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I R F U 
COMPASS experimental program / Outlook 

u  COMPASS I  (2002 – 2011) 
n  Longitudinally polarized DIS and SIDIS 
n  Transversely polarized SIDIS  

u  COMPASS II (2012 – 2018) 
n  Deeply-Virtual Compton Scattering (DVCS)  
n  Massive lepton pairs from Drell-Yan process 

u  Not covered in this talk 
n  Hadron spectroscopy (COMPASS I + II ) 
n  Pion polarisability (talk by Moinester, Friday) 
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Muon beam  

Hadron beams  
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COMPASS – physics and tools 
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Fundamental non-perturbative quantities: 
(pol. and unpol.) Parton Distribution Functions  PDF (x)  

(Polarized) 
Deep Inelastic  
Scattering (DIS) 

Semi-Inclusive DIS  
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Drell-Yan process 

from A. Bacchetta, 2014 
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COMPASS – physics and tools 
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Transverse Momentum Distribution PDFs: TMD PDF (x,kT): 
probe the transverse parton momentum dependence 

Semi-Inclusive DIS 

Drell-Yan process 

from A. Bacchetta, 2014 

TMD 
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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 
- both in momentum and in configuration space   

Deeply Virtual 
Compton 

Scattering 

from A. Bacchetta, 2014 

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 

Largest polarized target in the world 

F. Kunne                                                                                                          – 4 

Polarized target 

• Reversal of polarization by:  
- Adiabatic rotation of solenoid field 
- Different microwave settings 
Æ 4 measurements 

 
Æ Minimize systematics 

• 3 cells with opposite polarizations 

• NH3 material 
• Dilution (15 ± 0.3) % 
• Polarisation (80 ± 3)% 
 
• Dynamic Nuclear Polarization 
• Superconducting solenoid 2.5T 

Nice balance of acceptance from the 2 spin states 

n  3 cells with opposite polarization 
(to minimize systematics) 

n  High magnetic field (2.5 T) 
n  High field uniformity (<10-4) 
n  Very low temperature 
n  Long or Transv polarization  
n  Polarizations: 

n  Deuteron (6LiD): ~50% 
n  Proton      (NH3): ~80% 

n  Regular polarization reversals  
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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  

Measurements down to <x>= 0.0035 
Thorough study of systematic effects  
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u  Inputs: world data,  various 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 

Integral values: 
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Figure 5: Results of the QCD fits to g1 world data at Q

2 = 3(GeV/c)2 for the two sets of functional shapes as
discussed in the text. Top: singlet xDq

S(x) and gluon distribution xDg(x). Bottom: distributions of x [Dq(x)+Dq̄(x)]
for different flavours (u, d and s). Continuous lines correspond to the fit with gS = 0, long dashed lines to the one
with gS 6= 0. The dark bands represent the statistical uncertainties, only. The light bands, which overlay the dark
ones, represent the systematic uncertainties.

x
-210 -110 1

p 1g

0

0.2

0.4

0.6

0.8

1

1.2  world data
1

g
COMPASS NLO fit to

COMPASS 160/200 GeV

2)c = 3 (GeV/2Q

x
-210 -110 1

d 1g

-0.2

0

0.2

 world data
1

g
COMPASS NLO fit to

COMPASS 160 GeV

2)c = 3 (GeV/2Q

Figure 6: Results of the QCD fits to g

p
1 (left) and g

d
1 (right) world data at Q

2 = 3(GeV/c)2 as functions of x.
The curves correspond to the two sets of functional shapes as discussed in the text. The dark bands represent the
statistical uncertainties associated with each curve and the light bands, which overlay the dark ones, represent the
systematic uncertainties.
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Δq(x) 

Δd(x) 
Δu(x) 

Δs(x) 

Δg(x) To be publ. in Phys. Lett. B 
hep-ex:1503-08935 
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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 : two classes of solutions, even sign not clear! 

