenomenology is asking for new inputs

Crucial: completeness
All reactions, flavor tagging and multi-dimensional

extraction in all variables (x,z,Q?,P;) to have
all dependencies resolved
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TMD STUDIES AT
FUTURE FACILITIES



TMD palette

Hadron probe

pp reactions: PDFs (x FFs) Drell-Yan: PDFs
Fac.:toriza’Fion Universality (sign change)
Universality Flavor decomposition
hp = uuX
RICH CLEAN

hhX

SIDIS: PDFs x FFs e+e- annihilation: FFs

Multidimensional analysis

factorize PDFs and FFs
investigate higher-twists
study perturbative transition
flavor decomposition

k; dependence
Evolution

Lepton probe



Fragmentation @ e*e” colliders

[~
3]

Belle Detector | Hadrons in opposite hemispheres:

Aerogel Cherenkov cnt.
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A(y)) ezDiDi
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Dependence on transverse momentum

“ ™ Tracking + dEldx
" small cell + He/C,H,

T FFs for various hadron: 2x, kaons, (p, ... A)
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' Scale dependence: look for different c.m. energies

Y(2S) Y(3S)  Y(4s)
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e’e” Center-of-Mass Energy (GeV) Only one experiment: validation needed !
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Fragmentation @ e*e” colliders

MC: thrust reference frame Qt<4.3

Aerogel Cherenkov cnt. | CM simulation: RL and RUL distributions l
n=1.015~1.030

3

Belle Detector
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-‘9.0'3& J 0.92:— E
N = 09} =
Silicon Vertex Tracker 0‘88;_ é

Drift Chamber 0.86 E

Cherenkov Detector | . - 0.84;— MC @ 10.54GeV _;
Electromagnetic Calorimeter 0.82F- e*e—qgbar (q=u,d,s) E

Different detector: systematic check ! ™ L S B S
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Fragmentation @ e*e” colliders

Target: 8 x 10%% cm2s! vAY
= 40 x World Record (KEKB)

3

I ) Belle Detector

Aerogel Cherenkov cnt.

n=1.015~1.030 —
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3 times more luminosity obtained with
3 times smaller vertical beam

Different detector: systematic check !
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£ N\ SuperB parameters

superB

U
Parameter Requirement Comment
Luminosity (top-up mode) 10%° cm?st@
Y(45)
Integrated luminosity 75 ab Based on a “New Snowmass Year”
of 1.5 x 107 seconds
(PEP-II experience-based)
CM energy range t thresholdto Y
(5S)
Minimum boost Py=0.28 (4x7 1 cm beampipe radius. First
GeV) measurement at 1.5 cm
e Polarization 60-85% Enables t CP and T violation

Probe TMDs evolution

studies, measurement of t g-2 and
improves sensitivity to lepton
flavor-violating decays. Detailed
simulation, needed to ascertain a
more precise requirement, are in
progress.




TMD palette

Hadron probe

pp reactions: PDFs (X FFS) Drell-Yan: PDFs

Factorization
Universality

Universality (sign change)
Flavor decomposition

hp = uuX

hhX

SIDIS: PDFs x FFs e+e- annihilation: FFs

Multidimensional analysis

factorize PDFs and FFs
investigate higher-twists
study perturbative transition
flavor decomposition

k; dependence
Evolution

Lepton probe
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Q’ (GeV?)

The SIDIS landscape

Limit defined by luminosity

do(ep — e'hX
S ———— ep : x EeSC[q(x,kT)Dg (Z’pT)]
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add Hall D

12 GeV CEBAF ; v (and beam line)

Upgrade magnets

and power

’ supplies

Beam current 90 uA Add 5
Beam polarization 85 %

2008-2014:
Construction (funded at
99%)

May 2012

6 GeV Accelerator
Shutdown starts

20 cryomo

May 2013

: ; - Add 5 Accelerator
_— cryomo dules Commissioning starts

October 2013

Hall Commissioning

o o starts
Enhance equipment in

U existing halls

2013-2015

Pre-Ops (beam
commissioning)
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Aco s2¢

Unpolarized target @ CLAS12

[Fl;:l(}sw . hlJ_H_LJ

1
0.06 0.06
kaon
0.04 0.04
AK'
3 0.02 0.02
4 A A
0 [ 0
-0.02 11 .02 ——— 1!
0.2 0.4 0.6 0.2 0.4 0.6
X

Boer-Mulders spin-orbit effect
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0.05

0.15
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0.05

56 d @ 103 s'lcm?

