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Abstract

COMPASS is an experiment at CERN, which uses a polarized secondary muon beam
of 160 GeV energy and a polarized SLiD target. In this thesis the results concerning
the spin dependent cross section asymmetry A¢ and spin dependent structure function g¢
obtained from COMPASS 2002 and 2003 data are presented. The A¢ was extracted in
a wide kinematic range: z € (1.6 -107° — 0.6) and Q? € (10~ — 100) GeV? and found
consistent with zero for z < 0.01. In case of the g¢ structure function the above kinematic
range was restricted to Q% < 1 GeV2. So far the only experiment which measured g¢ below
x < 0.01 was the SMC. For x < 0.002 the statistical errors obtained here are ten times
smaller than those of the SMC. Due to this high precision a special attention was given to
studies of systematic uncertainties. In particular the software alignment of the COMPASS
spectrometer needed to reduce systematic errors is described in details. Finally the g¢ was
confronted with the Regge model but the comparison was inconclusive.
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Chapter 1

Introduction

Discovery of the atom core, called nucleus, by Rutherford in 1911 begins a modern era of
understanding the structure of matter. At the beginning of the 1930s it became known
that in the nucleus there are nucleons: protons and neutrons. For many years these two
varieties were called elementary particles, i.e. particles without internal structure. As time
passed more and more such “elementary particles”, the so called hadrons, were discovered.
Presently their number exceeds a few hundred. In 1964 Gell-Mann proposed a quark
concept [1] so that all the known hadrons were supposed to be built of three quarks or a
quark—antiquark pair. At that time only three quark types were needed: up, down and
strange, to built up all known hadrons. Soon theorists postulated that a new quark type
the so called charm quark should exist. Indeed a few years later in 1974 a J/¥ meson,
built of charm quark-antiquark pair, was discovered [2], [3]. Only after this discovery the
quark concept was widely accepted.

In the late 1960s the energy of the electron beams was high enough that the internal
structure of the nucleons could be studied. Results of the Deep Inelastic Scattering (DIS)
pointed towards a hypothesis that inside nucleons there are point-like objects called partons
[4]. They were soon related to the quarks.

In the middle of 1970s the first DIS experiments with polarized beams started to operate
at SLAC: E80 [5] and E130 [6] to investigate a new degree of freedom, the spin. They were
initiated by V.W. Hughes. Polarized DIS experiments were later continued at CERN by
the European Muon Collaboration (EMC). The EMC discovered [7], [8] that the Ellis-Jaffe
sum rule [9] is violated, a fact known as a “spin-crisis”. In the simplest approach of the
Quark Parton Model (QPM) in the nucleon there are three valence quarks, which have
spin equal 1/2. The spin of two quarks is parallel to the nucleon spin and one quark has
its spin anti-parallel. In this way a nucleon spin equal 1/2 is recovered. In this simplest
approach the quantity which measures a fraction of the nucleon spin carried by the quarks,
AY, is equal to 1. Taking into account relativistic effects, A¥X ~ 0.6 is expected [10]. A
value measured by the EMC was AY = 0.12 £ 0.09 4 0.14, far from the expectations. It
was a surprise as the QPM successfully described e.g. hadron charges, their anomalous
magnetic moments and mass differences between hadrons. Further experiments, i.e. Spin
Muon Collaboration (SMC) [11] at CERN, E142 [12], E143 [13], E154 [14], E155 [15] at
SLAC and HERMES [16], [17] at DESY confirmed the EMC observation with a better
accuracy.
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In a more realistic approach the spin of the nucleon may be carried by quarks, AXY,
gluons, AG, and by orbital momentum of quarks and gluons, L,, L, respectively.

1 1

The main goal of the COMPASS! experiment [18] at CERN is a precise measurement
of AG. Among its other physics goals there are studies of the spin dependent structure
function ¢; of the proton and the deuteron, flavour dependent quark polarization in a
nucleon and parton distributions in a transversally polarized target.

In this thesis results of the A¢ and ¢¢ measurements at the low z and low Q? from 2002
and 2003 runs are given. The measurements were performed in a wide kinematic range
z € (1.6-107° —0.6) and Q? € (1072 — 100) GeV?. So far the region 10™* < z < 0.01 was
only explored by the SMC [19] (for details see [20]). In the analysis the author used the
data which were already reconstructed.

A successful reconstruction procedure depends strongly on the correct software align-
ment of the detector. The author was responsible for this procedure during two years of
data taking, when he was supported by the Bonn University. In the A¢ and ¢¢ analysis at
low Q? the author selected the proper data sample, implemented the asymmetry extraction
methods into a computer program, and performed extended systematic studies of the A¢
and g¢. Most of external information needed for the A¢ and ¢¢ extraction was taken from
standard COMPASS programs.

Most of the analysed data belong to the non-perturbative region, Q? < 1 GeV? where
QCD cannot be applied. Therefore they cannot be used for AY measurements. However,
the knowledge of ¢ is important in the whole phase space and not only for Q% > 1 GeV?2.
In the low z and low @Q? region new phenomena are expected; there are also theoretical
predictions about g; behaviour in the non-perturbative region. Finally even though QCD
cannot be used for low Q? our ultimate goal is to strive for understanding the nucleon
structure as a whole including the problem of confinement.

The structure of this thesis is the following. In chapter 2 the formalism of DIS is
introduced and the spin dependent and spin independent structure functions are discussed.
The description of the COMPASS detector is presented in chapter 3. The alignment
procedure used in COMPASS is described in chapter 4. Chapter 5 deals with the data
analysis where data selection and systematic studies are discussed in details. Finally the
results for the A¢ and g¢ are given in chapter 6. There also the g¢ comparison with the
Regge model is presented. Natural units, 7.e. hc = 1, are used everywhere.

LCOMPASS is an acronym for COmmon Muon and Proton Apparatus for Structure and Spectroscopy.



Chapter 2

The Formalism

In this chapter a brief introduction to the Deep Inelastic Scattering (DIS) is given. Def-
initions of kinematic variables needed for the DIS description are presented. Then nu-
cleon structure functions are introduced for the unpolarized (Fi, F3) and the polarized
(g1, g2) scattering. A connection between these functions and a cross section for the
virtual photon — nucleon photo-absorption is given. Finally spin asymmetries A; and A,
are introduced. They are functions of virtual photon — nucleon cross section and they are
experimental observables.

2.1 Deep Inelastic Scattering and the structure func-
tions

DIS is an interaction between a gauge boson and a component of a nucleon in a lepton—
nucleon scattering [N — [I'X. After the interaction the initial nucleon is destroyed. In
case of COMPASS the source of gauge bosons are muons and events can be mediated by
two types of the gauge bosons: v and Z°. However, in COMPASS the energy in the uN
centre of mass system is /s &~ 17 GeV, which is much less than the Z° mass, Mo =~ 92
GeV. In such conditions the contribution from Z° is negligible compared to . Finally, the
electromagnetic coupling constant, «, which describes the strength of the electromagnetic
interaction is small, o« ~ 1/137. This means that in most of the interactions only one
photon is exchanged, whereas a multi-photon exchanges are strongly suppressed, and can
be neglected if the atomic number Z of the target nucleus is small, which is the case in
COMPASS.

2.1.1 Kinematic variables

Two kinematic variables are needed to fully describe a DIS process at a given energy. Let
us define four vectors of the incoming and scattered muon (k, £') and of the proton (p) in
the laboratory system:

k= (E,k) = (E,0,0, k) (2.1)

k' = (E', k) = (E',|k|sin 0 cos o, |k| sin 0 sin ¢, |k| cos 6) (2.2)
3
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Figure 2.1: A basic Feynman diagram for a deep inelastic scattering of lepton off a nucleon
IN — I'X. Particles are characterized by the four-momenta, defined in section 2.1.1.

p = (E,,p) = (M,0,0,0) (2.3)

where E, E' are the initial and the final lepton energies, E, k' are the three momenta of
the incoming and the scattered muon and M is taken as the proton mass. The coordinate
system of COMPASS was chosen in such a way that the ‘z-axis’ corresponds to the beam
axis, ‘y-axis’ is in upward direction and ‘x-axis’ so at to make the system right-handed.
The definition of the angles is presented in figure 2.2. In the figure there are also other
angles, which are defined further in the text.

A natural way of describing a DIS process is using Lorentz invariant variables. Of the
five listed below only two are independent:

Q*=—¢* = (k— k)2 2(m? — EE' + |k||K'| cos 0) (2.4)
Pq iab '
=22YEp_F 2.5
V=0 (2.5)
Pq jap V
= 2 lab 7 2.6
ok B (2.6)
Q_2 w Q” (2.7)

= 2pqg 2Mv
1
W2:(p+q)2:M2+2My—Q2=M2+Q2(—-1) (2.8)
x
Here —Q? and v are the squared mass of the virtual photon and its energy in the laboratory

system, respectively. The dimensionless y is in range y € (0,1), while z € (0,1) is the
Bjorken variable; its interpretation within the Quark Parton Model (QPM) was given by
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Figure 2.2: Definition of angles used in this thesis. See text for details.

Feynman [21]. According to it, z is a fraction of the nucleon momentum carried by the
parton which interacted with the virtual photon. The definition holds in the so called
infinite nucleon momentum frame, where partons do not have transverse momentum and
their mass can be neglected. Finally, W? is the squared mass of the final hadron system.
In DIS a photon is interacting with a component of a nucleon. Nucleon excitation process,
possibly followed by its de—excitation are not DIS. In order to reduce a yield of these
unwanted events W?2 should be larger than several GeV?

2.1.2 Cross section and the structure functions

The differential cross section for a DIS process can be written [22] as:

do o> B »
dE'dQ) Q2 MEL“”W (2:9)
where L,,,, W are four-rank lepton and hadron tensors. L,, describes a photon emission
from the lepton and can be calculated using the QED formalism. W#*” contains infor-
mation about the structure of the nucleon. It cannot be fully calculated using the QCD
formalism. Emission of the photon and its interaction with the nucleon are supposed to
be independent processes!. These tensors can be decomposed into two parts: symmetric
and anti-symmetric. The symmetric part of them governs the unpolarized scattering, while
the anti-symmetric part depends upon the helicity of interacting particles and therefore
describes the spin-dependent lepton-nucleon scattering. In order to measure the anti-
symmetric tensor elements, both the beam and the target have to be polarized. In the case
when only a v interactions are considered and the current conservation at hadron vertex
is assumed WH” can be parametrized by 4 independent functions [22]. The symmetric

! Therefore there are two independent tensors.
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“unpolarized” part can be expressed in terms of the structure functions F; and F5, while
the “polarized” part in terms of ¢g; and g;. The functions cannot be obtained from the
QCD, they have to be measured in experiments. The structure functions describe the
internal structure of a nucleon. Due to the factorization of the QCD the functions are
universal; measured in one process they can be used in a different one. This makes them
very important observables, accessible only in the high energy physics experiments.

In COMPASS the polarized target has spin equal 1. In that case there are four addi-
tional structure functions denoted b;_4 [23]. However, these functions are expected to be
small for the deuteron case [23], [24], therefore in this analysis they were neglected.

To summarize, in this thesis it is assumed that the total cross section (o) depends upon
the four structure functions. Two of them describe the unpolarized (spin-independent)
scattering o (Fy, Fy), the remaining two describe the cross section for the polarized scatter-

ing, Ac(g1, 92)- ,

0o=0— EhZAa (2.10)
where h; is the lepton helicity. The spin dependent cross section, Ao, can be decomposed
into a linear combination of two parts, o and o :

Ao = cos(Ao| + sin ( cos pAo (2.11)

where (, defined in figure 2.2, is an angle between spin vector of a nucleon S and z-axis.
Aoy denotes the cross section in a case where the two spins are mutually parallel (anti-
parallel) while Ao, describes the case of mutually orthogonal spin vectors. In COMPASS
both spin configurations are studied. In this thesis only data with ( =0 or 7 and h; = —1
are used.

the mutually parallel configuration of the spins are used.

2.1.3 Virtual photon-hadron scattering

Description of the lepton-hadron interaction may be rewritten using a formalism of virtual
photon—hadron interaction. The cross section for that process may be described by a
Compton scattering amplitudes. The amplitudes depend upon the helicity of the virtual
photon and of the hadron. In a case of a spin-1/2 target there are four independent
amplitudes, which govern the v*N scattering; for spin-1 target there are already 8 such
amplitudes [23]. All these amplitudes, and therefore cross sections are connected to the
structure functions discussed in the previous paragraph:

o3 (+1, 41, +1,4+1) ~ Fi — g1 + (5 — 1)z
ol (+1,0;41,0) ~ Fy
a5 (+1, =141, =1) ~ F1 + g1 — (£ — 1)g
oTE(+1,0;0,+1) ~ oTE(+1,0;0, +1) ~ Vi — 1(g1 + g2)
ol (+1,~1;-1+1) ~ 0
oF(0,41;0,+1) = 6£(0,0;0,0) ~ —F, + %FQ
Ypol

where 0,7 (84+, sn; s;*,s’N) denotes the absorption cross section; i = s,+ + sy is the third
component of the total angular momentum of the v*N system; 7,, denotes transverse and



2.1. DEEP INELASTIC SCATTERING AND THE STRUCTURE FUNCTIONS 7

longitudinal photon polarization; (s,-,sy) and (s’.,sy) are the third component of the
spin vectors of the photon and of the hadron, before and after the interaction, respectively;
k is the kinematical factor equal to 1 + 4x?M?/Q? = 1 + 2xM/v = 1 + ~%. In the case
of COMPASS « is very close to 1. In all the above equations the structure functions b;_4
were omitted. If we define:

o' = (og + 0] +05)/3 (2.18)
and
ol = (of +af)/2 (2.19)
then the ratio of two
ReobjfoT = m 2 (2.20)
2z F1 ’

gives the R function, which will be used later.

2.1.4 The spin dependent cross section asymmetries and the
structure functions

Let us define the A;, A, spin dependent cross section asymmetries in a case of the spin-1
target as follows

P ek _3 ot oot (2.21)
Y20l +oT+0l TP 20f + 0T +0F '
using equations (2.12) — (2.17) we get:
2
A1 _ g1 Y 92’ A2 — ’Ygl + 92 (222)

) I

From the definition |4;| < 1, whereas |4y < /21 R, is the so called Soffer limit [25]. It
is worth to mention that for A; and A, asymmetries the contributions from b;_, cancel
out [23].

The observable measured in COMPASS is in fact:

A= AZ—? = D(A; +nA,) (2.23)
o
where D € (0,1) is a depolarization factor, which gives information about a spin transfer
from the muon to the virtual photon. It is precisely defined and discussed in section 5.3.3.
The quantity n ~ 7117;7;2 is small in the COMPASS case.

The A, asymmetry was measured in several experiments: E155X [26], E155 [27], E143
[28] at SLAC and the SMC [29] at CERN. Results of the A; measurements versus z are
shown in figure 2.3. The figure comes from [26] where details are given. The dashed curve
shows the Soffer limit of A,. The solid line represents the A, values expected from the so
called Wandzura-Wilczek relation [30].

The results show that the asymmetry is small, comparable to zero below x = 0.05.
In equation (2.23) the A, asymmetry is multiplied by the factor 7, which is small in the
COMPASS case, therefore the term nA; can be neglected in the expression for A. The
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same is valid for the vA, factor, in the expression for the g; below which, follows from
equation (2.22):
13

With the additional assumption that v2 ~ 0 one gets:

E
AH ~ DAl, g1 = A1F1 ~ A12 2 (225)

z(1+ R)

Methods of the experimental determination of A are given in sections 5.4 and A. The
possible systematic effects connected to the neglecting of the Ay asymmetry were taken
into account in the systematic error of the measured A¢ and g¢. Results of these studies
are presented in section 5.7.7.

0.3
OEZ} Proton

0.1F

0.0

N0t
0.2F
0.1F

0.0~

\ \
0.003 0.010 0.030 0.100 0.300 1..00O
X

0. | |

Figure 2.3: Asymmetry A, for proton and deuteron measured at SLAC by E155X [26]
(solid circles), E143 [28] (diamonds), E155 [27] (open squares), and at CERN by the SMC
[29] (open circles). The errors are statistical; the systematic errors are negligible. The plot
comes from [26] where more details are given.

2.2 Structure functions

In this part of the thesis short description of structure functions is given. The emphasis is
put on F5 and ¢; structure functions. These functions are easier to measure in experiments,
and therefore more precisely known, compared to their partners F; and g,. The by_4
structure functions are not discussed.

First the interpretation of the F, and ¢; in the QPM model is given. It is followed by
scaling violation and QCD predictions for F;, and g;. Finally structure functions at low x
and (or) low Q? region are briefly discussed.
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2.2.1 F1 and F2 in QPM

QPM gives the simplest description of the internal structure of the nucleon. According to
the model inside a nucleon there are partons: point—like particles, which do not interact
with each other. The QPM model is defined in the so called “infinite momentum frame”.
In this frame nucleon momentum is very large, so that nucleon and parton masses can be
neglected and in addition the partons do not have transverse momenta with respect to the
nucleon momentum. In the DIS process a virtual photon interacts elastically with a parton,
which carries a fraction x of the proton momentum, cf. section 2.1. The partons which can
interact with a virtual photon are quarks. Gluons, which do not carry the electric charge,
cannot interact with a photon directly.

In the simplest approach, the so called naive QPM, the nucleon is composed of three
quarks. From the quantum number of these quarks all the quantum numbers of the nucleon
should be reproduced. In QPM these quarks are called valence quarks. Apart of them in
the nucleon there are gluons and the so called sea quarks. In the QPM the F; and F; can
be defined as:

Fi(e) = 5-Fala) = 5 ¥ b0 (2:20

2x
where the sum is over all (anti)quark flavours. Here e; is the electric charge of a quark of
flavour 7, ¢;(z) is proportional to the density probability of finding a parton of a flavour i
with a fraction z of the nucleon momentum?. The 22F; = F, is the so called Callan-Gross
relation [22]. The fact that F; and F> depend only on one variable, z, is the so called
Bjorken scaling. For the first time it was observed at SLAC in the 60’s [31].

