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I R F U 
Nucleon structure studies with COMPASS  

u  COMPASS I 
n  Longitudinally polarized DIS and SIDIS 
n  Transversely polarized SIDIS  

u  COMPASS II 
n  Deeply-Virtual Compton Scattering (DVCS)  
n  Massive lepton pairs from Drell-Yan process 

u  Not covered in this talk 
n  Hadron spectroscopy, etc…  

►  Talk by F. Nerling this afternoon 
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Muon beam  

Hadron beams  
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COMPASS – physics and tools 1/2 
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Fundamental non-perturbative quantities: 
Parton Distribution Functions  PDF (x)  

from Bacchetta 

Deep Inelastic  
Scattering (DIS) 

Semi-Inclusive DIS 
(L or T) 

3

The Drell-Yan Process

µ+

µ-p (beam)

N (target)

x1 q
x2 q

_
γ*

� �
2 2

2
1 2 1 2

1 2 1 2. .

4 ( ) ( ) ( ) ( )
9 a a a a a

aD Y

d
e q x q x q x q x

dx dx sx x
� ��	 �

� �
 

� �

�

Drell-Yan process 

PDF 



I R F U 
COMPASS – physics and tools 2/2 
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Transversity Momentum Distributions: TMD (x,kT): 
probe the transverse parton momentum dependence 

Generalized Parton Distributions : GPD (x,bT): 
probe the transverse parton distance dependence 

Semi-Inclusive DIS 

Drell-Yan process 

COMPASS explores the multi-dimensional structure of the nucleon  

Deeply Virtual 
Compton 

Scattering 

TMD 

GPD 
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COMPASS – a fixed target experiment at CERN 

n  A very versatile setup 
n  Several beams available: µ+, µ-, h+, h-, e-  => Several ways of probing the 

                nucleon structure 
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50 m 

“Minor” changes to the setup – switch between various physics programs 

Energy:   100 – 200 GeV 
Intensity:  up to 109 /spill 
Large acceptance, PID detectors 
Several particles in the final state 
Large (1.2 m) polarized target 
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Two 60 cm oppositely polarized cells 

 
 
 
 

  

Target cells ( 2 x 60 cm) 

Superconducting 
solenoid (2.5T)  

Largest polarized target in the world 

 
n  High magnetic field 

n  High field uniformity 

n  Very low temperature 

n  L or T polarization  
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n  Interaction due to one single photon 
n  Scattering from nearly free partons 

 
n   Structure functions depend on x only (Bjorken, 1968)  

n  Q2 dependence is governed by the QCD evolution  

Deep-Inelastic Lepton Scattering 
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Parton Distribution Functions (PDF) 
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Unpolarized measurements and QCD fits 
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Data span over 5 decades of Q2 ! –> unpolarized PDFs  

12 16. Structure functions
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Figure 16.4: Distributions of x times the unpolarized parton distributions f(x)
(where f = uv, dv, u, d, s, c, b, g) and their associated uncertainties using the NNLO
MSTW2008 parameterization [13] at a scale µ2 = 10 GeV2 and µ2 = 10, 000 GeV2.
Color version at end of book.

16.4. The hadronic structure of the photon

Besides the direct interactions of the photon, it is possible for it to fluctuate into a
hadronic state via the process γ → qq. While in this state, the partonic content of the
photon may be resolved, for example, through the process e+e− → e+e−γ∗γ → e+e−X ,
where the virtual photon emitted by the DIS lepton probes the hadronic structure of
the quasi-real photon emitted by the other lepton. The perturbative LO contributions,
γ → qq followed by γ∗q → q, are subject to QCD corrections due to the coupling of
quarks to gluons.

Often the equivalent-photon approximation is used to express the differential cross
section for deep inelastic electron–photon scattering in terms of the structure functions
of the transverse quasi-real photon times a flux factor NT

γ (for these incoming quasi-real
photons of transverse polarization)

d2σ

dxdQ2
= NT

γ
2πα2

xQ4

[(

1 + (1 − y)2
)

F γ
2 (x, Q2) − y2F γ

L(x, Q2)
]

,

where we have used F γ
2 = 2xF γ

T + F γ
L , not to be confused with F γ

2 of Sec. 16.2. Complete
formulae are given, for example, in the comprehensive review of Ref. 68.

