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Mass of visible Universe 
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Building bloks of ordinary matter 

Mass of visible Universe 

npQCD, confinement,... 

? 
Complex inner structure 

Describing the internal structure of hadrons is one of the most formidable challenges of QCD! 

basic properties 
from first principles? 
• mass 
• radius 
• charge 
• spin 
• mag. moment 
• ... 
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Looking deeply into the proton 
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What do we want to know? ...everything! 
 

- where are the quarks/gluons located inside a proton? (⟶ 𝑥, 𝑦, 𝑧 ≡ 𝑟) 
- how they move? (⟶ 𝑝𝑥, 𝑝𝑦 , 𝑝𝑧 ≡ 𝑥, 𝑝𝑇) 

Orbital 
Angular 
Momentum 

P


q 

Tp

Pxp




Full quantum phase-space distribution of partons 
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Looking deeply into the proton 

L.L. Pappalardo – Chiral Dynamics 2015– Pisa – 29/06 - 03/07  2015 

Full quantum phase-space distribution of partons 
 

 
 
 
 
 

• represents the maximal knowledge of the partonic structure of nucleons 
• equivalent to knowing the complete wave function of partons inside the nucleon 
• can be used in principle to compute expectation values of any physical observable 

What do we want to know? ...everything! 
 

- where are the quarks/gluons located inside a proton? (⟶ 𝑥, 𝑦, 𝑧 ≡ 𝑟) 
- how they move? (⟶ 𝑝𝑥, 𝑝𝑦 , 𝑝𝑧 ≡ 𝑥, 𝑝𝑇) 

Orbital 
Angular 
Momentum 

P


q 

Tp

Pxp




𝑊(𝑥, 𝑝𝑇 , 𝑟) Wigner function 



The phase-space distribution of partons 
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...but  ∆𝑥∆𝑝 ≥
ℏ

2
    cannot be accessed experimentally  integrated quantities   

𝑊(𝑥, 𝑝𝑇 , 𝑟)  𝑑3𝑟  𝑑2𝑝𝑇 



The phase-space distribution of partons 
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...but  ∆𝑥∆𝑝 ≥
ℏ

2
    cannot be accessed experimentally  integrated quantities   

𝑊(𝑥, 𝑝𝑇 , 𝑟) 

𝑓(𝑥, 𝑝𝑇) 

 𝑑3𝑟 

TMDs H(𝑥, ξ, 𝑡) 

 𝑑2𝑝𝑇 

GPDs 3D 
descriptions 
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...but  ∆𝑥∆𝑝 ≥
ℏ

2
    cannot be accessed experimentally  integrated quantities   

𝑊(𝑥, 𝑝𝑇 , 𝑟) 

𝑓(𝑥, 𝑝𝑇) 

 𝑑3𝑟 

TMDs H(𝑥, ξ, 𝑡) 

 𝑑2𝑝𝑇 

GPDs 3D 
descriptions 

Nucleon tomography! 
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...but  ∆𝑥∆𝑝 ≥
ℏ

2
    cannot be accessed experimentally  integrated quantities   

𝑊(𝑥, 𝑝𝑇 , 𝑟) 

𝑓(𝑥, 𝑝𝑇) 

 𝑑3𝑟 

TMDs H(𝑥, ξ, 𝑡) 

 𝑑2𝑝𝑇 

GPDs 3D 
descriptions 

Nucleon tomography! 

Nuclear Magnetic Resonance imaging 
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...but  ∆𝑥∆𝑝 ≥
ℏ

2
    cannot be accessed experimentally  integrated quantities   

𝑊(𝑥, 𝑝𝑇 , 𝑟) 

𝑓(𝑥, 𝑝𝑇) 

 𝑑3𝑟 

TMDs 

 𝑑2𝑝𝑇 

𝑓(𝑥) 

Coll. PDFs 

 𝑑𝑥 

F(𝑄2) 

 FFs 

H(𝑥, ξ, 𝑡) 

