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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 Degree of Freedom

In our exploration of the QCD micro-world

Fundamental: do not neglect spin !!

Two questions in Hadronic Physics
await explanation since too long

Proton Spin Budget Single Spin Asymmetries
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Parton Number Density

HERA F, LHC gauge boson production
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Parton Number Density

. HERA I+l inclusive, jets, charm PDF Fit
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Parton Number Density

. HERA I+l inclusive, jets, charm PDF Fit
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Parton Number Density
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Parton Helicity from Inclusive DIS
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Parton Helicity from SIDIS
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Parton Helicity from SIDIS
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Multiplicity

LO interpretation:

SIDIS data constrain fragmentation at low c.m.
energy and bring enhanced flavor sensitivity
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Parton Helicity from W
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Gluon Helicity
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Gluon Helicity
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Landscape @ RHIC
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Parton Helicity
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From Lattice
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From Lattice

04— With disconnected diagrams
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Describe the complex nucleon structure in terms
of partonic degrees of freedom of QCD

Important testing ground for QCD

Latest news from Deep AZ:O33iOO3 AG~0.1 for 0.05<x<0.2

Inelastic Scattering (DIS) From pp scattering and DIS

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

Proton’s spin
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The Spin Surprising Phenomenology
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W, 9(x,k;,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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Generalized parton distributions

Encompass parton distributions and form factors

longitudinal momentum and transverse spatial position
correlated information

Access OAM Lq= Jq-%AZ via Ji sum ruIe

J, =lim Idxx[H x,&, t)+E (x,&, t)]

t—0

@ Sensitivity of different final states to
different GPDs

@ For spin-1/2 target 4 chiral-even
leading-twist quark GPDs: H ,E H E

@ H ,H conserve nucleon helicity,
E , E involve nucleon helicity flip

@ DVCS(y)> H.E.H.E

@ Vector mesons (p, o, ¢) > H E

@ Pseudoscalar mesons (7,77) > ]—~] , LN?
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VM production

VM
g
p P

informations on the transverse
position of partons is incorporated
in the t dependence of GPDs
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Gluon Imaging

[Frankfurt, Strikman, Weiss (2011)]
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DVCS Interference

Informations on the real and imaginary

part of the QCD scattering amplitude VG e Bethe-Heitler

4
d’o o (|Toves|® + [Teul* +I)
dQ? dxg dt d¢
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DVCS Interference

Informations on the real and imaginary

part of the QCD scattering amplitude Bethe-Heitler

e €

4
d’o o« (|Tovesl® + |Tenl* + I)
dQ?2 dxg dt do

2
|
<

0.

HERMES: arXiv:0106068
6 1

gg CLAS: arXiv:0107043
S
. : : : .
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DVCS Repository

® Hydrogen
A Deuterium

O Hydrogen Preliminary
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Amplitude Value

03

—charge asymmetry
Re (H)

| 2>beam-spin asymmetry
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Im (H)

- transverse target spin asymmetry
Im (H-E)

- transverse-target double-spin
Re (H-E)

- longitudinal target spin asymm.
Im (H)

- longitudinal-target double-spin
Re (H)
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DVCS Repository

® Hydrogen
A Deuterium

O Hydrogen Preliminary
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DVCS Beam-Spin Asymmetry

Arv () do(e,d) —do(e,d) x Im[FH] - sin ¢
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DVCS Beam-Charge Asymmetry

Ac(9)

ERMES: arXiv:1203.628

___._____l__l__i__.
n

Overall
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Q%[GeVA
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The Pure DVCS Sample _ H

unresolved sample unresolved-reference sample pure sample
1 | Forward f + Recoil E o expermenta data
0 1 acce ptance - acceptance [ —— simulation (sum)
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ep—eA’y

semi-inclusive

T ooy | 2 ; + Recoil
Y v AR : reconstruction

15 A‘ 15 0 5 10 15
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Contalbrigo M. QCD-N’12, 22" October 2012, Bilbao