It is more convenient to rewrite equation (2.26) to a form where the quark spin or-
ientation with respect to the nucleon spin is explicitly shown. The quantities ¢*(z) and
¢~ (z) are probability densities g(x) for a parton with a spin parallel and anti-parallel
to the spin of the nucleon, respectively. In case of spin—1 targets, e.g. a deuteron, an
additional distribution ¢°(x) is needed. Its represents quarks which are polarized in the
direction perpendicular to the direction of the target spin. As b;_, are neglected then
2¢°(z) = ¢*(x) + ¢ (z) and equation (2.26) becomes:

1

Fi@) = 5 F(a) = 5 ¥4 (@) + 07 (@) (2.27)

which is the same for both spin—1/2 and spin—1 targets.

2.2.2 F in QCD

Bjorken scaling was found to be violated. This violation is particularly strong in the low
x region. For a constant z, increasing of Q2 results in an increase of Fy. The latter can
be explained as follows. Larger Q? means larger photon resolution. A parton which at
lower ? seemed to be a single quark, for larger @? may be viewed e.g. as a quark which
emitted a gluon which in turn converted into a ¢q pair. In this way the parton densities
at low z increase with increasing Q2. Analogously parton densities at large z are expected
to decrease with Q2.

2For simplicity g;(z) will be called the density probability further in the text.
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The QCD predictions for the F, are based on the so called Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi evolution, DGLAP, [32], [33], [34] [35]: from a parton distribution known
at one %, one can obtain a parton distribution at any Q? provided the initial and final Q?
values are larger than the QCD scale. Within the evolution formalism parton distributions
can be approximated by:

[e’s} 2\ 1
po(x,Qz) ~ Z Cg(x)ag (ln g—3> (2.28)
n=0

where po(z,Q?) are parton densities®, a; is the strong coupling constant, C%(z) are cal-
culable within the QCD formalism and Q% is a reference Q* value. This is the so called
leading logarithm approximation; it is often referred to as the so called leading order.
It is also possible to make further corrections to parton distributions, e.g. pi(z, Q%) ~
po(r, Q%) + 300, Cl_a(InQ?/Q2)" 1. These particular corrections are usually called
next-to-leading logarithm approximation, often referred to as the next-to-leading order.
More details can be found in [36].

Later it was proved [37], [38], [39], [40] that not only InQ?-type corrections are important
but in addition C? may be expressed as:

Ci(x) ~ mi:o At (m %)m (2.29)

where A’ are calculable constants. It is evident that in the low z kinematic domain a sum
of A¢ (In(1/z))™, for m # 0, may be non—negligible or even dominant. The evolution of
parton distributions at fixed Q? is governed by the (In (1/x))™ corrections, the so called
Balitsky-Fadin-Kuraev-Lipatov evolution, BFKL, [37], [38], [39], [40]. The BFKL effects
were searched for at HERA [41], [42], [43] and at the Tevatron [44] with inconclusive
results. Finally the Ciafaloni-Catani-Fiorani-Marchesini evolution, CCFM, [45], [46], [47]
unifies DGLAP and BFKL. As z decreases the parton densities become so large that
the unitary would be broken. Therefore it is expected that a new phenomenon, the so
called saturation, should occur in this region: the observed parton densities should be
smaller than expected from DGLAP, BFKL or CCFM evolutions. This is included in the
Gribov-Levin-Riskin, GLR, [48] formulation of the parton evolution. Different regions of
the (z, Q?) phase space and different evolution types are shown schematically in figure 2.4.
The “size” and the density of partons are also indicated there.

2.2.3 F, at low Q?

As Q? drops below Q? ~ 1 GeV? the o, becomes so large that perturbative QCD cannot
be used to describe the DIS process. A most commonly known F3 description in this region
is based on two theoretical concepts: the Regge model [49] and the (Generalized) Vector
Meson Dominance models, (G)VMD, e.g. [50]. The Regge model is a generalization of
the Yukawa concept concerning the nucleon-nucleon interactions. In the Regge model the
hadron-hadron interaction is described by an exchange of the so called Regge poles in s or
t channel. As an example the 7~ p — 7°n interaction may be described as an exchange of

3Index ‘0’ indicates how much accurate approximation is used, higher value of the index indicate better
approximation
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Figure 2.5: Regge model based description of the 77p — 7%n interaction by an exchange
of p meson or A baryon. Figure comes from [51]

p meson or A baryon, cf. figure 2.5. An amplitude for such a process is: A(s,t) ~ s>,
Using an optical theorem one can connect the amplitude with the total cross section hence
with the F5. In general the structure function F; in the Regge model may be seen as:

Fy(W2,0?) 4532 B,(Q?) (W01 (2.30)

The sum is over all exchanged Regge poles and «;(0) is the so called Regge intercept of the
Regge trajectory «(t). The Regge model gives only F, energy (s or W?) dependence but
not its Q> dependence. The latter may be obtain e.g. from (G)VMD. In these models the
virtual photon emitted from the lepton fluctuates into a vector meson, which interacts with
the nucleon. According to the perturbative approach a photon fluctuation into a vector
meson may travel a distance d ~ 2E, /(Q* + M?), where E, is the energy of the photon
and M? is the mass of the vector meson. For a 100 GeV real photon a fluctuation into p
meson can travel a distance around 80 fm, which is much more than the proton radius.
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Figure 2.6: F, in the low z, low Q? region, HERA data. Figure is taken from [52].

Joining the Regge and (G)VMD concepts, the Fy structure function in the low Q?
region may be parametrized as [52]:

1= () sg) () o (2 e

where Az, Az, My are constants, M ~ 1 GeV?, ar = 0.5, ap = 1.08 are the so called
Reggeon and Pomeron* intercepts, respectively and Q?/x ~ W?. In figure 2.6 the HERA
data [52] are shown, the solid line for @* < 1 GeV? is the fit to the data based on equation
(2.31). The shape of the data is well described by the fit. For Q? > 1 GeV?% QCD
predictions are shown (dashed line), which also agree well with the data.

2.2.4 Spin dependent structure function g;

Contrary to the F;, the g; spin dependent structure function is much less precisely measured.
The main reason is that measurements were made only in the fixed target experiments,
which have limited phase space: there are no large 2, especially for small . The com-
parison of measurement quality for the F, and ¢; structure functions is presented in figure
2.7. In the figure data for Q? > 1 GeV? are shown together with QCD predictions.

In the QPM model the g; structure function has a form similar to the unpolarized

“The concept of the Pomeron pole was introduced to account for diffractive and elastic hadron
scattering.
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Figure 2.7: Comparison of measurements of g; and F5, structure functions. Figures from
[53] (left) and [54] (right).

structure function Fj:
1 -~ 1
qi(z) =3 > ei(g (2) — g (2) = 3 > e Ag(x) (2.32)
i q

Roughly speaking the g; measures electric charge weighted difference between quarks with
spins parallel and anti-parallel to the nucleon spin. Therefore the g;(x) or rather the
I, = fol g1(z)dz contains information about quark contribution to the nucleon spin. A
special attention should be given to low z measurements of g¢ for Q2 > 1 GeVZ2. In the
SMC [55] in the measured range [y s 9%(x)dz = 0.036 + 0.005, whereas a contribution
from an unmeasured range was estimated to [yo ° gf(z)dz = —0.01575:09; (observe the
large error). Extrapolation of g¢ to x = 1, was not critical, the SMC value was 0.000 5007
Due to COMPASS measurements [56] the uncertainty of the extrapolation to unmeasured
low z region will decrease significantly [57].

QPM prediction for ¢¢ can be in a natural way improved using the QCD formalism
cf. [58], [59]. In a leading order of the DGLAP evolution the gluon distribution does not
enter the g¢ definition, therefore g¢ is defined only by quark distributions. The situation
changes if next-to-leading order corrections are applied. However, it is worth to consider the
following combinations: g7 = ¢} + ¢" ~ 1/2¢¢ and ¢gV¥ = ¢¥ — g7, which are called flavour
singlet and non-singlet, respectively. In case of gI¥¥ the gluon distribution is cancells out
at any order of the evolution.

Contrary to F5, the g, structure function does not have an interpretation in the QPM.



14 CHAPTER 2. THE FORMALISM

In the QPM by definition g, = 0.

2.2.5 ¢ in the low z region

Measurements of g¢ for Q? > 1 GeV? and small x do not exist. There was a hope that
this region would be explored by the “Polarized HERA”, but the project was cancelled.
Another accelerator at which this region maybe probed is eRHIC [60].

The behaviour of g; in the low x region can be predicted within the QCD. Polarized
parton densities, Ap, may be expressed as:

Ap(z, Q%) ~ [as In (g—z) In (%)]n (2.33)

n 0

and g; becomes then [61],[62]

g91(z) ~ exp ln(%> (2.34)

However, it was found [63], that including the In (1/z) terms is not sufficient in the low
x region. In fact g; there is governed by the so called double logarithmic corrections:
In® (1/z). Including them [64], [65] one obtains:

0.8

g (x—0)~a2" gz — 0) ~ 204 (2.35)

2.2.6 Regge model prediction

The structure function g; at low z and low Q? may be described by the models based on
the Regge concept. These models give a description of ¢; at fixed Q?, Q? < W2

gls,NS(x’ QQ) ~ ﬁ(QQ)x*aS,NS(O) (236)

Intercepts ag ng(0) correspond to the the exchanged Regge poles; in the case of gf N5 these
are f; and a; mesons, respectively. It is expected [66], [67] that

065(0) ~ OéNs(O) S 0 (237)

A test of the Regge model of g, is performed in this thesis. Other predictions of the
low z behaviour of ¢g; based on the Regge concept, give:

e gi(z — 0) ~Inz [68],

o gi(z = 0) ~2In (L) — 1 [69],

1
T

e gi(x — 0) ~ =1~ [68], disproved, cf. [62]

zln? ¢

2.2.7 g in the low z and low Q? region

The low x and low Q? region of the phase space is of particular interest for this analysis
since most of the data measured by COMPASS belong to this region. As it was pointed
out in sections 2.2.2 and 2.2.3 two phenomena are expected to be important at low z and
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low Q?: non-perturbative effects and multi-parton interactions. The g; behaviour in this
region may thus be described by two-component models [70], [71], i.e. :

91(z,Q%) = g (2, Q%) + 9/ MP (2, Q%) (2-38)

par

The partonic part, ¢?*", is basically the QCD improved parton model, suitably extrapo-
lated to low Q?; its low z behavior is controlled by In? (%) The second part, g MP(z, Q?),
is described by (G)VMD-type model. The magnitude of VMD contribution can either
be extracted from the data or can be constrained by the Drell-Hearn-Gerasimov-Hosoda-
Yamamoto (DHGHY) sum rule [72], [73], [74].

The model [70] was confronted with the SMC [11], [19] and the E143 [75] A} data. The
SMC measurement had too large errors and the comparison was inconclusive. The E143
data preferred small negative value of C, the contribution the VMD. The results are shown
in figure 2.8, which comes from [70].

In the approach of [71], the DHGHY sum rule was employed. In the photoproduc-
tion limit the DHGHY sum rule relates the first moment of g; with the anomalous mag-
netic moment of the nucleon, which is measured. It was found that C € (—0.24, —0.30),
which together with the previous result point towards a negative contribution of the VMD-
mechanism to g;.

Aa Q%< 1.GeV? Aa Q%< 1.GeV?
0.08[-
SMC data E143 data C=0
0.20
0.06 - Epeam = 16.2 GeV
C==2
0,041 0.15
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Figure 2.8: Comparison of the model [70] to the data measured by SMC [11], [19] and
E143 [75]. The figure is from [70].

2.2.8 Summary

Structure functions describe the internal structure of the nucleons and are universal. There-
fore it is very important to know them in the whole phase space. The unpolarized structure
functions F} and F, are measured quite precisely in a wide range of z and Q? contrary to
the polarized structure functions ¢; and g,. In the case of g; the measurement at large (Q°
and low z are crucial to test sum rules. In this thesis the results for g¢ at low z and low Q?
are presented. Although the obtained results cannot be used for the QCD analysis they
contribute to understand the nucleon structure in the non—perturbative region.
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Chapter 3

Experimental Setup

COMPASS is a fixed target experiment, fourth in line of the muonproduction experiments
at CERN at which the (spin) structure of the nucleon is studied. In COMPASS the
polarized muon beam interacts with the polarized SLiD target. In this chapter information
concerning the beam, target and the COMPASS spectrometer are presented. Also an
overview of the trigger system and of the data analysis chain is given.

3.1 The muon beam

Muon accelerators have not been built yet. Instead secondary muons beams are used. At
CERN the proton beam is accelerated in the Super Proton Synchrotron (SPS) up to the
energy of 450 GeV. After 12 s acceleration a beam of 2.5 x 10'® protons is extracted during
4.8 s and hits the external beryllium target. In these interactions secondary pions and
kaons are produced. Momentum selected pions and kaons are then transported through
a 500 m long decay channel. For pions selected by COMPASS the average momentum
is 180 GeV. About 7% of the pions decay into muons. To select the latter at the end of
the decay tunnel there is a hadron absorber. COMPASS selects positive muons at 160
GeV with roughly 5% momentum spread. The beam momentum is measured in a set of
hodoscopes called the Beam Momentum Station (BMS). The measured precision is about
dp/p ~ 0.5%. After the BMS the muon beam is focused on the COMPASS polarized target
where the beam spot has the RMS width of about 0.8 x 0.8 cm?. The beam contains on
average 2 x 10® muons per SPS spill.

The m — pv decay channel is a parity violating one; as a result the muons are naturally
polarized along their momentum. The 100% muon polarization is obtained in the decaying
pion rest frame. In the laboratory frame muon polarization is a function of the ratio of the
pion (E;) and the muon (E,) energy and is given by the formula:

2 E 2

mz + (1 — 2E—")mu
P+ ~4 - 3.1
Ni m?r o m/% ( )

The sign of polarization depends of muon charge. Beam polarization was not measured by
COMPASS; instead a value of —0.76 + 0.03, expected from the SMC measurements [76]
was employed.

17
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3.2 The polarized target

The COMPASS target is composed of two cylindrical cells, 60 cm long and 3 cm in the
diameter. The cells are separated by a 10 cm long gap. Both cells are filled with a lithium
deuteride (°LiD). The °Li nucleus can be considered to large extent as He+D system,
see [77]. Therefore the SLiD might be described as two polarizable (spin 1) deuterons
and an unpolarized (spin 0) helium core. The total amount of the polarizable material is
approximately 50 % (4 out of 8 nucleons).

Apart from LiD there are other materials and impurities in the target, mainly *He
and ®He, "Li, 'H, 2D, %*Cu, **Ni (the last two come from the polarization measurement
system). Target composition is summarized in table 3.1.

element | number of moles
'H 0.102
’D 44.537
3He 3.621
‘He 10.912
64 42.843
"Li 1.795
12¢ 0.008
R 0.016
5N 0.0057
64Cu 0.0136

Table 3.1: COMPASS target composition for 2002 [78].

The target is placed in the magnetic field created by a super-conducting magnet system
taken from the SMC, [79]. The system consists of a solenoid providing 2.5 T field and a
dipole magnet providing the field of 0.5 T, the direction of which can be changed. The
dipole is used to reverse the target polarization and during the transverse polarization data
taking. The reversal of the polarization is done almost every 8 hours in order to decrease
some of the systematic errors, cf. section 5.5.1.

Nucleons cannot be significantly polarized using the standard method based on the
Zeemann effect. Their magnetic moments are too small. In a low temperature (0.5 K)
and a strong magnetic field (2.5 T) expected nuclear polarizations are: 0.005 and 0.001 for
proton and deuteron respectively, which can be compared with an electron polarization of
0.998. To achieve a high level of a nuclear polarization a technique called the Dynamic
Nuclear Polarization (DNP) [80] is used. The principle of the method is the following?.

Polarized material is kept at a low temperature and in a strong magnetic field. Con-
ditions are chosen in such a way that a very high electron polarization is achieved. The
target is then exposed to the microwave radiation of energy needed to flip simultaneously
both the proton and the electron spins. This energy depends on the value of the total spin
of the e-p system (0 or 1). For a chosen microwave radiation energy only one spin state, 0
or 1, is flipped. The electron relaxates to the lower energy state within milliseconds while

LFor simplicity only the electron-proton state (e-p) is considered.
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the proton, due to its small magnetic moment, has a small probability to change its spin
orientation. Moreover the double spin-flip transition is forbidden. This leads to a build-up
of a proton polarization. The idea of DNP is presented in figure 3.1.

T ﬂ electron proton

F\\coe+(0p m—1_ B
® Sy
"l

i1

Figure 3.1: Energy levels for an e-p state in a strong magnetic field, B. Arrows indicate
directions of the proton {} and electron 1 spins; w. and w, are Lamor frequencies of the
electron and the proton, respectively. Figure comes from [81].

In COMPASS the build-up of the polarization using DNP takes several days. After the
polarization has achieved a reasonable level (~50%) the microwaves are switched off and
the temperature is lowered to about 50 mK. In this mode, the so called “frozen spin”, the
deuteron polarization can be maintained for about 1000 hours. The cells of the COMPASS
target are polarized in opposite directions. Simultaneous data taking with such cells allows
to decrease the systematic error of the asymmetry measurement.

3.3 The spectrometer

The COMPASS spectrometer is schematically shown in figure 3.2. Tt consists of two main
parts: Large Angle Spectrometer (LAS) and Small Angle Spectrometer (SAS). The LAS
(SAS) is used to measure low (high) momentum particles emitted at large (small) angles
with respect to the beam axis. LAS is a part of the COMPASS detector which does not
have an equivalent in the SMC. Each of the spectrometers contains a magnet: SM1 in LAS
and SM2 in SAS. Their magnetic field strength [ Bdl is 1 Tm and 4.4 Tm, respectively.

In the region before the target there are two stations of Scintillating Fibers (FI), [82],
and three stations of Silicon detectors (SI), [83]. Positions and angles of the incoming muon
tracks are measured in these detectors. The beam momentum is measured in the BMS, cf.
section 3.1.

