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THE COMPASS COLLABORATION
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• Fixed target experiment 
• CERN SPS North-Area  (M2 beam-line) 
• First data taking in 2002 
• 28 institutions from 14 countries  
• Broad physics program 

 

SPS

LHC

COMPASS-I (2002 - 2011) 
• Hadron Spectroscopy 

• Nucleon spin structure  
(L/T p/D Targets) 

COMPASS 
ANALYSIS 

PHASE  
(Started in  

2023)

COMPASS-II (2012 - 2022) 
• Primakoff + DVCS pilot run (2012) 

• Drell-Yan (2015, 2018) 

• DVCS + Unpolarized SIDIS(2016-2017) 

• Transversely polarized SIDIS on D target (2022)
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HIGHLIGHTS FROM THE TMD PROGRAMME 
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arXiv:2303.02579

Generalized 
Parton 
Distributions 
(GPDs)

Transverse 
Momentum 
Dependent 
PDFs (TMDs)
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TRANSVERSE MOMENTUM DEPENDENT PDFS

6

`0(k0)

�⇤(q)

N(P, S)

`(k,�)

X

FF

h(p)

PDF

�⇤(q)

q(k⇡)

q̄(kN )

H⇡(P⇡)

HN (PN , S)

X

X

µ�(l)

µ+(l0)

PDF

PDF

In the leading order QCD parton model, nucleon spin-
structure can be parametrized in terms of 8 twist-2 quark 
intrinsic transverse momentum (kT) dependent TMD PDFs. 

TMD PDFs can be accessed through measurement of 
target spin (in)dependent azimuthal asymmetries both in
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SIDIS and Drell-Yan
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See talk by 
M.Radici  & J.Qiu 
(Tuesday Morning) 
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Both processes measured at COMPASS! 

SIDIS and Drell-Yan

experimental access to all Tmd 
pdfs via different channels 

See talk by 
M.Radici  & J.Qiu 
(Tuesday Morning) 
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COMPASS SETUP
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✦400 GeV  primary SPS beam 
impinging on Be production target 
✦ 190 GeV secondary hadron beams 

✦  beam: 97%   , 2% , 1%  

✦  beam:  75%   , 24% , 2%  

✦ 160 GeV tertiary  beams 
longitudinally polarized 

p

h− π− K− p̄
h+ π+ p K+

μ±

✦Two-stage forward spectrometer 
✦Large Angle Spectrometer (LAS), 𝛳 up to ±180 mrad  
✦Small Angle Spectrometer (SAS), 𝛳 up to ±30 mrad  

✦High tracking power: ~350 planes (GEMs, SciFis, DCs, 
MWPCs, MicroMegas, Straws); 

✦PID via RICH, Calorimetric measurements, Muon Walls;

High 
versatility!

LAS

SAS
Beam

SM1

Target 
Region

RICH

Muon 
Wall 1 SM2

ECAL2 
HCAL2

Muon 
Wall 2

ECAL1 
HCAL1

✦Different targets available:  
✦Polarized Solid state NH3 or 6LiD 
✦Unpolarized Liquid H2  
✦Unpolarized solid-state nuclear 

targets (e.g. Ni, W, Pb) 



Riccardo Longo 18 June 2024

COMPASS SETUP: PHASE II - SIDIS 

9

✦400 GeV  primary SPS beam 
impinging on Be production target 
✦ 190 GeV secondary hadron beams 

✦  beam: 97%   , 2% , 1%  

✦  beam:  75%   , 24% , 2%  

✦ 160 GeV tertiary  beams 
longitudinally polarized 

p

h− π− K− p̄
h+ π+ p K+

μ±

✦Different targets available:  
✦Polarized Solid state NH3 or 6LiD 
✦Unpolarized Liquid H2  
✦Unpolarized solid-state nuclear 

targets (e.g. Ni, W, Pb) 

(2022)

(2016)

Polarized target 
NIM A 1025 (2022) 166069

2.5 m long liquid H2 target  
NIM A 746 (2014) 20–25

LAS

SAS
Beam

SM1

Target 
Region

RICH

Muon 
Wall 1 SM2

ECAL2 
HCAL2

Muon 
Wall 2

ECAL1 
HCAL1

3-cells configuration 

https://pdf.sciencedirectassets.com/271580/1-s2.0-S0168900221X00368/1-s2.0-S0168900221009918/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240611T225934Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYZGPAP6UU/20240611/us-east-1/s3/aws4_request&X-Amz-Signature=9cf3ba878789b5bfede442c7d101e9ee313c213b5f02e85033514b516453447e&hash=180ca2aa4c03746e2cfca0ed53def2b711ea9951b9218622efe832869065c55a&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0168900221009918&tid=spdf-c4cffd35-2823-4eb1-9aaf-1181ea58f9f0&sid=50729ba066a2d64ff78a2162cf76d67a4e25gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=1317575f515452515001&rr=8925365ba8ed6196&cc=us
https://www.sciencedirect.com/science/article/pii/S0168900214001363?via=ihub
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✦400 GeV  primary SPS beam 
impinging on Be production target 
✦ 190 GeV secondary hadron beams 

✦  beam: 97%   , 2% , 1%  

✦  beam:  75%   , 24% , 2%  

✦ 160 GeV tertiary  beams 
longitudinally polarized 

p

h− π− K− p̄
h+ π+ p K+

μ±

(2015 + 2018)