Strange quark contribution is negative ! (Δs = -0.095)  

Integral values: 

Δq(x) 

Δd(x) 
Δu(x) 

Δs(x) 

Δg(x) To be publ. in Phys. Lett. B 
hep-ex:1503-08935 



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 “high-pT” method 
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Rely on a Monte-Carlo estimate 
of the background 

 

Photon-Gluon Fusion 

D0 → K −π +   and  D*→D0π



I R F U 

n  Extension of the ”high-pT” method – to all pT 
n  Processes: LP, QCDC, PGF; different pT dependences: 

n  Large pT : PGF, QCDC 
n  Small pT: LP 

n  Fit all 3 processes simultaneously 
n  Evaluate model dependence  

► Improved statistical (and systematic!) errors 

Hadron production – “All pT” method 

S. Platchkov Hep Chile, 2016 12 
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1 Introduction

The experimental observation by EMC [1] that quarks helicity constitutes only a small fraction of the
nucleon spin was the starting point of new developments in spin physics, for a review see e.g. Ref. 2. In
order to investigate the origin of the nucleon spin, it is essential to determine the nucleon spin fraction
carried by gluon helicity, ∆g. Information about this quantity can be obtained indirectly from scaling
violations in the spin-dependent structure function g1 (see Refs. 3–6 and references therein) or from a
direct measurement of the gluon polarisation in polarised lepton-nucleon or proton-proton interactions
(see Refs. 7–17). The value of ∆g obtained from scaling violations is poorly constrained as its accuracy
is limited by the kinematic range, in which the structure function g1 is measured. On the other hand,
the most recent fits performed in the context of perturbative Quantum Chromodynamics (pQCD) at next-
to-leading order (NLO) in the strong coupling constant [18, 19], which include proton-proton data from
RHIC, suggest that the gluon polarisation is positive in the measured range of the nucleon momentum
fraction carried by gluons, 0.05 < xg < 0.20 .

In deep inelastic scattering (DIS), the leading-order virtual-photon absorption process (LP) does not
provide direct access to the gluon distribution since the virtual-photon does not couple to the gluon.
Therefore, higher order processes have to be studied, i.e. QCD Compton scattering (QCDC) and Photon-
Gluon Fusion (PGF), where only the latter is sensitive to the gluon helicity distribution. The diagrams
for these two processes are shown in Fig. 1 together with that of the leading-order photon absorption
process.

q

γ
∗

q

a)

q

γ
∗

q

g

b)

g

γ
∗

q̄

q

c)

Fig. 1: Feynman diagrams for a) the leading-order process (LP), b) gluon radiation (QCDC), and c) photon–gluon
fusion (PGF).

In the leading-order process, the hadron transverse momentum pT with respect to the virtual-photon
direction (in the frame where nucleon momentum is parallel to this direction) originates from the intrinsic
transverse momentum kT of the struck quark in the nucleon [20] and its fragmentation, which both lead to
a small transverse component. On the contrary, the QCDC and PGF hard processes can provide hadrons
with high transverse momentum. Therefore, tagging events with hadrons of large transverse momentum
pT enhances the contribution of higher-order processes. However, although in the high-pT sample the
PGF contribution is enriched, in order to determine ∆g/g the contributions from LP and QCDC have to
be subtracted [21]. A different approach is used here, i.e. a simultaneous extraction of ∆g/g and the LP
and QCDC asymmetries using data that cover the full range in pT. This “all-pT method” takes advantage
of the different pT dependences of the three processes to disentangle their contribution to the measured
asymmetry. Furthermore, this approach reduces systematic uncertainties with respect to the one used
previously [10]. In this Letter we re-analyse the semi-inclusive deep inelastic scattering (SIDIS) data
from COMPASS [10], applying the new all-pT method.
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Fig. 3: Top panels: Values of RLP, RQCDC, RPGF obtained from MC and NN as a function of pT. Bottom panels:
MC probabilities in bins of NN probabilities.

Table 1: Summary of contributions to the systematic uncertainty.

syst. unc. full xg range xNNg < 0.10 0.10 < xNNg < 0.15 xNNg > 0.15
δfalse 0.029 0.039 0.022 0.014
δMC 0.017 0.017 0.041 0.044
δNN 0.007 0.007 0.007 0.018
δPbPt f 0.010 0.008 0.013 0.013
δsyst. 0.036 0.044 0.049 0.051

is somewhat larger than that obtained in the previous analysis [10], where it was additionally assumed
that false asymmetries are independent of pT 3 .