The hadronic photon structure function, F γ
2 , evolves with increasing Q2 from

the ‘hadron-like’ behavior, calculable via the vector-meson-dominance model, to the
dominating ‘point-like’ behaviour, calculable in perturbative QCD. Due to the point-like

February 16, 2012 14:08
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Polarized structure function g1(x) – world data 
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Data are used as input to a global QCD fit  
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Reminder: the proton spin problem 
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1 1
2 2 q gG L L= ΔΣ + Δ + +

Naive quark model  : ΔΣ = 1.0 
Relativistic quark model  : ΔΣ ≈ 0.6 
Experiment    : ΔΣ ≈ 0.3  
  

Physics goals: Improve accuracy on ΔΣ, measure ΔG, try to access L  
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Longitudinal Structure of the Nucleon

NLO QCD fit of g

p,d
1 - Results

Fit is performed in M̄S scheme

�2/ndf ⇡ 1.05

�g/g is not constrained by the fit, although returned statistical errors are small

Clear impact of poor �g/g knowledge on �⌃
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xΔq(x) 
xΔG 

xΔs xΔd xΔu 

u  Inputs: world data,  functional forms, assume SU(3) 
►  ΔG is determined through DGLAP evolution (NLO)  

 

COMPASS NLO pQCD fit to g1(x) 
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Quark spin contribution ΔΣ = 0.30 ± 0.04 
Gluon spin contribution: large uncertainties, even sign not clear! 

Strange quark contribution is negative ! (Δs = -0.10)  

Integral values: 
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u  Inputs: world data,  functional forms, assume SU(3) 
►  ΔG is determined through DGLAP evolution (NLO)  
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Quark spin contribution ΔΣ = 0.30 ± 0.04 
Gluon spin contribution: large uncertainties, even sign not clear! 

Strange quark contribution is negative ! (Δs = -0.10)  

Integral values: 



I R F U Contribution of gluons to the nucleon spin 

n  Gluons: spin 1, no charge 
n  Tool : Photon-Gluon Fusion (PGF) 

n  Identify the PGF process?  

1.  Detect charmed quarks: clean 
signature, but limited statistics        
“Open Charm” method 

2.  Detect light quarks: high statistics, 
but large physical background    
“Hadron production” method 
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Rely on a Monte-Carlo estimate 
of the background 

 

Photon-Gluon Fusion 

D0 → K −π +   and  D*→D0π
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ΔG/G results  
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ΔG/G = 0.113±0.038 (stat)±0.035(sys) 

Open charm 

World direct ΔG/G extraction (LO)  Hadron production 
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Polarized Semi-Inclusive DIS (SIDIS) 
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A1
h =

ef
2

f
∑ Δq(x,Q2 )D1 f

h (z,Q2 )

ef
2

f
∑ q(x,Q2 )D1 f

h (z,Q2 )

z = Eh

E −E '

X 

Detected hadron Fragmentation function: a quark of 
flavor f becomes a hadron h 

Polarized PDF 

Un-polarized PDF 

Polarized SIDIS is sensitive to the shape of the polarized 
PDFs in the nucleon: Δu(x), Δd(x), Δs(x) 
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SIDIS asymmetries: World proton data  
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COMPASS preliminary Proton data 

LO QCD fit to all 10 asymmetries -> simultaneous  
extraction of : Δu(x), Δd(x), Δs(x) and Δu(x), Δd(x), Δs(x) 

 
 

and! 
similar data on the deuteron 
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Polarized PDFs as determined by pSIDIS 
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Δu(x), Δd(x), Δu(x), Δd(x): as expected from pDIS 
However: Δs(x) is compatible with zero ! 
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The strange quark puzzle  
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Large disagreement between DIS QCD fits and SIDIS 

Compass DIS fit 
 Δs = -0.09 ± 0.01 ± 0.01 

 

COMPASS SIDIS  
 Δs = -0.01 ± 0.01 ± 0.02 

 

HERMES SIDIS  
 Δs = +0.037 ± 0.019 ± 0.027 

 



I R F U 
Δs puzzle: what about Fragmentation Functions? 
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n  An independent measurement of D1(z,Q2): hadron multiplicities 

E. Seder DIS 2015 3 

Kaon multiplicities from SIDIS 
What is a SIDIS kaon multiplicity measurement? 
The normalized yield of final state kaons 
 
 
 