Polarized target  
NIM A 1025 (2022) 166069LAS

SAS
Beam

SM1

Target 
Region

RICH

Muon 
Wall 1 SM2

ECAL2 
HCAL2

Muon 
Wall 2

ECAL1 
HCAL1

2-cells configuration 

COMPASS SETUP: PHASE II - DRELL-YAN 

Al
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COMPASS Drell-Yan
) < 9.0 2c/(GeV/µµM4.0 < 

NH3 WAl

Hadron absorber + 
Nuclear unpolarized 
targets (Al, W)

https://pdf.sciencedirectassets.com/271580/1-s2.0-S0168900221X00368/1-s2.0-S0168900221009918/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240611T225934Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYZGPAP6UU/20240611/us-east-1/s3/aws4_request&X-Amz-Signature=9cf3ba878789b5bfede442c7d101e9ee313c213b5f02e85033514b516453447e&hash=180ca2aa4c03746e2cfca0ed53def2b711ea9951b9218622efe832869065c55a&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0168900221009918&tid=spdf-c4cffd35-2823-4eb1-9aaf-1181ea58f9f0&sid=50729ba066a2d64ff78a2162cf76d67a4e25gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=1317575f515452515001&rr=8925365ba8ed6196&cc=us
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SIDIS CROSS-SECTION 
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dσ
dxdydzdP2

TdϕhdϕS
= [ α

xyQ2

y2

2(1 − ε) (1 +
γ2

2x )] (FUU,T + εFUU,L)

1+ 2ε(1 + ε)Acos ϕh
UU cos ϕh+εAcos 2ϕh

UU cos 2ϕh

+λ 2ε(1 − ε)Asin ϕh
LU sin ϕh

+SL[ 2ε(1 + ε)Asin ϕh
UL sin ϕh + εAsin 2ϕh

UL sin 2ϕh]
+SLλ[ 1 − ε2ALL+ 2ε(1 − ε)Acos ϕh

LL cos ϕh]

+ST

Asin(ϕh−ϕS)
UT sin(ϕh − ϕS)

+εAsin(ϕh+ϕS)
UT sin(ϕh + ϕS)

+εAsin(3ϕh−ϕS)
UT sin(3ϕh − ϕS)

+ 2ε(1 + ε)Asin ϕS
UT sin ϕS

+ 2ε(1 + ε)Asin(2ϕh−ϕS)
UT sin(2ϕh − ϕS)

+STλ
1 − ε2Acos(ϕh−ϕS)

LT cos(ϕh − ϕS)

+ 2ε(1 − ε)Acos ϕS
LT cos ϕS

+ 2ε(1 − ε)Acos(2ϕh−ϕS)
LT cos(2ϕh − ϕS)

×

........................................

........................................

..............

......... Twist-3 Twist-2 

ε =
1 − y − 1

4 γ2y2

1 − y + 1
2 y2 + 1

4 γ2y2

Aω(ϕh,ϕS)
X,Y =

Fω(ϕh,ϕS)
X,Y

FUU,T + εFUU,L

γ =
2Mx

Q

x =
Q2

2P ⋅ q

y = 1 −
E′ 

E Beam polarizationλ →

See talk by  
J.Qiu  
(Tuesday Morning) 
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SIDIS MEASUREMENTS AT COMPASS 
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dσ
dxdydzdP2

TdϕhdϕS
= [ α

xyQ2

y2

2(1 − ε) (1 +
γ2

2x )] (FUU,T + εFUU,L)

1+ 2ε(1 + ε)Acos ϕh
UU cos ϕh+εAcos 2ϕh

UU cos 2ϕh

+λ 2ε(1 − ε)Asin ϕh
LU sin ϕh

+SL[ 2ε(1 + ε)Asin ϕh
UL sin ϕh + εAsin 2ϕh

UL sin 2ϕh]
+SLλ[ 1 − ε2ALL+ 2ε(1 − ε)Acos ϕh

LL cos ϕh]

+ST

Asin(ϕh−ϕS)
UT sin(ϕh − ϕS)

+εAsin(ϕh+ϕS)
UT sin(ϕh + ϕS)

+εAsin(3ϕh−ϕS)
UT sin(3ϕh − ϕS)

+ 2ε(1 + ε)Asin ϕS
UT sin ϕS

+ 2ε(1 + ε)Asin(2ϕh−ϕS)
UT sin(2ϕh − ϕS)

+STλ
1 − ε2Acos(ϕh−ϕS)

LT cos(ϕh − ϕS)

+ 2ε(1 − ε)Acos ϕS
LT cos ϕS

+ 2ε(1 − ε)Acos(2ϕh−ϕS)
LT cos(2ϕh − ϕS)

×

........................................

........................................

..............

......... Twist-3 Twist-2 

Aω(ϕh,ϕS)
X,Y ∝ PDFTarget ⊗ FF ( + . . . )

Each azimuthal modulation of the SIDIS cross-
section gives access to a specific convolution 
of a TMD PDF of the target proton and a TMD 
fragmentation function

Unpolarized

Longitudinally 
polarized

Transversely 
polarized

All asymmetries 
measured by COMPASS! 
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SIDIS MEASUREMENTS AT COMPASS: LEGACY
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........................................ Twist-3 Twist-2 

PLB 772 (2017) 854

PLB 843 (2023) 137950
PLB 824 (2022) 136834

PLB 767 (2017) 133

PLB 845 (2023) 138155
NPB 956 (2020) 115039

NPB 940 (2019) 34

Not covered 
today

dσ
dxdydzdP2

TdϕhdϕS
= [ α

xyQ2

y2

2(1 − ε) (1 +
γ2

2x )] (FUU,T + εFUU,L)

