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SIDIS x-section 
A.Kotzinian, Nucl. Phys. B441, 234 (1995). Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007) 
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15 amplitudes: 

2-òUUò, 1-òLUò, 2-òULò, 2-òLLò, 5-òUTò, 3-òLTò 
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SIDIS x-section 

This talk 

Presented by K. Kurek 

Presented by G. Schnell 

15 amplitudes: 

2-òUUò, 1-òLUò, 2-òULò, 2-òLLò, 5-òUTò, 3-òLTò 
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A.Kotzinian, Nucl. Phys. B441, 234 (1995). Bacchetta, Diehl, Goeke, Metz, Mulders and Schlegel JHEP 0702:093 (2007) 
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TMD parton distribution functions 
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TMD parton distribution functions and FFs 
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TMD parton distribution functions and FFs 
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SIDIS x-section (unpolarized part) 
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Cahn effect 

Cahn effect 
R. N. Cahn,  PLB 78 (1978) 
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Cahn effect 

Cahn effect 
R. N. Cahn,  PLB 78 (1978) 

The point that there are azimuthal dependences which arise from the 

transverse momenta of the partons was clearly stated in this papers: 

T.P. Cheng and A. Zee, Phys. Rev. D6 (1972) 885; 

F. Ravndal, Phys. Lett . 43B (1973) 301. 

R.L. Kingsley, Phys. Rev. D10 (1974) 1580; 

A.M. Kotsinyan, Teor. Mat. Fiz. 24 (1975) 206;  

      Engl. transl. Theor. Math. Phys. 24 (1976) 776. 

A. Kotzinian On behalf of: 

T.P. Cheng, A. Zee,  F. Ravndal, 

R.L. Kingsley and himself  
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Cahn effect 
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Cahn and Boer-Mulders effects 

( )
1 1

2

cos

11 2

ĔĔ2
h

T

UU

h

hh

q

q

q

qf D
kM

F C
Q M M M

h H
f ^ ^

ë ûÖÖî î
= - -ì ü

î îí ý

T
T

h ph k

kT 

PhT 

kT PhT 

kT 

ST
q

 

PhT 

kT 
ST

q
 

PhT 

( )( ) ( )
2

22

cos2

21 1 11

Ĕ Ĕ Ĕ2 2
...h qq h T

U

h

qU

h

q

kM
F C C

MM
f

Q M
h H D

f ^ ^

ë ûûë Ö Ö - Ö Ö -å õî î î î
= - + - +ì ü ì üæ ö

ç ÷î î î îí ý í ý

T T T T Th p h k p k h k

Boer-Mulders effect: correlations between quark transverse spin and intrinsic transverse momentum 

Cahn effect: kinematic effect arising due to the intrinsic transverse motion of quark 

sub-leading Cahn + Boer-Mulders effects 

Boer-Mulders effect + twist-4 Cahn effect 

35 years !!! 

15 years !!! 

Cahn effect 
R. N. Cahn,  PLB 78 (1978) 

Boer-Mulders effect 
D. Boer and P. J. Mulders, PRD 57 (1998) 
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Experimental data: part I 

ñFirstò results (year Ò 2009) 
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Experiments in last 35 years: part I 

E665 (ɛ-p, ɛ-d) @ 490 GeV 
EMC CERN (ɛ-p, ɛ-d) @ 280 GeV 

and             e-p collider HERA, DESY 

e-27.5 GeV: p-920 GeV, p-820 GeV 

 (e-p, e-d) @ 19.5 GeV 



Hall C: HMS+SOS 

NὌ3 and NὈ3 LiD targets 

 
 
 
 
 
 
 
 
 
 
 
  

Hall A: two HRSô   

3ὌὩ gas target (40 cm) 

            
 
 
 
 
 
 
 
 
 
 
  

Hall B: CLAS  

NὌ3 and NὈ3 HD-Ice targets 
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                        experimental halls 

A C B 

Recirculation 

Arcs 
FEL Facility  

0.4 GeV Linac 

0.4 GeV Linac 

45 MeV Injector 

Helium 

Refrigerator 

End 

Stations 

Extraction 

Elements 

Beam Polarimetry 

(Møller + Compton) 

