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The beginning - scattering experiments in early XXth century 
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• 1964 Quark model 

• 1969 Parton model 

• 1973 asymptotic freedom and QCD 

• 1978 intrinsic transverse motion of quarks and azimuthal asymmetries  

• 1988 EMC measurement spin puzzle  

• 1988 Factorization of Hard Processes in QCD 

• 90’s spin dependent azimuthal asymmetries and TMDs 

• Late 90’s – present – future: spin dependent azimuthal asymmetry measurements 

 

Nucleon spin puzzle 
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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 

TS
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Tk

T q h
k cos cos  

kT 

PhT 

kT PhT 

Kinematic effect: non-zero kT induces an azimuthal modulation 
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Cahn effect 
R. N. Cahn,  PLB 78 (1978) 
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Cahn effect 
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Cahn effect 
R. N. Cahn,  PLB 78 (1978) 
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the spin sum rule

1 1

2 2
q gG L L    

 Δ𝑞 = 𝑞+ − 𝑞− 

Proton: ∆𝑢 = 4

3
    ∆𝑑 = −1

3
    ∆𝑠 = 0   in ℏ  

 ∆Σ = ∆𝑢 + ∆𝑑 + ∆𝑠 = 1 

EMC 1988: ∆Σ ≈ 0.12 – spin crisis 

Now: ∆Σ ≈ 0.30 

 ∆𝐺 − 𝑠𝑚𝑎𝑙𝑙 ~0.1  𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 

Orbital momentum – ? 
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Experiments in last 35 years: part I 

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

N𝐻3 and N𝐷3 LiD targets 

 
 
 
 
 
 
 
 
 
 
 
  

Hall A: two HRS’   

3𝐻𝑒 gas target (40 cm) 

            
 
 
 
 
 
 
 
 
 
 
  

Hall B: CLAS 

N𝐻3 and N𝐷3 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  

Pbeam≈ 85% 

Polarizations 

Beam: ~80% 

NH3 proton 80% 

ND3 ~30% 

HD-Ice 

(H‐75%,D‐25%) 

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 – only hydrogen target 

E665 – 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 

EMC (1987) 

𝑓2 𝑦 = (1 − 𝑦)/[1 + 1 − 𝑦 2] 

Anselmino et al.  

Phys. Rev. D 71 074006 (2005) 

EMC (1987) 

𝑤1 𝑦 = 2 − 𝑦 1 − 𝑦/[1 + 1 − 𝑦 2] 
P. Schweitzer  et al.  

Phys. Rev. D 81, 094019 

04 April 2018 
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Eur.Phys.J.A31:373-381, (2007) 

Anselmino et al.  

Phys. Rev. D 71 074006 (2005) 

EMC (1987) 

𝑤1 𝑦 = 2 − 𝑦 1 − 𝑦/[1 + 1 − 𝑦 2] 
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). 

04 April 2018 

(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) 
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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). 

cosφ cos2φ 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 

cosφ amplitude (nonzero) 

is in strong disagreement with the  

theoretical predictions 

 

cos2φ 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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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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SIDIS x-section and TMDs at twist-2 

        Quark 
 

Nucleon 
U L T 

U 
𝑓1
𝑞
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2  
 

number density 

ℎ1
⊥𝑞

𝑥, 𝒌𝑇
2  

 

Boer-Mulders 

L 

 

 

 

𝑔1
𝑞
𝑥, 𝒌𝑇

2  
 

helicity 

ℎ1𝐿
⊥𝑞

𝑥, 𝒌𝑇
2  

 

worm-gear L 

T 
𝑓1𝑇
⊥𝑞

𝑥, 𝒌𝑇
2  

 

Sivers 

𝑔1𝑇
𝑞

𝑥, 𝒌𝑇
2  

 

Kotzinian-

Mulders 

worm-gear T 

 

ℎ1
𝑞
𝑥, 𝒌𝑇

2  
 

transversity 

 

ℎ1𝑇
⊥𝑞

𝑥, 𝒌𝑇
2  

 

pretzelosity 

DF 

FF 

l 

l' 

γ* 

X 

h 

P 

2 2

1 1
  + two FFs: and h h

q q
D z P H z P

 
( , ) ( , )

All measured by COMPASS 

25 



        Quark 
 

Nucleon 
U L T 

U  

number density 
 

Boer-Mulders 

L 

 

 

 
 

helicity 
 

worm-gear L 

T  

Sivers 

 

Kotzinian-

Mulders 

worm-gear T 

 

 

transversity 

 

 

pretzelosity 

 
 

 

 

 

 

c cos2

sin

2

2

os

sin

sin

cos

2

2

,2

2

,

 

 1
2 1 2

1 cos cos 2

  sin

2 1

2 1

2 1   sin sin 2

  cos

 

1 2

  

1

h

h

h

h

h

h

U

T h S

UU T UU L

h h

h

L h h

UU

LU

U

U

L

L

L

L

LL

U

L

A

A

d

dxdydzdp d d

y
F F

xyQ x

A

A

AS

S AA



 







 

 




 

 

 



  

 

  

  



  
   

   





 



  

 












   
   
   

 

     

     

 

 

sin

s

sin

2

in 2

co

si

T

n

sin 3

co

s

s

T

2 1

2

sin

 sin

  S    sin 3

 sin

 sin 2

cos

  S  cos

1

1

2 1

 2

h S

h

S

h S

S

S

h S

h S

U

h

h S

h S

h S

S

h S

h S

S

T

UT

L

UT

UT

UT

LT

T

A

A

A

A

A

A

A



 