1+ 2ε(1 + ε)Acos ϕh
UU cos ϕh+εAcos 2ϕh

UU cos 2ϕh

+λ 2ε(1 − ε)Asin ϕh
LU sin ϕh

+SL[ 2ε(1 + ε)Asin ϕh
UL sin ϕh + εAsin 2ϕh

UL sin 2ϕh]
+SLλ[ 1 − ε2ALL+ 2ε(1 − ε)Acos ϕh

LL cos ϕh]

+ST

Asin(ϕh−ϕS)
UT sin(ϕh − ϕS)

+εAsin(ϕh+ϕS)
UT sin(ϕh + ϕS)

+εAsin(3ϕh−ϕS)
UT sin(3ϕh − ϕS)

+ 2ε(1 + ε)Asin ϕS
UT sin ϕS

+ 2ε(1 + ε)Asin(2ϕh−ϕS)
UT sin(2ϕh − ϕS)

+STλ
1 − ε2Acos(ϕh−ϕS)

LT cos(ϕh − ϕS)

+ 2ε(1 − ε)Acos ϕS
LT cos ϕS

+ 2ε(1 − ε)Acos(2ϕh−ϕS)
LT cos(2ϕh − ϕS)

×

........................................

..............

.........

Unpolarized

Longitudinally 
polarized

Transversely 
polarized

Link to all 
COMPASS 
Publications 

PLB 807 (2020) 135600

PLB 781 (2018) 464

NPB 886 (2014) 1046

PRD 97 (2018) 032006

Next: selection of 
recent results 
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• Complex structure function - different contributions from twist-2 and twist-3 functions  
• Several corrections: (acceptance effects, diffractively produced vector mesons, radiative corrections, etc… ) 

SIDIS UNPOLARIZED MEASUREMENTS: CAHN EFFECT 

14

dσ
dxdydzdP2

TdϕhdϕS
= [ α

xyQ2

y2

2(1 − ε) (1 +
γ2

2x )] (FUU,T + εFUU,L) × (1 + 2ε(1 + ε)Acos ϕh
UU cos ϕh+εAcos 2ϕh

UU cos 2ϕh + . . . )

Acos ϕh
UU ↔ Fcos ϕh

UU =
2M
Q

C{−
ĥ ⋅ pT

Mh [xhH⊥h
1q +

Mh

M
f q
1

D⊥h
q

z ] −
ĥ ⋅ kT

M [xf⊥qDh
1q +

Mh

M
h⊥q

1

H̃h
q

Z ]} Cahn effect (1978): non-zero kT 

induces an azimuthal modulation  

New - presented at DIS 2024

See talk by 
L.Gamberg  
(Tuesday Afternoon) 

https://lpsc-indico.in2p3.fr/event/3268/contributions/7547/attachments/5420/8226/DIS_2024_Benesova.pdf
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• Fixed target experiment 

dσ
dxdydzdP2

TdϕhdϕS
= [ α

xyQ2

y2

2(1 − ε) (1 +
γ2

2x )] (FUU,T + εFUU,L) × (1 + 2ε(1 + ε)Acos ϕh
UU cos ϕh+εAcos 2ϕh

UU cos 2ϕh + . . . )

Acos 2ϕh
UU ∝ − h⊥q

1 ⊗ H⊥h
1q + (M

Q )2 f q
1 ⊗ Dh

1q + . . . Receives contribution from Boer-Mulders effect and from 
twist-4 Cahn effect 

Collins-like behavior ( h+h- mirror symmetry )? 

New - presented at DIS 2024

Same 
corrections 
as applied for 
Acos ϕh

UU

https://lpsc-indico.in2p3.fr/event/3268/contributions/7547/attachments/5420/8226/DIS_2024_Benesova.pdf
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• Fixed target experiment 

dσ
dxdydzdP2

TdϕhdϕS
= [ α

xyQ2

y2

2(1 − ε) (1 +
γ2

2x )] (FUU,T + εFUU,L)

1+ 2ε(1 + ε)Acos ϕh
UU cos ϕh+εAcos 2ϕh

UU cos 2ϕh

+λ 2ε(1 − ε)Asin ϕh
LU sin ϕh

+SL[ 2ε(1 + ε)Asin ϕh
UL sin ϕh + εAsin 2ϕh

UL sin 2ϕh]
+SLλ[ 1 − ε2ALL+ 2ε(1 − ε)Acos ϕh

LL cos ϕh]

+ST

Asin(ϕh−ϕS)
UT sin(ϕh − ϕS)

+εAsin(ϕh+ϕS)
UT sin(ϕh + ϕS)

+εAsin(3ϕh−ϕS)
UT sin(3ϕh − ϕS)

+ 2ε(1 + ε)Asin ϕS
UT sin ϕS

+ 2ε(1 + ε)Asin(2ϕh−ϕS)
UT sin(2ϕh − ϕS)

+STλ
1 − ε2Acos(ϕh−ϕS)

LT cos(ϕh − ϕS)

+ 2ε(1 − ε)Acos ϕS
LT cos ϕS

+ 2ε(1 − ε)Acos(2ϕh−ϕS)
LT cos(2ϕh − ϕS)

×

........................................

..............

.........

Unpolarized

Longitudinally 
polarized

Transversely 
polarized

........................................