Although the present analysis depends on the MC model used, the uncertainty δMC is found to be small.
It is evaluated by exploring the parameter space of the model using eight different MC simulations.
These eight simulations differ by the tuning of the fragmentation functions (COMPASSHigh-pT, [10] or
LEPTO default), and by using or not using of the parton shower (PS) mechanism, which also modifies
the cut-off schemes used to prevent divergences in the LEPTO cross-section calculation [29]. Also,
different PDF sets are used (MSTW08L or CTEQ5L [33]), the longitudinal structure function FL from
LEPTO is used or not used and alternatively FLUKA or GEISHA is used for the simulation of secondary
interactions. Two observations are made when inspecting Fig. 4. The first one is that for the eight
different MC simulations the resulting values of ∆g/g are very similar; the root mean square (RMS) of
the eight values, which is taken to represent δMC, amounts to only 0.017. The second observation is that
the eight statistical uncertainties vary by up to a factor of two.

The explanation for the second observation is that in a good approximation the statistical uncertainty of
∆g/g is proportional to 1/RPGF. As in the eight different MC simulation the values of RPGF can vary
by up to a factor two, large fluctuations of statistical uncertainties of ∆g/g are observed in Fig. 4. The
observation of a small RMS value can be understood by the following consideration. Assuming that

3This assumption, when used in the current analysis, would lead to a much lower value of δfalse than previously. This is
due to the simultaneous extraction of ∆g/g and ALP1 , which are both affected by the same spectrometer instabilities, thereby
eliminating relative contributions to δfalse.

LP           QCDC             PGF 

to be published: 
hep-ex:1512.05053 
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Δg/g results  
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Data suggest positive value of Δg/g ( ~2σ ) 
Most precise direct measurements today 
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Table 2: The values for ⟨∆g/g⟩ in three xNNg bins, and for the full xg range.

xNNg bin ⟨xg⟩ xg range (RMS) ⟨∆g/g⟩
0−0.10 0.08 0.04−0.13 0.087±0.050±0.044

0.10−0.15 0.12 0.07−0.21 0.149±0.051±0.049
0.15−1 0.19 0.13−0.28 0.154±0.122±0.051
0−1 0.10 0.05−0.20 0.113±0.038±0.036
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Fig. 5: The new results for ∆g/g in three xg bins compared to results of Ref. 10 (left panel) and world data on
∆g/g extracted in LO [7–9, 11] (right panel). The inner error bars describe the statistical uncertainties, and the
outer ones describe the statistical and systematic uncertainties combined in quadrature. The horizontal error bars
describe xg range (RMS).
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Fig. 6: Left panel: Comparison of the new LO results with the newest COMPASS NLO QCD fit [35]. Otherwise
as in Fig. 5. Right panel: Extracted values of ALP1,d(xBj) and Aincl1,d from [5, 36]. Here, only statistical uncertainties
are shown.

recent COMPASS NLO ∆g/g parametrisation [35]. The present results support solutions with positive
∆G value for the fit. Note that this comparison does not account for the difference between LO and NLO.

For completeness, in the right panel of Fig. 6 the extracted values of ALP1,d(xBj) are shown as full points.
They are consistent with zero at low xBj and rise at higher xBj. The LP measured in this analysis is the
major contributor to the inclusive asymmetry Aincl1,d , and the values of ALP1,d and Aincl1,d shows very similar
trends, as expected. The values of Aincl1,d for xBj < 0.3 are from Ref. 36 while those for xBj > 0.3 are from
Ref. 5.

