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So popular, yet so misterious... 
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? 
Describing	
  the	
  internal	
  structure	
  of	
  nucleons	
  is	
  one	
  of	
  the	
  
most	
  formidable	
  challenges	
  of	
  hadron	
  physics	
  and	
  QCD!	
  

basic	
  properFes	
  
from	
  first	
  principles?	
  
•  mass	
  
•  radius	
  
•  charge	
  
•  spin	
  
•  mag.	
  moment	
  
•  ...	
  

Protons,	
  neutrons:	
  
Ø  Building	
  blocks	
  of	
  ordinary	
  maEer	
  
Ø  Account	
  for	
  mass	
  of	
  visible	
  Universe	
  
Ø  Discovered	
  about	
  100	
  years	
  ago	
  
Ø  50	
  year	
  of	
  DIS	
  experiments	
  
Ø  ...but	
  internal	
  structure	
  sFll	
  largely	
  unknown!	
  
	
  	
  	
  	
  	
  	
  -­‐	
  	
  contribuKons	
  from	
  sea	
  quark	
  &	
  gluons	
  spin	
  ?	
  
	
  	
  	
  	
  	
  	
  -­‐	
  	
  transverse	
  moKon	
  of	
  partons	
  ?	
  
	
  	
  	
  	
  	
  	
  -­‐	
  	
  spin-­‐orbit	
  correlaKons	
  ?	
  
	
  	
  	
  	
  	
  	
  -­‐	
  	
  role	
  of	
  OAM	
  ?	
  
	
  	
  	
  	
  	
  	
  -­‐	
  	
  ...	
  

npQCD,	
  confinement,...	
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Describing	
  the	
  internal	
  structure	
  of	
  nucleons	
  is	
  one	
  of	
  the	
  
most	
  formidable	
  challenges	
  of	
  hadron	
  physics	
  and	
  QCD!	
  

basic	
  properFes	
  
from	
  first	
  principles?	
  
•  mass	
  
•  radius	
  
•  charge	
  
•  spin	
  
•  mag.	
  moment	
  
•  ...	
  

npQCD,	
  confinement,...	
  

Final	
  goal:	
  understanding	
  the	
  full	
  quantum	
  phase-­‐space	
  distribuFon	
  of	
  partons	
  
	
  

	
  
	
  
	
  
	
  
	
  

• represents	
  the	
  maximal	
  knowledge	
  of	
  the	
  partonic	
  structure	
  of	
  nucleons	
  
• equivalent	
  to	
  knowing	
  the	
  complete	
  wave	
  funcKon	
  of	
  partons	
  inside	
  the	
  nucleon!	
  
• …but	
  cannot	
  be	
  measured	
  directly!	
  

Wigner	
  funcFon	
  

? 
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  neutrons:	
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1D	
  

Mapping the phase-space of the nucleon 

3D	
  

T
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T

Mapping the phase-space of the nucleon 

Transverse	
  degrees	
  of	
  freedom	
  are	
  responsible	
  for	
  a	
  rich	
  phenomenolgy!	
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Transverse	
  momentum	
  and	
  	
  
transverse	
  locaKon	
  of	
  partons	
  
are	
  correlated	
  with:	
  
	
  

•  The	
  longitudinal	
  momentum	
  	
  
	
  

T

Mapping the phase-space of the nucleon 

Transverse	
  degrees	
  of	
  freedom	
  are	
  responsible	
  for	
  a	
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  phenomenolgy!	
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Transverse	
  momentum	
  and	
  	
  
transverse	
  locaKon	
  of	
  partons	
  
are	
  correlated	
  with:	
  
	
  

•  The	
  longitudinal	
  momentum	
  	
  
	
  

•  the	
  spin	
  orientaKon	
  of	
  the	
  
parent	
  hadron	
  	
  

u
unpolarized	
  quarks	
  in	
  a	
  transversely	
  polarized	
  nucleon	
  (Sivers)	
  

u

arXiv:1001.5398	
  B.	
  Pasquini,	
  F.	
  Yuan	
  arXiv:1304.1479	
  B.	
  Pasquini,	
  C.	
  Lorce	
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u

transv.	
  pol.	
  quarks	
  in	
  
unpol.	
  nucleon	
  (B-­‐M)	
  