 
 
 
where  is the width of the z-bin,        is the number of DIS events,  

 the number of final state kaons 
 
 

MK (x, y, z) = N
K (x, y, z) /Δz
N DIS (x, y)

Q2 = −(pl −pl ' )
2

x = Q2

2MN (El −El ' )

z = Eh

(El −El ' )

y = (El −El ' )
El

NK (x, y, z)
NDIS (x, y)Δz

MK (x,Q2, z) = q∑ eq
2q(x,Q2 )Dq

K (z,Q2 )

q∑ eq
2q(x,Q2 )

pdfs                  FFs 

In LO pQCD kaon multiplicities can be expressed in terms of parton distribution functions 
(pdfs) and fragmentation functions (FFs) as: 

Fragmentation Functions can be determined through a QCD 
fit to pion and kaon multiplicities 

 
 

DIS SIDIS 
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Kaon ( K+) multiplicities MK(z): in 9 x bins 
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K+ 

COMPASS 2006 data 
preliminary 

MK+(x, z,Q2 ) =
2sDstr + 4(u+ d)Dfav + (u+ d + 5(u + d )+ 2s)Dunf

5(u+ d +u + d )+ 2(s+ s )

MK−(x, z,Q2 ) =
2sDstr + 4(u + d )Dfav + (5(u+ d)+u + d + 2s )Dunf

5(u+ d +u + d )+ 2(s+ s )

zDi(z, Q0
2 ) = Niz

αi (1 - z)βi (1+γ i (1 - z)δi )
zDi(z, Q0

2 ) = Niz
αi (1 - z)βi

i = fav
i = str,unf ,glu

Similar fit quality found with K- 

Leading order extraction of 
fragmentation functions into kaons  

χ2/ndf = 3.4 
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K+ 

COMPASS 2006 data 
preliminary 

MK+(x, z,Q2 ) =
2sDstr + 4(u+ d)Dfav + (u+ d + 5(u + d )+ 2s)Dunf
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2 ) = Niz
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zDi(z, Q0

2 ) = Niz
αi (1 - z)βi
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Similar fit quality found with K- 

Leading order extraction of 
fragmentation functions into kaons  

χ2/ndf = 3.4 
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Kaon Fragmentation Function (COMPASS fits) 
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Strange FF : to be released in the next weeks 
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Kaon multiplicity sum 

 
 
 
At high x the strange can be neglected: 
 
 
 
 
 
At low x, with  

  
 
 

dNK++K−

dNDIS  = 
(u+ d +u + d )(4Dfav

K  +6Dunf
K  )+ 2(s+ s )(DK

str +Dunf
K  )

5(u+ d +u + d )+ 2(s+ s )
=
QDQ

K  + SDS
K  

5Q+ 2S

dNK++K−

dNDIS  = 
(4Dfav

K  +6Dunf
K  )

5
=
DQ

K  
5

Dstr
K  > DK

fav

*HERMES results: PRD 89 (2014) 097101 

For the isoscalar target, when expressed at LO the sum has a simple form: 

DQ
K ≈ 0.7This analysis: 

 

DSS: 

      has weak Q2 dependence (3%) in our range 
so one would expect a rise in the kaon multiplicity sum going 
to low x (DSS ~50% increase) which is not what we observe 

Recall,  
and charge and isospin symmetry gives: 
DK

fav = Dfav
K± = Du

K+ = Du
K−

DK
unf = Dunf

K± = Du
K+ = Ds

K+ = Du
K− = Ds

K− = Dd
K± = Dd

K±

DK
str = Dstr

K± = Ds
K+ = Ds

K−

DQ
K ≈ 0.43 ± 0.04

= parton distribution functions u, d, u, d, s, s

DQ
K

K+ = (u,s) 
K- = (u,s) 

 

COMPASS fit  

Previous fits  

COMPASS fit  

Previous fits  
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Transversity structure functions 

u  Transversity?  
►  Transversely polarized quarks in a transversely polarized 

nucleon (to the direction of the virtual photon)  
n  Third distribution function (leading twist) 
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Momentum distribution   F1(x) 
 

Helicity distribution         g1(x) 
 

Transversity distribution  h1(x) 

The three PDF fully describe the longitudinal momentum and 
spin structure of the nucleon  

 
 

36
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E.S. Ageev et al. / Nuclear Physics B 765 (2007) 31–70