 

 

 









 

 













 



 



 



 

 











 
 

 
 
  
 
   
 
 
 
   

















     cos 2

  

cos 21 h S

h SLTA
 

 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
  
  

    


04 April 2018 Bakur Parsamyan 

SIDIS x-section and TMDs at twist-2 

DF 

FF 

l 

l' 

γ* 

X 

h 

P 

All measured by COMPASS 

    spin of the nucleon            spin of the quark           kT 

26 



 
 

 

 

 

 

c cos2

sin

2

2

os

sin

sin

cos

2

2

,2

2

,

 

 1
2 1 2

1 cos cos 2

  sin

2 1

2 1

2 1   sin sin 2

  cos

 

1 2

  

1

h

h

h

h

h

h

U

T h S

UU T UU L

h h

h

L h h

UU

LU

U

U

L

L

L

L

LL

U

L

A

A

d

dxdydzdp d d

y
F F

xyQ x

A

A

AS

S AA



 







 

 




 

 

 



  

 

  

  



  
   

   





 



  

 












   
   
   

 

     

     

 

 

sin

s

sin

2

in 2

co

si

T

n

sin 3

co

s

s

T

2 1

2

sin

 sin

  S    sin 3

 sin

 sin 2

cos

  S  cos

1

1

2 1

 2

h S

h

S

h S

S

S

h S

h S

U

h

h S

h S

h S

S

h S

h S

S

T

UT

L

UT

UT

UT

LT

T

A

A

A

A

A

A

A



 

 

 

 









 

 













 



 



 



 

 











 
 

 
 
  
 
   
 
 
 
   

















     cos 2

  

cos 21 h S

h SLTA
 

 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
  
  

    


 

 

 

 

 

 

sin( )

sin( )

sin(3 )

co

1 1

1 1

1 1

1

1 1 1 1

1

1 1

sin( )

sin(2 )

co

1 1

1 1

s

)

(

s

)

(

+...

+...

h s

h s

h s

h

s

h s

s

s

q h

T q

q h

q

q h

T q

q h q h

q T qUT

UT

UT

U

q

U

T

LT

h q h

WW

WW

T q T qT

LT

WW

q h

T q

f D

h H

h H

Q h H f D

Q h H f D

A

A

QA

A

A

gA D

A




 

 









 





 

  

  











 

 

 

  

 



 







 

 

1

1 1

1cos( )

1 1

2

+...

+...h s

q h

T q

q h

TT

WW

L qA

g D

Q g D
 







 

04 April 2018 Bakur Parsamyan 

SIDIS x-section and TMDs at twist-2 

DF 

FF 

l 

l' 

γ* 

X 

h 

P 

Twist-2 

Twist-3 

All measured by COMPASS 

27 



 
 

     

 

     

 

2 2

sin

s

, ,2 2

cos

in 2sin

 

cos

os

2

2c

1
2 1 2

sin 2 1

 2 1 sin si

cos co

n 2

1 2 1 cos

1 2

 

s 21 ...h

h

h

h

h

h

h LU

L h UL h UL

L LL

UU T UU L

hT h

UU

h LL

h Uh U

A

S A A

S

d y
F F

dxdydzdP d d xyQ x

A A

A A











   

 

  



  





 

  











  
      

  

  

   






 



  

 

  
    
    

      
    

sin

sin

sin

T

sin 2

sin 3

T

         

 sin 2 1  

 sin  

  S  sin  

 sin 2 2 1  

 sin 3                     

 cos 2 1

S

S

h S

h S

h S

h S

S UT

h S UT

h S UT

h S UT

h S UT

S

A

A

A

A

A



 

 

 

 

  

 

  

   

  

 











  
 

   
 
 

   
 

    
 
    
 
 

   

   

      
      

cos

cos2

cos 2

 

 cos 1    

 cos 2 2 1     

S

h S

h S

LT

h S LT

h S LT

A

A

A



 

 



  

   





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
  

     
  
    
  

04 April 2018 Bakur Parsamyan 28 

Boer-Mulders effect 

Boer-Mulders effect 
D. Boer and P. J. Mulders, PRD 57 (1998) 
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Boer-Mulders effect 
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Boer-Mulders effect 
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Boer-Mulders effect 
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SIDIS and single-polarized DY x-sections  
SIDIS                                                 DY  
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SIDIS and single-polarized DY x-sections at twist-2 (LO) 
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SIDIS and single-polarized DY x-sections at twist-2 (LO) 
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SIDIS and single-polarized DY x-sections at twist-2 (LO) 

Boer-Mulders 

Sivers 

Transversity 

Pretzelosity 
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SIDIS and single-polarized DY x-sections at twist-2 (LO) 

Boer-Mulders 

Sivers 

Transversity 

Pretzelosity 

SIDIS                                                 DY 

 1,1

Complementary information from different channels :

 SIDIS-DY bridging of nucleon TMD PDFs

 Multiple access to Collins FF  and pion Boer-Mulders PDF :h

q

qhH 
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Nucleon TMD PDFs accessed in SIDIS and DY 
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Nucleon TMD PDFs accessed in SIDIS and DY 
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All the answers are encoded in the data... 

In few years many new asymmetries 

measured by different experiments in 

different reactions, at different energies 

and kinematical ranges will wait for a 

“global analysis”…  

SIDIS                                                                     Single polarized DY (LO) 
Boer-Mulders 
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• Who can do that? 