Transverse	
  momentum	
  and	
  	
  
transverse	
  locaKon	
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  partons	
  
are	
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  longitudinal	
  momentum	
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  spin	
  orientaKon	
  of	
  the	
  
parent	
  hadron	
  	
  

	
  

•  the	
  spin	
  orientaKon	
  of	
  the	
  
parton	
  itself	
  

u
unpolarized	
  quarks	
  in	
  a	
  transversely	
  polarized	
  nucleon	
  (Sivers)	
  

u

arXiv:1001.5398	
  B.	
  Pasquini,	
  F.	
  Yuan	
  arXiv:1304.1479	
  B.	
  Pasquini,	
  C.	
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Mapping the phase-space of the nucleon 

Transverse	
  degrees	
  of	
  freedom	
  are	
  responsible	
  for	
  a	
  rich	
  phenomenolgy!	
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u

d

transv.	
  pol.	
  quarks	
  in	
  
unpol.	
  nucleon	
  (B-­‐M)	
  

Transverse	
  momentum	
  and	
  	
  
transverse	
  locaKon	
  of	
  partons	
  
are	
  correlated	
  with:	
  
	
  

•  The	
  longitudinal	
  momentum	
  	
  
	
  

•  the	
  spin	
  orientaKon	
  of	
  the	
  
parent	
  hadron	
  	
  

	
  

•  the	
  spin	
  orientaKon	
  of	
  the	
  
parton	
  itself	
  

	
  

•  and	
  are	
  flavour	
  dependent!	
  

u

d

unpolarized	
  quarks	
  in	
  a	
  transversely	
  polarized	
  nucleon	
  (Sivers)	
  

u

d

arXiv:1001.5398	
  B.	
  Pasquini,	
  F.	
  Yuan	
  arXiv:1304.1479	
  B.	
  Pasquini,	
  C.	
  Lorce	
  

T

Mapping the phase-space of the nucleon 

Transverse	
  degrees	
  of	
  freedom	
  are	
  responsible	
  for	
  a	
  rich	
  phenomenolgy!	
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Semi-­‐inclusive	
  processes	
  (SIDIS)	
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Semi-­‐inclusive	
  processes	
  (SIDIS)	
  

•  8	
  leading-­‐twist	
  TMDs	
  
•  describe	
  spin-­‐orbit	
  correlaFons	
  
•  sensiKve	
  to	
  quark	
  OAM!	
  
•  ...but	
  how	
  can	
  we	
  extract	
  these	
  objects?	
  

T
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The main ingredients from theory 

•  LaXce	
  QCD:	
  recent	
  results	
  on	
  Transversirt,	
  Sivers,	
  B-­‐M,	
  worm-­‐gear,	
  tensor	
  charge,	
  etc	
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The main ingredients from phenomenology 

Assume	
  a	
  spherical	
  cow	
  
of	
  uniform	
  density	
  ...	
  

...	
  ignoring	
  the	
  effect	
  of	
  gravity	
   ...	
  in	
  a	
  vacuum	
  

•  Phenomenological	
  models:	
  L-­‐C	
  consKtuent	
  quark	
  models,	
  spectator	
  models,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  etc	
  χQSM
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The main ingredients from experiments 



Aerogel  n=1.03 

C4F10  n=1.0014 

hadron	
  separaFon	
  

	
  	
  lepton-­‐hadron	
  >	
  98%	
  

TRD,	
  Calorimeter,	
  	
  
preshower,	
  RICH:	
  

π	
  ~	
  98%,	
  K	
  ~	
  88%	
  ,	
  P	
  ~	
  85%	
  

The HERMES experiment at HERA (1995-2007) 
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The	
  polarized	
  gas	
  target	
  



Selected TMDs results 
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} 

Transversity 
Describes	
  probability	
  to	
  find	
  
transversely	
  polarized	
  quarks	
  in	
  
a	
  transversely	
  polarized	
  
nucleon	
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Transversity 

Collins FF 



Collins amplitudes  ),(),( 2
1

2
1 TT kzHpxh ⊥⊗∝

Airapetian et al., Phys. Lett. B 693 (2010) 
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positive 

∼ zero 

(isospin-­‐symmetry)	
  

large & negative 
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2
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NEW!!	
  