The p⃗ h
T -dependent fragmentation function can be obtained by investigating the fragmentation

of a polarised quark q into a hadron h, and is expected to be of the form

(2)Dh
T q

(
z, p⃗ h

T

)
= Dh

q

(
z,ph

T

)
+ !0

T Dh
q

(
z,ph

T

)
· sin(φh − φs′),

where !0
T Dh

q (z,ph
T ) is the T -odd part of the fragmentation function, responsible for the left–

right asymmetry in the fragmentation of the transversely polarised quark.
The “Collins angle” ΦC was originally defined in [11] as the angle between the transverse

momentum of the outgoing hadron and the transverse spin vector of the fragmenting quark, i.e.,

(3)sinΦC = (p⃗ h
T × q⃗)·s⃗′

|p⃗ h
T × q⃗||s⃗′|

or

(4)ΦC = φh − φs′ .

Since, as dictated by QED, the directions of the final and initial quark spins are related to each
other by φs′ = π − φs , Eq. (4) becomes

(5)ΦC = φh + φS − π.

By comparing the cross-sections on oppositely polarised target nucleons one obtains from
expression (1) the transverse single-spin asymmetry

(6)Ah
T ≡ dσ (S⃗⊥) − dσ (−S⃗⊥)

dσ (S⃗⊥) + dσ (−S⃗⊥)
= |S⃗⊥| · DNN · AColl · sinΦC,

where the “Collins asymmetry” is

(7)AColl =
∑

q e2
q · !T q(x) · !0

T Dh
q (z,ph

T )
∑

q e2
q · q(x) · Dh

q (z,ph
T )

,

and

(8)DNN = 1 − y

1 − y + y2/2

is the transverse spin transfer coefficient from the initial to the struck quark [16].

1.3. The Sivers mechanism

An entirely different mechanism was suggested by Sivers [21] as a possible cause of the
transverse spin effects observed in pp scattering. This mechanism could also be responsible for
a spin asymmetry in the cross-section of SIDIS of leptons on transversely polarised nucleons.
Sivers conjecture was the possible existence of a correlation between the transverse momentum
k⃗T of an unpolarised quark in a transversely polarised nucleon and the nucleon polarisation
vector, i.e. that the quark distribution q(x) in expression (1) could be written as

(9)qT (x, k⃗T ) = q(x, kT ) + |S⃗⊥| · !T
0 q(x, kT ) · sinΦS,

where the “Sivers angle”

(10)ΦS = φq − φS

is the relative azimuthal angle between the quark transverse momentum k⃗T and the target spin S⃗⊥.
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Transverse Momentum Dependent PDFs 
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three distribution functions are necessary to describe the quark structure 
of the nucleon at LO in the collinear case

Transverse momentum dependent (TMD) PDF

taking into account the quark intrinsic transverse momentum kT , 
At leading order 8 PDFs are needed.

U L T

U

L

T

nucleon polarization ������

1f
number density

1g
helicity

1h
transversity

T� q

��

q

�

T1h

�

1h �

L1h

�

T1f

T1g

q� T
0

Sivers

Boer-Mulders

T-odd 
Sivers function
correlation between the 
transverse spin of the nucleon 
and the transverse momentum 
of the quark

sensitive to orbital angular 
momentum

Boer-Mulders 
function
correlation between the 
transverse spin and the
transverse momentum 
of the quark in unpol nucleons 4

quark polarization

1 ( , )T Tf x k�

1 ( , )Th x k�

pretzelosity
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Transverse (Collins) asymmetries 
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K- 

K+ 

pions 

kaons 
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Anselmino et al. Phys. Rev. D87 (2013) 094019 

Belle results on AUL
0 and AUC

0 , using the polynomial pa-
rametrization. The red solid lines correspond to the pa-
rameters given in Table III. This is not a simple updating of
our previous 2008 fit [7], as we use different sets of data
(SIDIS and A0 rather than SIDIS and A12) with a different
polynomial parametrization. In this case the comparison
with the 2008 results is less significant. When comparing

the results of Figs. 6 and 7, one notices a sizeable differ-
ence in the favored ðu=!þ) Collins function, and less
evident differences in the transversity distributions.
In Fig. 8 we show, for comparison with similar results

presented in Ref. [7], the tensor charge, corresponding to
our best fit transversity distributions, as given in Tables II
and III. Our extracted values are shown at Q2 ¼ 0:8 GeV2

and compared with several model computations. One
should keep in mind that our estimates are based on the
assumption of a negligible contribution from sea quarks
and on a set of data which still cover a limited range of x
values.
All other results are shown at the scale Q2 ¼