Δg/g = +0.113 ± 0.038 (stat) ± 0.036 (syst) @ µ2 = Q2 = 3 (GeV/c)2 

Open Charm  

“All pT” 

to be published: 
hep-ex:1512.05053 

 

PR D87 (2013) 252018 RHIC results also 
favor positive ∆g/g 
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Polarized Semi-Inclusive DIS (SIDIS) 
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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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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 pol. DIS 
However: Δs(x) is found to be compatible with zero 

 

PL B693 (2010) 227.   
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The strange quark puzzle  
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Large disagreement between DIS QCD fits and SIDIS 

COMPASS SIDIS  
 Δs = -0.01 ± 0.01 ± 0.02 

 

HERMES SIDIS  
 Δs = +0.001 ± 0.003±0.001* 
*measured range 
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statistical uncertainties associated with each curve and the light bands, which overlay the dark ones, represent the
systematic uncertainties.

13

Compass DIS fit 
 2Δs = -0.09 ± 0.01 ± 0.015 

 

To be publ. in PL B 
hep-ex:1503-08935 

Phys. Lett  
B693 (2010) 227 

Phys. Rev.  
D 71 (2005) 032004  
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A1 =
ef
2

f
∑ Δq(x,Q2 )

ef
2

f
∑ q(x,Q2 )

A1
h =

ef
2

f
∑ Δq(x,Q2 )D1 f

h (z,Q2 )

ef
2

f
∑ q(x,Q2 )D1 f

h (z,Q2 )

MK =

ef
2

f
∑ q(x,Q2 )Df

K (z,Q2 )

ef
2

f
∑ q(x,Q2 )

n  Independent measurement of Df
h(z,Q2): hadron multiplicities 

(number of hadrons per DIS event) 

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: 

Pion and Kaon FFs are determined through measurements of pion and 
kaon multiplicities 

 
 
 

DIS SIDIS 

Fragmenation 
Function 
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Figure 3: Positive pion multiplicities versus z for nine x bins and five y bins (staggered vertically for clarity by ↵).
Only statistical uncertainties are shown. The curves correspond to the COMPASS LO fit (see Section 5). (Coloured
version online)
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Figure 4: Same as Fig. 3 for negative pions. (Coloured version online)
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π+ 

π- 

About 400 data 
points per hadron 
and per charge 

Plots for different x,  
as a function of:  
z: pion energy fraction 
y: virtual photon 
energy fraction 

Compass coll, to be 
publ. (2016)   
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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

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 

Compass coll, 
in prep. (2016)   

Similar 
results for K- 
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!  The values of                obtained using 
COMPASS kaon multiplicities are 
significantly above the existing DSS 
results (fits on world data) for both 
favoured and unfavoured  

z
0.2 0.4 0.6 0.8

un
f+

K
z 

D
0

0.05
2 = 3.0 (GeV/c)2Q

COMPASS LO

DSS_LO

DSS_NLO

z
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+
K fa

v
z 

D
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COMPASS 2006 data 
preliminary 

COMPASS 2006 data 
preliminary 

zDfav
K  zDunf

K  

zDfav
K  , zDunf

K
DK

fav = Dfav
K± = Du

K+ = Du
K−

DK
unf = Dunf

K± = Du
K+ = Ds

K+ = Du
K− = Ds

K− = Dd
K± = Dd

K±

At this stage of analysis, the result for          is not very stable, however some 
insight can be gained by looking at the multiplicity sum… 

zDstr
K

Leading order extraction of 
fragmentation functions into kaons  

Hadron Multiplicities 

Kaon Fragmentation Function (COMPASS LO fits) 
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Favored FF Unfavored FF 

Both FFs are found to be very different from available parametrisations 
Strange FF : to be released in the next weeks 

 
 

Favoured 
Unfavoured 

Strange 

2−10 1−10

(z
) )

 d
z

−
 K

(z
) +

 M
+

 K
 ( 

M

0.1

0.15

0.2

x

COMPASS 2006 data preliminary
HERMES
COMPASS lepto/jetset

* 

Data are averaged over y and integrated over z 

28/04/15 DIS 2015 14 

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) 

 

Previous fits  

COMPASS  
fit  

Previous fits  
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Kaon multiplicity sum 

*HERMES results: PRD 89 (2014) 097101 

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

Hadron Multiplicities 

(4Dfav
K  +6Dunf

K  ) = DQ
K

(2DK
str + 2Dunf

K  ) = DS
K

$contains favoured FF 
 

$contains strange FF 

dNK++K−

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

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

str + 2Dunf
K  )

5(u+ d +u + d )+ 2(s+ s )
=
Q(x)DQ

K  + S(x)DS
K  

5Q(x)+ 2S(x)

Little x dependence. Large disagreement with HERMES data.  
Put strong doubts on the HERMES  s(x) extraction.  
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u  Consider the transverse parton momentum, kT: 5 new TMD PDFs 
appear.  