Asin(ϕh−ϕs)
UT ∝ f⊥q

1T ⊗ Dh
1q

Asin(ϕh+ϕs)
UT ∝ hq

1 ⊗ H⊥h
1q

Asin(3ϕh−ϕs)
UT ∝ h⊥q

1T ⊗ H⊥h
1q

Asin(ϕs)
UT ∝ Q−1 (h⊥q

1 ⊗ H⊥h
1q + f⊥q

1T ⊗ Dh
1q + …)

Asin(2ϕh−ϕs)
UT ∝ Q−1 (h⊥q

1T ⊗ H⊥h
1q + f⊥q

1T ⊗ Dh
1q + …)

Acos(ϕh−ϕs)
LT ∝ gq

1T ⊗ Dh
1q

Acos(ϕs)
LT ∝ Q−1 (gq

1T ⊗ Dh
1q + …)

Acos(2ϕh−ϕs)
LT ∝ Q−1 (gq

1T ⊗ Dh
1q + …)

WW

WW

WW

WW

Twist-3 Twist-2 
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• Fixed target experiment 

dσ
dxdydzdP2

TdϕhdϕS
= [ α

xyQ2
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2(1 − ε) (1 +
γ2
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+STλ
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×

........................................

..............

.........
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Longitudinally 
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Transversely 
polarized

........................................
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UT ∝ f⊥q

1T ⊗ Dh
1q
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Collins 
Sivers 

This talk  

SIDIS TRANSVERSELY POLARIZED MEASUREMENTS
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• Fixed target experiment 

PLB 744 (2015) 250

 Measured by COMPASS on  targets in SIDIS and di-hadron SIDIS  p/D

COMPASS 
HERMES  

•Compatible results COMPASS/
HERMES for Collins effect 

•No Q2 evolution effects?  

Addendum to 
COMPASS-II 

Proposal 
Projected 

uncertainties for 
Asin(ϕh+ϕS−π)

UT

Asin(ϕh+ϕS−π)
UT ∝ hq

1,p ⊗ H⊥h
1q

Expected impact of 
new COMPASS 
deuteron data 

 
M.Radici  

@Spin 2018

http://cds.cern.ch/record/2286954/
http://cds.cern.ch/record/2286954/
http://cds.cern.ch/record/2286954/
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• Fixed target experiment 

PLB 744 (2015) 250

 Measured by COMPASS on  targets in SIDIS and di-hadron SIDIS  p/D

COMPASS 
HERMES  

•Compatible results COMPASS/
HERMES for Collins effect 

•No Q2 evolution effects?  

Asin(ϕh+ϕS−π)
UT ∝ hq

1,p ⊗ H⊥h
1q

0.04−

0.02−

0

0.02

0.04h C
ol
l

A

+h −h

−

−

0

0.04−

0.02−

0

0.02

0.04

−210 −110
x

−0.04

−0.02

0

0.02

0.04h Si
v

A

h+ h−

0.2 0.4 0.6 0.8
z

0.5 1 1.5
(GeV/c)PT 

0.04−

0.02−

0

0.02

0.04h C
ol
l

A

+h −h

−

−

0

0.04−

0.02−

0

0.02

0.04

−210 −110
x

−0.04

−0.02

0

0.02

0.04h Si
v

A

h+ h−

0.2 0.4 0.6 0.8
z

0.5 1 1.5
(GeV/c)PT 

New 2022 polarized D results!   
hep-ex/2401.00309 - accepted by PRL 

https://arxiv.org/abs/2401.00309
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• Fixed target experiment 

PLB 744 (2015) 250

 Measured by COMPASS on  targets in SIDIS and di-hadron SIDIS  p/D

COMPASS 
HERMES  

•Compatible results COMPASS/
HERMES for Collins effect 

•No Q2 evolution effects?  

Asin(ϕh+ϕS−π)
UT ∝ hq

1,p ⊗ H⊥h
1q
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New 2022 polarized D results!   
hep-ex/2401.00309 - accepted by PRL 
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Point by point extraction 
framework 
PRD 91, 014034 (2015)  
PRD 95, 094024 (2017) 

Previously published results for proton and deuteron Collins
Results including 2022 deuteron data 

https://arxiv.org/abs/2401.00309
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• Fixed target experiment 

PLB 744 (2015) 250

 Measured by COMPASS on  targets in SIDIS and di-hadron SIDIS  p/D

COMPASS 
HERMES  

•Compatible results COMPASS/
HERMES for Collins effect 

•No Q2 evolution effects?  

Asin(ϕh+ϕS−π)
UT ∝ hq

1,p ⊗ H⊥h
1q

Asin ϕRS
UT =

|p1 − p2 |
2Mhh

∑q e2
qhq

1(x)H⊥
1,q(z, M2

hh, cos θ)

∑q e2
q f q

1(x)D1,q(z, M2
hh, cos θ)

New 2022 
polarized D 
results!  

Access to collinear 
Transversity PDF; Non-
zero trend at large-x  
 

Precision now 
comparable with proton 
results  
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• Fixed target experiment 

 Measured by COMPASS on  targets in SIDIS  p/D

COMPASS 
HERMES  •Discrepancy COMPASS/HERMES 

for Sivers effect 
•Q2 evolution effects?  

Asin(ϕh−ϕS)
UT ∝ f⊥q

1T,p ⊗ Dh
1q

PLB 744 (2015) 250
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• Fixed target experiment 

 Measured by COMPASS on  targets in SIDIS  p/D

COMPASS 
HERMES  •Discrepancy COMPASS/HERMES 

for Sivers effect 
•Q2 evolution effects?  
•Test of sign change prediction? 