2:41 GeV2. The evolution to the chosen value has been
obtained by evolving at leading order the collinear part of
the factorized distribution and fragmentation functions.
The TMD evolution, which might affect the k? and p?
dependence, is not yet known for the Collins function.
Consistently, it has not been taken into account for the
other distribution and fragmentation functions.
We have not included in our fit some recent results on the

SIDIS Collins asymmetry on a neutron target published by
the Jefferson Lab Hall A Collaboration at 6 GeV [33].
These results have been obtained from data (4 points) off

a 3He target, and the extraction of Asin ð"hþ"SÞ
UT for a neutron

requires some model dependence in order to take into
account nuclear effects; the published results have indeed

-0.3

-0.2
-0.1

 0

 0.1

 0.001  0.01  0.1  1

x∆
T
 d

(x
)

x

Q 2=2.41 GeV2

2013
2008

-0.1

 0
 0.1

 0.2
 0.3

    

x∆
T
 u

(x
)

 

-0.2

-0.1

 0

 0  0.2  0.4  0.6  0.8  1

z 
∆N

 D
π- /u

(z
)

z

Q 2=2.41 GeV2

2013
2008

 0

 0.1

 0.2

      

z 
∆N

 D
π+ /u

(z
)

 

FIG. 6 (color online). The left panel shows (solid red lines) the
transversity distribution functions xh1qðxÞ ¼ x!TqðxÞ for q ¼ u,
d, with their uncertainty bands (shaded areas), obtained from the

best fit of SIDIS data on Asin ð"hþ"SÞ
UT and eþe% data on A12,

adopting the standard parametrization (Table II). Similarly, the
right panel shows the corresponding first moment of the favored
and disfavored Collins functions, Eq. (33). All results are given
at Q2 ¼ 2:41 GeV2. The corresponding results using the poly-
nomial parametrization, not shown, would almost entirely over-
lap with those shown here, both for the transversity and the
Collins functions. The dashed blue lines show the same quanti-
ties as obtained in Ref. [7] using the data then available on

Asin ð"hþ"SÞ
UT and AUL

12 .
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FIG. 7 (color online). The left panel shows (solid red lines) the
transversity distribution functions xh1qðxÞ ¼ x!TqðxÞ for q ¼ u,
d, with their uncertainty bands (shaded areas), obtained from our

best fit of SIDIS data on Asin ð"hþ"SÞ
UT and eþe% data on A0,

adopting the polynomial parametrization (Table III). Similarly,
the right panel shows the corresponding first moment of the
favored and disfavored Collins functions, Eq. (33). All results
are given at Q2 ¼ 2:41 GeV2. The corresponding results using
the standard parametrization, not shown, would almost entirely
overlap with those shown here for the transversity distribution.
The favored Collins function would be smaller and the disfa-
vored one also smaller (i.e., larger in magnitude), with their
uncertainty bands still partially overlapping.

FIG. 8 (color online). The tensor charge #q &R
1
0 dx½!TqðxÞ %!T "qðxÞ( for u (left) and d (right) quarks, com-

puted using the transversity distributions obtained from our best
fits, Table II (top solid red circles) and Table III (solid red
triangles). The gray areas correspond to the statistical uncer-
tainty bands in our extraction. These results are compared with
those given in Ref. [7] (number 2), obtained in Ref. [8] (number
10) and computed with lattice [26] (number 5) or model calcu-
lations Refs. [27–32] (respectively, numbers 3, 4 and 6–9).