 𝑑2𝑝𝑇 

GPDs 

1D 
descriptions 

electroencephalograms Nuclear Magnetic Resonance imaging 

3D 
descriptions 
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𝜋, 𝐾, … 

f 

𝑊(𝑥, 𝑝𝑇 , 𝑟) 

𝑓(𝑥, 𝑝𝑇) 

 𝑑3𝑟 

TMDs 

H(x, ξ, 𝑡) 

 𝑑2𝑝𝑇 

...but  ∆𝑥∆𝑝 ≥
ℏ

2
    cannot be accessed experimentally  integrated quantities   

Semi-inclusive processes (SIDIS) 

• Describe correlations between 
𝑝𝑇 and quark or nucleon spin  
(spin-orbit correlations) 
 

• Sensitive to quark OAM! 

GPDs 



The SIDIS cross-section 
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The SIDIS cross-section 

} 
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h 1D


1H

Distribution Functions 

𝑭 ∝ 𝑫𝑭⊗ 𝑭𝑭 

Fragmentation Functions  



 The HERA storage ring (DESY) The HERMES Spectrometer (1995-2007) 
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Aerogel  n=1.03 

C4F10  n=1.0014 

hadron separation 

  lepton-hadron > 98% 

TRD, Calorimeter,  

preshower, RICH: 

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

The HERMES experiment at HERA 
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Selected TMDs results 
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transversity 

Sivers 

Boer-Mulders 



} 

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) 11-16] 
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Consistent with Belle/BaBar 
measurements in e+e-  

Collins amplitudes  

positive 

 zero 

large & negative! 

),(),( 2

1

2

1 TT kzHpxh 

[Airapetian et al., Phys. Lett. B 693 (2010) 11-16] 
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(isospin-symmetry) 



Consistent with Belle/BaBar 
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Anselmino et al. Phys. Rev. D 75 (2007) 

[Airapetian et al., Phys. Lett. B 693 (2010) 11-16] 
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(isospin-symmetry) 

First extraction of 𝒉𝟏 !! 



[Airapetian et al., Phys. Lett. B 693 (2010) 11-16] 

Collins amplitudes  ),(),( 2

1

2

1 TT kzHpxh 
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NEW!! 

3D projections allow to constrain global fits in a more profound way! 



Collins amplitudes  

positive 

 zero 

),(),( 2

1

2

1 TT kzHpxh 

22 L.L. Pappalardo – Chiral Dynamics 2015– Pisa – 29/06 - 03/07  2015 

 zero 

 zero 

NEW!! 

[Airapetian et al., Phys. Lett. B 693 (2010) 11-16] 



} 

Sivers function 

Describes correlation between quark 
transverse momentum and nucleon 
transverse polarization 
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Sivers 

Unpol. FF 



Sivers amplitudes  

consistent with Sivers func. of 
opposite sign for u and d quarks 

Large & positive 

slightly positive 

 zero 

(isospin-symmetry) 
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u and d quark have 
opposite OAM!! 

[Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002] 



Sivers amplitudes  ),(),( 2

1

2

1 TTT kzDpxf  
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[Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002] 

NEW!! 



Sivers amplitudes  ),(),( 2

1

2

1 TTT kzDpxf  
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[Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002] 

𝑲+ amplitude larger than 𝝅+!! 

• Higher-twist contrib for 𝐾+ ? 

• Unexpected! 
• role of sea quarks ? 
• Difference mainly from low 𝑄2 



Sivers amplitudes  ),(),( 2

1

2

1 TTT kzDpxf  
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[Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002] 

𝑲+ amplitude larger than 𝝅+!! 

• Higher-twist contrib for 𝐾+ ? 

• Unexpected! 
• role of sea quarks ? 
• Difference mainly from low 𝑄2 

NEW!! 



