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

 e p → e p 

 e p → e p 

PRC 68, 034325 
(2003) 

xF 

Fundamental: do not neglect it !! 
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The Spin Degree of Freedom 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NA10 

E866 

E615 

Single spin asymmetries:   BIG?!   Although suppressed as mq/Q2 in pQCD  

√s=62 GeV 

ANL BRAHMS 

√s=5 GeV 

 pp→Λ↑X  p↑p→πX  πp→µµX 

Proton spin budget:   role of partonic orbital motion? 

ΔΣ=0.33±0.03 
from DIS 

gqf
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2
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ΔG~0.1 at 0.02<x<0.3 
from DIS and pp scattering 

Phys Rev D75 (2007) 012007 

Open Issues: Test Field for QCD 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Open Issues: Test Field for QCD 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The Real Experience: 3D ! 

 Baryons2013, 25th June 2013, Glasgow 



PDFs fpu(x),… 

TMD PDFs: fpu(x,kT),… 

Wp
q(x,kT,r)  “Mother” Wigner distributions  

Semi-inclusive measurements 
Momentum transfer to quark 
Direct info about momentum distribution 

Quantum Phase‐space DistribuDons of Quarks 

pT< 2 GeV/c 
√s = 20 GeV   

xF 

AN 

May explain SSA & Lam-Tung 

Probability to find a quark q in a nucleon P with a certain polarization in a position r  & momentum k  
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PDFs fpu(x),… 

TMD PDFs: fpu(x,kT),… 

Wp
q(x,kT,r)  “Mother” Wigner distributions  

Exclusive Measurements 
Momentum transfer to target 
Direct info about spatial distribution 

Semi-inclusive measurements 
Momentum transfer to quark 
Direct info about momentum distribution 

GPDs: Hp
u(x,ξ,t), … 

Quantum Phase‐space DistribuDons of Quarks 

pT< 2 GeV/c 
√s = 20 GeV   

xF 

AN 
May solve 

proton spin puzzle 

Jq =
1

2
!"+ Lq = lim

t#0
dx x H (x,!, t)+E(x,!, t)[ ]

$1

1

%

May explain SSA & Lam-Tung 

Probability to find a quark q in a nucleon P with a certain polarization in a position r  & momentum k  
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Internal gaseous target: 
 

96-00 (p/d)  Lpol  
02-05 (p)     Tpol 
06-07 (p/d)  Unpol 

27.6 GeV e+/e- HERA beam Electron and Hadron ID Valence and sea 

Data taking: 95-07 
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The HERMES Experiment 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Leading Twist TMDs 
quark polarisation 
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Survives transverse momentum integration  
(missing leading-twist collinear piece) 
 
Differs from helicity due to relativistic effects and  
no mix with gluons in the spin-1/2 nucleon 
 

Transversity: 

Worm-gear 
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Number density and helicity: 
Focusing here in transverse momentum dependence  
 

Density 
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Leading Twist TMDs 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Interference between wave functions with different  
angular momenta: contains information about parton  
orbital angular motion and spin-orbit effects 
 
Testing QCD at the amplitude level 

Off-diagonal elements: 

⊥

T1f
Sivers 

g1T
!

Survives transverse momentum integration  
(missing leading-twist collinear piece) 
 
Differs from helicity due to relativistic effects and  
no mix with gluons in the spin-1/2 nucleon 
 

Transversity: 

Worm-gear 

12 Contalbrigo M. 

Transversity 
1h

⊥

1h
Boer-Mulders 

⊥

L1h
Worm-gear 

⊥

T1h
Pretzelosity 

1g
Helicity 

1f
Number  

T-odd elements: 

Strict prediction from TMDs + QCD ! 

           sign change between DY and SIDIS  
                 •  universality of TMDs  

Number density and helicity: 
Focusing here in transverse momentum dependence  
 

Density 
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T-odd elements: 

Strict prediction from TMDs + QCD ! 

           sign change between DY and SIDIS  
                 •  universality of TMDs  

Number density and helicity: 
Focusing here in transverse momentum dependence  
 

Density 
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First TMD Evidences 
!
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A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002  

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

SIDIS: 
ep     e’hX 
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Non-zero Sivers function !!         

