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Picture of the proton

A complicated QCD object

. . .

How do they contribute to the nucleon spin ?

How are they distributed ?

How are quarks and gluons confined?

How is the mass described dynamically?

Figure taken from arXiv:1212.1701 [nucl-ex]
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Nucleon tomography
General description of nucleon structure

x : fraction of longitudinal
momentum
k⊥: Parton transverse
momentum
b⊥: Impact parameter

1D picture is relatively well known,. . .
. . . efforts are focussing on the 3D picture
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Transverse momentum dependent PDFs

Nucleon structure at leading order QCD is described with
8 Tranverse momentum dependent PDFs:

f1, g1 and h1 survive kT integration
Other distributions describe
correlations among quark’s kT ,
nucleon’s spin and quark’s spin

→ Accessible at COMPASS via
Semi-inclusive DIS and Drell-Yan
processes
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Drell-Yan and Semi-inclusive DIS processes
SIDIS:

DY:

Variables:

Q2 = -M2
γ∗

x = Q2/(2p · q)

z = Eh/Eγ∗

Variables:
Q2 = M2

l+l−

x1,2 = Q2/(2p1,2 · q)

qT = virtual photon transverse
momentum
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Drell-Yan and SIDIS cross-section modulations

SIDIS:
dσ

dxdydzdφS dφhdP2
hT

LO
= α2

xyQ2
y2

2(1−ε)

(
1 γ2

2x

)
σ̂U

{
1 + εAcos(2φh)

UU cos(2φh)

+ST

[
Asin(φh−φS )

UT sin(φh − φS ) + εAsin(φh+φS )

UT sin(φh − φS )

+εAsin(3φh−φS )

UT sin(3φh − φS )

]
+ST Pl

[√
1 − ε2 cos(φh − φS )Acos φh−φS

LT

]}
DY: dσ

d4qdΩ

LO
= α2

Fq2 σ̂U

{(
1 + cos2(θ) + sin2(θ)Acos(2φ)

UU cos(2φ)
)

+ST

[
(1 + cos2(θ))Asin(φS )

UT sin(φS )

+ sin2(θ)
(

Asin(2φ+φS )

UT sin(2φ + φS ) + Asin(2φ−φS )

UT sin(2φ − φS )
)]}
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Modulation amplitudes
DY: SIDIS:

Acos (2φ)
UU ∝ h⊥q

1,π ⊗ h⊥q
1,p Boer-Mulders Acos (2φh)

UU ∝ h⊥q
1,p ⊗ H⊥h

1q
Asin (φS )

UT ∝ f q
1,π ⊗ f ⊥q

1T ,p Sivers Asin (φh−φS )
UT ∝ f ⊥q

1T ,p ⊗ Dh
1q

Asin (2φ−φS )
UT ∝ h⊥q

1,π ⊗ hq
1,p Transversity A(sinφh+φS )

UT ∝ hq
1,p ⊗ H⊥h

1q
Asin (2φ+φS )

UT ∝ h⊥q
1,π ⊗ h⊥q

1T ,p Pretzelosity A(sin 3φh−φS )
UT ∝ h⊥q

1T ,p ⊗ H⊥h
1q

TMD PDFs are universal but
final state interaction (SIDIS) vs. initial state interaction (DY) → Sign flip for naive
T-odd TMD PDFs

f ⊥q
1T |SIDIS= −−−f ⊥q

1T |DY
h⊥q

1 |SIDIS= −−−h⊥q
1 |DY

Crucial test of TMD framework in QCD
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COMPASS-I SIDIS setup

b RICH :r Hadron identification
(K±,π±, ...)Dipole 2

Dipole 1
RICH

b Polarised µ+ beam from CERN SPS
200 GeV/160 GeV

Pµ ∼80%
Iµ ∼ 5 · 107s−1

b Polarised target of 1.2 m length
in a superconducting solenoidr NH3 r 6LiDµ

Nucl. Instr. Meth. A577 (2007) 455
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COMPASS-II Drell-Yan setup

Almost the same tracking,
except for a new Drift Chamber
detector in the first stage spectrometer

b π− beam from CERN SPS
190 GeV
Iπ ∼ 6 · 107s−1

b Hadron absorber + nuclear targets

b Polarised target of 1.1 m length
in a superconducting solenoidr NH3
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Polarised target and hadron absorber
Polarised target

Two cells of NH3

Polarisation ∼80%

Dilution factor f∼22%

⇒ Two spin states recorded
simultaneously:
minimisation of systematic
effects

Hadron absorber Primary vertex distribution

(cm) z
300− 250− 200− 150− 100− 50− 0 50

dN
/d

z

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

310×
preliminaryCOMPASS 

~30% of 2015 Drell-Yan data

) < 9 2c/(GeV/µµM4 < 

Due to small cross-section and high luminosity
Improve resolutions → Vertex detector
Used as nuclear targets: Al & W
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COMPASS data taking with polarised target