Downstream the polarized target, the second part of the COMPASS detector starts,
the LAS. The detectors installed in this part of the spectrometer usually have a good res-
olution of 100-200 pm, which is needed to achieve a good spatial resolution of tracks and a
good precision of the vertex reconstruction as COMPASS does not have a dedicated vertex
detector. Detectors of different types are installed in the LAS area. The variety of types is
caused by two factors: costs and allowed maximal particle flux. Closest to the beam axis
there are the FI detectors. Further from the centre there are the Micromega (MM) detec-
tors, [84], the drift chambers (DC), [85], the Gaseous Electron Multiplier (GEM or GM),
[86], the Straw detectors (ST), [87], and the Multi-Wire Proportional Chambers (MWPC),
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Figure 3.2: Sketch of the COMPASS spectrometer.

[88]. Some of these detectors are based on new concepts, planned for the future LHC
experiments. COMPASS plays an important role in testing those new types of equipment.
Most of the detectors have a hole in the centre. In case of the GM and the DC this hole
can be switched on or off depending on the beam intensity.

In the LAS there is a Cherenkov detector (RICH), [89], for particle identification, i.e.
a separation between pions, kaons and protons. Muons and electrons are also detected,
but e.g. muons and pions cannot be distinguished due to similar masses®. Pions, kaons
and protons with momentum greater than 2, 8, 18 GeV, respectively, can be identified.
Information from the RICH is not used in this analysis.

Finally at the end of the LAS there is the first hadron calorimeter, HCAL1, and a muon
filter made of iron. The only particles which can pass through it are muons. To measure
them there is a group of detectors called Muon Wall A (MWA) around the filter. HCAL1
and the muon filter have a 1 x 1 m? hole in the central part. This allows hadrons and
muons which are passing near the beam axis to be measured in the second spectrometer.

In the second spectrometer there is no need to put many precise detectors, because the
large distance from the target creates good angular separation. There are MWPC, ST and
DW [90] detectors, In addition a few GM and FI are also mounted there. Finally there is
an electron calorimeter (ECAL2), a hadron calorimeter (HCAL2), a hadron absorber and
a Muon Wall B (MWB). The second spectrometer ends almost 50 m away from the target
centre. More details about COMPASS spectrometer can be found in table 3.2.

The RICH detector cannot distinguish between muons and pions. The separation can
be done if those particles pass through the hadron absorbers. Additional information comes
from HCAL1 and HCAL2. A pion deposits almost its whole energy in the calorimeters,
whereas a muon is a minimum ionizing particle and the deposit left in the calorimeters is

2The separation between them will be discussed later.
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small, about a few GeV.

There are also dedicated detectors (hodoscopes) which search for the scattered muons.
More detailed discussion of these detectors and the COMPASS trigger system is presented
in the next section.

3.4 Triggering system

The COMPASS electronic system may record about 40k events per spill. In every spill
about 2 x 10 muons from the beam and from the halo cross the spectrometer. Most of
these do not interact in the target. Dedicated electronic systems were built in order to
select events for which an interaction in the target has occurred.

Interacting muons loss their energy and are scattered at a non-zero angle. To search
for these muons at least two detectors, a few meters away from each other, are needed. It
is faciliated by the so called coincidence matriz, which tells whether the observed signal
position in the two hodoscopes might come from a scattered muon (positive coincidence)
or rather from the beam halo (negative coincidence).

Veto detectors, which are installed before the target, have a hole in the middle. Muons
which cross the target do not create any signal, but muons which are away from the beam
axis do. A signature of scattered muon is therefore a positive signal from the coincidence
matrix and no signal from the veto counters.

Due to its rich physics programme, the COMPASS spectrometer records processes
which cover large kinematic range of variables i.e. @* € (1072 —10?) GeV?, z € (107° —1).
Different sets of hodoscopes are needed to select different classes of events. COMPASS has
4 different sets of hodoscopes called: inner, ladder, middle and outer. The inner hodoscopes
are the smallest, e.g. 0.18 m x 0.32 m as compared to the outer hodoscope of 4.8m x 2.2
m. Most of the events from the low z and low @? domain are measured in the inner
hodoscopes.

For the inner, ladder and partially middle hodoscopes there were still too many events
fulfilling the demanded criteria. Additional reduction comes from calorimeters. A 6 GeV
energy deposit in calorimeters was required to reduce: radiative events, pe scattering events
and low energy halo tracks. This additional criterium lowers the number of selected events
to a level at which they may be recorded. Since 2003, there is also a pure calorimetric
trigger: an event is recorded if large enough energy deposit (8-18 GeV) calorimetric trigger
in calorimeters was found 3.

To summarize, the trigger criteria are as follows:

e a positive signal from coincidence matrix,
e 1o signal in veto counters,

e large enough energy deposit in HCAL1 and HCAL2%.

If the above criteria are met an event is recorded. Typical trigger rates per spill are given
in table 3.3. In most cases the trigger name comes from a corresponding hodoscope set.

3The threshold for the calorimetric trigger has changed every year.
“For certain triggers the calorimeter information is not taken into account.
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Detector name | no. of planes | position (m) | size (m?) | resolution (um)
FI01 2 -7.60 0.04 x 0.04 120
SI01 4 -4.90 0.07 x 0.05 10
S102 4 -4.30 0.07 x 0.05 10
SI103 4 -3.60 0.07 x 0.05 10
FI102 3 -2.85 0.04 x 0.04 120

target - -0.35
FI03 3 1.20 0.05 x 0.05 120
MMO1 4 1.45 04x04 110
MMO02 4 1.95 0.4x04 110
FI04 3 2.15 0.05 x 0.05 120
MMO03 4 2.45 04x04 110
DCo1 8 2.65 1.8 x1.3 250
SM1 - 283-443 - -
DC02 8 4.65 14 x1.2 300
GMO01 4 4.80 0.32 x 0.32 110
DCo03 8 5.05 1.8 x1.3 300
GMO02 4 5.20 0.32 x 0.32 110
ST03 12 5.45 3.2 x2.7 400
GMO3 4 5.60 0.32 x 0.32 110
FI05 2 5.85 0.08 x 0.08 150
RICH - 590-940 - -
PS01 4 9.50 1.8 x1.2 600
GMO04 4 9.60 0.32 x 0.32 110
ST04 6 10.15 3.2 x2.7 400
PAO1 3 13.74 1.8 x1.2 600
GMO05 4 13.84 0.32 x 0.32 110
MAO1 8 14.15 4.8 x4.1 2900
FI06 3 15.00 0.1x0.1 200
MAO02 8 15.30 4.8 x4.1 2900
PAQ2 3 15.70 1.8 x1.2 600
GMO06 4 15.80 0.32 x 0.32 110
SM2 - 1600-2000 - -
PAO3 3 20.15 1.8 x1.2 600
GMO07 4 20.20 0.32 x 0.32 110
PAO4 3 20.45 1.8 x1.2 600
GMO8 4 20.50 0.32 x 0.32 110
PAOQ5 3 20.75 1.8 x1.2 600
GMO09 4 20.80 0.32 x 0.32 110
FI07 2 21.30 0.1x0.1 200
STO05 6 24.55 3.2x2.7 400
ST06 6 25.85 3.2 x2.7 400
DWO03 4 28.65 5.2 x 2.6 1500
DW04 4 30.10 5.2x2.6 1500
DWO05 4 30.40 5.2x2.6 1500
PAll 3 30.70 1.8 x1.2 600
PAO6 3 31.00 1.8 x1.2 600
GM10 4 31.05 0.32 x 0.32 110
DWO06 4 31.30 5.2x 2.6 1500
FI08 2 32.00 0.12 x 0.12 200
PB12 3 41.90 1.6 x 1.8 600
MBO01 6 42.85 4.7 x 2.2 1400
PB34 3 44.00 1.6 x 1.8 600
MBO02 6 44.90 4.7 %22 1400
PB56 3 46.20 1.6 x 1.8 600

Table 3.2: Detectors in the COMPASS spectrometer during 2003.
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Triggers for which the energy deposit in the hadron calorimeters is required are called
semi — inclusive; triggers for which only scattered muon is required are called inclusive.

There are also other trigger types like: i) veto triggers ( if a signal is detected in the
veto detectors), i) beam trigger (if a signal is detected in SI and FI), i7i) random trigger
(the data acquisition system fires randomly). Usually for these triggers there is only one
particle which crosses the spectrometer. Reconstruction of such cases is very simple. This
allows a good detector calibration, efficiency study and the alignment of the spectrometer.
The latter is discussed in detail in section 4.

| trigger name | rate/spill |
inner trigger 12000
ladder trigger 6500
middle trigger 1500
outer trigger 10000
inclusive middle trigger 5000
calorimetric trigger 6500
total 41000

Table 3.3: Typical trigger rates in COMPASS in 2003.

3.5 Data analysis chain

Raw events are later processed by a reconstruction program CORAL. The reconstructed
data are stored in the so called “mini Data Summary Tree”, mDST, format. The PHysics
Analysis Software Tools, PHAST, is the framework for data analysis in COMPASS at the
level of the mDST. It provides an access to events and information concerning reconstructed
events and an environment for development of physics analysis codes. Further analysis is
performed in the ROOT framework. Apart from these COMPASS uses a few Monte-
Carlo (MC) programs. The physics interactions are simulated in a few generators i.e.
LEPTO [91], AROMA [92] and PYTHIA [93]. Generated events are later put through
COMGEANT, a program based on [94], which simulates the COMPASS spectrometer.
In further steps events are reconstructed by CORAL and then read by PHAST. In this
analysis the Monte Carlo information was of a very limited use.
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Chapter 4

Alignment of the COMPASS
spectrometer

A good alignment of the spectrometer is crucial for the correct event reconstruction. Po-
sition of the detectors after installation in the experimental area is known with a rough
precision of 1-2 mm but most of the detectors in the COMPASS spectrometer have a res-
olution much better than that, cf. table 3.2. Inaccurate alignment results in detectors
hits not correlated with tracks, giving rise to reconstruction inefficiencies. Moreover many
tracks may not even be found, because there would not be enough hits which could be
correlated with them.

The author was responsible for the alignment of the COMPASS spectrometer for almost
two years. Alignment is a difficult task. There are many detectors planes, more than 300;
for each plane a set of parameters should be optimized. Many detector types have different
sizes (from 4 X 4 cm? up to 4.8 X 2.2 m?) and resolutions (from 10 ym up to 10 c¢m).
To make the situation even more complex the alignment in the presence of the magnetic
field had to be performed as well. For a detailed description of the COMPASS alignment
program and procedure see [95].

4.1 Alignment parameters

There are many types of the detector parameters which can be optimized. Among them
there are three which are mostly crucial:

e a transverse detector offset perpendicular to the wires, du,
e a rotational detector offset in a plane perpendicular to the beam axis, 66,

e a longitudinal detector offset along the beam line, §z.

The transverse offset of the detector plane along the wires, dv, cannot be directly cor-
rected for since planes give no information about positions along this direction. However,
if a detector contains e.g. two planes with a non-zero angle between them then after com-
bining the alignment results the v can be corrected for.

Other alignment parameters which can be optimized are the rotational offsets with
respect to the planes which are not perpendicular to the beam axis (§6,, 06,). Such

25
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deviations exist e.g. for ST and MM. They are much less important than du, 0 and dz and
therefore were not corrected for.

A pitch of a detector is a distance between two adjoining strips, pads or wires. There
is a possibility that a real detector has a pitch slightly different than the designed one. To
correct the pitch an additional parameter was introduced, dpitch. A value (1+ dpitch) is
used as a multiplicative factor of the pitch. It can also partially correct the 66, misalign-
ment. The pitch correction parameter is usually strongly correlated with the longitudinal
detector offset, dz. In fact if all the tracks were of the same origin then the correlation
would be strict: 0p = dz/z. Even if the tracks are not of the same origin, the dpitch
parameter might be used to partially correct the ‘2z’ misalignment.

4.2 Alignment program

Charged particles which travel through the spectrometer leave hits in the detectors. From
those hits tracks are reconstructed. The difference, AS, between the hit position measured
in the detector and expected from the track model may be approximated by a linear
function of two independent sets of parameters:

e track parameters, oy (e.g. in the simplest case when magnetic fields are off, tracks
are approximated by straight lines)

e alignment parameters, a,

The idea of the alignment method used in the experiment is to find such values of the
alignment parameters for which the following x? is minimal:

\ Nirack Ndet [AS(uij,aitaaa)]Z

X= > 2 (4.1)

i=1 j=1 gj

where u;; is a hit position of the ‘4’ track in the ‘5 detector and o; is a resolution of the
‘77 detector.

The x? minimalization, equation (4.1), can be done analytically by requesting that the
partial derivatives of x? over all alignment and track parameters are zero. This statement,
after some algebra, leads to a matrix equation in a form:

ZCZH‘GZ‘ Qg sz
1o o 2 I
00 . : :

where > C; and 3 b; include only derivatives of AS; over the alignment parameters, I';
and §; include only derivatives of AS; over track parameters and G; and G} contain mixed
terms of type (0AS;/0a,)(0AS;/0a;). A solution of this matrix equation i.e. a set of a;
and «, parameters is a product of the inverse matrix and the right hand side vector. The
time needed for a matrix inversion is proportional to n3, where n is its size. Inversion of a
symmetric 5000 x 5000 matrix requires a few CPU 2.6 GHz hours. This size of the matrix
is easily achieved using 1000 tracks (4 parameters in each track) and about 1000 alignment
parameters which are used in COMPASS (300-350 planes with 3 alignment parameters
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each). Fortunately, the matrix in equation (4.2) has a special structure and an algebraic
trick may be used. It was shown [96] that the alignment parameters are obtained from
ag, = (C") 710" where:

C'=%,C—¥,GI';'GT

b = Zz bi - EZ Giri_lﬁi

Thus only the matrix C’ and matrices I'; have to be inverted. The core of the alignment
computer program (matrix inversion) is a routine called “Millepede” which was written by
Volker Blobel, the co—author of [96].

(4.3)

4.3 AS function and derivatives

The expression for AS depends on the assumed track model and on the alignment para-
meters which one wants to tune. During the alignment runs magnetic fields of SM1 and
SM2 are off and therefore the tracks may be approximated by straight lines:

C

xj = xo + L(z; — 29) — 2§

(4.4)

C

Yi = Yo+ £z — 20) — Y5
here x;, y; and z;, are the track positions in the ‘5’ detector, o, yo, 20 are track coordinates
in the reference plane, usually chosen the plane closest to the target which contains a hit

associated with the track and finally zf, y5, are positions of the ‘j” detector centre.
Taking into account the alignment parameters: du, 66, 6z and dpitch, AS becomes:

. dz ) dz
AS = (1 + dpitch) |cos (6 + 66)[zo + %(zj — 2p)] + sin (8 + 660)[yo + @(z] — 20)] — (5u)]
(4.5)
where 6 is the angle between the v and z axes.
After linearization the partial derivatives over the track parameters become:
%ﬁf = cosf
%ATS =sind
4.6
%?_f = cosf(z; — 2p) (46)
‘Z@f = sinf(z; — zo)
dz
After linearization the partial derivatives over the alignment parameters become:
AS _
Bou = L
%AT; = —z;sinf + y; cos 0
4.7
%%f:j—;cosﬁ—%j—;sin(? (4.7)
dAS

Fopitoh, = Lj COS 0+ y;sind
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4.4 The alignment procedure

There are special runs taken by COMPASS for the alignment purposes. During these runs
the SM1 and SM2 magnetic fields are off, so tracks of charged particles can be approximated
as a straight lines!. The alignment runs are taken with a low intensity of the beam: about
10% muons/spill. Special types of triggers are used for these runs (cf. section 3.4).

To make the reconstruction possible an initial description of the COMPASS spectro-
meter is needed. It is contained in the so called detector.dat file. This file contains estimated
values of the parameters of the detectors (e.g. their z, y, z positions, § angle, pitch value
etc.). Position of a detector is usually taken from the surveyors measurements. Those
measurements have a precision of about 0.3 mm. However, this precision is lost after
subsequent transformation of coordinates system. Instead of 0.3 mm, detectors position is
known with a precision of 1-2 mm. Usually as the # angle a nominal rotation angle of the
detector is taken, also the pitch value is usually set to a nominal value.

At the beginning of the alignment procedure events are reconstructed by the CORAL.
For the reconstruction the initial detector.dat is used. At this stage of the alignment pro-
cedure tracks from about 20k events are reconstructed. As an output a ROOT tree with
information about reconstructed tracks, hits and clusters is obtained. These information
items form an input for the Millepede. The next stage of the procedure is the x? mini-
malization by the alignment program resulting in corrections to the alignment parameters.
During minimalization some of the parameters have to be fixed because a shift or a ro-
tation of the whole spectrometer does not change the x? value. Usually the alignment
parameters of GM04 and GM10(9) are fixed. The last step of the alignment is an update
of the detector.dat file by the results obtained from the Millepede.

To summarize, the alignment procedure is performed in three steps:

e creating a ROOT tree, with track, hit and cluster parameters in the reconstruction
performed by CORAL?,

¢ x? minimalization using Millepede,
e updating of the reference detector.dat.

Solution given by the Millepede is an exact one. However, usually a few iterations of the
above procedure are needed since: i) the Millepede solves a linear equation system but
in fact a dependence of the alignment on the track parameters might be non-linear, i7)
initial miss-alignment is large which might introduce a bias in the reconstruction, 7ii) a
track model which is used in the Millepede is too simple. Usually two or three iterations
are needed. Their exact number depends upon the size of the correction compared to the
detector resolution.

4.5 Quality criteria

After the alignment procedure checks have to be done to investigate the quality of it. The
quality criteria may be divided into two groups: the absolute and the relative criteria.