40 
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COMPASS collaboration 

COMPASS web page: http://wwwcompass.cern.ch 

• CERN SPS north area 

• Fixed target experiment  

• Approved in 1997 (20 years) 

• Taking data since 2002 

 

Wide physics program 

COMPASS-I 

• Data taking 2002-2011 

• Muon  and hadron beams 

• Nucleon spin structure 

• Spectroscopy 

 

COMPASS-II  

• Data taking 2012-2018 (2021?) 

• Primakoff 

• DVCS (GPD+SIDIS) 

• Polarized Drell-Yan 

• Transverse deuteron SIDIS 

 

Many “beyond 2021” ideas 

 

24 institutions from 13 countries  

nearly 250 physicists  

41 
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COMPASS collaboration 

• CERN SPS north area 

• Fixed target experiment  

• Approved in 1997 (20 years) 

• Taking data since 2002 

 

Wide physics program 

COMPASS-I 

• Data taking 2002-2011 

• Muon  and hadron beams 

• Nucleon spin structure 

• Spectroscopy 

 

COMPASS-II  

• Data taking 2012-2018 (2021?) 

• Primakoff 

• DVCS (GPD+SIDIS) 

• Polarized Drell-Yan 

• Transverse deuteron SIDIS 

 

Many “beyond 2021” ideas 

24 institutions from 13 countries  

nearly 250 physicists 

Over 60 papers, over 100 PhD theses, over 100 Master/Bachelor theses 

COMPASS web page: http://wwwcompass.cern.ch 

Common Muon and Proton Apparatus for Structure and Spectroscopy 
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COMPASS experimental setup: Phase I (muon program) 
Two-stage spectrometer 

 Large Angle Spectrometer (SM1 magnet) 

 Small Angle Spectrometer (SM2 magnet) 

 High energy beam 

 Large angular acceptance 

 Broad kinematical range 

 Momentum, tracking and 

calorimetric measurements, PID 

Data-taking years: 2002-2011 

Longitudinally polarized (80%) µ+ beam:  

Energy: 160/200 GeV/c, Intensity: 2∙108 μ+/spill (4.8s). 

Target: Solid state ( 6LiD or NH3 ) 

• 6LiD 2-cell configuration. Polarization (L & T) ~ 50%, f ~ 0.38 

• NH3 3-cell configuration.  Polarization (L & T) ~ 80%, f ~ 0.14 

SciFi, Silicon, MicroMegas, GEM, 

MWPC, DC, Straw, Muon wall 

See talks by: A. Bressan, J. Matoušek, A. Moretti 
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COMPASS experimental setup: Phase I (muon program) 

Data-taking years: 2002-2011 

Longitudinally polarized (80%) µ+ beam:  

Energy: 160/200 GeV/c, Intensity: 2∙108 μ+/spill (4.8s). 

Target: Solid state ( 6LiD or NH3 ) 

• 6LiD 2-cell configuration. Polarization (L & T) ~ 50%, f ~ 0.38 

• NH3 3-cell configuration.  Polarization (L & T) ~ 80%, f ~ 0.14 

Two-stage spectrometer 

 Large Angle Spectrometer (SM1 magnet) 

 Small Angle Spectrometer (SM2 magnet) 

 High energy beam 

 Large angular acceptance 

 Broad kinematical range 

 Momentum, tracking and 

calorimetric measurements, PID 

SciFi, Silicon, MicroMegas, GEM, 

MWPC, DC, Straw, Muon wall 

COMPASS 

HERMES 

JLab6 
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COMPASS experimental setup: Phase II (DY program) 
Two-stage spectrometer 

 Large Angle Spectrometer (SM1 magnet) 

 Small Angle Spectrometer (SM2 magnet) 

 High energy beam 

 Large angular acceptance 

 Broad kinematical range 

 Momentum, tracking and 

calorimetric measurements, PID 

π− 

SciFi, Silicon, MicroMegas, GEM, 

MWPC, DC, Straw, Muon wall 

VD, DC5, new DAQ... 

Data-taking years: 2014 (test) 2015 and 2018 

High energy π− beam:  

Energy: 190 GeV/c, Intensity: 108 π/s 

Target: Solid state 

• NH3 2-cell configuration. Polarization T ~ 73%, f ~ 0.18 

• Data is collected simultaneously with both target spin orientations  

Periodic polarization reversal to minimize systematic effects 
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COMPASS experimental setup: Phase II (DY program) 
Two-stage spectrometer 

 Large Angle Spectrometer (SM1 magnet) 

 Small Angle Spectrometer (SM2 magnet) 

 High energy beam 

 Large angular acceptance 

 Broad kinematical range 

 Momentum, tracking and 

calorimetric measurements, PID 

π− 

Tungsten beam plug 

Nuclear target (Al) 

SciFi, Silicon, MicroMegas, GEM, 

MWPC, DC, Straw, Muon wall 

VD, DC5, new DAQ... 

Data-taking years: 2014 (test) 2015 and 2018 

High energy π− beam:  

Energy: 190 GeV/c, Intensity: 108 π/s 

Target: Solid state 

• NH3 2-cell configuration. Polarization T ~ 73%, f ~ 0.18 

• Data is collected simultaneously with both target spin orientations  

Periodic polarization reversal to minimize systematic effects 

Nuclear targets → unpolarized DY,  

DY cross-sections, EMC effect 
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COMPASS experimental setup: Phase II (DY program) 
Two-stage spectrometer 

 Large Angle Spectrometer (SM1 magnet) 

 Small Angle Spectrometer (SM2 magnet) 

 High energy beam 

 Large angular acceptance 

 Broad kinematical range 

 Momentum, tracking and 

calorimetric measurements, PID 

π− 

Tungsten  

beam plug 

Al NH3 

SciFi, Silicon, MicroMegas, GEM, 

MWPC, DC, Straw, Muon wall 

VD, DC5, new DAQ... 