LH, LD, targets

Line: Phys Rev D78 045022

Boer-Mulders from Sivers
Collins from e+e- data

Band: Phys Rev D78 034035
Boer-Mulders from DY data
Collins from chiral limit




Aco s2¢

Unpolarized target @ CLAS12

COS2¢ Lryl
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56 d @ 103 s'lcm?
LH, LD, targets

Line:

Phys Rev D78 045022
Boer-Mulders from Sivers
Collins from e+e- data

Band:

Phys Rev D78 034035
Boer-Mulders from DY data
Collins from chiral limit

Perturbative region
Collinear factorization

Non-perturbative
TMD factorization

AQcp € Pr<Q



Polarized beam @ CLAS12

[ Fy chlLD1]

-l
|

<t

Helicity dependence of kt-distribution of quarks

/. CLAS 5.7 GeV
0.5 acLAs12

0.4 -\, proton |
0.2 | T

01_AAAAAAAA|4+__

0
-0.1

0]

2000h @ 103 slcm
NH, and ND, target
Ppeam = 85 %

beam

M.Anselmino et al hep-ph/0608048
Phys.Rev.D74:074015,2006

i k)) = f%<x>xp<—%>

q (N A kT
91(% ki) = 91(513)33]9(—_2>
H2

ue2=0.25GeV? up?=0.2GeV?




Polarized beam @ CLAS12

[ FLL X glLDl 1 Helicity dependence of kt-distribution of quarks
< 0.5 L CLAsts oV B — | M.Anselmino et al hep-ph/0608048
i i I Phys.Rev.D74:074015,2006
0.4 -\ . proton [ -
0.3 _.".'.'..‘.‘."f};..,7_,~,',~~_;, ) | - —1 '_ L2
T Tl || A kL) = (@) Evan(-5)
0.2 T o | - Mo
__AAAAAAAA4+_ ~-~._'__AAAAAAAA+T k2
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0 2
01~ 0 F . ue2=0.25GeV? up?=0.2GeV?
0] 1 0 1 0] 1
Py
[F’LS;W) x| e HIJ- o — /Q} Measurements of kinematic (x,32,z,PT) will prob_e HT distribution functions
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_0075 |
> Ao ]
g 005 Hl LR ", | 0.04 - l+.+
% 3 ° A T O + ' i S
2000h @ 10% s 'cm? =083 ‘T | -T | T 0.021 '¢¢+
NH3 and ND3 target 0 In the perturbative limit LA~ 1/Q (TWISt-B)
Ppeam = 85 % 1/P; behavior expected LU
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Collins asymmetry @ CLAS12

sin(¢p+¢g ) al
LFUT he s hl Hl}

o
o ©
N =

2000h @ 10%*slcm2

HD-ice (P=85%)

o
o
N

Study A ; at large x (valence) where models are mostly unconstrained

A {(Collins)
o

-0.1
-0.15

Arpd /[ Aru

1 : Anselmino et al.
2 : QCDSF/UKQCD

A

3 : NRQM, MIT bag
4 : Quark-Diquark
5 : CQSM

M. Wakamatsu hep-ph:0811.4196

1 2 3

4 5

U T
— ) | l = |
AT R
7|_|_|_|_‘__
- T
A s |
q
B AT * B
- A B P B
= HERMES - e __-Curves fom AV. Efremov et al
L A CLAS12 B | PRD76:094025,2006
| | | I | L L | | | | | | | | |
0 0.5 O 0.5 0 0.5 x