Luminosity 

Monitor 

 PT~55% (n) f ~ 0.1-0.3 
  
Fast spin flipping (30 Hz) 

CEBAF accelerator 

6 GeV polarized electron beam  

Pbeamå 85% 

Polarizations 

Beam: ~80% 

NH3 proton 80% 

ND3 ~30% 

HD-Ice 

(HȤ75%,DȤ25%) 

f ~ 0.15  

Polarizations  

NH3: ~70-90%  f ~ 0.15  
ND3: ~30-50% 

LiD : ~30 % 
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Experiments in last 35 years: first results 
High beam energy, broad kinematic range 

No hadron type and charge distinction  

(averaged over any possible flavor dependence) 

EMC, ZEUS ï only hydrogen target 

E665 ï combined hydrogen and deuterium targets 

Not enough statistics to look at differential x-sections in more than two kinematic variables 

EMC, E665, H1 

and ZEUS  

SLAC, JLab hall C Relatively low beam energy, restricted kinematic range 

x-sections measured only at a few kinematic points 

CLAS Collaboration   

(JLab hall B) 

(SLAC) Phys. Rev. Lett . 31, 786 (1973) 

(EMC) Phys. Lett . B 130 (1983) 118,   

(EMC) Z. Phys. C34 (1987) 277  

(EMC) Z. Phys. C52, 361 (1991). 

(E665) Phys. Rev. D48 (1993) 5057 

(ZEUS) Eur . Phys. J. C11, 251 (1999) 

(ZEUS) Phys. Lett . B 481, 199 (2000) 

(H1) Phys. Lett . B654, 148 (2007) 

Relatively low beam energy 

access to 4D multi-differential x-section 
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CLAS Collaboration   
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(SLAC) Phys. Rev. Lett . 31, 786 (1973) 

(EMC) Phys. Lett . B 130 (1983) 118,   

(EMC) Z. Phys. C34 (1987) 277  

(EMC) Z. Phys. C52, 361 (1991). 

(E665) Phys. Rev. D48 (1993) 5057 

(ZEUS) Eur . Phys. J. C11, 251 (1999) 

(ZEUS) Phys. Lett . B 481, 199 (2000) 

(H1) Phys. Lett . B654, 148 (2007) 

Relatively low beam energy 

access to 4D multi-differential x-section 

EMC (1987) 

Ὢςώ ρ ώȾρ ρ ώς 

Anselmino et al.  

Phys. Rev. D 71 074006 (2005) 

EMC (1987) 

ύρώ ς ώ ρ ώȾρ ρ ώς 
P. Schweitzer  et al.  

Phys. Rev. D 81, 094019 
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EMC (1987) 

Ὢςώ ρ ώȾρ ρ ώς 

E665 (1993) 

Anselmino  et al.  

Eur.Phys.J.A31:373-381, (2007) 

Anselmino et al.  

Phys. Rev. D 71 074006 (2005) 

EMC (1987) 

ύρώ ς ώ ρ ώȾρ ρ ώς 
P. Schweitzer  et al.  

Phys. Rev. D 81, 094019 

E665 (1993) 

J. Chay, S. D. Ellis, and J. W. Stirling ,  

Phys. Rev. D 45, 46 (1992), Phys. Lett . B 269, 175 (1991). 
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JLab 6: Hall C results 

ὂ Ȣ  

       P╣ͯ Ȣ  GeV 

ὂ Ȣ  

● Ȣ  

● Ȣ  

cosű 

cos2ű 

Systematic errors are estimated at ~0.03 on both A and B 

 

Solid red lines are the theoretical predictions: 

R.N. Cahn, Phys. Lett . B 78 (1978) 269; 

R.N. Cahn, Phys. Rev. D 40 (1989) 3107 

H. Mkrtchyan et al., Phys. Lett. B 665, 20 (2008). 

Zhang et al. Phys. Rev. D78:034035, 2008 

Semi-inclusive electro-production of charged pions ( Ñ́) 

from both proton and deuteron targets, using 5.5 GeV 

electron beam 

 