!There exist certain residual fields in SM1 and SM2 but the straight line fit approximately holds.
2Which works with a reference detector.dat.
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4.5.1 Absolute criteria

The absolute criteria are these for which the expected value is known as e.g. the mean
value of x?/ndf of the tracks or masses of particles like K% D® J/W¥. The x? and masses
give a global estimate of the alignment quality. This quality may also be defined for each
detector plane separately. A criterium describing the quality value might be a mean value
of the residuum in a particular plane, Au, where Au = Ugyuster — Utrack 18 a difference
between the position of a hit cluster and of a reconstructed track. The Aw is in fact a
biased residuum because the detector in which Aw is computed is not switched off during
the tracking procedure. Three distributions are important:

o Au
e Au as a function of u
e Au as a function of v

where u and v, are the positions of a hit in a detector in the direction perpendicular to the
wires and along the wires, respectively. The mean value of the Au, < Au >, is a biased
estimator of the transverse misalignment, du (cf. section 4.1). A slope 0Au/0u is sensitive
to the ‘2’ misalignment and the pitch variations while a slope Au/0v is sensitive to the
rotational offset df. For a properly aligned detector, the values of < Au >, dAu/du and
0Au/0v are equal to zero.

4.5.2 Relative criteria

All but absolute criteria are called relative criteria. The latter used in COMPASS are
global. This means that they give information about the quality of the alignment for the
whole spectrometer. Some of them are listed below:

e number of reconstructed tracks (with defined momentum) per event in the spectrom-
eter,

e number of reconstructed vertices per event,

e number of tracks per vertex,

e number of reconstructed events which contain both p and p/,

e reconstructed widths of particle, e.g. K%, D° J/¥, mass distributions.

These criteria are checked for the standard COMPASS data taking runs and not in the
alignment runs. The number of reconstructed tracks per event in the spectrometer (t.p.e.)
only gives a rough estimate of the alignment performance since it is not a monotonic
function of the alignment quality. In a perfectly aligned spectrometer the t.p.e. will be
lower than in a case of a less precise alignment. This surprising effect can be understood:
the COMPASS spectrometer has two magnets. Therefore a single track which crosses both
the SM1 and the SM2 in a not perfectly aligned spectrometer might be reconstructed as
two tracks, one in the LAS and one in the SAS. This leads to the fact that the t.p.e.
increases if the spectrometer alignment is less accurate. A better criterium seems to be
the number of tracks which pass through both the SM1 and the SM2 magnets. The most
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important estimate of the alignment quality, which can be checked with a relatively small
number of reconstructed tracks, is the number of events which contain both a u and a p'.
The decay width of a particle, e.g. K°, cannot be checked for a statistics as low as about
20k raw events, which is typically used for the alignment purposes. To get an estimate of
the K° width with 10% uncertainty one needs at least about 2.5M raw events. Moreover
10% uncertainty is large; within such large error the sensitivity to the alignment quality
is very poor. More sensitive are the positions of the mass peaks, which are considered to
be absolute criteria. Indeed for the 2002 data a large (2.0 MeV) discrepancy for the K°
peak position was found. However, this discrepancy was not caused by the alignment of
the detectors but by a 0.85% underestimate of the magnetic field strength of the SM2.

4.6 Alignment with magnetic field
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Figure 4.1: Residuals in GM01X and GM02X detectors before (white) and after (grey) the
magnetic field was switched on.

The residual distribution, Au, for GM01X and GMO02 detectors after the alignment is
shown in figure 4.1 (white background). The mean values of the Aw distributions are close
to zero, i.e. the detectors are properly aligned. The same Awu distribution was obtained for
a “physics” run, which was taken just after the alignment run (grey background in figure
4.1). A large discrepancy is observed between the mean values of the residuals before and
after switching on the magnetic field. The effect does not exist for Y-planes of the GM
detector. The signal in GM is transferred by electrons. GMO01-03 are placed close to the
SM1 which has a large fringe field outside the magnet aperture and therefore the Lorentz
force qv x B acts on the electrons in the GM. Due to that force the electron trajectory is
deflected, the so called Lorentz effect. The impact of it on the registered electron position
is large. For the GM01-X plane it is about five times larger than the detector resolution.
Some of the detectors also have magnetized supports so they can move when the magnetic
field is switched on after the alignment run.
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Because of the above mentioned effect, alignment with the magnetic field on has to
be performed. The other important reason for performing a field-on alignment is that
the tracks have completely different four momenta during the physics run than during the
alignment run which e.g. leads to different sensitivity to the ‘2z’ alignment.

The field-on alignment is much more complicated than the one without the magnetic
field. Tracks can no longer be approximated as straight lines and tracks multiplicities are
larger. Another problem is that the alignment of the detectors before the target cannot be
performed simultaneously with the rest of the spectrometer. During the alignment with the
magnetic field tracks are no longer parametrized; instead a linear deviation with respect
to the parameter obtained during the data reconstruction is used. It was shown, [95],
that in such a situation the derivatives over local and global parameters are not changed?
compared to the alignment without the magnetic field.

The whole alignment procedure described in section 4.4 is made for a physics run.
Typically 20k events are used during the alignment with the magnetic field. Iterations
are also made. During the alignment with the magnetic field they are even more needed
than in the field-off runs. This is so because tracks have another degree of freedom, their
momentum, which is not taken into account in the alignment program.

After the field-on alignment the detectors before the target (FI01, FI0O2 and SI) are
aligned. This alignment cannot be done simultaneously with the rest of the spectrometer.
A beam track always ends in the primary vertex (its continuation in the spectrometer is a
scattered muon track), therefore there is no information flow between the detectors which
are before and after the target. In the alignment of the detectors before the target off-time
tracks which have not interacted in the target are employed. They can be extrapolated
through the whole spectrometer. The only detectors which are used during the tracks
reconstruction are FI and SI. During the x? minimalization the alignment parameters
of FI03-FI08 are fixed. Still the alignment of the detectors before the target is a difficult
task. Many iterations are needed and there appear difficulties which the alignment program
cannot solve, cf. section 4.7.4.

4.7 Results of the alignment

In this section a comparison of results obtained using two different alignment methods is
presented. Different phenomena observed during the alignment procedure are discussed.

4.7.1 Comparison of the alignment methods

Results of the comparison between the different alignment methods are presented in table
4.1, [95]. The first method is based on x* minimalization, and was described in section
4.2. The second is a commonly used method based on distributions of residuals. In this
method the position of any pair of detectors is fixed and only these two detectors are used
during the track reconstruction. After the track reconstruction the residuals distributions
for detectors, which have to be aligned, are plotted. Depending on the mean value of the
residuals a correction to the positions of the detectors is made. This method was used in
COMPASS before the x? minimalization method was implemented.

30bserve that there are no track parameters, but linear corrections to them.
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method | t.p.e. | x2/ndf | PV [%] | tracks in PV | u/u' [%]
(1) | 3.09 | 3.07 | 45.7 3.38 33.1
2) | 171 | 798 | 361 2.96 14.2

Table 4.1: Comparison of the tracking performance for different alignment methods. See
text for details.

In table 4.1 a PV is a percentage of events for which the primary vertex was recon-
structed and u/p is a percentage of the events for with both the beam and the scattered
muon were reconstructed. A large difference in the tracking performance for these two
alignment methods is observed. For every parameter the x? minimalization method gives
much better results than the residual one.

4.7.2 Cross-check of the alignment

In table 4.2 a cross-check of the reconstruction performance for one of the runs is given.
Data were reconstructed using different detector.dat files, which came from independent
alignments: one was done at the end of 2002 and the other in 2003. Different versions
of CORAL were used (different reconstructions). The comparison was made separately
for semi-inclusive and inclusive triggers. Relative differences in percent between tracking
performance for these two alignments are shown. Positive numbers indicate that recon-
struction with the 2003 alignment resulted in a larger value of a given variable.

relative number of | semi—inclusive | inclusive
all tracks —0.13+£0.12 | 0.08 £0.15
tracks in SM1 —0.18+0.11 | 0.16 £0.10
tracks in SM2 —-0.114+0.14 | 0.134+0.19
u' tracks —0.02+0.09 | 0.34 +0.26
beam tracks 0.13 £ 0.10 0.06 & 0.20

PV 0.35 +0.23 0.7£1.3
tracks in PV 0.10+£0.10 0.13£0.15
w/ ' events 097+028 | —0.2+1.0

Table 4.2: Tracking performance for two independent alignments. A relative change of
parameters in percent is shown.

The results of both alignments are in a very good agreement. The later alignment
might give more u/u' events, however the difference most probably comes from the fact
that CORAL was improved between the alignments.

4.7.3 Target polarization reversal and the FI movement

The target polarization is reversed usually every eight hours. After the polarization reversal
the magnetic field of the solenoid changes its direction. In the upper row of the figure 4.2
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Figure 4.2: The residuals in FI03Y and FI04Y detectors before (white) and after (grey)
reversal of the polarization. Data for 2002 and 2003 are shown in the upper and lower part

of the picture, respectively.
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distributions of the biased residuals Au for FI03Y and FI04Y, obtained for the 2002 data,
before (white background) and after (grey background) the target polarization reversal, are
shown. Mean values of the biased residuals after the reversal are shifted by a few hundred
micrometers compared to the situation before the reversal. Moreover the mean value of
Au for FI03 and FI04 are shifted in the opposite directions.

Two possible explanations of the observed effect were given:

e the frames of the FI detectors are magnetized, therefore when the magnetic field
changes the FI03 and FI04 move.

e FI03 was attached to the target magnet. The fringe field of the SM1 overlaps the
magnetic field created by the target solenoid. As a result the whole target magnet
may move, and therefore also the FI03.

Between the 2002 and 2003 data taking the F103 was separated from the target magnet.
In the 2003 data mean values of Awu distribution do not change after the field reversal, cf.
bottom row in figure 4.2. It was proved that the source of the Au mean value shift was a
movement of the target platform as a whole during the polarization change. The described
problem also shows a limitations of the alignment procedure: in reality only the FI03
moved whereas positions of both detectors had to be changed according to the alignment
results. The target platform movement can be a source of the asymmetry bias. Therefore
it is discussed in more detail in section 5.7.5.

4.7.4 Alignment with magnetic field and the momentum bias

To check the alignment program the following test was done. In the detector.dat obtained
after the whole alignment procedure, positions of the FI01 and the FI02 were artificially
changed by 1 mm, in both X and Y directions. Afterwards the data from a standard
physics run were reconstructed. Only FT detectors were included in the tracking procedure.
CORAL was run in a special mode where the alignment of the FI detectors before the target
was possible. Several iterations of the alignment procedure were made. Tests were repeated
with the -1 mm bias in both X and Y directions. Figures 4.3 and 4.4 present the results.
For each iteration shown are the positions of the FI0O1 and the FIO2 detectors obtained
after the alignment procedure.
Two important things are manifested in the figures:

e the bias is recovered much faster for FI02 than for FI01
e there is a large difference between the results obtained for the X and Y planes.

The first observation might be explained by the fact that the FI01 is the over-most track-
ing detector. Hits in such detectors have large weights in the reconstruction algorithm.
Therefore the introduced bias on the FI01 positions will be artificially reduced by a change
of the track parameters.

The second, more important, observation is a reflection of the fact that in the X plane
there is one additional track parameter - the particle momentum. This parameter is not
taken into account in the alignment procedure. The observation leads to a conclusion: if
the detector movement biases the momentum then the detector movement cannot be found
by the alignment procedure.
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Figure 4.3: Bias recovery after each iteration of the alignment procedure for FI01 (blue)

and FI02 (red), Y-planes.
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Figure 4.4: Bias recovery after each iteration of the alignment procedure for FI0O1 (blue)

and FI02 (red), X-planes.
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The beam momentum is determined in the BMS, not in the spectrometer, so the above
problem is not critical for the beam reconstruction. The situation is different for the
detectors at the end of the spectrometer. These detectors measure scattered muons. The
momentum bias would affect many kinematic variables like y, z, Q2. These quantities are
later used for the A4 asymmetry measurement. Therefore the muon momentum bias gives
rise to false asymmetries. To limit these effects it is crucial that the alignment without the
magnetic field is of a very good quality.

4.7.5 Alignment along the beam direction

In COMPASS particles are produced at relatively small angles in the laboratory frame due
to the Lorentz boost. Comparing 0AS/J0éu and 0AS/0dz from the equations (4.7) it is
clear that the precision of the ‘2z’ alignment is much worse than that for the ‘u’ alignment.

Because a sensitivity to the ‘2’ alignment is limited other effects may play a role for
the ‘2’ alignment results. In SAS there is a significant correlation between du and dz. The
shift of a detector by a few hundred micrometers in the ‘u’ direction may be compensated
by a shift by a few millimeters or centimeters in the ‘2’ direction and still the value of x?
will be close to the minimal. Also the internal structure of the detectors may play a role.
If a pitch varies much, than the ‘2’ alignment would give results which are a reflection of
the weighted pitch value rather than the real ‘2’ position of the detector.

For the physics runs the alignment of the LAS spectrometer was done using du, 66 and
0z parameters. To estimate the accuracy of the ‘2’ alignment relative distances between
different planes of the detector were used. These are usually known much more precisely
than the position of the detector itself. The only reasonable results were obtained for the
DC and the MM detectors. For all of them the corrections derived from the alignment
program were around 0.1 mm. For the MM there were some systematic shifts. They
pointed towards a hardware error and indeed it turned out that the distance between
the planes should be enlarged. In table 4.3 the results of the ‘2’ for alignment for the ST
detectors are presented. In the first column there are detector planes for which the distance
is computed. In the second and third column there are the nominal plane distances and
those obtained from the ‘2’ alignment, respectively. In the last column there is a difference
of the values in the second and third column.

detector planes nominal distance (mm) | alignment results (mm) | difference (mm)
ST03X1ub ST03X1db 6.6 0.6 6.0
ST03Y1ub ST03Y1db 6.6 6.1 0.6
ST03Ulub ST03U1ldb 6.6 6.8 0.1
ST03V1ub ST03V1db 6.6 1.2 5.4
ST03X2ub ST03X2db 6.6 7.3 -0.6
ST03Y2ub ST03Y2db 6.6 6.9 -0.3
ST04V1ub ST04V1db 6.6 -0.3 6.9
ST04Y1ub ST04Y1db 6.6 6.7 -0.1
ST04X1ub ST04X1db 6.6 3.1 3.5

Table 4.3: Results of the ‘2’ alignment for the ST detectors
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For some of the ST planes the results of the ‘2z’ alignment look unreasonable - the
upstream and downstream planes have been found at almost the same place. Analogous
problem was observed for the GM. Here the relative distance between X-Y and U-V planes
should be zero. Unfortunately after the alignment this distance was not equal to zero;
moreover, differences increased for detectors which were further downstream the target.
There were attempts to fix the relative distances between planes in a detector. This was
done but there is no simple way to check whether the obtained results are correct.

The pitch alignment was introduced after the observation that the ‘2’ alignment had
failed. The pitch correction was introduced to partially recover the ‘2’ misalignment, cf.
section 4.1. The impact of the pitch correction on the data reconstruction performance
was checked. The alignment was done with and without the pitch correction. The recon-
struction quality was checked for both alignments. In table 4.4 the differences between
tracking performance for these two alignment procedures are shown. A comparison was
done for semi-inclusive and inclusive triggers separately. The relative change of the pa-
rameters in percent is presented. Positive numbers indicate that reconstruction with the
pitch correction resulted in a larger value of a given variable.

semi-inclusive inclusive
all tracks 0.22+0.14 0.00 £ 0.15
tracks in SM1 0.16 £ 0.10 —-0.14 +0.21
tracks in SM2 0.10 £ 0.11 0.09 £0.12
u' tracks —0.09 £0.17 | =0.18 £0.21
beam tracks 0.034+0.05 | —0.06 &= 0.04
PV 0.8£0.7 0.9+0.6
tracks in PV | —0.16 =0.26 | 0.20 & 0.08
1/ 04+02 13+04
X2 aul —5.6 +0.4 —2.1+0.8
X’ —6.1+0.2 —2.44+1.0
o —20+04 | —1.9+05
X —1.3£07 | 24%10

Table 4.4: Comparison of the tracking performance for alignment with and without the
pitch tuning. The relative change of the parameters in percent is shown for inclusive and
semi-inclusive triggers.

For the most important reconstruction parameters, cf. section 4.5, the difference be-
tween the two alignments is close to zero - no improvement was found. The only change
is a slightly better value of x?/ndf for the alignment where the pitch was used. The im-
provement of the K° reconstructed mass width was not checked. However, the value of
x%/ndf did not change significantly, therefore no big improvement in the reconstruction
was expected.

4.7.6 The day-night effect

Mean value of the residuals, < Au >, for a few tenths of runs as a function of time when the
run was taken is shown in figure 4.5. A clear periodic structure is visible. Observed effect
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is connected to the temperature changes during the day in the experimental hall. Due to
the temperature variations the detectors change their positions. In many cases the position
change is larger than the resolution of detectors. To cancel this effect a special procedure,
run-by-run alignment, was implemented. In this procedure for each run an alignment was
performed. Although the movement of the detectors was large, the improvement for the
reconstruction performance was found to be small. Since the procedure consumed a lot of

CHAPTER 4. ALIGNMENT OF THE COMPASS SPECTROMETER

CPU time run-by-run alignment has not been continued.
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Figure 4.5: The day-night movement of GMO05 centre. The values on the ‘y’ axis are x
(left) and y (right) centre position and are given in centimeters. The values on the ‘z’ axis
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Chapter 5

Data analysis

In this chapter details of the data analysis are given. First the events selection is presented.
Then the external information needed for A¢ extraction are discussed. Finally different
methods of the asymmetry extraction are given. A large part of the chapter is dedicated to
a description of the systematic studies which were done in order to search for the asymmetry
bias.

5.1 Data grouping in COMPASS

The COMPASS data are grouped into “configurations”. In each of the so called “consecu-
tive configuration” there are data with (usually) only one field reversal in between. There
is also the so called “global configuration” containing data from certain period of data
taking, usually one week. During that time the experimental area is supposed to be closed.
The former type of data grouping is used in analyses which have a lot of data e.g. A4, the
latter is used in the opposite case.

5.2 Event selection

The A4 asymmetry is an inclusive quantity. This means that to measure it only information
about incoming and scattered muons is needed. Information about hadron states created in
the interaction is not necessary. Unfortunately a purely inclusive measurement is impossible
in the low z and low Q? region. The main reason is a precision of the vertex resolution.
Because of the small i/ scattering angle the uncertainty of the vertex position is so large
that one cannot conclude in which target half the interaction occurred. In such a situation
asymmetry measurements are impossible. The way to overcome the problem was found
by the SMC [11]: A¢ is measured only for events in which at least one hadron is detected,
this is the so called “hadron method”. An additional track in the vertex fit improves the
vertex precision enough to distinguish between the target cells in which an interaction
has occurred. COMPASS does not detect inclusive events in the low z, Q? region as are
semi-inclusive triggers are used, see section 3.4. So the hadron method has to be used
anyway.

