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In our exploration of the QCD micro-world 

Fundamental: do not neglect spin !! 
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The	
  Spin	
  Degree	
  of	
  Freedom	
  

Two questions in Hadronic Physics  
await explanation since too long   
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pp à πX 
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The	
  3D	
  Nucleon	
  Structure	
  

Longitudinal momentum 
k+=xP+ 

kT 

bT 

Transverse momentum 

Transverse position 

l �

l �

Wp

q
(x,

kT ,

bT )

fp
q
(x,

kT ) fp

q
(x,

bT )⇔

FT

Hp

q
(x, 0, t)

Photon Virtuality 
Q2 

fp
q
(x)

Confinement Scale 

High Energy Probe 
Hard Scale 

Int. Nuclear School – 37th Course, 21th September 2015, Erice 

Spin 



The	
  QCD	
  View	
  

4 Contalbrigo M. Int. Nuclear School – 37th Course, 21th September 2015, Erice 

pQCD 

Non  Perturbative  Physics 
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Parton distributions  
 
 

Flavor sensitivity 
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d3σ h ∝ eq
2q(x)Dq

h (z)
q
∑d 2σ ∝F2 =( eq

2q(x))
q
∑

Transverse momentum 
dependent parton distri. 

 
Spin-Orbit effects 
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Semi-inclusive 

Rich and Involved  phenomenology !! 

Moving	
  Out	
  of	
  Collinearity	
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Du
π+(z)> Du

π−(z)
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SIDIS 
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SIDIS:	
  rich	
  phenomenology,	
  the	
  most	
  explored	
  so	
  far	
  

e+e-­‐	
  colliders:	
  powerful	
  fragmenta=on	
  laboratories	
  

DY:	
  challenging	
  for	
  experiments	
  (only	
  unpolarized	
  so	
  far)	
  

Hadron	
  reac=ons:	
  challenging	
  for	
  theory	
  (ISI	
  +	
  FSI)	
  

Int. Nuclear School – 37th Course, 21th September 2015, Erice 



DIS	
  Cross-­‐SecBon	
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From optical theorem:  
related to the imaginary part of the forward scattering 

Projection into 
8 Lorentz structures 
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quark polarisation 
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Quark-quark correlator  

Hard scattering 

Quark fragmentation 

TMD Factorization 
holds for pT<<Q  
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DIS	
  Cross-­‐SecBon	
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d 6σ
dxdQ2dzdPhdφdφS
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FUU = f ⊗D = x eq
2

q∑ d 2pTd
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TMD Factorization 
holds for pT<<Q  

Quark-quark correlator  

Hard scattering 

Quark fragmentation 
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Parton	
  Number	
  Density	
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quark polarisation 
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Non perturbative contribution 
PT (GeV/c) 

ΛQCD<<qT<<Q	
  	
  	
  	
  	
  same	
  physics	
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The	
  Ph	
  -­‐unintegrated	
  mulBpliciBes	
  T	
  

0             0.5               1.0               
Matevosyan++   [arXiv:1111.1740] 

P. Schweitzer++   [arXiv:1210.1267] 

z 

f1(x,kT) 

kT 

Large tiles extending up to the inverse  
of the gauge field fluctuation scale ρ<<M 

Short range parton correlations may 
manifest also in pp MPI  

Reflect different fragmentation 
 
May be enhanced in medium. 
 
Parton propagation in cold matter 
as complementary study to QGP 
 

Int. Nuclear School – 37th Course, 21th September 2015, Erice 

σUU ∝ f1 (x,kT )⊗D1 (z, pT )
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The	
  Ph	
  -­‐unintegrated	
  mulBpliciBes	
  T	
  

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

T Ph 

Ph⊥
2
= z

2
kT
2
+ pT

2

σUU ∝ f1 (x,kT )⊗D1 (z, pT )

A. Signori++   [arXiv:1309.3507] 

M. Anselmino++   [arXiv:1312.6261] 
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The	
  Ph	
  -­‐unintegrated	
  mulBpliciBes	
  T	
  

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

T Ph 

Ph⊥
2
= z

2
kT
2
+ pT

2

SIDIS alone does not provide clear  
sensitivity on kT, pT flavor dependence 

A. Signori++   [arXiv:1309.3507] 

M. Anselmino++   [arXiv:1312.6261] 

σUU ∝ f1 (x,kT )⊗D1 (z, pT )
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Full differential 
extraction in 4D 



P. Schweitzer++   [arXiv:1003.2190] 
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TMD	
  EvoluBon	
  

z ~ 0.5 

TMD evolution:  

kT and pT broadening with c.m. energy 

Fixed target SIDIS 
 

  Q2 ~ few GeV2 

TMD Q2 evolution  

               ≠  

DGLAP 
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 Q2 ~ 100 GeV2 

B-factories 

Drell-Yan 

 Q2 > 16 GeV2 

But still collinear 



Medium	
  modificaBon	
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In terms of the QCD, there are several contributions to PT distribution of hadrons produced in SIDIS: 
•   primordial transverse momentum, 
•   gluon radiation of the struck quark, 
•   the formation and soft multiple interactions of the “pre-hadron” 
•   the interaction of the formed hadrons with the surrounding hadronic medium 

HERMES               [arXiv: 0906.2478] 

= fs 

N-B Chang ++  [arXiv:1402.3042] 
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Medium	
  modificaBon	
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DIS LHC 

Pb+Pb N-B Chang ++   [arXiv:1401.5109] 

JET Coll.     [arXiv:1312.5003] 
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Medium	
  modificaBon	
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DIS LHC 

Pb+Pb N-B Chang ++   [arXiv:1401.5109] 

RHIC 

JET Coll.     [arXiv:1312.5003] 