Data-taking years: 2014 (test) 2015 and 2018 

High energy π− beam:  

Energy: 190 GeV/c, Intensity: 108 π/s 

Target: Solid state 

• NH3 2-cell configuration. Polarization T ~ 73%, f ~ 0.18 

• Data is collected simultaneously with both target spin orientations  

Periodic polarization reversal to minimize systematic effects 

47 



04 April 2018 Bakur Parsamyan 

COMPASS experimental setup: Phase II (DY program) 
Two-stage spectrometer 

 Large Angle Spectrometer (SM1 magnet) 

 Small Angle Spectrometer (SM2 magnet) 

 High energy beam 

 Large angular acceptance 

 Broad kinematical range 

 Momentum, tracking and 

calorimetric measurements, PID 

π− 
beam 

He       NH3          He       NH3       He SciFi, Silicon, MicroMegas, GEM, 

MWPC, DC, Straw, Muon wall 

VD, DC5, new DAQ... 

Data-taking years: 2014 (test) 2015 and 2018 

High energy π− beam:  

Energy: 190 GeV/c, Intensity: 108 π/s 

Target: Solid state 

• NH3 2-cell configuration. Polarization T ~ 73%, f ~ 0.18 

• Data is collected simultaneously with both target spin orientations  

Periodic polarization reversal to minimize systematic effects 
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COMPASS experimental setup: Phase II (DY program) 

SciFi, Silicon, MicroMegas, GEM, 

MWPC, DC, Straw, Muon wall 

VD, DC5, new DAQ... 

Two-stage spectrometer 

 Large Angle Spectrometer (SM1 magnet) 

 Small Angle Spectrometer (SM2 magnet) 

 High energy beam 

 Large angular acceptance 

 Broad kinematical range 

 Momentum, tracking and 

calorimetric measurements, PID 

π− 

Data-taking years: 2014 (test) 2015 and 2018 

High energy π− beam:  

Energy: 190 GeV/c, Intensity: 108 π/s 

Target: Solid state 

• NH3 2-cell configuration. Polarization T ~ 73%, f ~ 0.18 

• Data is collected simultaneously with both target spin orientations  

Periodic polarization reversal to minimize systematic effects 
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COMPASS DY mass ranges 
• 1.0 < M /(GeV/c2) < 2.0      “Low mass” 

o Large background contamination, combinatorial, 
Open-charm (B) 𝐷𝐷 , 𝐵𝐵 , π, K decays 

• 2.0 < M /(GeV/c2) < 2.5      “Intermediate mass” 

o High DY-cross section 

o Still low DY-signal/background ratio 

• 2.5 < M /(GeV/c2) < 4.3      “Charmonia mass” 

o Strong J/ψ-signal → study of J/ψ physics 

o Good signal/background 

• 4.3 < M /(GeV/c2) < 8.5      “High mass”  

o Low DY cross-section 

o Beyond charmonium region, background < 3% 

o Valence region → largest asymmetries 
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COMPASS DY: high mass range 
• 1.0 < M /(GeV/c2) < 2.0      “Low mass” 

o Large background contamination, combinatorial, 
Open-charm (B) 𝐷𝐷 , 𝐵𝐵 , π, K decays 

• 2.0 < M /(GeV/c2) < 2.5      “Intermediate mass” 

o High DY-cross section 

o Still low DY-signal/background ratio 

• 2.5 < M /(GeV/c2) < 4.3      “Charmonia mass” 

o Strong J/ψ-signal → study of J/ψ physics 

o Good signal/background 

• 4.3 < M /(GeV/c2) < 8.5      “High mass”  

o Low DY cross-section 

o Beyond charmonium region, background < 3% 

o Valence region → largest asymmetries 

𝑀 = 5.3 GeV/c2 

Final sample: 35 000 dimuons in HM 
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COMPASS DY: high mass range 

HM events are in the valence quark range 

𝑥π = 0.50  
𝑥𝑁 = 0.17 

𝑀 = 5.3 GeV/c2 

Final sample: 35 000 dimuons in HM 
• 1.0 < M /(GeV/c2) < 2.0      “Low mass” 

o Large background contamination, combinatorial, 
Open-charm (B) 𝐷𝐷 , 𝐵𝐵 , π, K decays 

• 2.0 < M /(GeV/c2) < 2.5      “Intermediate mass” 

o High DY-cross section 

o Still low DY-signal/background ratio 

• 2.5 < M /(GeV/c2) < 4.3      “Charmonia mass” 

o Strong J/ψ-signal → study of J/ψ physics 

o Good signal/background 

• 4.3 < M /(GeV/c2) < 8.5      “High mass”  

o Low DY cross-section 

o Beyond charmonium region, background < 3% 

o Valence region → largest asymmetries 
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COMPASS DY: high mass range 

Dimuon transverse momentum 𝑞𝑇 > 0.4 GeV/c 

𝑥𝐹 = 0.33, 𝑞𝑇 = 1.2 GeV/c 

𝑀 = 5.3 GeV/c2 

Final sample: 35 000 dimuons in HM 
• 1.0 < M /(GeV/c2) < 2.0      “Low mass” 

o Large background contamination, combinatorial, 
Open-charm (B) 𝐷𝐷 , 𝐵𝐵 , π, K decays 