The 5 new TMD PDFs 
have different 

azimuthal modulations  
 
 

Large amount of COMPASS data: longitudinally polarized, transversely 
polarized, and unpolarized proton and deuteron targets 

Last decade: giant steps both experimentally and theoretically  
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K- 

K+ 

pions 

kaons 

π- 

π+ PL B744 (2015) 250 
 

DEUTERON target 
PAPERS: 
NP B765 (2007) 127 
PL B673 (2009) 127  

The Collins asymmetries are different that zero in the valence region 
Results can be used to determine the  Transversity PDF using a QCD fit  

Transversity: correlations between the nucleon transverse spin and the parton 
transverse spin  
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258 C. Adolph et al. / Physics Letters B 744 (2015) 250–259

Fig. 11. The Sivers asymmetries for positive pions (top) and kaons (bottom) on proton as a function of x, z and ph
T , requiring x > 0.032. The asymmetries are compared to 

HERMES results [14].

Fig. 12. Comparison between the Sivers asymmetries for pions and existing global fits [31–33], in which the COMPASS results for the unidentified hadrons on protons [11]
are included.

Fig. 13. The Sivers asymmetries for pions in different y ranges (left) and z ranges (right), 2010 data.

Sivers: correlations between the nucleon spin and the parton transverse momentum 

Also DEUTERON 
target: 

PL B673 (2009) 127  

Positive pions and kaons 

Present status of TMDs: see talk by A. Bacchetta on Monday 
 
 

 Sivers asymmetries are non zero for positive pions and kaons 
 
 

HERMES: 
PRL 103 (2009) 152002   
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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

accessed through: 
Deeply Virtual Compton Scattering 

GPDs: encode the correlation between the long. momentum x and the 
transverse position bT  

3 variables:  
x:  aver. long; momentum  
ξ:  long. mom. difference 
t:  four-momentum transfer 

 
 

u  4 GPDs: 
H, !H  : conserve nucleon helicity
E, !E  : flip nucleon helicity

u  GPDs: 
n  Non-perturbative objects 
n  Accessed through exclusive reactions 
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φφφφ

 γγγγ* γγγγ



  

Interplay of DVCS and BH at 160 GeV

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

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

DVCS cross section for µ+ and µ- 

u  Cross section for µp -> µpγ  
n  DVCS and BH (known) processes: 

 
 
 

u  COMPASS beams: opposite charge/spin 
n  Charge-and-Spin Sum 
n  Charge-and-Spin Difference 
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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

Beam polarization: Pµ   beam charge: eµ 
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2x2 m2 electromagnetic 
calorimeter, ECAL0 

4.0 m long Time-Of-Flight 
detector: 24 inner and  

24 outer slabs  

50 m 

2.5 m long LH target  

ECAL1 ECAL2 ECAL0 
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COMPASS “CAMERA” TOF detector 
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DVCS – the COMPASS xB regions – SIMULATION 
 
 
 

S. Platchkov 
Hep Chile, 2016 30 

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 
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DVCS – the COMPASS xB regions – REAL DATA 
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BH dominance                Interference             DVCS dominance       

2012:  
4 weeks 
full scale 
pilot run 

Successful feasibility measurement 

GPD program at COMPASS Eric Fuchey

sample.
The final exclusive photon sample is displayed in Figure 3, as a function of f

g

⇤
g

, the azimuthal
angle between the leptonic plane (defined by the incident and scattered lepton) and the hadronic
plane (defined by the virtual and real photon), for the 3 following bins in xB j: 0.005 < xB j < 0.01;
0.01 < xB j < 0.03; 0.03 < xB j < 0.27. This binning allows to “isolate” (so to speak) the Bethe-
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Figure 3: The exclusive single photon events obtained in the 2012 sample as a function of f

g

⇤
g

(red dots)
compared to the Bethe-Heitler estimation (black histogram) and the p

0 contamination estimated by LEPTO
and HEPGEN. The visible p

0 background has been subtracted from these data.