The Pure DVCS Sample

unresolved sample unresolved-reference sample
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DVCS Repository
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O Hydrogen Preliminary
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DVCS @ COMPASS 2014+

Dy = do(u W) =dou ) [+ cosg| and ¥ ~ Re(F;H)
SCS,UE do(u +¢) + JO’CH"r) oc| doBH +PVCS Lk [ sing | and sll"t ~Im(/'-1_‘7-[)
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oo 04
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Broad program with polarized beam +
long. & transversely polarized target
@L~10% cm2s
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W, 9(x,k;,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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px (GeV) by fm)

TMD PDFs: f Y(x,ks),. .. GPDs: HY(x,E 1), ...
Semi-inclusive measurements Exclusive Measurements
Momentum transfer to quark _Q | Momentum transfer to target
Direct info about momentum distribution O’i){- /Q\/ Direct info about spatial distribution

4
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Leading Twist TMDs

quark polarisation . L
Number density and helicity:

N/q U L T Focusing here in transverse momentum dependence
c ;i © By (5 - (%)
2 U Number
‘é Density Booriulnee Transversity:
% Loy e Survives transverse momentum integration
S L 81 o= oh| by e h- (2w (missing leading-twist collinear piece)
Q Helicity Worm-gear
g Differs from helicity due to relativistic effects and
@ A | oa |k & -A no mix with gluons in the spin-1/2 nucleon
k®) = (o) [ov) =[] - Gy
g T ; gir (=) - (=) Transversity
c T N .
Sivers Worm-gear | hy; @) -
Pretzelosity ) .
quark polarisation
Off-diagonal elements:
J N/q U L T
Interference between wave functions with different
angular momenta: contains information about parton c D - LeD o
. . . . (o] H (&) - (2)
orbital angular motion and spin-orbit effects (s U 1 1
© Unpolarized Collins
Testing QCD at the amplitude level g
©
T-odd elements: S L Gipom-(on| H (on-(on
) c
-> sign change between DY and SIDIS § A A
* universality of TMDs ) LA . o & 1@ - &
= T DITI‘\O/‘I - (o) GIT > - (>
: o ’ ) —-— N * *
. . . HJ. Py Py
Strict prediction from TMDs + QCD ! () -(2)
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First evidences

sin(¢+¢q ) 1 - in(¢—¢s) 1
o hy @ Hy' SIDIS; O e oD, |
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2005: First evidence from HERMES measuring SIDIS on proton
A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002
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\A/

ysics reactions

[ SIDIS: rich phenomenology, the most explored so far ]

SIDIS oM E‘® o ®(FF) % e)?\%f

Jefferdon Lab

[ e*e: B-factories as powerful fragmentation laboratories

ete- ee—>hhX 2 q—>ee®@®@ U

[ DY: challenging for experiments (only unpolarized so far) J
—eeX —
DY pp “ E‘ ®‘® L # Fermilab

‘ Hadron reactions: challenging for theory (ISI + FSI) J

op oPPX 2‘@‘@ o997 ®@

)
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Fragmentation @ e+e- Colliders
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The SIDIS case

quark polarisation

N/q U L T

£ y fi = B -2
— Number .
© Density Boer-Mulders | SIDIS cross section
2 — T (transversely polarized target):
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S 1S5 Cdse

quark polarisation
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N/q U L T SIDIS cross section
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NUMBER DENSITY

nucleon polarisation
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The azimuthal modulation
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o
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Leading-twist contribution introduced
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Non perturbative contribution
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do.hp—>eeX M (1 - A«) = 2V

: vV .,
]+ Acos’ O+ usin26cos¢ + Esm 6cos2¢ Preserved by NLO and resummation

Analogous of SIDIS Callan-Gross
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Disentanglement of z and Py, ,: access to the transverse
intrinsic quark k; and fragmentation p