This section is devoted to event selection for the A4 and ¢g¢ measurements using the
“hadron method”. Certain cuts were chosen to be compatible with the g¢ analysis in
COMPASS for Q% > 1 GeV? [56].

39
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Figure 5.1: Distribution of the beam and scattered muon energy and y for finally selected
events.

5.2.1 Kinematical cuts

Selected events have to contain a reconstructed beam (1) and a scattered muon (4') tracks.
The primary interaction vertex, PV, has to be reconstructed too. The PV should contain
both the beam and the scattered muon as well as at least one additional track (a hadron
candidate).

The beam momentum has to be in the range between 140 and 180 GeV. The next cut,
y = v/E < 0.9, removes events for which large radiative corrections are expected. The
cut removes events with low ' momentum too. A muon with low momentum may come
from a pion decay and later be incorrectly identified as a y'. Because of the y < 0.9 cut no
additional requirement concerning the minimum g’ momentum was set. An additional cut,
y > 0.1, removes events with poorly reconstructed scattered muons or beam halo muons
misidentified as scattered ones. Because of small y values these events have a very small
depolarization factor which means that the information about A¢ is highly diluted. The
distribution of the beam and a y' energy as well as y is presented in figure 5.1.

The Q? versus x plots before and after y cuts are shown in figure 5.2. A clear difference
between the plots is visible. It comes mainly from the y > 0.1 criterium. For a fixed Q2
the x interval is only of the order of or less than one decade. This is an important issue
for Regge model tests, cf. section 6.4. For very low Q? the z range is even smaller. It
is due to the large muon mass squared compared to @2 in the kinematic limit one reads:

oin = y°m /(1 —y). For small @Q* only small y values are allowed.

In order to prevent fake triggers the scattered muon track must have associated clusters
from both stations of the hodoscope which caused the trigger (e.g. HI04 and HI05). A pure
calorimetric trigger is a special case. For these events none of “muon” triggers should fire.
The pure calorimetric trigger is in fact important for large Q%, where the scattering angle is
so large that the p' is outside the hodoscopes’ acceptance. This trigger is almost irrelevant
in the low Q? range.
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Figure 5.2: Q* versus x plot for the data sample before (left) after (right) y cuts.

5.2.2 Vertex cuts

For the A¢ extraction only events which occurred inside the polarized target are interesting.
Only events with reconstructed ‘2z’ coordinate of the primary vertex, PV, in the range
(—100, —40) U (—30,30) cm are selected, cf. figure 5.3. The two cells are clearly visible
as well as a gap between them; the gap is not empty but filled with liquid helium. The
nominal position of the target is also marked in the figure. In the plane perpendicular to
the beam axis the distance between the position of the PV and the target centre should
be smaller than 1.3 cm. This conservative limit! is used because of the following reasons:

e the target radius is (1.50 + 0.05) cm [98];

e position of the target with respect to the rest of the spectrometer is known with a
precision of ~ 0.05 cm;

e during the COMPASS analysis, the position of the target is fixed for the whole data
taking year. Between different periods the target is shifted by ~ 0.05 cm ?;

e the target moves between the field reversals by ~ 0.06 cm. More details are given in
section 5.7.5. This effect is taken into account during the sample selection.

In order to cancel most of systematic errors the target cells are polarized in opposite
directions. For the A% measurement it is crucial to know if the interaction happened in
the upstream or in the downstream cell. There is a 10 cm gap between the two cells but
for small i scattering angle and only one additional hadron the precision of the position
reconstruction of the PV along the beam axis, §PV,, may be larger than the gap size.

Other COMPASS analyses use 1.4 cm cut.
2In fact most of the effect does not come from the target movement but from changes in a relative
alignment of the target with respect to rest of the spectrometer.
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Figure 5.3: Left: reconstructed ‘z’ position of the primary vertex, black bands indicate the
position of the COMPASS target; right: number of outgoing hadron candidates from the
primary vertex for the final data sample.

Large § PV, increase the so called vertex migration®. The latter effect dilute the measured
asymmetry.

To minimize the dilution additional requirements on the vertex position and quality
were requested, namely PV, + §PV, € (—100,—40) U (=30, 30) and 6PV, < 10 cm. The
PV position in the direction perpendicular to the beam axis is known with a precision of
~ 200 pum (cf. figure 5.4) which is enough to assure that the interaction was indeed in the
target as the conservative 1.3 cm radius cut is used. The last requirement is that x? of the
vertex must be smaller than NDF+3v/2- NDF, where NDF = 2(NOUT+1)-3, NOUT
is the number of particles emerging from the PV. A mean value of x? distribution is equal
to NDF, and its variation V = 02 = 2- NDF. For large NDF, where x? distribution may
be approximated by a Gaussian one, the above requirement is equivalent to a 3o cut.

The last issue is a determination of the relative position of the target with respect to
the spectrometer. The author participated in working on that subject. More details will
be presented in section 5.7.5. Important things were discovered During those studies [99].

First the target turned out to be tilted. It was due to the fact that the target was
supported only at the front of the upstream cell. Second, the target was not filled up
completely. Therefore, an additional demand was introduced: PV, < 1 cm in the target
reference system. Table 5.1 contains position of the centres of the target end-cups with
respect to The target tilt was found to be around 0.25 ¢cm in the up-down direction. The
target position used in this analysis is the same as in [56]. The difference between 2002
and 2003 is mostly due to the alignment?. In this analysis the target position is changed
depending on the solenoid field: the upstream part by F 50 pym and the downstream
part by £320 pym. The position change of the upstream part is negligible compared to

3e.g. an interaction occurred in downstream cell, while PV was reconstructed in the upstream one.
Moreover, outside the target there is a non-polarized liquid helium. There are events, in which muon
interacted in this unpolarized material but the PV was reconstructed in one of the target cells.

4i.e. different alignment of the spectrometer with respect to global coordinate system.
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Figure 5.4: Primary vertex resolution; left: resolution along y-axis, 6 PV,, which is per-

pendicular to the beam axis; right: resolution along z-axis,  PV,, which is along the beam
axis.

2002 2003
upstream | downstream | upstream | downstream
x -0.2 -0.3 0.0 -0.1
Y +0.1 -0.15 0.0 -0.25
z -100 30 -100 30

Table 5.1: The target end-cups centres position in 2002 and 2003 in centimeters.

downstream part and is done for consistency.

Number of observed events depends on the muon flux. The flux is not known very
precisely. Estimate of it has a large uncertainty ~ 10 — 20%, [100]. Such a large error
would make the asymmetries extraction impossible. However, if the flux is the same in
both target cells it cancels in the asymmetry extraction, cf. section 5.4. The beam track is
extrapolated to the beginning and to end of the target. Its positions after the extrapolation
have to fulfill the following criteria:

e the radial distance to the target center is smaller than 1.3 cm
e PV, <1.0cm

in this way the beam flux is the same in both target cells.

5.2.3 Hadron selection

Even if in the PV there is an additional track it does not necessarily mean that it is a real
hadron track; the latter case would be a proof that a ud interaction indeed took place.
Apart of hadrons and p' outgoing from PV particles can be: i) beam halo muons, i)
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tracks created artificially by the reconstruction algorithm (ghost tracks), ii7) electrons and
positrons from photon conversion, iv) electrons from elastic ue scattering in the target, v)
leptons and photons from hadrons decays.

In the first four cases the interesting pd interaction may not had happened at all. In
such a case the event is a background one. It dilutes the asymmetry and should be rejected.
Events with leptons and photons from hadrons decays should be kept in the sample.

Rejection of muon and ghost tracks

To reject the beam halo muons and ghost tracks it was demanded that there should be at
least one track in the PV (not a beam or a p') which fulfills simultaneously:

e 0.l <z <1

e p < 140 GeV

® Zust < 3500 cm

e is not identified as a muon by the reconstruction algorithm

® 2.5t > 350 cm

where zj, is the hadron candidate momentum divided by the virtual photon momentum
(energy) and the z,5 is the ‘2’ position of the last measured hit (cluster) associated with
the track. The first criterium rejects tracks which reconstruction quality may be poor.
The next three remove muons. Most of the halo muons have momenta above 140 GeV. In
the COMPASS spectrometer there are hadron absorbers. One of them is placed around
z = 3500 cm. If a track has a continuation after the absorber, most probably it is a
muon. Finally, the last criterium, z,, > 350 cm, is to reject tracks which do not have a
continuation after SM1. Most of them are poor quality tracks; there is a large probability
these are ghost tracks. At the beginning of the analysis an additional criterium was applied:
the energy deposit in both HCAL is greater than 30% of the overall particle energy. This
requirement was removed, information from the calorimeters was missing for many hadrons.
It was checked that the A¢ results were not biased by removing this requirement.

Rejection of elastic ue scattering events

The elastic pe scattering occurs at = me/m, =~ 5.5 x 107%. To remove these events
the criteria of [19] were used: ratio of the electron and the virtual photon energies was in
the range 0.63 < E./FE,- < 1.27. The cut was applied to events with only one “hadron”
candidate and 3.55 x 107* < z < 8.90 x 10™*. In the COMPASS case too few events were
rejected by this method. Distribution of Ej /v ratio is presented in figure 5.5. No sharp
peak around E} /v ~ 1 is observed. In COMPASS the ECAL could not be used in order to
distinguish between electrons and hadrons as it was not present in 2002 and only partially
equipped in 2003. Finally the above method of rejecting pe scattering was not used.

Due to the momentum conservation the electron follows the virtual photon direction.
The latter can be obtained from the known p and p' three-momenta. The angle between
the virtual photon and the electron, 8, should thus be 0. The distribution of the product of
f and the charge of the hadron candidate, ¢f, is shown in top left plot of figure 5.6. A clear
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Figure 5.5: Removal of elastic pe scattering, part 1; left: z distribution for events with
one negative hadron candidate outgoing from the PV. A clear peak from the elastic ue
scattering is visible. Events between the vertical lines were used in the neighbouring plot;
right: distribution of the Ej,/v for events contained between the vertical lines in the left
figure, this variable was used by the SMC to reject the pe scattering events. Obviously in
COMPASS such rejection is not effective.

peak around 0 is seen (note the logarithmic scale). There is also a small increase in the
number of events which do not have reconstructed electrons but a positive particle instead.
In fact these are mostly beam halo muons which anyway are rejected by other criteria.
There is also an increase in the number of events with exactly two additional particles in
the PV. These events were rejected too. No sign of the pe scattering was noticed for events
with more than two additional particles in the PV, see top right plot in figure 5.6. An
event is suspected to be a ue scattering if:

e 2x107*<x<1x1073
e —(0.005 < gf < 0.002 for 1 hadron candidate
e —0.001 < gf# < 0.000 for 2 hadron candidates

The spectrum of accepted events is given as a dashed line in bottom plots in figure 5.6;
bottom left: z distribution for events with only one hadron candidate before (solid line)
and after (dashed line) pe rejection, bottom right: the same but for the whole data sample.
The pe peak is no longer visible. The estimate of remaining pe events was done using data
from the last period of the 2003 run. The ECAL acceptance was largest then. Cuts to
reject the pe were applied in the whole x range. Events with one hadron candidate and
with —0.05 < g < 0.05 were selected. For these events an identified electron was required
in ECAL. A particle was considered to be an electron if the energy deposit in ECAL was
larger than 85% of the total energy left by this particle in ECAL and HCAL. For events
with a track identified as an electron the ue peak was observed and contained about 103
events. The total number of events accepted for the A¢ analysis in these bins was 10°. Next
step was to estimate a probability that an electron from the pe was identified in ECAL.
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Figure 5.6: Elastic ue scattering part 2; top left: Distribution of the product of the angle
between a hadron candidate and a virtual photon multiplied by the electric charge of the
hadron candidate for only one additional track but muon in the PV. Events between lines
are removed from further analysis; top right: same, but for two and three hadron candidates
in the PV; bottom left: x distribution of events with one negative hadron candidate before
and after pe rejection; bottom right: same but done for the whole data sample.
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To this aim pe events fulfilling —0.003 < ¢f < 0.000 with one hadron candidate in the PV
were selected and electron identification was performed for them. An electron was found
in (47 £ 1)% cases. Expected purity of the sample exceeded 95%. Taking into account all
these factors the expected contamination of the ue scattering in the final data sample is
less than 1%.

Radiative events rejection

After the above selection procedure the sample still contains unwanted radiative events in
which a radiated photon converted into an e™e™ pair so that electrons fake tracks in the
PV. Most of these events are at large y and have a small angle between the direction of the
photon and the converted particles, see [11]. In the kinematic range, y > 0.6, |¢f| < 0.004,
there is about 3% such events. Because of large y the depolarization factor for those events
is large, which means that they are much more important from the statistical point of
view than events at low y. Removing all the events in y > 0.6 and |¢f| < 0.004 would
lead to the reduction of the effective number of events by ~ 13%. To estimate a yield
of unwanted events data from the period where ECAL acceptance was the largest were
used. The electron identification was performed and in 7% of the events, with y > 0.6
and |gf| < 0.004, at least one electron was identified. The expected yield of the unwanted
events compared to total data sample was estimated to be: 0.03 x 0.07 x 4 x 2 = 0.017,
where the factor 4 comes from a large weight of events with high y and the factor 2 takes
into account the fact that only half of the electrons could be identified in ECAL. Various
criteria to reject radiative events without using ECAL were tried. Finally the decision was
made to use the pe rejection criteria in the whole x range. The radiative events on average
were found to be below 1% as compared to 1.7% before the rejection. In the bin with
highest < y > about 2% of events is expected to be of radiative origin. The fact that not
all these events were rejected was taken into account in the systematic error calculation of
the measured asymmetry. Observe that all cuts used for electron rejection removes only
tracks with a very small transverse momentum. Therefore it is expected that leptons from
hadrons decays should not be removed from the data sample.

5.2.4 The final statistics

The initial data sample for the A% analysis contained almost 2.1 x 10° events. The final
data sample contains almost 300 million events. More details can be found in table 5.2.

The 300 million events selected in COMPASS can be compared to the SMC deuteron
statistics of around 1.7 million [19]. The event kinematics is also different in the two cases.
The SMC had large < y > values while COMPASS has mostly moderate and small y. In
table 5.3 the comparison of < y > for different < x > is shown.

Comparison between the two experiments has one more aspect. In the SMC the do-
minant error came from the statistical precision and the systematic errors were small. In
COMPASS the systematic errors are as important as the statistical ones. The main issue
of this analysis was a proper estimate of the systematic errors.
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Criterium events in billions | accepted events in % | accepted/initial %
initial 2.080 - 100.0
PV reconstructed 1.819 87.6 87.4
i’ reconstructed 1.417 77.9 68.1
additional track(s) in PV 0.888 62.7 42.7
PV inside the target cells 0.749 84.3 36.0
PV quality criteria 0.614 82.0 29.5
i signal in hodoscopes 0.537 87.4 25.8
y cuts 0.519 96.7 24.9
beam momentum cuts 0.519 99.9 24.9
pe events rejection 0.484 95.7 23.8
good hadron selection 0.413 85.7 20.4
equal flux in the two cells 0.296 71.8 14.7

Table 5.2: The number of accepted events at the different stages of the data selection.

z | <y> COMPASS | <y > SMC
107° 0.22 —
1074 0.52 0.68
103 0.55 0.74
10~2 0.52 0.65
1071 0.38 0.54

Table 5.3: Comparison of < y > between COMPASS and the SMC; different trigger setups
were used in those experiments.

5.3 Inputs to the A%, ¢¢ analyses

5.3.1 Beam and target polarizations

The beam and the target polarizations were discussed in sections 3.1 and 3.2 respectively.
The former can be extracted on an event by event basis. Dependence of the absolute value
of the beam polarization on the muon momentum is shown in figure 5.7. As it was already
mentioned in 3.1 the average beam polarization for the final data sample is: -0.76. Relative
uncertainty of the beam polarization is 4% as in [56].

The target polarization is measured a few times during each run. However, in the data
analysis the polarization is averaged over longer periods, due to false asymmetries. More
details will be given in section 5.4. For the systematic studies, the relative precision of the
target polarization measurement was set to 5% as in [56].

5.3.2 R(z,Q?) parametrization

The function R(z,Q?) = or/or, see equation (2.20), is used for the depolarization factor
D calculation, cf. section 5.3.3 and for the radiative corrections calculations, cf. section
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Figure 5.7: Beam polarization dependence on the incident muon momentum.

5.3.4. There is no direct measurement of R in low x and @Q? region.
The COMPASS had used three different R parametrization depending on x:

e SLAC fit for z > 0.12 [101],
o NMC fit for 0.003 < z < 0.12 [102],

e ZEUS fit for = < 0.003 [103].

In this analysis a new R parametrization was used. It is based on a new SLAC fit [104],
for which data from several new experiments were used: E140 [105], NMC [102], CCFR
[106] and CDHSW [107]. The kinematic range of data used for the fit is 0.005 < z < 0.86
and 0.5 < Q? < 130 GeV? [104]. However, it was suggested that the fit can be used for z
as low as 1076 [108]. It was checked that R values obtained from the fit are in agreement,
with recent H1 measurements at low z [109], [110].

