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A B S T R A C T

The spin structure of the nucleon is studied at the COMPASS experiment. Their subject is
of special interest since the surprising findings of the European muon collaboration (EMC)
that the contribution from the quark spins to the nucleon spin is rather small. This finding
started the search for the various contributions to the nucleon spin. Their contributions
are given by the spins of the quarks and gluons and their orbital angular momenta, where
the contribution from the quark spins is about 30%. At the COMPASS experiment, a
polarised muon beam is scattered off a polarised fixed target made out of either lithium
deuteride or ammonia. In such reactions, the longitudinal double spin asymmetry and
the spin-dependent structure function are measured.

The longitudinal double spin asymmetry is obtained in two different kinematic regions.
At low photon virtualities, Q2 < 1 (GeV/c)2, precise results are obtained from the data
taken in 2007 and 2011 using ammonia as a polarised proton target. The results show a
small asymmetry of about 1%, which differs from zero, even at very small Bjorken-x. This
is the first observation of spin effects at such low Bjorken-x. At high photon virtualities,
Q2 > 1 (GeV/c)2, the results for the asymmetry obtained from the 2006 and 2011 data
taking are presented. The results from the 2006 data taking improve the statistical preci-
sion of the spin-dependent structure function of the deuteron. For the 2011 data taking,
the nominal beam momentum was increased from 160GeV/c to 200GeV/c. This extends
the kinematic range towards lower Bjorken-x and higher photon virtualities. These res-
ults complete the previous results for the spin-dependent structure function of the proton
using the data taken in 2007.

The results on the spin-dependent structure function are used together with the world
data on the spin-dependent structure function of the proton, deuteron and neutron meas-
ured in deep inelastic scattering in a QCD fit to obtain the parton helicity distributions.
They can be interpreted similar as the parton distribution function, which describe the
momentum fraction carried by quarks within a certain Bjorken-x range dx. The parton
helicity distributions describe the contribution from the quark spins to the total nucleon
spin within dx. From the QCD fit, the contribution from the quark spins to the total spin
of the nucleon is obtained as well as the the contributions from the various quark flavours.

The measured results on the spin-dependent structure functions are also used to eval-
uate their first moments,

∫1
0 g1(x,Q2)dx. They are used to test QCD sum rules like the

Bjorken and the Ellis-Jaffe sum rule. A violation of the Ellis-Jaffe sum rule is already
known since the surprising results from EMC and was confirmed by various experiments.
The Bjorken sum rule is of special interest since it connects the non-singlet structure func-
tion, gNS

1 = g
p
1−g

n
1, with the ratio gA/gV . Further on the evolution of the non-singlet struc-

ture function is independent of the poorly known gluon helicity distribution. Here, the
Bjorken sum rule is confirmed at the level of 9%. The first moment of the spin-dependent
structure function of the deuteron allows for the determination of the singlet axial charge
a0 = 0.32± 0.02stat ± 0.04syst ± 0.05evol, which is identified with the contribution from the
quark spins to the total nucleon spin in the MS scheme.
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Z U S A M M E N FA S S U N G

Am COMPASS-Experiment wird die Spinstruktur des Nukleons untersucht. Diese ist von
besonderen Interesse seit der überraschenden Entdeckung durch die europäische Myon-
kollaboration (EMC), dass nur ein kleiner Teil des Nukleonspins von den Spins der Quarks
stammt. Mit dieser Entdeckung begann die Suche nach den verschiedenen Bestandteilen.
Diese sind durch die Spins der Quarks und Gluonen sowie deren Bahndrehimpulsen gege-
ben, wobei der Beitrag der Quarks etwa 30% beträgt. Am COMPASS-Experiment wird für
diese Untersuchung ein polarisierter Myonstrahl und ein polarisiertes Lithiumdeuterid-
oder Ammoniaktarget genutzt. Aus diesen Messungen wurden die longitudinalen Dop-
pelspinasymmetrien zusammen mit den spinabhängigen Strukturfunktionen bestimmt.

Die longitudinale Doppelspinasymmetrie wurde in zwei verschiedenen kinematischen
Bereichen gemessen. Bei niedrigen Photonvirtualitäten,Q2 < 1 (GeV/c)2, wurde die Asym-
metrie aus den Daten von 2007 und 2011 bestimmt, wobei Ammoniak als Target mit pola-
risierten Protonen verwendet wurde. Die Ergebnisse zeigen eine kleine, von null verschie-
dene Asymmetrie von 1% auch bei sehr kleinen Bjorken-x. Bei hohen Photonvirtualitä-
ten, Q2 > 1 (GeV/c)2, wurde die spinabhängige Strukturfunktion des Deuterons aus den
Daten von 2006 bestimmt. Diese Ergebnisse verbessern die statistische Genauigkeit der
bisherigen COMPASS Messung. Für die Messung in Jahr 2011 wurde die Strahlenergie
von 160GeV auf 200GeV erhöht. Dadurch konnte die spinabhängige Strukturfunktion des
Protons bei noch kleineren Bjorken-x und größeren Photonvirtualitäten gemessen werden.
Diese Messung vervollständigen die vorherige Messung bei 160GeV.

Die Ergebnisse der spinabhängigen Strukturfunktionen wurden zusammen mit den
Weltdaten zur spinabhängigen Strukturfunktion des Proton, des Deuteron und des Neu-
tron in einem QCD fit verwendet, um die Partonhelizitätsverteilungen zu bestimmen. Die-
se können ähnlich wie die Partonverteilungen interpretiert werden, die den Impulsbruch-
teil, der von Quarks innerhalb eines bestimmten Bjorken-x Bereichs dx getragen wird,
angeben. Die Partonhelizitätsverteilungen hingegen geben den Beitrag zum Nukleonspin
in so einem Intervall dx an. Zudem wurde der gesamte Beitrag der Quarkspins sowie der
der einzelnen Quark-Flavour zum Nukleonspin aus diesem Fit bestimmt.

Aus den Ergebnissen der spinabhängigen Strukturfunktionen wurden auch die ersten
Momente,

∫1
0 g1(x,Q2)dx, der Strukturfunktionen bestimmt. Diese wurden zum Prüfen

von QCD Summenregeln, wie der Bjorken- oder Ellis-Jaffe-Summenregel, verwendet. Eine
Verletzung der Ellis-Jaffe-Summenregel ist bereits seit Ergebnissen von EMC bekannt und
wurde seitdem durch weitere Messungen bestätigt. Die Bjorken-Summenregel verbindet
die non-singlet Strukturfunktion, gNS

1 = g
p
1 − g

n
1, mit dem Verhältnis gA/gV . Zusätzlich

ist die Abhängigkeit von der Photonvirtualität dieser Strukturfunktion von der wenig
bekannten Gluonhelizitätsverteilung unabhängig. Die Bjorken-Summenregel wurde mit
einem Fehler von 9% bestätigt. Das erste Moment der spinabhängigen Strukturfunktion
des Deuterons wurde auch verwendet, um die axiale singlet Ladung a0 = 0.32± 0.02stat±
0.04syst ± 0.05evol zu bestimmen. Diese gibt im MS Schema den Beitrag der Quarkspins
zum Nukleonspin an.
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T H E O RY A N D I N T R O D U C T I O N
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1
I N T R O D U C T I O N

The scattering of α particles off a thin gold foil lead to the interpretation of the atom as a
large “electron cloud” and a dense and point-like nucleus by Rutherford [1] in 1911. This
raised the interest in studying the structure of these nuclei. After the discovery of the
neutron by Chadwick [2] in 1932, it was obvious that the nuclei consists of two types of
nucleons, namely protons and neutrons. They were considered to be elementary particles
first, which means that they do not have any substructure. More of these elementary
particles were found in experiments involving cosmic radiation and early accelerator ex-
periments. They soon exceeded a few hundreds. They were called hadrons. In order
to organise this particle zoo, Gellmann [3] and Zweig [4] proposed a substructure of the
hadrons composed of charged, point-like particles with spin-1/2. These are called quarks
today. Three types of quarks were needed to explain all discovered particles. The three
quarks are called up, down and strange quark. The hadrons consist either of three quarks
(baryons) or of an quark antiquark pair (mesons). This model was widely accepted after
the confirmation of the existence of the predicted fourth quark, called charm quark, in
1974 [5, 6]. Today six quark flavours are known including the bottom and top quark.

In order to explain the results found at SLAC [7] in 1969 in scattering of high energetic
electrons off nucleons, Feynmann developed the parton model [8]. This model also as-
sumes a substructure of nucleons. In this model, the scattering process is described as the
interaction of a virtual photon with point-like partons with spin-1/2 inside the nucleon.
These partons should have low masses. Soon, it became clear that partons and quarks are
the same. This resulted in the development of the quark parton model, where the charged
partons are identified with quarks. In the quark parton model, the nucleon consists of
three valence quarks, which hold all quantum numbers of the nucleon. Similar to fluctu-
ations of a photon into an electron-positron pair, also quarks and antiquarks are produced
inside the nucleon. They are called sea quarks. Quantum chromodynamics (QCD) was
developed in order to describe the interaction between quarks via a gauge boson called
gluon. Its existence was confirmation by the TASSO experiment [9] in events with three
hadron jets. Gluons are massless particles with spin-1 and interact with particles carrying
a colour charge. They also carry a colour charge, which results in interactions among
them.

In deep inelastic scattering of leptons off nucleons such as in the early SLAC experi-
ments, the spin-independent structure functions F1 and F2 are measured. They allow to
describe the intrinsic structure of the nucleon by so called parton distribution functions.
They are interpreted as the number density for finding a quark with a certain momentum
fraction inside a nucleon. Similar studies using a polarised lepton beam and a polarised
target in order to study the spin structure of the nucleon started in 1978 at SLAC [10, 11].
They were continued later by the European Muon Collaboration at CERN. Their results
on the violation of the Ellis-Jaffe sum rule is known as the beginning of the “spin crisis”.
As in the quark parton model the quantum numbers of the nucleon are given by the three
valence quarks, the total nucleon spin is given by their spins. Two of the valence quarks

3
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are expected to have their spin aligned parallel to the nucleon spin and one valence quark
aligned antiparallel. This results in a total spin of 1/2. Taking into account relativistic
effects, the quark spins contribute only about 60% to the total nucleon spin [12]. The
measurement of EMC found a surprisingly small value of (12± 9± 14)% [13], which was
even compatible with zero. This lead to further experiments studying the spin structure.
All found a small contribution from the quark spins to the total spin of the nucleon in the
order of 30%. A more realistic description of the nucleon spin includes in addition to the
contribution from the quark spins, ∆Σ, also contributions from the gluon spins, ∆G, and
from their orbital angular momenta, Lq and Lg:

1

2
=
1

2
∆Σ+∆G+ Lq + Lg . (1)

The COMPASS collaboration aims towards the measurement of the various contribu-
tions to the nucleon spin. The contribution from the spins of the quarks and gluons is
measured in deep inelastic scattering of polarised muons off polarised nucleons. In order
to perform a measurement with a good resolution, high beam energies are necessary. The
polarised muon beam used at COMPASS is the polarised lepton beam with the highest
energy in the world with energies between 100GeV and 200GeV.

In this thesis, the analysis of the data from the 2011 measurement using a polarised
proton target are presented. Also, results from the 2006 measurement using a polarised
deuteron target are presented. These results form together with the previous results from
the 2002-2004 (deuteron) and 2007 (proton) measurement the final COMPASS results on
the spin-dependent structure functions.

This thesis is organised in the following way: in Chapter 2 the theoretical background
is summarised. This includes a brief description of deep inelastic scattering together
with the important physical variables. Also the spin-independent and spin-dependent
structure functions describing the structure of the nucleon are introduced. In addition,
the Ellis-Jaffe and Bjorken sum rule are described and the extraction of the baryon decay
constants is presented.

The experimental setup of the COMPASS spectrometer is presented in Chapter 3 for
the measurement of deep inelastic scattering using a polarised muon beam scattering off
a polarised fixed target. Here, the major detectors and the trigger system are described
together with the polarised muon beam. In addition, the determination of the particle
identification using the ring imaging Cherenkov detector is described.

In the following chapters, the results of this thesis are presented together with the meth-
ods and quantities needed for the extraction of the longitudinal double spin asymmetry.
The calculation of the longitudinal double spin asymmetry is explained in Chapter 4 to-
gether with the necessary inputs for its calculation. Here, also the stability of the full
spectrometer and reconstruction is tested in order to select only periods of stable data
taking for the analysis.

The results for the longitudinal double spin asymmetry of the proton and the deuteron
at high photon virtualities, Q2 > 1 (GeV/c)2, are described in Chapter 5. In Chapter 6 the
results for the longitudinal double spin asymmetry of the proton at low photon virtualities,
Q2 < 1 (GeV/c)2, are presented. In both cases, several studies are performed to study
possible influences of false asymmetries on the results. In addition, the final results for
the spin-dependent structure function are presented.
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The results for the spin-dependent structure functions at high photon virtualities are
used together with the world data on these structure functions in a next-to-leading order
QCD fit. The QCD fit allows to extract the parton helicity distributions. The results of this
QCD fit are presented in Chapter 7 together with the method used for this QCD fit. In
addition, several studies on the functional forms and sources of systematic uncertainties
are presented.

The results for the spin-dependent structure function of the proton and deuteron are
also used to calculate the first moments of those structure functions. These allow to test
the Bjorken sum rule and the Ellis-Jaffe sum rule. Using also the result for the first moment
of the spin-dependent structure function of the deuteron, the contribution from the quark
spins to the total nucleon spin is calculated. These results are presented in Chapter 8.

The thesis ends with a summary of all presented results and a conclusion in Chapter 9.
The appendix contains tables with the values of the asymmetry and the structure functions
presented before.





2
S T R U C T U R E O F T H E N U C L E O N

In this chapter, an overview of the theoretical description of the nucleon structure is
given. First, the process of deep inelastic scattering is described. The results obtained
in spin-independent and spin-dependent deep inelastic scattering are interpreted within
the quark parton model. This model is extended using quantum chromodynamics to in-
clude gluons. Afterwards, the cross section asymmetry A1 is described using forward
scattering amplitudes.

Predictions for the first moment of the spin-dependent structure functions result in
two sum rules, which are described in this chapter. These are the Bjorken sum rule and
the Elis-Jaffe sum rule. Additionally, a short description of the spin-dependent structure
function at low Bjorken-x is given.

2.1 deep inelastic scattering

The structure of the nucleon is studied in inelastic scattering of leptons by nucleons. In
first order quantum electro dynamic (QED), this process is described by the exchange of
a virtual photon between the lepton and the nucleon. Also the exchange of a Z-boson is
possible. But this exchange is suppressed due to the mass of the Z-boson. The process
`+N→ `′ +X is shown in Figure 1. The process is characterised by the four-momenta of
the particles. These are k and k′ for the incoming and the scattered lepton and P and q
for the nucleon and the virtual photon.

At the COMPASS experiment, muons are used, which are scattered off nucleons inside
a fixed target. In fixed target experiments, the nucleons in the target have no momentum
in the laboratory frame. Therefore, their energy is given by the mass of the nucleon.

`(k) `′(k′)

γ∗(q)

N(P)
X

Figure 1: Feynman diagram of the deep inelastic scattering process `N → `′X in the one photon
exchange. The four-momenta of each particle are shown.

7



8 structure of the nucleon

2.2 kinematics of deep inelastic scattering

In an inclusive measurement of inelastic lepton nucleon scattering, only the scattered
lepton is detected. Therefore, in addition to the four-momentum of the incoming lepton
k = (E, k) also the one of the scattered lepton k′ = (E′, k′) is known. The energy of the
incoming and scattered lepton are given by E and E′. The corresponding momentum
vectors of the lepton are k and k′. The four-momentum of the target nucleon is P = (M, 0).
Here, M is the mass of the nucleon. The interaction is described via the exchange of one
virtual photon with the four-momentum q as shown in Figure 1. The process is described
by two independent kinematic variables. Two commonly used variables are the photon
virtuality Q2 and the Bjorken-x variable. The photon virtuality is given by the negative
square of the four-momentum of the virtual photon

Q2 = −q2 = −
(
k− k′

) lab.
= −2m2c2 + 2

(
EE′

c2
− |k||k′| cos θ

)
. (2)

As the virtual photon is space-like, positive values of the photon virtuality are obtained
due to the minus sign. Here, the mass m of the lepton is used in addition to the scattering
angle θ of the lepton. The photon virtuality describes the resolution with which the
nucleon is probed and gives the scale of the interaction. The Bjorken-x variable is given
by

x =
Q2

2P · q
lab.
=

Q2

2M(E− E′)
. (3)

It can be interpreted as the elasticity of the process. For x = 1 an elastic scattering took
place. In the case of inelastic scattering, Bjorken-x is smaller than one. In addition, other
variables can be used like the energy transferred by the virtual photon in the laboratory
frame

ν =
P · q
M

lab.
= E− E′ . (4)

The dimensionless variable

y =
P · q
P · k

lab.
=
ν

E
(5)

is the relative energy transferred from the virtual photon to the nucleon. The characterisa-
tion of the process as elastic, inelastic or deep inelastic is made using the invariant mass
W of the hadronic final state. It is given by

W2c2 = (P+ q)2
lab.
= M2c2 +Q2

(
1

x
− 1

)
. (6)

In the case of elastic scattering,W is equal to the mass of the nucleon. The process is called
inelastic if W is larger than the nucleon mass and it is called deep inelastic if W is larger
than the mass of individual nucleon resonances, W2 > 5 (GeV/c2)2. The cross section
as a function of W is shown in Figure 2 as it was measured at SLAC [14] using various
beam energies. For W > 2.5GeV/c2 no individual nucleon resonances are visible. This
is already fulfilled at the kinematics of the COMPASS experiment. Using the 200GeV/c



2.2 kinematics of deep inelastic scattering 9

Figure 2: Measured cross section for electron proton scattering as a function of the invariant mass
of the hadronic final state W. The cross section was measured using various beam ener-
gies E. At low W the individual nucleon resonances are visible. (Taken from [14])
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muon beam, at x = 0.0025 the invariant mass of the hadronic final state is 18.4GeV/c2

and at x = 0.7 it is between 3.5GeV/c2 and 10.1GeV/c2. The invariant mass in the centre
of mass system is given by

s = (k+ P)2
lab.
=
Q2

xy
+M2c4 +m2c4 . (7)

At the COMPASS experiment, the invariant mass is
√
s = 19GeV/c2 in the case of the

200GeV/c muon beam.

2.3 cross section for deep inelastic scattering

The differential cross section for inclusive deep inelastic scattering of leptons by nucleons
is given by the product of the leptonic tensor, Lµν, and the hadronic tensor, Wµν [15]:

d2σ
dΩdE′

=
α2

Q4
E′

ME
LµνWµν . (8)

Here, α is the electromagnetic fine-structure constant. Only the contribution from the one
photon exchange is taken into account. Contributions from the exchange of a Z boson can
be neglected at the energies used at the COMPASS experiment. They are suppressed by a
factor Q2/(Q2 +M2

Z), depending on the mass MZ of the Z boson.
The leptonic tensor describes the emission of the virtual photon by the lepton. As

leptons are point-like particles, the leptonic tensor can be calculated using quantum elec-
trodynamics (QED). The tensor can be split into two parts, a symmetric (S) one and an
antisymmetric (A) one,

Lµν(s,k,k′) = L(S)µν (k,k′) + iL(A)
µν (s,k,k′) . (9)

Here, already a summation over the spins of the scattered lepton is performed and only
a dependence on the spin s of the incoming lepton remains. This corresponds to the
case where the polarisation of the scattered lepton is not measured. The symmetric term
in the tensor is independent of the spin of the incoming lepton and describes the spin-
independent scattering. It is given by

L
(S)
µν (k,k′) = 2(kµk′ν + k

′
µkν) − 2gµν(k · k′ −m2) . (10)

On the contrary, the asymmetric term depends on the spin of the incoming lepton and
describes the spin-dependent scattering. It is given by

L
(A)
µν (s,k,k′) = 2mεµναβsαqβ . (11)

Here, gµν is the metric tensor and εµναβ the antisymmetric Levi-Civita tensor.
The hadronic tensor cannot be calculated using quantum electrodynamics. It describes

the absorption of the virtual photon by the nucleon. Similar to the leptonic tensor, the
hadronic tensor can be split into a symmetric and an antisymmetric contribution

Wµν(S,P,q) =W(S)
µν (P,q) + iW(A)

µν (S,P,q) , (12)

where S is the spin of the target nucleon. Even though it is not possible to calculate the
hadronic tensor, a generalised expression for both contributions can be obtained. They
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are obtained by taking into account the properties of quantum electrodynamics for time
and parity invariance. In addition, the expressions have to conserve the electromagnetic
current and be Lorentz invariant. For a nucleon with spin-1/2, the symmetric contribution
describing spin-independent scattering is given by

1

2M
W

(S)
µν (P,q) =

(
−gµν +

qµqν

q2

)
W1+

[(
Pµ −

P · q
q2

qµ

)(
Pν −

P · q
q2

qν

)]
W2
M2

. (13)

The antisymmetric contribution, which describes the spin-dependent scattering, is given
by

1

2M
W

(A)
µν (S,P,q) = εµναβqα

{
MSβG1 +

[
(P · q)Sβ − (S · q)Pβ

] G2
M

}
. (14)

Here, the unknown structure of the nucleon is parametrised in four so called structure
functions. For the spin-independent scattering of leptons, the functions W1 and W2 are
introduced and for the spin-dependent scattering the functions G1 and G2. These four
functions all depend on q2 and the product P · q, which is proportional to the variables ν.

2.4 structure functions

The newly introduced structure functions Wi and Gi describing the unknown structure
of the nucleon are not dimensionless. They can be replaced by dimensionless expressions:

MW1(ν,Q2) = F1(x,Q2) ,

νW2(ν,Q2) = F2(x,Q2) ,
(15)

M2νG1(ν,Q2) = g1(x,Q2) ,

Mν2G2(ν,Q2) = g2(x,Q2) ,
(16)

yielding the dimensionless structure functions F1, F2,g1 and g2. The differential cross
section is obtained from the contraction of the leptonic and hadronic tensor. The spin-
independent and spin-dependent contribution to the differential cross section are now
expressed by the dimensionless structure functions and kinematic variables. The expres-
sion for the spin-independent contribution is

d2σ
dxdQ2

=
4πα2

Q2x

[(
1−

Q2

2MEx
−
Q2

4E2

)
F2(x,Q2) +

Q4

4M2E2x
F1(x,Q2)

]
. (17)

The spin-dependent cross section ∆σ is given for the difference between the cross sections
for reactions where the lepton spin and the nucleon spin are antiparallel and reactions
where they are parallel:

∆σ = σ↑↓ − σ↑↑. (18)

Therefore, a polarised target together with a polarised beam is needed for the measure-
ment. The differential cross section for this spin-dependent contribution is given by

d2∆σ
dxdQ2

=
4πα2

MEQ2x

[(
2−

Q2

2MEx
−
Q2

2E2

)
g1(x,Q2) +

2Mx

E
g2(x,Q2)

]
. (19)
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2.5 first cross section measurement

A first measurement of the spin-independent cross section was performed at the linear
accelerator at Stanford (SLAC) [7] in 1969. They used an electron beam with energies
between 3GeV − 17GeV scattering off protons. The results for the ratio of the inelastic
cross section to the Mott cross section, which describes the scattering of a point-like spin-
1/2 particle by a point-like nucleon, are shown in Figure 3. The results for three different
masses of the hadronic final state are shown together with the already well known beha-
viour for elastic scattering. A surprisingly weak dependence of the cross section ratio on

W = 2 GeV/c2

W = 3  GeV/c2

W = 3.5 GeV/c2

Elastic scattering

Q2 [(GeV/c)2]
0 1 2 3 4 5 6 7

10–4

10–3

10–2

10–1

100
d2

/(
dE

'd
)

(d
/d

) M
ot

t

σ
Ω

σ
Ω

Figure 3: Ratio of the inelastic cross section to the Mott cross section as a function of the photon
virtuality for different values of the invariant mass of the hadronic final state. (Taken
from [16])

the photon virtuality was observed for W > 2GeV/c2. This cross section ratio is given by
the two spin-independent structure functions:

dσ
dΩdE′

/(
dσ
dΩ

)
Mott

=W2(Q
2,ν) + 2W1(Q2,ν) tan

θ

2
. (20)

Therefore, the two spin-independent structure functions are nearly independent of the
photon virtuality at fixed invariant masses of the hadronic final state. This is an indication
of point-like substructures in the proton.

2.6 quark parton model

The first findings at SLAC were confirmed also with deuteron targets and led to the
development of the quarks parton model for the interpretation of the results. In the
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parton model, which was developed by Feynman and Bjorken [8, 17], the interpretation of
deep inelastic scattering is performed in a fast moving reference frame. In this frame, the
nucleon has a very large longitudinal momentum, Pz → ∞. Therefore, all partons inside
the nucleon move collinearly and all masses and transverse momenta can be neglected.
In addition, the time for the interaction between the virtual photon and the parton is
considered to be short. Using these assumptions, the interaction between the lepton and
the nucleon is described by an incoherent sum of all interactions on the different partons.
In this reference frame, Bjorken-x is interpreted as the momentum fraction of the nucleon
carried by the parton.

The combination of the parton model with the already existing quark model from Gell-
man and Zweig [3, 4] lead to the quark parton model. In the quark parton model, partons
are identified as quarks and the nucleon consists of three valence quarks, which are re-
sponsible for all quantum numbers of the nucleon. In the extended quark parton model,
also pairs of quarks and antiquarks exist inside the nucleon. They are called sea quarks.
The valence quarks of the proton are two up quarks and one down quark and the ones of
the neutron are two down quarks and one up quark. Table 1 lists some properties of the
quarks.

Table 1: Summary of the properties of the quarks [18].

up down strange charm bottom top

Electric charge 2
3e −13e −13e

2
3e −13e

2
3e

Isospin 1
2 −12 0 0 0 0

Mass (MeV/c2) 2.2+0.6
−0.4 4.7+0.5

−0.4 96+8−4 1270± 30 4180+40−30 173210± 510± 710

The interpretation of the structure functions within the quark parton model is given
by the parton distribution functions q(x). These represent the number of quarks with a
certain flavour (up, down, strange ...) with a momentum fraction in the interval [x, x+ dx].
Therefore, the integrals of these functions for the valence quarks of a proton are given by∫1

0

dxuv(x) = 2 ,∫1
0

dxdv(x) = 1 ,
(21)

which represent the number of up and down valence quarks. For the neutron, these re-
lations can be obtained by assuming a SU(2) symmetry for up and down quarks called
isospin symmetry. This results in proton and neutron being isospin partners with op-
posite isospin. Therefore, the relations for the neutron can be obtained by interchanging
the up and down quarks distribution. Using the parton distribution functions, the spin-
independent structure functions are given by summing over all flavours:

F1(x) =
1

2

∑
q

e2q (q(x) + q̄(x)) , (22)

F2(x) = x
∑
q

e2q (q(x) + q̄(x)) . (23)
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Here, eq is the charge of a quark of a particular flavour. A confirmation of the quarks
being spin-1/2 particles was obtained from the Callan-Gross relation [19] connecting the
spin-independent structure functions:

F2(x) = 2x · F1(x) . (24)

This relation is only valid for quarks with a spin of 1/2. In the case of quarks with spin 0,
F1 is zero. The result of the measurement is shown in Figure 4 for the ratio 2xF1/F2. The
measured ratio is in good agreement with the prediction for a spin of 1/2.

Figure 4: Measurement of the ratio of the two spin-independent structure functions 2x · F1 and F2.
The results were obtained at the SLAC. (Taken from [16])

In the quark parton model, also the spin-dependent structure functions can be calcu-
lated. The structure functions are expressed by the quark helicity distributions ∆q(x).
They are connected to the parton distribution function by taking into account the heli-
city of the quarks inside the nucleon. The function q+ denotes the number density of
quarks with their spins parallel to the one of the nucleon and q− the ones with their spins
antiparallel. The parton distribution functions q(x) are given by the sum of those two:

q(x) = q+(x) + q−(x)

q̄(x) = q̄+(x) + q̄−(x) ,
(25)

whereas the helicity ones are given by the difference of the two functions

∆q(x) = q+(x) − q−(x)

∆q̄(x) = q̄+(x) − q̄−(x) .
(26)
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Thus, the quark helicity distributions contain information on the contributions from the
quarks to the spin of the nucleon. Using the parton helicity distributions, the spin-
dependent structure functions are given by:

g1(x) =
1

2

∑
q

e2q (∆q(x) +∆q̄(x)) , (27)

g2(x) = 0 . (28)

Here, only g1 is related to the quark helicity distributions. A interpretation of g2 is not
possible in the quark parton model.

From Equations 22, 23 and 27, a simple interpretation of the structure functions is pos-
sible. The structure function F1 describes the number density of quarks, F2 the momentum
distribution of the quarks and g1 the spin distribution of the quarks inside the nucleon.
Thus the integral over the full Bjorken-x range of F2 is connected to the contribution from
the quarks to the momentum of the nucleon. Their contribution is about 50%. Similar,
the contribution from the quark spins to the total spin of the nucleon is connected to the
integral of g1.

2.7 qcd improved parton model

The precision of the measurements of the spin-independent structure functions was im-
proved since the early SLAC experiments and today a large kinematic range is covered
by the different measurements on fixed targets and at a lepton nucleon collider. The res-
ults for the structure function Fp

2 are shown in Figure 5. The measurements show a clear
dependence on the photon virtuality, which was already observed by the early SLAC
experiments. At low values of Bjorken-x, the structure function shows an increase with in-
creasing photon virtualities, whereas at higher values of Bjorken-x, the structure function
decreases. Only for values of Bjorken-x around 0.2, the initially observed independence
on the photon virtuality is present. In order to explain this behaviour, the quark parton
model has to be extended taking into account binding effects, which are described by the
exchange of gluons in quantum chromodynamics.

2.7.1 Gluons and the coupling constant

The interaction of quarks is described by a non-Abelian gauge theory called quantum
chromodynamics (QCD). This theory describes the interaction of quarks via a colour field
transmitted by gluons. The gluons couple to the charge of the strong force called col-
our. In contrast to the electromagnetic interaction, where only one charge exists (plus
or minus), three charges exists in quantum chromodynamics called red (r), blue (b) and
green (g) together with their anticolour. Quarks always carry one of the three colours and
the antiquarks always carry an anticolour. A major difference between strong and elec-
tromagnetic interactions is that gluons also carry charge, which is a certain combination
of a colour and a anticolour charge. The possible combinations are described by a SU(3)
symmetry of the three colour and anticolour. Therefore, all independent combinations
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Figure 5: The structure function F
p
2 measured at fixed target experiments using electrons

(SLAC [20]) or muons (BCDMS [21], E665 [22], NMC [23]) and measured at collider ex-
periments (H1 and ZEUS [24]). The measurements are shown with an offset depending
on the Bjorken-x bin. (Taken from [18])
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are grouped in a antisymmetric octet and a symmetric singlet. The singlet combination is
colourless:

1√
3

(
rr̄+ gḡ+ bb̄

)
. (29)

The combinations of the octet are given by:

rḡ, rb̄, gb̄, gr̄, br̄, bḡ,
1√
2
(rr̄− gḡ) ,

1√
6

(
rr̄+ gḡ− 2bb̄

)
. (30)

The combinations from the octet are not colourless. Gluons, which are colourless, do not
interact with other particles carrying a colour. Therefore, only gluons carrying a colour
combination from the octet can interact. As gluons carry a colour, they interact with one
another. This results in a strong dependence of the strong coupling constant αs on the
photon virtuality. At leading order, the dependence of the strong coupling constant on
the scale given by the photon virtuality is [25]:

αs(Q
2) =

12π

(33− 2nf) · ln (Q2/Λ2)
. (31)

Here, nf is the number of active quark flavours, which can contribute at a given scale
and Λ is interpreted as the scale at which non-perturbative effects dominate. For nf = 3

the measured value of this constant is Λ = 332MeV [18]. The dependence is shown in
Figure 6 together with measurements of the strong coupling constants. The shown range
includes results with nf = 3, 4, 5 and also results with nf = 6.

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)  

0.1

0.2

0.3

αs (Q
2)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

October 2015
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pp –> tt (NNLO)

)
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Figure 6: Results for the strong coupling constant as a function of Q obtained from various reac-
tions. (Taken from [18])

At high virtualities, which corresponds to small distances, the strong coupling constant
is small. Therefore, the quarks behave like free particles. This is also the behaviour
assumed in the naive quark parton model. It is called “asymptotic freedom”. Due to the
small value of the coupling constant, calculations of interactions can be performed using
techniques from perturbation theory. Processes at this scale are called “hard” processes.
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The behaviour at small virtualities is called “confinement”. In this region the strong
coupling constant becomes large and calculations using perturbation theory are not pos-
sible. The name “confinement” describes the observation that no free quarks or gluons
exist. They are confined inside of colourless particles. Processes at this scale are called
“soft”.

2.7.2 Evolution equations

For the calculation of the cross section for virtual photon nucleon interactions, the fac-
torisation Ansatz is used. It allows to split the contributions to the cross section into a
contribution from the “hard” process and one from the “soft” process. Here, the “hard”
process is the interaction between the virtual photon and the parton. This can be cal-
culated using quantum electrodynamics. The “soft” process describes the nucleon and
includes the parton distribution functions, which cannot be calculated in quantum chro-
modynamics. The factorisation introduces the factorisation scale µf, which separates both
parts. Therefore, the parton distribution functions and the strong coupling constant are
scale dependent.

Different schemes exist for the factorisation of “soft” and “hard” processes. The ob-
tained cross section is independent of the scheme as long as the same scheme is used in
the calculation of the “soft” and the “hard” contribution. A commonly used scheme is the
modified minimal subtraction scheme, MS [26].

In deep inelastic scattering, usually the photon virtuality is used as a scale. Often a scale
of Q2 > 1 (GeV/c)2 is used, which is considered to be large enough to allow perturbative
calculations. The scale dependence of the parton distribution functions is illustrated by
the interpretation of the photon virtuality as a resolution, which is illustrated in Figure 7.
At low scales, for example, only the interaction between the virtual photon and a quark
is resolved. At larger scales, which are large photon virtualities, also a possible emission
of a gluon from a quark is resolved. The emission results in a change of the kinematics of
the process.

(a) Scale Q20 (b) Scale Q2 > Q20

Figure 7: Illustration of the scale dependence for two different scales Q20 (left) and Q2 > Q20 (right).
The resolution is connected to the photon virtuality as indicated by the dashed circle. At
higher scales the additional radiation of a gluon is resolved.
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The scale dependence of a parton distribution function is given by:

d
d lnQ2

qi(x,Q2) =
αs(Q

2)

2π

∫1
x

dy
y

[
qi(y,Q2)Pqq

(
x

y

)
+ g(y,Q2)Pqg

(
x

y

)]
, (32)

d
d lnQ2

g(x,Q2) =
αs(Q

2)

2π

∫1
x

dy
y

[∑
i

qi(y,Q2)Pgq

(
x

y

)
+ g(y,Q2)Pgg

(
x

y

)]
.

(33)

In this equations, the evolution of a quark distribution function qi is coupled to the parton
distribution function of the gluon g. The contribution from the gluons to the evolution of
each quark flavour is given by the same term in Equation 32. It describes the contribution
from gluon splitting into quark and antiquark pairs. The first term in Equation 32 in-
volving the quark distribution function describes the emission of a gluon from the quark.
Also, all quark distribution functions contribute to the evolution of the gluon distribution
function in Equation 33 via the emission of a gluon. The second term in Equation 33

describes the emission of a gluon from the gluon. The emission of gluons/quarks from
quarks or other gluons is described by the splitting functions Pij(x/y). They represent
the probability of a parton j carrying the momentum fraction x to emit a parton i with
the momentum fraction y. For example, Pqq(x/y) is the probability of a quark with the
momentum fraction x to emit a gluon and become a quark with the momentum fraction
y. The processes described by the splitting functions are shown in Figure 8. The splitting

q

q z

g 1− z

(a) Pqq(z)

q

g z

q 1− z

(b) Pgq(z)

g

q z

q 1− z

(c) Pqg(z)

g

g z

g 1− z

(d) Pgg(z)

Figure 8: Illustration of the processes described by the splitting functions.

functions are calculated in perturbation theory. In leading order of the strong coupling
constant αs they are given by [25]:

Pqq(z) =
4

3

[
1+ z2

(1− z)+

]
+ 2δ (1− z) , (34)

Pqg(z) =
1

2

[
z2 + (1− z)2

]
, (35)

Pgq(z) =
4

3

[
1+ (1− z)2

z

]
, (36)

Pgg(z) = 6

[
1− z

z
+ z(1− z) +

z

(1− z)+

]
+

[
11

2
−
nf
3

]
δ(1− z) . (37)

Here, the + denotes the plus distribution, which is defined for any sufficiently regular
function g by∫1

0

dxg(x) [f(x)]+ =

∫1
0

dx (g(x) − g(1)) f(x) . (38)
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As the evolution of all quark distribution functions involves the same contribution from
the gluon distribution function, its contribution cancels in the evolution of differences
between the quark distribution functions, named non-singlet distribution functions. There-
fore, the evolution equations can be reformulated to describe the evolution of the gluon
distribution together with the sum off all quark distribution functions, which is given by

qS(x,Q2) =
nf∑
i=1

qi(x,Q2) . (39)

It is named singlet distribution function. In addition to these two equations, several non-
singlet combinations qNS exist, which are described by the same evolution equation inde-
pendent of the gluon distribution function. Introducing the convolution of two functions
f⊗ g =

∫1
x f(x/y)g(y)dy/y the evolution equation are

d
d lnQ2

qNS =
αs(Q

2)

2π
PNS
qq ⊗ qNS , (40)

d
d lnQ2

(
qS

g

)
=
αs(Q

2)

2π

(
PS
qq 2nfPqg

Pgq Pgg

)
⊗

(
qS

g

)
. (41)

The set of evolution equation is called Dokshitzer-Gribov-Lipatov-Altarelli-Parisi equa-
tions or short DGLAP equations [27]. In the context of SU(2) and SU(3) flavour sym-
metry, two non-singlet combination appear. These are the isospin combination q3 =

(u+ ū) − (d+ d̄) and the octet combination q8 = (u+ ū) + (d+ d̄) − 2(s+ s̄).
The DGLAP equations also describe the scale dependence for the parton helicity distri-

butions. This is done by introducing new splitting functions ∆Pij. These new splitting
functions are interpreted as the probability for a particle to have the same helicity as the
parent particle. In leading order of the strong coupling constant αs they are given by [25]:

∆Pqq(z) =
4

3

[
1+ z2

(1− z)+

]
+ 2δ (1− z) , (42)

∆Pqg(z) =
1

2

[
z2 − (1− z)2

]
, (43)

∆Pgq(z) =
4

3

[
1− (1− z)2

z

]
, (44)

∆Pgg(z) = 3

[
(1+ z4)

(
1

z
+

1

(1− z)+

)
−
1− z3

z

]
−

(
11

2
−
nf
3

)
δ (1− z) . (45)

The splitting functions Pqq and ∆Pqq are the same in leading order. Therefore, the
evolution of the non-singlet distributions is the same for the spin-independent and spin-
dependent case. Due to the emission of soft gluons, the splitting functions Pgg and Pgq
are different in the spin-independent and spin-dependent case. In the spin-independent
case, these result in singularities at small Bjorken-x, whereas in the spin-dependent case
the gluon splits into a quark and antiquark pair with opposite spins, which results in
helicity conservation. Calculations for the spitting function were also performed in higher
order perturbation theory. For example, the next-to-leading order expressions for the
spin-dependent case can be found in References [28, 29]. The differences between the
splitting functions for the spin-independent and spin-dependent case result in a different
dependence on the photon virtuality for the structure functions F1 and g1.
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The scale dependence of the structure functions results in a modification of the Equa-
tions 22, 23 and 27 to include the dependence on the photon virtuality. At next-to-leading
order, the influence from the gluons and effects from the running coupling constant has
to be taken into account. This is done as follows (see, for example, in Reference [30]):

F2 = x〈e2〉
[
ENS
q ⊗ qNS + ES

q ⊗ qS + 2nfEg ⊗ g
]

, (46)

g1 =
1

2
〈e2〉

[
CNS
q ⊗∆qNS +CS

q ⊗∆qS + 2nfCg ⊗∆g
]

. (47)

Here, the non-singlet combinations qNS and ∆qNS depend on the target are given by

qNS(x,Q2) =
nf∑
i=1

(
e2i
〈e2〉

− 1

)
qi(x,Q2) (48)

with 〈e2〉 =
∑
e2i /nf. The factors ES

q,ENS
q ,Eg and CS

q,CNS
q ,Cg are called coefficient func-

tions and are given as power series in αs. In leading order, the coefficient functions are
given by:

ES
q = CS

q = δ(1− x) , (49)

ENS
q = CNS

q = δ(1− x) , (50)

Eg = Cg = 0 . (51)

This results in the already known expressions shown in Equations 23 and 27. The next-
to-leading order expressions for the spin-dependent coefficient functions can be found in
References [31, 32].

2.8 virtual photon nucleon interaction

The cross section for deep inelastic scattering can be described using the cross section for
absorption of a virtual photon. The absorption cross section is expressed as the imaginary
part of the forward virtual photon nucleon scattering amplitude of the process γ(h) +
nucleon(H) → γ(h′) + nucleon(H′) [33]. Here, h(h′) and H(H′) denote the helicity of the
photon and the target nucleon before (after) the interaction. This connection is done using
the optical theorem, which is illustrated in Figure 9.

2

∼ Im

Figure 9: Illustration of the optical theorem connecting the virtual photon absorption cross section
to the imaginary part of the forward Compton scattering amplitude.