• 2.0 < M /(GeV/c2) < 2.5      “Intermediate mass” 

o High DY-cross section 

o Still low DY-signal/background ratio 

• 2.5 < M /(GeV/c2) < 4.3      “Charmonia mass” 

o Strong J/ψ-signal → study of J/ψ physics 

o Good signal/background 

• 4.3 < M /(GeV/c2) < 8.5      “High mass”  

o Low DY cross-section 

o Beyond charmonium region, background < 3% 

o Valence region → largest asymmetries 
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COMPASS DY: Charmonia mass range 
• 1.0 < M /(GeV/c2) < 2.0      “Low mass” 

o Large background contamination, combinatorial, 
Open-charm (B) 𝐷𝐷 , 𝐵𝐵 , π, K decays 

• 2.0 < M /(GeV/c2) < 2.5      “Intermediate mass” 

o High DY-cross section 

o Still low DY-signal/background ratio 

• 2.5 < M /(GeV/c2) < 4.3      “Charmonia mass” 

o Strong J/ψ-signal → study of J/ψ physics 

o Good signal/background 

• 4.3 < M /(GeV/c2) < 8.5      “High mass”  

o Low DY cross-section 

o Beyond charmonium region, background < 3% 

o Valence region → largest asymmetries 

𝑥π = 0.31, 𝑥𝑁 = 0.09, 𝑥𝐹 = 0.22, 𝑞𝑇 = 1.1 GeV/c 

ongoing analysis 
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SIDIS and single-polarized DY x-sections at twist-2 (LO) 

Comparable x:Q2 coverage – minimization of possible Q2-evolution effects 

SIDIS                                                 DY 

SIDIS-DY 

bridge 
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• Selected COMPASS-HERMES SIDIS 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: μ+ , longitudinally polarized (~80%), 160 GeV 

Target: Solid state target (6LiD or NH3) 

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

• 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 

• Data is collected simultaneously for the two target spin 

orientations 

• Spin reversal after each ~4-5 days 

• Such a construction allows to reduce systematic effects 

due to the acceptance 

 

Location: DESY, HERA 

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

Target: Gaseous target (H/D) 

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

• Direct access to hydrogen or deuterium 

Fast spin reversal (<1s) 

• Same acceptance for different polarization states 

• single cell configuration 

• Hydrogen - measurements only with transverse polarization 

• Deuterium - both transverse and longitudinal polarization 

measurements 
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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 

θγ
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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AUU
cosφ and AUU

cos2φ amplitudes h+/h−  

σsys ≈ 2 ∙ σ stat 

σsys ≈ 2 ∙ σ stat 

 2 1D   

D 

 Similar trends for h+/h−  

Different kinematic regions! 

 Similar trends for h+/h−  

 No sign change for h+/h− at COMPASS 



04 April 2018 Bakur Parsamyan 

The 𝑨𝑼𝑼
𝒄𝒐𝒔𝝓𝒉 and 𝑨𝑼𝑼

𝒄𝒐𝒔𝟐𝝓𝒉  asymmetries (Cahn+BM) 

COMPASS NPB 886 (2014) 1046 

V. Barone, S. Melis, A. Prokudin, PRD 81, 114026 (2010) 
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• Complicated mixture Cahn+BM 

• Large effects both for h+ and h– 

• Multi-D results available HERMES P/D 

COMPASS D and currently also P (DVCS) 

• Global  Cahn+BM fit attempts  

see f.i. PRD91,074019 (2015) 
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SIDIS: target longitudinal spin dependent asymmetries 
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SIDIS: target longitudinal spin dependent asymmetries 
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SIDIS: target longitudinal spin dependent asymmetries 
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COMPASS collected large amount of L-SIDIS data  

Unprecedented precision! 

𝐴𝑈𝐿
sin𝜙ℎ 

• Q-suppression, Various different “twist” ingredients 

• Sizable TSA-mixing 

• Significant h+ asymmetry, clear z-dependence, 

• h– compatible with zero 

𝐴𝑈𝐿
sin2𝜙ℎ  

• Only “twist-2” ingredients 

• Additional pT-suppression 

• Compatible with zero, in agreement with models 

• Collins-like behavior?  

𝐴𝐿𝐿
cos𝜙ℎ  

• Q-suppression, Various different “twist” ingredients  

• Compatible with zero, in agreement with models 
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SIDIS: target longitudinal spin dependent asymmetries 
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COMPASS collected large amount of L-SIDIS data  

Unprecedented precision! 

𝐴𝑈𝐿
sin𝜙ℎ 

• Q-suppression, Various different “twist” ingredients 

• Sizable TSA-mixing 

• Significant h+ asymmetry, clear z-dependence, 

• h– compatible with zero 

𝐴𝑈𝐿
sin2𝜙ℎ  

• Only “twist-2” ingredients 

• Additional pT-suppression 

• Compatible with zero, in agreement with models 

• Collins-like behavior?  

𝐴𝐿𝐿
cos𝜙ℎ  

• Q-suppression, Various different “twist” ingredients  

• Compatible with zero, in agreement with models 
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SIDIS: target transverse spin dependent asymmetries 
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SIDIS: target transverse spin dependent asymmetries 

COMPASS results 

𝐴𝑈𝑇
sin 3𝜙ℎ−𝜙𝑆  

• Only “twist-2” ingredients, 𝑝𝑇
2-suppression 

• Small, compatible with zero asymmetry 

 

𝐴𝑈𝑇
sin𝜙𝑆  

• Q-suppression 

• Various different “twist” ingredients  

• Small asymmetry, non-zero signal for h– ? 