In this work the low Q? behaviour of R obtained from [104] was modified. The simplest
solution would be to have R = 0.2+ 0.2 in the whole range of z and Q? < 0.5 GeV?. This
gives a 1o agreement with the photo-production limit, where R should be equal to zero
and on the other side R = 0.4 = 0.2 + 0.2 is in agreement with R measured at higher Q?
at HERA. However, that was not used. The requirements for the low Q? parametrization
(Rjow) were the following:

o Ripw ~ Q% at Q% — 0 see e.g. [111]
® Rlow = RSLAC’ at Q2 =0.5 GGVZ

® 0Rip,/0Q? = ORsac/0Q?, at Q% = 0.5 GeV2.
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Parametrization of R at low Q? was thus chosen as:
Riow(Q? < 0.5GeV2,2) = Rsrac(Q = 0.5GeV?, z) x B [1 — exp(-Q* /)] (5.1)

where o = 0.2712 GeV? 3 = 1/(1 — exp(—0.5/a)) = 1.1880. As the error of the
parametrization R = 0.2 was chosen, the same as in the simplest approach. This
parametrization together with [104] was used in this analysis. The comparison between
NMC [102], ZEUS [103] and “new” R parametrization for x = 0.003 is shown in table
5.4. The value x = 0.003 was chosen as it was the border between NMC and ZEUS
parametrization in the old R parametrization.

Q? (GeV?) | NMC [102] | ZEUS [103] || this analysis
3 0.24 £ 0.06 0.26+7 0.30 £ 0.05

1 0.39 £0.10 0.13£7? 0.40 £ 0.07

0.75 0.47 £0.09 0.10£? 0.39 £ 0.06
0.5 0.56 = 0.10 0.08£? 0.36 £0.07

0.3 0.75£0.14 0.05£? 0.30 = 0.20

0.2 0.75+0.14 0.04+7 0.24 + 0.20

Table 5.4: Comparison of different parameterizations of R at x = 0.003.

In figure 5.8 the comparison between the old R parametrization and the new one used
in this analysis is shown. The COMPASS kinematic range is within lines. The knowledge

102 102
< <
210 210
S S
1 ...................... ~ 1 .......................................
© (e}

107 -6 -5 .4 -3 2 1 10 -6 -5 -4 -3 -2 1
10 10 10 10 10 107 10 10 10 10 10 107

Figure 5.8: Comparison between old R parametrization and the one used in this analysis.

of R is very important for the depolarization factor evaluation. Uncertainty of R may be
the highest contribution to the A¢ systematic error at the lowest z.
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5.3.3 Depolarization factor

Depolarization factor D is given by [19]:

D yl(L+%9/2)2 — y) — 2°m?*/Q’]
y?(1-2m?/Q*)(1+79°) +2(1 —y — v*y?/4)(1 +9°)(1 + R)

The distribution of D as a function of z is presented in the top left part of figure 5.9. The

(5.2)

mean values < D > as a function of x are given in the bottom-left part. The top-right plot
shows D distribution as a function of y. The curves denote the depolarization factor values
for three different R values, after neglecting the muon mass corrections, m?/Q?. Indeed
these corrections must be important in this kinematic region since there are many events
observed above the R = 0 line. Finally in the bottom-right plot of figure 5.9, < éD/D >
values as a function of x are presented. The error of the depolarization factor is large in the
small z region where it exceeds 100%. Such effect was not observed in the SMC, cf. [19].
The §D/D is larger in COMPASS compared to the SMC because of lower y in the former
experiment; the relative error §D/D, which is connected to dR/R, is larger for small y
values.

5.3.4 Radiative corrections

The A% asymmetry as well as structure functions ¢g¢ and F, are defined in the so called
one-photon approximation (Born approximation), which means that only one photon is
exchanged in the pN interaction. Therefore contributions from the so called radiative
events have to be subtracted from “raw” asymmetries in order to obtain A%, g¢ in Born
approximation. Examples of Feynman diagrams for radiative processes are shown in figure
5.10. Corrections are applied to the leptonic current, the vertex and to the virtual photon.
Corrections to the hadron current were estimated in [112] and found to be negligible, thus
neglected.

Relation between the spin independent (dependent) total cross-section (A)o” and the
cross-sections in the one-photon exchange approximation (A)o!” can be written as:

gl = vaY + Gy Aol = vAcY + Aoy (5.3)

where v &~ 1 takes into account the vertex and the vacuum polarization corrections. The
(A)Gy4i; can be expressed as a sum of three different contributions:

Gtail = Ofyy + Oty + Ttasy Aoy = Aajey + Aoty + Aoy (5.4)
The elastic tail, 5, and quasi-elastic tail, 5%, take into account the elastic scattering
of muons off the nucleons and nuclei which are in the target. If an energetic photon is
emitted in an elastic scattering and only the incoming and scattered muons are measured,
such the event will be misidentified as a DIS event. For events at small x and large y the
contribution from the elastic tail can be much larger than 57 itself. Finally the inelastic
tail 5i"¢ takes into account events where an inelastic interaction uN took place but a
radiative photon was emitted, therefore the event kinematic has been changed. In the
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Figure 5.9: Depolarization factor in COMPASS; top left: depolarization factor as a function
of = for the final sample; top right: depolarization as a function of y, the lines indicate the
depolarization factor value without the muon mass correction for three different R values;
bottom left: average value of the depolarization factor as a function of x; bottom-right
average value of the §D/D as a function of z.
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Figure 5.10: The Feynman diagrams of the radiative processes. “elastic tail”, b) “in-

elastic tail”, ¢) “vertex correction”, d) “vacuum polarization” (f f denotes a fermlon loop)

case of the “hadron method” used in this analysis the elastic and quasi-elastic tails can be
neglected, as a reconstructed hadron is a proof that an inelastic interaction took place.

In this analysis the radiative corrections have to be included in two stages of the analysis:
first in the dilution factor, cf. section 5.3.5, and second as additive corrections to A%
asymmetry which are discussed below.

In events where a radiative process took place the value of z is always smaller than the
real x of the interaction. Since A; raises with x, the radiative events with higher x and
therefore larger asymmetry will be on average reconstructed at lower x. Because of this
the measured asymmetry, at a given x is larger than in a case where radiative events would
be removed.

The measured asymmetry, AT, can be expressed as:
AlT = p(A1 + Arc) (5.5)

where p = v5'7 /67, was taken into account in the dilution factor cf. section 5.3.5. Both
factors p and A,. were calculated using the POLRAD program, [113], [114]. The results
for A,. and A,./6A¢ are shown in figure 5.11. Values of A, are small, below 0.01 at all
x. For the low z region they were found to be less than 0.001. To decide whether A, can
be neglected the quantity A,./0A¢ was checked. It was found that for moderate  ~ 0.1
the radiative corrections are large compared to the statistical error of A%, A,../6A¢ =~
0.3, and cannot be neglected. Systematic studies of A,. were performed. The A,. were
obtained using different input information: R, F,, A%. The maximum difference between
A,. obtained during these studies was associated with a systematic error of A,.. This error
was taken into account in the total systematic error of A and g¢.
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Figure 5.11: Left: The additive corrections A,. to A%; right: A,./0A¢, where §A¢ is the
statistical error of the measured asymmetry.

5.3.5 Dilution factor

The dilution factor f is introduced to estimate how much material in the target can be
polarized. In this thesis only a brief description of the dilution factor is presented. It is
based on [78] where details are given.

In the case of the COMPASS SLiD target four nucleons out of eight can be polarized,
see section 3.2. Thus the maximal fraction of the polarizable material to the total material
is f = 0.5. In fact the target contains not only ®LiD, cf. table 3.1. Using again the simple
model one gets f =~ 0.43. However, such approximation is too simple. The dilution factor
is defined as:

ndﬁg(xa QQ)
n40, (2, Q%) + X azanada’ (z,Q?)

where n; corresponds to the number of nuclei of type-i in the target, ;7 is the double
differential cross-section for unpolarized muon— type-: nucleon scattering. Information
that there are two deuterons in the LiD molecule is not included in equation (5.6). This
equation can be rewritten in the following form:

fbm‘e(x: Q2) =

(5.6)

Tq

fbare(xaQQ) = 5T($ Q2) (57)
N+ Lagana (agA“(z:QZ))
The ratio 55 (z, Q@?) /5% (z,@?) is proportional to the Fy structure functions ratio:
oh F' 2 RC
o4 _ 22 4 (5.8)

ol ~ F¢ A RC,

The explicite dependence on z and Q? has been omitted for simplicity. The factor A/2
comes from the fact that structure functions F» are defined per nucleon. The (RC'); stands
for radiative corrections. Various F, ratios were measured in: NMC (He, C, Ca, Li) [115],
[116]; EMC (Cu) [117]; E665 (Xe) [118].

The dilution factor defined in equation (5.7) is later multiplied by C; ~ 1.9. The factor
C; takes into account:
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Figure 5.12: The semi-inclusive effective dilution factor f for this analysis.

e the fact that there are two deuterons in the °LiD,
e purity of the D, Li during the target production,

e the time that spins of quasi-free p,n in L: are aligned with respect to each other
(when they can be treated as a deuteron),

e the probability that the deuteron is in the so called S state (not in D)

For simplicity the dilution factor, Cf fyare, can be multiplied by the p factor to take
the unpolarized radiative corrections into account. These corrections where calculated
using the TERAD program [119]. The p factor is included in the dilution factor just for
convenience. The final effective dilution factor definition is therefore:

f = ,Oclfbare (59)

The effective dilution factor f for this analysis is shown in figure 5.12. It was calculated
for semi-inclusive events which are selected using the hadron method. In the inclusive case
that dilution factor is smaller, as radiative corrections are larger. At z = 0.0001 the ratio
of the inclusive to the semi-inclusive dilution factor is 0.6, while for the SMC deuterated-
butanol target it was only 0.2, c¢f. [11]. The difference comes from the fact that the
COMPASS target is built from a lighter material than the the SMC target so the radiative
corrections in the former experiment are smaller than in the latter.

The uncertainty of the dilution factor has many sources like: (', the target mass
measurements, the cross-section ratio 6% /67 , the unpolarized radiative corrections. In
the COMPASS kinematic range the average relative error of the dilution factor is in the
range of 6 — 8%.

5.3.6  Fy(r,Q?) parameterizations

The spin independent structure function F, is needed for the g¢ extraction, cf. equation
(2.25). Four parametrization of F, were considered here:
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ALLMO97 [120] which is a fit to the proton world data valid for 3-107° < z < 0.85
and 0 GeV? < % < 5-10% GeV? (later denoted by pl).

a model based on parton and GVMD ideas valid for the proton and deuteron at
z < 0.1 and any Q?* [121], [122] (later denoted by p2)

a model for proton based on saturation idea [123] for 107® < x < 0.1 and 107°
GeV? < Q* < 10° GeV? (later denoted by p3).

a fit to the deuteron world data made by the SMC collaboration [11] valid for 9-107* <
z < 0.85 and 0.2 GeV? < Q? < 220 GeV? (later denoted by p4).

The F; values for these parameterizations are shown in figure 5.13; top left: pl, top
right: p2, bottom left: p3, bottom right: p4. The white background in the plots indicates
that a parametrization was not available or the F, value was smaller than 1072. COMPASS
acceptance is within lines. The g¢ values in this thesis were extracted using the so called
SMC parametrization: where possible p4 was used, while in the rest of the phase—space
p2. Only data for Q? < 1 GeV? were used.

The SMC parametrization and the relative differences between the SMC and other
F, parameterizations are shown in figure 5.14; top left: the SMC parametrization, top
right: the SMC parametrization compared to pl, bottom left: the SMC parametrization
compared to p2, bottom right: the SMC parametrization compared to p3. COMPASS kine-
matic range is between lines. The differences between the SMC parametrization and other
parameterizations are usually smaller than 30% in the COMPASS kinematic range. As the
uncertainty of the F5, we take the largest difference between the SMC parametrization and

other parameterizations®.

5.4 Methods of asymmetry evaluation

A connection between the measured asymmetry and the virtual photon-nucleon cross sec-
tion asymmetry A¢, cf. section 2.1.4 is discussed in details in appendix A. Here only the
summary is given.

In the first approximation the following relation holds:

1

A~ ——A 1
1 fDPth raw (5 0)

where f is the effective dilution factor, D is the depolarization factor, P, and P, are the
beam and the target polarization, respectively and finally A,,, is an asymmetry extracted
from the data.

Four different methods of the asymmetry extraction were used:

e 1st order method,
e 1st order weighted method,

e 2nd order method,

®Note, that Fy of parametrization pl and parametrization p3 are for the proton case; F¥ and Fy¢ can
be compared for small z where the expected difference is less than about a few percent.
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Figure 5.13: The F; values for different parameterizations. See text for details.

e 2nd order weighted method,

The 2nd order weighted method of the asymmetry extraction was the main method
used in this analysis. It gives smaller statistical error compared to non-weighted methods
and its stability is better than the 1st order methods.
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Figure 5.15: Two possible Micro Wave settings. See text for details.

5.5 False asymmetry studies

This section is dedicated to the studies of false asymmetries. Most of these were found to
be consistent with zero.

5.5.1 False asymmetries

The false asymmetries may appear if the ratio of the acceptances, r, changes during the field
reversal. The problem is discussed in section A.2. As it is mentioned there the field reversal
should reduce a large false asymmetry which is generated by the different acceptances of
the upstream and the downstream target cells. The reversal is done on average every eight
hours. This gives an odd number of three reversals per day. The oddness is important: the
day-night movement of the detectors is observed, cf. section 4.7.6, therefore the acceptance
changes. Three reversals per day means that after two days the data from different field
settings are taken at the same time of the day — a fact preventing certain false asymmetries.

Another potential danger which is taken care of is a relative polarization of the target
with respect to the solenoid field. The latter is changed a few times during the year. It is
said that the data were taken with different Micro Wave settings. The name comes from
the fact that in order to obtain a different sign of the polarization a different MW frequency
has to be used, see section 3.2. The idea of two possible MW configurations is shown in
figure 5.15. Arrows indicate the polarization of target cells (black) and the direction of
the solenoid current (red). For a certain MW-setting two polarization configurations are
possible. Switching between them is done during the field reversal. To change the MW-
setting the target has to be polarized from scratch®. Data from different MW-settings give
a chance to cancel the effect of the acceptance changes during the field reversal.

6This means time losses; thus the change is done only a few times per year.
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Figure 5.16: False upstream — downstream asymmetry.

Finally to prevent false asymmetries the so called bad runs and spills are removed from
the analysis. A quality of every spill is checked through: average number of PV in an
event, average number of tracks in an event, average number of tracks attached to a PV,
the detector efficiency and many other. If the obtained numbers are far away from the
average, a spill is removed from the analysis. If any of those numbers deviate for a longer
period e.g. after the field reversal, then the data before and after the deviation cannot be

combined. Taking into account all the mentioned safety procedures it is expected that for
the COMPASS data false asymmetries should be small.

False asymmetry studies are made on the final data sample. This means that the
precision of the false asymmetry estimation is the same as the asymmetry measurement
itself. Their estimation could be done using the MC technique but it is impossible here due
to a large amount of MC data required. Usually it is expected to have a MC sample at least
10 times larger than that of measured data. For the A¢ analysis this would mean 3 - 10°
events. Unfortunately the available MC sample is 6000 times smaller. Besides producing
and storing 3 - 10 MC events is presently impossible.

5.5.2 Upstream—downstream false asymmetry

The first false asymmetry considered here is the so called upstream — downstream one.
Each target cell is divided into 2 halves. The data from each half of a cell are combined.
The expected asymmetry is zero. The non zero asymmetry could be due to the acceptance
change after the field reversal or to the inhomogeneity of the target polarization. The
asymmetries for the upstream and the downstream target were obtained separately. The
results were found to be consistent with zero and they are presented in figure 5.16.
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Figure 5.17: False consecutive configuration for two solenoid currents.

5.5.3 False consecutive configurations

Another way of combining data is to extract the asymmetry from the sample taken with the
same direction of the solenoid field, .e. after two polarization reversals. This asymmetry
should be zero. However, if it is not this does not mean that there is a real problem in the
data used for A¢ measurement. The reason is that the data is grouped into configurations
according to the stability of the spectrometer. It usually happened that the combined data
for that false asymmetry came from different configurations’. This means that e.g. the
acceptance might have changed in the meantime and the false asymmetries were generated.
The observed asymmetries in the data are consistent with zero see figure 5.17. It means
that stability of the spectrometer is good; it was expected that some false asymmetries
could be observed but they are not.

5.5.4 Up-upstream—down-downstream false asymmetry

A way of combining data is given in figure 5.18. The target cells are divided in halves.
The data from the upstream part of the upstream cell are combined with the data from
the downstream part of the downstream cell. Such a combination measures a real A¢
asymmetry. To measure false asymmetry, one has to subtract the A? asymmetry obtained
from data which come from the central parts of the target.

A difference of the above asymmetries is sensitive to the acceptance changes. In fact, it
should be more sensitive than the previously described upstream — downstream asymme-
try as the combined cells are much further away from each other. Moreover, the described
asymmetry is sensitive to a possible bias if too simple a method of the asymmetry extrac-
tion, i.e. 1st order method, was used. It was described in section A.2 that the simplest, 1st
order, method introduces a bias if the acceptance ratio, r, is not equal to one. It should

"Usually data with only one field reversal in between are combined for A¢ measurement.
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Figure 5.18: The method of combining the data for the up-upstream — down-downstream
asymietry.
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Figure 5.19: False up-upstream — down-downstream asymmetry.

be remembered that the measured asymmetry is extracted using the 2nd order weighted
method, where the bias from the r factor is supposed not to exist. The false asymmetry
was found to be consistent with zero®. The results are shown in figure 5.19.

5.5.5 Day—night asymmetry

The day — night asymmetry can be sensitive to the acceptance changes due to detector
movements. The asymmetry is traditionally called day — night but in fact the data are
divided according to the temperature in the experimental hall. The highest temperature
was observed around 7 o’clock in evenings and the lowest around 6 o’clock in mornings.
Therefore the data samples were divided into two classes: from midnight to noon and from
noon to midnight. The results are presented in figure 5.20. The false asymmetry was found
to be consistent with zero. A non-zero value of the false asymmetry should not be critical.

8The false asymmetry was also checked when the simplest, 1st order, extraction method was used.
These results were consistent with zero too.
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Figure 5.20: Day — night false asymmetry.

The reason is that to cancel the day —night false asymmetry the solenoid field was reversed
odd number of times per day.