In the case of a spin-1/2 target, only four independent amplitudes exists. They are
connected to cross sections and therefore also to structure functions. The number of amp-
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litudes is obtained by requiring helicity conservation as well as time and parity symmetry
to be valid. The resulting cross sections are [34]:

σT1/2 =
4π2α

MK
A(1,

1

2
; 1,
1

2
) =

4π2α

MK

(
F1 + g1 −

2Mx

ν
g2

)
, (52)

σT3/2 =
4π2α

MK
A(1,−

1

2
; 1,−

1

2
) =

4π2α

MK

(
F1 − g1 +

2Mx

ν
g2

)
, (53)

σL1/2 =
4π2α

K
A(0,

1

2
; 0,
1

2
) =

4π2α

K

(
F2
ν

(
1+

ν2

Q2

)
−
1

M
F1

)
, (54)

σTL1/2 =
4π2α

K
A(0,

1

2
; 0,−

1

2
) =

4π2α

K

√
Q2

Mν
(g1 + g2) . (55)

Here, the helicity amplitudes A are given as a function of the different helicities h,h′,H
and H′). The symbol T(L) denotes the scattering of a transverse (longitudinal) virtual
photon by a nucleon and σTL1/2 represents the interference term. The subscripts 1/2 (3/2)
denotes the total spin of the system of virtual photon and nucleon. The kinematic factor
K, which appears in the nominator of the non-physical cross sections for virtual photon
in Equations 52-55, is given using the Hand convention [35]

K = ν−
Q2

2M
. (56)

It cancels in the calculation of physical cross sections. For convenience, the cross section
for transverse virtual photon absorption to introduced as

σT =
1

2

(
σT1/2 + σ

T
3/2

)
=
4π2α

MK
F1 , (57)

which depends only on the spin-independent structure function F1. The cross section ratio
R is given by the ratio of the longitudinal and transverse virtual photon absorption cross
sections:

R =
σL

σT
=

(
1+ γ2

)
F2

2xF1
− 1 . (58)

Here γ =
√
2Mx/ν is a kinematic factor.

2.9 cross section asymmetry

For the determination of the spin-dependent structure function g1, the spin-dependent
part of the cross section is measured (see Equations 18 and 19). Instead of measuring the
cross section difference between parallel (σ↑↑) and antiparallel spin directions (σ↑↓) of the
nucleon and the lepton directly, the longitudinal double spin asymmetry ALL is measured,
which is related to these cross sections by:

ALL =
σ↑↓ − σ↑↑

σ↑↓ + σ↑↑
= D(A1 + ηA2) . (59)

Here, D is the depolarisation factor, which takes into account the spin transfer from the
lepton to the virtual photon. It is explained in Section 4.4.4. The factor

η =
γ(1− y− γ2y2/4− y2m2/Q2)

(1− γ2y/2)(1− y/2) − y2m2/Q2
(60)
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denotes a kinematic factor, where γ = 2Mx
√
Q2. This kinematic factor is small for the

kinematics of the COMPASS experiment. The two photon nucleon asymmetries, A1 and
A2, can be expressed via the cross sections that were introduced before in Section 2.8:

A1 =
σT1/2 − σ

T
3/2

σT
1/2

+ σT
3/2

=
g1 − γ

2g2
F1

, (61)

A2 =
σTL1/2

σT
= γ

g1 + g2
F1

. (62)

Using this expression for A1, its shape can be described. At a Bjorken-x close to one, the
struck quark carries nearly the full momentum of the nucleon. As the virtual photon can
only interact with quarks with the opposite helicity, the cross section σ3/2 disappears. In
this case, the asymmetry is large, A1 ∼ 1. In the region of the valance quarks, x ∼ 1/3, two
out of the three valence quarks have their spin correctly aligned to interact with the virtual
photon, which results in an asymmetry of A1 ∼ 1/3. In the region of the sea quarks, i.e. at
low Bjorken-x, the quark-antiquark pairs are expected to be produced with opposite spin
orientations. This causes both cross sections to have a similar size, which results in an
asymmetry close to zero.

For the asymmetry A2, an upper limit of

|A2| <
√
(1+A1)R/2 (63)

is obtained from the so called Soffer limit [36]. Measurements of A2 from various exper-
iments are shown in Figure 10 together with the Soffer limit and a calculation from the
Wandzura-Wilczek relation [37]. The figure shows that the asymmetry A2 is small for the
proton and close to zero in the case of the deuteron. For both measurements, the asym-
metry is much smaller than indicated by the Soffer limit. More information is given in
Reference [38].

From the expression of the asymmetries in Equation 62, the relation to the spin-dependent
structure function g1 is obtained:

g1 =
F1

1+ γ2
(A1 + γA2) =

F2
2x (1+ R)

(A1 + γA2) . (64)

Here, the relation between the unpolarised structure functions from Equation 58 is used.
The contribution from A2 is neglected in the analysis of COMPASS data since it is small.
The largest contribution from the proton measurement is Ap

2 ≈ 0.1 for x > 0.5. A contribu-
tion to the the systematic uncertainty takes into account a possible contribution from A2,
see Section 5.2.7.2.

2.10 modifications for deuteron

The helicity amplitudes in Section 2.8 are discussed for a spin-1/2 particle. In the case
of the deuteron, which is a spin-1 particle, it is necessary to modify them. From the
symmetry arguments given before, eight independent amplitudes are obtained [43]. For
the asymmetry A1, only cross sections connected to the absorption of a transverse photon
contribute. They are related to the cross sections for a total spin of 0, 1 and 2 of the virtual
photon nucleon system:

σT =
1

3

(
σT0 + σ

T
1 + σ

T
2

)
. (65)
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Figure 10: Measurements of the asymmetry A2 for protons and deuterons. Shown are the meas-
urements from E155 [38] (full circle) and [39] (open square), E143 [40] (open diamond),
and SMC [41, 42] (open circle). The dashed line shows the Soffer limit and the solid line
is a calculation from the Wandzura-Wilczek relation. (Taken from [38])
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From the cross sections for the different total spins, the asymmetries are obtained as:

A1 =
3

2

σT0 − σ
T
2

σT0 + σ
T
1 + σ

T
2

=
g1 − γ

2g2
F1

, (66)

A2 =
3

2

σTL0 − σTL1
σT0 + σ

T
1 + σ

T
2

= γ
g1 + g2
F1

. (67)

In the case of A2, also the cross sections connected to the interference between the ab-
sorption of a transverse and longitudinal photon (σTLi ) have to be considered similar to
the spin-1/2 case. The relations between the asymmetries and the structure functions are
the same as in the case of spin-1/2 particles. Therefore, similar arguments hold for the
expected shape of the asymmetry as described in Section 2.9.

2.11 sum rules in spin-dependent deep inelastic scattering

Sum rules for the first moment of the spin-dependent structure function

Γ1 =

∫1
0

dxg1(x) (68)

can be obtained from Equations 27 by introducing the first moment ∆q of a quark helicity
distribution, for example:

Γ
p
1 (Q

2) =
1

2

[
4

9
(∆u+∆ū) +

1

9

(
∆d+∆d̄

)
+
1

9
(∆s+∆s̄)

]
. (69)

Using isospin symmetry the first moment of the spin-dependent structure function of the
neutron is obtained by exchanging ∆u and ∆d. The ∆qi are described by the projection
operator (1± γ5)/2 for a proton with the momentum P and spin S by introducing the
covariant spin vector Sµ

2MSµ∆q = 〈P,S|q̄γµγ5q|P,S〉 . (70)

Here, the proton matrix elements a0 and ai, which are also called axial charges, can be
introduced using the flavour-singlet axial-vector current J05µ and the octet of axial-vector
current Ji5µ with i = 1, 2, . . . , 8, which are given by

J05µ = ψ̄γµγ5ψ with ψ =

ψuψd
ψs

 , (71)

Ji5µ = ψ̄γµγ5
λi
2
ψ . (72)

Here, the matrices λi are the generators of flavour SU(3) in the Gell-Mann standard rep-
resentation. Using the axial vector currents the proton matrix elements are given by:

〈P,S|J05µ|P,S〉 = 2MSµa0 , (73)

〈P,S|Ji5µ|P,S〉 =MSµai . (74)
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The axial vector currents also describe the β decay of the hyperons in the spin-1/2 baryon
octet, which consist of neutron, proton, Σ±,Σ0,Λ,Ξ− and Ξ0. Using the SU(3) flavour sym-
metry, all matrix elements are connected to two decay constants, F and D. The constraints
on the decay constants are given in Table 3.

The two non-singlet charges are given by

a3 = F+D =
gA
gV

, (75)

a8 = 3F−D , (76)

where gA/gV is determined from the the neutron β decay. The axial charges are identified
in the parton model with the first moments of the quark helicity distributions

a0 = (∆u+∆ū) +
(
∆d+∆d̄

)
+ (∆s+∆s̄) (77)

a3 = (∆u+∆ū) −
(
∆d+∆d̄

)
(78)

a8 = (∆u+∆ū) +
(
∆d+∆d̄

)
− 2 (∆s+∆s̄) . (79)

These are used to express the first moment of the proton and neutron spin-dependent
structure function by

Γ
p(n)
1 (Q2) =

1

12

(
±a3 +

1

3
a8

)
+
1

9
a0 , (80)

where the expression for the neutron is given by the negative term including a3, which is
obtained from isospin symmetry. The singlet charge cannot be fixed by hyperon decays. It
is identified with the total contribution from the quark spins to the spin of the nucleon in
the MS scheme. Using other schemes, this relation is not necessarily valid. For example,
in the AB scheme [44] a contribution from gluons has to be taken into account:

a0 = ∆Σ
AB −nf

αs

2π
∆GAB . (81)

Here, ∆ΣAB is the contribution from the quarks to the nucleon spin and ∆GAB the one
from the gluons. In this scheme, ∆ΣAB is scale independent.

In higher order perturbation theory, the Fourier transforms of the coefficient functions
introduced in Equation 47 [15] are used in the calculation of the first moments. Their
Fourier transforms are the Wilson coefficients CNS

1 and CS
1. For the first moments, one

obtains:

Γ
p(n)
1 (Q2) =

1

12
CNS(Q2)

(
±a3 +

1

3
a8

)
+
1

9
CS(Q2)a0 . (82)

The Wilson coefficients are available in perturbative QCD up to order α3s in References [45,
46]. For the non-singlet contribution a calculation in order α4s exists [47]. The coefficients
up to the order α2s are:

CS = 1−
αs

π
− 1.0959

(αs
π

)2
, (83)

CNS = 1−
αs

π
− 3.5833

(αs
π

)2
. (84)
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2.11.1 Bjorken sum rule

The Bjorken sum rule predicts the first moment of the difference of the spin-dependent
structure function of the proton, gp

1, and the neutron, gn
1, which is also called non-singlet

spin-dependent structure function, gNS
1 . This sum rule relies on the SU(2) or isospin

symmetry, which is more fundamental than the SU(3) symmetry. Using the axial charges
defined in Equations 77-79 and Equations 75 and 76, the first moment of the non-singlet
structure function is related to the axial charge a3. The first moment of the non-singlet
structure function can be calculated from Equation 82:

ΓNS
1 (Q2) =

∫1
0

dx
(
g

p
1(x,Q2) − gn

1(x,Q2)
)
=
1

6
CNS(Q2)

∣∣∣gA
gV

∣∣∣ . (85)

This relation is called Bjorken sum rule [48]. It only depends on the axial charge a3 =

gA/gV , which is given by the ratio of the weak coupling constants from the neutron β
decay.

2.11.2 Ellis-Jaffe sum rule

The Ellis-Jaffe sum rule predicts the size of the first moment of the proton and neutron
spin-dependent structure function. These predictions are obtained using Equation 82.
The axial charges a3 and a8 are known, whereas the singlet charge is not known from the
SU(3) symmetry. It can be expressed via the axial charge a8 and the first moment of the
strange quark helicity distribution ∆s+∆s̄. This results in a modified expression for the
first moments of the spin-dependent structure function:

Γ
p(n)
1 (Q2) =

1

12
CNS(Q2)

(
±a3 +

1

3
a8

)
+
1

9
CS(Q2) (a8 + 3 (∆s+∆s̄)) . (86)

Assuming that the contribution from strange quarks vanishes results in the Ellis-Jaffe sum
rule [49]

Γ
p(n)
1 (Q2) = ± 1

12
CNS(Q2)a3 +

(
1

36
CNS(Q2) +

1

9
CS(Q2)

)
a8 . (87)

This is not a strict sum rule due to its assumptions. Ellis and Jaffe already state in their
paper that they do not expect this sum rule to be exact [49]. The sum rule is of historical
interest since first measurements of the spin-dependent structure function were only avail-
able using a polarised proton target and a considerable violation was observed already by
EMC [13].

2.12 determination of the decay constants

The baryon decay constants used up to now were obtained in a fit from AAC [50], which
used the data from Reference [51]. Today, new measurements of the hyperon β decays
were performed. The value for the neutron β decay has changed and in addition also
the measurement of the Ξ0 decay is available. Assuming SU(3) flavour symmetry, the
decay constants are extracted in a two parameter fit to neutron and hyperon β decays.
The different decays used in the two parameter fit are shown in Table 2 together with
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Table 2: Inputs from Reference [18] to the two parameter fit of the baryon decay constants. The
values from the fit are given in the last column.

decay combination measurement this fit

n→ pe−ν̄ F+D 1.2723± 0.0023 1.272± 0.011
Λ→ pe−ν̄ F+ D

3 0.718± 0.015 0.7338± 0.0083
Σ− → ne−ν̄ F−D −0.340± 0.017 −0.343± 0.011
Ξ− → Λe−ν̄ F− D

3 0.25± 0.05 0.1956± 0.0083
Ξ0 → Σ+e−ν̄ F+D 1.22± 0.05 1.272± 0.011

their measured values. The two parameter fit to the neutron and hyperon β decays is
performed by χ2 minimisation. The parameters obtained from this fit are shown in Table 3

together with the χ2 value of the fit and are compared to the ones from AAC. Introducing
the new data to this fit results in a very small change of the decay constants below the
statistical precision of the fit. Due to the more precise measurement of the neutron β decay
the χ2 value is slightly increased but still represents a good fit with a χ2 probability of
33%. In Figure 11 the result of the two parameter fit is shown together with the constraints

Table 3: Results of the two parameter fit of the hyperon decay constants. The results are compared
to the ones of a previous fit by AAC.

parameter this fit aac

F 0.4647± 0.0078 0.463± 0.008
D 0.8073± 0.0079 0.804± 0.008

χ2/NDF 3.4/3 = 1.1 0.98

from the neutron and hyperon β decays. In addition the 1σ, 2σ and 3σ confidence level
are shown. The shape of the confidence levels shows that the fit is mainly constraint by
the very precise measurement of the neutron β decay.

2.13 structure functions at low bjorken-x

The kinematic range of low Bjorken-x is interesting as a new regime. In this kinematic
range, no measurements exist in the perturbative region at Q2 > 1 (GeV/c)2. Currently
only measurements at fixed target experiments were performed, where low Bjorken-x
correspond to low photon virtualities. The kinematic region of low photon virtualities is
of interest since non perturbative mechanisms dominate and the transition between “soft”
and “hard” processes can be studied.

In the photoproduction limit, Q2 → 0, the spin-dependent structure function should be
given by a finite function of the squared invariant hadronic final state mass. In the Regge
limit, which correspond to x → 0 or Q2 � W2, the Regge model can be used. It predicts
that the spin-dependent structure function is given at any fixed photon virtuality as [52]

gi1 ∼ β(Q
2)x−αi(0) . (88)
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Figure 11: Left: Constraints from the various hyperon decays on the decay constants together with
the result from the two parameter fit. Right: Zoom in to the result of the two parameter
fit together with the 1σ, 2σ and 3σ confidence level.

Here, the α is different for the singlet and non singlet combinations.
At low photon virtualities, the generalised vector meson dominance model (GVDM) [53,

54] describes the spin-independent electroproduction quite well. Therefore, it is reason-
able to use this model to also describe the spin-dependent case. In such models, the
spin-dependent structure function has two contributions:

g1(x,Q2) = gpart
1 (x,Q2) + gVMD

1 (x,Q2) . (89)

Here, gpart
1 is the partonic contribution, which given by the QCD improved parton model

using suitable extrapolations towards low photon virtualities, and gVMD
1 is the contribution

from the GVMD model. The term gVMD
1 sums up contributions from the light vector

mesons with masses Mv < 1GeV/c
2. Its contribution is given by

gVMD
1 (x,Q2) =

Mν

4π

∑
V

M4
V∆σV(W

2)

γ2V(Q
2 +M2

V)
2

, (90)

where γ2V are determined from the leptonic width of the vector mesons and ∆σV are the
spin-dependent vector-meson nucleon cross sections, which are unknown and have to be
parametrised. These parametrisations depend only on one parameter. It can be estimated
using the Drell-Hearn-Gerasimov-Hosoda-Yamamoto (DHGHY) sum rule [55–57], which
relates the first moments of the spin-dependent structure function in the photoproduc-
tion limit to the anomalous magnetic moment of the nucleon. In such an calculation the
parameter was found to be negative resulting in a negative contribution of gVMD

1 .
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T H E C O M PA S S E X P E R I M E N T AT C E R N

The COMPASS (COmmon Muon and Proton Apparatus for Structure and Spectroscopy)
experiment is located at the M2 beamline of the super proton synchrotron (SPS) at CERN
(Conseil Européen pour la Recherche Nucléaire). It is a two-staged magnetic spectrometer
with a fixed target, which can either be a polarised solid-state lithium deuteride or ammo-
nia target, an unpolarised liquid hydrogen target or different kinds of nuclear targets. The
type of target depends on the physics program. The main physics program is the study
of the nucleon structure using a polarised muon beam. Due to the fixed target kinematics,
it is sufficient to cover only the forward direction with detectors, which correspond to an
almost 4π coverage in the centre of mass system of the scattering process for the scattered
muon. The spectrometer is divided into two stages. The first stage is called large angle
spectrometer (LAS) and can detect particles with low momenta and large angles, whereas
the second stage is called the small angle spectrometer (SAS), which detects particles
with larger momenta and smaller angles. These two stages allow for a good momentum
reconstruction over a large momentum range. Each stage has its own magnet for the mo-
mentum determination and various tracking detectors. In each stage, also a hadron and
electromagnetic calorimeter is present, which allows for the detection of neutral particles.

In the following sections the most important parts of the detector for this analysis are
described. A complete description of the setup can be found in References [58, 59]. An
isometric view of the spectrometer is shown in Figure 12.

Figure 12: Isometric view of the COMPASS experiment.
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3.1 the m2 beamline and the polarised muon beam

The M2 beamline [59, 60] is capable of delivering a high intensity polarised muon beam
or unpolarised hadron beam to the COMPASS experiment. For calibration purposes, also
a low intensity electron beam can be obtained. In the case of spin physics, the polarised
positive muon beam is used. This beam is produced by extracting the 400GeV/c proton
beam from the SPS slowly over a period of 4.8 s onto the T6 production-target. Here, vari-
ous target thicknesses can be chosen to obtain various intensities of the beam afterwards.
The target can either be empty or beryllium with various length of up to 500mm. A full
overview of the beamline is shown in Figure 13.

Figure 13: Overview of the CERN M2 beamline including the various magnets, absorber, scrapers
and collimators. (Taken from [59]).

The beamline consists of many elements including bending magnets, quadrupole mag-
nets, collimators, scrapers and absorbers. The bending magnets are dipole magnets, which
are used to change the direction of the beam, whereas the quadrupole magnets are used to
focus the beam. One quadrupole is not enough for this task as it can only focus the beam
in one plane, whereas it is defocused in the perpendicular plane. With at least two quad-
rupole magnets, effective focusing can be obtained. The collimators in the beamline are
used to define the angular and momentum acceptance. The scrapers are used to reduce
the halo component of the beam and the absorbers are used for removing hadrons from
the beam. The halo component consist of muons, which are, for example, not significantly
deflected in the magnets.

The hadrons produced at the T6 target pass six high-gradient quadrupole magnets
designed for high acceptance to collect as many produced hadrons as possible and a set of
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three dipole magnets to define the momentum of the hadron beam. They are followed by a
430m long decay section equipped with alternating focusing and defocusing quadrupole
magnets (FODO). Along this path, parts of the produced pions and kaons decay into
muons:

π+ −→ µ+νµ Branching ratio: (99.98770± 0.00004%) (91)

K+ −→ µ+νµ Branching ratio: (63.56± 0.11)% . (92)

The muons are polarised due to parity violation in these weak decays. After the decay
section, a set of four bending magnets is positioned. In between those magnets, nine
absorber can be placed. Each of them is a 1.1m long block of beryllium. They are moved
into the beam to remove remaining hadrons and allow only muons to pass. Afterwards,
the beam enters a second FODO section with an length of 250m in order to perform
the final focusing for the experiment. The collimators in this section are used to define
the momentum of the beam. At the end of the FODO section, the beam passes again a
set of bending magnets to bend the beam horizontally into the experimental hall. They
are surrounded by six scintillator hodoscopes. This array is called the beam momentum
station (BMS) and is used to measure the momentum of each beam particle. Afterwards,
the beam is focused onto the COMPASS target. The muon flux achieved per spill is about
2.5 · 107 s−1. The possible muon flux, which can be achieved, is shown in Figure 14 (left)
as a function of the ratio of the momentum of hadron and muon. The highest flux can be
achieved at pµ/ph ≈ 0.9. In addition, the average muon polarisation is shown in Figure 14

(right) as a function of the momentum ration.
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Figure 14: Left: Maximum muon flux as a function of the ratio of the momentum of the decaying
hadron and the muon. Right: Average muon polarisation as a function of the ratio of
the momentum of the decaying hadron and the muon. (Taken from [61])

3.1.1 Momentum measurement

In order to use the most of the incident muon flux, a large momentum spread of the
beam of 5% is used. This spread is given by the beam optics. Due to the momentum
spread, the momentum of each incoming particle is measured in the beam momentum
station. A overview of the BMS is given in Figure 15. It consists of a bending magnet
surrounded by six scintillator hodoscopes (BM01 - BM06), which consist of 64 elements
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(BM01-BM05) or 128 elements (BM06) with different width to limit the flux per element.
The beam momentum is parametrised based on the coordinates of a track passing through

Figure 15: Overview of the beam momentum station used for the COMPASS experiment. (Taken
from [59])

those detectors, which were obtained using a simulation of the full beam line. Thus the
precision of the momentum measurement is 6 1%. The information from the BMS is used
together with the information from the detectors in front of the target at the COMPASS
experiment to reconstruct the incoming muon tracks during the reconstruction.

3.1.2 Beam polarisation

The muon beam is naturally polarised. The polarisation can be obtained in the case of
a mono energetic beam from the helicity of a muon after the decay of a hadron. In the
laboratory frame this corresponds to a longitudinal polarisation of the muon, given by

Pµ± ≈ ∓
m2h +

(
1− 2EhEµ

)
m2µ

m2h −m2µ
. (93)

Here, the Ei are the energy of the decaying hadron and the muon in the laboratory frame
and the mi are their masses. The polarisation achieved from pions and kaons is shown
in Figure 16 (left) as a function of the ratio of the momentum of hadron and muon. High
polarisation can be obtained by selecting either Eµ/Eπ = 0.57 or Eµ/Eπ = 1. The muons
from the decay of kaons are polarised in opposite direction compared to muons from
the decay of pions in the case of Eµ/EK = 0.57. This results in a reduced overall muon
polarisation. In the case of Eµ/EK = 1 the muons from both decay are polarised in the
same direction. Therefore, a momentum ratio close to Eµ/Eh = 1 is preferred. The best
momentum ratio is chosen from the statistical factor of merit, which is given by the beam
intensity and the squared muon polarisation. This factor is shown in Figure 16 (right).
The best choice of the momentum ratio is pµ/ph = 0.9.

3.2 polarised target

In addition to a polarised beam also a polarised target is needed to measure longitudinal
double spin asymmetries. For the polarised target not only a high polarisation is import-
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Figure 16: Left: Muon polarisation for a fixed hadron energy. Right: Statistical factor of merit given
by the beam intensity and the squared muon polarisation. (Taken from [61])

ant but also a high amount of polarisable material inside the target in order to obtain
high luminosities. At the COMPASS experiment a 1.2m long solid state target is used.
In order to obtain high proton and deuteron polarisations dynamic nuclear polarisation
(DNP) is used. This requires a low temperature of the target material and a high magnetic
field. The magnetic field is produced by a superconducting solenoid, which defines the
acceptance of the spectrometer. The geometrical acceptance for the most downstream part
of the target is ±180mrad.

3.2.1 Target material

Two different materials are used for the COMPASS polarised target. For measurements on
polarised deuterons, isoscalar lithium deuteride (6LiD) is used [62]. This material allows
for a reasonable deuteron polarisation and has a good composition with a large amount
of polarisable material (see Table 4), since 6Li can be described as a 4He (spin-0) nucleus
and a deuteron [63]. In the case of measurements on polarised protons, ammonia (NH3)
is used as a target material [64]. It allows for a very high proton polarisation. But it has a
smaller amount of polarisable material (see Table 4).

Table 4: Properties of the target materials.

lithium deuteride ammonia

Polarisation > 40% > 80%

Fraction of polarisable material ∼ 35% ∼ 15%

3.2.2 Polarisation build up

The polarisation achieved with a magnetic field of 2.5T for electrons at the conditions
inside of the COMPASS target at temperatures of T = 50mK is high. It is generated by the
Zeeman splitting of the magnetic sublevels in a magnetic field. At these conditions, only
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Figure 17: Illustration of the energy levels in an electron proton system. The yellow arrows indicate
the direction of the electron spin and the orange ones the direction of the proton spin.
Transitions between the different levels are possible using the correct frequencies.

a very small polarisation is achieved for protons or deuterons. Using the Curie law, this
polarisation can be calculated for spin-1/2 particles

P1/2 =
N↑ −N↓
N↑ +N↓

= tanh
(
µB

2kT

)
(94)

and spin-1 particles

P1 =
N↑ −N↓

N↑ +N0 +N↓
=

4 tanh
(
µB
2kT

)
3+ tanh2

(
µB
2kT

) . (95)

Here, µ is the magnetic moment of the particle and k is the Boltzmann constant. At
B = 2.5T and T = 50mK the polarisation for electrons is > 99.9%, whereas the polarisation
for protons is 5.1% and for deuterons only 1.0%. Therefore, another method is necessary
to achieve a high polarisation of protons and deuterons. This method is called dynamic
nuclear polarisation (DNP)[65, 66].

The DNP transfers the polarisation of the electrons to the protons. This process can be
illustrated in the case of an electron proton pair in an external magnetic field as shown in
Figure 17. At low temperatures, only the two lower levels are populated with the electron
spin aligned with the magnetic field. Using microwaves with the correct frequency (ωe +

ωp) the transition | ↓⇑〉 → | ↑⇓〉 is stimulated or by using the frequency (ωe −ωp) the
transition | ↓⇓〉 → | ↑⇑〉. These transitions are followed by a relaxation of the spins. This
takes place within milliseconds in the case of electrons, whereas the relaxation for the
proton spin is 106 times slower due to the lower magnetic moment. This leads to an
increase in the proton polarisation. The polarisation can be kept after the polarisation
process by operating the target in the so called “frozen spin” mode, which means without
further microwave irradiation. This is achieved by cooling the material down to T ∼ 50mK.

In order to use the effect, paramagnetic centres are needed in the case of real materials.
In ammonia these centres are produced by irradiating the material once with a particle
beam and keeping the material at temperatures of liquid nitrogen afterwards. The proton
polarisation is produced at these positions and transferred via spin diffusion to protons
not close to the centres.
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3.2.3 Magnets

In order to build up and keep the polarisation in the target cells, a large magnetic field
is needed. It is provided by a superconducting solenoid with a magnetic field of up to
2.5T along the beam axis with a homogeneity better than 4 · 10−5. This homogeneity is
achieved with sixteen additional correction coils (see Figure 19-11,12) along the target. The
solenoid was designed such that the geometrical acceptance of the most upstream part of
the target is ±180mrad. This defines the acceptance of the spectrometer. The length of
the magnet is about 2.6m with an outer diameter of about 1.2m.

In order to perform a rotation of the polarisation in each target cell an dipole magnet
is needed in addition to the solenoid. The dipole magnet used in the target produces a
magnetic field of 0.6T. The rotation of the polarisation of the target cells is performed
by changing simultaneously the magnetic field of the solenoid and dipole magnet. The
rotation of the polarisation direction is possible since the direction of the nucleon spin
follows the direction of the external magnetic field as long as the change is performed
adiabatically. The changes in the magnetic fields are shown in Figure 18 as a function of
the time. Such an operation takes about 30 minutes. This is much faster compared to
a repolarisation of the target cells, which takes several hours. More information can be
found in Reference [67].

2.5

1.0

0
32.9

-1.0

-2.0

-2.5

2.0

B (T)

0.35

time (min.)

0.48

-0.48

dB/dt ~ -0.36 T/min.
(dI/dt = -1.0 A/s)

Bsol

dB/dt ~ -0.18 T/min.
(dI/dt = -0.5 A/s)

Bsol

10 20 30 40

dB/dt ~ -0.18 T/min.
(dI/dt = -0.5 A/s)

Bsol

dB/dt ~ -0.115 T/min.
(dI/dt = -2.5 A/s)

BdipdB/dt ~ 0.115 T/min.
(dI/dt = 2.5 A/s)

Bdip

0.5

Figure 18: Changes in the magnetic fields of the target in order to perform a change of the polar-
isation direction. (Taken from [67])

3.2.4 Cooling system

In order to keep the target material at very low temperatures, the target is cooled using a
3He/4He dilution refrigerator. It utilises a phase transition at low temperatures to reach
very low temperatures. The refrigerator is filled with liquid helium from the gas/liquid
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separator (see Figure 19-8). Cold gas is used for the thermal shielding, which is kept at
4K and 80K. Liquid helium is used to fill the 4He evaporator (see Figure 19-7), which is
typically at a temperature of 1.3K. It is also used for cooling the microwave cavity down
to a temperature of 3K. The dilution cryostat is filled with a mixture of 4He and 3He. The
3He evaporator (see Figure 19-6) is kept at a temperature of 0.6K, which is below 0.87K,
at which the helium mixture performs a phase transition into two phases. One is low in
3He and the other rich in 3He. 3He is moved from the 3He rich phase to the 3He poor
phase, thus removing energy from the system. Using this technique it is possible to cool
down the target material to temperatures below 50mK.

3.2.5 Target cells

A technical drawing of the target with its cooling system is shown in Figure 19. The
target material is arranged in three cells (see Figure 19-1,2,3). The central cell (60 cm) is
twice as long as the two outer cells (30 cm) and polarised in the opposite direction. The
advantage of this three cell configuration is that the mean geometrical acceptance for the
central cell is the same as for the combined outer cells. In order to improve the acceptance
cancellation, the polarisation of each cell is changed regularly. This is done using the
solenoid and dipole magnet as described before.

The target cells are located inside a microwave cavity, which is divided into three sec-
tions by microwave stoppers. They also separate the three target cells by 5 cm. The target
cells are made of a polyamid mesh, which allows for an good heat exchange with the
surrounding liquid helium. The diameter of the target cells is 4 cm. These cells are fixed
inside an aramid fibre epoxy tube.

3.2.6 Polarisation measurement

The polarisation of the target material is measured by continuous wave nuclear magnetic
resonance (NMR) [68, 69]. For this system, ten coils are mounted along the target (3 on
each outer cell and 4 on the central cell). The NMR signal is obtained from a frequency
sweep around the proton Larmor frequency. The area covered by the the NMR signal
is proportional to the polarisation of the target. In order to convert this measurement
to an absolute polarisation value, a thermal equilibrium measurement is necessary. For
this measurement the NMR signal is measured at temperatures in the range of 1.0− 1.6K
and a magnetic field of 2.5T without microwave irradiation. After reaching the thermal
equilibrium the polarisation is given by the Curie law from Equations 94 and 95. Due to
the small polarisation this measurement has to be corrected for a measurement without
the target material to account for the polarisation in the surrounding material. The result
for a polarisation measurement is shown in Figure 20 for the target polarisation during
the polarisation build up.

3.3 spectrometer

The two stages of the COMPASS spectrometer have different acceptances. The LAS sec-
tion is the first stage and has an polar acceptance of ±180mrad. Particles emitted with
up to 30mrad and a momentum larger than 5GeV/c are detected in the SAS section.
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Figure 19: Technical drawing of the polarised target of the COMPASS experiment. 1-3: target cells
(U, C, D), 4: microwave cavity, 5: target holder, 6-9: 3He-4He dilution refrigerator, 10:
solenoid coil, 11 and 12: correction coils, 13: dipole coil. The muon beam enters from
the left side.
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Figure 20: Build up of the polarisation of each target cells during the 2011 run. The measurement
was performed on 10./11. July 2011.

The complete COMPASS setup is shown in Figure 21. In addition to the two spectro-
meter stages, the beam telescope is locate in front of the target to measure the incoming
particles. The beam telescope also includes the BMS. The setup is described in detail in
References [58, 59].

3.3.1 Spectrometer magnets

The COMPASS setup includes two spectrometer magnets for the momentum measure-
ments called SM1 and SM2. The first dipole magnet, SM1, has a length of 110 cm and an
integrate magnetic field of

∫
Bdl = 1Tm bending in horizontal direction. It is used for

the momentum measurement in the LAS stage. The aperture in the middle has a width
of 229 cm and a height of 152 cm. This matches the opening of the target solenoid, which
defines the geometrical acceptance of the LAS of 180mrad

The second dipole magnet, SM2, has a larger integrate magnetic field than the first one
so that higher momenta can be measured. It has a length of 4m and an opening of 2×1m2,
which is smaller than the one of SM1. The integrated magnetic field is

∫
Bdl = 4.4Tm

bending in horizontal direction. The position of both spectrometer magnets is shown in
Figure 21.

3.3.2 Tracking detectors

In the COMPASS spectrometer many stations of tracking detectors are used for the detec-
tion of charged particles. They are distributed over the entire length of the spectrometer.
In order to deal with the different requirements on the rate capability depending on the
distance to the beam and the requirements on the size of the active area of the detector,
various detector technologies are used. These can be separated in three different groups.
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2011. The muon beam enters from the left.
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Detectors, which cover the beam region, have to withstand very high rates. Therefore, an
excellent time or spatial resolution is required. Detector technologies fulfilling this require-
ment are silicon microstrip detectors (Si) and scintillating fibre detectors (SciFi). At smal-
ler distances to the beam, a high rate capability together with a good spatial resolution
is required. In this region micro mesh gaseous structure detector (MM) and gas electron
multiplier detectors (GEM) are used. In the outer regions with an reduced particle flux, a
large active region is needed. In this region, multi wire proportional chambers (MWPC),
drift chambers (DC) and straw tube detectors (STRAW) are used. The position of all those
detectors is shown in Figure 21.

The detector stations consist of several planes in order to measure different projections
of the penetration point perpendicular to the beam axis. The term X- and Y-plane are
used for detector planes measuring the horizontal and vertical coordinate. Using only
two projections is not enough to determine the exact position of a track if more than
one particle passes the detector. In such a case ambiguities in the possible position arise.
Therefore, also inclined U- and V-planes are used. The properties of the various detectors
are shortly discussed in the following sections.

3.3.2.1 Multi wire proportional chamber

Multiwire proportional chambers consist of several parallel anode wires in between cath-
ode foils. The volume of the detector is filed with gas. At COMPASS a gas mixture of Ar,
CO2 and CF4 is used. A charged particle traversing the detector will ionise the gas along
its path. Due to the electric field produced by the high potential difference, the electrons
will produce an avalanche of electrons, which is detected. In total 34 wire layers are used
at COMPASS in 11 detectors with 1m long wires, which have an diameter of 20µm. The
gap between the cathode foils is about 8mm. The distance between the wires is 2mm.

Three different kinds of MWPCs are used at COMPASS. The A-type ones consist of a
X-, U- and V-plane. The U- and V-plane are inclined by ±10.14◦. In addition also the
A∗-type is in use with an addition Y-plane. The size of these chambers is 178× 120 cm2

with a central dead zone of 16− 20 cm in diameter. The B-type chambers are a little bit
smaller and have a size of 178× 90 cm2 with a central dead zone of 22 cm in diameter.
They consist of a X-plane and a U- or V-plane, which is inclined by 10.14◦. The spatial
resolution of these detectors is 1.6mm.

3.3.2.2 Drift Chambers

Drift chambers are a further development of MWPCs. Instead of measuring only the
current, the drift time of the avalanche to the anode wires is measured, which improves
the spatial resolution. The drift chambers consist of two cathodes foils together with
anode and potential wires. The cathode and the potential wires are kept at −1700V and
the anode wires are at 0V. The potential wires are used to form the electric field inside
of the detector. In order to solve left-right ambiguities, two drift cells are staggered with
shifted wires as illustrated in Figure 22. The detector volume is filled with an gas mixture
of Ar, CF4 and C2H6 or CO2. Each drift chamber has a insensitive dead zone in the centre
for the passage of the beam in order to avoid the high counting rate. One station consists
of several layers of drift cells, whereby two layers are used for each projection. They are
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staggered to measure all four projections. The U- and V-planes are inclined between 10◦

and 30◦. The spatial resolution of these detectors is 110µm − 170µm.

Figure 22: Drift cell geometry used at COMPASS. (Taken from [58])

3.3.2.3 Straw tube detectors

Straw tube detectors are very large area detectors made of straw drift tubes. Each tube is
similar to a small drift cell. Several of these tubes are glued together to form a detector
plane. In order to avoid left-right ambiguities, again a second layer is added. This forms
one straw tube detector. A drift tube consists of a gold plated tungsten anode wire sur-
rounded by a thin foil consisting of two layers. The inner layer is aluminised and used
as cathode. The diameter of the tubes is 6.14mm for the tubes in the central part and
9.65mm in the outer part. They are filled with a gas mixture of Ar, CO2 and CF4. One
station consists of three straw tube detectors to measure the X- and Y-projection together
with a plane inclined by 10◦. The central part of the detector contains a 20× 20 cm2 hole
for the beam. The total active area of this detector is about 3.2× 2.8m2. Still the spatial
resolution of this detector is 190µm at a moderate counting rate.

3.3.2.4 Micro mesh gaseous structure detector

The micro mesh gaseous structure (MicroMegas) detectors are another further develop-
ment of the MWPCs for high rates. This is achieved by separating the detection and the
amplification volumes. The principle is shown in Figure 23. The detector is filled with a
gas mixture. At COMPASS a mixture of Ne, C2H6 and CF4 is used. The detection volume,
which is also called conversion gap, and the amplification volume are separated by a thin
copper micro mesh foil. A traversing charged particle produces the primary electrons
inside the detection volume. A moderate electric field of less than 1 kV/cm is applied to
guide the primary electrons into the amplification volume. In this part, a stronger electric
field of 40 kV/cm is applied. Here, the primary electrons produce an avalanche, which
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produces a signal at the anode. The anode is divided into strips, which are smaller in the
central region than in the outer region.

The MicroMegas used at COMPASS have an size of 40× 40 cm2 with an central dead
zone with a diameter of 5 cm. One station consists of two doublets of those detectors. A
doublet consist of two MicroMegas with their strips perpendicular to one another forming
the X- and Y-plane. The second doublet is rotated by 45◦ forming the U- and V-planes.
The spatial resolution achieved with those detectors is 90 µm with a time resolution of
9.3ns.

Figure 23: Illustration of the principle of a MicroMegas detector. (Taken from [58])

3.3.2.5 Gas electron multiplier detector

The gas electron multiplier detector (GEM) is a second type of high resolution, high rate
gaseous detector used at COMPASS. In contrast to MicroMegas detectors, the amplifica-
tion is not done near the strips. Instead, it is performed in steps in a thin polyimide foil of
50µm with a copper cladding on both sides. The setup of one GEM with three amplifica-
tion stages, as it is used at COMPASS, is shown in Figure 24. The foil has a large number
of micro holes. It is placed between two parallel electrodes in a gas volume, which is filled
with a mixture of Ar and CO2. By applying an electric field of a few 100V across the foil,
the primary electrons passing these holes are multiplied. The electric field guides these
electrons to the next amplification stage or to the detection stage, which consist of two
layers of strips orthogonal to one another. The active area of this detector is 31× 31 cm2

with a dead zone of 5 cm in diameter in the centre.
Two of those detectors are mounted back to back, where the second one is inclined by

45◦. This allows to measure all four projections. These detectors have an spatial resolution
of 70µm and a time resolution of 12ns.
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Figure 24: Illustration of the principle of a GEM detector. (Taken from [58])

3.3.2.6 Scintillating fibre detector

These detector consist of layers of scintillating fibres. A traversing charged particle pro-
duces scintillation light in these fibres, which is detected. The layers are staggered (see
Figure 25), allowing a large enough overlap between the fibres for good detection effi-
ciency. A column of fibres lined up in beam direction is read out by one channel of a
multi-anode photomultiplier tube. In each station, at least a X- and a Y-plane is used. For
some stations also a U-plane is added, which is inclined by 45◦.

Here, the properties of the two SciFi stations in the beam telescope are listed as an
example. In the case of those two stations, the diameter of a fibre is 0.5mm and the
active area is 4 cm2. The ones behind the target are larger. Due to the high hit rate in the
beam, the hits of incoming muons are assigned based on the time correlation as spatial
correlation would result in ambiguities. The time resolution of these detectors is about
350ps with a spatial resolution of 130µm.

Figure 25: Illustration of the staggering of one SciFi plane. (Taken from [58])

3.3.2.7 Silicon micro strip detector

The silicon micro strip detectors are used to improve the spatial resolution for the re-
construction of the incoming muon in addition to the scintillating fibre detectors, which
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provide an excellent time resolution. The silicon micro strip detectors were originally de-
signed for the use at HERA [70] and optimised for high fluxes. They consist of a 300µm
thick n-type wafer with an active area of 5× 7 cm2. The signals are read out from strips
on both sides. On one side 1280 strips are used and on the other side 1024 strips, which
are orthogonal to the first ones. This allows to measure the X- and Y-projection using one
detector. One detector station is formed by two of those detectors mounted back to back,
where the second one is inclined by 5◦ in order to measure the U- and V-projection. This
detector is operated at low temperatures around 130K to reduce noise and to improve
the time and spatial resolution. These detectors have an excellent spatial resolution of
4− 6µm and a time resolution of 2.5ns.

