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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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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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TMD PDFs: f,4(x,ky), ..

Semi-inclusive measurements
Momentum transfer to quark
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GPDs: Hpu(x,E,t),
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Exclusive Measurements
Momentum transfer to target

Direct info about spatial distribution
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Leading Twist TMDs

quark polarisation . L
Number density and helicity:
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First evidences
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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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ysics reactions

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

quark polarisation
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nucleon polarisation
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quark polarisation
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NUMBER DENSITY

nucleon polarisation
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Parton Number Density
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Parton Number Density
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Fragmentation Functions @ B-factories
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Disentanglement of z and Py, ,: access to the transverse
intrinsic quark k; and fragmentation p

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

i.e. from gaussian anstaz
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TMD Evolution

= Indication of a k; and p; broadening with c.m. energy:
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Parton Helicity from SIDIS

- xad - COMPASS: arXiv:1007.4061
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Parton Helicity from SIDIS
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Parton Helicity from W
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Gluon Helicity
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Parton Helicity
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(Aq+Aq)/(q+q)

Quark helicity at high-x is sensitive
to orbital angular momentum.

0.5

Quark Helicity

Transverse momentum dependence
of quark helicity vs number density
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TRANSVERSITY
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Fragmentation @ e+e- Colliders
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Fragmentation @ e+e- Colliders
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The Collins SIDIS amplitude

CLEAR NON ZERO SIGNALS !

onsistent results at different Q2
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OMPASS, arXiv: 1202.6150
ERMES, arXiv: 0803.2367
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Existing data limited to x < 0.3

FF evol.. from high energy colliders
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Polarized Drell-Yan 2018+

Spin-filtering with protons: b ’
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PRETZELOSITY

Sensitive to the D-wave
component and the non

spherical shape of the
nucleon
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The Pretzelosity
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Statistical power of existing data is not
enough to observe significant signals
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WORM GEAR
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Unexpected pattern needs

more statistics to be verified
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SIVERS

Naive-T-odd
Non-trivial gauge link
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The Sivers signals

E e fir(x,pp) ®, Df(z,k;) CLEAR NON ZERO SIGNALS !
q
D e i.p)® D (z.kp)

Alsji;(‘ﬁ ~9s)

COMPASS 2010 proton data
COMPASS positive pions x<0.032 preliminary

COMPASS positive pions x>0.032 P"ehmmary € yu\ B

HERMES =* PRL 103 (2009
005 7+ % ;? = %ﬁf %{5 1 i ¢¢+<§> &1 l

3 33
Systematic shift:
Sivers Q2 evolW
—0.05F =

PPN | ol 1 1 L L

A
g
=

oe

3 COMPASS negative pions x<0.032 rehmm .
v g p n P ATy coprepn:
Q{ 0.1 [ COMPASS negative pionsx>0 ﬂ%’ nrehmmary{ } 3 =

HERMES = PRL 103 (2009)

O
OMPASS, arXiv: 1205.51422E
0.05 I B

i
~ HERMES, arXiv: 0906,39130 ........... i}. §+<}—é i% K3 *%ﬁ};’h$+* ..........

—0'05|"...1..| VI T WY i T M O T L - 1 | |

-2 -1 O.S 1 0.5 1 1.5
L L x z p" (GeV/e)

Contalbrigo M. Structure of Nucleons and Nuclei, 10" June 2013, Como



The Kaon Sivers signals
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Expected asymmetries for W*-bosons |

Takekawa talk
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Expected asymmetries in Drell-Yan |
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The Sivers challenges - |l
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The Sivers challenges - 1l
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The Sivers challenges - 1l

w/ color factors w/o color factors
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% Ay is vanishing at low p;

% Q?increases with p;
approaching DIS regime

« Study transition from
perturbative to
non-perturbative regime

Non-zero signals for positive
hadrons resembling Sivers
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Inclusive hadron SSA in SIDIS

Chen, QCD Evolution 13
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OAM Glimpses
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Sivers @ JLab12 2014+