2005: First evidence from HERMES measuring SIDIS on proton 
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HERMES has access to all of them through specific  
azimuthal modulations (φ, φS) of the cross-section  
thanks to the polarized beam and target 
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PRL 94 (2005) 012002 
JHEP 06 (2008) 017  
PLB 693 (2010) 11  

Different from zero ! 
PRL 94 (2005) 012002  

PRL 103 (2009) 152002 
 

Indication to be not-zero ! 
PRD 87 (2013) 012010 

Consistent with zero 
Preliminary result 

Consistent with zero 
PLB 562 (2003) 182   
PRL 84 (2000) 4047 

 

Leading Twist TMDs 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Ph   dependence 
Preliminary result 

T 

Hint of non-zero signal 
Preliminary result 

Ph   dependence 
PRD 87 (2013) 074029 
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Parton Number Density 

 Baryons2013, 25th June 2013, Glasgow 
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Parton Number Density 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Parton Number Density 

DF

σ
FF

ATLAS: arXiv:1206.4051 
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Reflects different flavor content 
Correlated systematics cancels 

Proton-deuteron asymmetry: LO interpretation: 

SIDIS data constrain fragmentation at low c.m.  
energy and bring enhanced flavor sensitivity   

1

NN

DIS
(Q

2
)

dNN

h
(z,Q

2
)

dz
=

eq
2

dx f
1q (x,Q

2
)D

1q

h
(z,Q

2
)!

q
"

eq
2

dx f
1q (x,Q

2
)!

q
"

M
N

h
= Ad!p

h
"
Md

h
!Mp

h

Md

h
+Mp

h

 Baryons2013, 25th June 2013, Glasgow 



0.5 1

M
ul

tip
lic

ity

0

2

4

0.5 1

0
2

4

0.5 1

0

1

2

0.5 1

0
1
2

0.5 1

0

0.5

1

0.5 1

0
0.5

1

0.5 1

0

0.2

0.4

 [GeV]
T

p
0.5 1

0

0.2

0.4

+π+π

proton
deuteron
proton
deuteron

0.2 < z < 0.30.2 < z < 0.3

0.3 < z < 0.40.3 < z < 0.4

0.4 < z < 0.60.4 < z < 0.6

0.6 < z < 0.80.6 < z < 0.8

-π-πHERMES PRELIMINARYHERMES PRELIMINARY

Disentanglement of z and        : access to the transverse 
intrinsic quark kT and fragmentation pT,  
 
i.e. from gaussian anstaz 
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Drell-Yan 

z ~ 0.5 

SIDIS 

arXiv:  1003.2190 

Indication of a kT and pT broadening with c.m. energy: 

TMD Q2 evolution ≠ DGLAP 

Scimemi, DIS 2013 
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DY 
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Parton PolarizaDon 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The Collins Amplitude 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Amplitude 

26 Contalbrigo M. 

h
1
!H

1

"

K+ signal larger than π+ 

    role of sea quarks 
    kT dependence in FFs 
    higher twists effects  
 
Peculiar K- 

   no valence quark in common with proton 

Consistent results at different Q2  
              No higher twits 
              No strong evolution  
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Spin‐Orbit Effects 

 Baryons2013, 25th June 2013, Glasgow 
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Pion electro-production on proton: 
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PRL 103 (2009) 152002 

Peculiar kaon signals: 
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The Sivers Signals 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The Sivers Signals 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√s = 200 GeV   
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TMDs fact. 
pT<<Q 

Collinear fact. 
M<<pT 

2 approaches: 

HERMES vs COMPASS 
Comparison 

From SIDIS to pp collisions: 

Signals of TMD evolution ? 

 Baryons2013, 25th June 2013, Glasgow 

Sign  
mismatch ! 



Inclusive Hadron SSA @ HERMES 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   AUT is vanishing at low pT 
 
   Q2 increases with pT 
      approaching DIS regime 
 
   Study transition from 
      perturbative to   
      non-perturbative  regime 

 Baryons2013, 25th June 2013, Glasgow 



Inclusive Hadron SSA @ HERMES 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   AUT is vanishing at low pT 
 
   Q2 increases with pT 
      approaching DIS regime 
 
   Study transition from 
      perturbative to   
      non-perturbative  regime 

Non-zero signals for positive 
hadrons resembling Sivers 

Sivers modulation sin(φ-φS) can survives as sin(φ) 

 Baryons2013, 25th June 2013, Glasgow 
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by Cahn due to non-zero intrinsic kT          
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Leading-twist contribution introduced 
by Boer & Mulders in 1998 

Boer & Mulders PRD 57 (1998) 

Cahn PLB 78 (1978) 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EMC (1987) 
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The Azimuthal ModulaDon 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Kinematical effect predicted since 1978  
by Cahn due to non-zero intrinsic kT          

Non perturbative contribution 

PT (GeV/c) 
•   No hadron identification         
•   No charge separation 
•   Poor statistics for cos2φ

SIDIS: qualitative agreement with  
Cahn expectations till 2008 
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Large difference in hadron charge ! 
 