M. ANSELMINO et al. PHYSICAL REVIEW D 87, 094019 (2013)

094019-10

xΔTu(x) 

xΔTd(x) 

Transversity PDFs Collins FFs 

QCD fits : simultaneous extraction of both transversity PDFs 
and Transversity (Collins) FFs 
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Generalised parton distributions
COMPASS

x + ξ

γ *

hard
soft

∆2t = −

x − ξ

γ

p p’

q q’

GPDs

I accessible in exclusive reactions

I factorisation for Q2 large, |t| < 1 GeV2

I GPD for each quark flavour and for gluons

I depend on 3 variables: x , ⇠, t with ⇠ = xBj
2�xBj

I 4 GPDs: H, eH conserve nucleon helicity
E, eE flip nucleon helicity
H, E refer to unpolarised distributions
eH, eE refer to polarised distributions

I limits: PDFs q(x) = H(x , 0, 0) and formfactors F (t) =
R
dx H(x , ⇠, t)

I sensitivity in deeply virtual Compton scattering (DVCS) and hard exclusive
meson production (HEMP)

8 / 24

n  GPD: correlation between the long. 
momentum x and the transverse 
position bT  

n  Measured in exclusive reactions 

n  4 GPDs: 

 
n  Unpolarized target: GPD H 
n  Polarized target: GPD E 

 

Depend on 3 variables: 
 x (not xB), ξ, t 
 
 

Generalised parton distributions
COMPASS

x + ξ

γ *

hard
soft

∆2t = −

x − ξ

γ

p p’

q q’

GPDs

I accessible in exclusive reactions

I factorisation for Q2 large, |t| < 1 GeV2

I GPD for each quark flavour and for gluons

I depend on 3 variables: x , ⇠, t with ⇠ = xBj
2�xBj

I 4 GPDs: H, eH conserve nucleon helicity
E, eE flip nucleon helicity
H, E refer to unpolarised distributions
eH, eE refer to polarised distributions

I limits: PDFs q(x) = H(x , 0, 0) and formfactors F (t) =
R
dx H(x , ⇠, t)

I sensitivity in deeply virtual Compton scattering (DVCS) and hard exclusive
meson production (HEMP)

8 / 24

Measurement of H probes the transverse size of the nuucleon as 
as a function of the parton longitudinal momentum 
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φφφφ

 γγγγ* γγγγ



  

Interplay of DVCS and BH at 160 GeV

 









DVCS and BH cross section for µ+ and µ- 

Cross section for µp -> µpγ  
 DVCS and BH (known) processes: 

 
 
 
u  COMPASS beams: opposite charge/spin 

n  Charge-and-Spin Sum 
n  Charge-and-Spin Difference 

 

           s 
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DVCS  BH 

Access  both Re(H) and Im(H) by measuring the Sum and the Difference  

Azimuthal dependence
COMPASS

I cross section (polarised beam and unpolarised target)

d� = d�BH + d�DVCS
unpol + Pµ d�DVCS

pol + eµa
BHRe ADVCS + eµPµa

BH Im ADVCS

I contributions

d�BH / cBH0 + cBH1 cos�+ cBH2 cos 2�

d�DVCS
unpol / cDVCS0 + cDVCS1 cos�+ cDVCS2 cos 2�

d�DVSC
pol / sDVCS1 sin�

aBHRe ADVCS / c I0 + c I1 cos�+ c I2 cos 2�+ c I3 cos 3�

aBH Im ADVCS / s I1 sin�+ s I2 sin 2�

Twist-2 >> (Twist-3, Twist-2 gluon)

I measurement with µ+ and µ� yields Re(H) and
Im(H)

11 / 24
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2x2 m2 electromagnetic 
calorimeter, ECAL0 

4.0 m longTime-Of-Flight 
detector: 24 inner and  

24 outer slabs  

50 m 

ECAL1 ECAL2 

2.5 m long LH target  

ECAL0 
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DVCS – the COMPASS xB regions – SIMULATION 
 
 
 

S. Platchkov 
ICNFP, Kolymbari 2015 29 

dσ ∝     ABH 2
  +   Interference  +    ADVCS 2

DVCS  BH 

DVCS 

BH 

0.005 < xB <0.01      0.01 < xB < 0.03          xB > 0.03 

Large relative amplitude variation  as a function of x 



I R F U 

n  Test run – 4 days with a 40 cm long H2 target 

DVCS – the COMPASS xB regions – REAL DATA 

S. Platchkov ICNFP, Kolymbari 2015 30 

DVCS 278  134  54  

BH dominance                      Interference                   DVCS dominance       

2009 data 

Successful feasibility measurement 
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DVCS – SUM of µ+ and µ- cross sections 
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Measurements of GPD: nucleon “tomography”  

Expected statistics in 2x6 months of data taking 
r⊥
2 (xB ) = 2B(xB )