3.3.2.8 Muon identification

Muon identification at COMPASS is done using a set of tracking stations before and after
an absorber. The purpose of the absorber is to absorb most of the hadrons. Therefore,
only muons are detected behind the absorber. Those arrangements are located at the end
of both spectrometer stages behind the calorimeter, which already absorb most hadrons.

In the first stage, the detector system is called muon wall 1 (MW1). It consists of eight
planes of mini drift tubes, which are used for the particle detection. They are split in two
groups consisting of four planes each. They are separated by a 60 cm thick iron absorber
(MF1). Each of the two groups has two planes to measure the X-projection and two planes
to measure the Y-projection. The stations and the absorber have an hole in the centre
matching the acceptance of the second spectrometer stage. Mini drift tubes are similar
to the straw tube tracker. They are made of a 50µm thick gold plated tungsten wire
surrounded by a 0.6mm thick aluminium cell. One module is shown in Figure 26. Each
cells is filled with a Ar and CO2 gas mixture.

Figure 26: Illustration of one module of a mini drift tube used in MW1. (Taken from [58])

In the SAS, the muon identification is done using the tracking detectors before the 2.4m
long concrete absorber and two stations of muon wall 2 (MW2) after the absorber, together
with three MWPCs. The muon wall 2 stations consists of six planes of drift tubes arranged
in two X-planes, two Y-planes and two by −15◦ inclined planes. The drift tubes are made
of stainless steal tubes with an inner diameter of 29mm and a gold plated tungsten anode
wire. The diameter of the wire is 50µm. The tubes are filled with a Ar and CH4 gas
mixture. The stations have a rectangular hole around the beam.
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Two other absorbers are present in the second spectrometer stage. These absorber are
located at the end of the spectrometer in front of the trigger hodoscopes and consist of
iron. The position of the absorbers and the muon wall detectors in the COMPASS setup
are shown in Figure 21.

3.3.3 Calorimeter

In the LAS and SAS stage of the spectrometer an electromagnetic (ECal) and a hadron
calorimeter (HCal) are present. They allow to measure the energy of hadrons and electrons
in addition to the momentum and position measured by the other detectors. Using the
calorimeter, also photons and neutrons can be detected. The electromagnetic calorimeter
is always placed in front of the hadron calorimeter.

3.3.3.1 Electromagnetic Calorimeter

Both electromagnetic calorimeters are build out of lead glass modules. High energetic
gamma rays and electrons entering these modules form an electromagnetic shower. The
light produced by the shower is proportional to the amount of energy deposited in the
calorimeter and is detected with photomultipliers. The length of the calorimeters corres-
pond to more than 16 radiation length, which is enough to contain the full electromagnetic
shower. The assembly of the modules of both calorimeters is shown in Figure 27. The elec-
tromagnetic calorimeter (ECal1) in the first stage is made out of 1500 modules and the
one (ECal2) in the second stage out of 2972. ECal1 consist of three types of modules with
different dimensions due to availability and cost. These calorimeters are calibrated at least
once per year using an electron beam.
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Figure 27: Assembly of the modules in both electromagnetic calorimeters. Left: ECal1. Right:
ECal2.

3.3.3.2 Hadron Calorimeter

The hadron calorimeters are sampling calorimeter build out of several modules. Each
module has a modular structure. They consist of alternating layers of iron and scintillator
plates. The iron plates are used to slow down the incident particles and to create a hadron
shower. The scintillator plates detect the shower. Due to the large size of hadron showers,
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the modules of the hadron calorimeters are much larger in cross section than in the elec-
tromagnetic calorimeters. In the first hadron calorimeter (HCal1) 480 modules are used;
in the second one (HCal2) 220 are used. The assembly of modules of both calorimeters is
shown in Figure 28.
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Figure 28: Assembly of the modules in both hadron calorimeters. Left: HCal1. Right: HCal2.

3.4 hadron identification

The LAS section of the COMPASS spectrometer contains a ring imaging Cherenkov de-
tector (RICH), which is used for the identification of charged particles up to a momentum
of 50GeV/c. The detector uses the Cherenkov effect to measure the velocity of a particle.
Together with the measured momentum, the mass of a particle can be determined.

3.4.1 RICH-1 detector

The RICH detector is illustrated in Figure 29. It is basically a large gas volume. The
vessel is 5.3m height, 6.6m wide and has a length of 3.3m. This size is large enough
to cover the full acceptance of the LAS. A steal pipe is mounted in the central part of
the vessel to separate the beam particles without interaction in the target from the active
area. The volume of about 80m3 is filled with the highly purified radiator gas C4F10.
It has a reflective index of about 1.0015 and high transparency in the very ultra violet
(VUV) region. Particles traversing the radiator gas can emit Cherenkov light, which is
mainly ultra violet light. This light is focused via two spherical mirror systems to the
photon detectors, which are located outside of the acceptance of the first spectrometer
stage. Two different kinds of detectors are used for the detection of the photons. In the
central region fast multi-anode photomultiplier tubes are used that are able to cope with
high occupancies. In the outer region CsI-coated MWPCs behind quartz windows are
used.

3.4.2 Basic principle

The Cherenkov effect describes the emission of light under a certain angle with respect
to the direction of the particle when it travels faster than the speed of light within the
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Figure 29: Layout of the COMPASS RICH detector. Left: Illustration of a particle crossing the
detector and emitting Cherenkov light, which is focused on the photon detectors. Right:
Dimensions of the detector. (Taken from [58])

medium. This angle only depends on the refractive index n of the material and the
relative velocity β of the particle:

cos θ =
1

nβ
. (96)

Therefore, measuring the Cherenkov angle provides a measurement of the speed of a
particle. This equation also explains that the Cherenkov angle saturates at about 55mrad
for all particle types at high momenta. The reconstructed Cherenkov angle is shown as a
function of the momentum of a particle in Figure 30. Certain bands for electrons, muons,
pions, kaons and protons are visible with a certain threshold. These depend on the mass of
the particle. From Equation 96, a requirement on the relative velocity is obtained, β > 1/n.
From this requirement, the threshold can be calculated. In the case of C4F10, pions can
be identified starting at a momentum of 2.5GeV/c, kaons starting at 9GeV/c and protons
starting at 17GeV/c. The threshold for electrons is at a momentum of 9MeV/c and for
muons at 1.9GeV/c. It is not possible to distinguish between pions and muons using the
RICH, but muons can be identified by the amount of radiation length passed.

3.4.3 Particle identification using likelihoods

The particle identification at COMPASS is not performed by reconstructing the full Cher-
enkov ring (see Figure 31 left). Instead, the information from the reconstructed track is
used to determine the centre of the ring. Therefore, only the radial distribution of the
photons around the track projection is used (see Figure 31 right). This distribution can
be described by a Gaussian distribution for the Cherenkov photons and a background
contribution taking into account electronic noise of the photon detectors. Using these
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Figure 30: Reconstructed Cherenkov angle as a function of the momentum

assumption, a likelihood can be calculated for each particle taking into account different
mass hypotheses:

L =

N∏
k=1

(1− ε)G(θk,φk) + εB(θk) , (97)

where ε = NB/(NS +NB) is the background fraction given by the number NS of photons
in the Gaussian peak and the number NB of photons in the background. B and G are the
normalised background and signal distribution given by:

G(θk,φk) =
1

σk
√
2π

exp

(
−
1

2

(
θk − θmass

σk

)2)
θk
θmass

(98)

B(θk) =
2

θmax
θk . (99)

Here, θmass is the Cherenkov angle corresponding to a particular mass, θmax is the upper
limit for the angular range and σk is the uncertainty on the angle θ, which depends on
the relative velocity β and the azimuthal angle φ with respect to the particle trajectory. A
more detailed description can be found in [71].

3.5 trigger

COMPASS data is recorded event wise. This requires a trigger system to start the readout
process. The trigger system is based on signals from muons. The trigger decision is made
from hodoscope signals, energy depositions in the hadron calorimeter and a veto system.
The trigger system consists of various hodoscopes consisting of scintillator strips. The
signals from at least two hodoscopes, which are at different positions in the spectrometer
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Figure 31: Left: Distribution of reconstructed photons together with the expected Cherenkov rings
for pion, kaons and proton (also indicated by the black lines on the right). Right: Likeli-
hood distribution for an identified proton. (Taken from [71])

and at least one of them is behind an absorber allowing only muons to pass, are used in
a special coincidence to obtain the trigger signal. This coincidence is build as a matrix
in order to create the coincidence signal for all possible combinations of the strips. The
trigger system is described in References [72, 73].

In the case of the trigger based on hodoscope signals, two different methods are used:
The target-pointing method and the energy-loss method. In order to cover different kin-
ematic regions due to the variation of rates, five different trigger systems are build. These
systems are called inner trigger (IT), ladder trigger (LT), middle trigger (MT), outer trigger
(OT) and LAS trigger (LAST). The position of the different hodoscopes in the spectrometer
are shown in Figure 32 together with the position of the hodoscopes of the veto system.

Figure 32: Overview of the relevant trigger elements in the spectrometer. (Taken from [73])
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3.5.1 Target-pointing trigger

The target-pointing method utilises the fact that the spectrometer magnets deflect charged
particles only in the horizontal plane. In the vertical plane, the angle of the muon remains
the same and can be measured. This is done via pairs of hodoscope stations with hori-
zontal strips. Only certain combinations of elements from both stations correspond to a
possible interaction inside of the target, whereas other combinations, which belong for
example to halo muons do not point to an interaction inside of the target. This principle
is illustrated in Figure 33 for two kinds of tracks, one with interaction in the target and
one passing outside the target. In order to form all possible combinations of the signals
from two hodoscope planes coincidence matrices are used. The final trigger decision is
formed by selecting only pixels in this matrix, which correspond to interactions inside of
the target. The pixels form the diagonal of a matrix. Using the central strips, the position
of the interaction cannot be determined. This results in a singularity in the matrix. This
principle is used in the LAS, outer and middle trigger.

Figure 33: Illustration of the target-pointing method. A scattered muon results in a coincidence
between the two strips of the hodoscopes pointing in direction of the target. A halo
muon fails to produce such an coincidence.

3.5.2 Energy-loss trigger

The target-pointing method can only be used if the scattering angle is large enough. In
order to trigger on events with small scattering angles, a different method is used. It
utilises the energy loss in an interaction and a magnetic field. The loss of energy results
in larger deflection in the magnetic fields compared to the case where no interaction took
place. In order to trigger on the energy loss, two hodoscope stations are used, which
consist of vertical strips. Again, all possible combinations from two hodoscope planes are
used to form a coincidence matrix. This time, the allowed combinations form a triangular
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shape due to different scattering angles at different energies. The rejected pixel correspond
to an minimal amount of energy lost in the interaction. This principle is illustrated in
Figure 34 for a muon with no energy loss passing the target and a muon, which lost
energy due to an interaction in the target. This principle is used for the inner, middle and
ladder trigger.

Figure 34: Illustration of the energy-loss method. A scattered muon results in a coincidence
between the two strips of the hodoscopes in agreement with an interaction inside the
target. A halo muon fails to produce such an coincidence.

3.5.3 Veto system

The muon beam used at COMPASS is surrounded by a halo component and also has a
sizeable divergence. Both reflect the origin of the beam. This results in trigger signals
produced by muons without interaction inside the target. They can be reduced by intro-
ducing a veto system in front of the target. The veto systems consists of five scintillator
hodoscope stations with an central hole for the beam. Their position in the beamline is
shown in Figure 32. They are positioned at different distances to the beam to suppress
different unwanted contributions. Two large veto hodoscopes suppress halo components
further away from the beam and three veto hodoscopes are build to suppress the part of
the beam that does not pass the target. The final veto signal is formed by an “or” of all
veto hodoscopes [74]. An illustration of the veto system is shown in Figure 35. The ad-
vantage of such an system is the reduction of wrong trigger signals. This results in a lower
amount of events, which have to be treated by the data acquisition system and therefore
reduce its dead time. On the other hand, a new dead time is introduced due to the time
needed to produce a coincidence between the veto system and the trigger system.



56 the compass experiment at cern

Figure 35: Illustration of the veto system. Muons passing the veto detector are rejected (red). Only
incoming muons with a possible interaction in the target can produce a trigger signal
(green). (Taken from [72])

3.5.4 Calorimeter trigger

The pure calorimeter trigger (CT) is the only trigger system not triggering on muons. In-
stead, it triggers on the energy deposition of particles inside the calorimeter (HCal1, HCal2
and ECal1). Therefore, it is used to extend the kinematic range of the trigger system to-
wards larger photon virtualities and to trigger on events with a scattered muon outside
of the acceptance of the scintillating hodoscope triggers. Additionally, it can be used
for studying the efficiency of the other trigger systems. In order to distinguished between
muons and hadrons, the energy threshold of the trigger is set to an energy higher than the
one of a muon passing thorough the calorimeter. The muon only deposits energy corres-
ponding to a minimal ionising particle. Typically, this threshold is larger than three times
the energy deposition of such a particle. In order to trigger only on a cluster produced by
hadrons 2× 2 cells are summed up, which is the typical shower size in the calorimeter.

For the calorimeter trigger (CT), a high threshold, which suppresses 90% of clusters
produced by single muons, is used. In parallel also a lower threshold is used. This signal
is used in coincidence with the signals from a hodoscope trigger to form a “semi-inclusive”
trigger. This is used for the inner, ladder and LAS trigger.

3.5.5 Summary

The various trigger systems used in the COMPASS experiment are located at different
positions in the spectrometer. At least one hodoscope of each trigger system is located
behind an absorber, which provides the muon identification. Based on their distance to
the beam, they cover different kinematic regions. An overview of the kinematic region
covered by the various hodoscope based trigger is shown in Figure 36 as a function of the
photon virtuality and the relative virtual photon energy.

The properties of the various hodoscope based trigger systems is summarised in Table 5.
Here, the middle trigger has a unique property compared to the other triggers used for
physics data. It is used as an “inclusive” and “semi-inclusive” trigger and makes use of
both triggering methods.
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Figure 36: Kinematic coverage of the different trigger systems as a function of the photon virtuality
and the relative photon energy. The coverage is shown for the muon beam with a
nominal momentum of 200GeV/c.

Table 5: Overview of the different Hodoscope trigger.

trigger principle type

Inner (IT) energy loss “semi-inclusive”

Middle (iMT/MT) energy loss, target pointing “inclusive” and “semi-inclusive”

Ladder (LT) (before 2010) energy loss “semi-inclusive”

Ladder (LT) (since 2010) energy loss “inclusive”

Outer (OT) target pointing “inclusive”

LAS (LAST) (2011) target pointing “semi-inclusive”
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3.6 data acquisition and reconstruction

The data recording is managed by the data acquisition system (DAQ) on an event-by-event
basis. Each event corresponds to at least one trigger signal. The DAQ is able to handle
high trigger rates as well as a large data flow. The recorded data from each detector is
reconstructed offline in order to extract tracks, vertices and physics quantities.

3.6.1 Data acquisition

The structure of the COMPASS data acquisition system is shown in Figure 37. It is con-
trolled by the trigger control system (TCS). The detector data is collected using time to
digital converter (TDC) and sampling analogue to digital converter (SADC). Their data
are transferred to the concentrator modules, which are either CATCH (COMPASS accu-
mulate, transfer and control hardware) [75] mainly used for TDC information or GeSiCa
(GEM and silicon control and acquisition module) for SADC information. They collect
and merge the detector data before sending them to the readout buffer computers (ROB).
These computers are equipped with so called spill buffer cards, which collect the data
from the connected concentrator modules and store them on SDRAM cards during the
spill before being saved on the PC. The readout buffer computers are connected to all
event builder computers (EB). Their task is the creation of events using all available data
from the readout buffers. The data is split into files of 1GB each. These files are stored
on the event builders before being transferred to the CERN computer centre for storage
on a tape system [76]. The event builders also run an online filter, which is used for data
filtering and quality monitoring.

3.6.2 Event reconstruction

The reconstruction of events is done using a software called CORAL1 (COMPASS recon-
struction and analysis). It uses in addition to the raw data from the detectors (or inputs
from Monte Carlo simulations) files containing the position and calibration parameters of
all detectors, as well as maps of the magnetic fields and material maps. The information
is used for track, momentum and vertex reconstruction as well as particle identification
and calorimeter cluster reconstruction. The output of the reconstruction is stored into a
tree like structure based on ROOT [77] and is called mini data summary tapes (mDST).
These files are used for further physics analysis using PHAST2 (physics analysis software
tool), which can access the mDST files and includes tools for filtering and processing the
data. It is also capable of creating mDST files.

3.6.2.1 Track reconstruction

The track reconstruction is done in three steps, which are described in Reference [58]. In
the first step, pattern recognition is used to find clusters consistent with track segments.
This is done by dividing the spectrometer into different zones, in which tracks are expec-
ted to be straight lines. The zones are separated by the spectrometer magnets, the target

1 https://twiki.cern.ch/twiki/bin/viewauth/Compass/DataReconstruction/CoralSoftware
2 http://ges.home.cern.ch/ges/phast/index.html
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Figure 37: Layout of the data acquisition system used at COMPASS with the different steps of
handling the detector information. (Taken from [59])
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and the second muon filter. A reconstructed event is shown in Figure 38 together with
the different zones. The track finding procedure is done starting with projections using
the detectors sensitive to this direction. For each combination of possible tracks, a path
with a width is build. The width is given by the detector resolution. The path is used to
find further hits along a possible track. Afterwards, the information from all projections
are combined to determine the tracks in the three dimensional space. These tracks are
compared to entries in a dictionary of possible tracks to speed up the fitting procedure.

In a second step, the full tracks are build. First, a straight line fit is performed in each
zone. Afterwards adjacent zones for straight tracks are connected by bridging. The com-
bination of track segments is done based on the best χ2 for a pair of segments. Combina-
tions with a bad χ2 or ones containing segments already used for an accepted combination
are rejected.

In the last step, the magnetic field and material maps are used to estimate the best
parameters of a track. This is done using a Kalman fit method [78, 79], twice. One iteration
starting at the first measured position and one starting at the last measured position.

Figure 38: One event reconstructed by CORAL. The blue points correspond to hits in the detectors
and the red lines are the reconstructed tracks. The different zones used for the straight
line fits are indicated on top.

3.6.2.2 Vertex reconstruction

During the event reconstruction two kinds of vertices are determined. Primary vertices
have a incoming particle (muon) and one or more outgoing tracks connected to it. The dis-
tribution of reconstructed primary vertices is shown in Figure 39. The secondary vertices
only take into account possible decays of neutral particles into two oppositely charged
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particles. Therefore, secondary vertices have only two outgoing particles and no incoming
one.

The reconstruction of primary vertices starts by finding the point of closes approach
between the incoming track and tracks found in the spectrometer. Tracks, which are too
far away from this point, are rejected. The selected tracks are used in an inverse Kalman
fit to calculate the χ2 contribution for each track. Tracks with too large contributions are
removed and the fit is repeated. A recovery algorithm is implemented for the case that
this procedure fails. As an event can contain more than one incoming beam track, more
than one possible primary vertex can be found.

The secondary vertices are reconstructed by combining all pairs of tracks with opposite
charge and searching for a possible decay position. This is done using again Kalman
filter techniques to find positions of close approach. Tracks can be connected to several
secondary vertices and also to a primary one.
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Figure 39: Distribution of primary vertices along the Z-axis for events with Q2 > 1 (GeV/c)2. The
blue area correspond to one of the three target cells.

3.7 determination of the rich particle identification efficiency

In this section, the method and results of the evaluation of the RICH performance for the
2011 data taking are presented. The identification and misidentification probabilities are
evaluated for pions, kaons and protons as a function of the entrance angle θ of the particle
into the RICH and its momentum. The same method was used before in the determination
of the RICH efficiency for the 2006 data taking as described in Reference [80].

In previous analysis on the RICH particle identification efficiency, “exclusive” φmesons
were used. These are φ meson produced in an exclusive reaction. Therefore, only three
particles are detected in the spectrometer. These are the scattered muon and the two kaons
from the decay of the φ meson. Such events do not represent typical events at COMPASS
from deep inelastic scattering where also more than three particles are detected. Therefore,
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so called “inclusive” φ mesons are used for the analysis. These are φ mesons produced in
deep inelastic scattering. Such events contain not only the scattered muon and the decay
kaons from the φ meson but might also contain additional particles.

3.7.1 Data selection

For the determination of the RICH efficiency, it is necessary to have a source of events
where the true kind of the particle passing the RICH is known. That kind of events
is obtained using two body particle decays, namely the decay of a K0 into two pions
(K0 → π+π−), the φ decay into two kaons (φ→ K+K−) and the Λ decay into a pion and a
proton (Λ→ pπ−). In order to select events, which represent events used in later analysis,
deep inelastic scattering events with a scattered muon are selected. Therefore, the typical
cuts are applied to the data:

1. Exclude bad spills

2. Select best primary vertex with incoming and scattered muon 3

3. Check if primary vertex is inside one of the target cells (PaAlgo::InTarget)

4. Extrapolated track of the incoming muon should cross all target cells (PaAlgo::CrossCells)

5. 0.1 6 y 6 0.9

Different selection criteria have to be used for K0, Λ and φ decays. In the case of K0

mesons and Λ baryons, the particles have to decay by the weak force. Therefore, the decay
length is long enough to produce a secondary vertex, which can be separated from the
primary one. The φ mesons has to decay by the strong force. This results in a very short
decay length and it is not possible to separate the secondary vertex from the primary one.

3.7.1.1 K0 and Λ selection

For K0 meson the decay into π+ and π− with a branching ration of (69.20± 0.05)% [18]
and in the case of Λ and Λ̄ baryons the decay into a proton and a pion with an branching
ration of (63.9± 0.5)% [18] is selected. In both decays the reconstruction of the secondary
vertex is possible. The following cuts are applied to select these decays:

1. Selection of good secondary vertex

• Loop over all vertices

• Vertex is not a primary one

• Exactly two oppositely charged outgoing particles

• The tracks should not be connected to any other primary vertex

• Primary and secondary vertex separated by more than 2σ

2. Select good hadron tracks

• Both particles should not have crossed more than 10 radiation length

3 Phast.7.136
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• Last measured position (ZLast) behind SM1

• Transverse momentum with respect to the mother particle larger than 23MeV
to suppress electrons

• Check that the decaying particle is connected to the primary vertex (θ 6 0.01)

3. Additional cuts

• ph > 1GeV/c

• Mass difference smaller than 150MeV/c2 between the K0/Λ mass and the in-
variant mass of the two decay hadrons assuming the correct masses

The same cuts except for the mass cuts are used for K0 and Λ candidates. For the selected
candidates, the RICH likelihoods of the two decay particles are stored for further analysis.
During the first selection step, good secondary vertices are selected with only two out-
going tracks. In order to ensure that the two tracks belong to this secondary vertex, the
vertex is skipped if a track is assumed to originate from a primary vertex. In addition,
the primary and secondary vertex should be separated from one another. Therefore, the
distance between both should be larger than two times the reconstruction accuracy.
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Figure 40: Armenteros plot showing the effect of the cut on the transverse momentum, which is
illustrated by a red line.

During the second selection step, good hadron tracks are selected. In order to suppress
tracks from muon, tracks which have passed a large amount of material are rejected. In
addition, only tracks with a measured momentum are selected. This is ensured by a last
measured position behind the first spectrometer Magnet. In addition, it is ensured that
the K0 meson or Λ baryon is produced in the primary vertex by comparing the angle θ
between their momentum vector and the vector connecting the primary and secondary
vertex. Tracks from electrons are suppressed by removing particles with low transverse
momenta with respect to the mother particle. This is shown in Figure 40. Here, the
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transverse momentum of a particle is shown as a function of the ratio of the longitudinal
momentum ratio of two particles:

α =
pL,1 − pL,2

pL,1 + pL,2
. (100)

The three visible arcs are produced by the decay of the K0 mesons and the Λ baryons.
The decay of K0 mesons in two particles with the same mass results in the symmetric arc,
whereas the decay of Λ baryons into two particles with different masses result in the two
smaller arcs on the left and right side. The band at the bottom is produced by electrons
from pair production. These are removed by the cut on the transverse momentum. This
is also shown in Figure 41 for the transverse momentum of the particles from possible
decays of K0 mesons or Λ baryons.
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Figure 41: Distribution of the transverse momentum for K0 (left) and Λ (right) candidates. The
orange area corresponds to the removed events.

During the third selection step, events, which will not be used in the later analysis, are
removed. Therefore, a minimal momentum of the particle is required and only a mass
range of 150MeV/c2 around the K0 or Λ mass is selected.

The effect of the cuts on the invariant mass of the K0 and Λ candidates is shown in
Figure 42 in the range of their mass. The strongest reduction is achieved by requiring
the production of the K0 meson or Λ baryons at the primary vertex. In addition, also the
effect of the Likelihood cuts for the particle identification, which are applied later one, is
shown.

3.7.1.2 φ selection

The φ meson decay length is too short to separate the primary and decay vertex. There-
fore, all outgoing particles from a primary vertex are taken into account for the search of
possible φ mesons. The branching ratio of the decay into two kaons is (48.9± 0.5%) [18].

1. Select possible event with φ mesons

• At least 3 outgoing particles (includes scattered muon)

• Loop over all outgoing particles

• Oppositely charged pairs of hadrons (none is a muon)
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Figure 42: Invariant mass for K0 (left) and Λ (right) candidates after the application of various cuts.

2. Select good hadron tracks

• Last measured position behind SM1

• Transverse momentum with respect to the mother particle larger than 23MeV
to suppress electrons

3. Additional cuts

• 9GeV/c < p < 55GeV/c

• Mass difference between φ mass and the invariant mass of the two hadrons
smaller than 120MeV/c2 assuming the kaon mass

The selection steps are similar the the selection of the K0/Λ candidates. In the first step,
primary vertices with oppositely charged hadron pairs are selected. During the second
selection step, only particles with a measured momentum are kept and possible electrons
are removed by removing particles with a too low transverse momentum. During the
third step additional cuts are applied to remove events, which will not be used in the later
analysis. The effect of the various cuts is shown in Figure 43. The selection of φ meson
candidates results in a large combinatorial background. During the selection the largest
suppression is achieved by the removal of electrons. By also applying the Likelihood cuts
to identify the kaons a large suppression can be achieved.

3.7.2 RICH particle identification

The goal of the selection is a clean pion and kaon sample. Due to the larger amount of
pions compared to kaons stricter selection cuts are imposed for kaons. The identification
of these particles is done using likelihood cuts. The calculation of those is described in
Section 3.4. Using the likelihood values, the particle identification is done by comparing
these values with one another. In the simplest case, the highest one determines the particle
type. This method is used in the case of pions. In the case of kaons, stricter likelihood
cuts are applied to suppress misidentified pions. These stricter cuts are an improvement
compared to previous COMPASS analysis. The likelihood cuts are listed in Table 6. A fur-
ther improvement is the inclusion of protons in the RICH particle identification efficiency
determination.



66 the compass experiment at cern

)2cM(K,K) (GeV/
1 1.05 1.1

E
ve

nt
s

0

20

40

60

310×
No cut
XX0 < 10
Zlast

t
p
LH

Figure 43: Invariant K+K− mass after the application of various cuts. Also the effect of the identi-
fication of one kaon is shown.

Table 6: Likelihood cuts for pion, kaon and protons.

pion kaon proton

Momentum p > pπ,thr p > pK,thr p 6 pp,thr p > pp,thr

Likelihood type i π K bg p

LH(i)/LH(π) — > 1.08 > 1.0 > 1.0

LH(i)/LH(K) > 1.0 — > 1.0 > 1.0

LH(i)/LH(p) > 1.0 > 1.00 — —

LH(i)/LH(bg) > 1.0 > 1.24 — > 1.0
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The RICH particle identification efficiency is studied in the momentum range of 10GeV/c 6
p 6 50GeV/c. In this range, pions and kaons are emitting Cherenkov light, while up to
∼ 17GeV protons are still below the threshold of

pthr,i = mi ·
1√
n2 − 1

, (101)

where n is the refractive index. This is shown in Figure 44 where the reconstructed Cher-
enkov angle is shown as a function of the hadron momentum. As the momentum range
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Figure 44: Left: Reconstructed Cherenkov angle as a function of the momentum. Right: Com-
parison with the calculated Cherenkov angle for each particle type using the refractive
index of the RICH gas.

is restricted to momenta larger than 10GeV/c, no electron rejection can be performed. In
this momentum range the Cherenkov angle for pions and electrons are to close to one
another. Muons can also be not rejected using likelihood cuts as the Cherenkov angle for
muon and pion is too close to one another. But they can be identified by cuts on the radi-
ation length passed by a particle. The identification of pions, kaons and protons above the
momentum threshold is done by comparing the likelihood values with one another. The
likelihood cuts for protons require its likelihood to be the largest one. These cuts are also
given in Table 6. Below the momentum threshold, protons do not emit Cherenkov light.
Therefore, the likelihood values are used to test whether the detected light is consistent
with random noise in the detector (background). In order to avoid possible problems due
to the uncertainty on the reconstructed momentum or the uncertainty of the refractive
index of the RICH gas, a region of ±5GeV/c around the proton threshold is used, where
both hypothesis are applied for proton identification.

3.7.3 Efficiency determination

The particle identification efficiency of the RICH is studied as a function of the hadron
phase space, which is given by the hadron momentum and its polar angle at the entrance
of the RICH. This was already studied before, for example in References [81] and [82]. The
binning used for this study is similar to a previous analysis described in Reference [80]. A
fine binning is used for the momentum dependence since the Cherenkov effect depends
on this variable. For the dependence on the polar angle, a coarse binning is used, since
only a weak dependence is observed. The binning is given by:
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• Momentum p (GeV/c) = (10, 11, 12, 13, 15, 17, 19, 22, 25, 27, 30, 35, 40, 50)

• Angle θ (rad) = (0.0, 0.01, 0.04, 0.12, 0.3)

For each bin, the elements of the efficiency matrix MRICH are determined separately
for positive and negative particles. The elements of this matrix contain the probability
for a particle i to be identified as a particle of type j, for example a pion that is correctly
identified as pion or wrongly as a kaon. The full matrix is given by:

MRICH =

ε(π→ π) ε(π→ K) ε(π→ p) ε(π→ noID)

ε(K→ π) ε(K→ K) ε(K→ p) ε(K→ noID)

ε(p→ π) ε(p→ K) ε(p→ p) ε(p→ noID)

 (102)

The different elements are determined by ε(i → j) = N(i → j)/N(i) where N(i) is the
total number of particles i andN(i→ j) is the number of particles i, which are identified as
particle j. These numbers are evaluated using samples, where the particle type is known,
as in the case of the selected decays.

In the case of positive pions, the events from the K0 sample are used where the negative
hadron is identified as a pion using the likelihood cuts shown in Table 6. Therefore,
the second particle has to be a pion too, if the decaying particle was a K0. Using the
RICH, the particle type is determined for the second particle, which results in the number
N(π+ → j). An equivalent procedure is used for positive kaons and protons using the
φ and Λ samples. In order to obtain these numbers for the negative particles, the same
samples are used but this time performing the identification of the positive particle in the
first place.

The numbers N(i → j) are extracted using a fit, which is described here for the K0

sample, where the negative pion is already identified. The events are put into five different
groups, depending on the particle type determined by the RICH:

1. All events (RICH not used for second particle)

2. Events where π+ is identified as π+

3. Events where π+ is identified as K+

4. Events where π+ is identified as p

5. Events where π+ is not identified

For each of these groups, the invariant K0 mass spectra are shown in Figure 45, for ex-
ample, and the number of events in the peak and the background are determined by
a simultaneous fit of all five spectra. These spectra are described using two Gaussian
distributions with the same mean for the signal, fSig, and a polynomial to describe the
background, fBG. Their expressions are given in Table 7. The two Gaussian distributions
account for the different resolutions of the two stages. The fitted function for each of the
groups is given by:

f(x) = NSig · fSig +NBG · fBG , (103)

whereNSig is the amount of K0 andNBG the amount of background events. Here, the same
width, σ1 and σ2, of the two Gaussian distributions was used for all five spectra. Also
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Table 7: Functional form for the description of the the mass spectra for K0, φ and Λ candidates.
The symbol G represents a Gaussian distribution and the symbol BW a Breit-Wigner dis-
tribution.

sample signal background

K0 δG(µ,σ1) + (1− δ)G(µ,σ2) 1+ ax+ b(2x2 − 1) + c(4x3 − 3x)

φ BW(µ,σ1)⊗G(µ,σ2) (x− t)n · exp(−a(x− t)) with t = 2 ·mK

Λ δG(µ,σ1) + (1− δ)G(µ,σ2) (x− t)n · exp(−a(x− t)) with t = mp +mπ

the ratio δ of the amount of events in both Gaussian distributions is the same. The shape
of the background is the same for all spectra except the one where the pion is identified
as a proton. In this case, a possible background due to decays from Λ baryons decaying
in a pion and an proton can be enriched. This results in a slightly different background
shape. The integral of the background remains a independent parameter in all five cases.
In order to ensure that the sum of all efficiencies (ε(π+ → π+) + ε(π+ → K+) + ε(π+ →
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(c) Identified as kaon
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(e) No identification

Figure 45: Mass spectra for K0 candidates with an identified π− for various hypothesis for the
second hadron. The momentum of the positive hadron is in the range of (25GeV/c2 <
p < 27GeV/c2) and the angle in the range of (0.01 < θ < 0.04).

p) + ε(π+ → noID)) is 100%, an additional constraint is introduced to the fit.

Nall(K0) = Nπ(K0) +NK(K0) +Np(K0) +NnoID(K0) , (104)

where Ni(K0) (i = π,K,p, noID) is the number of K0 obtained from the histogram where
the pion is identified as i. This results in 16 free parameters of the fit. The same method
is used in the case of kaons and protons. The main difference between those fits and the
one for the K0 sample is the description of the signal and the background. The functions
describing both are also given in Table 7. Again the parameters describing the shape are
the same in all five spectra and the fit parameters describing the integrals of the functions
are used as free parameters, except for the parameter of the mass spectrum including
all events. This results in 15 free parameters for the fit of the φ sample and in 15 free
parameters for the fit of the Λ sample.

Examples of the fits performed for the φ and Λ samples are shown in Figures 46 and
47. The fits show the results for one momentum bin (25GeV/c2 < p < 27GeV/c2) and
angular bin (0.01 < θ < 0.04), which was also shown for the K0 sample.



70 the compass experiment at cern

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

1

2

310×  188± = 13905 allN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

100

200

300

400

 9± = 7 πN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

0.5

1

1.5

2

310×  183± = 13561 kN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

20

40

60

 32± = 155 pN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

10

20

30

40

 22± = 181 noIDN

(a) All

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

1

2

310×  188± = 13905 allN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

100

200

300

400

 9± = 7 πN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

0.5

1

1.5

2

310×  183± = 13561 kN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

20

40

60

 32± = 155 pN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

10

20

30

40

 22± = 181 noIDN

(b) Identified as pion

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

1

2

310×  188± = 13905 allN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

100

200

300

400

 9± = 7 πN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

0.5

1

1.5

2

310×  183± = 13561 kN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

20

40

60

 32± = 155 pN

)2M (GeV/c
1 1.01 1.02 1.03 1.04

E
ve

nt
s

0

10

20

30

40

 22± = 181 noIDN

(c) Identified as kaon
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Figure 46: Mass spectra for φ candidates with an identified K− for various hypothesis for the
second hadron. The momentum of the positive hadron is in the range of (25GeV/c2 <
p < 27GeV/c2) and the angle in the range of (0.01 < θ < 0.04).
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(b) Identified as pion
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(c) Identified as kaon
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Figure 47: Mass spectra for Λ candidates with an identified π− for various hypothesis for the
second hadron. The momentum of the positive hadron is in the range of (25GeV/c2 <
p < 27GeV/c2) and the angle in the range of (0.01 < θ < 0.04).

3.7.4 Calculation of the efficiencies and uncertainties

The elements of the efficiency matrix MRICH are determined from fitted numbers of signal
events,

ε(i→ j) = N(i→ j)/N(i) . (105)

Here, N(i) is given by the sum of all N(i → j). As the nominator and denominator are
correlated, the uncertainty can be determined via error propagation taking into account
the covariance matrix of the fit,

∆ε =

√√√√ m∑
j=1

(
∂ε

∂N(i→ j)

)2
· uj + 2

m−1∑
j=1

m∑
k=j+1

(
∂ε

∂N(i→ j)

∂ε

∂N(i→ k)
· u(j,k)

)
. (106)

Here, uj are the diagonal elements of the covariance matrix, u(j,k) are the off diagonal
elements and ε is one of the elements of the efficiency matrix. The summations are done
over all possible particle types, which are pion, kaon, proton and no identification in this
case.

3.7.5 Results

The result for the RICH particle identification efficiency is shown in Figures 48 to 53 for
the various particles and their charges. In each figure, the momentum dependence for the
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various angular bins are shown. The weak dependence on the angle as well as the strong
dependence on the momentum especially near the threshold is visible.

The RICH performs a correct identification of pions in more than 95% of the cases for
momenta below 30GeV/c2 and the probability for a misidentification of a pion as a kaon
is below ∼ 1%. For kaons, near the threshold a strong dependence on the momentum
is visible. At higher momenta the correct identification is given in ∼ 95% of the cases.
For protons, the momentum dependence at the threshold is even stronger. Below the
threshold, protons are identified correctly in about 50% of the cases. Above the threshold,
the efficiency rises up to ∼ 95%. For the future analysis of hadron asymmetries, the inverse
of the efficiency matrix will be needed.
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Figure 48: Identification probabilities ε(π+ → j) for positive pions. The results for the different θ
bins are slightly shifted to the right to avoid an overlap.
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Figure 49: Identification probabilities ε(π− → j) for negative pions. The results for the different θ
bins are slightly shifted to the right to avoid an overlap.
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(d) No identification

Figure 50: Identification probabilities ε(K+ → j) for positive kaons. The results for the different θ
bins are slightly shifted to the right to avoid an overlap.
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Figure 51: Identification probabilities ε(K− → j) for negative pions. The results for the different θ
bins are slightly shifted to the right to avoid an overlap.
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Figure 52: Identification probabilities ε(p → j) for protons. The results for the different θ bins are
slightly shifted to the right to avoid an overlap.
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Figure 53: Identification probabilities ε(p̄ → j) for antiprotons. The results for the different θ bins
are slightly shifted to the right to avoid an overlap.
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4
E X T R A C T I O N O F A S Y M M E T R I E S

In this chapter, the COMPASS method for the extraction of longitudinal double spin asym-
metries from data is described. Also, the test of the data stability for the full data from
the 2011 data taking is described. In addition, the necessary external inputs for the asym-
metry calculation are explained. These external inputs are, for example, the beam and
target polarisation, the depolarisation factor, the dilution factor and the parametrisation
of the spin-independent structure function. Also the corrections to the longitudinal double
spin asymmetry are described. These corrections take into account radiative effects and
offsets to the longitudinal double spin asymmetry due to the presence of nitrogen-14 or
lithium-7 inside the target material.

4.1 asymmetry calculation

The original method for the calculation of the longitudinal double spin asymmetries from
data was developed by SMC and was further improved by the COMPASS collaboration.
The method is described in References [83, 84]. For calculating the longitudinal double
spin asymmetry, the data is divided into four sets. They contain the data from the two
different target cells. These are the upstream (u) and downstream (d) cell in the case of
the two cell target or the central (c) and the two outer cells (o) in the case of the three cell
target. These two data sets are divided once more depending on the polarisation direction
before and after a solenoid field reversal (u = u↑,d = d↓,u′ = u↓,d′ = d↑). The solenoid
field reversal is described in Section 3.2.

The number of events in each target cell for the two possible solenoid field directions
can be expressed as a function of different variables

Nu =

∫
d~xauΦunuσ (1+ PBPTfDA1) = αu (1+βuA1) , (107)

Nd =

∫
d~xadΦdndσ (1+ PBPTfDA1) = αd (1+βdA1) , (108)

N′u =

∫
d~xa′uΦ

′
unuσ (1+ PBPTfDA1) = α

′
u

(
1+β′uA1

)
, (109)

N′d =

∫
d~xa′dΦ

′
dndσ (1+ PBPTfDA1) = α

′
d

(
1+β′dA1

)
. (110)

Here, the prime indicates the quantities after a rotation of the solenoid field. The integral
over ~x takes into account all variables (x,Q2...), ai is the acceptance, Φi the incoming
muon flux, ni the number of target nucleons and σ is the spin-independent cross section.
The term connected to the asymmetry A1 depends on the beam polarisation PB, the target
polarisation PT, the dilution factor f and the depolarisation factor D. These equations can
be simplified by introducing the factors α and β, which are given by:

αi = aiΦiniσ , (111)

βi = PBPTfD . (112)

79
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Here, the index i = {u,d,u′,d′} denotes the corresponding target cell before or after a
solenoid field reversal. The equations for the number of events in one target cell can be
reformulated by introducing the mean acceptance factor

〈ai〉 =
∫

d~xaiΦiniσ∫
d~xΦiniσ

(113)

and the mean β

〈βi〉 =
∫

d~xαiβi∫
d~xαi

. (114)

Using these two factors, the double ratio δ of the number of events per target cell and
solenoid field direction is given by:

δ =
NuN

′
d

NdN′u
(115)

=
〈au〉〈a′d〉
〈a′u〉〈ad〉

∫
d~xΦunuσ

∫
d~xΦ′dndσ∫

d~xΦ′unuσ
∫

d~xΦdndσ
(1+ 〈βu〉A1)

(
1+ 〈β′d〉A1

)
(1+ 〈β′u〉A1) (1+ 〈βd〉A1)

. (116)

In this ratio, the integrals
∫

d~xΦiniσ cancel hence the number of target nucleons and the
spin-independent cross section do not depend on the the field direction. In addition, the
muon flux per target cell can be equalised by cuts during the selection of the data. The
double ratio of the mean acceptances also cancels, which has to be tested using the data.
This leads to a second order equation for the asymmetry

aA21 + bA1 + c = 0 , (117)

where the quantities a,b and c depend on the mean values of β and the double ratio δ:

a = δ〈β′u〉〈βd〉− 〈βu〉〈β′d〉 (118)

b = δ
(
〈β′u〉+ 〈βd〉

)
−
(
〈βu〉+ 〈β′d〉

)
(119)

c = δ− 1 . (120)

Solving this equation results in two solutions for the asymmetry depending on whether a
is zero or not:

A1 =
±
√
b2 − 4ac− b

2a
if a 6= 0 (121)

A1 = −
c

b
if a = 0 . (122)

The uncertainty of the asymmetry is given by

∆A1 =

√
1

〈β2〉
1

N
, (123)

where N is the total number of events. The mean value of kinematic variables X is calcu-
lated using all events from all cells

〈X〉 =
∑
j Xj

N
. (124)
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Here, the Xj are the values of the variable for each event j. At this point, a weighting
function w(~x) for each event can be introduced into this formalism by modifying the
expression for Ni:

Ni → pi =

∫
d~xw(~x)Ni(~x) ≈

∑
j

wj . (125)

This changes the expressions from Equations 113 and 114 for the mean acceptance and
the mean β. Also, Equation 115 for the double ratio is modified:

〈ai〉 =
∫

d~xaiΦiniσw(~x)∫
d~xΦiniσw(~x)

, (126)

〈βi〉 =
∫

d~xαiβiw(~x)∫
d~xαiw(~x)

≈
∑
jwj(~x)βj∑
jwj(~x)

, (127)

δ =
pup

′
d

pdp′u
. (128)

The second order equation for the asymmetry given in the Equations 121 and 122 remains
the same together with the relations of the factors a,b and c given by Equations 118, 119

and 120. Using the weighting function results in a modification of the expression for the
uncertainty

∆A1 =

√
〈w2〉
〈wβ〉2

1

N
. (129)

In addition, the expression for the calculation of mean values is modified. Now, the
weighted mean is used

〈X〉 =
∑
jw

2
jXj∑

jw
2
j

. (130)

For the calculation of mean values always the kinematic variable is used, except for the
photon virtuality. Here, the mean values is calculated for the logarithm of the photon
virtuality Q2 as the DGLAP equations (see Section 2.7.2) show a logarithmic dependence
of the structure function g1 on the photon virtuality.