Year Beam Target Polarisation

2002 µ 6LiD L & T ∼50%
2003 µ 6LiD L & T ∼50%
2004 µ 6LiD L & T ∼50%
2006 µ 6LiD L ∼50%
2007 µµµ NH3 L & T ∼80%
2010 µµµ NH3 T ∼80%
2011 µ NH3 L ∼80%

2014 πππ NH3 unpol.
2015 πππ NH3 T ∼80%

→ PLB 744 (2015) 250

First unpolarised DY data
First ever polarised DY data

Focus in this talk on Boer-Mulders and Sivers related measurements.
Many other COMPASS results available!
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Acceptance in DY

COMPASS acceptance high
where f ⊥1T is expected to be
large

High acceptance: 40% to be
compared to previous
experiments 6 10% (e.g. NA10,
NA50 at CERN, E615 at FNAL)

Acceptance flat in qT

COMPASS

COMPASSCOMPASS

CERN-SPSC-2010-014
COMPASS-II proposal
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Evolution effects
PLB 744 (2015) 250
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S. M. Aybat, A. Prokudine,

T. C. Rogers PRL 108,

(2012) 242003

COMPASS Sivers asymmetries found significantly smaller than HERMES Ap
Siv

Non-trivial Q2-dependence
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COMPASS kinematics
SIDIS
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Same experiment:
≈ Same acceptance
≈ Same kinematics
≈ Same systematic effects

→ minimisation of Q2 evolution effects and systematics effects in the comparison
of the two processes
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DY invariant mass

)2c(GeV/µµM
1 2 3 4 5 6 7 8

µµ
dN

/d
M

1

10

210

310

410

510

610 preliminaryCOMPASS 
data 3~30% of 2015 Drell-Yan NH

total
J/ψ 
non-resonant
 ψ'

Intermediate mass:
2 < Mµµ/(GeV /c2) < 2.5

High Drell-Yan cross-section
Low DY-signal/background ratio

J/ψ mass: 2.5 < Mµµ/(GeV /c2) < 4
Strong J/ψ signal
Lower background

High mass: 4 < Mµµ/(GeV /c2)

Low DY cross-section
Low background
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SIDIS Transversity in DY Q2 ranges

hq
1,p: correlation between transversely polarised quark in a transversely polarised

nucleon

Asin(φh+φS )
UT ∝ hq

1,p ⊗ H⊥h
1q

Sizable in all Q2 range
Azymuthal modulation have
opposite sign for h+ & h−
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Projection for DY transversity in COMPASS

Asin(2φ−φS )
UT ∝ hq

1,p ⊗ h⊥q
1,π

1−10 1
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) Sφ −
C

S
φ
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n(

2

T
A 

) < 9 2c/(GeV/µµM4 < 

preliminaryCOMPASS 
 data3~30% of 2015 Drell-Yan NH

Estimated uncertainty

Nx

Estimated uncertainties for 2015 DY run
Expect a sizable DY asymmetry based on SIDIS results
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SIDIS Sivers in DY Q2 ranges
f ⊥q
1T ,p: Correlation between quark transverse momentum and transverse nucleon spin
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Sizable in all Q2 ranges for h+

Asymmetry becomes positive
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arXiv: 1609.07374 [hep-ex]
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Projection for DY Sivers in COMPASS

A(sinφS )
UT ∝ f ⊥q

1T ,p ⊗ f q
1,π
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Estimated uncertainty
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COMPASS DY (2015 + 140 days)

P. Sun & F. Yuan, PRD 88, 114012 (2013)

M. Echevarria et al, PRD 89, 074013 (2014)

Estimated uncertainties for 2015 DY run
Expect a sizable DY asymmetry based on SIDIS results
Many models exist, experimental data are necessary: COMPASS results awaited
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SIDIS and projected DY TSA in COMPASS

)
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)
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h
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)
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h

φcos(2
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0.238≈〉x〈

〉A 〈

Except for Pretzelosity, all LO TSA common between SIDIS and DY are sizable in SIDIS
Estimated uncertainties for 2015 DY run
Another polarised DY run is scheduled for 2018
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Unpolarised Drell-Yan angular dependencies

dN
dΩ

=
3
4π

1
λ+ 3

(
1 + λ cos2(θ) + µ sin(2θ) cos(φ) +

ν

2 sin2(θ) cos(2φ)
)

In naive Drell-Yan model, no kT and no QCD processes involving gluons:

λ = 1, µ = 0, ν = 0

The Lam-Tung relation, derived from the fermionic nature of quarks, predicts:

1− λ− 2ν = 0

Analog of DIS Callan-Gross relation for Drell-Yan
C.S. Lam and W.K. Tung, Phys. Rev. D 18, 2447 (1978)
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Lam-Tung relation
Data:

E615 PRD 39, 92 (1989) CMS PLB 750, 154 (2015)

Clear departure from ν = 0 and violation of Lam-Tung
Boer Mulders effects: ν = 2Acos(2φ)

UT

Recent interpretations in terms of QCD radiative effects describe pretty well the data

J.-C. Peng et al. PLB 758, 384 (2016)
M. Lambertsen and W. Vogelsang PRD93, 114013 (2016)

Boer-Mulders effects are not excluded
Better precision for fixed target regime would be appreciated
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Lam-Tung relation
Data and QCD radiative effects: Lambertsen et al. PRD 93 (114013)

E615 PRD 39, 92 (1989) CMS PLB 750, 154 (2015)
Recent interpretations in terms of QCD radiative effects describe pretty well the data
J.-C. Peng et al. PLB 758, 384 (2016)
M. Lambertsen and W. Vogelsang PRD93, 114013 (2016)

Boer-Mulders effects are not excluded
Better precision for fixed target regime would be appreciated
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COMPASS DY Boer-Mulders

Estimated uncertainties for 2015 DY run

Sizable asymmetry expected from QCD
radiative effect

Positive signal also seen in SIDIS at
COMPASS and HERMES with 6LiD, D
and H target 1−10 1
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Conclusions

COMPASS is the only experiment able to measure TSA in SIDIS and in DY
Direct comparison between SIDIS and DY Sivers without TMD evolution
Minimisation of experimental systematic effect between SIDIS and DY

SIDIS proton TSAs within DY mass ranges are measured
Sizable Sivers and Transversity
Prezelosity SIDIS TSA is found compatible with zero

Estimated DY statistical uncertainties would allow a discriminating power between
models and a possible verification of the sign change

Ongoing analysis, results will be available soon!
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COMPASS future plans

2016-2017: Exclusive physics with muon beams on liquid hydrogen target
2018: Drell-Yan with transversely polarised NH3 target

2017: Preparation for a possible physics program for 2020 and beyond
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Beyond 2020 workshop

Outcome

RF separated p̄/K beam would provide a unique opportunity for future fixed target
COMPASS-like program at CERN

Existing muon/hadron beam allows to extend current COMPASS program by doing
unique or first class measurements of exclusive processes, SIDIS and Drell-Yan
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Physics at the SPS M2 beam line at CERN beyond 2020

Non exhaustive list:

Physics item Key aspects of the measurement

DY Flavour separation transversely pol. 6LiD target
EMC effect LD2 & Nuclear target

Universality of TMD PDFs p̄ with transversely pol NH3 target
Model free TMD PDFs p̄ beam

Lam-Tung For K and p̄ beam
Meson structure π and K beams

GPD E Tansversely pol. NH3 target with RPD
SIDIS Precision hd

1 Transversely pol. 6LiD target
f1 evolution 100 GeV beam with transversely pol. NH3 target

Hadron Spectroscopy High intensity π, K and p̄ beams

New collaborators are welcome
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IWHSS whorkshop
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BACKUP

Vincent Andrieux (UIUC) April Meeting 2017 30/29



Introduction DY and SIDIS Spectrometer Unique experimental opportunities Transverse Spin Asymmetries Lam-Tung relation Conclusions and perspectives

RF separated beam

Current hadron beam composition:
97% π → Ibeam = 107 s−1

2.5% K → Ibeam = 2× 106 s−1

0.5% p̄ → Ibeam = 5× 105 s−1

RF-separated beam composition:
50% p̄ → Ibeam = 107 s−1

50% K → Ibeam = 107 s−1
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Current and to come Drell-Yan experiments

Experiment Particles Energy xt Luminosity Pb/Pt rFOM Timeline

COMPASS π− p↑ 190 Gev xt = 0.1-0.3 2 × 1033 0.14 Pt = 80% 1.0 × 10−3 2014-2015
PANDA p̄ p↑ 15 GeV xt = 0.2-0.4 2 × 1032 0.07 Pt = 90% 1.1 × 10−4 >2025
AFTER p↑ p 7 TeV xb= 0.1-0.9 2 × 1032 0.06 Pt = 100%? 2.3 × 10−5 >2020
NICA p↑ p collider xb= 0.1-0.8 1 × 1032 0.04 Pt = 70% 6.8 × 10−5 >2023

PHENIX/STAR p↑ p↑ collider xb= 0.05-0.1 2 × 1032 0.08 Pb = 60% 1.0 × 10−3 >2018
fsPHENIX p↑ p↑ collider xb= 0.05-0.6 6 × 1032 0.08 Pb = 50% 2.1 × 10−3 >2021
SeaQuest p p 120 GeV xt = 0.1-0.45 3.4 × 1035 2012-2017

E1039 p p↑ 120 GeV xb= 0.1-0.45 4.4 × 1035 0-0.2* Pt = 85%? 0.15 2018-2019
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