Asin(ϕh−ϕS)
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1T,p ⊗ Dh
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New 2022 polarized D results!   
hep-ex/2401.00309 - accepted by PRL 

PLB 744 (2015) 250

https://arxiv.org/abs/2401.00309
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• Fixed target experiment 

 Measured by COMPASS on  targets in SIDIS  p/D

COMPASS 
HERMES  •Discrepancy COMPASS/HERMES 

for Sivers effect 
•Q2 evolution effects?  
•Test of sign change prediction? 

Asin(ϕh−ϕS)
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New 2022 polarized D results!   
hep-ex/2401.00309 - accepted by PRL 
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Point by point extraction 
framework 
PRD 91, 014034 (2015)  
PRD 95, 094024 (2017) 

PLB 744 (2015) 250 Previously published results for proton and deuteron Sivers
Results including 2022 deuteron data 

https://arxiv.org/abs/2401.00309
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• Fixed target experiment 

•Discrepancy COMPASS/HERMES 
for Sivers effect 

•Q2 evolution effects?  
•Test of sign change prediction? 

Asin(ϕh−ϕS)
UT ∝ f⊥q

1T,p ⊗ Dh
1q

PLB 744 (2015) 250
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Leading order QCD parton model expression of the 
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SIDIS on transversely polarized p @ COMPASS
2007, 2010

ADY / PDF⇡ ⌦ PDFp

(

μ + p↑ → μ′ + h + X

ASIDIS / TMDp ⌦ FFq

A
cos(2�h)
UU / h

?q
1,p ⌦H

?h
1q

A
sin(�h��S)
UT / f

?q
1T,p ⌦D

h
1q

A
sin(�h+�S)
UT / h

q
1,p ⌦H

?h
1q

A
sin(3�h��S)
UT / h

?q
1T,p ⌦H

?h
1q

A
cos(�h��S)
LT / g

q
1T,p ⌦D

h
1q

1 Unpolarized  
Asymmetry

3 Single Spin  
Asymmetries

ASIDIS / PDFp ⌦ FF

Single polarized SIDIS cross section, Twist-2 only

U L T

U

L

T

quark

Q
ua

rk
 P

ol
ar

is
at

io
n

Nucleon Polarisation

fq?
1T (x,k2

T)

Sivers

hq?
1 (x,k2

T)

Boer-Mulders

fq
1 (x,k

2
T)

Number Density

gq1(x,k
2
T)

Helicity

hq
1T (x,k

2
T)

Transversity

hq?
1T (x,k

2
T)

Pretzelosity

gq?1T (x,k
2
T)

Worm-Gear T

hq?
1L (x,k

2
T)

Worm-Gear L

Nucleon Nucleon

spin

Nucleon

spin
quark

Nucleon

spin
kT



Riccardo Longo 18 June 202429

• Fixed target experiment 

ADY / PDF⇡ ⌦ PDFp
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Universality in 
TMD-QCD parton 
model approach

Transversity and Pretzelosity TMD PDFs  "genuinely" universal  
(no sign change between SIDIS and DY) 

Boer Mulders and Sivers TMD PDFs  "conditionally" universal  
(sign change between SIDIS and DY) 

hq
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COMPASS EXPERIMENTAL ACCESS TO TMDS
SIDIS on transversely polarized nucleons 

COMPASS 2007, 2010 - μ + p↑ → μ′ + h + X
Pion on transversely polarized nucleon DY process 

COMPASS 2015, 2018 -π− + p↑ → μ+μ− + X
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SIDIS on transversely polarized nucleons 
COMPASS 2007, 2010 - μ + p↑ → μ′ + h + X

Pion on transversely polarized nucleon DY process 
COMPASS 2015, 2018 -π− + p↑ → μ+μ− + X

Essentially the same experimental setup + 
 Comparable x:Q2 kinematic coverage =  

Unique experimental environment to test TMD Universality
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• Dedicated 2D-analysis performed by COMPASS dividing Proton 
2010 data into the 4 DY Q2 ranges 

• SIDIS TSAs extracted for each DY Q2 range 

COMPASS, 
PLB 770 

(2017) 138

Sivers in HM 
range shows a 
non-zero signal 
for h+ 
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DRELL-YAN & J/PSI KINEMATICS @ COMPASS
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I. 2.85 < Mμμ/(GeV/c2) < 3.4, “Charmonia mass” 

II. 4.0 < Mμμ/(GeV/c2) < 9.0, “High mass” 
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COMPASS,  
SIDIS in DY  

PLB 770 (2017) 
138

All DY TSAs in the J/ψ mass range are small and 
compatible with zero  
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All DY TSAs in the J/ψ mass range are small and 
compatible with zero  

Interpretation of the results not straightforward 
(TMD framework,  production mechanism, …)  

Hint that  production might go via  fusion in 
COMPASS kinematic regime 

J/ψ

J/ψ gg

Anselmino et al., PLB 770 (2017) 302  
Assuming  dominant channel + neglecting  fusion & feed down qq̄ gg J/ψ