The statistical optimal weight would be w = PBPTfD to increase the contribution from
events, which have large analysing powers for the asymmetry. In the case of real data,
the target polarisation is removed from the weight as it is not known for each event and
thus might introduce false asymmetries. Instead, only its mean value is known for a
certain period in time, which can hide a time dependence and therefore introduces the
false asymmetries.

4.2 data stability

For the determination of the longitudinal double spin asymmetry A1 only events from
stable data taking should be used. Therefore, periods of unstable data taking conditions
are excluded, for example such, which are affected by instabilities of detectors. Two
different methods are used to search for those periods. The first method performs a search
on the level of individual spills. The second one identifies runs, which are affected.
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4.2.1 Bad spill identification

The identification of bad spills is performed on a spill by spill level. Its aim is the detection
of spills, which are affected either by instabilities in the beamline or problems in the
detectors. Those effects result in differences in the properties of reconstructed events.

In order to search for such spills, some basic variables for each spill are taken into
account and studied as a function of the spill number (time). These variables are:

• Number of primary vertices per event

• Number of beam particles per primary vertex

• Number of tracks per primary vertex

• χ2 of the primary vertex per vertex

• χ2 of the tracks per track

• Number of hits per track

• Number of charged clusters per event

• Charged cluster energy per event

• Likelihoods per track

• Trigger rate

In the case of no problems in the spectrometer, the mean values for each parameter in all
spills are close together and compatible within statistical fluctuations. The identification
of bad spills utilises the assumption that the properties of a particular spill are similar
to the neighbouring ones. For this reason, a spill is compared to its 1200 neighbours. A
spill is marked as bad if the value of the observed quantity differs too much from the
neighbouring spills. This is checked by using the root mean square of the distribution and
counting the number of neighbours within a certain amount of root mean squares. Here,
a distance of three root mean squares is chosen. For good spills with no problems, this
number should be close to 1200 and in the case of bad ones, it will be close to zero. As an
example, the distribution for the number of tracks per primary vertex as a function of the
spill number is shown in Figure 54. Spills marked in red are considered to be bad ones.
Two different kinds of bad spills are observed. Some single bad spills exist and groups
of bad spills exists. The single ones are connected to the beam such as variations in the
intensity or the spill structure. Groups of bad spills are connected to problems in the
spectrometer. In such cases, the logbook is used to investigate the source of the problem.
Here, the two groups marked in red are connected to timing problems in the case of the
first sharp drop and to problems with one of the silicon micro strip detectors in the case
of the second group. The spills marked as bad ones will not be used in the final analysis.

This analysis was performed for events of each physics trigger separately. In addition,
the analysis is also performed using variables connected to the RICH detector and the
calorimeters. This allows the use of individual bad spill list depending on the analysis.
Here, the bad spill lists connected to the RICH detector and the calorimeters is not used.
Table 8 shows the amount of rejected spills in the case of the asymmetry analysis, where
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Figure 54: Top: Illustration of the bad spill identification using the number of tracks per primary
vertex. Rejected spills are marked in red. Bottom: Distribution for the numbers of
neighbours within three RMS. The red line indicates the threshold for a good spill.

only the bad spill lists for all triggers are used. The larger amount of rejected events in
the period W25 is caused by an instability in the LAS trigger, which had impacts on the
other ones. The larger amount of rejected spills in period W32 is caused by instabilities in
the beam line due to problems with some quadrupole magnets.

Table 8: Amounts of rejected spills per data taking period.

period rejected spills period rejected spills

W25 28.7% W34 10.3%

W27 8.6% W36 4.4%

W30 6.2% W38 3.2%

W31 9.5% W39 2.7%

W32 28.9% W41 2.4%

W33 4.7% W43 4.3%

4.2.2 Bad run identification

The search for bad runs is performed to test the performance of the reconstruction taking
into account the whole detector. Therefore, events with reconstructed K0 mesons were
selected. In order to calculated the mean value of some parameter, the average has to be
calculated over a full run.
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4.2.2.1 Data selection

The selection of K0 candidates is performed similar to the one described in Section 3.7.1. In
order to keep as much K0 candidates as possible, some cuts are weakened. The following
cuts are applied:

1. Exclude bad spills

2. Best primary vertex with incoming and scattered muon 1

3. Primary vertex is inside one of the target cells (PaAlgo::InTarget)

4. Selection of good secondary vertex

• Loop over all vertices

• Vertex is not a primary one

• Exactly two oppositely charged outgoing particles

• The tracks should not be connected to any other primary vertex

• Primary and secondary vertex separated by more than 3σ

5. Select good hadron tracks

• Both particles should not have crossed more than 10 radiation length

• Last measured position behind SM1 (Momentum is measured)

• Check that the decaying particle is connected to the primary vertex (θ 6 0.04◦)

6. Additional cuts

• Hadron momentum larger than 1GeV/c

• Mass difference between the K0 mass and the invariant mass of the two decay
hadrons smaller than 100MeV/c2 assuming the correct masses

At first, the already known bad spills are rejected and events with a primary vertex
inside the target with an incoming and scattered muon attached are selected. These cuts
are the same ones as used in the later analysis. Afterwards, a good secondary vertex is
selected with good hadron tracks. It is also checked that the possible K0 is produced at the
primary vertex by applying a cut on the angle θ between the momentum vector of the K0

candidate and the vector connecting the primary and secondary vertex. Some additional
cuts are applied in the last step to remove events, which will not be used for the analysis.

4.2.2.2 Results and method

For each run, the invariant π+π− mass is determined from the selected events. The ob-
tained mass spectra are fitted using two Gaussian distributions with the same mean but
different widths for the signal and a second order polynomial to describe the background.
The two Gaussian distributions are used to account for the two different resolutions of
the two spectrometer stages. An example of such a fit is shown in Figure 55 for the run
92204, which is part of the second data taking period of 2011. The difference between the
K0 mass obtained from the fit and the mass from the PDG [18] for all 2011 runs is shown

1 Phast.7.132
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Figure 55: Fit of the invariant π+π− mass for run 92204. Top: Full set of selected K0 candidates
with the result of the fit. Bottom left: Mass spectrum after subtracting the fitted back-
ground. Bottom right: Difference between data and fit.



86 extraction of asymmetries

in Figure 56. The difference is stable over the full year and shows only a small difference
between the reconstructed mass and the one from the PDG of about 0.17%. In this figure,
the beginning of a new data taking period is marked with blue lines indicating also a
change in the alignment used for the detectors in the reconstruction. No runs are reject
based on this study from the further analysis.

Run
92000 92500 93000 93500 94000 94500 95000 95500 96000

)
2 c

) 
(M

eV
/

0
(K

P
D

G
) 

- 
M

0
M

(K

1−

0

1

2

3
W25 W27 W30 W31 W32 W33 W34 W35 W36 W38 W39 W41 W43

Figure 56: Difference between the reconstructed K0 mass and the PDG value as a function of the
run number.

4.3 data grouping

For the calculation of the asymmetries described in Section 4.1, it is necessary to divide the
data in four different data sets (u,d,u′,d′). Two possibilities are used to obtain these data
sets. They can be obtained using the full data set and summing up all events belonging
to each group. This method is called “global grouping”. The other method utilises the
daily reversal of the target solenoid field. Due to this reversal, the data taken before
and after the reversal already form the four different data sets needed for the asymmetry
calculation. Therefore, the asymmetry is calculated for all of such smaller groups and the
weighted mean of the asymmetry from all those groups is calculated afterwards. This
method is called “consecutive grouping”. The advantage of this method is the reduction
of false asymmetries connected to different data taking conditions throughout the year. If
the data taking conditions do not change during the year, both methods will result in the
same asymmetry. This comparison is part of the systematic studies on the longitudinal
double spin asymmetry, which are described in Section 5.2.

4.4 inputs to the asymmetry calculation

The calculation of the asymmetry utilises the use of weights as described before. The
additional inputs for the calculation of the weights are described in the following sections.
Also, the parametrisations of the spin-independent structure function is discussed, which
is needed for the calculation of the spin-dependent structure function from the asymmetry.
In addition, corrections applied to the asymmetry are described.

4.4.1 Beam and target polarisation

The beam polarisation is calculated from a Monte Carlo simulation of the M2 beam-
line [85]. Using this simulation, a parametrisation of the polarisation depending on the
momentum of the muon is obtained. Therefore, the polarisation can be calculated for each
incoming muon. Figure 57 shows the beam polarisation as a function of the momentum
for the the 160GeV/c beam and the 200GeV/c muon beam used in 2011. The uncertainty
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on the beam polarisation is 5%. It is connected to the systematic uncertainties of the Monte
Carlo simulation. These include possible misalignments of the beamline and the repeat-
ability of the beam settings. The results of the Monte Carlo simulation were compared to
measurements of the beam polarisation done by SMC [61, 86, 87]. These measurements
were in agreement with the Monte Carlo simulation.
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Figure 57: Beam polarisation of the COMPASS muon beam as a function of the beam momentum.
Left: Beam polarisation for the muon beam used in 2011 (200 (GeV/c)). Right: Beam
polarisation for the muon beam used in 2006 and 2007 (160 (GeV/c)).

The target polarisation cannot be determined for each event separately. It is determined
for each run using the NMR system of the target (see Section 3.2). The target polarisation
obtained for the 2011 data taking is shown in Figure 58 as a function of the run number.
The relative uncertainty of the polarisation depends on the year and is connected to the
uncertainty of the NMR measurement. This uncertainty takes into account the uncertainty
on the thermal equilibrium calibration, with an empty and loaded target. Due to some
problems with the target in 2011, a larger relative uncertainty of 3.5% on the target polar-
isation is obtained. In the case of the 2007 data where also ammonia was used as target
material, the relative uncertainty is 2%. For the measurement using lithium deuteride in
2006, the relative uncertainty is 5%.

4.4.2 F2 parametrisation

The spin-dependent structure function can be obtained from the measured asymmetry
taking into account the spin-independent structure function F2 (see Section 2.9). For the
data at high photon virtualities, the parametrisation obtained by SMC [88] is used. SMC
performed a fit to the world data on the structure functions Fp

2 and Fd
2 using in addition

the precise determination of the ratio Fd
2/F

p
2 by NMC [89]. The obtained parametrisa-

tion is valid for 3.5 · 10−5 < x < 0.85 and 0.2 (GeV/c)2 < Q2 < 5000 (GeV/c)2 in the
case of the spin-independent structure function of the proton. In the case of the spin-
independent structure function of the deuteron, it is valid for 9 · 10−3 < x < 0.85 and
0.2 (GeV/c)2 < Q2 < 220 (GeV/c)2. The results for the spin-independent structure func-
tion of the proton and deuteron are shown in Figure 59 as a function of Bjorken-x at
the averaged Bjorken-x and photon virtuality of the various COMPASS data sets. In the
case of the spin-independent structure of the proton (Figure 59 left) the results using the
160GeV/c and 200GeV/c muon beam are shown for the analysis at low (open points) and
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Figure 58: Target polarisation of all three target cells as a function of the run number in 2011.

high (full points) photon virtualities are shown. Therefore, at the same Bjorken-x different
photon virtualities are used in the calculation of the spin-independent structure function.
In the case of the spin-independent structure function of the deuteron, only the results
at high photon virtualities are shown. The uncertainty of the spin independent structure
function at high photon virtualities correspond to the uncertainty of the parametrisation,
which is about 2%.
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Figure 59: Left: Values of the Fp
2 at the averaged Q2 of the four COMPASS proton data sets. Right:

Values of the Fd
2 at the averaged Q2 of the COMPASS deuteron data sets.

In the case of the analysis at low photon virtualities, three other parametrisations were
considered in addition to the parametrisation obtained by SMC:

• A parametrisation based on the generalised vector meson dominance model [90, 91].
This parametrisation is valid for all Q2 and for 10−5 < x < 0.1.

• A parametrisation based on the saturation model [92], which is valid for Q2 <
100 (GeV/c)2 and for 10−6 < x < 0.1.



4.4 inputs to the asymmetry calculation 89

• The ALLM parametrisation [93], which is obtained from a fit to the F2 world data.
The obtained parametrisation is valid for Q2 < 5000 (GeV/c)2 and 3 · 10−6 < x <

0.85.

For the calculation of spin-dependent structure function at low photon virtualities, the
parametrisation based on the generalised vector mesons dominance model was used for
the kinematic range not covered by the SMC parametrisation. Here, the systematic uncer-
tainty on the spin-independent structure function is obtained from the difference between
the various available parametrisations:

∆Fi2 =
Fref
2 − Fi2
2

, (131)

where the Fref
2 is the value used in one bin and Fi

2 are the values obtained for the various
parametrisations. For the calculation of the systematic uncertainty the largest value of ∆Fi2
was used.

4.4.3 R parametrisation

The parametrisation of the transverse to longitudinal virtual photon absorption cross sec-
tion ratio R is needed in the calculation of the asymmetry as it is part of the depolarisation
factor (see Section 4.4.4). It is also needed to extract the spin-dependent structure func-
tion from the asymmetry (see Section 2.9), which partly cancels its contribution. This
modifies the contribution to the systematic uncertainty of the spin-dependent structure
function (see Section 5.2.8). The parametrisation was obtained by the E143 collaboration
and is called R1998 [94]. They had extracted the cross section ratio by fitting the cross
section data for scattering electrons off protons or off deuteron from various experiments.
This parametrisation was modified by COMPASS to cover also lower value of the photon
virtuality. For this reason, the behaviour for Q2 < 0.5 (GeV/c)2 was modified [95]. This
includes the behaviour of the cross section ratio R ∼ Q2 at Q2 = 0 (GeV/c)2. The modific-
ation was done as follows:

R
(
Q2 < 0.5 (GeV/c)2, x

)
= R1998

(
0.5 (GeV/c)2, x

)
·β
(
1− exp

(
−Q2/α

))
. (132)

Here, α = 0.2712 (GeV/c)2 and β = 1/
(
1− exp

(
0.5 (GeV/c)2/α

))
was used. Over the

full Bjorken-x range, this modified function and its first derivative are continuous. The
uncertainty on the cross section ratio at low photon virtualities was assumed to be 0.2.
This covers the result obtained in the photoproduction limit (R = 0) and also the measured
values at higher photon virtualities at HERA (R = 0.4) [96]. The resulting parametrisation
is shown in Figure 60 as a function of Bjorken-x for the kinematics of the COMPASS data.
The increased uncertainty at low photon virtualities is visible.

4.4.4 Depolarisation factor

The depolarisation factor describes the polarisation transfer from the lepton to the virtual
photon. It is given by

D =
y
((
1+ γ2y/2

)
(2− y) − 2y2m2/Q2

)
y2 (1− 2m2/Q2) (1+ γ2) + 2 (1+ R) (1− y− γ2y2/4)

, (133)
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Figure 60: Values of R from the parametrisation of E143 including the COMPASS modifications as
a function of Bjorken-x. The cross section ratio is shown for the kinematics of the four
COMPASS proton data sets.

where γ = 2Mx/
√
Q2 is a kinematic factor. It depends on the cross section ratio R

described before. The depolarisation factor is shown in Figure 61 as a function of Bjorken-
x for the kinematics of the COMPASS proton data. The increased uncertainty at low
Bjorken-x is connected to the increased uncertainty of R at low photon virtualities.
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Figure 61: Values of the depolarisation factor as a function of Bjorken-x. It is shown for the kin-
ematics of the four COMPASS proton data sets.
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4.4.5 Dilution factor

The dilution factor takes into account that not all nucleons inside the target material can be
polarised. A description of the dilution factor used at COMPASS is given in References [97,
98]. In a naive way, it is given by:

f =
Number of polarisable nucleons

Number of all nucleons
. (134)

Using this relation, a dilution factor of 3/17 = 0.18 is obtained for ammonia and of 4/8 =
0.5 for lithium deuteride. In the case of lithium deuteride, the number of polarisable
nucleons takes also into account that in addition to the deuteron the lithium nucleus can
be described as a 4He nucleus plus a deuteron.

The calculation of the dilution factor has to take into account the cross sections for
scattering off the different contributions

f =
np(d)σp(d)

np(d)σp(d) +
∑
A nAσA

=
np(d)

np(d) +
∑
A nA

σA
σp(d)

. (135)

Here, n is the number of nuclei of either proton, deuteron or a element with atomic weight
A and σ the spin-independent double differential total scattering cross section per nucleus.
The additional deuteron inside of 6Li is not taken into account here. It is considered by
a correction factor. The cross sections include radiative processes and are not the ones
for the one photon exchange. The difference between the cross section for scattering off
a proton/deuteron and off the other material result in a Bjorken-x dependence of the
dilution factor. This difference originates at high Bjorken-x mainly from the EMC effect
and at low Bjorken-x mainly from radiative processes. A list of materials, which are
present in the target, are given in Table 9 for the 2011 data taking and in Table 10 for
the 2006 data taking. The cross section ratios are obtained from the ratio of the spin-
independent structure function F2. As these F2 ratios were obtained by applying the
radiative corrections to the measured cross section ratios, this needs to be undone [99]

FA2

F
p(d)
2

=
A

Ap/d

σA
σp(d)

ρA
ρp(d)

. (136)

Here, the factor A/Ap(d) takes into account that the structure function F2 is defined per
nucleon and the ρi are the radiative corrections to the cross section for interactions on the
nucleus i, which are calculated using TERAD [100–102].

4.4.6 Additional corrections for ammonia

The longitudinal double spin asymmetry has to be corrected due to the presence of spin-
1 nuclei inside the ammonia target or due to the presence of spin-1/2 nuclei inside the
lithium deuteride target. These materials result in an offset to the asymmetry. In addition
also other spin-1/2 nuclei are present inside the ammonia target or other spin-1 nuclei
inside the lithium deuteride target. These result in an increased amount of polarisable
material inside the target. An example for such an contribution is the additional deuteron
inside of lithium-6. Here, a calculation of those two correction factors is shown in the case
of the ammonia target.
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Table 9: Composition of the target material for each cell during the 2011 data taking.

upstream (mol) central (mol) downstream (mol)

Hydrogen 28.663± 0.265 59.835± 0.388 29.670± 0.335
Deuteron 0.003± 0.001 0.007± 0.001 0.003± 0.001
Helium-3 0.295± 0.035 0.563± 0.066 0.284± 0.035
Helium-4 6.357± 0.354 12.144± 0.642 6.128± 0.354
Nitrogen-14 9.520± 0.088 19.874± 0.129 9.855± 0.112
Nitrogen-15 0.035± 0.001 0.073± 0.001 0.036± 0.001

Table 10: Composition of the target material for each cell during the 2006 data taking.

upstream (mol) central (mol) downstream (mol)

Hydrogen 0.052± 0.006 0.100± 0.010 0.053± 0.006
Deuteron 10.261± 0.214 19.940± 0.329 10.558± 0.227
Helium-3 0.292± 0.040 0.599± 0.077 0.284± 0.040
Helium-4 3.633± 0.357 7.455± 0.667 3.536± 0.352
Lithium-6 9.859± 0.212 19.159± 0.329 10.144± 0.224
Lithium-7 0.454± 0.020 0.882± 0.035 0.467± 0.021

The counting rates for interactions inside the target with the two helicity states L and R
can be expressed by

L(R) = a
[
(1− ηd)Npσp (1±ApPBPp) Hydrogen

+ ηdNpσd (1±AdPBPd) Deuterium

+ (1− η15)NNσ14 (1±A14PBP14) Nitrogen-14

+ η15NNσ15 (1±A15PBP15) Nitrogen-15

+ η3N3σ3 (1±A3PBP3) Helium-3

+
∑
i

Niσi

]
Unpolarised elements ,

(137)

where a is the acceptance, PB is the beam polarisation, ηi are the relative contributions of
the element i or the element with A = i, η15, for example, is the amount of nitrogen-15
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inside of nitrogen, Ni are the number density of the different elements and Pi are the
polarisations. From this expression the raw asymmetry can be obtained

A =
L− R

L+ R
= PpPBf

[
Ap (1− ηd)

+ ηd
Pd
Pp

σd
σp
Ad

+ (1− η15)
N14
Np

P14
Pp

σ14
σp
A14

+ η15
N15
Np

P15
Pp

σ15
σp
A15

+ η3
N3
Np

P3
Pp

σ3
σp
A3

]
.

(138)

Using Equation 135 the dilution factor for the ammonia target is given by

f =

(
(1− ηd) + ηd

σd
σp

+ η15
NN
Np

σ15
σp

+ η3
N3
Np

σ3
σp

+
∑
i

Ni
Np

σi
σp

)−1

. (139)

In order to relate the various asymmetries to known quantities, further assumptions on
the asymmetries and the cross sections are used:

A15σ15 = β15g15Apσp , (140)

A14σ14 = β14g14 (Apσp +Anσn) , (141)

Adσd = γd (Apσp +Anσn) , (142)

A3σ3 = β3g3Apσp . (143)

Here, βi takes into account nuclear effects, for example, the polarisation of the deuteron
inside lithium-6, gi is the parametrisation of the EMC effect for an element and γd =

1 − 1.5ωd takes into account that the deuteron can be in the L = 2 state. Using these
assumptions, the longitudinal double spin asymmetry of the proton is calculated from
Equation 138:

Ap =
A

PpPBfC1
+C2

σd
σp
Ad . (144)

Here, two new functions C1 and C2 are introduced. The function C1 increases the amount
of polarisable material inside the target due to the presence of other spin-1/2 nuclei,
whereas the function C2 accounts for the offset to the asymmetry due to the presence
of spin-1 nuclei inside the target. The two functions are given by:

C1 = (1− ηd) + η15
NN
Np

P15
Pp
β15g15 + η3

N3
Np

P3
Pp
β3g15 , (145)

C2 = −
1

C1

(
ηd
Pd
Pp

+ (1− η15)
NN
Np

P14
Pp

β14g14
γd

)
. (146)

The factor C1 is include into the dilution factor, whereas the correction including the
function C2 is applied as an correction to the asymmetry:

∆Ap = C2
σd
σp
Ad . (147)
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Here, the deuteron asymmetry enters in the correction, which is given by a parametrisa-
tion from JLAB [103]. The cross section ratio σp/σd is calculated using the ratio of the
spin-independent structure functions F2. In order to calculate the correction factors the
following numbers are used (taken from [98]):

• Polarisations:

Pp = (89.0± 2.5)%
PD = (29.2± 2.8)%
P3 = (2.0± 1.0)%
P14 = (14.1± 1.4)%
P15 = (−4.1± 1.5)%

• Relative contributions:

η14NH3 = 0.99621

η14ND3 = 0.00011

η15NH3 = 0.00368

η15ND3 = 0.0

η3He = 0.09081

η4He = 0.90919

• Corrections for nuclear effects:

β3 = 0.86± 0.010
β15 = −0.3333± 0.010
β14 = −0.3333± 0.010

4.4.7 Additional corrections for lithium deuteride

In the case of lithium deuteride similar correction factors are obtained taking into account
different materials. The factors are given by:

C1 = (1− ηp) + (1− η7)
NLi

Nd

P6
Pd

β6
γd
g6 , (148)

C2 = −
1

C1

(
ηp
Pp

Pd
+ η7

NLi
Nd

P7
Pd

β7g7
γd

)
. (149)

The factor C1 is included in the dilution factor, as in the case of ammonia. Here, C1
account, for example, for the additional deuteron inside of lithium-6, which increases
the amount of polarisable material. The factor C2 will be used as an correction for the
asymmetry due to the presence of spin-1/2 nuclei. This factor is included in a correction
factor applied to the asymmetry. It is given by:

∆Ad = C2
σp

σd
Ap , (150)
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where the cross section ratio σd/σp is calculated using the ratio of the spin-independent
structure functions F2 and the proton asymmetry is given by a parametrisation from
JLAB [103]. The quantities needed to calculate the correction factors are (taken from
References [97, 98]):

• Polarisations:

Pp = (100.0± 1.0)%
PD = (40.6± 0.3)%
P6 = (45.07± 0.041)%
P7 = (90.0± 0.9)%

• Relative contributions:

ηp = 0.002

η7 = 0.045

• Corrections for nuclear effects:

β6 = 0.866± 0.012
β7 = 0.62± 0.05

4.4.8 Radiative corrections

The structure function F2 is is given for the one photon (1γ) exchange. Therefore, radiative
corrections have to be applied to the measured cross section. The same is valid in the case
of the spin-dependent structure function g1 and also the asymmetry A1. The cross section
can be expressed as

σ = νσ1γ + σtail (151)

in the spin-independent case and in the spin-dependent case for the cross section differ-
ence between parallel and antiparallel orientation of the lepton and target spin as

∆σ = ν∆σ1γ +∆σtail . (152)

The second term, which is either σtail or ∆σtail, can be decomposed into various contribu-
tions. A contribution from elastic scattering off the nucleus, quasielastic scattering, which
is elastic scattering on the nucleons inside the nucleus, and inelastic scattering:

σtail = σ
el
tail + σ

qel
tail + σ

inel
tail ,

∆σtail = ∆σ
el
tail +∆σ

qel
tail +∆σ

inel
tail .

(153)

The factor ν is given by contributions from the vacuum polarisation and the vertex correc-
tion. It is found to be close to one. In Figure 62, the different contribution are illustrated
in addition to the one photon exchange.

In the case of “inclusive” deep inelastic scattering, all contributions have to be taken into
account. Events for elastic and quasielastic scattering can simulate deep inelastic scattering
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(a) 1γ exchange (b) Initial state ra-
diation

(c) Final state radi-
ation

(d) Vertex correc-
tion

(e) Vacuum polar-
isation

Figure 62: Various processes, which contribute to radiative corrections to the one photon exchange
in inclusive deep inelastic scattering.

ones due to the emission of a photon, which changes the kinematics. In the case of “semi-
inclusive” deep inelastic scattering, in addition to the scattered lepton also a hadron is
detected. For this reason, the contributions from elastic and quasielastic scattering vanish
as no hadron is emitted in such processes. Therefore, the dilution factor is different for
“inclusive” and “semi-inclusive” measurements.

The expression for the measured asymmetry is modified by taking into account radiat-
ive corrections,

Ameas
1 = ρ (A1 +ARC) . (154)

Here, ρ = νσ1γ/σ takes into account the spin-independent radiative corrections. It is the
same one used in Equation 136 for protons or deuterons (ρp(d)). The spin-dependent
radiative corrections are included in

ARC =
∆σtail

2νDσ1γ
. (155)

Here, D is the depolarisation factor. The spin-dependent contributions are calculated
as corrections to the asymmetry using the program POLRAD [104]. They are shown in
Sections 5.3.1 and 5.5.1 and compared to the statistical uncertainty of the COMPASS data
sets. The factor ρ is included in the dilution factor forming an effective dilution factor
including also the correction factor C1

f′ = ρC1f . (156)

These corrections are calculated using a program called TERAD [100–102], which takes
into account also further corrections like corrections to the hadron not shown in Figure 62.
The dilution factor including all modifications is shown in Figure 63 for the “inclusive”
and “semi-inclusive” case. The difference between both results at low Bjorken-x is ex-
plained by the difference in the radiative corrections described before.
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Figure 63: Values for the dilution factor as a function of Bjorken-x calculated for the kinematics of
the four COMPASS proton data sets (left) and the COMPASS deuteron data set (right).





5
A S Y M M E T RY AT H I G H P H O T O N V I RT U A L I T I E S

The longitudinal double spin asymmetry A1 is extracted in two different ranges of Q2.
Here, the analysis for the range Q2 > 1 (GeV/c)2 is described. This analysis uses the new
data from the 2011 data taking and the one from the 2006 data taking. In the case of
the data of the 2006 data taking, the asymmetry is studied using a deuteron target. For
this measurement the nominal momentum of the beamline of 160GeV/c was used. Here,
already results from COMPASS exist for the asymmetry from earlier data takings [105].
The 2006 data are used to improve the statistical accuracy of the asymmetry Ad

1 and the
structure function gd

1.
In the case of the 2011 data taking, the nominal momentum of the muon beam was

increased from 160GeV/c to 200GeV/c compared to 2006. This allows to reach higher
photon virtualities and also lower values of the Bjorken scaling variable. Using the data
from 2011 the asymmetry A1 for protons is obtained, which complements the result from
the 2007 data taking.

An overview of the years of data taking is given in Table 11. In this table the different
targets and beam momenta used for the asymmetry measurement are listed together with
the published papers. In this chapter the data selection is described in Section 5.1 and

Table 11: Overview on the years of data taking connected to the measurement of the asymmetry
A1

year nominal beam momentum target publications

2002 - 2004 160GeV/c2 Deuteron [105], [95]

2006 160GeV/c2 Deuteron This work

2007 160GeV/c2 Proton [106]

2011 200GeV/c2 Proton This work

the systematic studies in Section 5.2. They are described independent of the two years of
data taking. The results for the asymmetry and the structure function using the proton
target are described in Sections 5.3 and 5.4, whereas the result using the deuteron target
are described in Sections 5.5 and 5.6.

5.1 data selection

The data selection for the extraction of A1 at Q2 > 1 (GeV/c)2 is split into two parts. A
preselection, which reduces the size of the data files significantly and a second selection
step, at which the final event selection is performed. This allows for a quick reselection
of events later on. This procedure is possible as only a small contribution (∼ 10%) of the
recorded events matches the condition on the photon virtuality.

99
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5.1.1 Preselection of the data

The preselection is performed to reduce the size of the data set for the analysis. For this
reason only basic cuts are applied. The first requirement on the events is the presence of a
primary vertex that should have a scattered muon attached to it. For the scattered muon
no quality checks are performed. Such tests are left for later data selections. Additionally
a cut in the photon virtuality is applied. In the case of the 2006 data also a cut on the
relative virtual photon energy y is applied to further reduce the size of the data set. The
effect of the preselection is shown in Table 12. The larger amount of rejected events in
2011, for example, by the requirement of a primary vertex is connected to changes in the
reconstruction program. Before only events with at least one reconstructed vertex were
kept, whereas now all kinds of events are kept.

Table 12: Various cuts applied during the preselection of the data. The fraction of events left after
each cut with respect to the initial sample is given.

2006 2011

cut events/106 (%) events/106 (%)

Reconstructed Events 2558 100.0 12940 100.0

Primary vertex 2375 92.8 7921 61.2

Scattered muon 1409 55.1 1955 15.1

Q2 > 0.9 (GeV/c)2 123 4.8 202 1.6

0.05 < y < 0.95 102 4.0 - -

5.1.2 Selection for A1 analysis

The data selection for the A1 analysis starts using the preselected data. Again the primary
vertices with an incoming and scattered muon are selected. Now the quality options for
the scattered muon are used. They reject events with more than one possible scattered
muon and events, in which the track of the scattered muon does not cross the hodoscopes
of the corresponding trigger. In addition, cuts on the incoming muon are applied. It
was checked that the momentum of the incoming muon is measured and its momentum
should be in the range of ±20GeV/c around the nominal beam momentum. In the case
of the 2011 data this range is narrowed down to ±15GeV/c on the level of the asymmetry
calculation due to a limited validity range of the parametrisation of the beam polarisation.
In order to equalise the flux through the target cells, the extrapolation of the incoming
muon track is required to pass all target cells. The primary vertex has to be inside of
one of the target cells and the polarisation of this target cell should be known. Otherwise
the event is discarded. In addition, kinematic cuts are applied to the data. The photon
virtuality Q2 should be larger than 1 (GeV/c)2 and the relative virtual photon energy y
should be larger than 0.1 and smaller than 0.9. The lower limit removes events that are
difficult to reconstruct due to the small energy transfer, while the upper limit removes
events that have large radiative corrections. These cuts result in a Bjorken-x range of
x > 0.0025 for the data taking in 2011 and of x > 0.004 for the data taking in 2006.
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In addition the region with x > 0.7 is removed from the data due to the spectrometer
acceptance. In order to ensure a good reconstruction of the event, the energy balance
for the outgoing hadrons is checked by calculating the ratio z = Eh/ν of the energy of
each outgoing hadron, assuming it is a pion, and the energy of the virtual photon. If
this quantity is larger than one the event is discarded. In the asymmetry calculation, a
distinction is made whether an event is triggered by an “inclusive” or a “semi-inclusive”
trigger (see Section 3.5). For this reason, the number of those events is given in Table 13

in addition to the number of events passing the cuts used in the data selection.

Table 13: Effect of the data selection for the high Q2 analysis. The last two rows show the size of
the two kinds of event classes used for the asymmetry calculation.

2006 2011

cut events/106 (%) events/106 (%)

Primary vertex with scattered muon 97 100.0 174 100.0

Measured target polarisation 96 99.4 174 99.9

Beam momentum cut 96 98.9 174 99.8

No particles with z > 1 95 98.7 173 99.4

Q2 cut 88 90.9 162 93.0

y cut 71 73.7 101 58.1

Equalise beam flux 59 61.3 98 56.2

Primary vertex inside the target 46 47.9 79 45.3

Beam quality 46 47.9 77 44.2

x cut 46 47.9 77 44.2

“Inclusive” events 30 31.0 65 37.1

“Semi-inclusive” events 16 16.1 12 6.8

The classification of the events in “inclusive” and “semi-inclusive” ones is done as fol-
lows: If an “inclusive” trigger is present, the events is classified as an “inclusive” event.
In the case of no “inclusive” trigger the “semi-inclusive” ones are checked. If they are
present, the event is classified as a “semi-inclusive” one. If both “inclusive” and “semi-
inclusive” trigger are present, the event still remains in the “inclusive” class. Events that
are triggered by a pure calorimeter trigger are also part of the “semi-inclusive” class. The
major difference between the classification for data taken in 2011 and 2006 is that the
ladder trigger was changed to an “inclusive” trigger and that the LAS trigger was newly
introduced. In addition, the inclusive middle trigger was prescaled in 2006. Therefore only
every second trigger attempt was recorded and events with only a semi-inclusive middle
trigger exist. In Figure 64, the relative contribution of the different classes of events is
shown as a function of Bjorken-x and the photon virtuality for the data taken in 2011 and
in Figure 65 for the data taken in 2006.

For each year of data taking, the relative contribution from “inclusive” triggers to the
statistics of the different years is the dominant one over the full Bjorken-x range. As a
function of the photon virtuality, it is visible that “inclusive” triggers contribute mainly
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Figure 64: 2011 data. The relative contribution from the “inclusive”, “semi-inclusive” and pure
calorimeter triggers as a function of Bjorken-x (left) and the photon virtuality (right).
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Figure 65: 2006 data. The relative contribution from the “inclusive”, “semi-inclusive” and pure
calorimeter triggers as a function of Bjorken-x (left) and the photon virtuality (right).
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to lower values of the photon virtuality, whereas “semi-inclusive” and pure calorimeter
triggered events are dominant at high photon virtualities. In Figure 67, the relative contri-
butions from the different triggers are shown for the data taken in 2006 and in Figure 66

for the data taken in 2011.
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Figure 66: 2011 data. The relative contribution from the individual triggers as a function of Bjorken-
x (left) and the photon virtuality (right).
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Figure 67: 2006 data. The relative contribution from the individual triggers as a function of Bjorken-
x (left) and the photon virtuality (right).

The number of events obtained from the data taken in 2011 after all selection cuts is
77 ·106. This is about the same amount of events as used in the analysis of the data taken in
2007 where 93 · 106 events were selected. The difference in the number of events is caused
by the increased beam momentum in 2011, which results in a lower beam intensity. The
increased beam momentum results in a shift of the kinematic range of the data towards
lower values of Bjorken-x and higher photon virtualities. The kinematic coverage of the
2006 and 2011 data is shown in Figure 68. In the case of the data taken in 2006 the final
amount of events is 46 · 106. This increases the statistics used in the calculation of the
asymmetry Ad

1 compared to the data set from the 2002-2004 data taking by about 50%.
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Figure 68: Kinematic coverage of the 2006 (left) and 2011 (right) data in Bjorken-x and the photon
virtuality.

5.2 false asymmetries

The size of the measured raw asymmetries, extracted from the counting rates is rather
small and only about 2.5% at largest Bjorken-x in the case of the proton. The size of the
measured photon-nucleon asymmetry is rather large. The measured raw asymmetry is
shown together with the measured photon-nucleon asymmetry without any corrections
in Figure 69.
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Figure 69: Left: Measured raw asymmetry as a function of Bjorken-x obtained from the 2011 proton
data. Right: Measured photon-nucleon asymmetry without any corrections.

First, the assumption for a cancellation of the acceptance in the calculation of the asym-
metry is tested. This is done using the data. The studies presented in this section are
performed in order to determine the size of the systematic uncertainty compared to the
statistical precision of the data. In addition, the various contributions from the inputs
used in the calculation to the systematic uncertainty are given at the end of this section.
These can be identified from the equation containing the different contributions to the one
photon exchange asymmetry

A
1γ
1 =

1

fDPBPT
Araw
LL −

(
ηA2
ρ

+ARC
1 +Afalse

)
. (157)



5.2 false asymmetries 105

Contributions from, for example, spin-1 nucleons in the target in the case of the proton
asymmetry are not shown. The studies on the acceptance cancellation focus on the con-
tribution of false asymmetries, whereas the contributions from spin-dependent radiative
corrections, ARC

1 , and the contribution from the asymmetry A2 are small.

5.2.1 Different data groupings

The data from one year of data taking are split into different weeks that consist of groups
of stable data taking. These groups contain the data recorded before and after a rotation
of the solenoid field. Two ways for combining the groups are used, which are explained
in Section 4.3. Here, the results for the asymmetry are compared using the consecutive
grouping and a global grouping, where the asymmetry is calculated for the full year at
once. This test shows false asymmetries connected to changes in the spectrometer. The
result obtained from both groupings is shown in Figure 70 for the data from 2006 and
2011. No significant difference between both methods is visible. For the analysis, the
consecutive grouping is chosen.
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Figure 70: Result for the asymmetry Ap
1 (left) obtained from the 2011 data and Ad

1 (right) obtained
from the 2006 data using two different ways for combining the various periods. The
results for the global grouping are slightly shifted for better visibility.

5.2.2 Direct search for false asymmetries

A direct way to find hints on false asymmetries is using such groupings of the data, which
results in no physics asymmetry. In such cases deviations from zero can be interpreted as
a hint on the presence of false asymmetries. For these test, different groupings are used,
which are explained in the following sections. Two different ways are used to investigate
such effects.

5.2.2.1 Using fake configurations

Usually the data are combined using groups containing a rotation of the solenoid field.
Those groups contain the data taken close in time, for example during one or two days.
Due to the solenoid field rotation, for each target cell data with both polarisation directions
exist. In order to test for the presence of false asymmetries the data are combined using
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the data from adjacent groups, which have the same polarisation direction of the cells.
The difference between the two groupings is illustrated in Figure 71 for a two cell target
together with the direction of the solenoid field. Using such a grouping results in a

Figure 71: Illustration on how the fake configurations (right) are formed compared to the consec-
utive ones (left). The green arrows correspond to the polarisation direction of the target
cells and the red ones show the direction of the solenoid field. The blue circles illustrate
how the groups are formed.

zero physics asymmetry and can show false asymmetries, which are connected to a time
dependence of the acceptance. The asymmetries obtained from the two years of data
taking are shown in Figure 72. In both cases the asymmetry is compatible with zero, as
expected. The χ2 probability for the asymmetries to be compatible with zero is in the case
of the 2011 data 34% for the “inclusive” sample and 54% for the “semi-inclusive” sample.
The probabilities for the case of the 2006 data are 45% and 67% respectively.
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Figure 72: Result for the asymmetry obtained from the data using fake configurations. The results
for the “semi-inclusive” sample are slightly shifted for better visibility and the χ2 for
both samples to be compatible with zero is given. Left: Results for the 2011 data taking.
Right: Results for the 2006 data taking.