Tensor charge
S0y, — - ++0.09
ou = 0.5475 55

S an+0.09

M. Anselmino et al
hep-ph:0812.4366




Electron lon Collider

oé‘e" et ’f . - S-._
Q“a‘:,o _ \,p” .'_;/J_.,.: et . .
rd e-ion detector
4 \:\."?-.
Electron Cooling ;,./Possible locations ;\‘
Snake ra for additional e-ion A Y
IR=—P & detectors \
~r ‘.’;I
= ¥ :
4—.2: — ) eRHIC J
Snake y: | PHENIX /
Main ERL f
Beam 4 O
/ v \ a
Low energy Four recirculation
recirculation pass Electron passes
source
30-225 GeV protons 50-250 GeV protons
3-9 GeV electrons e,p polarization 3-10 GeV electrons
Vs ~ 20-90 GeV greater than 70 % Vs ~ 25-100 GeV
L~ 0.7-6 1034 cm2 s L~ 0.5-3 1033 cm2 s

High luminosity is better than high-energy: Sudakov suppression (soft gluon radiation)

M. Contalbrigo Hadronic Structure Physics, 14" April 2010, Glasgow University 63




Q” = 2.4 GeV?!

3 102 107 14

X

Sivers @ CLAS12 & EIC

0.6 [
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0.2
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2 rlgnag
sin(¢p—¢g) __ >.qcq 17 P1
vt qugf]q_D%

v _F
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S
o
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0.1 -

S
o
o

=01

-0.2 - J-"‘I T
0.2 | K

A (Sivers)

0.1

: - 0.04

B “/‘

S. Arnold et al

arXiv:0805.2137 erﬁﬁ

T \\

0.1 - = I : _ M. Anselmino et al
o Xiv:0805.2677
-0.2 /T/ \ ‘

ol 0.02| \

01 F - .

0 F———= ‘\

Y - 8
02 , , o, 0 ® L * +"+ + H ® EIC (projected)

0.2 F HERMES
01k A CLAS12 (pr.)

0 == Y COMPASS (pr.)
—01[F _0.02 ] ! ] ] Lo ] ! ] | |

=02 | 1 4 1
0 020406 08 1

k| (GeV)

-1
10
X

EIC measurements at small x will pin down sea contributions to Sivers function
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TMD palette

Hadron probe

Drell-Yan: PDFs

pp reactions: PDFs (x FFs)

Universality (sign change)
Flavor decomposition

Factorization
Universality

hp = uuX

hhX

SIDIS: PDFs x FFs e+e- annihilation: FFs

Multidimensional analysis

factorize PDFs and FFs
investigate higher-twists
study perturbative transition
flavor decomposition

k; dependence
Evolution

Lepton probe



Particle yield in pp @ RHIC

- I
2008 PHCENIX - pp—>n°X:PRD76, 051106 (2007)
’c"_‘ i TEC | -~ 10° 10
.,. L T~ o f 0
_ S 10 PH CENIX E o "R
High rate 8 - 24 % (w2
Tor< Limited acceptance - = ol N
~— -1 “
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J""v.‘, M > & 10 w0 .
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West Beam View East s ) 0 0..|5 1l 1|51: .2._.5 3. 3..54' :1..'5
ZDC South I _lé.‘mj-\q_ | ZDC Nexth 10° P (GeV/c)
= - 1 a = -6
MulD o MalD 10 n <035 s
"y & N “Hib Vs=200 GeV
10 NLO pQCD RS
10° (by W.Vogelsang)
South Side View North CTEQ6M PDF; KKP FF
a 10°k H=P/2 P20,
E SolencidMugnet TAR o ::1 l llllllllllllllllllllllllllllllllll
Frectromagnetic L ]I OCOICT x 8 1E N 9.7% normalization uncertainty
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L Limited rate Cross-section is consistent
F [ﬂ Forward colarimeters with NLO pQCD calculations
STAR Run—8 d+Au Configuration
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A, for inclusive hadron @ RHIC

iy . . . BRAHMS Preliminary
* An at positive xg grows with increasing x¢ : . ;
01t |* K| Vs=200Gev [ * P
. oKl e e E[© &
* Xg dependence matches theoretical 0.05F ‘ A,',._-—— P 04T
model expectations qualitatively <z b $ets ___— X DR
[ | e ®
0,055 L ?
Twist-3 (u,d)
01 eeeees Twist-3 (u,d+sea) a
" PR T S T | a2 1 " A-l PO S T B S N | I |
0.1 0.2 03 0.1 0.2 0.3
Xp
An p+p —> 1’+X at V=200 GeV An p+p —> n°+X at vs=200 GeV
0.15H N 1 — STAR | <xe>=0.28 B <xe>=0.32
- Spin 4 - i\l— 0.6 | » FPDFthq | ceeee Siz'ers (E704 fit)
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PRL 101 (2008) 222001
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SIDIS Ay, @ HERMES