See also talk by J.C.Peng 
Monday Afternoon Session 



Riccardo Longo 18 June 2024
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COMPASS DY 2015+2018 
Final results 

arXiv:2312.17379, 
accepted by PRL 
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Predictions from 
Bastami et al.,  
JHEP02 (2021) 166

https://arxiv.org/abs/2312.17379
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COMPASS DY 2015+2018 
Final results 

arXiv:2312.17379, 
accepted by PRL 

 0.2−

0

0.2

) S
ϕ

si
n(

T
A 

COMPASS Drell-Yan

curves based on:
JHEP 02(2021)166

0.2−

0

0.2

) S
ϕ

si
n(

T
A 

) < 9 2c/(GeV/µµM4 < 

JAM20
Torino
LFCQM
SPM

0.2−

0

0.2

) S
ϕ

si
n(

T
A 

0.2−

0

0.2

) S
ϕ

si
n(

T
A 

0.2−

0

0.2

) S
ϕ

si
n(

TA 

0.2−

0

0.2) S
ϕ +

C
S

ϕ
si

n(
2

T
A 

LFC-LP15
SPM-LP15
LFCQM
SPM

0.2−

0

0.2

) S
ϕ +

C
S

ϕ
si

n(
2

T
A 

0.4 0.6 0.8

0.002−

0

0.002

0.2−

0

0.2

) S
ϕ +

C
S

ϕ
si

n(
2

T
A 

0 0.5

0.002−

0

0.002

0.2−

0

0.2

) S
ϕ +

C
S

ϕ
si

n(
2

T
A 

1 2

0.002−

0

0.002

0.2−

0

0.2

) S
ϕ +

C
S

ϕ
si

n(
2

TA 

4 5 6 7

0.002−

0

0.002

0.1 0.2 0.3
Nx

0.2−

0

0.2) S
ϕ −

C
S

ϕ
si

n(
2

T
A 

LFC-JAM20
SPM-JAM20
LFCQM
SPM

0.4 0.6 0.8
πx

0.2−

0

0.2

) S
ϕ −

C
S

ϕ
si

n(
2

T
A 

0 0.5
Fx

0.2−

0

0.2

) S
ϕ −

C
S

ϕ
si

n(
2

T
A 

1 2
)c(GeV/ 

T
q

0.2−

0

0.2

) S
ϕ −

C
S

ϕ
si

n(
2

T
A 

4 5 6 7
) 2c(GeV/ µµM

0.2−

0

0.2

) S
ϕ −

C
S

ϕ
si

n(
2

TA 

0.2−

0

0.2

) S
ϕ

si
n(

T
A 

COMPASS Drell-Yan

curves based on:
JHEP 02(2021)166

0.2−

0

0.2

) S
ϕ

si
n(

T
A 

) < 9 2c/(GeV/µµM4 < 

JAM20
Torino
LFCQM
SPM

0.2−

0

0.2

) S
ϕ

si
n(

T
A 

0.2−

0

0.2

) S
ϕ

si
n(

T
A 

0.2−

0

0.2

) S
ϕ

si
n(

TA 

0.2−

0

0.2) S
ϕ +

C
S

ϕ
si

n(
2

T
A 

LFC-LP15
SPM-LP15
LFCQM
SPM

0.2−

0

0.2

) S
ϕ +

C
S

ϕ
si

n(
2

T
A 

0.4 0.6 0.8

0.002−

0

0.002

0.2−

0

0.2

) S
ϕ +

C
S

ϕ
si

n(
2

T
A 

0 0.5

0.002−

0

0.002

0.2−

0

0.2

) S
ϕ +

C
S

ϕ
si

n(
2

T
A 

1 2

0.002−

0

0.002

0.2−

0

0.2

) S
ϕ +

C
S

ϕ
si

n(
2

TA 

4 5 6 7

0.002−

0

0.002

0.1 0.2 0.3
Nx

0.2−

0

0.2) S
ϕ −

C
S

ϕ
si

n(
2

T
A 

LFC-JAM20
SPM-JAM20
LFCQM
SPM

0.4 0.6 0.8
πx

0.2−

0

0.2

) S
ϕ −

C
S

ϕ
si

n(
2

T
A 

0 0.5
Fx

0.2−

0

0.2

) S
ϕ −

C
S

ϕ
si

n(
2

T
A 

1 2
)c(GeV/ 

T
q

0.2−

0

0.2

) S
ϕ −

C
S

ϕ
si

n(
2

T
A 

4 5 6 7
) 2c(GeV/ µµM

0.2−

0

0.2

) S
ϕ −

C
S

ϕ
si

n(
2

TA 

COMPASS Sivers 
TSA in SIDIS, HM 

range

ASIDIS / TMDp ⌦ FFq

A
cos(2�h)
UU / h

?q
1,p ⌦H

?h
1q

A
sin(�h��S)
UT / f

?q
1T,p ⌦D

h
1q

A
sin(�h+�S)
UT / h

q
1,p ⌦H

?h
1q

A
sin(3�h��S)
UT / h

?q
1T,p ⌦H

?h
1q

A
cos(�h��S)
LT / g

q
1T,p ⌦D

h
1q

1 10
0.02−

0

0.02

0.04

)
S φ − hφ

si
n(

U
T

A

 > 0.1z
 < 0.2z0.1 < 

 > 0.2z
+h

2)c(GeV/  2Q
1 10

0.02−

0

0.02

0.04
 > 0.1z

 < 0.2z0.1 < 
 > 0.2z
−h

2)c(GeV/  2Q

DY - HM range

DRELL-YAN TSAS : SIVERS

PLB 770 
(2017) 138

Predictions from 
Bastami et al.,  
JHEP02 (2021) 166

https://arxiv.org/abs/2312.17379
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COMPASS UNIQUE TEST OF TMD UNIVERSALITY 
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2−10×4 1−10 1−10×2
Nx

0.1−

0

0.1

) S
ϕ

si
n(

TA 

COMPASS Drell-Yan
) < 9 2c/(GeV/µµM4 < 

JHEP 02(2021)166
LFCQM
SPM
JAM20
Torino

No sign 
change

Sign 
change

Final COMPASS DY results:  
- general agreement with universality in TMD-QCD parton model approach 
- favors the sign-change of Sivers tmd pdf in DY  
- What about boer-mulders? 
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SiversTransversity 