Airapetian et al., Phys. Lett. B 693 (2010) 



Collins amplitudes  

positive 

∼ zero 

),(),( 2
1

2
1 TT kzHpxh ⊥⊗∝
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Airapetian et al., Phys. Lett. B 693 (2010) ...and	
  what	
  about	
  proton	
  producFon	
  in	
  SIDIS?	
  

u	
  

u	
  d	
  

u	
  

u	
  d	
  

e	
  
e’	
  

Let’s	
  assume	
  
scaEering	
  off	
  the	
  up	
  
quark	
  



Collins amplitudes  ),(),( 2
1

2
1 TT kzHpxh ⊥⊗∝
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Airapetian et al., Phys. Lett. B 693 (2010) 
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u	
  

u	
  d	
  

e	
  
e’	
  

...and	
  what	
  about	
  proton	
  producFon	
  in	
  SIDIS?	
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e	
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...and	
  what	
  about	
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Airapetian et al., Phys. Lett. B 693 (2010) 

u	
  

u	
  d	
  

u	
  

u	
  d	
  

e	
  
e’	
  

also	
  from	
  TFR	
  

...and	
  what	
  about	
  proton	
  producFon	
  in	
  SIDIS?	
  



Collins amplitudes  ),(),( 2
1

2
1 TT kzHpxh ⊥⊗∝
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Airapetian et al., Phys. Lett. B 693 (2010) ...and	
  what	
  about	
  proton	
  producFon	
  in	
  SIDIS?	
  

∼ zero 

∼ zero 

NEW!!	
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Sivers function 
Describes	
  correlaKon	
  between	
  quark	
  
transverse	
  momentum	
  and	
  nucleon	
  
transverse	
  polarizaKon	
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Sivers 

Unpol. FF 



Sivers amplitudes  ),(),( 2
1

2
1 TTT kzDpxf ⊗∝ ⊥
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NEW!!	
  
Airapetian et al., Phys. Rev. Lett. 103 (2009) 



Airapetian et al., Phys. Rev. Lett. 103 (2009) 
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Sivers amplitudes  ),(),( 2
1

2
1 TTT kzDpxf ⊗∝ ⊥

large & 
positive 

Slightly 
positive 



•  only in low-Q2 region significant         
(90% C.L.) deviation is observed 

•  each x-bin divided into two Q2 bins 

•  no effect for pions, but hint of a 
systematic shifts for kaons 

different role of sea quarks ? 

→≡≡ ++ suKdu ,π?

?    Higher-twist contrib. for Kaons 

Airapetian et al., Phys. Rev. Lett. 103 (2009) 
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Sivers amplitudes  ),(),( 2
1

2
1 TTT kzDpxf ⊗∝ ⊥

Flavor	
  sensiKvity	
  reveals	
  unexpected	
  features:	
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NEW!!	
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NEW!!	
  

Airapetian et al., Phys. Rev. Lett. 103 (2009) 

First	
  evidence	
  of	
  non-­‐zero	
  Sivers	
  
amplitudes	
  for	
  SIDIS	
  protons!!	
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Sub-leading twist terms (1) 
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SensiKve	
  to	
  worm-­‐gear	
  	
  	
  	
  	
  	
  	
  	
  ,	
  sivers,	
  
transversity	
  +	
  higher-­‐twist	
  DF	
  and	
  FF	
  

⊥
Tg1
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Subleading-twist sin(φS) 

NEW!!	
  