5.2.2.2 Using the target cells

Another possibility to form a physics asymmetry, which is zero, can be obtained by com-
bining the data from target cells with the same polarisation direction. The simplest way
to combine the cells is shown in Figure 73. For the asymmetry calculation two groups are
formed. One is formed by using the two outer cells of a three cell target and the second
one is formed by using the central cell, which has to be divided artificially into two equally
sized cells. This results in a zero asymmetry as always data with the same polarisation
direction is used. For the two new groupings, a non zero asymmetry hints on possible
acceptance differences or on possible problems with the homogeneity of the target polar-
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Figure 73: Illustration on combining the data inside one group using target cells with the same
polarisation direction. The central cell has to be artificially be divided into two cells.
The green arrows represent the polarisation direction of the target cells.

isation. Both asymmetries are obtained separately for the two years of data taking for the
two samples and are shown in Figure 74 for the 2006 data and in Figure 75 for the 2011

one. All are found to be in agreement with zero within their statistical uncertainties.
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Figure 74: Results for the asymmetries obtained from the 2006 data combining target cells with the
same polarisation direction. The results for the combination of the outer cells are slightly
shifted for better visibility and the χ2 for both samples to be compatible with zero is
given. Left: Results for the “inclusive” sample. Right: Result for the “semi-inclusive”
sample.

The χ2 probability for the asymmetries obtained from the 2006 data and the 2011 data
are listed in Table 14 for all combinations. The χ2 probability for the asymmetries to be
compatible with zero is in the case of combining the outer cells lower than for combining
the central cells. This effect is produced by a larger acceptance difference between both
outer cells compared to the central one. A better cancellation is obtained when calculation
the photon-nucleon asymmetry from all target cells combined.

5.2.3 Compatibility between the two microwave settings

As the polarisation direction in each target cell is changed by changing the direction of
the solenoid field, the relative direction between the polarisation and the field direction
remains the same. This might also change the acceptance for both directions. In order
to cancel such an influence, once in 2006 and 2011 the target polarisation was destroyed.
Afterwards the target polarisation was rebuild with a different relative direction between
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Figure 75: Results for the asymmetries obtained from the 2011 data combining target cells with the
same polarisation direction. The results for the combination of the outer cells are slightly
shifted for better visibility and the χ2 for both samples to be compatible with zero is
given. Left: Results for the “inclusive” sample. Right: Result for the “semi-inclusive”
sample.

Table 14: χ2 probabilities for the asymmetries obtained from combining the outer or central cells
to be compatible with zero. The probabilities are shown for the 2006 and 2011 data for
both samples.

2006 2011

sample outer cells central cell outer cells central cell

Inclusive 69% 65% 45% 58%

Semi-inclusive 8% 22% 30% 69%
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the polarisation and the solenoid field using the microwave frequencies connected to the
new polarisation direction (see Section 3.2). In this way, possible systematic effects con-
nected to the relative direction can be cancelled. This divides the data taking year in two
separate periods with the same relative direction, for which the asymmetry is calculated
separately. The two periods are labelled plus and minus. The weeks of data taking be-
longing to each of the two periods are listed in Table 15. The results for the asymmetry

Table 15: Sharing of data between the two microwave periods in 2006 and 2011. In both years only
one reversal was done.

year − +

2006 W32 W33 W34 W35 W36 W37 W40 W41 W42 W43 W44 W45 W46

2011 W25 W27 W30 W31 W32 W33 (W34) W36 W38 W39 W41 W43

are compared with one another and are shown in Figure 76 for the data taken in 2006 and
in Figure 77 for the data taken in 2011 for the “inclusive” and “semi-inclusive” samples.
In these figures also the difference between both groups is shown. It shows no hints for
a possible false asymmetry for neither the “inclusive” nor the “semi-inclusive” sample.
Possible false asymmetries connected to the direction of the solenoid field cancel in the
combination of the two microwave periods.
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Figure 76: Results for Ad
1 obtained from the 2006 data for the two periods with different microwave

settings. The difference between both results is shown on the bottom. The results for
period − are slightly shifted for better visibility and the χ2 for both samples to be
compatible with one another is given.

5.2.4 Further studies for systematic effects

Beyond the studies already mentioned before, additional test were performed. A test
checking the stability of the detector was performed by calculating the asymmetry separ-
ately in distinguished parts of the spectrometer depending on the direction of the scattered
muon. The asymmetry obtained for the case that the scattered muon is detected in the
left half is compared to the case that the scattered muon is detected in the right half. Also
the case where the scattered muon is detected in the upper part is compared to the case
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Figure 77: Results for Ap
1 obtained from the 2011 data for the two periods with different microwave

settings. The difference between both results is shown on the bottom. The difference
between both results is shown on the bottom. The results for period − are slightly shif-
ted for better visibility and the χ2 for both samples to be compatible with one another
is given.

that the muon is detected in the lower part. In both cases no hint for false asymmetries
was found. As the experimental hall of the COMPASS experiment is located on the sur-
face, temperature difference between day and night are present. In order to test whether
these temperature changes that lead to some changes in the detector performance have
an influence on the extracted asymmetry, the results for the asymmetry are compared for
samples recorded during the day and during the night. No hints for systematic effects
are found. A test similar to the comparison of the two groups with different microwave
settings was performed based on the solenoid field direction. Here, the data groups with
the same direction of the solenoid field are combined. This test should show up possible
correlations between the acceptance and the direction of the solenoid field. No hints on
false asymmetries were found.

5.2.5 Upper limit on false asymmetries

From all the tests described before, no hint on false asymmetries were found using differ-
ent combinations of the data. In order to obtain an upper limit on possible false asym-
metries, a statistical method is used. This method uses the so called “pulls” distribution.
A pull ri is calculated as difference between the asymmetry (A1,i) obtained for a certain
group using the consecutive grouping and the result obtained by combining all groups
(A1) using the weighted mean, normalised to the statistical uncertainty of the individual
asymmetry:

ri =
A1,i −A1
∆Astat

1,i
. (158)

Here, i denotes the different groups. The method is described in Reference [107]. In
absence of false asymmetries, the obtained distribution should be a Gaussian distribution
centred at zero with a standard deviation of one. A broadening of such distribution can
be used to estimate the upper limit for the presence of false asymmetries. The pulls
distributions are obtained using the 39 groups used for the 2011 data and the 33 groups
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used for the analysis of the 2006 data. For each of those groups two asymmetries are
obtained (“inclusive” and “semi-inclusive” sample) and used to calculate the pulls. Their
distribution is shown for each Bjorken-x bin in Figure 78 for the data taken in 2006 and in
Figure 79 for the data taken in 2011.
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Figure 78: Pulls distributions obtained from the data taken in 2006 for each Bjorken-x bin. The
results from the two samples of the 33 periods are shown.

For each Bjorken-x bin in both years the mean value and the standard deviation of
the distribution is calculated. All are in agreement with the expected value, giving no
hint towards time dependent effects on the asymmetry. The results for the mean value
and standard deviation in each bin is used to calculate an upper limit for the systematic
uncertainty due to false asymmetries. In principle, the standard deviation of a pull, σtot,
has two contributions. The first, σstat, represents the one from statistics, which is equal to
one. The second, σsyst, leads to a possible broadening due to systematic effects,

σ2tot = σ
2
stat + σ

2
syst . (159)

The upper limit for the standard deviation of the pulls distribution is obtained from the
data. As the standard deviation can also be smaller than one the upper limit, σlim

tot , is
estimated using the uncertainty of the standard deviation (∆σtot) and the total standard
deviation (σtot)

σlim
tot = ∆σtot + Max (1,σtot) . (160)

From this upper limit, a limit for the uncertainty on possible false asymmetries is than
given by

σsyst =

√
(∆σtot + Max (1,σtot))

2 − 1 . (161)
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Figure 79: Pulls distributions obtained from the data taken in 2011 for each Bjorken-x bin. The
results from the two samples of the 39 periods are shown.
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5.2.6 Bias due to semi-inclusive triggers

Using “semi-inclusive” triggers in the calculation of the inclusive asymmetry A1 might in-
troduce a bias. At large Bjorken-x, the invariant mass of the hadronic final state is smaller
than at low Bjorken-x. Therefore, only a small number of hadrons is produced. Due to the
different detection probabilities for charged and neutral hadrons, a possible bias can be in-
troduced as the fragmentation of up quarks into charged hadrons is more abundant than
the one of down quarks. This results into a bias due to different contributions from up
and down quarks to the asymmetry [88]. This influence can be determined using a Monte
Carlo simulation. This method was already used by SMC and the influence was been
found to be negligible [88]. The program used for this analysis is called POLDIS [108]. It
uses the LEPTO [109] Monte Carlo generator to generate events. Afterwards a weight is
calculated for each event based on parton helicity distributions and unpolarised parton
distributions. The Fortran code of the most recent version was converted to C++ for easier
access to the various functions and to add support for various sets of helicity distributions
and unpolarised parton distribution functions. In the version used by SMC, an external
LEPTO generator was used. It is replaced in order to use already existing Monte Carlo
data, which were generated using the COMPASS setup of 2011 with a proton target.

5.2.6.1 Method

POLDIS uses information from the LEPTO generator stored in a block of LEPTO informa-
tion. It contains information on the kind of interaction and the quark interacting with the
virtual photon. In addition, the kinematic variables are also stored and are accessed by
POLDIS. These information are used to calculate the asymmetry as follows:

1. Get information on the process, the target and the quark (LST 22,24,25)

2. Get the polarised and unpolarised PDFs for the Bjorken-x and photon virtuality of
the process

3. Select the PDFs for the quark flavour in this reaction

4. Calculate cross section ratio R and the depolarisation factor D

5. Calculate the asymmetry ALL for this process

6. Calculate the asymmetry Ai1 = ALL · q(x,Q2)/∆q(x,Q2)/D

7. Calculate the mean value of the asymmetry Ai1 for all events

The calculation of ALL depends on the type of interaction, which occurred. In POLDIS
the following processes are considered in the calculation:

• γq −→ q

• γq −→ qg

• γq −→ qq̄

• γq −→ qq̄ (Heavy quarks)
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The conversion from the Fortran code into C++ allowed to update the implemented par-
ton distributions. The C++ version contains additional sets of helicity distributions and
unpolarised parton distribution functions. This version supports the following parton
distribution functions:

• Unpolarised parton distributions

– MSTW [110] (LO and NLO)

– NNPDF 3.0 [111] (LO and NLO)

• Helicity distributions

– AAC [50] (LO and NLO)

– BB [112] (LO and NLO)

– BB 2010 [113] (NLO)

– DNS 2005 [114] (LO and NLO)

– GRSV [115] (LO and NLO)

– LSS 2001 [116] (LO and NLO)

– LSS 2005 [117] (LO and NLO)

– LSS 2006 [118] (NLO)

– LSS 2010 [119] (NLO)

– NNPDF(pol) 1.1 [120] (NLO)

– COMPASS (NLO)

Three of the parton helicity distributions do not differentiate between the various flavours
of the sea quarks. In the case of the BB parametrisations the valence distributions for up
and down quarks is available together with a sea quark distribution. For the COMPASS
fit (described in Chapter 7) the assumption ∆s = ∆s̄ is used and only the sum of quark
and antiquark distributions is obtained. Here, the assumption that the sea quark helicity
distributions are the same for each flavour is used for the calculation. For the cross section
ratio R different parametrisations can be used:

• R = 0

• R NMC [121]

• R 1990 [122]

• R 1998 [94]

5.2.6.2 Results for the 2011 setup

The influence of “semi-inclusive” triggers on the asymmetry Ap
1 was tested using an ex-

isting Monte Carlo simulation of the 2011 setup with a proton target. From these data the
generator information are extracted and stored for the analysis using POLDIS. All events
are split into two classes based on the trigger, which would have triggered the event, sim-
ilar to the selection done for real data (see Section 5.1). In the case of the presence of an



5.2 false asymmetries 115

“inclusive” trigger bit, the event is added to the “inclusive” sample. In the case of no “in-
clusive” trigger and the presence of a “semi-inclusive” bit or only the calorimeter trigger
bit is set, the event is added to the “semi-inclusive” sample. Both samples are processed
in POLDIS and the asymmetry is calculated using different parton distributions. An
example for the calculated asymmetry using the unpolarised parton distributions from
MSTW and the polarised ones from GRSV2000 in next-to-leading and leading order is
shown in Figure 80.
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Figure 80: Comparison between A
p
1 obtained from POLDIS using the parton distribution func-

tions from MSTW and the helicity distributions from GRSV for “inclusive” and “semi-
inclusive” trigger. Left: Results using leading order sets. Right: Results using next-to-
leading order sets. The grey band indicates the results for A1 from the 2011 data with
its statistical uncertainty.

The asymmetry is obtained for all implemented parton distributions. The difference
between the result obtained from “inclusive” and “semi-inclusive” sample is shown in
Figure 81. The difference is compared to the statistical uncertainty of the 2011 data. The
Monte Carlo simulation of the 2011 setup is done in leading order. Therefore, the results
obtained using leading order parton distributions are used for the estimate of the bias.
From these results only small offset is found by including “semi-inclusive” triggers in the
extraction of the asymmetry. The offset between both samples is below ∼ 0.1∆Ap

1,stat. This
contributions will be neglected in the systematic uncertainty of A1 as the offset depends
on the combination of the various parton distributions. Using different parton distribu-
tions smaller offsets can be found. In addition, the contribution from the “semi-inclusive”
sample to the full data set is much smaller than the one from the inclusive sample (see
Table 13) and no hint on an offset is found by comparing the results from the data for both
samples.

5.2.7 Additional sources of systematic uncertainties

So far only two contributions to the systematic uncertainty of A1 are discussed. Addi-
tional contributions to the systematic uncertainty are due to the external inputs used in
the extraction of the asymmetry. They can be split in an additive and a multiplicative con-
tribution. From Equation 157, the contributions to the additive and multiplicative part can
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be identified. The multiplicative part contains the uncertainties on the target and beam
polarisation and the uncertainties on the depolarisation factor and dilution factor,

∆Amult
1 = A1

√(
∆PB

PB

)2
+

(
∆PT

PT

)2
+

(
∆f

f

)2
+

(
∆D(R)

D(R)

)2
. (162)

Here, the assumption is made, that corrections to the measured asymmetry are small,
which will be shown in Sections 5.3.1 and 5.5.1. The contributions to the additive part of
the uncertainty are due neglecting the transverse asymmetry A2, the uncertainty on the
spin-dependent radiative corrections and possible false asymmetries,

∆Aadd
1 =

√(
η

ρ
A2

)2
+
(
∆ARC

1

)2
+ (∆Afalse)

2 . (163)

5.2.7.1 Multiplicative contributions

The contributions to the multiplicative contribution, which have no kinematic dependence,
can be used as a normalisation uncertainty. These are uncertainties connected to the
target and beam polarisation (described in Section 4.4.1). The uncertainty on the beam
polarisation is the same for all years as it is obtained from a Monte Carlo simulation of
the beamline. It is in the order of 5%. In the case of the target polarisation the uncertainty
depends on the year. The uncertainty depends on the temperature measurements of the
target and the measurement of the NMR signal. This is summarised in Reference [69] for
the data taking in 2011. The uncertainty on the target polarisation is 3.5% for the 2011

data and 5% in the case of the 2006 data. The uncertainty of depolarisation factor and
dilution factor (see Sections 4.4.4 and 4.4.5) is also part of the multiplicative uncertainty
but depend on the kinematics. The uncertainty on the depolarisation factor is given by
the parametrisation of the longitudinal to transverse polarised photon absorption cross
section R = σL/σT. The resulting uncertainty of the depolarisation factor is between 2%
and 3% for both years depending on the kinematics. In the case of the dilution factor
the uncertainty is caused by uncertainties on the contributions and the weight of the



5.2 false asymmetries 117

different materials present in the target. In addition, the uncertainties on the cross section
ratios and the radiative corrections used in the calculation of the dilution factor contribute
to the uncertainty. The resulting uncertainty is about 2 − 3% and also has a kinematic
dependence. The total multiplicative uncertainty is about 8% in the case of the 2006 data
and about 7% in the case of the 2011 data.

5.2.7.2 Additive contributions

During the calculation of the asymmetry A1, the contribution from the transverse asym-
metry A2, which enters via the factor ηA2, was neglected. The factor η is given by

η =
y
((
1+ γ2y/2

)
(2− y) − 2y2m2/Q2

)
y2 (1− 2m2/Q2) (1+ γ2) 2 (1+ R) (1− y− γ2y2/4)

. (164)

Here, γ = 2Mx/
√
Q2, the lepton mass m and the proton mass M are used. This contribu-

tion was neglected due to the small size of A2 in the kinematic range of COMPASS and
the small size of the factor η (see Section 2.9). The factor η is below 0.1. The contribution to
the uncertainty was calculated for each data point using the size of A2 from Reference [38].
Based on this measurement, Ap

2 = 0.05 for x < 0.5 and Ap
2 = 0.1 for x > 0.5 are assumed.

In the case of the deuteron measurement the size of Ad
2 is assumed to be 0.02 for x < 0.15,

0.05 for 0.15 < x < 0.55 and 0.2 for the high Bjorken-x region. The uncertainty obtained is
below 10−2.

Another contribution to the systematic uncertainty is the uncertainty on the spin-dependent
radiative corrections (see Section 4.4.8). These are calculated using POLRAD [104], their
size is shown later in Sections 5.3.1 and 5.5.1. Within this program a parametrisation of the
asymmetry A1 is used to obtain the corrections. Varying the parameters results in differ-
ent corrections to the asymmetry. From these changes the uncertainty of this contribution
is estimated to be

∆ARC
1 = 0.1 ·Max

(
|ARC
1,incl|, |A

RC
1,semi-incl|

)
(165)

as the largest difference was in the order of 10%. The resulting uncertainty on the asym-
metry is below 10−3.

5.2.8 Contribution to the systematic uncertainty of g1

For the calculation of the spin-dependent structure function g1 = A1F2/(2x(1+ R)) from
the asymmetry A1 two additional contributions have to be considered, the structure func-
tion F2 (see Section 4.4.2) and the cross section ratio R (see Section 4.4.3). The uncertainty
on F2 is taken from the parametrisation of SMC [88] and amounts to about 2%. The uncer-
tainty of the cross section ratio R also contributes to the uncertainty of the depolarisation
factor. Therefore, this uncertainty is recalculated for the spin-dependent structure function
using the quantity

h = D (1+ R) (166)

in the calculation of the systematic uncertainty instead. The size of this contribution
is shown in Figure 82 compared to the size of the systematic contribution taking into
account both contributions separately.
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Figure 82: Illustration of the size of the systematic uncertainty from taking into account the uncer-
tainties on the depolarisation factor and the cross section ratio R independently and in
a combined way.

5.2.9 Calculation of the full systematic uncertainty

From the two previously discussed contributions to the systematic uncertainty the full
systematic uncertainty is calculated:

∆A
syst
1 =

√(
∆Amult

1

)2
+
(
∆Aadd

1

)2 (167)

In the case of the spin-dependent structure function, the multiplicative contribution is
modified to take into account the additional contribution from the spin-independent struc-
ture function and the contribution from the depolarisation factor is exchanged by the com-
bined contribution from the cross section ratio R and the depolarisation factor. The size of
the different contributions to the systematic uncertainty of the asymmetry are summarised
in Table 16. The contributions to the spin-dependent structure function are summarised
in Table 17.

The relative contributions from all contributions to the systematic uncertainty are shown
in Figure 83 and Figure 84 for the data taken in 2006 and 2011. Here, also the relative
contributions for the spin-dependent structure function are shown in addition to the ones
for the asymmetry. In both cases, the upper limit on the presence of false asymmetries is
the largest contribution from the systematic uncertainty.

5.3 asymmetry results using a proton target

The asymmetry Ap
1 using a proton target was measured by COMPASS in 2007 [106] using

a 160GeV/c muon beam. Here, the results from the data taken in 2011 are presented. Due
to the increased beam energy in 2011, larger photon virtualities and smaller Bjorken-x
values are reached compared to the 2007 data. This is shown in Figure 85.
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Table 16: Summary for the systematic uncertainty of A1 for the data taken in 2006 and 2011.

2006 2011

Beam polarisation ∆PB/PB 5% 5%

Target polarisation ∆PT/PT 5% 3.5%

Depolarisation factor ∆D(R)/D(R) 2− 3% 2− 3%

Dilution factor ∆f/f 2− 3% 2%

Total ∆Amult
1 ' 0.08 ·Ad

1 ' 0.07 ·Ap
1

False asymmetry ∆Afalse
1 < 0.75 · σstat < 0.84 · σstat

Transverse asymmetry η ·∆A2 < 10−2 < 10−2

Rad. corrections ∆ARC
1 10−5 − 10−3 10−4 − 10−3

Table 17: Summary for the systematic uncertainty of g1 for the data taken in 2006 and 2011.

2006 2011

Beam polarisation ∆PB/PB 5% 5%

Target polarisation ∆PT/PT 5% 3.5%

Factor h = D(1+ R) ∆h/h 0− 3% 0− 3%

Dilution factor ∆f/f 2− 3% 2%

Structure function F2 ∆F2/F2 2% 2%

Total ∆Amult
1 ' 0.09 · gd

1 ' 0.08 · gp
1

False asymmetry < 0.75 · σstat < 0.84 · σstat

Transverse asymmetry < 10−3 < 10−2

Rad. corrections 10−5 − 10−3 10−4 − 10−2
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As described in Section 5.1, the asymmetry obtained from the “inclusive” and “semi-
inclusive” sample is shown in Figure 86. The inset shows the region of low Bjorken-x
where the the asymmetry is small. The results from both samples agree well with one an-
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Figure 86: Results for the asymmetry Ap
1 as a function of Bjorken-x obtained for the “inclusive”

and “semi-inclusive” sample from the 2011 data.

other. The χ2 probability is 34%. This supports the assumption that no false asymmetries
are introduced by using also “semi-inclusive” trigger for the extraction of the inclusive
asymmetry. Before obtaining the final results for the asymmetry, some corrections have to
be applied.

5.3.1 Corrections to the asymmetry

The results from the “inclusive” and “semi-inclusive” sample can be combined after apply-
ing the spin-dependent radiative correction calculated using POLRAD (see Section 4.4.8).
This correction has to be applied first due to different contribution to this correction for
both samples and differences in the kinematics. The absolute and the relative size of this
contribution is shown in Figure 87. The largest correction is in the order of 0.026. This
correction is small but, important compared to the statistical precision of the measure-
ment. As the difference between the correction for the “inclusive” and the “semi-inclusive”
sample are small, the conclusion on the agreement between both results remains valid.

The second correction takes into account the presence of nitrogen-14 in the target, which
is a spin-1 nucleus and introduces an additional asymmetry on top of the one from the
protons. The calculation of this correction is described in Section 4.4.6. This results in a
modification of Equation 157:

A
p
1 =

1

fDPBPT
A

p,meas
1 −

(
ηA

p
2

ρ
+A

p,RC
1 +Afalse

)
−C2

σd
σp
Ad
1 , (168)
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Figure 87: Spin-dependent radiative corrections in bins of Bjorken-x for the “inclusive” and “semi-
inclusive” sample. Left: Absolute size. Right: Relative size compared to the statistical
uncertainty.

where the ARC
1 are the radiative corrections and the term containing Ad

1 is the correction
for the presence of nitrogen-14. The size of the correction is shown in Figure 88. The
largest correction is about 20% of the statistical uncertainty at high x.
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Figure 88: Correction to the asymmetry due to the presence of nitrogen-14 in bins of Bjorken-x.
Left: Absolute size. Right: Relative size compared to the statistical uncertainty.

5.3.2 Final results

The final results for the longitudinal double spin asymmetryAp
1 obtained with the 200GeV/c

muon beam are shown in Figure 89 as a function of Bjorken-x at their measured Q2 to-
gether with the results from 2007. The asymmetry is small and close to zero at low values
of Bjorken-x and increases towards higher values. This behaviour is expected from the
definition of the asymmetry using the cross sections for scattering photons of nucleons
with a total spin of 1/2 and 3/2 (see Section 2.9). The results from the 2011 data agrees
well with the results from the 2007 data over the full kinematic range. Even though, they
are measured at slightly different kinematics.

The statistical precision of the COMPASS data is good enough to allow a two dimen-
sional determination of the asymmetry in bins of Bjorken-x and photon virtuality. The
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Figure 89: Results for the asymmetry Ap
1 as a function of Bjorken-x for the data sample from 2011

and 2007.

result is shown in Figure 90. Here again, the results from the 2007 data set are shown.
The good agreement is obvious. The comparison also illustrates that measuring with the
increased beam energy in 2011 results in higher values of the photon virtuality in every
Bjorken-x bin compared to the 2007 data. The data shows no significant dependence on
the photon virtuality for all Bjorken-x bins.

5.3.3 Comparison with the world data

The COMPASS data are compared to the world data on the asymmetry Ap
1. This is shown

in Figure 91. All data points are shown at their measured kinematics. The results from the
2011 data taking improve the statistical precision at low Bjorken-x where only a few data
sets are available. Except for the measurement of COMPASS, only results of SMC [88]
are present in this region. Good agreement between the new results obtained with the
200GeV/cmuon beam and the world data is visible, which supports the weak dependence
of Ap

1 on the photon virtuality in a larger kinematic range due to the lower beam energies
of the other experiments. For example, at HERMES an electron beam with 27.5GeV was
used and at CLAS an electron beam with energies between 1.6GeV and 5.7GeV.

5.4 structure function results using a proton target

The results on the asymmetry are used to obtain the spin-dependent structure function g1
of the proton using gp

1 = A
p
1F

p
2/(2x(1+ R)) (see Section 2.9). Here, the F2 parametrisation

of SMC [88] was used together with a modified version of the R parametrisation from
Reference [94]. In the literature two representations are used to show the results for the
spin-dependent structure function. Either the structure function is shown, which increases
the uncertainties at low Bjorken-x, or the structure function is multiplied by Bjorken-x,
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Figure 90: Results for the asymmetry Ap
1 as a function of the photon virtuality for each Bjorken-x

bin.
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which is closer to the measured asymmetry. Both representations for the spin-dependent
structure function gp

1 are shown in Figure 92 as a function of Bjorken-x.
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Figure 92: Results for the structure function gp
1 (left) and xgp

1 (right) as a function of x.

A comparison with the previous results for gp
1 using the 160GeV/c muon beam and

the results from SMC using the 190GeV/c muon beam is shown in Figure 93. For the
comparison some COMPASS bins at low Bjorken-x are combined to use a similar binning
compared to that of SMC. In this comparison, the good statistical precision of the new
data set obtained with the 200GeV/c muon beam is visible. The figure also shows that
the structure function is positive at low Bjorken-x and seems to approach a constant value.
The results for the structure function and the asymmetry obtained using the 200GeV/c
muon beam are given in the appendix in Table 38 for the Bjorken-x dependence and in
Tables 39 and 40 for the two dimensional binning.
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Figure 93: Results for the spin-dependent structure function gp
1 obtained from the COMPASS data

using the 200GeV/c and 160GeV/c muon beam compared to the results from SMC [88]
using the 190GeV/c muon beam.
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5.5 asymmetry results using a deuteron target

Results for the deuteron asymmetry Ad
1 were already obtained by COMPASS from the

2002-2004 data taking [105]. In Figure 94 the mean values of the photon virtuality is
shown as a function of Bjorken-x for the 2006 data. They are compared to the ones of
the 2002-2004 data. Good agreement between the two results is seen at low Bjorken-x.
Towards higher values of Bjorken-x, the data taken in 2006 show an slightly higher mean
value of the photon virtuality compared to the data taken in 2002-2004. This increase
is not due to an increase beam energy as it is the case for the new proton data set, see
Table 11. Both data sets are obtained using the 160GeV/c muon beam. The increase is
achieved by improvements in the trigger acceptance at larger photon virtualities.
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Figure 94: Comparison between the mean values of the photon virtuality in bins of Bjorken-x for
the 2002-2004 and 2006 deuteron data.

The results for the asymmetry Ad
1 from the 2006 data are obtained separately for two

samples (see Section 5.1). A comparison between the results from the two samples is
shown in Figure 95. They agree well with one another. The χ2 probability is 30% giving
no hint towards any false asymmetry introduced by including “semi-inclusive” triggers
in the measurement of the inclusive asymmetry. This is expected from studies performed
by SMC [88].

5.5.1 Corrections to the asymmetry

As already explained for the proton case, spin-dependent radiative corrections have to be
applied to both samples. The size of the correction is shown in Figure 96. The largest cor-
rection is in the order of 0.017, which is only a small correction but still sizeable compared
to the statistical uncertainty of this measurement.

Similar to the proton case, the deuteron asymmetry has to be corrected for the presence
of polarisable spin-1/2 nuclei in the target, which introduce an additional asymmetry on
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Figure 95: Results for the asymmetry Ad
1 as a function of the Bjorken-x obtained for the “inclusive”

and “semi-inclusive” sample from the 2006 data.
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top of the deuteron one. The calculation of this correction is described in Section 4.4.7.
The size of the correction is shown in Figure 97. It is larger at high Bjorken-x than at low
Bjorken-x. The largest correction is in the order of 0.014, which corresponds to about 12%
of the statistical uncertainty.
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Figure 97: Correction due to lithium-7 to the asymmetry as a function of Bjorken-x. Left: Absolute
size. Right: Relative size compared to the statistical uncertainty.

5.5.2 Comparison with the 2002-2004 results

The aim of the analysis of the 2006 data is to increase the precision of the results from
the 2002-2004 data by combining both results. A comparison is shown in Figure 98. This
comparison shows good agreement between the two data sets. From a χ2 test using the
statistical uncertainty a probability of 63% is obtained.
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Figure 98: Comparison between the results for the asymmetry Ad
1 as a function of Bjorken-x ob-

tained from the 2002-2004 data and the 2006 data .
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5.5.3 Final results

The final results for the asymmetry Ad
1 are obtained by combining the 2002-2004 data set

with the 2006 one. This is done using the weighted mean. The new data set improves the
statistics for the asymmetry by about 50%. The obtained result is shown in Figure 99 as a
function of Bjorken-x.
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Figure 99: Results for the asymmetry Ad
1 as a function of Bjorken-x obtained from the full deuteron

data set.

The asymmetry is compatible with zero for x < 0.02 and increases towards a value of
0.5 at largest Bjorken-x. As expected, the deuteron asymmetry is considerably smaller
than the proton asymmetry. Due to the good statistics, the results for the asymmetry is
obtained in a two dimensional binning. In each bin in Bjorken-x the dependence on the
photon virtuality is studied. The results are shown in Figure 100. As for Ap

1, no significant
dependence on the photon virtuality is found in any Bjorken-x bin.

5.5.4 Comparison with the world data

The final results for the asymmetry Ad
1 of the deuteron is compared to the world data in

Figure 101. This comparison shows good agreement between all data sets, even though
they are shown at their measured kinematics. This indicates the weak dependence of
the asymmetry on the photon virtuality, again a large kinematic range is covered due to
lower beam energies of the other experiments. The figure also shows the good statistical
precision of the new data set. This is of special interest at low Bjorken-x, where only
results from SMC [88] and HERMES [126] exists, which have large uncertainties compared
to those of the final COMPASS result.
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1 as a function of the photon virtuality for each Bjorken-x

bin.

x
2−10 1−10 1

d 1
A COMPASS

2cCLAS W>2.5 GeV/

HERMES

SMC

E155

E143

0

0.2

0.4

0.6

0.8

1 d
1A

x
2−10 1−10

0.05−

0

0.05

Figure 101: Results for the asymmetry Ad
1 from COMPASS compared to the world data at their
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5.6 structure function results using a deuteron target

The spin-dependent structure function of the deuteron is obtained in a way similar to
the one of the proton (see section 5.4) by using the relation gd

1 = Ad
1F

d
2/(2x(1+ R)). The

results for the spin-dependent structure function are shown in Figure 102 as a function of
Bjorken-x in the two representation commonly used in literature.
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Figure 102: Results for the structure function gd
1 (left) and xgd

1 (right) as a function of Bjorken-x for
the full deuteron data set.

At low Bjorken-x, the combined results are consistent with zero. The χ2 probability
for a compatibility with zero calculated using the five data points at lowest Bjorken-x is
50%. This is interesting when comparing the results to the ones from SMC. They had
found hints for possible large negative values of the structure function at such low values
of Bjorken-x, albeit they had large statistical uncertainties. The comparison is shown in
Figure 103. For this comparison, the four COMPASS data points at lowest Bjorken-x are
combined in pairs using the weighted mean to have the same binning as SMC. The figure
shows once more the good statistical precision of the combined deuteron data set. The
results for the structure function and the asymmetry for the combined deuteron data are
given in Tables 44, 45 and 46 in the appendix. In addition the results obtained from the
2006 data set alone are given in Tables 41, 42 and 43.
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Figure 103: Results for the spin-dependent structure function gd
1 from the combined COMPASS

deuteron data using the 160GeV/c muon beam compared to the results from SMC [88]
using the 190GeV/c muon beam.
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A S Y M M E T RY AT L O W P H O T O N V I RT U A L I T I E S

In a second analysis of the 2007/11 proton data, events with low photon virtualities, Q2 <
1 (GeV/c)2, are selected. Due to the correlation between photon virtuality and Bjorken-
x, the data with low photon virtuality cover the range of low Bjorken-x. The results
obtained from these data allow to study the non-perturbative region and provide input
to theoretical predictions. The results using the deuteron data are already published in
Reference [95].

6.1 data selection

The data selection was performed using the full data taken in 2007 and 2011 without any
preselection, as no significant rejection would be achieved by removing only events with
high photon virtualities.

6.1.1 Selection for the A1 analysis

The cuts applied to the data are similar to the ones applied in the case of the analysis
of high photon virtualities (see Section 5.1). The selected events have a primary vertex
with a reconstructed incoming and scattered muon. The beam momentum was restricted
to the range of ±20GeV/c around the nominal beam momentum for the 2007 data and
a range of ±15GeV/c for the 2011 data. The latter one was chosen due to the range of
validity of the parametrisation of the beam polarisation. Events with no measured beam
momentum were discarded. In order to equalised the beam flux in each of the target cells,
the incoming muon was required to cross all target cells assuming no interaction. The
range in the relative virtual photon energy is the same as for the analysis at high photon
virtualities, 0.1 < y < 0.9. The lower limit removes events, which are hard to reconstruct,
while the upper limit removes events where large radiative corrections have to be applied.
The range of the photon virtuality is restricted to Q2 < 1GeV/c2. In addition, events
with log10(x) < −4.4 are removed. The Bjorken-x cut was also applied in the case of the
deuteron data [95]. It is applied as the relative uncertainty of the depolarisation factor
increases at such low Bjorken-x and the mean values of Bjorken-x become a bias. This was
studied in Reference [107] using the deuteron data.

At low photon virtualities the scattering angle of the muon are very small. This results
in a bad vertex resolution. Therefore, at least one additional hadron is required in the
vertex in order to improve the vertex resolution. Afterwards, the vertex is required to be
inside of one of the target cells. The requirement of an additional hadron results in a semi-
inclusive measurement. These kinds of events are similar to the “semi-inclusive” sample
of the analysis at high photon virtualities. The bias introduced by performing a semi-
inclusive measurement was studied using Monte Carlo simulations. It was found to be
small [88]. The bias is expected to be negligible since at low Bjorken-x the invariant mass
of the hadronic final state is large, which results in a large number of hadrons. This results

133
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also in the use of the “semi-inclusive” radiative corrections, which are much smaller in
this kinematics than the “inclusive” ones. The kinematic coverage of the 2007 and 2011

data is shown in Figure 104 as a function of Bjorken-x and the photon virtuality.
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Figure 104: Kinematic coverage of the 2007 (left) and 2011 (right) data in Bjorken-x and the photon
virtuality.

6.1.2 Target cuts

A stricter radial cut on the vertex position inside the target is applied in contrast to analysis
at the high photon virtualities. The stricter cut of r < 1.8 cm was applied instead of
r < 1.9 cm for consistency with the deuteron analysis. It was increased to ensure that
the interaction took place inside of a target cell as the accuracy is worse at low scattering
angles. In addition, a cut on the χ2 of the vertex position is applied:

χ2 6 NDF + 3 ·
√
2NDF . (169)

This cut is motivated by the mean value of the χ2 distribution and its variance σ2 = 2NDF.
Therefore, this cut corresponds to the upper limit of the 3σ range.

6.1.3 Removal of muon electron scattering events

At low Bjorken-x, events in which the incoming muon is scattered of an electron instead of
the target nucleon appear. The Bjorken-x for such events is x = me/mp ≈ 5.5 · 10−4. These
events are no deep inelastic scattering events and have to be removed. As the kinematics
of such events is well defined and the electron track is in direction of the virtual photon,
a cut on the angle of the outgoing track with respect to the virtual photon is applied. The
angle is multiplied by the charge of the outgoing particle. The cut was only applied to
events with one track in addition to the scattered muon. As also a contribution from muon-
electron scattering is found in events with two additional outgoing tracks, the cut is also
applied for those events. No cut is applied in the case of more than two outgoing tracks as
no contribution of muon-electron-scattering was observed. The distribution of the angle
is shown in Figure 105. The cut is applied for the range of −3.6 < log10(x) < −3.0 and
removes the following range:

• −0.005 < qθ∗ < 0.002 in the case of one outgoing track
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Figure 105: Distribution of the angle qθ of the outgoing track with respect to the virtual photon.
The peak around zero indicates events where the muon is scattered off electrons. The
applied cut is indicated by a dashed line.

• −0.001 < qθ∗ < 0.000 in the case of two outgoing track.

The result of these cuts is shown in Figure 106, where the photon virtuality is shown as a
function of Bjorken-x before and after applying the cut. The cuts remove the peak in this
distribution corresponding to muon-electron-scattering.
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Figure 106: Effect of the cuts for the removal of muon-electron-scattering events. Left: Before apply-
ing the cut. The peak correspond to muon-electron-scattering. Right: After applying
the cut.

6.1.4 Good hadron selection

The cuts for selecting good hadrons are applied to ensure that the additional track in the
vertex is produced in the muon nucleon interaction. They are also applied in order to
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be consistent with the analysis of the deuteron data. They remove ghost tracks, poorly
reconstructed tracks and possible halo muons. Therefore, the following cuts were applied
for the hadrons:

• Has measured momentum

• zlast > 350 cm

• 0.1 < zh = Eh
ν < 1

• In 2007: Ph < 140GeV/c

• In 2011: Ph < 180GeV/c

• X/X0 < 15 and zlast < 3500 cm

The first three cuts ensure that the track was well reconstructed and is no ghost track.
Ghost tracks are artefacts introduced during the reconstruction and correspond to no real
particle. The good reconstructed tracks should have a well defined momentum, which
is also ensured by the cut on the last measured position. Tracks with a last measured
position before the first spectrometer magnet are removed. For such tracks a momentum
measurement is possible using the solenoid field of the target or the fringe field in between
SM1 and the target solenoid. The uncertainty on the momentum of such tracks is large.
Therefore, they are not used. The three remaining cuts remove tracks that are considered
to be muons. The momentum cuts remove halo muons, which have momenta close to
the nominal beam momentum. Possible muons are also removed by applying a cut on the
amount of radiation length passed by the track. They are also removed by the requirement
that the last measured position is in in front of the absorber at z = 3500 cm.

6.1.5 Effect of the different cuts

The amount of events passing the various cuts is shown in Table 18 for the data taken
in 2007 and 2011. The larger amount of rejected events in 2011 after the selection of a
primary vertex compared to 2007 is caused by a change in the reconstruction program, as
already explained in the case of the data selection for the high photon virtuality analysis
in Section 5.1. The relative contributions from the various trigger is shown in Figure 107

as a function of Bjorken-x and Figure 108 as a function of the photon virtuality. The
inner trigger is much more important for this analysis than in the case of high photon
virtualities (see Section 5.1).

6.2 false asymmetries

Similar systematic studies as in the case of high photon virtualities are performed (see
Section 5.2) for the asymmetry at low photon virtualities. The measured raw asymmetry
and the photon nucleon asymmetry without any correction are shown in Figure 109 for the
data from 2007. The raw asymmetry is only about 5 · 10−3, whereas the photon nucleon
asymmetry is about 1%. A search for hints on false asymmetries, which are for example
caused by misalignment of detectors, is performed. In these test also the acceptance
cancellation assumed for the asymmetry calculation is tested. This is done by testing the
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Table 18: Effect of the data selection for the analysis at low photon virtualities. The last two rows
show the cuts, which are applied after the data selection.

2007 2011

cut events/106 (%) events/106 (%)

Reconstructed Events 5635 100.0 11559 100.0

Physics trigger 5568 98.8 10957 94.8

Primary vertex 5476 97.2 6991 60.5

Scattered muon 1952 34.6 1680 14.5

Additional track(s) 1209 21.4 909 7.9

Primary vertex inside the target 975 17.2 669 5.8

Vertex quality 791 14.0 438 3.8

y cuts 716 12.7 401 3.5

Beam momentum cut 662 11.8 392 3.4

µe rejection 650 11.5 370 3.2

Good hadron 541 9.6 298 2.6

Equalise beam flux 532 9.4 295 2.6

Q2 < 1 (GeV/c)2 471 8.4 241 2.1

log10(x) > −4.4 447 7.9 229 2.0
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Figure 107: Relative contributions from the various triggers as a function of Bjorken-x for the data
taken in 2007 (left) and in 2011 (right).
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Figure 108: Relative contributions from the various triggers as a function of the photon virtuality
for the data taken in 2007 (left) and in 2011 (right).

compatibility between the various groups and by using two methods for grouping them
in a different way. An upper limit on the presence of false asymmetries is obtained from
studying possible time dependent effects.
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Figure 109: Left: Measured raw asymmetry as a function of Bjorken-x obtained from the 2007

proton data. Right: Measured photon-nucleon asymmetry without any corrections.