Small effects, consistent with theoretical predictions 

Amplitudes are averaged over ́ + and ́ ī detected 

from proton and deuteron targets 

 

Ingridients: 

ÅBoer-Mulders functions parameterized from unpolarized p D Drell-

Yan data by the FNAL E866/NuSea Collaboration  

Åcombined with extracted Collins functions from  

    M. Anselmino et. al, Phys. Rev. D 75, 054032 (2007). 

Kinematics: 

2 < Q2 < 4 (GeV/c)2; 0.2 < x < 0.5;  0.3  < z < 1  

PhT
2< 0.2 (GeV/c)2 
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CLAS (JLab hall B) results 

M. Osipenko et al. (CLAS Collaboration) 

Phys.Rev.D80:032004,2009 

Theoretical predictions: Cahn effect + Berger effect 

R. N. Cahn, Phys. Rev. D40, 3107 (1989). 

M. Anselmino et al., Phys. Rev. D71, 074006 (2005). 

A. Brandenburg, V. V. Khoze, and D. Mueller, Phys. Lett. B347, 413 (1995). 

cosű cos2ű z=0.11 z=0.17 

z=0.23 z=0.3 

z=0.37 z=0.49 

z=0.11 z=0.17 

z=0.3 

z=0.49 

Positive pions 
1.4 < Q2 < 7 (GeV/c)2 

0.15 < x < 1  

0.07 < z < 1  

0.005 < PhT
2< 1.5 (GeV/c)2 

Beam energy 5.75 GeV  

z=0.23 

z=0.37 

cosű amplitude (nonzero) 

is in strong disagreement with the  

theoretical predictions 

 

cos2ű amplitude  

is compatible with zero except  

low z region where it is positive 

 Curves for Cahn contribution only 

Anselmino et al. Eur. Phys. J. A 31, 373-381 (2007) 
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Experimental data: part I 

ñFirstò results (year Ò 2009) 

Boer-Mulders PDF from the Drell-Yan data 
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Boer-Mulders from Drell-Yan 
S. Arnold, A. Metz and M. Schlegel, Phys. Rev. D 79, 034005 (2009).  
DY x-section (single-polarized) 

NA10 

E866 

E615 

Experimental results: 
 

NA10 Collaboration (́ī N @ 194 GeV/c) 

S. Falciano et al., Z. Phys. C 31,513 (1986). 

M. Guanziroli et al., Z. Phys. C 37, 545 (1988). 

 

E615 Collaboration (́ī N @ 252 GeV/c) 

J. S. Conway et al., Phys. Rev. D 39, 92 (1989). 

 

E866/NuSea Collaboration at FNAL (pd, pp @ 194 GeV/c) 

pd -FNAL -E866/NuSea, L. Y. Zhu et al., Phys. Rev. Lett . 99, 082301 (2007 

pp - FNAL E866/NuSea, L. Y. Zhu et al., Phys. Rev. Lett . 102, 182001 (2009) 
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Boer-Mulders from Drell-Yan 

NA10 

E866 

E615 

Experimental results: 
 

NA10 Collaboration (́ī N @ 194 GeV/c) 

S. Falciano et al., Z. Phys. C 31,513 (1986). 

M. Guanziroli et al., Z. Phys. C 37, 545 (1988). 

 

E615 Collaboration (́ī N @ 252 GeV/c) 

J. S. Conway et al., Phys. Rev. D 39, 92 (1989). 

 

E866/NuSea Collaboration at FNAL (pd, pp @ 800 GeV/c) 

pd -FNAL -E866/NuSea, L. Y. Zhu et al., Phys. Rev. Lett . 99, 082301 (2007 

pp - FNAL E866/NuSea, L. Y. Zhu et al., Phys. Rev. Lett . 102, 182001 (2009) 

Theroretical curves are from: 

 Zhang et al.  Phys. Rev. D78:034035, 2008 

Zhang et al.  Phys. Rev. D77, 054011 (2008) 
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S. Arnold, A. Metz and M. Schlegel, Phys. Rev. D 79, 034005 (2009).  
DY x-section (single-polarized) 
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Boer-Mulders from Drell-Yan 