Larger in magnitude for π+  

cosφ  large and negative !     

cosφ

Unpolarized Cross‐secDon 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Positive for π- 
 
Negative for π+ 
 

cos2φ  non-zero !     
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Unpolarized Cross‐secDon 

Quark d vs u contribution ? 
DATA support Boer-Mulders of same sign for u and d 

 Baryons2013, 25th June 2013, Glasgow 

Mild flavor dependence of kT expected 
Hint of non-zero Boer-Mulders  

 



Striking difference  
versus pions ! 

  Role of the sea  

  Strange Collins  

  Sub-leading twists  

Unpolarized cross‐secOon:  any precision  
measurement should account for these effects 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Exclusivity 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Generalized parton distribuDons 
Encompass parton distributions and form factors 
 

longitudinal momentum and transverse spatial position 
correlated information 
 

Access OAM  Lq= Jq-½ΔΣ   via Ji sum rule 
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The DVCS Landscape  H 

!

PRL 87 (2001) 182001 First measurement  
of DVCS beam  

asymmetry Im(H) 
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The DVCS Landscape  H 

!

PRL 87 (2001) 182001 

JHEP 06 (2008) 066 

First measurement  
of DVCS beam  

asymmetry Im(H) 

First measurement  
of DVCS asymmetry  

on a transverse target 
Im(H-E) 
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The HERMES DVCS Legacy 

Re H 

Im H 

Im(H-E) 

Re(H-E) 

Im(H) 

Re(H) 

Hydrogen 
Deuterium 

The most complete DVCS  
asymmetry measurement set: 

ALL 

AC 

ALU 

AUT 

ALT 

AUL 
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H DVCS on Proton @ HERMES 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Im H 
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H DVCS on Proton @ HERMES 

 Baryons2013, 25th June 2013, Glasgow 

Im H 

Re H 
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H Pure DVCS @ HERMES 

-  No requirement for Recoil 
-  Charged recoil track in acceptance 
-  Kinematic fit probability > 1 % 
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Kinematic event fitting technique: all 3 particles  
in the final state detected should satisfy  
4-constraints on energy-momentum conservation 

 Baryons2013, 25th June 2013, Glasgow 
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H Pure DVCS 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HERMES 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Generalized parton distribuDons 
Encompass parton distributions and form factors 
 

longitudinal momentum and transverse spatial position 
correlated information 
 

Access OAM  Lq= Jq-½ΔΣ   via Ji sum rule 
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Hard Exclusive ρ0 Meson ProducDon 
Meson SDMEs Photon SDMEs 

F!
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V
!"

Helicity Amplitudes 

They form a basis for the SDMEs  
 
Re-derived SDMEs consistent with  
published ones 
[A. Airapetian et al. EPJC 62 (2009) 659)] 
 
Enhanced sensitivity for polarized SDMEs 

Helicity amplitudes are the fundamental  
quantities to be compared with theory 

  EPJC 71 (2011) 1609 

EPJC 62 (2009) 659-694  
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   HERMES has been a precursor experiment for TMDs and GPDs   

   Data-taking closed in 2007 but analysis still ongoing 

   Many innovative results in both fields and recently   
 
            -  Hadron multiplicities on a pure H target ( I. Lehman) 
 
            -  Full-differential analysis of SIDIS unpolarized asymmetries ( L. Pappalardo) 
 
            -  DVCS with recoil detection   ( I. Brodsky) 
  
   Several preliminary results close to be published 
           
            -  Beam spin asymmetry in the semi-inclusive kaon sector ( V. Zagrebelnyy)  
 
            -  Inclusive hadron and Semi-inclusive di-hadron analysis on a transverse target  ( L. Pappalardo) 
 
            -  Complete decomposition of the transverse target asymmetries (  L. Pappalardo) 
 
            -  Associated DVCS ( M. Murray) 
 
            -  Exclusive vector-meson production ( A. Movsisyan) 
 

Summary 

54 Contalbrigo M.  Baryons2013, 25th June 2013, Glasgow 