Large 
and 

negative 

negative 
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Subleading-twist sin(φS) 

NEW!!	
  

Large 
and 

negative 

negative 

- low-Q2 amplitude larger 

- hint of Q2 dep. for π- 
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NEW!!	
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Sub-leading twist terms (2) 
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   Chiral-­‐odd	
  

T

Mapping the phase-space of the nucleon 

Exclusive	
  processes	
  (DVCS,	
  DVMP)	
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Deeply Virtual Compton Scattering (DVCS) 

45 L.L.	
  Pappalardo	
  –	
  Light	
  Cone	
  2015	
  –	
  INFN-­‐LNF	
  –	
  21-­‐25	
  Sept.	
  	
  	
  2015	
  

GPD	
  

Bethe	
  -­‐	
  Heitler	
  

•  Cleanest	
  probe	
  of	
  GPDs	
  
•  TheoreKcal	
  accuracy	
  at	
  NNLO	
  
•  GPDs	
  are	
  accessed	
  through	
  convoluKon	
  integrals	
  with	
  hard	
  scaEering	
  amplitudes	
  (CFFs)	
  
•  Experimental	
  observables	
  are:	
  azimuthal	
  asymmetries,	
  cross-­‐secrion	
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•  Mild	
  dependence	
  of	
  kinemaKc	
  var.	
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AirapeFan	
  et.	
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Deeply Virtual Meson Production (DVMP) 
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Conclusions 
Ø  The 3D imaging of the nucleon is a joung, fashinating and fast evolving field! 
 

Ø  High-precision data from present and future experiments will allow to push 
forwards our understanding of the nucleon structure   
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Ø  The 3D imaging of the nucleon is a joung, fashinating and fast evolving field! 
 

Ø  High-precision data from present and future experiments will allow to push 
forwards our understanding of the nucleon structure   

Conclusions 

Ø  HERMES, as a pioneer experiment, has played a key exploratory role in this field!  



Back-up 

57 L.L.	
  Pappalardo	
  –	
  Light	
  Cone	
  2015	
  –	
  INFN-­‐LNF	
  –	
  21-­‐25	
  Sept.	
  	
  	
  2015	
  



Other TMDs results  
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Describes	
  correlaKon	
  between	
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transverse	
  momentum	
  and	
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spin	
  in	
  unpolarized	
  nucleon	
  

Boer-Mulders function  
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Collins FF Boer-Mulders 
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Boer-Mulders function  
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Collins FF Boer-Mulders 

Cahn effect 
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Describes	
  correlaKon	
  between	
  quark	
  
transverse	
  momentum	
  and	
  transverse	
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  in	
  unpolarized	
  nucleon	
  

Boer-Mulders function  
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dependent 

terms 
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positive 

A.	
  Airape)an	
  et	
  al,	
  Phys.	
  Rev.	
  D	
  87	
  (2013)	
  012010	
  



The cos2φ amplitudes  ),(),( 2
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2
1 TT kzHpxh ⊥⊥ ⊗∝

Large 
and 

negative 

Large 
and 

negative 

64 L.L.	
  Pappalardo	
  –	
  Light	
  Cone	
  2015	
  –	
  INFN-­‐LNF	
  –	
  21-­‐25	
  Sept.	
  	
  	
  2015	
  

→	
  
negative 

positive 

A.	
  Airape)an	
  et	
  al,	
  Phys.	
  Rev.	
  D	
  87	
  (2013)	
  012010	
  



The cosφ amplitudes  

negative 
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The cosφ amplitudes  

negative 

negative 

Large 
and 

negative 

Consist. 
with 0 
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Distribution Functions 

1D ⊥
1H

Fragmentation Functions  

h	
  
} 

Describes	
  the	
  probability	
  to	
  find	
  
longitudinally	
  polarized	
  quarks	
  in	
  a	
  
transversely	
  polarized	
  nucleon!	
  