6.2.1 Compatibility between two microwave settings

The data from each year is split into two microwave periods. They arise from the destruc-
tion of the polarisation of each target cell followed by a repolarisation with a different
microwave frequency. The microwave frequency is chosen such that the relative direction
between the solenoid field and the target polarisation is changed (see Section 3.2). This is
done to cancel systematic effects related to the direction of the solenoid field. The weeks
of data taking belonging to each period are listed in Table 19. The data taking in 2011

was split into two periods by the so called “microwave reversal”, whereas the data taking
in 2007 is split into three periods, where two periods have the same solenoid field direc-
tion and are merged into one period. For the periods, the asymmetry is calculated and
compared in order to search for false asymmetries due to the solenoid field direction. The
results are shown in Figure 110 for the 2007 data as a function of Bjorken-x and the virtual
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Table 19: Sharing of data between the two microwave periods in 2007 and 2011. In 2011 only one
reversal was performed, whereas in 2007 two were performed.

year − +

2007 W35 W36 W37 W38 W32 W33 W34 W44 W45

2011 W25 W27 W30 W31 W32 W33 (W34) W36 W38 W39 W41 W43

photon energy and in Figure 111 for the 2011 data. For both data takings no hint on a
possible false asymmetry was observed.

4−10 3−10 2−10

p 1
A

0.05−

0

0.05

0.1
Period +
Period -

/NDF = 17.3/14 (24%)2χ

x
4−10 3−10 2−10

D
iff

er
en

ce

0.05−

0

50 100 150

p 1
A

0.05−

0

0.05

0.1
Period +
Period -

/NDF = 18.4/17 (36%)2χ

 (GeV)ν
20 40 60 80 100 120 140 160

D
iff

er
en

ce

0.05−

0

0.05

Figure 110: 2007 data. Results for Ap
1 for two periods with different microwave settings. The results

for period − are slightly shifted for better visibility and the χ2 for both samples to be
compatible with one another is given. Left: Results as a function of Bjorken-x. Right:
Results as a function of the virtual photon energy.
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Results as a function of the virtual photon energy.
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6.2.2 Search for false asymmetries using fake configurations

A direct search on false asymmetries is performed by grouping the data such that the
resulting physics asymmetry is expected to be zero. The same method used for the data
at high photon virtualities (see Section 5.2.2.1) is also applied here. In order to search for
false asymmetries new groups are build, which contain data with the same polarisation
directions in each target cell. This was illustrated in Figure 71. The results for the asym-
metry obtained using such a grouping is shown in Figure 112 for the data from both years.
In both cases the asymmetry is compatible with zero. For the 2007 data the χ2 probability
is 97% for the binning in Bjorken-x and 84% for the binning in the virtual photon energy.
In the case of the 2011 data the probabilities are 65% and 18%.
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Figure 112: Results for the asymmetry obtained using fake configurations. The results of the 2011

data taking are slightly shifted for better visibility and the χ2 for the results from both
years to be compatible with zero is given. Left: Results as a function of Bjorken-x.
Right: Results as a function of the virtual photon energy.

6.2.3 Search for false asymmetries using the target cells

Another possibility for a direct search on false asymmetries is to combine data from target
cells with the same polarisation direction. The resulting asymmetry is expected to be
zero. The same method for combining the data from the different cells is used as in the
case of high photon virtualities described in Section 5.2.2.2. The data from the two outer
cells are combined. In addition, the central cell is artificially split into two parts of equal
length. The asymmetry obtained from the 2007 data is shown in Figure 113 as a function
of Bjorken-x and the virtual photon energy and for the 2011 data in Figure 114. The
χ2 probability of the asymmetries being compatible with zero are listed in Table 20. In
the 2007 data no hint for the presence of false asymmetries is found. In the case of the
2011 data hints are found. As the obtained false asymmetries have an opposite sign at
least a partial cancellation of this effect is expected. In addition, no further hints on false
asymmetries are found in other systematic studies.
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Figure 113: Results for the asymmetry obtained from the 2007 data combining data from target
cells with the same polarisation direction. The results for the combination of the outer
cells are slightly shifted for better visibility and the χ2 for both samples to be com-
patible with zero is given. Left: Results as a function of Bjorken-x. Left: Results as a
function of the virtual photon energy.
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Figure 114: Results for the asymmetry obtained from the 2011 data combining data from target
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patible with zero is given. Left: Results as a function of Bjorken-x. Left: Results as a
function of the virtual photon energy.

Table 20: χ2 probabilities for the asymmetries obtained from combining the outer or central cells
to be compatible with zero. The probabilities are shown for the 2007 and 2011 data for
the binning in Bjorken-x and the virtual photon energy.

2007 2011

binning outer cells central cell outer cells central cell

x 62% 20% 3 · 10−5% 5%

ν 85% 49% 0.04% 0.2%
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6.2.4 Further test

Beyond the studies already mentioned before, further studies are performed similar to the
analysis at high photon virtualities described in Section 5.2.4. Here, a study on a possible
dependence of the asymmetry on the day-night effects is performed. Such an dependence
may arise due to temperature differences between day and night in the experimental hall.
No hints are found. The stability of the spectrometer was studied by calculating the
asymmetry separately in distinguished parts of the spectrometer based on the direction
of the scattered muon. The results where the muon was detected in the left or right part
of the spectrometer are compared. Also the results where the muon was detected in the
top or bottom part are compared. In both cases no hint on false asymmetries are found.

6.2.5 Limit on false asymmetries

In order to obtain an upper limit for the presence of false asymmetries, the same method as
described in Section 5.2.5 is used. The pulls are calculated for each of the 39 groups used
for the 2011 data and for the 23 groups used for the 2007 data. The obtained distributions
are shown in Figure 115 for the 2007 data and in Figure 116 for the 2011 data.
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Figure 115: Pulls distributions obtained from the 2007 data for each Bjorken-x bin. The results
from all 23 groups are used.

For each bin in the data from both years the mean value and the standard deviation of
the distribution is calculated. All of them are in agreement with the expected behaviour of
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Figure 116: Pulls distributions obtained from the 2011 data for each Bjorken-x bin. The results
from all 39 groups are used.
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a Gaussian distribution centred at zero with a width of σ = 1. The results for the standard
deviation (σtot) and its uncertainty (∆σtot) are used to calculate the upper limit for the
presence of false asymmetries:

σsyst =

√
(∆σtot + Max (1,σtot))

2 − 1 . (170)

The limit on the systematic uncertainty from the presence of possible false asymmetries is
about 0.97 ·∆Astat

1 . The slightly larger value compared to the case of the analysis at high
photon virtualities is caused by the smaller number of groups. At high photon virtualities,
for each group two pulls are calculated from the two samples. Here, only one sample
exists.

6.2.6 Additional sources of systematic uncertainties

The contribution to the systematic uncertainty discussed so far only consider possible
false asymmetries. Other contributions are due to external inputs used in the calculation.
These were already discussed in more detail for the asymmetry at high photon virtualities
in Section 5.2.7. The contributions to the systematic uncertainty are split again into two
parts. The multiplicative part contains the uncertainties related to the dilution and depol-
arisation factors and the beam and target polarisations. The additive part contains the
contributions from the uncertainty on spin-dependent radiative corrections, from possible
false asymmetries and from neglecting A2 in the determination of A1. The upper limit
for Ap

2 was taken from Reference [128]. Here, the value of the asymmetry at the lowest
measured Bjorken-x is used. The different contributions to the systematic uncertainty are
listed in Table 21. The relative size of the contributions to the systematic uncertainty is
shown in Figure 117 for the 2007 data and in Figure 118 for the 2011 data. Compared
to the analysis at high photon virtualities, the uncertainty on the depolarisation factor is
larger. It is about 32− 44%. This is related to the uncertainty on the parametrisation of
the cross section ration R, which is poorly known in the kinematic range of the data and
the uncertainty is based on an estimate.

Table 21: Summary for the systematic uncertainty on A1 for the data taken in 2007 and 2011.

2007 2011

Beam polarisation ∆PB/PB 5% 5%

Target polarisation ∆PT/PT 2% 3.5%

Depolarisation factor ∆D(R)/D(R) 4− 30% 4− 30%

Dilution factor ∆f/f 5% 5%

Total ∆Amult
1 ' (0.09− 0.30) ·Ap

1 ' (0.09− 0.30) ·Ap
1

False asymmetry Afalse
1 < 0.92 · σstat < 0.97 · σstat

Transverse asymmetry η ·∆A2 < 10−3 < 10−3

Rad. corrections ∆ARC
1 10−5 − 10−4 10−5 − 10−4

In the case of the structure function gp
1, two additional contributions have to be taken

into account. The modification on the systematic uncertainty are similar to the ones de-
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Figure 117: Relative contributions to the full systematic uncertainty of the data taken in 2007. Left:
Contributions to the asymmetry Ap

1. Right: Contributions to the structure function gp
1.
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scribed in Section 5.2.8. One contribution is connected to the parametrisation of the spin-
independent structure function. The largest difference between the different parametrisa-
tions is used to estimate its size:

∆F
p
2 =

Max
(
F

p
2,i − F

p
2, Fp

2,j − F
p
2, ...

)
2

. (171)

Here, Fp
2 is the parametrisation used in the calculation of the spin-dependent structure

function and F
p
2,i, F

p
2,j are the other available parametrisations. They are described in

Section 4.4.2. In addition, the uncertainty on the parametrisation of the cross section ratio
R has to be considered. This quantity is also used in the calculation of the depolarisation
factor. Therefore, parts of the uncertainty would be taken into account twice. For this
reason, the uncertainty on both contributions is combined by using the quantity h =

D · (1 + R). The size of the uncertainty is shown in Figure 119 where it is compare to
the size of the systematic uncertainty taking into account both contributions separately.
Especially at low Bjorken-x a large cancellation is visible. The different contributions to
the systematic uncertainty of g1 are listed in Table 22.
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Figure 119: Size of the systematic uncertainty connected to the depolarisation factor and the cross
section ratio R. It is shown once for the calculation using the combination of both and
once for the calculation using them separately.

6.3 results from the proton data

The asymmetries are obtained as a function of Bjorken-x and as a function of the virtual
photon energy. The mean values of the photon virtualities are shown for both cases in
Figure 120 in each bin. The results for both years of data taking are compared. The
comparison shows the effect of the increased beam energy in 2011. The mean values for
the photon virtualities are larger in each Bjorken-x bin in the case of the 2011 data than
the ones of the 2007 data. Also higher virtual photon energies are accessible.
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Table 22: Summary for the systematic uncertainty on g1 for the data taken in 2007 and 2011.

2007 2011

Beam polarisation ∆PB/PB 5% 5%

Target polarisation ∆PT/PT 2% 3.5%

Factor h = D(1+ R) ∆h/h 0− 6% 0− 5%

Dilution factor ∆f/f 5% 5%

Structure function F2 ∆F2/F2 7− 18% 7− 20%

Total ∆Amult
1 ' (0.10− 0.32) ·Ap

1 ' (0.10− 0.21) · gp
1

False asymmetry < 0.92 · σstat < 0.97 · σstat

Transverse asymmetry < 10−2 < 10−2

Rad. corrections 10−3 − 10−2 10−3 − 10−2

x
4−10 3−10 2−10

)2 c/2
 (

G
eV

2
Q

2−10

1−10

1

COMPASS 160 GeV

COMPASS 200 GeV

 (GeV)ν
50 100 150 200

)2 c/2
 (

G
eV

2
Q

2−10

1−10

1

COMPASS 160 GeV

COMPASS 200 GeV

Figure 120: Mean values of the photon virtuality in bins of Bjorken-x obtained for the 2007 data
and 2011 data (left) and in bins of the virtual photon energy (right).
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6.3.1 Corrections to the asymmetry

In contrast to the extraction of the asymmetry at high photon virtualities, the asymmetry
at low photon virtualities is only extracted from a “semi-inclusive” sample, due to the re-
quirement of the additional hadron. The necessary corrections, which have to be applied,
remain the same. They are described for the asymmetry at high photon virtualities in Sec-
tions 5.3.1 and 5.5.1. The correction due to spin-dependent radiative effects is calculated
using POLRAD, which is described in Section 4.4.8. In order to ensure that the obtained
correction to the asymmetry is still valid at low photon virtualities, the parametrisation
of the asymmetry used by POLRAD is compared to the results from the data. The com-
parison is shown in Figure 121 for both years of data taking. The results from the data
of both years show a reasonable agreement with the parametrisation. Therefore, the spin-
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Figure 121: Comparison between the parametrisation of the asymmetry used by POLRAD and the
results from the data. Left: In bins of Bjorken-x. Right: In bins of the virtual photon
energy.

dependent radiative correction from POLRAD are used to correct the asymmetry. The
absolute and relative size of the correction are shown in Figures 122 and 123. This correc-
tion is small but important compared to the statistical precision. The largest correction is
about 25% of the statistical uncertainty.

The second correction takes into account the presence of nitrogen-14 inside the target
material. The correction is described in Section 4.4.6. It is necessary since nitrogen-14 is
a spin-1 nucleus that introduces an additional asymmetry on top of the one from proton.
Therefore, the correction is proportional to the size of the deuteron asymmetry. For the
deuteron asymmetry, a parametrisation of the world data is used. It was obtained by
COMPASS and is described in Reference [129]. This parametrisation is given by

Ad
1(x) = (xα − γα)

(
1− e−βx

)
. (172)

Here, the parameters are α = 1.158± 0.024, β = 125.1± 115.7 and γ = 0.018± 0.0038.
The absolute and relative size of the correction obtained for the two data sets are shown
in Figures 124 and 125. The largest relative size of this correction is about 1% of the
statistical uncertainty.
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Figure 122: Correction to the asymmetry due to polarised radiative effects in bins of Bjorken-x.
Left: absolute size of the correction. Right: Relative size of the correction compared to
the statistical uncertainty.
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Figure 123: Correction to the asymmetry due to polarised radiative effects in bins of the virtual
photon energy. Left: absolute size of the correction. Right: Relative size of the correc-
tion compared to the statistical uncertainty.
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Figure 124: Correction to the asymmetry due to the presence of nitrogen-14 in the target in bins
of Bjorken-x. Left: Absolute size. Right: Relative size compared to the statistical
uncertainty.
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Figure 125: Correction to the asymmetry due to the presence of nitrogen-14 in the target in bins of
the virtual photon energy. Left: Absolute size. Right: Relative size compared to the
statistical uncertainty.

6.3.2 Final results for the asymmetry and the structure function

The final results for the asymmetry Ap
1 from both years of data taking are obtained as a

function of Bjorken-x and the virtual photon energy. The results are shown in Figure 126.
The asymmetry has a finite size of about 1% and is larger than zero. It is significantly
different from zero within its small statistical uncertainty. The asymmetry shows no de-
pendence on the virtual photon energy, whereas a small increase at larger Bjorken-x is
visible.
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Figure 126: Results for the asymmetry Ap
1 obtained at low photon virtualities in bins of Bjorken-x

(left) and the virtual photon energy (right).

The results for the asymmetry are shown together with the results for the asymmetry
obtained at high photon virtualities (see Chapter 5) in Figure 127. The results at low
photon virtualities show a good continuation towards lower Bjorken-x.

The spin-dependent structure function g1 is obtained from the results for the asym-
metry A1 in the same way as at high photon virtualities using gp

1 = A
p
1F

p
2/(2x(1 + R))

(see Sections 2.9 and 5.4). Here, again the modified parametrisation of R, described in
Section 4.4.3 is used together with parametrisation of the structure functions Fp

2 valid at
low photon virtualities. Mainly the parametrisation from SMC [88] and a parametrisation
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Figure 127: Results for the asymmetry Ap
1 obtained at low and high photon virtualities.

based on the generalised vector meson dominance model [90, 91] are used (see also Sec-
tion 4.4.2). The results obtained for the spin-dependent structure function are shown in
Figure 128. Here, a positive value of about 0.5 is obtained for the structure function in the
whole range of Bjorken-x and the virtual photon energy.
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Figure 128: Results for the spin-dependent structure function in bins of Bjorken-x (left) and the
virtual photon energy (right).

The results agree with predictions of a phenomenological model [54] using the gener-
alised vector meson dominance model. The model contains in addition to the partonic
contribution also a contribution from light vector mesons (see Section 2.13). In this pre-
diction requires a large negative contribution from the vector mesons is needed in the
kinematic range of COMPASS. This is consistent with previous analysis as also shown in
Reference [54].
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6.3.3 Comparison with the world data

The results for the asymmetry obtained from the two years of data taking is compared to
results from other experiments at such low values of Bjorken-x. Here, only results from
SMC [130] and Hermes [131] exist. This comparison is shown in Figure 129. It shows the
good statistical precision of the new 2007 data and 20011 data compared to the previous
results.

x
4−10 3−10 2−10

p 1
A

0.1−

0

0.1

0.2

COMPASS 160 GeV

COMPASS 200 GeV
2)c < 1 (GeV/2HERMES Q
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Figure 129: Comparison of the 2007 data and 2011 data with results from SMC and HERMES at
low values of the Bjorken-x and Q2 < 1 (GeV/c)2.
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The results for the spin-dependent structure function of the proton and deuteron presen-
ted in Chapter 5 are used together with the world data on the spin-dependent structure
functions of the proton, neutron and deuteron in a next-to-leading order QCD fit. The
QCD fit allows to extract the parton helicity distributions. These can be used to determ-
ine the contribution of the quark spins to the total spin of the nucleon as well as the
contribution of the gluon spins.

7.1 input data

The world data on spin-dependent structure functions consists of the experimental results
obtained using a proton, deuteron or 3He target. They are given either as asymmetry
A1, ratio g1/F1 or structure function g1. The results for the spin-dependent structure
function obtained by the different experiments are not used as an input for the QCD
fit. They may result in an additional systematic uncertainty caused by the use of various
parametrisations for the spin-independent structure function. Instead, the asymmetry A1
or the ratio g1/F1 is used. If the asymmetry is used as an input, it is converted into the
ratio g1/F1 using the kinematic factor

√
1+ γ2 =

√
1+ 4M2x2/Q2 (see also Section 2.9).

From the ratio g1/F1, the spin-dependent structure function is calculated using the same
parametrisation of the spin-independent structure function F1 for all data sets. The spin-
independent structure function F1 is calculated from a parametrisation of the cross section
ratio R and a parametrisation of the spin-independent structure function F2. These two
parametrisations are described in Sections 4.4.3 and 4.4.2.

All available experimental data sets are listed in Table 23 with the quantity used in
the QCD fit. For each data set, the results obtained in bins of Bjorken-x and photon
virtuality are used, if they were available, in order to cover a large kinematic range. This
was done in order to be as sensitive as possible to scaling violations, which are used to
determine the gluon helicity distribution. For the QCD fit, not all data points were used.
Data points with low invariant hadronic final state masses are excluded in order to avoid
possible effects due to higher twist, as, for example, contributions to the spin-dependent
structure function, which are proportional to 1/Q2 and therefore not described by the
DGLAP equations, or corrections due to the finite mass of the nucleon. Theses effects
were studied, for example, in Reference [136]. The data points with W2 < 10 (GeV/c2)2

were removed. The number of remaining data points are also listed in Table 23 for each
data set. Introducing this cut removes the results of CLAS and Hall-A from the QCD
fit, which were obtained using a polarised electron beam with an energy between 1.6GeV
and 5.7GeV. In total, the cut removed 241 out of the 736 data points from the QCD fit.
The kinematic coverage of all data sets is shown in Figure 130 for the spin-dependent
structure function of the proton, neutron and deuteron. In addition, also the kinematic
range removed by the cut on the invariant hadronic final state mass is shown.
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Table 23: List of available experimental data sets in DIS. For each data set, the number of data
points before and after the W2 cut are listed together with the extracted function.

experiment

extracted number of points

reference

function no cut W2
cut

CLAS gd
1/F

d
1 89 0 [123]

CLAS g
p
1/F

p
1 59 0 [123]

COMPASS 160 GeV Ad
1 43 43 This work

COMPASS 160 GeV A
p
1 44 44 [106]

COMPASS 200 GeV A
p
1 51 51 This work

E142 An
1 8 6 [132]

E143 gd
1/F

d
1 82 54 [124]

E143 g
p
1/F

p
1 82 54 [124]

E154 An
1 11 11 [133]

E155 gd
1/F

d
1 24 22 [127]

E155 g
p
1/F

p
1 23 21 [125]

EMC A
p
1 10 10 [13]

Hall A gn
1/F

n
1 3 0 [134]

HERMES Ad
1 37 24 [126]

HERMES A
p
1 37 24 [126]

HERMES An
1 9 7 [135]

SMC Ad
1 65 65 [88]

SMC A
p
1 59 59 [88]
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Figure 130: Kinematic coverage in Bjorken-x and photon virtuality of the DIS world data on the
spin-dependent structure function of the proton (left), the neutron (centre) and the deu-
teron (right). The dashed area indicates the kinematic range with W2 < 10 (GeV/c2)2.
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7.2 method

The original code for the extraction of the parton helicity distributions from the world
data on the spin-dependent structure function was developed by SMC [137]. A modified
version was also used by COMPASS [105] before. In these codes, the QCD fit is per-
formed in the MS scheme. It uses the DGLAP equations (see Section 2.7.2) to perform
the evolution of the parton helicity distributions and therefore also for the evolution of
the spin-dependent structure function. Their values are calculated on a grid in Bjorken-
x and photon virtuality, which covers the range of the experimental data. This method
is described in Reference [138]. It differs from the method used by most of the other
QCD fits where the DGLAP equations are solved in the Mellin space (see, for example, in
Reference [139]).

The COMPASS code was modified to take into account a normalisation uncertainty
for each data set and the external inputs to the fit were updated. The external inputs
include the unpolarised parton distribution functions and the calculation of the strong
coupling constant. The modified code is used to extract the parton helicity distributions.
In addition, studies were performed to evaluate the systematic uncertainty on the results
of the QCD fit.

7.2.1 Fitting function

The spin-dependent structure function is expressed in next-to-leading order by combin-
ations of the parton helicity distributions (see Section 2.7.2). These are the singlet com-
bination ∆qS(x,Q2), the two non-singlet combinations ∆q3(x,Q2) and ∆q8(x,Q2) and
the gluon helicity distribution ∆g(x,Q2). The spin-dependent structure function of the
proton or neutron is given by:

g
p(n)
1 (x,Q2) =

1

9

(
CS(Q2)⊗∆qS(x,Q2)

+CNS(Q2)⊗
[
±3
4
∆q3(x,Q2) +

1

4
∆q8(x,Q2)

]
+ Cg(Q2) ⊗∆g(x,Q2)

)
.

(173)

Here, the spin-dependent structure function of the proton is obtained by using the pos-
itive term containing the non-singlet distribution ∆q3, and the spin-dependent structure
function of the neutron is obtained by using the negative term. The coefficients CS, CNS,
Cg are the Wilson coefficient functions. They are used in next-to-leading order from Ref-
erences [31, 32].

While the DGLAP equations only predict the dependence on the photon virtuality but
not the dependence on Bjorken-x, a functional form depending on Bjorken-x must be
assumed at a certain input scale Q20. Using the DGLAP equations, this dependence is
evolved to any other scale. The assumed functional form is similar to the description in
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the spin-independent case. The following functional forms are used for the singlet helicity
distribution, the non-singlet helicity distributions and the gluon helicity distribution:

∆qS(x) = ηS xα
S
(1− x)β

S
(1+ γSx+ ρS√x)∫1

0 x
αS
(1− x)β

S
(1+ γSx+ ρS√x)dx

, (174)

∆g(x) = ηg
xαg(1− x)βg(1+ γgx+ ρg

√
x)∫1

0 x
αg(1− x)βg(1+ γgx+ ρg

√
x)dx

, (175)

∆q3(x) = η3
xα3(1− x)β3∫1
0 x
α3(1− x)β3dx

, (176)

∆q8(x) = η8
xα8(1− x)β8∫1
0 x
α8(1− x)β8dx

. (177)

Here, the parameters αi describe the behaviour at low Bjorken-x, the parameters βi the
behaviour at larger Bjorken-x and the parameters γi and ρi allow for a zero crossing for
more flexibility. In addition, the integral in the denominator of each function is introduced
as normalisation. Thus the parameters ηi are the first moments of the corresponding
function. In total 16 parameters are used. Assuming SU(2) and SU(3) flavour symmetry,
the first moments of the non-singlet helicity distributions are fixed by the baryon decay
constants and are not used as a free parameter in the fit (see also Section 2.11).

7.2.2 χ2 function

The QCD fit to the world data on the spin-dependent structure function performs a χ2

minimisation. The χ2 function is given by:

χ2 =

NExp∑
n=1


NData
n∑
i=1

(
gFit
1 (xi,Q2i ) −Nn g

Data
1 (xi,Q2i )

Nn σi

)2
︸ ︷︷ ︸

Statistics

+

(
1−Nn

δNn

)2
︸ ︷︷ ︸
Normalisations

+ χ2Positivity . (178)

The χ value receives three different contributions. The first one is the usual contribu-
tion taking into account the difference between the value of the spin-dependent structure
function from the fit, gFit

1 , and its measured value, gData
1 , with its statistical uncertainty,

σi. This contribution is modified to take into account a normalisation factor Nn for each
experiment. The normalisation factors are used as a free parameter in the QCD fit for
each experiment. In order to constrain these parameters, the second contribution to the
χ2 value penalises large deviations from one. It takes into account the normalisation un-
certainty δNn given by the experiments either within their publication or estimated from
the uncertainty of the beam and target polarisation. The remaining contributions to the
systematic uncertainty, which are, for example, related to false asymmetries, are not taken
into account in the fit since they are correlated locally and their correlation is in general
not known. The third contribution to the χ2 value constrains the high Bjorken-x behaviour
of the parton helicity distributions by applying a positivity condition to all parton helicity
distributions. The latter should be smaller than their unpolarised counterparts:

|∆q(x) +∆q̄(x)| < q(x) + q̄(x) , (179)

|∆g(x)| < g(x) . (180)
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This constraint is strictly only valid in leading order. It was shown in Reference [140] that
it can be also used in next-to-leading order since the corrections are small compared to
the uncertainty on the parton helicity distributions for x & 0.01. In the case of the QCD fit,
the additional term χ2Positivity is calculated for all Bjorken-x larger than 0.1. The same form
as used by LSS [141] is used for this contribution:

χ2positivity = exp (k · (|∆q(x)|− q(x))) . (181)

Here, the factor k determines the strength of the positivity constraint. It has to be chosen
such that violations are still suppressed while the fit is not dominated by the positivity
constraint. The parton distribution functions are taken from MSTW [110]. The positivity
constraint is only applied at the lowest scale, Q2 = 1 (GeV/c)2, in the fit since once it is
satisfied, it is conserved at all scales by the evolution to larger photon virtualities [142].

7.2.3 Strength of the positivity constraint

In order to find an appropriate value for the factor k in the positivity constraint, the
QCD fit was repeated several times changing the strength within the range of k = 50 to
k = 1000. The effect of increasing the strength of the positivity constraint is shown in
Figure 131 in the case of the results for the down quark helicity distribution. The results
are shown for the two functional forms chosen later on (see Section 7.4.1). By increasing
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Figure 131: Effect of the increasing strength of the positivity constraint on the down quark helicity
distribution. The results are shown at a fixed photon virtuality of Q2 = 1 (GeV/c2)2

for the two solutions of the QCD fit. Left: Solution S(G−). Right: Solution S(G+).

the strength of the positivity constraint, the resulting down quark helicity distribution
gets closer to the unpolarised one. This also results in a larger contribution to the χ2

value from the positivity constraint. The size of the different contributions to the reduced
χ2 = χ2/NDF value, which takes into account the number of degrees of freedom, is shown
in Figure 132 as a function of the strength of the positivity constraint. For a large strength
of the positivity constraint (k ∼ 1000), no significant improvement on the size of the
violation of the positivity constraint is found at large Bjorken-x compared to a medium
strength (k ∼ 600) while the χ2 value of the QCD fit is further increased. Therefore, a
medium strength (k = 600) of the positivity constraint is used in further QCD fits.
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Figure 132: Effect of the strength of the positivity constraint on the reduced χ2 value of the QCD
fit. The various contributions from the positivity constraint and the normalisation to
the reduced χ2 value are shown. The black line indicates the reduced χ2 value of the
full fit. Left: Solution S(G−). Right: Solution with S(G+).

7.3 statistical uncertainty of the qcd fit

Several methods exist to propagate the statistical uncertainties from data to the results
of the fit. Three widely used methods are the Lagrange multiplier [143], the Hessian
method [144] and the Monte Carlo sampling [145]. Here, the Monte Carlo sampling
method is used due to its simplicity in calculating the statistical uncertainty at each point
of the grid in Bjorken-x and photon virtuality.
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Figure 133: Illustration of the calculation of the statistical uncertainty using the Monte Carlo
sampling method. The results of the QCD fit for 1000 replicas are shown together
with the red lines indicating the 1σ range around the mean value of this distribution.

For the Monte Carlo sampling method a set of 1000 replicas is created. These are ob-
tained by creating new data sets as an input to the QCD fit. The new data sets are obtained
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by randomly varying the measured values for the spin-dependent structure function ac-
cording to a Gaussian distribution. The mean value of the Gaussian distribution is given
by the measured value of the spin-dependent structure function and the width of the
Gaussian distribution is given by the statistical uncertainty. The distribution of the res-
ults for the gluon helicity distribution from all replicas is shown in Figure 133 at a fixed
photon virtuality for the solution S(G+), which will be explained later. The results of the
various fits are used to obtain a mean value and the root-mean-square of the distribution
at each point in Bjorken-x and photon virtuality. The root-mean-square of the distribution
is also indicated in Figure 133 by two red lines. Note that the obtained uncertainty bands
are not necessarily symmetric around the original distribution. This method can easily be
extended to calculate the statistical uncertainty on any quantity derived from such distri-
butions. It can, for example, be used to calculate the uncertainty on the first moment of
the various parton helicity distributions or the structure function.

7.4 selection of the parametrisation

The functional forms described before allow for a complex description of the singlet and
gluon helicity distribution. In order to determine, which parameters are necessary in the
QCD fit of the spin-dependent structure function, the dependence on different functional
forms of the singlet and gluon helicity distribution is studied. From this study, not only the
functional forms for the final QCD fits are obtained, also a contribution to the systematic
uncertainty is obtained.

7.4.1 Choice of the functional forms

The Bjorken-x dependence of the parton helicity distributions given in Equations 174-177

assumes at least two parameters describing the low and high Bjorken-x behaviour. In
the case of the singlet helicity distribution and the gluon helicity distribution also a zero
crossing can be allowed by using the parameters γ and ρ as a free parameter. For the
QCD fit, the parameter describing the high Bjorken-x behaviour of the gluon helicity
distribution is fixed to the value of the parton distribution function from Reference [110].
This will be explained in Section 7.4.2.

The influence on the parameters allowing a zero crossing of the functional shapes is
studied in several fits. Fits including the parameters γS, ρS, γg and ρg as a free parameter
or fixing them to zero were performed. The result of those fits is shown in Figure 134 for
the Bjorken-x dependence of the gluon and singlet helicity distribution together with the
χ2 value of the fit.

The χ2 value of all fits that converge is comparably good. The obtained shape and size
of the singlet helicity distribution is quite similar between the various assumed functional
shapes, whereas the result for the gluon helicity distribution changes drastically. Neg-
ative values for the first moment of the gluon helicity distribution are obtained as well
as positive ones and also some close to zero. This test illustrates that the gluon helicity
distribution is not well constrained by the deep inelastic scattering data alone. However,
the impact on the spin-dependent structure functions is small.

From this test, two functional shapes were chosen for the final results of the QCD fit.
These two solutions represent the two extreme cases for possible solutions. All other
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Figure 134: Results of the QCD fit for various functional forms are shown at Q2 = 3 (GeV/c)2. The
blue curve represents ∆qS(x), the orange one ∆g(x). The first moment of these distri-
butions at the input scale and the χ2 value are given for comparison. The solutions
shown in panels one and three of the first row (surrounded by green boxes) represent
the two solutions S(G−) and S(G+).
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obtained results are in between those two results and the range covered by those solutions
will be part of the systematic uncertainty. The solution with all γ and ρ parameters fixed
to zero named S(G−), which results in a negative gluon polarisation, is chosen and the
solution with γS as a free parameter named S(G+), which results in a positive gluon
distribution. In the following sections, the systematic studies are performed using only
these two solutions and their influence is compared to the difference between the extreme
solutions.

7.4.2 High Bjorken-x behaviour of the gluon helicity distribution

The data used in the QCD fit are not very sensitive to the high Bjorken-x behaviour of the
gluon helicity distribution. This is tested by performing various fits with different values
for the parameter βg. The dependence of the χ2 value of the QCD fit on the parameter is
shown in Figure 135 for a range of βg between 1 and 10. The dependence is shown for
both solutions of the QCD fit. No significant dependence of the χ2 value is visible except
for βg < 2.5 where an increase is visible. The effect on the singlet helicity distribution
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Figure 135: Dependence of the χ2 value of the two solutions of the QCD fit on the value of βg. Left:
Dependence for the solution S(G−). Right: Dependence for the solution S(G+).

and the gluon helicity distribution is shown in Figure 136 for the solution S(G−) of the
QCD fit with a negative gluon polarisation. In the case of the singlet helicity distribution,
only a small difference between all solutions is visible for small values of βg, which also
correspond to an increased χ2 value. In the case of the gluon helicity distribution, also the
solutions for small values of βg show larger differences. The difference between the other
solutions is caused by the positivity constraint, which has to be fulfilled at high Bjorken-x.
This results in values close to zero. This study confirms that data used in the QCD fit
are not very sensitive to the high Bjorken-x behaviour of the gluon helicity distribution.
It was chosen to fix the parameter βg to the value of the unpolarised gluon distribution
from Reference [110] used in the positivity constraint.

7.5 systematic studies

Several systematic studies on the results of the QCD fit were performed. The aim of these
studies is to estimate the systematic uncertainty of the fit due to the used method. The
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Figure 136: Dependence of the singlet helicity distribution (left) and the gluon helicity distribution
(right) on βg. The results are shown at Q2 = 3 (GeV/c)2 for the solution S(G−).

results of these studies are compared to the contribution from the choice of the functional
form.

7.5.1 Input scale

The functional forms for the parton helicity distributions were defined at an input scale
of Q20 = 1 (GeV/c)2. As there is no reason to prefer any input scale, it can be chosen
freely. In order to test the influence of the chosen input scale on the results of the QCD fit,
several fits were performed using various input scales. The results of the various fits are
shown in Figure 137 for the solution S(G−) and in Figure 138 for the solution S(G+). The
results for the singlet and gluon helicity distribution are shown at fixed photon virtuality
of 3 (GeV/c)2 for various input scales ranging from 1 (GeV/c)2 to 63 (GeV/c)2. The effect
is similar to changing the functional form at an fixed input scale and agrees with the range
covered by two extreme solutions. The χ2 of the QCD fits are similar good.
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Figure 137: Influence of changing the input scale on the the singlet (left) and gluon helicity distri-
bution (right) shown at Q2 = 3 (GeV/c)2 for the solution S(G−) of the QCD fit.

Changing the input scale results only in a small change of the singlet helicity distribu-
tion. Also, the first moment shows no significant change. At Q2 = 3 (GeV/c2), it changes
from ∆Σ = 0.344 for an input scale of 1 (GeV/c)2 to ∆Σ = 0.337 for an input scale of
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Figure 138: Influence of changing the input scale on the the singlet (left) and gluon helicity distri-
bution (right) shown at Q2 = 3 (GeV/c)2 for the solution S(G+) of the QCD fit.

63 (GeV/c)2 for the solutions S(G−) and from ∆Σ = 0.268 to ∆Σ = 0.274 for the other solu-
tion. The small changes visible at low and medium Bjorken-x compensate one another in
the calculation of the first moment.

A different behaviour is obtained in the case of the gluon helicity distribution. The
results show a strong dependence on the input scale. This is also reflected in the first
moments. In the case of the solutions S(G−), the first moment atQ2 = 3 (GeV/c2) changes
from ∆G = −1.36 for an input scale of Q20 = 1 (GeV/c)2 to ∆G = −0.25 for an input scale
of Q20 = 63 (GeV/c)2. For the other solution of the QCD fit, the first moment changes from
∆G = 0.43 to ∆G = 0.03. This test confirms that the gluon helicity distribution is not well
constrained in the QCD fit.

7.5.2 Dependence on the parton distribution functions

By introducing the positivity constraint to the QCD fit of the world data on the spin-
dependent structure function, a dependence on the parton distribution functions is in-
troduced. The MSTW collaboration provides 41 sets for the parton distribution func-
tions [146]. These sets contain the optimal set and solutions corresponding to a certain
increase in the χ2, while moving along an eigenvector. Here, the solutions for the 68%
confidence level are used. Using the lower and upper limit on the parton distribution
functions, the QCD fit was repeated to evaluate their influence on the parton helicity
distributions. This influence is shown for the up, down and strange quark helicity dis-
tributions in Figure 139. The uncertainty of the parton distribution functions has a very
small influence on the parton helicity distributions of the up and down quarks. The effect
is below the statistical uncertainty of the QCD fit. In the case of the strange quark helicity
distribution, a stronger dependence is visible in between the two extreme solutions, which
is already covered by the systematic uncertainty.

7.5.3 Dependence on the data set

Calculation using perturbative QCD seem to be valid for Q2 > 1 (GeV/c)2, even though
in current QCD fits to spin-independent data data points with photon virtualities close to
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Figure 139: Influence of the uncertainty of the parton distribution functions on the results for the
up (left), down (middle) and strange (right) quark helicity distribution for the two
solutions S(G+) (solid) and S(G−) (dashed).

Q2 = 1 (GeV/c)2 are excluded in order to ensure perturbative QCD to be valid. In the case
of the fit by MSTW [110] the data from deep inelastic scattering with photon virtualities
below 2 (GeV/c)2 are rejected for the extraction of the parton distribution functions. These
were also rejected in order to avoid large contributions from higher twist and also higher
orders. In order to see whether an effect is visible in the case of the spin-dependent deep
inelastic scattering data, the QCD fit was repeated removing data points with photon
virtuality below 2 (GeV/c)2. The comparison between the results of the QCD fit with
and without those data points is shown in Figure 140. Removing the data points has no
influence on the results of the QCD fit. But removing those data points from the QCD fit
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Figure 140: Influence of removing the the data point withQ2 6 2 (GeV/c)2 from the QCD fit on the
results for the up (left), down (middle) and strange (right) quark helicity distribution
for the two solutions S(G+) (solid) and S(G−) (dashed).

results in the loss of 127 data points. This reduces the statistical precision of the QCD fit.
In addition, the removed data points cover the region of lowest Bjorken-x in the fit. Thus
the QCD fit is only valid in the Bjorken-x range from 0.007 to 0.8. As no influence on the
results of the QCD fit was found, the data points are kept in the QCD fit.

7.6 results

The studies described in Section 7.4 show that two functional forms remain, which rep-
resent the two extreme cases for all possible solutions. The solution S(G−) uses a para-
metrisation that does not allows a zero crossing for the singlet helicity distribution at the
input scale of Q20 = 1 (GeV/c)2. It yields a negative gluon helicity distribution at the input
scale. The solution S(G+) uses a parametrisation that allows a zero crossing of the singlet
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helicity distribution at the input scale. It yields a positive gluon helicity distribution at the
input scale.

7.6.1 Parameters of the QCD fit

The parameters of the two solutions of the QCD fit are given in Table 24 together with
their χ2 values. In both cases, the χ2 values of the QCD fit is close to the number of
degrees of freedom indicating a good description of the deep inelastic scattering data.