} 

Describes correlation between quark 
transverse momentum and transverse 
spin in unpolarized nucleon 

Boer-Mulders function  
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Collins FF 

𝐹𝑈𝑈
cos(2𝜙)

∝ ℎ1
⊥ ⊗𝐻1

⊥ +
1

𝑄2 𝑓1 ⊗𝐷1 +⋯  

Boer-Mulders 
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Describes correlation between quark 
transverse momentum and transverse 
spin in unpolarized nucleon 

Boer-Mulders function  
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Collins FF 

𝐹𝑈𝑈
cos(2𝜙)

∝ ℎ1
⊥ ⊗𝐻1

⊥ +
1

𝑄2 𝑓1 ⊗𝐷1 +⋯  

Boer-Mulders 

Cahn effect 



} 

Describes correlation between quark 
transverse momentum and transverse 
spin in unpolarized nucleon 

Boer-Mulders function  
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Boer-Mulders Collins FF 

𝐹𝑈𝑈
cos(𝜙)

∝ +
1

𝑄
ℎ1
⊥ ⊗𝐻1

⊥ + 𝑓1 ⊗𝐷1…  

𝐹𝑈𝑈
cos(2𝜙)

∝ ℎ1
⊥ ⊗𝐻1

⊥ +
1

𝑄2 𝑓1 ⊗𝐷1 +⋯  

Collins FF Boer-Mulders 

Cahn effect 

Cahn effect 



} 

Describes correlation between quark 
transverse momentum and transverse 
spin in unpolarized nucleon 

Boer-Mulders function  
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Boer-Mulders Collins FF 

𝐹𝑈𝑈
cos(𝜙)

∝ +
1

𝑄
ℎ1
⊥ ⊗𝐻1

⊥ + 𝑓1 ⊗𝐷1…  

𝐹𝑈𝑈
cos(2𝜙)

∝ ℎ1
⊥ ⊗𝐻1

⊥ +
1

𝑄2 𝑓1 ⊗𝐷1 +⋯  

Collins FF Boer-Mulders 

Cahn effect 

Cahn effect 

Interaction 
dependent 

terms 



The cos2 amplitudes  ),(),( 2

1

2

1 TT kzHpxh  
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- Amplitudes are significant         
  evidence of BM effect 

- similar results for H & D  

                      

- Opposite sign for 𝝅+/𝝅−          
 opposite signs of fav/unfav 
Collins FF 

 
negative 

positive 

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



The cos2 amplitudes  ),(),( 2

1

2

1 TT kzHpxh  

Large 
and 

negative 

-  𝑲+/𝑲− amplitudes larger  
than for pions , have different 
kinematic dependencies  than 
pions and have same sign 

 different role of Collins FF 
for pions and kaons? 

 significant contribution from 
scattering off strange quarks? 

Large 
and 

negative 
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- Amplitudes are significant         
  evidence of BM effect 

- similar results for H & D  

                      

- Opposite sign for 𝝅+/𝝅−          
 opposite signs of fav/unfav 
Collins FF 

 
negative 

positive 

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



The cos amplitudes  

negative 

negative 

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

∝ +
1

𝑄
ℎ1
⊥ ⊗𝐻1

⊥ + 𝑓1 ⊗𝐷1…  

- Significant and of same sign 
 Chan effect weekly flavor          
dependent? 

- Clear rise with z for 𝝅+& 𝝅− 
and 𝑷𝒉⊥ for 𝝅+ 

- Different 𝑷𝒉⊥ dependence   
 contrib. of flavor dependent 
effects (e.g. BM) for 𝜋−? 
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The cos amplitudes  

negative 

negative 

Large 
and 

negative 

Consist. 
with 0 

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

∝ +
1

𝑄
ℎ1
⊥ ⊗𝐻1

⊥ + 𝑓1 ⊗𝐷1…  

- Significant and of same sign 
 Chan effect weekly flavor          
dependent? 

- Clear rise with z for 𝝅+& 𝝅− 
and 𝑷𝒉⊥ for 𝝅+ 

- Different 𝑷𝒉⊥ dependence   
 contrib. of flavor dependent 
effects (e.g. BM) for 𝜋−? 