Ø  requires interference between wave funct. 

components that differ by 1 unit of OAM 
Ø  Can be accessed in LT DSAs 
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⊥
Tg1

Probing       through  Double Spin Asymmetries  ⊥
Tg1
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The cos(φ-φS) amplitudes 

similar	
  observaKons	
  from	
  
Hall-­‐A	
  and	
  COMPASS	
  

slightly positive ? 

slightly positive ? 

consistent with zero 

consistent with zero 

positive!! 

),(),( 2
1

2
1 TTT kzDpxg ⊗∝ ⊥
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≈ 0 
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≈  0 
sign change? 

The cos(φS) Fourier component 

70 L.L.	
  Pappalardo	
  –	
  Light	
  Cone	
  2015	
  –	
  INFN-­‐LNF	
  –	
  21-­‐25	
  Sept.	
  	
  	
  2015	
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The cos(2φ-φS) Fourier component 
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Distribution Functions 

1D ⊥
1H

Fragmentation Functions  

h	
  } 

Pretzelosity 

Describes	
  correlaKon	
  between	
  quark	
  
transverse	
  momentum	
  and	
  transverse	
  
spin	
  in	
  a	
  transversely	
  pol.	
  nucleon	
  

Ø  Sensitive to non-spherical shape of the nucleon 
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…suppressed by two powers of Ph⊥ 
w.r.t. Collins and Sivers amplitudes 

All amplitudes consistent with zero 

),(),( 2
1

2
1 TTT kzHpxh ⊥⊥ ⊗∝
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1H

Fragmentation Functions  
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Describes	
  the	
  probability	
  to	
  find	
  
transversely	
  polarized	
  quarks	
  in	
  a	
  
longitudinally	
  polarized	
  nucleon	
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Amplitudes consistent with zero for all 
mesons and for both H and D targets 

Deuterium	
  target	
   Hydrogen	
  target	
  

A.	
  Airape)an	
  et	
  al,	
  Phys.	
  Le>.	
  B562	
  (2003)	
  

A.	
  Airape)an	
  et	
  al,	
  Phys.	
  Rev.	
  Le>.	
  84	
  (2000)	
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The subleading-twist sin(2φ-φS) Fourier component 

•  sensitive to worm-gear       , 
Pretzelosity and Sivers function: 

⊥
Tg1

• 	
  suppressed	
  by	
  one	
  power	
  of	
  Ph⊥	
  w.r.t.	
  
Collins	
  and	
  Sivers	
  amplitudes	
  

• 	
  no	
  significant	
  non-­‐zero	
  signal	
  	
  	
  
observed	
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The sin(2φ+φS) Fourier component 
• 	
  arises	
  solely	
  from	
  longitudinal	
  (w.r.t.	
  
virtual	
  photon	
  direcKon)	
  component	
  of	
  
the	
  target	
  spin	
  

•  related to <sin(2φ)>UL Fourier comp: 

   

•  sensitive to worm-gear 

•  suppressed by one power of Ph⊥ 
w.r.t. Collins and Sivers amplitudes 

•   no significant signal observed 
(except maybe for K+)  

⊥
Lh1

h

ULl
h

UTS )2sin(2)sin(
2
1)2sin(2 * φϑφφ γ∝+
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} open	
  circles	
  	
  	
  	
  	
  	
  0.2<z<0.5	
  
full	
  circles	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.5<z<0.8	
  
open	
  squares:	
  	
  0.8<z<1.0	
  

A.	
  Airape)an	
  et	
  al,	
  Phys.	
  Le>.	
  B	
  648	
  (2007)	
  

1996-­‐2000	
  data	
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More on DVCs   
Exclusive Mesons 
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Deeply Virtual Compton Scattering (DVCS) 
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Deeply Virtual Compton Scattering (DVCS) 
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Exclusive meson production 
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Exclusive meson production 

85 L.L.	
  Pappalardo	
  –	
  Light	
  Cone	
  2015	
  –	
  INFN-­‐LNF	
  –	
  21-­‐25	
  Sept.	
  	
  	
  2015	
  



Exclusive meson production 
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