COMPASS
domain 

2012 test 
run (4wks) 
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u  Drell-Yan cross section: 

u  Features (parton model): 
n  Cross section depends on τ = M2/s 

n  Convolution of quark and antiquark PDFs 

n  Can be used to determine PDFs in π, K, p 

n  Transverse momentum of µµ pair is small 

n  No fragmentation process 
u  Confirmed in QCD 

n  Assumptions: factorization 

Polarized (+ unpolarized) Drell-Yan measurements 

S. Platchkov ICNFP, Kolymbari 2015 32 

Ito et al. PRD 23(1981)604. 
(from Kenyon, RPP, 1982) 
FERMILAB:  

non-DY contribution 

Tung-Mow Yan (SLAC, 1998): “The process has been so well understood that it 
has become a powerful tool for precision measurements and new physics” 

d 2σ
dM 2dxF

=
4πα 2

9M 4
x1x2
x1 + x2

ea
2

a
∑ qa (x1)qa (x2 )+ qa (x1)qa (x2 )[ ]
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n  Hadron (pion + kaon + antiproton) beam  
n  Transversely polarized NH3 target 
n  Large muon angular acceptance  

n  With a negative pion beam: u/u annihilation 
 
n  COMPASS acceptance 

n  Dominated by valence quarks (x ≥ 0.1) 

COMPASS exclusive setup advantages 
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π − p→ µ+µ−X
3

The Drell-Yan Process

µ+

µ-p (beam)

N (target)

x1 q
x2 q

_
γ*

� �
2 2

2
1 2 1 2

1 2 1 2. .

4 ( ) ( ) ( ) ( )
9 a a a a a

aD Y

d
e q x q x q x q x

dx dx sx x
� ��	 �

� �
 

� �

�

COMPASS: only place in the world with valence antiquark beams 
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u  Full formalism for two spin ½ hadrons 
u  COMPASS: access 4 TMDs:  

n  Boer-Mulders, Sivers, Pretzelosity, Transversity 

u  Access 4 TMDs – asymmetry modulations: 

DY (polarized) cross section expansion 

S. Platchkov ICNFP, Kolymbari 2015 34 

Arnold, Metz and Schlegel,   
Phys. Rev. D79 (2009) 034005.  

AU
cos2φ ∝1+ h1

⊥ ⊗ h1
⊥ cos2φ

AT
sinφ ∝ ST f1 ⊗ f1T

⊥ sinφs )$% &'

AT
sin(2φ+φs ) ∝ ST h1

⊥ ⊗ h1T
⊥ sin(2φ +φs )$% &'

AT
sin(2φ−φs ) ∝ ST h1

⊥ ⊗ h1 sin(2φ −φs )$% &'

 Not possible: needs double polarization

Boer-Mulders 

Sivers 

Pretzelosity 

Transversity 

Worm-Gear 

All four TMDs are also measured in SIDIS 
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n  Sivers: correlation between the quark transverse momentum and 
the nucleon transverse spin  (polarized nucleon) 

n  Boer-Mulders: correlation between the quark transverse spin and 
transverse momentum (unpolarized nucleon) 

three distribution functions are necessary to describe the quark structure 
of the nucleon at LO in the collinear case

Transverse momentum dependent (TMD) PDF

taking into account the quark intrinsic transverse momentum kT , 
At leading order 8 PDFs are needed.

U L T

U

L

T

nucleon polarization ������

1f
number density

1g
helicity

1h
transversity

T� q

��

q

�

T1h

�

1h �

L1h

�

T1f

T1g

q� T
0

Sivers

Boer-Mulders

T-odd 
Sivers function
correlation between the 
transverse spin of the nucleon 
and the transverse momentum 
of the quark

sensitive to orbital angular 
momentum

Boer-Mulders 
function
correlation between the 
transverse spin and the
transverse momentum 
of the quark in unpol nucleons 4

quark polarization

1 ( , )T Tf x k�

1 ( , )Th x k�

pretzelosity
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TMDs in Drell-Yan and SIDIS 

u  SIDIS vs TMD 
n  SIDIS: TMD and FF 
n  Drell-Yan: two TMDs 

 
u  Factorization       

n  TMDs (unlike PDFs) can be process dependent (“non-universality”) 
n  Opposite sign in SIDIS and DY processes: 

S. Platchkov ICNFP, Kolymbari 2015 36 

σ SIDIS ∝TMDp(x,kT )⊗Df
h (z,Q2 )

σ DY ∝TMDπ ⊗TMDp

Collins, Soper, Sterman, Adv. Ser. High En Phys. 5, 1988.  