High resolution and broad range in p; to test perturb.
non-perturb. transient and for Bessel function analysis

C12-11-111 Hall-B m 1

- CLAS12 projected results
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CAHN & BOER-MULDERS

nucleon polarisation

N
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Sivers Worm-gear | b, (o) - (e
Pretzelosity

Naive-T-odd
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Spin effect in unpolarized

reactions "

(THE NEGLECTED EFFECTS)



The azimuthal modulation

dSO,ep—>e'hX

— {Fyyr +eFy,  +2e(1+¢€)cos(p) F;Zs(cb) + £5c08(20) FJES(Z(]&)}

dx dy dz d¢ dP; | ] 1}#@ =
1 1

Kinematical effect redicted since 1978
by Cahn due to non-zero intrinsic k;

-
o
T T

[ Cahn PLB 78 (1978) J

Leading-twist contribution introduced
by Boer & Mulders in 1998

1/o,, do/dP; (GeVic)”
-0:_ -

107% |

[ Boer & Mulders PRD 57 (1998) ]

Non perturbative contribution

107 |-
[} 1 2 3

' Py (GeVic)

Till 2008: qualitative agreement with Cahn expectations
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do.hp—>eeX M (1 - A«) = 2V

: v .
]+ Acos’ O+ usin26cos¢ + Esm?‘ 6cos2¢ Preserved by NLO and resummation

Analogous of SIDIS Callan-Gross
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epen ence

0.15 |
cos(2¢) PR
[ o« @ H; +[f1®D+ ]/QJ oo
g o0
< 005}
01 F 1
Non-ZerO ' 015 F oo Boer-Mu(I:daehrg 4o Boer-Mu(I:daehrg 4o Boer-Mu(I:dae}:g.
— Cahn+BM| ——  CahnsBM| ——  Cahn+BM
Issue on DATA consistency 015 |
o1}
< 0.05 |
< COMPASS °LiD [25% of 2004 data) Hreliminary 0 e
88 . i | I 005 |
A ls * b L Cahn] ---- Cahn] ---- Cahn |
} } 0145 F Boer-Mulders £ - Boer-Mulders 1 -+ Boer-Mulders |
0.0 i Pt i b1 I ;o - cahnsBM | —— Cahn+BM | —— Cahn+BM
{ }}h }} 102 107 03 04 0506 07 01 03 05 07 09
Lot R Ly Lk b b x z ey
! arXiv: 0912.5194
11l PR | | 1 1 1 1
10—1 104 ) 0.2 04 0.8 08) 05 1 Y
X z Pt [GeVic] Can be explained by
S _ _ large uncertainty on Cahn
=2 o jep—enX § | HERMESpreliminary) | and neglected HT effects
=< 0.05[ 7 T3 - g ! 1 : ] J
N : (] 5 1 ) I I
@ -} ] ) 3
8 0 E d [ [] & 5 g O
- i = -
S Tpc TRl e R TerTaliTT,
[ : &
-0.05[ T T T ]
K 5 ; ] arXiv: 1204.4161
M| I 1 1 W 1 1 1 1 il 1 1 1 1 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 y 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+

[ Proton beam @ Fermila ]
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E906: test run this year

Extends E866 measurements at 120 GeV
xsec scales as 1/s

background scales as s.

[Pion beam @ CERN ]
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HIGHER TWISTS
(THE SECOND LEVEL )



ist effects
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Higher-twist effects
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e+e- Colliders (TMD fragmentation)

FFs for various hadron: kaons (p, ... A)

Refine investigation of unpolarized FFs, i.e.

di-hadrons in opposite emispheres (Collins like) ;
—g

doee” > mhpX) _ 3a® 5 (1 A ot o7 )

o(eded—>d[12 2X) _ az A(y)zeglhl)l w | [e*-€e7] :

z1dzp Q o ™ Babar 0 |

____________ /

Dependence on transverse momentum

Scale dependence: look for different
c.m. energies (ISR, BESIII)
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DIS Experiments (TMD disentanglement)
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Scale dependence & Higher twists
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