Left-Right analyzing power for inclusive meson production

No scattered beam detected — pr, Xr With respect to e beam (not g-vector)
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SSA of heavy flavour @ RHIC

o Eliminate Collins’ effects Gluon Fusion

* heavy flavor production dominated by
gluon gluon fusion at RHIC energy

Pythia 6.1 simulation

cc: gg—=>cc 95%
bb: gg —>bb 85%
* gluon has zero transversity

o A perfect channel for gluon Sivers function

* Gluon’s orbital angular momentum? 8
8
o Important to understand the origin of 8
observed large Ay at large x: ho 00uss .
< %*EPHENIX Preliminary(Run6) 103
0.25 p+p—p+X at\s=200 GeV ;%253_ |Ayknex for D hadrons
1.4 < <1.9 = [ PRD70(2004)074025 L
02" 1<p (1) <5GeVic 02 ~—
. ag £
013 045 ... qq //
0.1F : 15 /
g T /
0.05 E /
- } ' 0051 R / /
'05 . { ) 05 —
-0.05 ' 2
'0'12_ )=24,14,14,24 .0‘055_
_0_15:_ N sys. Err. NS e DAL
§ (ScalelUncertairl\ty 5% Nolt Shown)I l 21 - T { . I
_0'3-31 11 1-0-21 11 l-o-1l 11 lol 11 lo-1l 11 lo.zl 11 10.3 ,3'8 -0.6 4'4 0.2 0 0'2 04

xg(1)
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energy distribution within jet-like objects in the
FMS as a function of distance from the jet axis.

(1/E;,) dE/dR

“Jet shape” in data matches simulation well

No fragmentation — No Collins effect
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0.086

0.04

0.02

M. Contalbrigo

SSA fory & jet @ RHIC

p+p —> Iy+X, vs=200 GeV, R,,,,=0.5

iS !AR PRELIMINARY

O Data

o —  PYTHIA 6.222/GSTAR
<xe>=0.32

<pe>=2.1GeV/c
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0.1 02 025 €3 035 04 @45 0.5
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2
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p+p —> y+jet, vs=200 GV, L=6 pb~

- —_ |
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F E .

| 11 | ™ I-I_.a:l I_I l l
0 1 2 3 4 5 8

P et

E <n,> = 3.2
;—xm > 0.35 4 e
E—1 < e < 1

 Prae > 2.0 GeV/c

Pir — Py — T

10* useable forward photon + jet coincidences

are expected in a 30 pb-' data sample

with 60% beam polarization

Hadronic Structure Physics, 14t April 2010, Glasgow University

O =2 N W 0 ® 41 0 O



SSA of leptons from W decay @ RHIC

008 [ =24 Gov’] SSﬁ\ survives the dilution duelto W decay
S 004 |- 3 < ) : :
; [ ; Z.B. Kang, J.W. Qui
" : 008  p41Gev p \ PRL 103 (2009) 172001
voe / \
0.04
002 |
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q; 0oL
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0.02 f
0.01 |
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-0.01 | -01f 001}
Gy e 08 002}
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-0.01 | -01f v
=0.02 b il i s i 02 | 1 4 1
10'3 102 107! 1 0 020406 08 1 H '
. k| (GeV) F!avor separation ! |
arXiv: 0805.2677 Z’s as clean theoretically as DY
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TMD palette

Hadron probe

pp reactions: PDFs (x FFs) Drell-Yan: PDEs

Fac.:toriza’Fion Universality (sign change)
Universality Flavor decomposition
hp = uuX
RICH CLEAN

hhX

SIDIS: PDFs x FFs e+e- annihilation: FFs

Multidimensional analysis

factorize PDFs and FFs
investigate higher-twists

study perturbative k; transition
flavor decomposition

k; dependence
Evolution

Lepton probe



pp, pd Drell-Yan @ Fermilab

|
v ~ <COS2¢p>

PRD 74 (2006) 014004
PLB 656 (2007) 74
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E906: Data taking starts this summer

Extends E866 measurements at 120 GeV
xsec scales as 1/s
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background scales as s
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Systematic uncertainty ~1% in cross section ratio.