COMPASS DY 2015+2018 Final results 
arXiv:2312.17379, accepted by PRL 

 

https://arxiv.org/abs/2312.17379
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DRELL-YAN UNPOLARIZED CROSS-SECTION 
• General expression for the unpolarized part of the DY cross-section: Collins-Soper 

Frame 

• At LO of Drell-Yan process, the virtual photon is produced purely by the 
electromagnetic    annihilation:  

• Lam-Tung relation [PRD 18(1978) 2447]:  
q + q̄ λ = 1, μ = ν = 0

1 − λ = 2ν

3 Unpolarized Asymmetries (UAs) 𝑧𝑧𝐶𝐶𝐶𝐶 

�̅�𝒍 

𝒍𝒍 

𝑷𝑷𝜋𝜋,𝐶𝐶𝐶𝐶 𝑷𝑷𝑁𝑁,𝐶𝐶𝐶𝐶 

�⃗�𝑦𝐶𝐶𝐶𝐶 𝑥𝑥𝐶𝐶𝐶𝐶 

𝜃𝜃𝐶𝐶𝐶𝐶 
φ𝐶𝐶𝐶𝐶 

dN
dΩ

=
3

4π
1

λ + 3 [1 + λ cos2 θCS + μ sin 2θCS cos φCS +
ν
2

sin2 θCS cos 2φCS]

Also room for 
contributions 
from NLO and 
NNLO effects 

PRD 99, 
014032 
(2019)

Acos 2ϕ
UU =

ν
2

∝ h⊥q
1 (p) ⊗ h⊥q̄

1 (π−)

JHEP 02, 166 (2021) 
 prediction for COMPASS kinematicsAcos 2ϕ

UU

 interpretation in terms of TMDs ν



Riccardo Longo 18 June 202439

DRELL-YAN UNPOLARIZED CROSS-SECTION 

Acos 2ϕ
UU =

ν
2

∝ h⊥q
1 (p) ⊗ h⊥q̄

1 (π−)

JHEP 02, 166 (2021) 
 prediction for COMPASS kinematicsAcos 2ϕ

UU

 interpretation in terms of TMDs ν

COMPASS DY 
data confirms 

Acos 2φ
UU > 0
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µ preliminary, W, c 190 GeV/− πCOMPASS, 
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Y.Lien, SciPost Phys. Proc. 2021

1 2 3
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q

1−

0

1

2

)λ
-(

1-
ν2

preliminary, W, c 190 GeV/− πCOMPASS, 
, Wc 194 GeV/− πNA10, 

, Wc 252 GeV/− πE615, 
DYNNLO COMPASS DY data 

confirms Lam-Tung 
violation as observed 
by other fixed target 

experiments 
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BONUS TRACK: BOER-MULDERS SIGN CHANGE TEST 
DY Input
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Asin(2φCS−φS)
T ∝ − {h⊥ū

1,π− ⊗ hu
1,p} < 0 ⟹ h⊥ū

1,π− > 0

Acos 2φCS
T ∝ {h⊥ū

1,π− ⊗ h⊥u
1,p} > 0 ⟹ h⊥,u

1,p > 0

SIDIS Input

h⊥,u
1,p < 0

From fits to COMPASS SIDIS data  
See Barone et al, PRD (2010) 114025 

COMPASS DY 2015+2018 Final results 
arXiv:2312.17379, accepted by PRL 

 

COMPASS data also 
favors the proton 
Boer-Mulders TMD 
PDF sign-change

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.82.114025
https://arxiv.org/abs/2312.17379
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ACCESSING  PDF AND  NPDF VIA DY CROSS-SECTIONπ p

First new result in 
the last 30 years! 

Data from light (NH3, Al) 
and heavy (W) targets 
 

Unique data to inform  
collinear PDF &  nPDFs 

π
p

Eur. Phys. J. C (2017) 77:163

1D/2D/3D 
representations 

New - presented at SPIN 2023

https://wwwcompass.cern.ch/compass/publications/talks/t2023/spin2023_andrieux.pdf
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Data from light (NH3, Al) 
and heavy (W) targets 
 

Data to be included in future global fits (MAP, JAM, 
etc.)  to also inform the  TMD PDF! π

1D/2D/3D 
representations 

ACCESSING  TMD PDF VIA DY CROSS-SECTIONπ
NH3-He W

MAP collaboration 
PRD 107, 014014 

New - presented at DIS 2024

See talk by J.C.Peng 
Monday Afternoon Session 
See talk by M.Radici   
(Tuesday Morning) 

https://lpsc-indico.in2p3.fr/event/3268/contributions/7502/attachments/5389/8214/Andrieux_DIS20240410.pdf
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SUMMARY

43

• COMPASS recently completed his physics programme - with 20 years of data-taking  
• Several successful measurements that helped to unravel the nucleon spin structure 

• Wide and unique phase space coverage in  and  

• Polarized and unpolarized (SI)DIS on  and  targets  
• All asymmetries of the SIDIS cross- section measured  

• New, high-statistics  data from 2022 - several ongoing measurements 

• First ever -induced polarized Drell-Yan  
• All asymmetries of the Drell-Yan cross-section measured in both HM and J/Psi range  
• New preliminary results on cross-section & unpolarized asymmetries    

• Unique experimental environment to test the universality of TMD PDFs  
• Analysis Phase started in 2023  