𝐴𝐿𝑇
cos 𝜙ℎ−𝜙𝑆  

• Only “twist-2” ingredients  

• Sizable non-zero effect for h+ ! 
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B. Pasquini, S. Boffi, A.V. Efremov, P. Schweitzer 

arXiv:0912.1761 [hep-ph] 

C. Lefky, A. Prokudin PRD91 (2015) 034010 
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SIDIS: target transverse spin dependent asymmetries 

COMPASS results 

𝐴𝑈𝑇
sin𝜙𝑆  

• Q-suppression 

• Various different “twist” ingredients  

• Small asymmetry, non-zero signal for h– ? 
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SIDIS: target transverse spin dependent asymmetries 

COMPASS results 

𝐴𝑈𝑇
sin𝜙𝑆  

• Q-suppression 

• Various different “twist” ingredients  

• Small asymmetry, non-zero signal for h– ? 
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W. Mao, Z. Lu and B.Q. Ma Phys.Rev. D 90 (2014) 014048 
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SIDIS: target transverse spin dependent asymmetries 

COMPASS results 

𝐴𝐿𝑇
cos 𝜙ℎ−𝜙𝑆  

• Only “twist-2” ingredients  

• Sizable non-zero effect for h+ ! 
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SIDIS: target transverse spin dependent asymmetries 

COMPASS results 

𝐴𝐿𝑇
cos 𝜙ℎ−𝜙𝑆  

• Only “twist-2” ingredients  

• Sizable non-zero effect for h+ ! 
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ALT
cos(ϕh-ϕS): x, z, pT and W dependences in 5 Q2-ranges 

• Positive amplitude for h+ at large x (>0.032) and Q2 (>3) 

• Signal for negative hadrons is not evident. 

2D 
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ALT
cos(ϕh-ϕS): 5 Q2 ranges. Predictions - PRD 73, 114017(2006) 

Asymmetry is evaluated in COMPASS specific mean kinematic points extracted from the data. 

The predictions show a good level of agreement with the experimentally extracted asymmetry 



04 April 2018 Bakur Parsamyan 

SIDIS TSAs (Collins) 
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• Measured on P/D in SIDIS and in dihadron SIDIS 

• Compatible results COMPASS/HERMES 

(Q2  is different by a factor of ~2-3) 

• No Q2-evolution? Intriguing result!nt 

• Extensive phenomenological studies and various global 

fits by different groups 
COMPASS PLB 744 (2015) 250 

73 



COMPASS PLB 744 (2015) 250 
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SIDIS TSAs (Collins) 
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• Measured on P/D in SIDIS and in dihadron SIDIS 

• Compatible results COMPASS/HERMES 

(Q2  is different by a factor of ~2-3) 

• No Q2-evolution? Intriguing result!nt 

• Extensive phenomenological studies and various global 

fits by different groups 
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SIDIS TSAs (Collins) 
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Global fit HERMES-COMPASS-BELLE data 

Anselmino et al. Phys.Rev. D92 (2015) 114023 

• Measured on P/D in SIDIS and in dihadron SIDIS 

• Compatible results COMPASS/HERMES 

(Q2  is different by a factor of ~2-3) 

• No Q2-evolution? Intriguing result!nt 

• Extensive phenomenological studies and various global 

fits by different groups 

COMPASS-II (2021) 

• Deuteron measurement to be repeated  

• Will be crucial to constrain the transversity TMD PDF for the d-quark  

75 
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SIDIS TSAs (Collins) 
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• Measured on P/D in SIDIS and in dihadron SIDIS 

• Compatible results COMPASS/HERMES 

(Q2  is different by a factor of ~2-3) 

• No Q2-evolution? Intriguing result!nt 

• Extensive phenomenological studies and various global 

fits by different groups 

COMPASS-II (2021) 

• Deuteron measurement to be repeated  

• Will be crucial to constrain the transversity TMD PDF for the d-quark  

Addendum to the COMPASS-II Proposal 

Projected uncertainties for Collins asymmetry 

Addendum to the COMPASS-II Proposal 

Projected uncertainties for transversity PDF 
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SIDIS TSAs (Sivers) 
      2

sin

, , T 1 ...  sin +... h S

UU T UU L h S

T

T

h

U

S

d
F F S

dxdydzdp d d
A

 
  

 


    

   sin sin

, 1 1 ,

ˆ
, 0h S h Sq h

UT T T q UT LF C f D F
M

    
 

   
 

T
h k

PLB 744 (2015) 250 

• Measured on proton and deuteron 

• Gluon Sivers paper: submitted to PLB 
CERN-EP/2017-003, hep-ex/1701.02453 

 

• Sivers effect at COMPASS is slightly 

smaller w.r.t HERMES results  

(Q2  is different by a factor of ~2-3) 

• Q2-evolution? Intriguing result! 

 

• Global fits of available 1-D SIDIS data 

• Different TMD-evolution schemes 

• Different predictions for Drell-Yan 

 

• First experimental investigation of  

Sivers-non-universality by STAR 

• Different hard scale compared to FT 

• Evolution effects may play a substantial 

role 

77 

http://cds.cern.ch/record/2240191
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http://arxiv.org/abs/1701.02453
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SIDIS TSAs (Sivers) 

  S. M. Aybat, A. Prokudin, T. C. Rogers PRL 108 (2012) 242003  

  M. Anselmino, M. Boglione, S. Melis PRD 86 (2012) 014028  

x z 

COMPASS proton 

PLB 744 (2015) 250 
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• Measured on proton and deuteron 

• Recently - gluon Sivers paper 

PLB 772 (2017) 854 

 

• Sivers effect at COMPASS is slightly 

smaller w.r.t HERMES results  

(Q2  is different by a factor of ~2-3) 

• Q2-evolution? Intriguing result! 