Crucial test of the QCD factorization approach  
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u  Test setup (3 days in 2009) 
n  190 GeV negative pion beam, I ≤ 1.5x107/s (instead of 108/s) 

n  “poor-man” hadron absorber ( concrete and steel) 
n  two polyethylene target cells 
n  preliminary DY trigger 

u  Results 
n  Count rate confirmed 
n  Mass resolution as expected 
n  Good vertex resolution  
n  Low background at high masses  

Drell-Yan – test data taking 
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2009 Drell-Yan beam test reanalysis and Drell-Yan rates for the future measurement 9 April 2014 Page 20

6 Material for release
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Figure 21: Dimuon mass distribution.
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Figure 22: Zvtx distribution for Mµµ > 2.5 GeV/c2.
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Figure 22: Zvtx distribution for Mµµ > 2.5 GeV/c2.
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Figure 4: Expected statistical errors on the Sivers (top-left), Boer–Mulders (top-right),
sin(2φ + φS) (bottom-left) and sin(2φ − φS) (bottom-right) asymmetries for a DY
measurement π−p → µ+µ−X with a 190 GeV/c π− beam in the high-mass region
4 GeV/c2 < Mµµ < 9 GeV/c2.
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Figure 5: Projection of the Sivers asymmetry together with one theoretical prediction
provided by P. Sun and F. Yuan (curve at PRD 88, 114012). The statistical error in the
COMPASS point includes a cut pT ≤ 2GeV/c, to put it in the same conditions as the
prediction.

– we plan to collect the high DY statistics on the unpolarised liquid hydrogen and/or
liquid deuteron targets in order to improve significantly our knowledge of pion and
kaon structure. Performing the combined data analysis on the DY production on
light and heavy nuclear targets (LH2, NH3, Copper, Tungsten) we plan to perform
flavour-dependent study of EMC effect in Drell-Yan processes. Expected statistics
would permit us to perform a detailed study of the fundamental Lam-Tung relation
violation;

– the feasibility study of the Radio-Frequency separated antiproton/kaon beam has to
be completed. Using this technology we can increase by one to two orders of magni-

7

Polarized Drell-Yan – expected results 
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Sivers Boer-Mulders 

Pretzelosity Transversity 

140 days of data  
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Figure 4: Expected statistical errors on the Sivers (top-left), Boer–Mulders (top-right),
sin(2φ + φS) (bottom-left) and sin(2φ − φS) (bottom-right) asymmetries for a DY
measurement π−p → µ+µ−X with a 190 GeV/c π− beam in the high-mass region
4 GeV/c2 < Mµµ < 9 GeV/c2.
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Figure 5: Projection of the Sivers asymmetry together with one theoretical prediction
provided by P. Sun and F. Yuan (curve at PRD 88, 114012). The statistical error in the
COMPASS point includes a cut pT ≤ 2GeV/c, to put it in the same conditions as the
prediction.

– we plan to collect the high DY statistics on the unpolarised liquid hydrogen and/or
liquid deuteron targets in order to improve significantly our knowledge of pion and
kaon structure. Performing the combined data analysis on the DY production on
light and heavy nuclear targets (LH2, NH3, Copper, Tungsten) we plan to perform
flavour-dependent study of EMC effect in Drell-Yan processes. Expected statistics
would permit us to perform a detailed study of the fundamental Lam-Tung relation
violation;

– the feasibility study of the Radio-Frequency separated antiproton/kaon beam has to
be completed. Using this technology we can increase by one to two orders of magni-
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I R F U 
Summary 

u  COMPASS is the largest fixed-target experiment at CERN 
u  Unique combination of hadron and muon beams of both polarities 
u  COMPASS has a very versatile experimental setup 

u  Rich physics program dedicated to both nucleon structure and 
hadron spectroscopy studies 

u  Present schedule 
n  2015 : Drell - Yan data taking  (1st “year” ≈ 140 days) 
n  2016 : DVCS data taking  
n  2017 : DVCS data taking 
n  2018 : Drell-Yan data taking (2nd year) 
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