Precise measurement of Boer-Mulders
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SG dimuons

pp Drell-Yan @ RHIC

JAhp as benchmark channel

WlM_

Need detector upgrades to
distinguish DY and heavy flav

PR S T, SR LN

10 12
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STAR FMS
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Events/50 MeV/c?

-
o

ntp Drell-Yan @ CERN

Proposal: &~ beam of 160 GeV/c on a NH; target

Under study is the feasibility of the measurement:

2007 12h beam test 2 years at L=1.7 1033 cm2s-"
" Dimuon trigger COMPASS " — solid and dashed: Efremov et al,
- 2007 DY beam test " AT i PLB612(2005)233;
o1s " — dot-dashed: Collins et al,
#Ihp=14+5 - PRD73(2006)014021;
- —solid, dot-dashed: Anselmino et al,
2 Expected: 2008 [ PRD79(2009)054010;
- B — boxes: Bianconi et al, PRD73(2006)114002;
L : — short-dashed: Bacchetta et al,
F 0.05 f— PRD78(2008)074010.
) ’ t
I - Based on pion PDFs
0,08 =
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Concrete shielding

Dimuon trigger

Hadron absorber
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Radiation conditions
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FLUKA simulations, H. Vincke, CERN
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h, from p-p Drell-Yan @ FAIR

PANDA unpolarized target (s=30 GeV?) PAX: polarized collider (s=200 GeV?)

af e 10—
10 E
Cross-section "F
o 107E 10
3 10k oo’
= C o F
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=0 RN < ook
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04—

Asymmetry

=
i 03
i E
- <
% ] 0.2
025p% ZZ Nbo 71| H. Shimizu et al., hep-ph/0503270
i T a0 {| H. Shimizu et al., hep-p 7 res (10 ]
I -—- T (1,=0.3GeV) 11 \/ Barone etal., in preparation ! s TS (T03GeN) ]
n AL 1 " " |||1- 0.1||||1|1||||1|l||1|l||1|
0.25 L 7l L % g 4 6 i 10 12
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QCD corrections might be very large at smaller values of M,
for cross-sections, not for A;: K-factor almost spin-independent
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h, from p-p Drell-Yan @ FAIR

PANDA: unpolarized target (s=30 GeV?) PAX: polarized collider (s=200 GeV?)
y do' -do™ 4 hlu('xl) hm(xz) « u-dominance
T = " ty IT * [hy[>|hygl
do'' +do u(x,) u(x,) 1ul”N4g
1year run: 10 % precision on the
£ h,,(x) in the valence region
j: 03 Fo 22 Gel/c Tixed Turged
"""""" ) o "M, > 2 GeVic?
=
X
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. |
Anselmino et al Xr T
PLB 504,97 (2004) S U
PAX : M?/s=x,x,~0.02-0.3 valence quarks ’ " " " » X
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A 10 years party

i

You are welcome to join !
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Spares

Z/d$d2k_]_ kJ_ fa/pT(m,kJ_) Ez<k(j’_> =

a a

M. Burkardt, PR D69, 091501 (2004)

> (k1) = —17155 (MeV/c)
1y =969 (k1) = —11313]]
<"~'i> + (kD) + (k1) + (b]) = —147E5 (MeV /o)

Burkardt sum rule almost saturated by u and d quarks
alone; little residual contribution from gluons

—10 < (k9) <48 (MeV/e)
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Spares

QCD prediction: f,++(X)sipis = - f17-(X)py

M. Contalbrigo

yq—q

lensing effect
green quark

anti-green remnant

Hadronic Structure Physics,

qq =y = ¢

anti-lensing
/’, *
®* >

anti-gre%n
anti-quark

green quark

anti-green remnant
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Asymmetries and moments

[angle and moments definitions according to Trento conventions]

h I Ny (8,0)-N;(4,¢5) _
AUT > TS
(9:95) = | S I NI (@, ¢6) + N} (¢, 95)

e 1|k ) HE (2.
Y e fi(x) D! (2)

Collins moment o ...sin(¢ +¢S)

O-@ e
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Spares
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Spares
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