 

• Global fits of available 1-D SIDIS data 

• Different TMD-evolution schemes 

• Different predictions for Drell-Yan 

 

• First experimental investigation of  

Sivers-non-universality by STAR 

• Different hard scale compared to FT 

• Evolution effects may play a substantial 

role 
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SIDIS TSAs (Sivers) 
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• Measured on proton and deuteron 

• Recently - gluon Sivers paper 

PLB 772 (2017) 854 

 

• Sivers effect at COMPASS is slightly 

smaller w.r.t HERMES results  

(Q2  is different by a factor of ~2-3) 

• Q2-evolution? Intriguing result! 

 

• Global fits of available 1-D SIDIS data 

• Different TMD-evolution schemes 

• Different predictions for Drell-Yan 

 

• First experimental investigation of  

Sivers-non-universality by STAR 

• Different hard scale compared to FT 

• Evolution effects may play a substantial 

role 
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SIDIS TSAs (Sivers) 

• Measured on proton and deuteron 

• Recently - gluon Sivers paper 

PLB 772 (2017) 854 

 

• Sivers effect at COMPASS is slightly 

smaller w.r.t HERMES results  

(Q2  is different by a factor of ~2-3) 

• Q2-evolution? Intriguing result! 

 

• Global fits of available 1-D SIDIS data 

• Different TMD-evolution schemes 

• Different predictions for Drell-Yan 

 

• First experimental investigation of  

Sivers-non-universality by STAR 

• Different hard scale compared to FT 

• Evolution effects may play a substantial 

role 
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M. Anselmino et al., JHEP 1704 (2017) 046 

STAR collaboration: PRL 116, 132301 (2016) 
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SIDIS Sivers TSA in COMPASS Drell-Yan Q2-ranges 
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COMPASS PLB 770 (2017) 138 

1st COMPASS multi-D fit done for all eight TSAs 
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Multi-D TSA analysis 

• No clear Q2-dependence within statistical accuracy 

• Possible decreasing trend for Sivers TSA? 
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COMPASS 4-D fit (x-Q2; z-pT; x-Q2-z-pT) 

All eight TSAs extracted simultaneously 
First shown at the SPIN-2014, arXiv:1504.01599 [hep-ex] 
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Future Multi-D TSA analysis at JLab 12 

83 
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Salvador Dali “Maximum Speed of Raphael's Madonna” Raphael  “Madonna del Prato” 

“Nature” “1D” 
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Raphael  “Madonna del Prato”   (poor resolution) Raphael  “Madonna del Prato” 

“Nature” “multi-D” with available statistics 
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• Results from first ever measurement of Drell-Yan TSAs 

86 
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Single-polarized DY x-section: unpolarized part  
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• “naive” Drell–Yan model 

collinear (kT=0) LO pQCD no rad. processes 

λ=1, (𝐹𝑈
2=0), μ=ν=0 

• Intrinsic transverse motion + QCD effects  

λ≠1, μ ≠ 0, ν ≠ 0 but 1–λ=2ν (Lam-Tung) 

• Experiment, 

λ≠1, μ ≠ 0, ν ≠ 0 

ongoing analysis 
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λ=1, (𝐹𝑈
2=0), μ=ν=0 

• Intrinsic transverse motion + QCD effects  

λ≠1, μ ≠ 0, ν ≠ 0 but 1–λ=2ν (Lam-Tung) 

• Experiment, 

λ≠1, μ ≠ 0, ν ≠ 0 

• ν ≠ 0  - Energy and quark flavour dependence, 

smaller effect for sea quarks, QCD radiative 

effects 

NA10 data Z.Phys.C 37,545(1988) 

ongoing analysis 
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• “naive” Drell–Yan model 

collinear (kT=0) LO pQCD no rad. processes 

λ=1, (𝐹𝑈
2=0), μ=ν=0 

• Intrinsic transverse motion + QCD effects  

λ≠1, μ ≠ 0, ν ≠ 0 but 1–λ=2ν (Lam-Tung) 

• Experiment, 

λ≠1, μ ≠ 0, ν ≠ 0 

• ν ≠ 0  - Energy and quark flavour dependence, 

smaller effect for sea quarks, QCD radiative 

effects 

 

NA10 data Z.Phys.C 37,545(1988) 

M. Lambertsen, W. Vogelsang PRD93, 114013 (2016) 

ongoing analysis 

See next talk by W. Vogelsang 
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Single-polarized DY x-section: transverse part  
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• “naive” Drell–Yan model 

collinear (kT=0) LO pQCD no rad. processes 

λ=1, (𝐹𝑈
2=0), μ=ν=0 

• Intrinsic transverse motion + QCD effects  

λ≠1, μ ≠ 0, ν ≠ 0 but 1–λ=2ν (Lam-Tung) 

• Experiment, 
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• All five Drell-Yan TSAs are extracted 

simultaneously using extended unbinned 

Maximum likelihood estimator. 