- 𝑲+ amplitudes larger than 𝝅+ 
 different Collins FF for  & K 

 

- 𝑲− ≈ 𝟎 different than 𝑲+ (in 
contrast to cos 𝟐𝝓) 

- Significant contrib from 
interaction dependent terms?  
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The phase-space distribution of partons 
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𝜋, 𝐾, … 

f 

𝑊(𝑥, 𝑝𝑇 , 𝑟) 

𝑓(𝑥, 𝑝𝑇) 

 𝑑3𝑟 

TMDs 

H(x, ξ, 𝑡) 

 𝑑2𝑝𝑇 

...but  ∆𝑥∆𝑝 ≥
ℏ

2
    cannot be accessed experimentally  integrated quantities   

GPDs 

Chiral-even Chiral-odd 



The phase-space distribution of partons 
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𝜋, 𝐾, … 

f 

𝑊(𝑥, 𝑝𝑇 , 𝑟) 

𝑓(𝑥, 𝑝𝑇) 

 𝑑3𝑟 

TMDs 

H(x, ξ, 𝑡) 

 𝑑2𝑝𝑇 

...but  ∆𝑥∆𝑝 ≥
ℏ

2
    cannot be accessed experimentally  integrated quantities   

GPDs 

Unpol. Spin dependent 
Ji relation 

Chiral-even Chiral-odd 



The phase-space distribution of partons 
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𝜋, 𝐾, … 

f 

𝑊(𝑥, 𝑝𝑇 , 𝑟) 

𝑓(𝑥, 𝑝𝑇) 

 𝑑3𝑟 

TMDs 

H(x, ξ, 𝑡) 

 𝑑2𝑝𝑇 

...but  ∆𝑥∆𝑝 ≥
ℏ

2
    cannot be accessed experimentally  integrated quantities   

GPDs 

Unpol. Spin dependent 
Ji relation 

Exclusive processes (DVCS, DVMP) 

Chiral-even Chiral-odd 



Deeply Virtual Compton Scattering (DVCS) 
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GPD 

Bethe - Heitler 

• Cleanest probe of GPDs 
• Theoretical accuracy at NNLO 
• GPDs are accessed through convolution integrals with hard scattering amplitudes (CFFs) 
• Experimental observables are: azimuthal asymmetries, cross-secrion 



Deeply Virtual Compton Scattering (DVCS) 
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GPD 

Bethe - Heitler 

• Cleanest probe of GPDs 
• Theoretical accuracy at NNLO 
• GPDs are accessed through convolution integrals with hard scattering amplitudes (CFFs) 
• Experimental observables are: azimuthal asymmetries, cross-secrion 

At Hermes Τ𝐷𝑉𝐶𝑆
2 ≪ Τ𝐵𝐻

2 ⇒ DVCS amplitudes mainly accessed through Interference terms 



Beam-Charge & Beam-Helicity Asymmetries    
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Beam-charge asymmetry: 
• Non-zero leading amplitude 
• Strong −𝑡 dependence 
• Mild dependence on 𝑥𝐵 , 𝑄

2 

Combined beam-charge and beam-
helicity asymmetry 
• Leading amplitude large & negative  
• Mild dependence of kinematic var. 
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Beam-charge asymmetry: 
• Non-zero leading amplitude 
• Strong −𝑡 dependence 
• Mild dependence on 𝑥𝐵 , 𝑄

2 

Combined beam-charge and beam-
helicity asymmetry 
• Leading amplitude large & negative  
• Mild dependence of kinematic var. 



Transverse Target-Spin Asymmetries    
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Combined beam-charge & 
transverse target spin asymmetry 
• Leading amplitude large & negative 



Transverse Target-Spin Asymmetries    
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Combined beam-charge & 
transverse target spin asymmetry 
• Leading amplitude large & negative 

Sensitive to 𝑯  and 𝑬  but 
consistent with zero 



Longitudinal Target-Spin Asymmetries     
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Airapetian et. al..Nucl. Phys. B 842 (2011) 

Longitud. target spin asymmetry 
• Non-zero sin𝜙 amplitude on both 

H and D targets 
• Results on H and D targets 

compatible within uncertainties 
• Results on deuteron neither 

support nor disfavor large 
contribution from the neutron 
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Airapetian et. al..Nucl. Phys. B 842 (2011) 

Longitud. target spin asymmetry 
• Non-zero sin𝜙 amplitude on both 

H and D targets 
• Results on H and D targets 

compatible within uncertainties 
• Results on deuteron neither 

support nor disfavor large 
contribution from the neutron 

Longitud. double spin asymmetry 
• ~2𝜎 discrepancy for cos 0𝜙  

where D results are  0 
•  D results slightly positive for 

cos 𝜙  
• In general no significant evidence 

of coherent scattering on d 
• Process dominated by scattering 

on p 



Deeply Virtual Compton Scattering (DVCS) 
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Conclusions 
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A rich phenomenology and surprising effects arise when intrinsic transverse 
degrees of freedom (spin, momentum) are not integrated out! 
 