Table 24: Parameters of the NLO QCD fits obtained at Q20 = 1 (GeV/c)2 for the two functional
forms. The parameters marked with an asterisk are fixed.

parameters solution S(G+) solution S(G−)

ηg 0.25± 0.19 −1.05± 0.18
αg 0.72± 0.64 −0.36± 0.12
βg 3.0225* 3.0225*

ηsi 0.274± 0.024 0.383± 0.012
αsi − 0.260± 0.061 1.40± 0.12
βsi 3.01± 0.11 3.50± 0.16
γsi −12.7± 1.1 0*

α3 0.018± 0.034 0.049± 0.034
β3 2.690± 0.063 2.741± 0.066

α8 0.261± 0.089 0.377± 0.078
β8 2.54± 0.18 2.65± 0.14

χ2/ndf 509.2/470 522.6/471

In addition, also the different contributions to the χ2 values from the various experi-
ments are of interest. They are listed for both solutions of the QCD fit in Tables 25, 26 and
27 for the proton, deuteron and neutron data respectively together with the normalisation
factors obtained. For all experiments a good χ2 value is obtained compared to the number
of provided data points together with normalisation factors, which are in agreement with
unity. The only experiment where the normalisation factor differs from unity is the proton
data set from the E155 experiment. A normalisation factor of 1.16± 0.02 was found. The
need of an additional normalisation factor for this particular data set is already known
since it is already suggested within their paper [125]. They suggested the use of a normal-
isation factor of 1.08± 0.03stat± 0.08syst, which is in agreement with the one found in these
QCD fits. Using the normalisation factor still results in an increased χ2. The increased χ2

is causes mainly by two data points, which account for about 50% of the χ2.
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Table 25: List of experimental data sets for the spin-dependent structure function of the proton. For
each experiment, the number of data points, the χ2 contribution and the normalisation
factor is given for the two solutions of the QCD fit.

experiment

number χ2 normalisation

of points S(G+ ) S(G− ) S(G+ ) S(G− )

COMPASS 160 GeV 44 51.5 49.6 1.00± 0.03 0.99± 0.03
COMPASS 200 GeV 51 43.7 43.2 1.03± 0.03 1.02± 0.03
E143 54 47.6 49.1 1.05± 0.02 1.08± 0.02
E155 21 51.7 50.8 1.16± 0.02 1.16± 0.02
EMC 10 5.3 4.7 1.03± 0.07 1.02± 0.07
HERMES 24 14.0 16.2 1.07± 0.03 1.10± 0.03
SMC 59 55.0 55.4 1.02± 0.03 1.01± 0.03

Table 26: List of experimental data sets for the spin-dependent structure function of the deuteron.
For each experiment, the number of data points, the χ2 contribution and the normalisa-
tion factor is given for the two solutions of the QCD fit.

experiment

number χ2 normalisation

of points S(G+ ) S(G− ) S(G+ ) S(G− )

COMPASS 160 GeV 43 48.0 59.0 1.02± 0.04 1.00± 0.04
E143 54 60.7 58.2 0.99± 0.04 1.01± 0.04
E155 22 18.7 17.8 1.00± 0.04 1.00± 0.04
HERMES 24 28.0 27.0 0.98± 0.04 1.01± 0.04
SMC 65 58.9 61.4 1.00± 0.04 1.00± 0.04

Table 27: List of experimental data sets for the spin-dependent structure function of the neutron.
For each experiment, the number of data points, the χ2 contribution and the normalisa-
tion factor is given for the two solutions of the QCD fit.

experiment

number χ2 normalisation

of points S(G+ ) S(G− ) S(G+ ) S(G− )

E142 6 1.1 1.1 1.01± 0.07 0.98± 0.07
E154 11 5.5 7.2 1.06± 0.04 1.06± 0.04
HERMES 7 1.6 1.2 1.01± 0.07 1.00± 0.07
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7.6.2 Parton helicity distributions

Results of the QCD fits for the parton helicity distributions of the three lightest quark
flavours can be extracted from the results for the singlet and the two non-singlet helicity
distributions. They are shown together with the results for the singlet and the gluon
helicity distribution in Figure 141. Here, the darker bands correspond to the statistical
uncertainty of the two solutions described in Section 7.3 and the lighter bands correspond
to the combined statistical and systematic uncertainty described in Sections 7.4 and 7.5.
The figure also shows that the statistical uncertainty of the fit is small compared to its
systematic uncertainty. It also shows that the parton helicity distributions of the up and
down quarks are well constrained by the QCD fit. The strange quark and down quark
helicity distributions are negative and the up quark helicity distribution is positive in both
solutions of the QCD fit. This agrees with the expectation from the magnetic moment of
the quarks that spins of the up quarks are aligned parallel to the nucleon spin and the
ones of the down and strange quarks are aligned antiparallel. The solutions for the three
quark flavours differ from zero for x & 0.001, whereas the singlet helicity distribution is
compatible with zero for x < 0.07. The gluon helicity distribution is not well constrained,
as already discussed in Section 7.4.
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Figure 141: Results from the QCD fits shown at Q2 = 3 (GeV/c)2. Top left: Singlet helicity distribu-
tion. Top right: Gluon helicity distribution. Bottom: x(∆q+∆q̄) for u, d and s flavour
going from left to right. For each distribution, the two extreme solutions corresponding
to the two different functional forms are shown.
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The results for the spin-dependent structure function of the proton and deuteron ob-
tained from the QCD fit are compared to the world data in Figures 142 and 143. Here, all
data sets listed in Table 23 are shown. An extrapolation of the results of the QCD fit for
the kinematic range of W2 < 10 (GeV/c2)2, which was excluded from the fit, is indicated
by a dashed lines. These comparisons also show the contribution of the new data sets
obtained by the COMPASS experiment to the world data. They show that COMPASS is
the only experiment capable of measuring the spin-dependent structure function with a
good statistical precision even at low Bjorken-x. At high Bjorken-x these results extend
the measured range towards larger photon virtualities.

The results of the QCD fit are also used to obtain the contribution of the quark spins to
the total spin of the nucleon, which is given by the first moment of the singlet helicity dis-
tribution. The individual contributions of the various flavours can also be obtained. They
are given in Table 28 together with the result for the gluon. The ranges take into account
the statistical and systematic uncertainty of the QCD fit. Note that the first moments of
the individual flavours are not independent of one another since the first moments of the
non-singlet distributions were fixed. The contribution of the gluon spin to the total spin
of the nucleon is not well constrained by the QCD fits.

Table 28: Range for the first moments of the parton helicity distributions obtained from the QCD
fits at Q2 = 3 (GeV/c)2.

first moment value

∆Σ [0.25, 0.35]

∆u+∆ū [0.82, 0.85]

∆d+∆d̄ [−0.45,−0.42]

∆s+∆s̄ [−0.11,−0.08]

∆G [−1.5, 0.4]

7.6.3 Comparison with direct measurements of the gluon polarisation

Even though the gluon helicity distribution is not constrained by the QCD fit, the result
can be compared to the results of direct measurements using the photon-gluon-fusion pro-
cess. This production mechanism is studied in reactions containing charmed mesons [147]
or high-pT hadrons [148–151]. These results are obtained mainly at leading order. For the
analysis using charmed mesons also a next-to-leading order result was obtained. The
comparison is shown in Figure 144. These results are in agreement with the results of the
QCD fit. They might favour a solution with a positive gluon polarisation. This impression
is caused by the latest COMPASS result obtained in leading order [151]. This result has
small statistical and systematic uncertainties and favours a positive gluon polarisation.
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Figure 142: Results of the QCD fit on the spin-dependent structure function of the proton. The
curves are given as a function of the photon virtuality for several values of Bjorken-
x and are compared to the data. The orange band illustrates the domain covered
by the two extreme solutions including the statistical and systematic uncertainty. An
extrapolation for W2 < 10 (GeV/c2)2 is indicated by a dashed line.
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Figure 143: Results of the QCD fit on the spin-dependent structure function of the deuteron. The
curves are given as a function of the photon virtuality for several values of Bjorken-
x and are compared to the data. The orange band illustrates the domain covered
by the two extreme solutions including the statistical and systematic uncertainty. An
extrapolation for W2 < 10 (GeV/c2)2 is indicated by a dashed line.
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and direct measurements. The direct measurements of COMPASS [150, 151], HER-
MES [148] and SMC [149] obtained in leading order from high pT hadrons and from
open charm muoproduction at COMPASS [147] in next-to-leading order are shown.

7.6.4 Comparison with other global QCD fits

The results for the parton helicity distributions are compared to the result of other recent
QCD fits by AAC [152], BB [113] and LSS [119, 153] in Figure 145. Different inputs were
used for the various QCD fits. In the case of the 2014 version of LSS and the 2010 version
of BB only deep inelastic scattering data were used. For the 2010 version of LSS also
results from semi-inclusive deep inelastic scattering were used. The 2008 version of AAC
used in addition to the deep inelastic scattering data also results from RHIC. In addition,
different methods were used in order to perform the QCD fit.

For the up quark helicity distribution, all results agree well with one another. The res-
ults for the down quark helicity distribution agree with one another. A slightly more
negative down quark helicity distribution at x ∼ 0.2 is obtained from the results of the
QCD fit presented in this thesis compared to the other QCD fits. For the strange quark
helicity distribution very large difference are found. One of the reasons is the inclusion
of semi-inclusive deep inelastic scattering data. Their effect on the strange quark heli-
city distributions is visible in the two results of LSS. The results from the 2008 version
includes semi-inclusive deep inelastic scattering data, whereas the 2014 version does not.
Without such data, the strange quark helicity distribution is determined mainly by the
SU(3) flavour symmetry, which fixes the first moment to a negative value. Including the
semi-inclusive deep inelastic scattering data, the QCD fits become sensitive to the parton
helicity distributions of the individual quark flavours. They also introduce a new depend-
ence on the fragmentation functions, which describe the hadronisation of a quark. The
results for the gluon helicity distribution shows a large spread between the various results.
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Figure 145: Comparison between various results from other QCD fits to the world data on the
parton helicity distributions. Top left: Up quark helicity distribution. Top right: Down
quark helicity distribution. Bottom left: Strange quark helicity distribution. Bottom
right: Gluon helicity distribution.
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They also show that the gluon helicity distribution is not well constrained by the present
data.

7.7 target mass correction

The results of the QCD fit can be improved by taking into account higher twist effects.
These are in general not known except for the correction due to the finite mass of the
nucleon. This correction contributes at lower photon virtualities and high Bjorken-x. It
can be calculated by introducing the Nachtmann variable

ξ =
2x

1+ (1+ 4M2x2/Q2)1/2
, (182)

which represents a modified Bjorken-x variable. Using this variable, the spin-dependent
structure function taking into account the target mass correction is given by [154]:
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x
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(183)

Here, integrations over the full Bjorken-x range of the spin-dependent structure function
have to be calculated. Introducing these modification to the spin-dependent structure
function, the QCD fit was repeated. The size of the target mass correction to the spin-
dependent structure function is shown in Figure 146 for two photon virtualities and for
both solutions of the QCD fit. The figure shows the expected behaviour for the target mass
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Figure 146: Size of the target mass correction to the spin-dependent structure function of the deu-
teron (left) and the proton (right) calculated for the two solutions of the QCD fit.

corrections. The largest correction is applied at high Bjorken-x. The correction is larger at
small photon virtualities compared to the correction at larger ones. Figure 147 shows the
comparison between the spin-dependent structure function of the proton and deuteron
with and without the target mass correction. In addition, also the results of the QCD
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fit without the target mass correction is shown. Here, the Bjorken-x dependence of the
target mass correction is again visible. Comparing the results of the QCD fit including the
target mass correction and the results from the QCD fit without the correction agreement
is found for the result for the structure function the case of the solution S(G+). In the case
of the solution S(G−) small differences are visible also at low Bjorken-x.
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Figure 147: Comparison between the results of the QCD fit without the target mass correction
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tion. Left: Spin-dependent structure function of the deuteron. Right: Spin-dependent
structure function of the proton.
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The new results for the spin-dependent structure functions of the proton and the deuteron
are used to calculate the first moments of these structure functions. The first moments are
also used to test QCD sum rules like the Ellis-Jaffe sum rule and the Bjorken sum rule.
The sum rules are discussed in Section 2.11. In addition, the first moment of the spin-
dependent structure function of the deuteron is used to evaluate the contribution from
the quark spins to the total spin of the nucleon, which can be compared to the results of
the QCD fit.

8.1 first moments

The new results for the spin-dependent structure functions of the proton and the deuteron
(described in Chapter 5) allow for a precise determination of their first moments. The
calculation also makes use of the results of the NLO QCD fit described before in Chapter 7.
The first moments are defined by:

Γ
p,d
1 (Q2) =

∫1
0

g
p,d
1 (x,Q2)dx . (184)

8.1.1 Method and results

In order to calculate first moments, the results for the spin-dependent structure functions
of the proton and deuteron as measured by COMPASS (see Chapter 5 and Reference [106])
are evolved to common Q2 = 3 (GeV/c)2. They are also moved to the centre of the
corresponding bin in Bjorken-x. The evolution was performed using the results of the
QCD fit. A comparison between the spin-dependent structure function and the result of
the QCD fit is shown in Figure 148 at Q2 = 3 (GeV/c)2.

The truncated first moment

Γ trunc
1 =

∫x2
x1

g1dx , (185)

which covers the measured Bjorken-x range, is calculated from the data points. In order
to obtain the first moment Γ1 covering the full Bjorken-x range the missing contributions
for the low Bjorken-x region and the high Bjorken-x region are estimated using an extra-
polation of the spin-dependent structure function from the QCD fit. For the first moment
of the spin-dependent structure functions of the proton and the nucleon, the results for
the three Bjorken-x ranges are shown in Table 29. The results for the nucleon are obtained
from the spin-dependent structure function of the deuteron by correcting for the D-state
admixture in the deuteron:

ΓN
1 (Q

2) =

∫1
0

gd
1(x,Q2)

1− 1.5ωD
dx (186)

177
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Figure 148: Comparison between the spin-dependent structure function of the proton (left) and
deuteron (right) and the results for these structure functions of the QCD fit. The results
are shown at a photon virtuality of 3 (GeV/c)2.

Table 29: Contribution to the first moments of g1 at Q2 = 3 (GeV/c)2 with statistical uncertainties.
The limits in parentheses are applied for the calculation of ΓN

1 .

bjorken-x range Γ
p
1 ΓN

1

0 − 0.0025 (0.004) 0.0023 −0.0003

0.0025 (0.004) − 0.7 0.134± 0.003 0.045± 0.002
0.7 − 1.0 0.0025 0.0014

with ωD = 0.05± 0.02 [155]. The table shows that the largest contribution to the first
moment is given by the measured Bjorken-x range. It accounts for 96.5% in the case of
the proton data and 97.5% in the case of the deuteron data. The extrapolation of the spin-
dependent structure functions towards x = 0 and x = 1 accounts only for 3.5% in the case
of the first moment of the proton and 2.5% for the first moment of the nucleon.

The dependence of the truncated first moments of the spin-dependent structure function
of the proton and nucleon is shown in Figure 149 as a function of the lower limit in Bjorken-
x. The comparison also illustrates that the largest contribution to the first moments is
given by the measured data. The difference between the results obtained by using the
results from the two solutions of the QCD fit is also shown, which is of about the same
size for both first moments. The evolution uncertainty connected to the QCD fit of the
first moments is obtained from the results for the first moments using the two solutions
of the QCD fit. The mean value of both results is used for the final first moment. The
difference between the final first moment and the solutions of the QCD fit is used as an
evolution uncertainty of the first moment in the measured region. In addition, half of the
full range covered by the two solutions of the QCD fit for the extrapolations is used in
the evolution uncertainty. Two other possibilities to estimate the contribution from the
extrapolation towards x = 0 are shown in Section 8.1.3, even though the low Bjorken-x
range not covered by the data is quite small. This can be seen in the insets of Figure 149

where a zoom to the low Bjorken-x range is shown for the structure function on a linear
scale.
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Figure 149: Dependence of the truncated first moment on the lower Bjorken-x limit for the two
solutions of the QCD fit. The open circle at x = 0.7 is obtained from the QCD fit. Left:
Dependence for the truncated first moment of gp

1. Right: Dependence for the truncated
first moment of gd

1.

The systematic uncertainty of the first moment is calculated taking into account the
multiplicative uncertainties of the structure functions. They include the uncertainty on
the beam polarisation, the target polarisation, the dilution factor, the depolarisation factor
and the spin-independent structure function. In the case of ΓN

1 also the uncertainty on
ωD is taken into account. The additive contribution to the systematic uncertainty of the
structure functions are not taken into account as they cancel to a large amount in the
calculation of the first moment. The largest additive contribution is the uncertainty due to
the presence of a possible false asymmetry, whereas the other additive contributions are
very small and can be neglected. No hints for false asymmetries were found in various
systematic studies (see Section 5.2) and an upper limit was obtained by studying time
dependent effects. From this test, the upper limit is obtained based on the statistical
fluctuations. As no hint for the presence of false asymmetries is found, this contribution
cancels in the calculation of first moments.

The results for the full first moments are shown in Table 30 together with their un-
certainties. In this table also the result for the spin-dependent structure function of the
neutron is given. It is calculated from the spin-dependent structure function of the proton
and the nucleon using:

gn
1 = 2g

N
1 − g

p
1 = 2

gd
1

1− 1.5ωD
− g

p
1 . (187)

Table 30: First moments of the spin-dependent structure function at Q2 = 3 (GeV/c)2.

Γ1 δΓ stat
1 δΓ

syst
1 δΓ evol

1

Proton 0.138 ±0.003 ±0.009 ±0.005
Nucleon 0.046 ±0.002 ±0.004 ±0.005

Neutron −0.046 ±0.005 ±0.011 ±0.005
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8.1.2 Dependence on the QCD fit

For the calculation of the first moments, results of the QCD fit were used. Instead also the
results from other QCD fits to the world data on the spin-dependent structure function can
be used. A comparison between the results from various QCD fits on the spin-dependent
structure function of the proton and the nucleon is shown in Figure 150. The results
from those fits were also used in the calculation of the first moments. The obtained first
moments are shown in Figure 151 and compared to the result using the COMPASS fit
with its evolution uncertainty as the statistical and systematic uncertainty are the same.
In the case of the first moment of the proton, all the results agree with one another. Even
though the results obtained using the QCD fit from AAC [50], DNS [114] and the 2006

version of LSS [118] show some larger difference. In the case of AAC the difference is
caused by low values for the structure function at low Bjorken-x, whereas the difference
from the 2006 version of LSS and DNS is caused by artefacts at low Bjorken-x. In the
case of LSS the structure function becomes zero, whereas in the case of DNS the structure
function becomes quite large at very small Bjorken-x. In the case of the first moment of
the nucleon using most of the other QCD fits results in a lower value for the first moment,
except for such QCD fits, which have artefacts at low Bjorken-x. The lower value for the
first moments obtained by using most of the QCD fits is caused by the low Bjorken-x
behaviour of the structure function obtained in those QCD fits. They favour a negative
value for the structure function, which is not indicated by the data.
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Figure 150: The structure functions gN
1 (left) and g

p
1 (right) as a function of Bjorken-x for Q2 =

3 (GeV/c)2 obtained in different QCD fits. The results from AAC [50], BB [112],
BB2010 [113], DNS2000 [114], GRSV [115], LSS2005 [117] and LSS2006 [118] are shown.

8.1.3 Dependence on the extrapolations for low and high Bjorken-x

In order to test a possible influence on the unknown contribution of the low Bjorken-x
region to the first moment of the spin-dependent structure function, various methods are
used to evaluate its contribution. Similar studies were also performed by E143 [124]. The
evaluation of the first moment, as described before, used the results from the QCD fit
to the world data to extrapolate the spin-dependent structure function towards the low
Bjorken-x region. An uncertainty connected to this extrapolation is already part of the
evolution uncertainty of the first moment. In addition, a fit was performed using the
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Figure 151: Results for the first moment of the spin-dependent structure function of the proton (left)
and the nucleon (right) obtained using various QCD fits. The results are compared to
the COMPASS result with its evolution uncertainty indicated by the band.

spin-dependent structure function in the kinematic range with Bjorken-x below 0.1. Using
these data points at Q2 = 3 (GeV/c)2, two different fits were performed. The first one
assumes a Regge like behaviour of the spin-dependent structure function, g1 = a · xb,
and the second one assumes a ln(1/x) behaviour at low Bjorken-x. The results from both
fits are shown in Figure 152 together with the measured values for the spin-dependent
structure function of the proton and deuteron. The parameters and χ2 of the fits are given
in Table 31.
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Figure 152: Comparison between the spin-dependent structure function of the proton (left) and
the nucleon (right) and the results of the two fits of the low Bjorken-x range. Also the
results from the QCD fit are shown.

The proton data is described well by both models. In the case of the deuteron data, only
the Regge like behaviour results in a good fit. The model assuming a ln(1/x) dependence
does not describe the low Bjorken-x data points (χ2/NDF ≈ 4). Using the results of
the fits, the contribution to the first moment is calculated. They are shown in Table 32

together with the results obtained from the two solutions of the QCD fit. The contributions
obtained for the low Bjorken-x region are very similar for the QCD fit and the two models.
Their differences are always within the range already covered by the two solutions of the
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Table 31: Fitted parameter and χ2 values for the various fits to the low Bjorken-x range of the
spin-dependent structure function.

proton nucleon

a · x−b a · ln(1/x) a · x−b a · ln(1/x)

a 0.189± 0.028 0.124± 0.004 4.4± 7.1 0.014± 0.003
b −0.229± 0.042 − 1.45± 0.61 −

χ2/NDF 13.1/18 12.9/19 5.5/7 33.8/8

QCD fit. Therefore, no additional uncertainty has to be assigned to the first moments
connected to the low Bjorken-x extrapolation.

Table 32: Contribution from the low Bjorken-x region to the first moment of the spin-dependent
structure function. Several methods are used to evaluate its size.

qcd fit fit to the data

S(G+) S(G−) mean a · x−b a · ln(1/x)

Proton 0.0013 0.0033 0.0023 0.0024 0.0022

Nucleon −0.0015 0.0010 −0.0003 2 · 10−6 0.0004

8.2 ellis-jaffe sum rule

The first moments of the spin-dependent structure function can be used to test the Ellis-
Jaffe sum rule. In the case of the COMPASS data, the first moments Γp

1 and ΓN
1 are cal-

culated at Q2 = 3 (GeV/c)2. In addition, the first moments calculated by SMC [88] and
EMC [13] at Q2 ≈ 10 (GeV/c)2, by E155 [125, 127] and Hermes [126] at Q2 ≈ 5 (GeV/c)2

and by E143 [124] at Q2 ≈ 3 (GeV/c)2 are used. The results from all of these experiments
are compared to the prediction of the Ellis-Jaffe sum rule

Γ
p(n)
1 =

1

12
CNS

(
±a3 +

1

3
a8

)
+
1

9
CSa0 . (188)

It predicts the first moments for the case that the flavour singlet axial charge a0 is not
known by assuming a0 = a8 (see Section 2.11.2). In the case of the first moment of the
nucleon, the term containing the axial charge a3 cancels. Here, the value for the axial
charge a8 from the two parameter fit described in Section 2.12 is used together with value
from the neutron β decay for the axial charge a3.

The prediction of the Ellis-Jaffe sum rule in next-to-leading order and the measured
first moments are shown in Figure 153 as a function of the photon virtuality and given in
Table 33. The uncertainty on the prediction from the Ellis-Jaffe sum rule takes into account
the uncertainties on the axial charges. In both cases, the experimental results show a large
deviation from the sum rule. The difference between the prediction and the experimental
data is of the order of 2.0 to 4.8 standard deviations for the proton data, and of the order
of 2.5 to 4.3 standard deviations for the deuteron data.
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Figure 153: Comparison between the first moment of gp
1 (left) and gN

1 (right) and the prediction of
the Ellis-Jaffe sum rule. The uncertainties correspond to the statistical uncertainty and
the combined total uncertainty of the measured first moments.

Table 33: Results for the first moments of the spin-dependent structure functions from various ex-
periments compared to the prediction from the Ellis-Jaffe sum rule. The given uncertain-
ties are the statistical and the systematic ones and, if available, the evolution uncertainty
from the QCD fit. Note that for the COMPASS result already the results for the nucleon
is given.

experiment Q2 first moment ejs prediction

COMPASS (N) 3 (GeV/c)2 0.046± 0.002± 0.004± 0.005 0.077± 0.003
COMPASS (p) 3 (GeV/c)2 0.138± 0.003± 0.009± 0.005 0.171± 0.003
E143 (d) 3 (GeV/c)2 0.047± 0.003± 0.006 0.071± 0.003
E143 (p) 3 (GeV/c)2 0.132± 0.003± 0.009 0.171± 0.003
E155 (d) 5 (GeV/c)2 0.029± 0.003± 0.007 0.072± 0.003
E155 (p) 5 (GeV/c)2 0.118± 0.004± 0.007 0.173± 0.003
HERMES (d) 5 (GeV/c)2 0.044± 0.001± 0.002 0.072± 0.003
HERMES (p) 5 (GeV/c)2 0.121± 0.003± 0.009 0.173± 0.003
SMC (d) 10 (GeV/c)2 0.019± 0.006± 0.003± 0.013 0.072± 0.003
SMC (p) 10 (GeV/c)2 0.120± 0.005± 0.006± 0.014 0.175± 0.003
EMC (p) 10.7 (GeV/c)2 0.123± 0.013± 0.019 0.175± 0.003
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This violation shows that a contribution from the spins of the strange quarks to the
total spin of the nucleon is needed, which was neglected in the prediction of the Ellis-Jaffe
sum rule by assuming a0 = a8. Parts of the violations might also be connected to the
treatment of the extrapolations towards x = 0 and x = 1, especially since the kinematic
range of EMC, HERMES, E143 and E155 only covers Bjorken-x down to ∼ 10−2. The
Bjorken-x range covered by the data of the various experiments is given in Table 34. The
extrapolation towards low Bjorken-x was performed in most cases using results of a QCD
fit to the available world data on the spin-dependent structure function and therefore
depends strongly on the statistical fluctuations of the data points at lowest Bjorken-x. In
the case of EMC only the simple assumption that the spin-dependent structure function
remains constant was used. In the case of SMC, even though a large range in Bjorken-x
is covered, the data points at lowest Bjorken-x hints towards a negative value of the spin-
dependent structure function of the nucleon. This resulted in a smaller value of the first
moment.

The confirmation of a contribution of the spins of the strange quarks to the nucleon
spin is given by the QCD fit where also the axial charges a3 and a8 are used. A small
contribution of about 8− 11% from the spins of the strange quarks is found.

Table 34: Bjorken-x range covered by the various experiments.

experiment bjorken-x range

COMPASS (d) 4.0 · 10−3 − 0.7
COMPASS (p) 2.5 · 10−3 − 0.7
E143 3.0 · 10−2 − 0.7
E155 1.0 · 10−2 − 0.9
HERMES 2.1 · 10−2 − 0.9
SMC 3.0 · 10−3 − 0.7
EMC 1.0 · 10−2 − 0.7

8.3 extraction of the flavour-singlet axial charge

The test of the Ellis-Jaffe sum rule showed that a contribution from the strange quark spins
to the total spin of the nucleon exists. Therefore, Equation 188 can be used to calculate the
flavour singlet axial charge a0 using the first moment of the nucleon. The flavour-singlet
axial charge a0 is of special interest since it is identified with the contribution from the
quark spins to the total spin of the nucleon in the MS scheme, since in the MS factorisation
scheme the first moment of the gluon coefficient function vanishes. Therefore, the first
moment of the spin-dependent structure function of the nucleon does not depend on the
gluon helicity distribution. It only depends on the axial charges a0 and a8. It can be
calculated from the first moment as follows:

a0(Q
2) =

1

CSi
1 (Q

2)

[
9ΓN
1 −

1

4
a8C

NS
1 (Q2)

]
. (189)
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Here, CSi
1 (Q

2) and CNS
1 (Q2) are the singlet and non-singlet Wilson coefficients, which

are used in next-to-leading order. Assuming SU(3) flavour symmetry the value a8 =

3F−D = 0.587± 0.025 from Section 2.12 is used. Using the next-to-leading order values
CSi
1 (Q

2) = CNS
1 (Q2) = 0.893 with αs = 0.337± 0.012 at Q2 = 3 (GeV/c)2 in addition to

the results for the first moment shown in Section 8.1, the flavour-singlet axial charge is
calculated:

a0(Q
2 = 3 (GeV/c)2) = 0.32± 0.02stat ± 0.04syst ± 0.05evol . (190)

The evolution uncertainty is obtained from the first moment. Thus, it also contains con-
tributions from the poorly gluon helicity distribution. The systematic uncertainty takes
the uncertainty on a8 into account in addition to the one of the first moment. The evolu-
tion uncertainty is the largest contribution to the uncertainty on the flavour-singlet axial
charge. The experimental uncertainties are all smaller. Comparing the result for the
flavour-singlet axial charge with the result of the QCD fit given in Table 28 shows a good
agreement between both results with similar precision.

Using the axial charge a3 = 1.2723± 0.0023 [18], the contributions from the up, down
and strange quark spins to the total spin of the nucleon can be calculated separately.
The relations between the axial charges and the various flavours are already given in
Section 2.11 and are repeated here:

a0 = (∆u+∆ū) +
(
∆d+∆d̄

)
+ (∆s+∆s̄) , (191)

a3 = (∆u+∆ū) −
(
∆d+∆d̄

)
, (192)

a8 = (∆u+∆ū) +
(
∆d+∆d̄

)
− 2 (∆s+∆s̄) . (193)

Using these relations, the various contributions can be calculated:

(∆u+∆u)(Q2 = 3 (GeV/c)2) = 0.840± 0.007stat ± 0.014syst ± 0.016evol , (194)

(∆d+∆d)(Q2 = 3 (GeV/c)2) = −0.432± 0.007stat ± 0.014syst ± 0.016evol , (195)

(∆s+∆s)(Q2 = 3 (GeV/c)2) = −0.089± 0.007stat ± 0.018syst ± 0.016evol . (196)

The uncertainties take into account the same contributions as the uncertainties of the
flavour singlet charge. In the case of the systematic uncertainty also the uncertainty on a3
is taken into account. These results are also in agreement with the results of the QCD fit
with similar precision.

8.4 bjorken sum rule

The results for the spin-dependent structure functions of the proton and deuteron can also
be used to evaluate the non-singlet spin-dependent structure function:

gNS
1 (x,Q2) = 2(gp

1(x,Q2) − gN
1 (x,Q2)) . (197)

This structure function is interesting since its evolution is independent of the gluon helicity
distribution (see Section 2.7.2) and its first moment can be used to test the Bjorken sum
rule, which is described in Section 2.11.1:

ΓNS
1 (Q2) =

∫1
0

gNS
1 (x,Q2)dx =

1

6

∣∣∣gA
gV

∣∣∣CNS
1 (Q2) . (198)

Here, CNS
1 (Q2) is the non-singlet Wilson coefficient and gA/gV = a3 is the ratio of the

weak axial and vector coupling constants (see also Equation 192).
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8.4.1 Method and results

In order to calculate the non-singlet structure function, the results for the spin-dependent
structure function of the proton and deuteron, described in Chapter 5 and the results for
the spin-dependent structure function of the proton from Reference [106] are used. The
kinematics of these data sets is shown in Figure 154. The mean value for the photon
virtuality is different for the three data sets at the same measured Bjorken-x. In order to
correct for this difference, the results of the QCD fit to the world data is used to evolve
all data points to the photon virtuality of the corresponding data point of the 160GeV
proton data. One additional data point at x = 0.0036 exists in the case of the proton data.
In order to calculate the non-singlet structure function, the corresponding value of the
spin-dependent structure function of the deuteron is taken from the QCD fit to the world
data.
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Figure 154: Kinematics of the data sets used for the calculation of the non-singlet spin-dependent
structure function.

The calculation of the first moment of the non-singlet structure function differs from
the one presented before. Instead of using the results of the QCD fit to the world data to
evolve all data points to a common photon virtuality, the independence of the evolution
of the non-singlet structure function on the gluon helicity distribution is used. The NLO
QCD fit described in Chapter 7 is repeated using only the non-singlet structure function as
an input. In this fit only the non-singlet helicity distribution ∆q3 = ∆u+∆ū− (∆d+∆d̄)

is needed to calculate the non-singlet structure function:

gNS
1 (x,Q2) =

1

6

∫1
x

dx′

x′
CNS

( x
x′

,Q2
)
∆q3(x

′,Q2) . (199)

The non-singlet structure function can be described by a functional form with three para-
meters, ∆q3 = η3x

α3(1 − x)β3/N where N is the normalisation, as discussed in Sec-
tion 7.2.1. Their results are given in Table 35 together with the χ2 of the fit. A comparison
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between the non-singlet structure function and the results of the non-singlet fit is shown
in Figure 155 at Q2 = 3 (GeV/c)2. The calculation of the statistical uncertainty of the
non-singlet fit is done in the same way as already described in Section 7.3 for the QCD fit
to the world data.
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Figure 155: Values of xgNS
1 (x) at Q2 = 3 (GeV/c)2 com-

pared to the non-singlet NLO QCD fit using
COMPASS data only. The errors are statistical
only. The open square at lowest x is obtained
with gd

1 taken from the NLO QCD fit.

Table 35: Results of the non-singlet fit
performed at an input scale of
Q20 = 1 (GeV/c)2 with their
statistical uncertainty.

param . value

η3 1.30± 0.05
α3 −0.13± 0.07
β3 1.9± 0.3

χ2/NDF 7.8/13

The results of the non-singlet fit are used to evolve all data points to a common photon
virtuality of 3 (GeV/c)2 before calculating the first moment. The contributions from the
unmeasured region is calculated using an extrapolation of the non-singlet structure func-
tion from the non-singlet fit. The uncertainty on the extrapolations is estimated using the
statistical uncertainty of the non-singlet fit as it is the largest uncertainty of the fit. The
contributions to the first moment for the various Bjorken-x ranges are given in Table 36.
The dependence of the truncated first moment of the non-singlet structure function on the
lower Bjorken-x limit is shown in Figure 156.

The data yield a contribution of 93.2% to the first moment, while the low Bjorken-x and
high Bjorken-x extrapolation contribute 3.5% and 3.3% respectively. The uncertainty of
the extrapolation is taken into account as part of the systematic uncertainty. The full first
moment of the non-singlet structure function is

ΓNS
1 (Q2 = 3 (GeV/c)2) = 0.191± 0.007stat ± 0.014syst . (200)

The systematic uncertainty of the first moment is larger than the statistical one. It accounts
in addition to the extrapolation uncertainty for the uncertainty on the target polarisation,
the dilution factor, the depolarisation factor and the spin-independent structure function.
The contributions are listed in Table 37 for all data sets. The largest contribution is the
uncertainty on the beam polarisation. The normalisation uncertainty of the non-singlet fit
is given by the multiplicative uncertainties of the spin-dependent structure function. These
are already included in the systematic uncertainty. The contributions from the systematic
uncertainties of the proton data are larger than the ones from the deuteron data due to



188 first moments and sum rules

minx
3−10 2−10 1−10 1

0

0.05

0.1

0.15

0.2

∫  dxNS
1

g

1

minx

2)c = 3 (GeV/2Q

Figure 156: Values of
∫1
xmin

gNS
1 dx as a function of

xmin. The open circle at x = 0.7 is ob-
tained from the fit. The arrow on the left
side shows the value for the full range,
0 < x < 1.

Table 36: First moment ΓNS
1 at Q2 =

3 (GeV/c)2 from the COMPASS
data with only statistical uncer-
tainties. Contributions from the
unmeasured regions are estimated
from the NLO fit to gNS

1

x range ΓNS
1

0 − 0.0025 0.0066± 0.0008
0.0025 − 0.7 0.178± 0.007
0.7 − 1.0 0.0063± 0.0019

0 − 1 0.191± 0.007

Table 37: Contributions to the systematic uncertainties from the various data sets.

deuteron 160 GeV proton 160 GeV proton 200 GeV

Beam polarisation PB 5%

Structure function F2 2%

Target polarisation PT 5% 2% 3.5%

Depolarisation factor D 2% 2% 2%

Dilution factor f 2% 1% 2%

Combined (PT , D, f) 6% 3.6%

the different magnitude of the spin-dependent structure function. Contributions from the
non-singlet fit and the evolutions to a common photon virtuality are negligible.

Using the non-singlet Wilson coefficient in next-to-leading order, CNS
1 = 0.893, the ratio

of the weak coupling constants is obtained from the first moment:∣∣∣gA
gV

∣∣∣
NLO

= 1.29± 0.05stat ± 0.10syst . (201)

Comparing this result to the one obtained from the neutron β decay |gA/gV | = 1.2723±
0.0023 [18], provides a validation of the Bjorken sum rule with an accuracy of 9%. The in-
fluence of the perturbative order on the result is shown in Section 8.4.5 as the experimental
result includes all perturbative orders.

8.4.2 Scale dependence

The ratio of the weak coupling constants should be independent on the scale used for
its calculation. This can be tested by changing the scale at which the non-singlet fit is
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performed and the scale at which the ratio is calculated. This test was performed for
various scales between 1 (GeV/c)2 and 30 (GeV/c)2. The results are shown in Figure 157,
where the difference between the result obtained at a certain scale and the result obtained
at Q2 = 1 (GeV/c)2 is shown. Only a very small dependence on the scale is seen, which
is negligible compared to any uncertainty. This confirms the expected scale independence
of the result.
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Figure 157: Dependence of the ratio of the weak coupling constants on the scale used for its cal-
culation. For each scale the difference to the ratio obtained at Q2 = 1 (GeV/c)2 is
shown.

8.4.3 Systematic studies on the non-singlet fit

The systematic uncertainty of the non-singlet fit can be studied using similar methods as
for the QCD fit to the world data (see Section 7.5). The input scale, at which the Bjorken-x
dependence is fitted, was changed from 1 (GeV/c)2 to 63 (GeV/c)2. The influence on the
non-singlet structure function is shown in Figure 158. Hardly any dependence on the non-
singlet structure function is found. Its dependence is negligible compared to the statistical
uncertainty of the non-singlet fit.

The dependence of the non-singlet fit on the functional form is tested by using the
parameter γ3 (see also Section 7.2) as an additional free parameter in the fit. This changes
the Bjorken-x dependence to

∆q3(x) = η3
xα3(1− x)β3(1+ γ3x)∫1
0 x
α3(1− x)β3(1+ γ3x)dx

. (202)

The comparison between the results from the non-singlet fit with γ3 as a free parameter
and fixed to zero is shown in Figure 159 showing small differences at low Bjorken-x and
differences at large Bjorken-x. However, using this fit does not change the value for the
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Figure 158: Dependence of the result for the non-singlet structure function on the input scale. The
results for the non-singlet structure function are shown at Q2 = 3 (GeV/c)2.

first moment. Using instead of γ3 the parameter ρ3 would result in a similar shape for
the non-singlet structure function since it also allows for a zero crossing.
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Figure 159: Dependence of the non-singlet fit on the functional shape. The results for the non-
singlet structure function are shown for γ3 as a free parameter of the fit or fixed to
zero.

8.4.4 Dependence on the QCD fit

The results of the other NLO QCD fits to the world data, which are discussed in Sec-
tion 8.1.2, can be used to evaluate the influence of the QCD fit on the ratio of the weak
coupling constants. The results from these QCD fits are used to calculate the non-singlet
structure function. The systematic uncertainty of these fit are larger than the one of the
direct fit of the non-singlet structure function. The comparison between the results of the
non-singlet fit and the other QCD fits is shown in Figure 160. The results of the 2006 ver-
sion of LSS shows again the artefact at low Bjorken-x. The results from the other QCD fits
agree with the results of the non-singlet fit. However, the QCD fits show a larger value of
the non-singlet structure function at low Bjorken-x. Using these QCD fits for the evolution
and extrapolation, the ratio of the weak coupling constants is calculated. The difference
between the results and the value obtained from the neutron β decay are shown in Fig-
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Figure 160: Comparison between the non-singlet fit and the results from various QCD fits to the
world data. The results from AAC [50], BB [112], DNS [114], GRSV [115] and the 2006

version from LSS [118] are shown.

ure 161. Most of the obtained ratios of the weak coupling constants using the other QCD
fits are slightly larger compared to the one presented in this thesis due to the differences
at low Bjorken-x. The ratio of the weak coupling constant obtained using the 2006 version
by LSS results in a slightly lower value. This is caused by the artefact at low Bjorken-x.
The ratio of the weak coupling constant obtained using BB results in a slightly larger value
due to a different Bjorken-x dependence.

Comparing the COMPASS data at low Bjorken-x with the non-singlet fit also shows that
the data might favour an even smaller contribution from the low Bjorken-x extrapolation.
Using a constant value given by the five lowest data points in Bjorken-x, the low Bjorken-
x extrapolation would be about 0.003. This would results in a smaller value of the first
moment and therefore also an smaller value for gA/gV , which would be closer to the
value obtained from the neutron β decay.

8.4.5 Dependence on the perturbative order

Since it is not possible to perform the QCD fit and the non-singlet fit in next-to-next-
to-leading order, the influence of increasing the perturbative order cannot be estimated.
Instead, an upper limit can be obtained from a leading order calculation. The difference
between the leading order and the next-to-leading order result should be larger than the
one between next-to-leading order and next-to-next-to-leading order. The results for a
leading order calculation of the non-singlet structure function in each component and the
next-to-leading order calculation are shown in Figure 162. This also results in a change of
the first moment and therefore also the result for the ratio of the weak coupling constants.
The result in leading order is∣∣∣gA

gV

∣∣∣
LO

= 1.19± 0.04stat ± 0.09syst . (203)

The difference between the leading order and next-to-leading order result given in Equa-
tion 201 is in the order of the systematic uncertainty.



192 first moments and sum rules

AAC BB DNS GRSV LSS2006 COMPASS

β)
V

/g
A

 -
 (

g
N

LO
)

V
/g

A
(g

0.2−

0.1−

0

0.1

0.2

0.3

Figure 161: Dependence of the ratio of the weak coupling constants on the QCD fit used in their
calculation. The grey line indicates the result obtained from the neutron β decay [18].
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8.5 summary first moments

The results for the first moments presented in Section 8.1 are shown as a function of
the first moment of the spin-dependent structure function of the proton and the neutron
in Figure 163. The figure shows in addition the result for the first moment of the non-
singlet structure function described in Section 8.4. The results for the first moment of
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Figure 163: Results for the first moments of the spin-dependent structure functions. The dark lines
represent the calculated value. The dark band represent the statistical uncertainty,
the lighter bands the combined statistical and systematic uncertainty and the lightest
ones the combined statistical, systematic and evolution uncertainty. The green line
correspond to the prediction of the first moment of the non-singlet structure function,
ΓNS
1 using the ratio of the weak coupling constants [18].

the spin-dependent structure function of the proton and nucleon are two independent
measurements, whereas the first moment of the spin-dependent structure function of the
neutron is the result of Equation 187. The first moment of the spin-dependent non-singlet
structure function is in good agreement with the other first moments. Note that it is not
fully independent. Even though a different method was used for its calculation, which is
independent of the poorly known gluon helicity distribution. In addition to these results
also a prediction for the first moment of the spin-dependent non-singlet structure function
from the ratio of the weak coupling constants obtained from the neutron β decay is shown.
It shows good agreement with the results from the COMPASS data and also agrees well
with the intersection of the bands representing the first moment of the spin-dependent
structure function of the proton and nucleon.





C O N C L U S I O N

195





9
S U M M A RY A N D C O N C L U S I O N

The COMPASS experiment is investigating the composition of the nucleon spin. This is
studied in scattering of polarised muons on a polarised fixed target. In 2002-2004 and in
2006 a polarised lithium deuteride target was used to investigate the longitudinal double
spin asymmetry and the spin-dependent structure function of the deuteron. The spin-
dependent structure function and longitudinal double spin asymmetry of the proton were
studied in 2007 and 2011 using a polarised ammonia target. For the measurement in 2011

the beam momentum was increased from 160GeV/c to 200GeV/c.
In this thesis, the longitudinal double spin asymmetry and spin-dependent structure

function are presented in two different kinematic regions, namely at low photon virtualit-
ies, Q2 < 1 (GeV/c)2, and at high photon virtualities, Q2 > 1 (GeV/c)2. The asymmetry
at low photon virtualities is extracted using the data from the 2007 and 2011 data taking.
The asymmetry shows a positive non-zero asymmetry even at low Bjorken-x. This differs
from the results obtained from the deuteron data, which are compatible with zero. The
statistical precision of the measurements is significant increased compared to the results
of SMC and HERMES, which are the only other experiments that obtained results for this
kinematic range. The results agree with predictions from a phenomenological model [54]
based on generalised vector meson dominance. It requires a large negative contributions
from light vector mesons in addition to the partonic contribution.