(Bi) =" (ke ) +(p7)
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The Evolution

~ |dovu(Pry) _ dovv(0) _p2 /PZ)
N% dz dP,%J_ dz dPiJ_
0
= 06 | arXiv: 1003.2190
rol -
€ I sibis |
0.4 — —“_"" —
z~05 T
. COMPASS |
P
02 =} \HERMES .
| JLab |
oL o 11
0 100 200 300 s (GeV2 )

Indirect indication of a k;
and p; broadening with
c.m. energy:

TMD Q2 evolution

arXiv: 1101.5057

Contalbrigo M.

NA
> 1 I T I 1 I 1 I 1
Q -
&) _ 4 - -
3L T N—>puX T4
N & =
Ng | - |
< _~~ OMEGA 2
| o) _
2 5 b2 ES37 ¥
) NA3 ©
R o ]
p !
. Ed444
1~ - for comparison:
L E615,Fig.2.2 ©
E615, Fig2.1 ©
0 1 I 1 I 1 I 1 I 1
0 200 400 600 s (GeV?)
E T T I T T I T E
C _ 1 ]
E O = 3 GV —— Q=1\24GeV | |
3 -~ —-—- Q=50GeV E
f.u F_ ~< C— - Q=91.19GeV| ]
1 R (Y N 1
0.1 B . =
£ NTo=o E
C N Bl ]
- N - - _ .
001 | . | LN . l . ~r— e
0 1 2 3 4 5 6
f u 1;_ T T | 1 T I T _;
1 B B s = -5 GV —— Q-91.19GeV| 1
0.1 g_ = = Gaussian Fit _;
001 <
0.001%— —é
00001 L L
S

QCD-N12, 22nd October 2012, Bilbao

k; (GeV)




[ o0 o« h @ HE +[f1®D e ]/QJ

Non-zero ! 015 ©77 soerMudern] . BoerMudere] .  Bosr-Mudere]
o Ca=hn+BM — , CEahn-l»:BM M— , Cal;m-l»BMc
Issue on DATA consistency 015 |
01
< 0.05 |
< COMPASS °LiD [25% of 2004 data) preliminary 0
S §o1 | t 005 |
A * } } R Cahn] ---- Cahn] ---- Cahn
} } 0145 F o Boer-Mulders { - Boer-Mulders £ -+ Boer-Mulders -
0,08k b I i i b1 I ;o - cahnsBM | —— Cahn+BM | —— Cahn+BM
| BRI ; ”}}t { }} ; } 10?2 1077 03 04 0506 07 01 03 05 07 09
o h+ X z P_(GeV)
AL bpd N bt b i
arXiv: 0912.5194
11l 1l | 1 1 1 1
10—1 104 ) 0.2 04 0.8 08) 05 1 Y
X z Py [GeVic] Can be explained by
S _ _ large uncertainty on Cahn
=2 [ ep—>enX § | HERMESpreliminary) | and neglected HT effects
—=0.05F O T3 5 g ! : -
N - () 5 [ I I
® j I 3 )
8 0 E d [ [] & 5 g O
L - o
N [ §° : b o 2 % g1t -
[ &
-0.05F - - 2
N Y I arXiv: 1204.4161
M| 1 1 W 1 1 il 1 1 1 L1 11 11 T T ]
10 0.4 0.6 0.8 0.4 0.6 0.2 0.4 0.6 0.8 1
X v z P, [GeV]




The SIDIS cos2(} dependence

COMPASS°LiD (25% of 2004 data)
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sys = 2 - stat

Multidimensional analysis is mandatory

Clean high statistics samples from COMPASS-Il and CLAS12
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The SIDIS Landscape 2014+
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The Drell-Yan Landscape 2014+
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The Collins SIDIS amplitude
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Polarized Drell-Yan 2018+
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SIVERS
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The Sivers signals
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SIDIS @ JLab12 2014+
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