5.5.6 Left—right and top-bottom false asymmetries

These false asymmetries were created in the following way: the data was divided into four
groups depending upon the angle of the scattered muon at the PV. The groups were: top,
bottom, left, right. In each group the A¢ asymmetry is measured, therefore interesting
observables are the differences between the top-bottom and left-right sub-samples. The
left-right asymmetry was found to be consistent with zero. The top-bottom was consistent
with zero only for the 2003 data. The observed false asymmetries for a part of 2002 data
were large, cf. figure 5.21. Finally, the cause of the problem was found. In the 2002 data,
two independent alignment files, for two different solenoid currents, were needed. It was
found out that for part of 2002 data, in one of the files, the dead zones of the detectors
responsible for the muon identification were shifted by about 3 ¢cm with respect to the
second alignment file. The mismatch of the dead zones created large acceptance changes,
which were of course a reason of large false asymmetries. The mistake was corrected and the
data were reproduced. The false asymmetry for the reproduced data was finally consistent
with zero.

5.5.7 Inner-outer false asymmetry

For the inner —outer asymmetry the data sample was divided according to the PV distance
from the target centre. If the distance from the centre (in the plane perpendicular to
the beam axis) was smaller than 8 mm the event was qualified to the inner sub-sample,
accordingly the event with the PV distance from 8 mm to 13 mm belonged to the outer
sub-sample. This was a test of the homogeneity of the target and of a possible bias due to
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Figure 5.21: The effect of the dead zones misalignment: the top — bottom asymmetry.

the target movement between the field reversals.

In each sub-sample the A¢ asymmetry was measured. Therefore, the false asymmetry
can be observed for difference of the two. Large false asymmetries were observed for the
whole data set. The reason was that described way of the sub-samples selection was wrong:
the beam flux did not cancel in the asymmetry extraction resulting in an asymmetry bias.

The data were finally divided in the following way: the first set was the final data
sample and the second set contained events for which the beam track was contained within
8 mm from the target centre, cf. section 5.2.2. The difference between the asymmetries
from the two data sets was measured. Note that data in two sets are correlated, which had
to be taken into account during the error estimation. For the above mentioned samples the
square of the correlation factor is simply the ratio of the number of events in the samples.
The error of the asymmetry has the following form: 6(Ag; — Ags) = \/(5A52)2 — (0As1)?,
where §Agi(2) denotes the asymmetry error for a given sample. The results are shown in
figure 5.22. As expected they are consistent with zero.

5.5.8 Microwave setting false asymmetry

The data were divided depending upon the MW-setting and false asymmetries were searched
for between the corresponding data sets. Note that the data were taken with two MW-
settings in order to cancel a possible false asymmetry! However, it would be much better
if the asymmetry did not appear at all. That would be a proof of a good performance of
the COMPASS spectrometer.

At the beginning of the analysis a non zero false asymmetry was observed in the data. It
was observed mostly in the 2002 data. The average value of the false asymmetry was 0.02,
which was approximately six standard deviations away from zero. The situation changed
after more quality checks were added to define a good hadron in an event. Results from
the final data sample are shown in figure 5.23. In the upper plot the samples for 2002 and
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2002 ‘ 2003
MW A MW B MW A MW B

1-2 hadron(s) || 2.1 £3.1 | -21.0 £ 3.0 | -5.8 £ 2.4 | 23 + 2.4
3-4 hadrons || 1.9+ 3.1| -5.1 +29 || 26 £23 |-3.2£23
5+ hadrons | 0.4 £4.1 | 145+ 3.9 | 10.0 £ 3.0 | -8.1 &+ 3.0

Table 5.5: The 10%-A¢ asymmetries averaged in z € (107° — 102) for different, years and
MW-settings as functions of the event multiplicity.

2003 data are presented separately; in the lower on the whole data set is shown. Results
are consistent with zero. The fact that no false asymmetry was observed came as a surprise
as other analyses reported a non zero false asymmetry here [124], [125].

The data were divided into more sub-samples to search for a false asymmetries. The
only correlation which was found was that the false asymmetry depends upon the number
of the tracks outgoing from the PV. The results are summarized in table 5.5. The values of
the asymmetry were averaged for x € (107°—10"?) and multiplied by 103. Large deviations
from zero are observed.

Using the table 5.5, it is also possible to explain, why different analyses saw non-zero
false asymmetries. In [124], [125] at least two hadrons with high transverse momentum are
required. Apart of the case of 1-2 hadrons in table 5.5, the difference between asymmetries
for MW A and MW B, for 2002 data is around —0.6 + 3.4, therefore negligible, while for
2003 data the difference is 10.4 £ 2.5. The same tendency was observed in [124] and [125].

A simple model was constructed to explain the observed phenomenon, namely the large
differences between 1-2 hadron case and 5+ hadron case, cf. table 5.5. Due to different
acceptances the average number of hadron reconstructed in the PV from the upstream and
the downstream cells is different. Also, different parts of the detectors are irradiated by
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Figure 5.23: The false asymmetry between the different MW-settings.
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2.7 3 3.3 | 3.6 4 4.4
1-2 hadron(s) || 4264 | 3734 | 3225 | 2754 | 2198 | 1729
3-4 hadrons || 3693 | 3921 | 4032 | 4037 | 3907 | 3660
5+ hadrons | 1371 | 1847 | 2374 | 2936 | 3712 | 4488

total 9328 | 9502 | 9631 | 9727 | 9817 | 9877

Table 5.6: Expected number of events for Poisson distribution for different values of p,
shown in the first row. Initial data sample was 10000.

symmetric part | antisymmetric part
1-2 hadron(s) 23.2 -93.0
3-4 hadrons 23.1 -1.4
5+ hadrons 15.9 121.5
whole sample 2.3 6.2

Table 5.7: Asymmetries multiplied by 10 obtained with the simple model. See text for
details.

tracks outgoing from the two cells. It is possible that the variation of the reconstruction
probability is cell dependent.

It was assumed that average track multiplicities follow the Poisson distribution with
the averages: u, = 4, uq = 3. Here ‘v’ and ‘d’ stand for the upstream and downstream
target cell, respectively. After the field reversal the averages change. Their change can be
composed of two parts: symmetric and antisymmetric. The symmetric part was assumed
to be a reduction of the p, 4 by 10% for the both cells. For the antisymmetric part: the
average in the upstream part was decreased by 10% but it was increased by 10% in the
downstream part. The 10% change of the average means 10% change of the probability
of a track reconstruction. This is a very large number. However, during an asymmetry
computation, for simplicity, it was assumed that fDP,P, = 1. Therefore, for A¢ analysis,
the track probability would have to changed by about 0.6% to generate the same results.

In table 5.6 a number of events, which are expected to be observed with certain track
multiplicity is given. The mean values p of the Poisson distribution are shown in the first
row. The initial sample was 10000 events. These numbers were used in the asymmetry
computation. The second order method of the asymmetry extraction was used. Calculated
asymmetries were multiplied by 10® and are given in table 5.7.

The symmetric and antisymmetric parts behave in completely different ways. For the
symmetric part we observe that there is almost a constant bias, if one treats separately
cases with different hadron numbers. For the anti-symmetric part the bias is larger and
it changes sign. This behavior is very similar to observed in the data. Note that the
bias for the whole data sample, which would be used for A¢ measurement, is around ten
times smaller than for the sub-samples. To summarize: dividing the data in sub-samples
depending on the number of hadrons outgoing from the PV seems to be a very sensitive test
of the stability of the spectrometer. The large partial false asymmetries seem correspond
to a much smaller false asymmetry if the entire data sample is used.
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triggers | 1st trigger | 2nd trigger | 1st & 2nd trigger
IT, LT | -06+13| -1.5+1.3 1.4+ 3.0
IT, MT || -1.84+4.3 | —0.8+4.2 —2410
LT, MT || -3.3£3.2| —09=+4.1 5.6 £ 8.6
LT, OT | -3.8+3.3| —3.3+5.38 —12+14
MT, OT | -88+6.0 | 11.6£5.8 —-16+12
Table 5.8: Comparison of the 10 - A% for different triggers.
5.5.9 Trigger-by-trigger asymmetry

The COMPASS trigger system uses four different hodoscopes (HI, HL, HM, HO) to search
for a scattered muon. These detectors have different acceptance for muons outgoing the
upstream and the downstream target cells. It was checked, whether there are no systematic
effects between different trigger groups.

Asymmetries were measured in the region where interesting triggers overlap. A special
care was taken to obtain a similar < x > for the compared samples. This was important
especially for OT and MT triggers, see section 3.4, as the average x was in the intermediate
range where the A¢ has a significant z dependence. Results are given in table 5.8. In the
first column the compared triggers are shown. In next columns the averaged 10% - A% are
given for the 1st, 2nd and mixed triggers. For all triggers the results are consistent at the
three standard deviation level. The false asymmetries are not observed.

5.5.10 The x? scan

At the first stage of this analysis the asymmetry presented in figure 5.24 was obtained.
The errors seem to be overestimated®. A straight line fit resulted in x?/NDF = 2.81/15;
P(x?) is only 2.6 - 107%. The asymmetry extraction method was carefully checked but no
mistake was found.

The asymmetry scan was made. In first step lower edges of bins were shifted by 1/16 of
the bin size in the second step by 2/16 and so on. For measured asymmetries the straight
line fit was made; x? and P(x?) were calculated. Results are shown in figure 5.25; left:
the x?, where NDF was always 15, right: P(x?). On the horizontal axis the shift of bin
lower edges is given in n/16. The values of x> and thus P(x?) change a lot. Note that
data samples are highly correlated. A value of x?/NDF is important. However, it seems
to be quite unstable even for highly correlated data samples.

5.6 Estimate of a limit for false asymmetries

In this section the description of the method used for the systematic error estimate con-
nected to the false asymmetries is given. It is a modified version of a method which was
previously used by COMPASS [56].

9Negative A{ values are connected with a bias discussed in 5.5.8. The bias disappear after z;5; > 350
cm criterium was used for the data selection.
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Figure 5.24: A¢ for part of the 2003 data, first stage of this analysis.
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Figure 5.25: Results of the straight line fit to the data from figure 5.24 for different bin
shifts. Left: y? distribution, right: probability that x? would be smaller.
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5.6.1 Standard COMPASS method

The samples used in COMPASS analyses are divided in configurations. Let us consider
the so called pull distribution:

_ |4 Aig =45\
OPULL,j = Jﬁ > <W> (5.11)

i

where 7 counts the data configurations, j counts z-intervals in which the asymmetry A;
was measured, A; ; and 6A;; are the measured asymmetry and its error in the z-interval
J and configuration ¢, respectively. The expected value of opyrr j is 1. Average values for
all j intervals of opyrr ; and dopyrr,j where: 044 = 1 and do g = 0.05, respectively. The
limit, oy, for false asymmetries was constructed as:

G?V[AX = o-ftat + O-gys (512)

where oirax = Ogtar + 200510 The limit is:

5Aj,sys = Osys * 514] (513)

where

Usys - VUIZWAX - Ugtat =V 112 — 1 ~ 05 (514)

5.6.2 Modified pulls method

The method used in [56] was modified in two ways: i) by using the Bayesian 95% CL limit
and i7) by estimating a systematic error for each measured point. It is clear that in the
case of e.g. opyrr,; = 0.8 £ 0.1 the limit for systematic effects is much smaller than in the
case e.g. opyrr,; = 1.3 £0.1.

Confidence limits for the signal in presence of a background are discussed in [126]. Both
the signal and the background have Poisson distributions. To set the limit (e.g. 95% CL)
the MC technique is used. Here the idea of [126] was modified to make it appropriate for
the pulls distributions. A sketch of the method is shown in figure 5.26. First, a random
number is generated from the N(0,1) distribution. This generation is repeated until the
generated sample of numbers is equal to the number of configurations into which the data
are divided. For this analysis there were 97 configurations in total. The next step is
the estimation of the standard deviation o,;¢c of the obtained sample. At this point the
critical decision is made: if the o/ is larger than the oppg, which is the sigma of a pull
distribution observed in the data for a certain x bin, the generation is repeated. In the
case oy < 0ops the data from the generated sample are smeared by N (0, 0,y;). For the
smeared sample the standard deviation ouscsys is calculated. If the opceys < oops the
“MC event” is qualified to a sub-sample A, in the opposite case to a sub-sample B. The
whole procedure is repeated until the sub-samples A and B are sufficiently large. Finally,
the ratio A/(A+B) is calculated. The goal of the method is to find such oy, for which
A/(A+B) =1—CL = 0.05. The method described above was used for the limit calculation
in the wide range of oppg. The typical size of the sub-samples A and B was 10* —10%. The
obtained limits are shown in table 5.9. The results were fitted by a TSpline3() function in
ROOQOT. In this way the limit was accessible for any opps € (0.8 — 3.0).
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Figure 5.26: A sketch of the method used to estimate the systematic errors in this analysis.

O0BS | Osys limit O0BS | Osys limit
0.8 0.40 1.4 1.25
0.9 0.46 1.5 1.4
1.0 0.60 1.7 1.6
1.1 0.76 2.0 2.0
1.2 0.93 2.5 2.7
1.3 1.10 3.0 3.3

Table 5.9: The 95%CL o045 limit for a given opps. See text for details.

5.6.3 Results

The pulls distribution for the whole data sample is shown in figure 5.27. The error of each
point is 1/4/2N — 2, where N is the number of the data configurations (N = 97) used for
the asymmetry extraction. Most of the data points are consistent with 1. There are two
points below £ = 10~* where the difference between the observed values and expected ones
is close to 3 standard deviations.

For the obtained oppg of the pulls the 95% CL limit for the systematic effects was set
using the method discussed in section 5.6.2. Results are shown in figure 5.28. For the
whole x the limit is smaller than the statistical error.
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Figure 5.29: Data combining for the stability test of different methods of asymmetry
extraction. See text for details.

5.7

5.7.1

In section 5.4 different methods of the asymmetry extraction were discussed. Here their
stability is considered.

The stability was checked using virtual target setups; a way of combining the data
is shown in figure 5.29. For each extraction method the data from the whole upstream
cell were combined with each quarter of the downstream target. In total, 16 different
asymmetries were measured. Note that they are largely correlated.

Combining the data from the whole upstream target cell with only a quarter of the
downstream cell creates a large difference in the acceptance and in statistics. From section
A.2 it follows that a large imbalance of the acceptance introduces a bias for the first order
methods. For the second order methods such an acceptance imbalance should not matter.

Values of the obtained asymmetries are given in table 5.10. The results from part
of 2003 data are presented. In the first column the asymmetry method is given. Next
four columns are the results for the asymmetry computed using different quarters of the
downstream cell. Finally, in the last column the results from the combination of the whole
upstream and the whole downstream cells are given — a standard A¢ measurement. The
results were averaged over x € (107° — 10?) and multiplied by 10%. The errors of the
measurements are about (1.5 —2)-1073.

Other systematic studies

Different methods of asymmetry measurement

1st part | 2nd part | 3rd part | 4th part || total
1st order w =1 0.2 1.0 -0.2 -1.0 0.0
1st order w = fDP, -5.1 -2.1 -3.2 -6.5 +1.9
2nd order w =1 0.2 1.3 -0.3 -1.4 0.0
2nd order w = fDP, 0.8 3.0 1.2 -2.0 0.8

Table 5.10: Comparison between different methods of the asymmetry extraction. Four
parts refer to four quarters of the downstream target cell. Asymmetries multiplied by 103
are presented.

Results of the 2nd order methods and the 1st order non-weighted method are similar.
Unfortunately the 1st order weighted method seems to be unstable. The results for quarters
of the downstream cell are completely inconsistent with the result for the whole downstream
target. Note, that even the sign of the asymmetry has changed! Indeed a bias of the
asymmetry was expected but both 1st order methods were supposed to be affected in the
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Figure 5.30: Comparison between different methods of the asymmetry extraction. The
reference method is 2nd order weighted method. The difference between it and other
methods divided by its statistical error is shown.

same way. As the 1st order methods were only used for consistency checks there were no
extended studies of the observed phenomenon. One should remember that in the 1st order
non-weighted method the asymmetry is computed using an observed event number. In such
a case it is impossible to get all negative asymmetries for quarters of the target cell and
then a positive one for the whole cell. The situation is different for the 1st order weighted
method. The asymmetry measurement depends on two quantities: 3w and 3 w?. These
two, although correlated, are also partly independent from each other, thus may vary in
slightly different ways. This partial independence is enough to create the situation seen in
the data. Instabilities should not be seen if in the 1st order weighted method the counting
asymmetry is modified as e.g. in section A.2.

The stability of different methods of the asymmetry extraction were checked on the final
data sample too. As a reference the 2nd order weighted method was used. A difference
between A? obtained by it and other methods divided by A¢ statistical error is shown
in figure 5.30. The asymmetry bias for the 1st order non-weighted method is visible. It
is less pronounced compared to results in table 5.10 as the acceptance ratio between the
target cells is closer to one. Difference between non-weighted methods is rather small. In
some cases difference between the 2nd order weighted method and non-weighted methods
is larger than the statistical error of the asymmetry. Note that exactly the same data is
used in all cases. The estimator of the standard deviation for the presented results is not
known. Therefore, it was impossible to judge if the observed effect is just a statistical
fluctuation or if it indicates a serious systematic problem.
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Figure 5.31: The relative asymmetry bias due to the vertex migration.

5.7.2 Vertex smearing

A typical vertex resolution along the beam axis was shown in figure 5.4. A finite vertex
resolution will dilute the measured asymmetry in two ways: events may migrate between
the target cells and from the outside to the inside of the polarized target. The former way
of diluting the asymmetry is more dangerous as the asymmetry bias is doubled compared
to the latter case.

Event migration was studied using the PYTHIA sample. Around 500k events were
generated and 275k events passed the selection criteria similar to those for the real sample
selection, cf. section 5.2.

As the 6PV, , are very small, cf. section 5.2.2, only the migration along the beam
axis was studied. The interaction vertices were generated only inside target cells. The
possibility of the vertex migration to the target cells from the outside was introduced by
the author. This was done in an approximate way.

Results are shown in figure 5.31. The asymmetry bias is small, up to 2-3% for the lowest
x values. Note that the vertex selection criteria were chosen to reduce the migration, cf.
section 5.2.2. For the five highest x intervals the MC statistics was too small to measure
the asymmetry bias precisely. Nevertheless, judging from measurement at lower x, the
migration is expected to be negligible for £ > 0.1. The estimated error of the bias was
taken as a combination of the statistical accuracy and the difference between the results
obtained with the migration from outside sources switched on or off.