• Petabytes of unique data still being analyzed - several opportunities for new studies waiting for the next 
generation of experiments … 

x Q2

p D

D
π−
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THE HD ERA: EIC+SOLID

44

SoLID White Paper (2022)

COMPASS pioneer 
multi-dimensional SIDIS  
analyses to explore the TMD 
nucleon structure  

New ‘HD’ era w/ high-luminosity data samples:  

EIC: detailed mapping of the TMD nucleon structure at 
intermediate/low-x 

SoLID and JLab12 @ JLab: precision measurement of 
nucleon’s TMDs in the valence region 

Nucl. Phys. A 1026 (2022) 122447

Complementary HD cameras 
for unprecedented nucleon 

imaging!
See talks by A.Vossen (Tuesday Afternoon) 
And Z. Zhao (Wednesday Morning) 

https://arxiv.org/pdf/2209.13357
https://doi.org/10.1016/j.nuclphysa.2022.122447
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Thank you for your attention! 

Thanks to B.Parsamyan for useful discussions and suggestions 
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BACKUP
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• Collinear multiplicities for identified hadrons on p target recently released (see also talk by M.Stolarski at DIS2024)  
• Expected to be published soon  
• Next in line: TMD multiplicities 

SIDIS PROTON COLLINEAR MULTIPLICITIES 

47

• Fixed target experiment 

https://lpsc-indico.in2p3.fr/event/3268/contributions/7553/attachments/5358/8067/stolarski_dis_24.pdf
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• Complex structure function - different 
contributions from twist-2 and twist-3 
functions  

• Several, non-trivial, corrections: 
(acceptance effects, diffractively 
produced vector mesons (VM), 
radiative corrections (RC), etc…  

SIDIS UNPOLARIZED MEASUREMENTS: CAHN EFFECT 

48

• Fixed target experiment 

dσ
dxdydzdP2

TdϕhdϕS
= [ α

xyQ2

y2

2(1 − ε) (1 +
γ2

2x )] (FUU,T + εFUU,L) × (1 + 2ε(1 + ε)Acos ϕh
UU cos ϕh+εAcos 2ϕh

UU cos 2ϕh + . . . )

Acos ϕh
UU ↔ Fcos ϕh

UU =
2M
Q

C{−
ĥ ⋅ pT

Mh [xhH⊥h
1q +

Mh

M
f q
1

D⊥h
q

z ] −
ĥ ⋅ kT

M [xf⊥qDh
1q +

Mh

M
h⊥q

1

H̃h
q

Z ]}
Cahn effect (1978): non-
zero kT induces an 
azimuthal modulation  

Impact of VM 
corrections,  
2016 data  

New - presented at DIS 2024

https://lpsc-indico.in2p3.fr/event/3268/contributions/7547/attachments/5420/8226/DIS_2024_Benesova.pdf


Riccardo Longo 18 June 2024

• Complex structure function - different 
contributions from twist-2 and twist-3 
functions  

• Several, non-trivial, corrections: 
(acceptance effects, diffractively 
produced vector mesons (VM), 
radiative corrections (RC), etc…  

SIDIS UNPOLARIZED MEASUREMENTS: CAHN EFFECT 
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• Fixed target experiment 

dσ
dxdydzdP2

TdϕhdϕS
= [ α

xyQ2

y2

2(1 − ε) (1 +
γ2

2x )] (FUU,T + εFUU,L) × (1 + 2ε(1 + ε)Acos ϕh
UU cos ϕh+εAcos 2ϕh

UU cos 2ϕh + . . . )
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z ] −
ĥ ⋅ kT

M [xf⊥qDh
1q +

Mh

M
h⊥q

1

H̃h
q

Z ]}
Cahn effect (1978): non-
zero kT induces an 
azimuthal modulation  

Impact of 
RC, 2016 
data  

New - presented at DIS 2024

https://lpsc-indico.in2p3.fr/event/3268/contributions/7547/attachments/5420/8226/DIS_2024_Benesova.pdf
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CAHN AND COS 2 : DEPENDENCE ϕh Q2

50
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2022 DATA VS PREVIOUSLY PUBLISHED RESULTS 

51

Vs proton 2010Vs Deuteron 2002-2004
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LONGITUDINALLY POLARIZED SIDES 

52
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DRELL-YAN MASS RANGES @ COMPASS

53

I. 1 < Mμμ/(GeV/c2) < 2, “Low mass” 
•Large background contamination   

II. 2 < Mμμ/(GeV/c2) < 2.5, “Intermediate mass” 
•High DY cross-section.  
•Low DY-signal/background ratio. 

III. 2.5 < Mμμ/(GeV/c2) < 4.0, “Charmonia mass” 
•Strong J/ψ signal ➔ Studies of J/ψ physics. 
•Good signal/background. 

IV. 4.0 < Mμμ/(GeV/c2) < 8.5, “High mass” 
•Beyond J/ψ and ψ’ peak, background < 4%.  
•Valence quark region ➔ u-quark dominance. 
•Low DY cross-section )2 (GeV/cµµM

4 6 8 10
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co
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DRELL-YAN X-SECTION RATIOS 

54

DY Statistics:  
NH3 → 36000 
Al → 6000 
W → 43000
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BEYOND UNIVERSALITY: PRECISION W/ MULTI-D SIDIS ANALYSIS  
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COMPASS 3D SIDIS analysis - Sivers example - x:Q2:pT
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Int.J.Mod.Phys.Conf.Ser. 40 (2016) 1660029

3D binning x:Q2:pT or  x:Q2:z or x:z:pT

https://arxiv.org/abs/1504.01599