Flavor sensitivity ensured by the excellent hadron ID of present 
experiments reveals interesting and unexpected facets of data 
 
Global analyses of data from different experiments allow to extract the 
underlying parton distributions (TMDs, GPDs) opening the way for a high 
precision and multi-dimensional study of the nucleon structure 
 
The 3D imaging of the nucleon (nucleon tomography) is a joung, fashinating 
and fast evolving research field. HERMES, as a pioneer experiment, has 
played a key role in these studies.   



Back-up 
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Distribution Functions 

1D 

1H

Fragmentation Functions  

h 
} 

Worm-gear 𝒈⊥
𝟏𝑻

 

Describes the probability to find 
longitudinally polarized quarks in a 
transversely polarized nucleon! 

 requires interference between wave funct. 

components that differ by 1 unit of OAM 

 Can be accessed in LT DSAs 
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Tg1

Probing       through  Double Spin Asymmetries  

Tg1
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The cos(-S) amplitudes 

similar observations 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 

 0 

 0 

 0 

 0 

sign change? 

The cos(S) Fourier component 
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 0 

 0 

 0 

 0 

 0 

The cos(2-S) Fourier component 
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Distribution Functions 

1D 

1H

Fragmentation Functions  

h } 

Pretzelosity 

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

 Sensitive to non-spherical shape of the nucleon 
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The sin(3𝜙-𝜙𝑠) amplitude  

…suppressed by two powers of Ph 

w.r.t. Collins and Sivers amplitudes 

All amplitudes consistent with zero 
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),(),( 2

1

2

1 TTT kzHpxh  



Distribution Functions 

} 

Subleading twist  

Sensitive to worm-gear        , sivers, 
transversity + higher-twist DF and FF 



Tg1



Subleading-twist sin(S) Fourier component 

• sensitive to worm-gear       , Sivers 
function, Transversity, etc 

• significant non-zero signal for - and K- ! 



Tg1

 low-Q2 amplitude larger 

 hint of Q2 dependence for - 

Large 
and 

negative 

negative 



Distribution Functions 

1D 

1H

Fragmentation Functions  

h } 

Worm-gear 𝒉⊥𝟏𝑳 

Describes the probability to find 
transversely polarized quarks in a 
longitudinally polarized nucleon 
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The sin(2𝜙) amplitude  ),(),( 2

1

2

1 TTL kzHpxh  

Amplitudes consistent with zero for all 
mesons and for both H and D targets 
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Deuterium target Hydrogen target 

A. Airapetian et al, Phys. Lett. B562 (2003) 

A. Airapetian et al, Phys. Rev. Lett. 84 (2000) 



The subleading-twist sin(2-S) 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(2+S) Fourier component 

• arises solely from longitudinal (w.r.t. 
virtual photon direction) component of 
the target spin 

• related to <sin(2)>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 *  
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The di-hadron SIDIS cross-section 
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• independent way to access transversity 

• significantly positive amplitudes 

• 1𝑠𝑡 evidence of non zero dihadron FF 

• no convolution integral involved 

• limited statistical power (v.r.t. 1 hadron) 

• signs are consistent for all 𝜋𝜋 species 

• statistics much more limited for 𝜋±𝜋0 

• despite uncertainties may still help to 
constrain global fits and may assist in 
𝑢 − 𝑑 flavor separation 

• New tracking, new PID, use of 𝜙𝑅  rather than 𝜙𝑅⊥ 
• Different fitting procedure and function  
• Acceptance correction 