Heitler contribution at low xB j. The Bethe-Heitler process shares the same final state as DVCS
(therefore it interferes with it), but the photon is radiated by the incident or the scattered lepton
instead of the proton. The amplitude of the Bethe-Heitler process can be calculated with very good
accuracy, and on Figure 3, the Monte-Carlo estimation (black histogram) only includes Bethe-
Heitler.

In the lower xB j bin, where the DVCS contribution is negligible, the f

g

⇤
g

distribution for the
data (red dots) agrees remarkably well in shape with the Bethe-Heitler estimation by Monte-Carlo.
For the reason that we do not have yet a perfect handle on the Monte Carlo absolute normalization,
we have normalized the Monte-Carlo sample to the data on this bin, and this normalization factor
has been applied on the other xB j bins. In the larger xB j bin, there is a significant excess of events,
beyond the pure Bethe-Heitler contribution (black histogram), and beyond the maximal estimation
for invisible p

0 contribution (blue solid histogram). This excess of events can be interpreted as
DVCS. The analysis of the t-slope of the DVCS cross section with this statistics is ongoing.

3.1.2 Projection for full DVCS run in 2016-2017

The full DVCS run will occur in 2016 and 2017 [5]. Interesting information will come from the
µ p! µ pg cross sections measurements with both muon charge states (ds(µ+,!) and ds(µ�, ))
both from their sum SCS,U and their difference DCS,U .

The DVCS cross section can be isolated from SCS,U . Its t-dependence, expected to be in
exp(�Bt), provides the strong radius of the proton r? at the measured xB j, knowing that hr2

?(xB j)i'
2B(xB j). The proton strong radius is the spatial extension of the partons with a momentum fraction
xB j. The t-slope parameter B has been measured at HERA at xB j < 0.01 (square and triangles on

5
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DVCS – SUM of µ+ and µ- cross sections 
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Measurements of GPD: transverse nucleon imaging (“tomography”)  

Expected statistics 
r⊥
2 (xB ) = 2B(xB )

COMPASS domain 

2x6 months data in 2016-2017 



I R F U 

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 Hep Chile, 2016 33 

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  With a negative pion beam: u/u annih.  

n  Transversely polarized p (NH3) target 
n  Large and uniform muon angular 

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 high-energy valence 
antiquark beams 
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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 and gauge invariance:       

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

S. Platchkov Hep Chile, 2016 35 

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  

NB: Recent results of TSA for W/Z prod:  
STAR@RHIC: arXiv: 1511.06003   
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COMPASS for Drell-Yan setup 
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n  Small cross sections – high intensity h beam (~109/spill of 10 sec)  
n  Nuclear targets: Al and W  

Hadron absorber: 
Tungsten, Alumina 
and Stainless steel  

Nominal COMPASS setup (minor modifications) 
Dimuon trigger system 

Polarized 
Target 

pion beam 
190 GeV  



I R F U 

u  190 GeV negative pion beam,  I ≤ 8 x107/s, no target 
polarization, ~2 weeks of data 

 

Drell-Yan – pilot run data taking (end 2014) 
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Z-vertex distribution  High-mass (Mµµ > 4 (GeV/c)2 distribution 
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u  280 days of data, 2x55 cm NH3 target 

Polarized Drell-Yan – expected results 
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Sivers Boer-Mulders 

Pretzelosity Transversity 

Sivers Boer-Mulders 

Pretzelosity Transversity 

HMR : 4 (GeV/c2) < Mµµ < 9 (GeV/c2) IMR : 2 (GeV/c2) < Mµµ < 2.5 (GeV/c2) 