At high photon virtualities, the COMPASS data sets cover a large range in Bjorken-x
from about 4 · 10−3 up to 0.7 and in the photon virtuality up to about 150 (GeV/c)2. The
results from the 2006 deuteron data taking on the spin-dependent structure function and
the longitudinal double spin asymmetry are used to increase the statistics of the 2002-2004

deuteron data taking by about 50%. The results for the spin-dependent structure function
and the longitudinal double spin asymmetry of the proton obtained from the 2011 data
set completes the previous results from the 2007 proton data taking. It allows to extend
the kinematic range covered by the world data. The Bjorken-x range is extended towards
lower values down to x = 0.0025 and the photon virtuality range is extended towards
higher values up to Q2 ' 190 (GeV/c)2. Both results improve the statistical precision on
the spin-dependent structure function compared to SMC, which was the only experiment
able to cover this kinematic range previously. The results represent the final COMPASS
results on the spin-dependent structure function of the proton and the deuteron.

The results for the spin-dependent structure function of the proton and deuteron from
deep inelastic scattering are used together with the world data on the spin-dependent
structure function of the proton, deuteron and neutron in a NLO QCD fit. This fit allows
the extraction of the parton helicity distributions. Studies on the functional form result
in two extreme solutions for the QCD fit, which cover all possible solutions in between.
This study shows together with the study on the dependence on the input scale that the
systematic uncertainty on the results from such fits is larger than the statistical and exper-
imental systematic uncertainty of the helicity distributions. The contribution from quark
spins to the nucleon spin is obtained from the QCD fit to be in the range of 25% to 35%
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at Q2 = 3 (GeV/c)2. The contribution from the gluon spins to the nucleon spin is not
well constrained. This is also illustrated in the comparison with other QCD fits showing
various different functional shapes. The QCD fit including the new measurements con-
firms the results of the previous COMPASS QCD fit with a much more refined systematic
treatment. In order to improve the results for such QCD fits additional inputs are needed.
Compared to the spin-independent structure function, the kinematic coverage of the spin-
dependent structure function is limited. Further improvements would require either col-
lider data at low Bjorken-x and high photon virtualities or the inclusion of results from
other processes like proton-proton collisions, which needs a more elaborate QCD analysis
method.

The results for the spin-dependent structure function of the proton and deuteron are
also used to calculate their first moments. In their calculation the results from the QCD
fit are used to evaluate the contribution of the unmeasured region and to evolve the data
points to a common photon virtuality. The first moments obtained at Q2 = 3 (GeV/c)2 are
Γ

p
1 = 0.138± 0.003stat± 0.009syst± 0.005evol and ΓN

1 = 0.046± 0.002stat± 0.004syst± 0.005evol.
In both cases, a contribution of about 94% is given by the measured data. The measured
first moments violate the Ellis-Jaffe sum rule. This confirms the already known violation of
the Ellis-Jaffe sum rule. Using the first moments of the spin-dependent structure function
of the nucleon, the singlet axial charge is calculated, a0 = 0.32± 0.02stat± 0.04syst± 0.05evol.
It is identified in the MS scheme with the contribution from quark spins to the nucleon
spin. In this scheme, the first moment of the spin-dependent structure function of the
nucleon is independent of the contribution from the gluon helicity distribution. Also, the
contribution from the various quark flavours is calculated. The results using only the
COMPASS data agree with the results from the QCD fit with a similar statistical precision.
The largest uncertainty of these results is the evolution uncertainty, which is connected
to the uncertainty of the QCD fit. It is mainly given by the poorly known gluon helicity
distribution, even though the first moment is independent of it. As, stated before, this
can only be improved by new measurements at very low Bjorken-x in order to observe
the evolution in this kinematic range in order to constrain the gluon helicity distribution.
The contribution from such measurements to the first moments is with about 1− 2% very
small.

Using the results for the spin-dependent structure function of the proton and deuteron
together, the non-singlet structure function is calculated. This structure function is of
special interest, since its evolution is decoupled from the gluon helicity distribution. Its
first moment is used to test the Bjorken sum rule. For the calculation of the first moment
the results of a non-singlet QCD fit to the COMPASS data is used for the evolution of the
data points. The resulting first moment is ΓNS

1 = 0.191± 0.007stat ± 0.014syst. Also here the
largest contribution of about 92% is given by the data. The inclusion of the results from the
2011 data reduced the contribution from the unmeasured low Bjorken-x region by about
30% and also reduced the statistical error by 23%. Also the systematic uncertainty was
slightly reduced by about 7%. The ratio of the weak coupling constants obtained from the
first moment is |gA/gV |NLO = 1.29± 0.05stat± 0.10syst, which represents a validation of the
Bjorken sum rule at the level of 9%.
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R E S U LT S F R O M T H E P R O T O N D ATA AT H I G H P H O T O N
V I RT U A L I T I E S

The results for the longitudinal double spin asymmetry and the spin-dependent structure
function obtained from the 2011 data using a 200GeV/c muon beam are given in the
following tables as a function of the Bjorken-x and as a function of Bjorken-x and the
photon virtuality.

Table 38: Results for the asymmetry Ap
1 and spin-dependent structure function gp

1 obtained from
the 2011 data set using a 200GeV/c muon beam in bins of Bjorken-x.

x range 〈x〉 〈y〉 〈Q2 〉 A
p
1 g

p
1

0.003 − 0.004 0.0036 0.800 1.10 0.020± 0.017± 0.007 0.60± 0.51± 0.22
0.004 − 0.005 0.0045 0.726 1.23 0.017± 0.012± 0.005 0.43± 0.31± 0.13
0.005 − 0.006 0.0055 0.677 1.39 0.020± 0.012± 0.005 0.44± 0.26± 0.11
0.006 − 0.008 0.0070 0.629 1.61 0.0244± 0.0093± 0.0041 0.43± 0.16± 0.08
0.008 − 0.010 0.0090 0.584 1.91 0.019± 0.010± 0.006 0.27± 0.15± 0.09
0.010 − 0.014 0.0119 0.550 2.33 0.0431± 0.0086± 0.0045 0.512± 0.10± 0.06
0.014 − 0.020 0.0167 0.518 3.03 0.0719± 0.0091± 0.0060 0.642± 0.081± 0.061
0.020 − 0.030 0.0244 0.492 4.11 0.0788± 0.0097± 0.0065 0.514± 0.063± 0.048
0.030 − 0.040 0.0346 0.477 5.60 0.088± 0.013± 0.010 0.424± 0.063± 0.054
0.040 − 0.060 0.0488 0.464 7.64 0.114± 0.013± 0.009 0.401± 0.044± 0.036
0.060 − 0.100 0.0768 0.450 11.7 0.166± 0.014± 0.013 0.376± 0.031± 0.033
0.100 − 0.150 0.122 0.432 18.0 0.264± 0.019± 0.019 0.372± 0.027± 0.029
0.150 − 0.200 0.173 0.415 24.8 0.318± 0.027± 0.024 0.298± 0.025± 0.024
0.200 − 0.250 0.223 0.404 31.3 0.337± 0.036± 0.030 0.224± 0.024± 0.021
0.250 − 0.350 0.292 0.389 39.6 0.389± 0.037± 0.029 0.166± 0.016± 0.013
0.350 − 0.500 0.407 0.366 52.0 0.484± 0.055± 0.051 0.095± 0.011± 0.010
0.500 − 0.700 0.570 0.339 67.3 0.73± 0.11± 0.09 0.0396± 0.0058± 0.0053
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Table 39: Results for the asymmetry Ap
1 and spin-dependent structure function gp

1 obtained from
the 2011 data set using a 200GeV/cmuon beam in bins of Bjorken-x and photon virtuality.

x range 〈x〉 〈y〉 〈Q2 〉 A
p
1 g

p
1

0.003 − 0.004 0.0035 0.771 1.03 0.059± 0.029± 0.014 1.79± 0.87± 0.45
0.003 − 0.004 0.0036 0.798 1.10 −0.004± 0.027± 0.012 −0.13± 0.81± 0.37
0.003 − 0.004 0.0038 0.840 1.22 0.003± 0.032± 0.012 0.06± 0.98± 0.37

0.004 − 0.005 0.0044 0.641 1.07 0.006± 0.021± 0.008 0.15± 0.50± 0.19
0.004 − 0.005 0.0045 0.730 1.24 0.021± 0.030± 0.008 0.53± 0.51± 0.20
0.004 − 0.005 0.0046 0.817 1.44 0.023± 0.023± 0.011 0.60± 0.59± 0.28

0.005 − 0.006 0.0055 0.540 1.11 0.009± 0.024± 0.011 0.18± 0.46± 0.21
0.005 − 0.006 0.0055 0.661 1.36 0.026± 0.020± 0.008 0.56± 0.42± 0.18
0.005 − 0.006 0.0056 0.795 1.68 0.022± 0.020± 0.008 0.51± 0.47± 0.18

0.006 − 0.008 0.0069 0.442 1.14 0.033± 0.021± 0.009 0.50± 0.32± 0.14
0.006 − 0.008 0.0069 0.580 1.50 0.041± 0.016± 0.007 0.71± 0.27± 0.12
0.006 − 0.008 0.0071 0.757 2.02 0.006± 0.014± 0.007 0.12± 0.27± 0.13

0.008 − 0.010 0.0089 0.349 1.17 0.007± 0.027± 0.013 0.08± 0.32± 0.16
0.008 − 0.010 0.0089 0.483 1.62 0.029± 0.018± 0.007 0.40± 0.25± 0.10
0.008 − 0.010 0.0090 0.710 2.41 0.015± 0.014± 0.006 0.24± 0.23± 0.09

0.010 − 0.014 0.0116 0.278 1.21 0.044± 0.026± 0.013 0.41± 0.24± 0.12
0.010 − 0.014 0.0117 0.401 1.75 0.040± 0.017± 0.011 0.42± 0.18± 0.11
0.010 − 0.014 0.0120 0.656 2.92 0.044± 0.011± 0.005 0.56± 0.14± 0.07

0.014 − 0.020 0.0164 0.206 1.26 0.087± 0.034± 0.015 0.58± 0.22± 0.12
0.014 − 0.020 0.0165 0.313 1.92 0.100± 0.021± 0.011 0.77± 0.16± 0.09
0.014 − 0.020 0.0168 0.605 3.74 0.063± 0.011± 0.006 0.60± 0.10± 0.06

0.020 − 0.030 0.0239 0.177 1.55 0.072± 0.031± 0.016 0.36± 0.15± 0.08
0.020 − 0.030 0.0240 0.280 2.49 0.080± 0.025± 0.011 0.45± 0.14± 0.07
0.020 − 0.030 0.0246 0.575 5.16 0.079± 0.011± 0.008 0.545± 0.078± 0.061
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Table 40: Results for the asymmetry Ap
1 and spin-dependent structure function gp

1 obtained from
the 2011 data set using a 200GeV/cmuon beam in bins of Bjorken-x and photon virtuality.

x range 〈x〉 〈y〉 〈Q2 〉 A
p
1 g

p
1

0.030 − 0.040 0.0341 0.173 2.18 0.103± 0.035± 0.016 0.39± 0.13± 0.06
0.030 − 0.040 0.0343 0.272 3.50 0.099± 0.041± 0.018 0.43± 0.18± 0.08
0.030 − 0.040 0.0347 0.559 7.07 0.083± 0.015± 0.013 0.421± 0.075± 0.066

0.040 − 0.060 0.0473 0.151 2.65 0.128± 0.040± 0.024 0.37± 0.12± 0.07
0.040 − 0.060 0.0480 0.283 5.00 0.136± 0.026± 0.016 0.449± 0.086± 0.057
0.040 − 0.060 0.0492 0.575 10.4 0.103± 0.015± 0.011 0.378± 0.057± 0.043

0.060 − 0.100 0.0740 0.184 4.91 0.147± 0.032± 0.016 0.308± 0.066± 0.036
0.060 − 0.100 0.0754 0.390 10.7 0.203± 0.020± 0.017 0.465± 0.047± 0.043
0.060 − 0.100 0.0800 0.664 19.7 0.129± 0.023± 0.022 0.293± 0.052± 0.050

0.100 − 0.150 0.119 0.190 8.23 0.291± 0.038± 0.024 0.397± 0.051± 0.035
0.100 − 0.150 0.121 0.402 17.8 0.263± 0.028± 0.021 0.372± 0.040± 0.031
0.100 − 0.150 0.125 0.676 31.7 0.243± 0.034± 0.021 0.337± 0.048± 0.031

0.150 − 0.200 0.171 0.209 12.9 0.299± 0.045± 0.027 0.279± 0.042± 0.026
0.150 − 0.200 0.172 0.419 26.9 0.316± 0.045± 0.036 0.298± 0.042± 0.035
0.150 − 0.200 0.175 0.667 43.8 0.344± 0.050± 0.029 0.318± 0.047± 0.029

0.200 − 0.250 0.222 0.200 16.1 0.405± 0.060± 0.043 0.273± 0.041± 0.030
0.200 − 0.250 0.222 0.385 32.1 0.340± 0.066± 0.035 0.227± 0.044± 0.024
0.200 − 0.250 0.224 0.624 52.4 0.268± 0.060± 0.045 0.174± 0.039± 0.030

0.250 − 0.350 0.289 0.209 21.7 0.397± 0.057± 0.035 0.177± 0.025± 0.016
0.250 − 0.350 0.290 0.387 42.1 0.374± 0.077± 0.050 0.160± 0.034± 0.022
0.250 − 0.350 0.296 0.602 66.3 0.392± 0.062± 0.035 0.159± 0.025± 0.015

0.350 − 0.500 0.403 0.195 28.4 0.396± 0.086± 0.051 0.085± 0.018± 0.011
0.350 − 0.500 0.405 0.350 53.1 0.40± 0.12± 0.06 0.079± 0.024± 0.011
0.350 − 0.500 0.413 0.556 85.1 0.631± 0.088± 0.054 0.114± 0.016± 0.010

0.500 − 0.700 0.561 0.143 29.8 0.42± 0.23± 0.10 0.028± 0.016± 0.007
0.500 − 0.700 0.567 0.238 50.4 0.75± 0.23± 0.12 0.044± 0.013± 0.007
0.500 − 0.700 0.575 0.457 96.1 0.87± 0.15 pm0.09 0.0429± 0.0071± 0.0048
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The results for the asymmetry Ad
1 and spin-dependent structure function gd

1 obtained by
using only the 2006 data set with a 160GeV/c muon beam. The tables contain the results
with their statistical and systematic uncertainty.

Table 41: Results for the asymmetry Ad
1 ans spin-dependent structure function gd

1 obtained from
the 2006 deuteron data set using a 160GeV/c muon beam in bins of Bjorken-x.

x range 〈x〉 〈y〉 〈Q2 〉((GeV/c)2 ) Ad
1 gd

1

0.003 − 0.004 0.0039 0.863 1.03 −0.020± 0.051± 0.033 −0.5± 1.4± 0.9
0.004 − 0.005 0.0046 0.799 1.10 −0.026± 0.013± 0.007 −0.59± 0.30± 0.15
0.005 − 0.006 0.0055 0.738 1.21 −0.006± 0.011± 0.007 −0.12± 0.21± 0.14
0.006 − 0.008 0.0070 0.679 1.40 0.0034± 0.0076± 0.0029 0.05± 0.12± 0.05
0.008 − 0.010 0.0090 0.624 1.63 −0.0042± 0.0084± 0.0033 −0.06± 0.11± 0.04
0.010 − 0.014 0.0118 0.583 1.98 −0.0010± 0.0070± 0.0031 −0.011± 0.076± 0.033
0.014 − 0.020 0.0167 0.548 2.57 −0.0088± 0.0075± 0.0032 −0.072± 0.062± 0.026
0.020 − 0.030 0.0244 0.521 3.50 0.0175± 0.0080± 0.0041 0.105± 0.049± 0.025
0.030 − 0.040 0.0346 0.505 4.75 0.014± 0.011± 0.005 0.062± 0.048± 0.021
0.040 − 0.060 0.0488 0.491 6.49 0.017± 0.010± 0.005 0.057± 0.034± 0.017
0.060 − 0.100 0.0767 0.468 9.75 0.049± 0.011± 0.007 0.104± 0.024± 0.016
0.100 − 0.150 0.121 0.445 14.8 0.102± 0.016± 0.012 0.132± 0.021± 0.015
0.150 − 0.200 0.172 0.433 20.7 0.126± 0.024± 0.020 0.107± 0.020± 0.017
0.200 − 0.250 0.222 0.429 26.7 0.140± 0.033± 0.020 0.081± 0.019± 0.011
0.250 − 0.350 0.291 0.430 35.2 0.168± 0.036± 0.020 0.060± 0.013± 0.007
0.350 − 0.500 0.406 0.429 49.5 0.301± 0.057± 0.033 0.0466± 0.0088± 0.0052
0.500 − 0.700 0.567 0.415 67.1 0.36± 0.12± 0.10 0.0146± 0.0049± 0.0039
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Table 42: Results for the asymmetry Ad
1 ans spin-dependent structure function gd

1 obtained from
the 2006 deuteron data set using a 160GeV/cmuon beam in bins of Bjorken-x and photon
virtuality.

x range 〈x〉 〈y〉 〈Q2 〉((GeV/c)2 ) Ad
1 gd

1

0.003 − 0.004 0.0038 0.854 1.01 −0.05± 0.10± 0.05 −1.3± 2.8± 1.3
0.003 − 0.004 0.0039 0.860 1.02 0.099± 0.084± 0.049 2.7± 2.3± 1.3
0.003 − 0.004 0.0039 0.872 1.06 −0.122± 0.083± 0.066 −3.3± 2.2± 1.8

0.004 − 0.005 0.0045 0.764 1.02 0.022± 0.024± 0.018 0.50± 0.56± 0.41
0.004 − 0.005 0.0045 0.795 1.09 −0.046± 0.022± 0.010 −1.07± 0.50± 0.23
0.004 − 0.005 0.0047 0.835 1.20 −0.044± 0.023± 0.010 −1.02± 0.53± 0.24

0.005 − 0.006 0.0055 0.658 1.07 −0.021± 0.018± 0.009 −0.39± 0.34± 0.16
0.005 − 0.006 0.0055 0.739 1.21 0.002± 0.019± 0.013 0.05± 0.37± 0.26
0.005 − 0.006 0.0056 0.818 1.38 0.001± 0.018± 0.008 0.02± 0.38± 0.16

0.006 − 0.008 0.0069 0.560 1.14 −0.010± 0.013± 0.005 −0.15± 0.20± 0.08
0.006 − 0.008 0.0069 0.682 1.39 0.020± 0.013± 0.006 0.34± 0.22± 0.09
0.006 − 0.008 0.0072 0.789 1.70 −0.000± 0.013± 0.006 −0.00± 0.22± 0.10

0.008 − 0.010 0.0089 0.467 1.23 0.021± 0.015± 0.006 0.25± 0.18± 0.08
0.008 − 0.010 0.0089 0.623 1.65 0.007± 0.015± 0.006 0.09± 0.20± 0.08
0.008 − 0.010 0.0091 0.774 2.11 −0.039± 0.014± 0.008 −0.56± 0.21± 0.11

0.010 − 0.020 0.0131 0.395 1.47 −0.0060± 0.0090± 0.0038 −0.051± 0.077± 0.032
0.010 − 0.020 0.0135 0.585 2.27 0.0042± 0.0089± 0.0037 0.041± 0.087± 0.036
0.010 − 0.020 0.0157 0.713 3.30 −0.0122± 0.0088± 0.0038 −0.116± 0.084± 0.037

0.020 − 0.030 0.0239 0.310 2.10 0.036± 0.014± 0.008 0.188± 0.074± 0.043
0.020 − 0.030 0.0241 0.528 3.73 −0.013± 0.014± 0.010 −0.078± 0.087± 0.064
0.020 − 0.030 0.0253 0.724 5.44 0.029± 0.014± 0.007 0.190± 0.091± 0.043
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Table 43: Results for the asymmetry Ad
1 ans spin-dependent structure function gd

1 obtained from
the 2006 deuteron data set using a 160GeV/cmuon beam in bins of Bjorken-x and photon
virtuality.

x range 〈x〉 〈y〉 〈Q2 〉((GeV/c)2 ) Ad
1 gd

1

0.030 − 0.040 0.0342 0.283 2.73 0.009± 0.019± 0.009 0.034± 0.074± 0.034
0.030 − 0.040 0.0344 0.504 5.11 0.011± 0.019± 0.014 0.051± 0.086± 0.064
0.030 − 0.040 0.0352 0.721 7.56 0.021± 0.019± 0.010 0.104± 0.090± 0.046

0.040 − 0.060 0.0477 0.266 3.58 −0.001± 0.019± 0.012 −0.002± 0.056± 0.037
0.040 − 0.060 0.0482 0.483 6.82 0.026± 0.017± 0.008 0.088± 0.059± 0.025
0.040 − 0.060 0.0504 0.709 10.6 0.024± 0.018± 0.008 0.084± 0.062± 0.027

0.060 − 0.100 0.0745 0.250 5.24 0.023± 0.020± 0.009 0.047± 0.039± 0.017
0.060 − 0.100 0.0756 0.459 10.1 0.072± 0.020± 0.014 0.157± 0.042± 0.031
0.060 − 0.100 0.0801 0.693 16.3 0.051± 0.020± 0.009 0.109± 0.042± 0.020

0.100 − 0.150 0.119 0.219 7.42 0.058± 0.028± 0.012 0.073± 0.035± 0.015
0.100 − 0.150 0.120 0.427 15.0 0.076± 0.028± 0.013 0.100± 0.037± 0.017
0.100 − 0.150 0.125 0.686 25.2 0.171± 0.028± 0.021 0.221± 0.036± 0.027

0.150 − 0.200 0.171 0.199 9.70 0.071± 0.042± 0.018 0.059± 0.035± 0.015
0.150 − 0.200 0.171 0.415 20.8 0.155± 0.041± 0.025 0.132± 0.035± 0.021
0.150 − 0.200 0.175 0.685 35.4 0.153± 0.042± 0.025 0.127± 0.035± 0.021

0.200 − 0.250 0.221 0.188 11.9 0.152± 0.058± 0.027 0.089± 0.034± 0.016
0.200 − 0.250 0.222 0.412 26.8 0.212± 0.058± 0.030 0.123± 0.034± 0.017
0.200 − 0.250 0.225 0.683 45.5 0.052± 0.058± 0.032 0.029± 0.033± 0.018

0.250 − 0.350 0.288 0.186 15.3 0.193± 0.063± 0.030 0.072± 0.024± 0.011
0.250 − 0.350 0.288 0.424 35.7 0.174± 0.063± 0.029 0.064± 0.023± 0.010
0.250 − 0.350 0.297 0.676 59.5 0.138± 0.063± 0.030 0.046± 0.021± 0.010

0.350 − 0.500 0.401 0.190 21.6 0.432± 0.099± 0.054 0.075± 0.017± 0.010
0.350 − 0.500 0.402 0.430 50.7 0.279± 0.098± 0.047 0.044± 0.016± 0.008
0.350 − 0.500 0.415 0.663 81.5 0.196± 0.098± 0.045 0.027± 0.014± 0.006

0.500 − 0.700 0.567 0.377 67.1 0.36± 0.12± 0.10 0.0146± 0.0049± 0.0039
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The results for the asymmetry Ad
1 and spin-dependent structure function gd

1 obtained
from the combined COMPASS deuteron data set obtained by using a 160GeV/c muon
beam.

Table 44: Results for the asymmetry Ad
1 ans spin-dependent structure function gd

1 obtained from
the combined deuteron data set using a 160GeV/c muon beam in bins of Bjorken-x.

x range 〈x〉 〈Q2 〉((GeV/c)2 ) Ad
1 gd

1

0.004 − 0.005 0.0046 1.10 −0.0054± 0.0074± 0.0048 −0.13± 0.17± 0.11
0.005 − 0.006 0.0055 1.22 0.0003± 0.0058± 0.0043 0.00± 0.12± 0.09
0.006 − 0.008 0.0070 1.39 −0.0011± 0.0042± 0.0023 −0.016± 0.071± 0.040
0.008 − 0.010 0.0090 1.62 −0.0087± 0.0049± 0.0031 −0.121± 0.064± 0.038
0.010 − 0.020 0.0141 2.19 −0.0011± 0.0032± 0.0024 −0.010± 0.027± 0.019
0.020 − 0.030 0.0244 3.29 0.0075± 0.0048± 0.0034 0.043± 0.028± 0.018
0.030 − 0.040 0.0346 4.43 0.0095± 0.0064± 0.0042 0.043± 0.028± 0.018
0.040 − 0.060 0.0487 6.06 0.0159± 0.0063± 0.0044 0.051± 0.021± 0.014
0.060 − 0.100 0.0766 9.00 0.0527± 0.0070± 0.0072 0.111± 0.015± 0.015
0.100 − 0.150 0.121 13.5 0.095± 0.010± 0.011 0.123± 0.013± 0.014
0.150 − 0.200 0.171 18.6 0.121± 0.015± 0.016 0.101± 0.013± 0.014
0.200 − 0.250 0.222 23.8 0.160± 0.022± 0.020 0.0744± 0.0096± 0.0096
0.250 − 0.350 0.290 31.1 0.190± 0.023± 0.022 0.076± 0.010± 0.009
0.350 − 0.500 0.405 43.9 0.317± 0.037± 0.036 0.0576± 0.0069± 0.0067
0.500 − 0.700 0.567 60.8 0.494± 0.082± 0.084 0.0254± 0.0042± 0.0045
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Table 45: Results for the asymmetry Ad
1 ans spin-dependent structure function gd

1 obtained from
the combined deuteron data set using a 160GeV/c muon beam in bins of Bjorken-x and
photon virtuality.

x range 〈x〉 〈Q2 〉((GeV/c)2 ) Ad
1 gd

1

0.004 − 0.005 0.0045 1.03 0.005± 0.013± 0.010 0.12± 0.30± 0.23
0.004 − 0.005 0.0046 1.09 −0.001± 0.013± 0.008 −0.02± 0.29± 0.19
0.004 − 0.005 0.0047 1.20 −0.023± 0.013± 0.008 −0.54± 0.30± 0.19

0.005 − 0.006 0.0055 1.07 −0.008± 0.010± 0.007 −0.15± 0.20± 0.12
0.005 − 0.006 0.0055 1.21 0.003± 0.010± 0.008 0.06± 0.21± 0.16
0.005 − 0.006 0.0056 1.39 0.004± 0.011± 0.006 0.08± 0.22± 0.14

0.006 − 0.008 0.0069 1.13 −0.0058± 0.0075± 0.0042 −0.09± 0.11± 0.06
0.006 − 0.008 0.0069 1.39 0.0011± 0.0075± 0.0043 0.02± 0.12± 0.07
0.006 − 0.008 0.0072 1.70 0.0007± 0.0075± 0.0043 0.01± 0.13± 0.07

0.008 − 0.010 0.0089 1.22 −0.0070± 0.0084± 0.0055 −0.08± 0.10± 0.07
0.008 − 0.010 0.0089 1.65 0.0021± 0.0083± 0.0052 0.03± 0.11± 0.07
0.008 − 0.010 0.0091 2.11 −0.0245± 0.0083± 0.0059 −0.36± 0.12± 0.09

0.010 − 0.020 0.0132 1.44 −0.0090± 0.0051± 0.0034 −0.076± 0.043± 0.029
0.010 − 0.020 0.0135 2.23 0.0028± 0.0051± 0.0033 0.027± 0.050± 0.032
0.010 − 0.020 0.0156 3.24 0.0009± 0.0051± 0.0034 0.009± 0.049± 0.033

0.020 − 0.030 0.0239 1.95 0.0198± 0.0082± 0.0062 0.101± 0.042± 0.032
0.020 − 0.030 0.0240 3.53 −0.0083± 0.0082± 0.0069 −0.051± 0.050± 0.042
0.020 − 0.030 0.0253 5.22 0.0075± 0.0082± 0.0056 0.048± 0.053± 0.037

0.030 − 0.040 0.0342 2.51 0.014± 0.011± 0.008 0.052± 0.043± 0.029
0.030 − 0.040 0.0344 4.82 0.007± 0.011± 0.009 0.033± 0.051± 0.043
0.030 − 0.040 0.0352 7.24 0.006± 0.011± 0.008 0.029± 0.054± 0.038
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Table 46: Results for the asymmetry Ad
1 ans spin-dependent structure function gd

1 obtained from
the combined deuteron data set using a 160GeV/c muon beam in bins of Bjorken-x and
photon virtuality.

x range 〈x〉 〈Q2 〉((GeV/c)2 ) Ad
1 gd

1

0.040 − 0.060 0.0477 3.38 0.005± 0.011± 0.009 0.014± 0.032± 0.025
0.040 − 0.060 0.0482 6.43 0.012± 0.011± 0.007 0.040± 0.036± 0.023
0.040 − 0.060 0.0502 10.1 0.021± 0.011± 0.007 0.072± 0.037± 0.025

0.060 − 0.100 0.0744 4.93 0.034± 0.012± 0.009 0.067± 0.024± 0.019
0.060 − 0.100 0.0757 9.28 0.052± 0.012± 0.012 0.111± 0.026± 0.025
0.060 − 0.100 0.0796 15.6 0.065± 0.012± 0.010 0.140± 0.026± 0.022

0.100 − 0.150 0.119 6.99 0.058± 0.017± 0.014 0.072± 0.022± 0.017
0.100 − 0.150 0.120 13.8 0.070± 0.017± 0.014 0.092± 0.023± 0.019
0.100 − 0.150 0.124 24.2 0.148± 0.017± 0.019 0.191± 0.023± 0.025

0.150 − 0.200 0.171 9.06 0.099± 0.026± 0.019 0.082± 0.022± 0.016
0.150 − 0.200 0.171 19.2 0.119± 0.026± 0.021 0.101± 0.022± 0.018
0.150 − 0.200 0.174 33.9 0.127± 0.026± 0.022 0.106± 0.022± 0.018

0.200 − 0.250 0.221 11.2 0.150± 0.037± 0.028 0.087± 0.022± 0.017
0.200 − 0.250 0.221 25.2 0.171± 0.037± 0.029 0.100± 0.021± 0.017
0.200 − 0.250 0.224 43.5 0.151± 0.037± 0.032 0.085± 0.021± 0.018

0.250 − 0.350 0.287 14.3 0.187± 0.040± 0.032 0.071± 0.015± 0.012
0.250 − 0.350 0.288 33.4 0.187± 0.040± 0.032 0.068± 0.015± 0.012
0.250 − 0.350 0.295 56.2 0.185± 0.040± 0.033 0.062± 0.014± 0.011

0.350 − 0.500 0.400 20.0 0.396± 0.065± 0.056 0.070± 0.012± 0.010
0.350 − 0.500 0.402 46.4 0.266± 0.066± 0.051 0.043± 0.011± 0.008
0.350 − 0.500 0.411 74.1 0.288± 0.063± 0.050 0.041± 0.009± 0.007

0.500 − 0.700 0.569 62.1 0.501± 0.082± 0.084 0.0204± 0.0033± 0.0035
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The results for the asymmetry Ap
1 ans spin-dependent structure function gp

1 obtained from
the proton data set obtained by using the in 2007 and 2011 data. The results are given as
a function of Bjorken-x and as a function of the virtual photon energy. The tables contain
the results with their statistical and systematic uncertainty.

Table 47: Results for the asymmetry Ap
1 and spin-dependent structure function gp

1 obtained from
the 2007 data set in bins of Bjorken-x.

x range 〈x〉 〈Q2 〉
A

p
1 g

p
1

(GeV2/c2 )

4.0 · 10−5 − 6.3 · 10−5 5.16 · 10−5 0.006 0.0073± 0.0042± 0.0044 0.51± 0.29± 0.27
6.3 · 10−5 − 1.0 · 10−4 8.12 · 10−5 0.011 0.0074± 0.0034± 0.0043 0.58± 0.26± 0.31
1.0 · 10−4 − 1.6 · 10−4 1.28 · 10−4 0.019 0.0098± 0.0029± 0.0030 0.81± 0.24± 0.20
1.6 · 10−4 − 2.5 · 10−4 2.02 · 10−4 0.032 0.0082± 0.0028± 0.0021 0.69± 0.23± 0.15
2.5 · 10−4 − 4.0 · 10−4 3.18 · 10−4 0.052 0.0061± 0.0028± 0.0023 0.49± 0.22± 0.17
4.0 · 10−4 − 6.3 · 10−4 5.03 · 10−4 0.083 0.0132± 0.0029± 0.0034 0.96± 0.21± 0.22
6.3 · 10−4 − 1.0 · 10−3 7.94 · 10−4 0.130 0.0172± 0.0032± 0.0030 1.08± 0.20± 0.16
1.0 · 10−3 − 1.6 · 10−3 1.26 · 10−3 0.207 0.0125± 0.0035± 0.0034 0.40± 0.11± 0.16
1.6 · 10−3 − 2.5 · 10−3 1.99 · 10−3 0.329 0.0125± 0.0040± 0.0026 0.36± 0.12± 0.09
2.5 · 10−3 − 4.0 · 10−3 3.15 · 10−3 0.520 0.0150± 0.0048± 0.0048 0.36± 0.11± 0.12
4.0 · 10−3 − 6.3 · 10−3 4.86 · 10−3 0.656 0.0187± 0.0067± 0.0061 0.32± 0.12± 0.11
6.3 · 10−3 − 1.0 · 10−2 7.73 · 10−3 0.693 0.048± 0.011± 0.009 0.52± 0.12± 0.10
1.0 · 10−2 − 1.6 · 10−2 1.22 · 10−2 0.743 0.040± 0.019± 0.016 0.29± 0.14± 0.12
1.6 · 10−2 − 2.5 · 10−2 1.90 · 10−2 0.812 0.037± 0.036± 0.023 0.19± 0.18± 0.12

211
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Table 48: Results for the asymmetry Ap
1 and spin-dependent structure function gp

1 obtained from
the 2011 data set in bins of Bjorken-x.

x range 〈x〉 〈Q2 〉
A

p
1 g

p
1

(GeV2/c2 )

4.0 · 10−5 − 6.3 · 10−5 5.15 · 10−5 0.009 0.0072± 0.0043± 0.0047 0.74± 0.44± 0.44
6.3 · 10−5 − 1.0 · 10−4 8.10 · 10−5 0.016 0.0053± 0.0036± 0.0025 0.58± 0.39± 0.24
1.0 · 10−4 − 1.6 · 10−4 1.28 · 10−4 0.026 0.0057± 0.0033± 0.0019 0.64± 0.37± 0.19
1.6 · 10−4 − 2.5 · 10−4 2.01 · 10−4 0.043 0.0042± 0.0032± 0.0031 0.46± 0.35± 0.33
2.5 · 10−4 − 4.0 · 10−4 3.18 · 10−4 0.070 0.0039± 0.0033± 0.0032 0.39± 0.33± 0.32
4.0 · 10−4 − 6.3 · 10−4 5.03 · 10−4 0.111 0.0095± 0.0034± 0.0022 0.86± 0.31± 0.18
6.3 · 10−4 − 1.0 · 10−3 7.94 · 10−4 0.174 0.0111± 0.0038± 0.0029 0.83± 0.29± 0.21
1.0 · 10−3 − 1.6 · 10−3 1.26 · 10−3 0.281 0.0104± 0.0042± 0.0039 0.45± 0.18± 0.18
1.6 · 10−3 − 2.5 · 10−3 1.99 · 10−3 0.444 −0.0002± 0.0049± 0.0023 −0.01± 0.17± 0.08
2.5 · 10−3 − 4.0 · 10−3 3.09 · 10−3 0.647 0.0196± 0.0061± 0.0034 0.54± 0.17± 0.10
4.0 · 10−3 − 6.3 · 10−3 4.84 · 10−3 0.709 0.048± 0.011± 0.007 0.85± 0.19± 0.13
6.3 · 10−3 − 1.0 · 10−2 7.68 · 10−3 0.757 0.014± 0.018± 0.008 0.16± 0.21± 0.10
1.0 · 10−2 − 1.6 · 10−2 1.21 · 10−2 0.801 0.099± 0.034± 0.019 0.75± 0.26± 0.15
1.6 · 10−2 − 2.5 · 10−2 1.85 · 10−2 0.874 0.010± 0.076± 0.041 0.05± 0.40± 0.21
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Table 49: Results for the asymmetry Ap
1 and spin-dependent structure function gp

1 obtained from
the 2007 data set in bins of the virtual photon energy.

ν range 〈ν〉 〈x〉 〈Q2 〉((GeV/c)2 ) A
p
1 g

p
1

16 − 24 20.8 3.53 · 10−3 0.135 0.028± 0.011± 0.011 0.41± 0.16± 0.16
24 − 32 28.5 1.86 · 10−3 0.099 0.0232± 0.0067± 0.0094 0.52± 0.15± 0.20
32 − 40 36.3 1.22 · 10−3 0.082 0.0196± 0.0049± 0.0057 0.59± 0.15± 0.15
40 − 48 44.2 9.40 · 10−4 0.078 0.0055± 0.0041± 0.0047 0.20± 0.15± 0.17
48 − 56 52.1 8.10 · 10−4 0.079 0.0100± 0.0037± 0.0032 0.44± 0.16± 0.12
56 − 64 60.1 7.40 · 10−4 0.083 0.0094± 0.0035± 0.0028 0.47± 0.17± 0.12
64 − 72 68.0 7.01 · 10−4 0.090 0.0106± 0.0033± 0.0043 0.59± 0.18± 0.21
72 − 80 76.0 6.92 · 10−4 0.099 0.0142± 0.0033± 0.0034 0.85± 0.20± 0.14
80 − 88 83.9 7.24 · 10−4 0.114 0.0116± 0.0034± 0.0030 0.73± 0.21± 0.14
88 − 96 92.0 7.59 · 10−4 0.131 0.0074± 0.0035± 0.0024 0.49± 0.23± 0.13
96 − 104 100.0 7.56 · 10−4 0.142 0.0125± 0.0036± 0.0038 0.87± 0.25± 0.23
104 − 112 107.9 7.64 · 10−4 0.155 0.0093± 0.0037± 0.0027 0.67± 0.27± 0.17
112 − 120 115.9 7.97 · 10−4 0.174 0.0105± 0.0039± 0.0043 0.78± 0.29± 0.31
120 − 128 123.9 8.52 · 10−4 0.198 0.0180± 0.0043± 0.0034 1.35± 0.32± 0.23
128 − 136 131.7 9.20 · 10−4 0.227 0.0077± 0.0051± 0.0029 0.39± 0.26± 0.17
136 − 144 139.2 1.02 · 10−3 0.266 0.0028± 0.0076± 0.0039 0.15± 0.40± 0.21
144 − 152 146.5 1.13 · 10−3 0.311 0.016± 0.018± 0.012 0.86± 0.94± 0.67
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Table 50: Results for the asymmetry Ap
1 and spin-dependent structure function gp

1 obtained from
the 2011 data set in bins of the virtual photon energy.

ν range 〈ν〉 〈x〉 〈Q2 〉((GeV/c)2 ) A
p
1 g

p
1

16 − 24 22.2 9.5541 · 10−3 0.396 0.046± 0.058± 0.037 0.31± 0.40± 0.26
24 − 32 28.6 5.9587 · 10−3 0.316 0.051± 0.027± 0.018 0.47± 0.25± 0.18
32 − 40 36.6 3.1960 · 10−3 0.217 0.025± 0.017± 0.009 0.30± 0.21± 0.15
40 − 48 44.5 1.8140 · 10−3 0.150 0.030± 0.011± 0.010 0.88± 0.33± 0.27
48 − 56 52.4 1.1526 · 10−3 0.113 0.0021± 0.0078± 0.0037 0.08± 0.31± 0.15
56 − 64 60.3 8.3596 · 10−4 0.094 0.0105± 0.0061± 0.0035 0.51± 0.29± 0.15
64 − 72 68.2 6.8775 · 10−4 0.088 0.0050± 0.0052± 0.0035 0.28± 0.29± 0.19
72 − 80 76.1 6.2092 · 10−4 0.089 0.0076± 0.0047± 0.0035 0.47± 0.29± 0.20
80 − 88 84.1 5.9263 · 10−4 0.094 0.0028± 0.0044± 0.0027 0.19± 0.30± 0.18
88 − 96 92.0 5.7928 · 10−4 0.100 0.0109± 0.0042± 0.0041 0.79± 0.31± 0.26
96 − 104 100.0 5.6950 · 10−4 0.107 0.0099± 0.0041± 0.0028 0.76± 0.32± 0.17
104 − 112 108.0 5.6287 · 10−4 0.114 0.0075± 0.0041± 0.0029 0.61± 0.33± 0.21
112 − 120 116.0 5.7146 · 10−4 0.124 0.0142± 0.0041± 0.0034 1.21± 0.35± 0.21
120 − 128 123.9 5.9694 · 10−4 0.139 0.0077± 0.0043± 0.0025 0.68± 0.38± 0.19
128 − 136 131.9 6.1668 · 10−4 0.153 0.0055± 0.0045± 0.0041 0.49± 0.40± 0.36
136 − 144 139.9 6.2467 · 10−4 0.164 −0.0034± 0.0047± 0.0030 −0.32± 0.43± 0.27
144 − 152 147.9 6.4238 · 10−4 0.178 0.0062± 0.0049± 0.0038 0.58± 0.46± 0.35
152 − 160 155.9 6.8267 · 10−4 0.200 0.0042± 0.0052± 0.0023 0.40± 0.50± 0.22
160 − 168 163.8 7.3842 · 10−4 0.227 0.0048± 0.0058± 0.0027 0.31± 0.38± 0.19
168 − 176 171.7 8.2114 · 10−4 0.265 0.0054± 0.0069± 0.0052 0.36± 0.46± 0.35
176 − 184 179.3 9.2117 · 10−4 0.310 0.026± 0.010± 0.006 1.74± 0.68± 0.46
184 − 192 186.4 1.0384 · 10−3 0.363 0.043± 0.023± 0.017 2.8± 1.5± 1.2
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