NA10 

E866 

E615 

D. Boer, Phys. Rev. D 60, 014012 (1999) 

ñcrudeò model for the BM function of the pion from the fit  

of the NA10 data 

 

 

 

 

 

+ 
The parameterization of the BM for the proton from  

Zhang et al.  Phys. Rev. D77, 054011 (2008) 

For the AU
cos2ű at COMPASS  
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S. Arnold, A. Metz and M. Schlegel, Phys. Rev. D 79, 034005 (2009).  
DY x-section (single-polarized) 
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Experimental data: part II 

Recent results 
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Experiments in last 35 years: part II  
COmmon Muon Proton Apparatus for Structure  and Spectroscopy HERA MEasurement of Spin 

Location: CERN SPS North Area. (2-stage spectrometer LAS-SAS) 

Beam: ɛ+ , longitudinally polarized (~80%), 160 GeV 

Target: Solid state target (6LiD or NH3) 

Å 6LiD Polarization (L & T) ~ 50%, f ~ 0.38 

Å NH3 Polarization (L & T) ~ 80%, f ~ 0.14 

2-cell target configuration for 6LiD and 3-cell for NH3 

Neighboring cells are polarized in opposite directions 

Å Data is collected simultaneously for the two target spin 

orientations 

Å Spin reversal after each ~4-5 days 

Å Such a construction allows to reduce systematic effects 

due to the acceptance 

 

Location: DESY, HERA 

Beam: e+/eī, polarized (both helicity states)(<60%), 27.5 GeV 

Target: Gaseous target (H/D) 

Å H/D Polarization (L & T) ~ 70-85%, f ~ 1 

Å Direct access to hydrogen or deuterium 

Fast spin reversal (<1s) 

Å Same acceptance for different polarization states 

Å single cell configuration 

Å Hydrogen - measurements only with transverse polarization 

Å Deuterium - both transverse and longitudinal polarization 

measurements 

 

 Both collaborations have put a substantial effort in the study of possible acceptance effects 
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Experiments in last 35 years: part II  
COmmon Muon Proton Apparatus for Structure  and Spectroscopy HERA MEasurement of Spin 

COMPASS 

HERMES 

JLab6 

Kinematic cuts: HERMES 

Q2 >1 GeV2, W2 > 10 GeV2 

0.023 < x < 0.6, 0.2<y<0.85 

z > 0.2 and xF>0.2 

Pions 1 GeV<Ph < 15 GeV  

Kaons 2 GeV<Ph <15 GeV 

Kinematic cuts: COMPASS 

Q2 > 1 GeV2, W2 > 25 GeV 

ɗɔ
lab < 0.06 

0.003 < x < 0.13, 0.2 < y < 0.9 

0.2 < z < 0.85 

0.1 < PhT < 1 GeV/c 

Kinematic cuts: JLab 

Q2 >1 GeV2, W2 > 4 GeV2 

0.14 < x < 0.48, 0.4<y<0.7 

0.4 < z < 0.7 
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Experimental data: part II 

HERMES results  

(Proton, Deuteron, ́ +/ ˊ ī, K+/ K ī, h+/ h ī) 
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AUU
cos2ű-amplitude on p & d: pions 

Phys. Rev. D 87, 012010 (2013) 

Zero or negative for +́ 

                              increase with PhT 

Positive amplitudes for ́ī  

HERMES Collaboration, Phys. Rev. D 87, 012010 (2013) 

Data is available at: 

Durham HEP database, ttp://durpdg.dur.ac.uk 

INSPIRE,http://inspirebeta.net/record/1111237/ 
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AUU
cos2ű-amplitude on p & d: pions 
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Anselmino et al. Phys. Rev. D 75, 054032 (2007) 

Similarity of H & D ź BM PDF has same sign for  

u and d quarks 

Opposite sign for favored - disfavored Collins FF 

Barone, Melis and Prokudin Phys. Rev. D 81, 114026 (2010) 

Phys. Rev. D 87, 012010 (2013) 

Zero or negative for +́ 

                              increase with PhT 

Positive amplitudes for ́ī  

HERMES Collaboration, Phys. Rev. D 87, 012010 (2013) 