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  Avery 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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COMPASS physics beyond 2020 

u  First ideas: submitted to European Strategy Preparatory Group, 
2012 
n  Spectroscopy:  280 GeV, π, K, p separation 
n  GPD E:   Measurements with a polarized target 
n  SIDIS:   100 GeV, transv. polarized p and d targets 
n  Drell-Yan:   Transv pol. d and p targets, unpolarized p, d targets 

   nuclear targets (EMC effect), and π, K, p separation 

 
u  Dedicated workshop before proposal: 

n  Planned in early Spring 2016.  
n  New ideas and new  collaborators welcome!  
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Unpolarized DIS 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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n  Interaction due to one single photon 
n  Scattering from nearly free partons 
n  PDF depend on x only (Bjorken, 1968)  

n  Q2 dependence: QCD evolution 
n  Polarization: asymmetry measurements: 
 

Deep-Inelastic Lepton Scattering 
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Measurements of the (pol) DIS structure functions give access to the 
(pol) Parton Distribution Functions (PDF) 

Aexp (x) =
dσ ↑↓ − dσ ↑↑

dσ ↑↓+ dσ ↑↑
≈ DA1(x);

g1 (x) = A1 (x)
F2 (x)
2x(1+ R)
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Transversity spin and transverse momentum nucleon structure  

u  Transversity PDF: correlation between the transverse spin of the 
quark and the transverse spin of the nucleon.  

u  Three distribution functions are needed to describe the nucleon 
longitudinal momentum and spin structure (collinear case) 
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Momentum distribution   F1(x) 
 

Helicity distribution         g1(x) 
 

Transversity distribution  h1(x) 
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RAPID COMMUNICATION

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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Sum of z-integrated pion multiplicities (π+ + π-) 
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Multiplicities of charged pions and unidentified charged hadrons from semi-inclusive . . . 9

In Figure 7 (left), the result for the sum of ⇡

+ and ⇡

� multiplicities integrated over z from 0.2 to 0.85229

and averaged over y between 0.1 and 0.7, M ⇡+ +M ⇡� , is shown as a function of x. The expected weak230

x dependence is indeed observed in the data. A very similar prediction for the values and the shape is231

obtained using the MC simulation described in Section 3.3 with LEPTO&JETSET, which is based on232

the LUND string model (dashed curve). In the same figure, the results of HERMES from Ref. 8 are233

shown using the so-called x representation, which is integrated over z from 0.2 to 0.8. The HERMES234

multiplicities are larger, which may be connected with Q

2 evolution. However, they show a different235

dependence on x. In order to compare the COMPASS results also with the EMC ones [9], the sum of236

unidentified charged hadrons multiplicities is shown in Fig. 7 (right). The results from COMPASS and237

EMC are found in excellent agreement and quite close to the LEPTO&JETSET estimate.
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Figure 7: Left: Sum of M ⇡+
and M ⇡� versus x. The COMPASS data (closed circles) are compared to HERMES

results (open circles); Right: Sum of M h+
and M h� versus x. The COMPASS data (closed circles) are compared

to EMC results (open circles). The systematic uncertainties are shown as bands at the bottom. The dashed line is
the MC calculation using LEPTO&JETSET.

238

Another quantity of interest is the x dependence of the ratio M ⇡+
/M ⇡� , where most experimental239

systematic effects cancel. The results are shown in Fig. 8 (left) as a function of x. They are in good240

agreement both with the HERMES values in the measured range and with the MC calculation based on241

LEPTO&JETSET. The values obtained from the JLab experiment [25] at higher x and lower W values242

are also shown for completeness. In Figure 8 (right), the ratio M h+
/M h� calculated for unidentified243

hadron multiplicities is shown for COMPASS and EMC data. These results are in excellent agreement244

and rather close to the LEPTO&JETSET estimate.
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Figure 8: Left: Ratio M ⇡+
/M ⇡� versus x from COMPASS (closed points), HERMES (open circles) and JLab

(open squares). Right: Ratio M h+
/M h� versus x for COMPASS (closed circles) and EMC (open circles) results.

The systematic uncertainties are shown as bands at the bottom. The dashed line is the MC calculation using
LEPTO&JETSET.