• Depolarization factors are evaluated under 

assumption 𝐴𝑈
1 =1 

• Possible impact of 𝐴𝑈
1 ≠1 scenarios lead to a 

normalization uncertainty of at most −5%.  
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Drell-Yan TSAs – Transversity 
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SIDIS in Drell-Yan high-mass range 
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Drell-Yan TSAs – Transversity 
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Drell-Yan TSAs – Transversity 

B. Pasquini, P. Schweitzer 

Phys.Rev. D90 (2014) 014050 

M. Anselmino et al.  

Phys.Rev. D92 (2015) 114023 
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Drell-Yan TSAs – Transversity 

A. N. Sissakian et al., 

Phys. Part.Nucl. 41, 64-100 (2010) 

B. Pasquini, P. Schweitzer 

Phys.Rev. D90 (2014) 014050 

M. Anselmino et al.  

Phys.Rev. D92 (2015) 114023 
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Drell-Yan TSAs – Pretzelosity  
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Drell-Yan TSAs – Pretzelosity  
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C. Lefky, A. Prokudin 

PRD91 (2015) 034010 
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Drell-Yan TSAs – Pretzelosity  
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Drell-Yan TSAs – Sivers 
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Drell-Yan TSAs – Sivers 
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Drell-Yan TSAs – Sivers 
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M. Anselmino et al.  

arXiv:1612.06413[hep-ph] 

B. Pasquini, P. Schweitzer 

Phys.Rev. D90 (2014) 014050 
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Sivers asymmetry in Drell-Yan: sign change 

TMD-2 (2013) 

P. Sun, F. Yuan, PRD88, 114012 

TMD-1 (2014) 

M. G. Echevarria et al. PRD89,074013 

DGLAP (2016)  

M. Anselmino et al., arXiv:1612.06413 
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Sivers asymmetry in Drell-Yan: sign change 
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Sivers asymmetry in Drell-Yan: sign change 

sign change 
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SIDIS and DY TSAs at COMPASS (high-mass range) 
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SIDIS in TFR or b2b SIDIS: TFR & CFR  

At LO 16 STMD fracture functions.  

Probabilistic interpretation at LO: 

Conditional probability of finding a 

quark q(x,k⊥) in the fast moving 

proton fragmenting to h(ζ,Ph⊥) 

moving in same direction ⇒ STMD 

CPDFs 

A. Kotzinian, INT workshop Seattle, 24/09/2010 

M. Anselmino, V. Barone, A. Kotzinian PLB 699 (2011) 108–118 

A. Kotzinian et al. Nuovo Cim. C036 (2013) no.05, 127-130 
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Spare slides 
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“COMPASS-like” future long-term experiment 
COMPASS beyond 2020 workshop, CERN, March 21-22, 2016  

Physics Beyond Colliders kick-off workshop CERN, September 6-7, 2016 

IWHSS17 COMPASS workshop, Cortona, April 2-5, 2017 

Dilepton Productions with Meson and Antiproton Beams workshop, ECT*, Trento, November 2017 

Physics Beyond Colliders annual workshop, CERN, November 21-22, 2017 
 

IWHSS18 – COMPASS workshop, Bonn, March 19-21, 2018 
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D. Kikoła et al. arXiv:1702.01546 [hep-ex] 
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https://arxiv.org/abs/1702.01546


04 April 2018 Bakur Parsamyan 

Drell-Yan TSAs – “higher twists” 
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New! COMPASS arXiv:1704.00488[hep-ex]  

116 

https://arxiv.org/abs/1704.00488
https://arxiv.org/abs/1704.00488
https://arxiv.org/abs/1704.00488
https://arxiv.org/abs/1704.00488


04 April 2018 Bakur Parsamyan 

SIDIS Sivers TSA in COMPASS Drell-Yan Q2-ranges 

The solid (dashed) curves represent the calculations  

for TMD (DGLAP) evolution for the Sivers TSAs 

based on the best fit of 1D COMPASS and HERMES data 

from  Phys. Rev. D86 (2012) 014028 by M. Anselmino et al. 

Multi-dimensional input for TMD evolution studies 

PLB 770 (2017) 138 
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• No clear Q2-dependence within statistical accuracy 

• Possible decreasing trend for Sivers TSA? 
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Kinematic map: high mass range 
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Correlation coefficients 

Maximum correlations are about ~0.2  
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The pT (qT) – weighted SIDIS(DY) Sivers asymmetry 
General formalism was first introduced in 1997 (A. Kotzinian and P. Mulders, PLB 406 (1997) 373) 
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COMPASS collaboration and ОИЯИ-ЛИТ 

Artem Petrosyan 

Danila Oleynik 

CERN HTcondor 

processing, merging 

CASTOR 

long-term storage 

EOS 

short-term storage 

raw data 

job results 
files for  

merging 

JINR T2 

processing 

Workflow management and monitoring 

New COMPASS production system 

The PanDA  

Production ANd Distributed Analysis system 
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Alexey Guskov 

• “Measurement of the charged-pion polarisability” – PRL 114 (2015) 062002 

• “Search for exclusive photoproduction of Zc
± (3900) at COMPASS” – PLB 742 (2015) 330 

• “Search for muoproduction of the X(3872) at COMPASS” – Submitted to PLB 
 

Letter of Intent: Fixed-Target Experiment at M2 Beamline beyond 2020 

• Study of gluon distribution in kaon via prompt photon production 

• Prompt photon production rate estimation 

• Primakoff Reactions 

• Kaon polarizability 
 

Andrei Gridin – Double J/ψ and intrinsic charm 

Evgeniy Mitrofanov – EMC effect at COMPASS 

Igor Denisenko – Pion gluon structure functions in J/ψ  production 

Andrey Maltsev – COMPASS 2012 Primakoff data analysis 

Bakur Parsamyan 

• COMPASS analysis coordinator 

• Azimuthal asymmetries in SIDIS and Drell-Yan 
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COMPASS collaboration and ОИЯИ-ЛЯП 
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