Au+Au 
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Low-­‐x	
  Physics	
  
[V. Radescu @ DIS14] 

x 

BFKL must be the correct theory  of low-x QCD  
 

It naturally incorporates kT-unintegrated PDFs 
 

Mechelen at DIS2014: no clear evidence of BFKL in experimental data 
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F. Hautmann and H. Jung   [arXiv 1312.7875] 

Starting distribution for gluons at q0 

CCFM (BFKL like) evolution  + Herafitter package σ 2 = q0
2 / 2

Gluon	
  TMDs	
  

CMS   [arXiv:1303.5900] 
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Parton	
  PolarizaBon	
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D. De Florian++   [arXiv:1112.0904] 
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quark polarisation 
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Transversity: 
different from helicity distribution as  
rotation and boost do not commute 
 
    -  sensitive to the relativistic effects 
    -  related to the tensor charge 
    -  non-singlet type evolution 
    -  chirally-odd 
            it requires a chirally-odd fragmentation 
 
  
 
Collins function: 
a spin-pT correlator  
in fragmentation 
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Transversity	
  &	
  Collins	
  Evidences	
  
2005: First evidence 
measuring SIDIS on proton 

Babar                    [arXiv  1309.5278] 

BESIII                 [arXiv  1507.06824] 

Belle                       [talk at DIS2014] 
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HERMES                   [arXiv  0408013] 

COMPASS              [arXiv  1005.5609] 

COMPASS              [arXiv  1408.4405] 

HERMES                 [arXiv  0906.3918] 
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Transversity	
  &	
  Tensor	
  Charge	
  
Distributions: Charges: 

Δu = 0.787 Δd = -0.319 

x 

z 

Anselmino++           [arXiv  1303.3822] 
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C12-11-111  Hall-B 
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E12-10-006  Hall-A 
3He target 

H target 
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Spin-­‐Orbit	
  Effects	
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  Sivers	
  FuncBon	
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ΔLz= 1: 

T-odd 

Sivers: 
 

  - Correlation of quark kT with nucleon spin 
 
  - Does not survive kT integration 
 
  - Exists as T-odd due to FSI (specific gauge-link) 
 

            FSI break T-reversal symmetry 
 
  - Should change sign between SIDIS and DY    
 
  - Related to orbital motion 
    

            interference between proton wave-function with ΔLz= 1             

f ST (x,k⊥ ) = f (x,k⊥ )−
k⊥
Mp

f1T
⊥(x,k⊥ ) ST ⋅ ( p̂ × k̂⊥)
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p pà πX M. Anselmino et al. [arXiv 1304.7691] 

Sivers	
  Signals	
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May generate the misterious  hadronic SSA 
 

Sivers from polarized SIDIS 

HERMES              [arXiv:0906.3918] 
COMPASS           [arXiv:1205.5122] 

ΛQCD<<qT<<Q	
  	
  	
  	
  	
  same	
  physics	
  

TF Sivers 

x 
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√s=200 GeV 



Sivers	
  on	
  LaWce	
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       M. Engelhardt++       [arXiv:1506.07826] 
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Sivers	
  Mapping	
  @	
  JLab12	
  	
  +	
  EIC	
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Stat. error for a 4D analysis  
of the π+ Sivers asymmetry 
on proton target 

A.  Accardi++   
[arXiv 1212.1701] 
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p p @ Brookhaven 

u

d

The	
  Drell-­‐Yan	
  Landscape	
  	
  2015+	
  
pp, pd  @ Fermilab π H   @ CERN 

yW yγ* 

pp   @ AFTER 

TMD SIGN  
CHANGE ? 
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The	
  3D	
  Nucleon	
  Structure	
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dx
 

FF 



Generalized	
  parton	
  distribuBons	
  

34 Contalbrigo M. Int. Nuclear School – 37th Course, 21th September 2015, Erice 

Access OAM  Lq= Jq-½ΔΣ   via Ji sum rule 

Collinear PDFs as forward limit: 

d 2bTH (x,bT )∫ = f1(x)

d 2bT H (x,bT )∫ = g1(x)



Parton	
  3D	
  Dynamic	
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d 

Sivers TMDs: 
 
Imbalance in the observed 
hadron momentum distribution 

GPD E: 
 
Imbalance in the probed parton spatial distribution 
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π- (π+) 

π+ (π-) 
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Orbital	
  MoBon	
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DVCS	
  Interference	
  

∝

FIRST SIGNALS: 

Informations on the real and imaginary part of the 
QCD scattering amplitude 

       CLAS    [arXiv:0107043] 

       HERMES       [arXiv:0106068] 
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OAM	
  Glimpse	
  

Im(F1E-F2H) 

HERMES                    [arXiv:0802.2499] 

Jlab Hall-A                    [arXiv:0709.0450] 

ALU on (neutron) deuteron AUT on proton 

Im(F1H-F2E) 

GPD models: Jq as free parameter in ansatz for E 

Bacchetta et al. 1107.5755  
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Simultaneous binning in x, Q2 and t 

Jq =
1
2
ΔΣ+ Lq = limt→0 dx x H (x,ζ, t)+E(x,ζ, t)[ ]

−1

1

∫

Upcoming	
  DVCS	
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JLab12   (H & E): 

COMPASS-II (H): 
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EIC: 

JLab6   (H): 



The	
  Next	
  QCD	
  FronBer	
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3D nucleon: 
A just-started endeavor on  

NPQCD dynamics with many  
connections with other QCD topics 

 
 

Parton correlators do exist 
and probe the parton dynamics 

 
 

Many new measurements  
planned in the near future 

in various laboratories 
 
 

JLab12 will provide a  
comprehensive study in the valence 

 
 

EIC is a unique opportunity  
for a comprehensive study 

and possible breakthroughs 
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