245

u  For an isoscalar target, the sum is: 

MM

M π + +M π − = Dfav +Dunf +
2S

5Q+ 2S
≅ Dfav +Dunf

Q = u+u + d + d
S = s+ s

Pion multiplicities Hadron multiplicities 

No x dependence observed, neither for pions, nor for hadrons 
In agreement with previous EMC results for unidentified hadrons 
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Pion FFs: LO fit results 
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Multiplicities of charged pions and unidentified charged hadrons from semi-inclusive . . . 11
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Figure 9: Favoured (top) and unfavoured (middle) quark-to-pion FFs and the ratio D

⇡
unf/D

⇡
fav (bottom), as obtained

from the COMPASS LO fit, compared to the DSS, HKNS and LSS fits at NLO. The light bands represent the
correlated systematic and the dark bands the total statistical uncertainties (see text).

obtained with the DSS and LSS parametrisations, but not with the HKNS one that was obtained using280

electron-positron annihilation data only.281

An alternative method to extract the FFs from the multiplicity data is to solve the system of two linear282

equations for M

⇡+ and M

⇡� in each (x,y,z) bin for the values of D

⇡
fav(hzi,hQ2i) and D

⇡
unf(hzi,hQ2i)283

by using Eqs. 1 and 2. No functional form has to be assumed, and the DGLAP evolution for FFs is not284

needed. The same PDFs as mentioned above are used. The results from this direct extraction of FFs are285

in good agreement with the results obtained from the LO fit. This is illustrated in Fig. 10 for one (x, y)286

bin.287

6 Summary and conclusions288

We have presented multiplicities of charge-separated pions and unidentified hadrons measured in SIDIS289

of muons off an isoscalar target. The results are given in 3-dimensional bins of x, y and z and cover290

the kinematic range Q

2
> 1(GeV/c)2, 0.004 < x < 0.4 and 0.2 < z < 0.85. The numerical values291

of the obtained results are available with and without the subtraction of the contribution of diffractive292
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Other SSA – Pretzelosity TMD 
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Cortona, April 20th─22th 2015 NPQCD2015 61

Other SSAs  - proton data 

“pretzelosity” � Collins FF 
Proton target 
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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 
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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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Reminder: the proton spin problem 
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1
2
=
1
2
ΔΣ+Δg + Lq + Lg

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

Physics goals for polarized DIS: 
 Improve accuracy on ΔΣ, measure Δg, try to access L  



I R F U 
Transverse Momentum Dependent PDFs 
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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

�
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�
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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�
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Beam charge and spin difference  

S. Platchkov Hep Chile, 2016 50 

Expected statistics in 2 x 140 days of data taking 

Kroll, Moutarde, Sabatié, EPJC 73(2013)2278 
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Present and planned GPD measurements 
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ence and in nuclear science.
The scientific goals and the machine pa-

rameters of the EIC were delineated in delib-
erations at a community-wide program held
at the Institute for Nuclear Theory (INT)
[2]. The physics goals were set by identifying
critical questions in QCD that remain unan-
swered despite the significant experimental

and theoretical progress made over the past
decade. This White Paper is prepared for
the broader nuclear science community, and
presents a summary of those scientific goals
with a brief description of the golden mea-
surements and accelerator and detector tech-
nology advances required to achieve them.

1.2 Science Highlights of the Electron Ion Collider

1.2.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s, a
nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.

The 12 GeV upgrade of CEBAF at JLab will start on such studies in the kinematic
region of the valence quarks, and a similar program will be carried out by COMPASS at
CERN. However, these programs will be dramatically extended at the EIC to explore the
role of the gluons and sea quarks in determining the hadron structure and properties. This
will resolve crucial questions, such as whether a substantial “missing” portion of nucleon
spin resides in the gluons. By providing high-energy probes of partons’ transverse momenta,
the EIC should also illuminate the role of their orbital motion contributing to nucleon spin.

3



I R F U 

S. Platchkov Hep Chile, 2016 53 

Nucleon spin structure 
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Transverse Momentum Distribution PDFs 
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Generalized Parton Distributions 
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Drell-Yan measurements 