The measured asymmetry should be corrected for the vertex migration effect; It was
included in the systematic error. Compared to other sources of the systematic uncertainty,
e.g. R, false asymmetries, etc. the effect of the vertex migration is completely negligible in
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Figure 5.32: Source of < x > bias: small angle scattering. See text for details.

the whole z range, cf. section 5.8.

5.7.3 The < z > bias

In COMPASS the measured z value is directly connected to Q2. For any v and neglecting
the non-zero muon mass Q% depends upon the angle § between the incident and the scat-
tered muon, Q2 ~ sin?%. Since < sin?% >#< sin? >2, in case of small scattering angles a
bias on the measured angle value and thus Q? and z is introduced. The idea is sketched in
figure 5.32. The cross denotes the =0 scattering. The black dot is the # angle between the
incident and the scattered muon, while the large circle centred at the dot is the precision
of this measurement. The shadowed area centred at the cross shows the region where the
measured * would be smaller than the real value. In remaining area the measured Q? is
larger than the true value. The probability that the measured Q? is larger than the true
one is higher than the opposite possibility thus the bias is introduced.

Studies of the < x > bias were made using the MC technique. The same PYTHIA
event sample as in section 5.7.2 was used. Results are presented in figure 5.33. The left
plot shows the mean value of the (Z,ec — Zgen)/Tgen as a function of zy,, where g, is
generated in the MC program and z,.. is the reconstructed value. As expected at low z
the bias is large. The right plot (e — Zgen)/Tgen as a function of z,., might be somewhat
surprising. For a moderate x range the bias behaviour is as expected, i.e. is larger for
smaller z and the maximum of 5% is reached. For the lowest x the bias changes its sign.
A reason for this behaviour is the following: the x distributions have sharp edges due to
the acceptance. It is very unlikely that an event with a very low x appears, most likely
the event had a larger z but accidentally a smaller z value was reconstructed. The same
explanation is valid for the highest = point.

It is worth mentioning that the size of the effect, ~ 5%, for z ~ 10~* was obtained
after weighting the events, cf. section A.4. Using only events numbers the effect would
be around 10%, so twice as large. To explain the difference between the two results let us
note that of all factors in w = fDP, only depolarization, D, can play a non-negligible role
here. High D means high y and small energy of the scattered muon, E’. Let us consider
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Figure 5.33: Reconstruction of x in MC; left: the < x > bias as a function of x generated;
right: the same but for the reconstructed z.

the formula: e /
4
2 . 92

= 2My ~ —————— — 5.15
T=@2My xS iy (5.15)
To obtain the same z value for small E' (i.e. large D and therefore large weight) the 6
angle has to be larger. For a larger angle the expected bias on < sz'nzg > measurement is
smaller. This is why event weighting reduces the observed bias. The reduction of the bias

is not seen in the smallest z region as a different mechanism plays a key role there.

5.7.4 Precision of the £ measurement

The results of the A¢ and g measurement will be presented in a way that one decade of
z is divided into five, equal size'?, intervals. Precision of x measurement decreases with
decreasing of z. The reason is that for low x, means low %, a muon is scattered at small
angle, which is hard to measure. It was interesting to check the magnitude of that smearing
in view of the above choice of x intervals.

The same MC sample was used as in section 5.7.2. In figure 5.34 two variables are
shown; left: dx/x, right: probability that reconstructed and generated = were found in the
same z interval. As expected the lower x the observed x smearing is larger and a migration
of events between bins increases. For the lowest z the migration exceeds 50%.

5.7.5 Target position and target movements

The knowledge of the relative position of the target with respect to the spectrometer is
crucial, as interesting events occur only inside the polarized material. A position of the
reconstructed vertex was investigated in the region of the target holder. In that region there
is no polarized material and therefore the holder was clearly seen. In figure 5.35 distribution
of PV, versus PV, for different PV, is shown. The PV, of the verticies were the following:
top-left PV, € (—100,—85), top-right PV, € (=55, —40), bottom-left PV, € (—30,—15),

10Tn logarithmic scale.
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Figure 5.34: z reconstruction in MC; left: dz/z, right: probability that x is reconstructed
in the same interval as it was generated.

bottom-right PV, € (15,30). The oval structure which in the top-left plot has a maximum
at y = 1.45 cm is the target holder. Knowing the position of the upper part of the target
holder and the target radius the position of the centre of the target can be calculated. As
the PV, increases the target holder moves down wards which indicates that the target is
tilted. Another method used in COMPASS for the target position measurements was a
two dimensional fit of a circle to the vertex coordinates distribution. The position of the
target was given in table 5.1.

The target moves in the up-down direction when the solenoid current is reversed. The
effect is due to interference between SM1 and solenoid magnetic fields. The movement of
the target was measured by fitting the position of the target holder and various other items
attached to the target (screws, wires), cf. figure 5.36. Twelve different points at different
‘2z’ values were measured. Results for all the points are consistent and show that the end
of the target moves by more than 600 ym during the current reversion, cf. figure 5.37. The
target position in the data analysis is corrected for the observed effect, cf. section 5.2.2.
Such a big target movement came as surprise. The whole solenoid moves by about 600 ym
1 while the length of the target is three times smaller than the solenoid’s. It was shown
[127] that due to a target support the target movement can indeed be as large as that of
the whole solenoid.

The observed position of the target changes in time. Origin of these movements is
the alignment stability with respect to the global coordinate system. The observed shifts
during a year are of the order of 500 pm. The target position is not corrected for those
shifts. The main reason is that every data (re-)production may result in a new target
position. It is more convenient to have only one position for the whole year.

1 There were special measurements as well as results of the FI03 movement observed during the alignment
procedure, see section 4.7.3.
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Figure 5.35: The primary vertex distribution for different ‘z’. See text for details.
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Figure 5.36: Vertex distributions for two different solenoid currents. S movement of a
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Figure 5.37: Measured target position shift caused by the solenoid field reversal for different
z positions.
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Figure 5.38: The SMC results for the hadron method bias [11]. A% and A" denote the A;
asymmetries for inclusive and hadron tagged data samples, respectively.

5.7.6 The hadron method bias

In this analysis a presence of at least one hadron in the PV was required. At this point let
us consider the u, d quark fragmentation in the ud reaction. The u, d quarks have different
electric charges, +2/3 and -1/3, respectively. Thus the u has larger probability to fragment
into a positive particle than d into a negative one. Only charged particles leaving the PV
are detected. As the fragmentation probabilities into charged particles for the u, d quarks
are different, the measured asymmetry using the hadron method is biased.

The above mentioned effect was studied already in the SMC [11]. The difference be-
tween the inclusive asymmetry and the asymmetry obtained using the hadron method was
measured, see figure 5.38. The observed bias was found to be small for the deuteron. The
SMC analysis for the deuteron was repeated in COMPASS [128] and the conclusion was
identical. The possible bias due to hadron method was neglected in this analysis.

5.7.7 Bias due to A,

During the A% computation the factor nA, was neglected, cf. equations (2.25). The sys-
tematic error connected to the A, asymmetry was estimated in the same way as in [56]:
the nA, was not neglected and A; was supposed to be equal to 0.05 for the whole x range
but for z > 0.4 where A, = 0.1. The bias is defined as a difference between A¢ obtained
with or without the A, therm. Results are shown in figure 5.39; left: the estimated bias,
right: the bias divided by the statistical error of the A% asymmetry. In the interesting low
r domain, the bias is small but not negligible compared to the statistical error of A4. Tt
was taken into account in the systematic uncertainty of A¢. A similar bias is introduced
when g¢¢ is extracted. The term A, is neglected then. This bias is comparable with the
one discussed above also here it was taken into account in the g¢ systematic error.

5.7.8 Systematic effect in ¢¢ extraction

For g¢, as compared to A¢ measurements, there is one additional source of the systematic
uncertainty: a precision of the Fj structure function measurement. This was already
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Figure 5.39: The estimate of A¢ bias, AA%, introduced due to the neglected term nA, in
the A¢ extraction. The §A¢ is the statistical error on A%,
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Figure 5.40: Uncertainty of depolarization factor for D and D(1 + R).

discussed in section 5.3.6. Here two other possible systematic effects are discussed: the
depolarization factor and the weight in case of g; extraction.

The depolarization factor

The depolarization factor, D, was discussed in 5.3.3. The error of the depolarization factor
was shown in figure 5.9. This error is associated with the R function uncertainty, cf. section
5.3.2.

In the ¢g¢ extraction R appears in the denominator of equation (2.25). Thus instead
of the error of the depolarization factor, one has to estimate the D(1 + R) uncertainty.
This estimate is shown in figure 5.40. Almost in the whole z range, D(1 + R) is much
less sensitive to the uncertainty of R than to that of D. This was expected as the (1 + R)
factor cancels partially with the (1 + R) factor, in the denominator of D, equation (5.2).
Still, at low = the §D(1 + R) plays an important role.
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Figure 5.41: A difference between the g¢ obtained using different weight divided by the
statistical error g¢.

The weight for the ¢¢ measurement

The weight used for the A¢ extraction is w = fDP,. When g¢ is extracted from A¢ the
latter is divided by (1+ R) '? where R is calculated for the averaged z and Q?. Instead of
such a procedure one can modify the weight, wy = fDPy(1+ R). In fact, the modification
is necessary: if two quantities were correlated and only one of them was included in a
weight than the measured asymmetry would be biased, [129]. Here the correlated variables
are D and R.

Results for the g¢ structure function using both weights were compared. The difference
of the two, Ag{, divided by the g¢ statistical error is shown in figure 5.41. The bias was
found to be small in the whole x range but comparable to the P, P, and f uncertainties.

5.7.9 Consecutive versus global configuration

The data sample used for A¢ measurement contains almost 300 million events. Data are
divided into approximately 100 configurations the so called consecutive configuration. On
average, in each configuration there are around 3 million events. COMPASS has different
analyses, where the whole data sample contains only a few thousand events. It is not correct
to divide such a small data sample in many configurations. Usually, for these analyses the
data from a certain data taking period are combined together. This type of data combining
is called “global configuration” One period is typically one week of data taking. During
this time the experimental area is supposed to be closed, which means that quality of
the data collected during the week should not change. In practice, a possible access to
the experimental zone and an equipment failure may influence the data quality. It was
checked how large systematic difference is observed for the data combined configuration-
by-configuration and period-by-period. This can give an estimate of systematic effects in

12For the discussed case Fy/2x factor in equation (2.25) is irrelevant.
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Figure 5.42: A difference between A¢ obtained from the global and the consecutive con-
figurations divided by the statistical error of A%.

the analyses with limited data samples. Results are shown in figure 5.42 where a difference
between A% obtained from the two methods of the data combining divided by the statistical
error of the A¢ measurement is given. The difference between the methods is of the order
of one fifth of the statistical error. No significant asymmetry bias is observed.

5.7.10 Weights and systematic effects

In this section we discuss systematic effects connected to usage of weighted methods for
the asymmetry extraction. Two effects were already mentioned: an event weight must not
contain a variable which changes in time (thus e.g. the P; is excluded from the weight) and
a weight should not contain a variable correlated with another one which is not included
(thus a redefinition of the weight in the g¢ extraction).

One of the effects which was not mentioned up to now is the error of the weight. From
the statistics point of view, the weighted methods are correct only if we know the weight
and not just an estimator of it. Unfortunately, in experiments we only have estimators. In
the case of the depolarization factor at low x, the estimate is poorly known. Using only an
estimator of a weight may introduce a bias and definitely increases the systematic error.
This effect was not included in the systematic studies since there is no known methods of
doing it.

The next effect, which is partially connected to the one discussed above, is the impact
of 6D/D, 6f/f, 6P,/ Py, §P;/ P, and §F,/ F, on the systematic uncertainty of A¢ in the case
of a very small measured A¢ value. For the non-weighted methods, cf. equation (A.21), the
dA; is always proportional to 0D /D, etc. In the case of the weighted methods the situation
is different. If the measured asymmetry is small, changing the weight may even change the
sign of the asymmetry. For such cases the A% error is not proportional to §D/D, etc.

To estimate the size of the effects the function R was changed: instead of R, the R+JR
was used as an input to the depolarization factor. Then the A? p sz asymmetry was ex-
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tracted. The results were compared with the standard A¢ measurement. The procedure
was repeated twice for the weighted and non-weighted methods of the asymmetry extrac-
tion. A relative change of A¢ may be directly compared to dD/D. Results are shown in
figure 5.43 where the case of weighted and non-weighted methods of asymmetry extrac-
tion are presented in upper and lower plots respectively. Clearly, some of the points do
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Figure 5.43: Comparison of different ways of the systematic error estimation for differ-
ent methods of the asymmetry extraction; upper: weighted method, lower: non-weighted
method.

not follow the §D/D curve for the weighted method. The situation is better for the non-
weighted one, where differences between the curve and the points are small. The values of
§A%/ A were checked for the points where there was a large deviation between them and
the expected curve. Results are summarized in table 5.11. One can conclude that in most
of cases the § A%/ A¢ is not proportional to §D/D for rather small A¢/§ A¢ values as it was
expected'®. The described effect was not taken into account during the systematic error
computations as it has negligible impact on the final systematic error which is dominated
by false asymmetries.

3For technical reasons the asymmetries were checked for the “global” configuration and not for the
“consecutive” one. Therefore these results do not coincide with the final results presented in section 6.1.
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x Ad/5A¢
2-10° | -0.15
2.107% | -0.27
8.107%| -0.11

Table 5.11: A¢/5A% for the cases, where large differences were observed between the dif-
ferent methods of the 6D /D estimate, cf. figure 5.43.

5.7.11 The pe data sample

In section 5.2.3 a method of rejecting events from the muon-atomic electron elastic scat-
tering was shown. These events belong to the background but they may be useful for
systematic studies. Pure pe was selected using the cut: —0.002 < ¢f < 0.000, see section
5.2.3. Selected sample contained 2.3 - 107 events and purity about 98%. The expected
asymmetry for the pe sample is 0.0 as free electrons in target cells are all polarized in the
same direction. However, these events are very sensitive to acceptance changes as all the
particles in the final state have to be reconstructed. The electron is usually emitted at a
small angle. This makes the PV reconstruction harder, thus even more bias prone. The
pe data sample has one limitation: all events are concentrated around x ~ 5.5 - 1074

The asymmetry measured for this sample was indeed found to be consistent with zero.
The agreement was better than 1.5 . This is a proof that COMPASS can measure raw
asymmetries with a precision of about 1/v/2 - 107 ~ 2-10~% without a mean value bias. Let
us consider the distribution of pulls, cf. 5.6. Its standard deviation was found to be equal
to 1.50 + 0.07, inconsistent with 1.0. The inconsistency is a sign of a systematic bias. To
estimate it the method described in section 5.6.2 was used. The 95% CL limit is 1.4 044,
thus larger than the statistical error itself.

A raw asymmetry error obtained from the pe sample is about 2 - 107%. For the average
[DP,P;, = 0.07 it leads to the A¢ asymmetry error about 3 - 1073. As it will be shown in
section 6.1, the statistical error of the A¢ measurement in COMPASS is as small as 2-103,
This means that the precision of the A¢ measurement came close to the limit where the
systematic effects play the most important role. The situation is not critical though. It
was mentioned that the pe events are very sensitive to systematic effects, much more so
than typical events used for the A? measurements. Moreover, the correct asymmetry value,
1.e. 0, was found. Therefore it is realistic that the data collected by COMPASS in 2004
and 2006 will further decrease the A¢ uncertainty.

5.8 Summary of the systematic studies

In this section a summary of all the factors which were included in the A¢ systematic
error is given. The method which was used for the final systematic error computation
is presented and discussed. Finally relative contributions of different uncertainties to the
total systematic error are shown.
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5.8.1 Summary of systematic effects

The following contributions to the total systematic error of the A% and g¢ measurements
were included:

e 0P, - beam polarization

e (P, - target polarization

e 0D - depolarization factor

e ) f - dilution factor

e )Ay - Ay asymmetry neglection

e () F,- structure function F5

e dVtx - vertex migration

e Jele - radiative events with converted photons
e JRC - polarized radiative corrections

® 0Ajqse - false asymmetries

For the first four quantities their relative error §X/X is proportional to § A¢/A¢. The
beam polarization uncertainty, §P,/P,, was set to 4%. The uncertainty of the target
polarization, 6 P,/ P, = 5%. These numbers were chosen identical with [56]. For the 6D/D
and 6f/f the z dependence of the error has been taken into account. The results were
presented in sections: 5.3.3 and 5.3.5. The error of the dilution factor is 6-8%, while the
uncertainty of D due to the unknown R function exceeds 100% for the lowest measured
x. The §D/D may thus be one of the dominant factors in the low # domain. Possible
systematic effects due to the neglecting of Ay were found to be small, as expected, cf.
section 5.7.7. The F, systematic error was discussed in section 5.3.6; it does not exceed
20%. The contribution from the vertex migration and the radiative events with converted
photons is small and it was discussed in sections 5.7.2 and 5.2.3. For both cases the error
does not exceed 2%. The uncertainty of the polarized radiative corrections was also taken
in to account, cf. section 5.3.4, but was small compared to other systematic sources.

Finally, the last contribution included in the systematic error is the 95% CL limit for
the false asymmetries. This item was extensively discussed in section 5.6.3. The estimated
limit is proportional to the statistical error of the A¢ and was the largest contribution to
the systematic error of A¢ in the whole z range.

5.8.2 The systematic error estimate

All the systematic effects discussed in the previous section were combined together in order
to get the final error estimate. The formula which was used is:

1
3

5AS e = [(A‘f)2 ((%”)2 + (‘spi:)z + (%)2 + (%D)Z) + (842)% + (8Vitz)? + (dele)? + (JRC)? + (§Aaise)?
(5.16)
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Figure 5.44: The contribution of different sources of systematic uncertainties normalized
to the total systematic error.

A similar formula was used to obtain the g¢ error except that contribution from F, was
taken into account, (A%)?(§F,/F5)? and that the depolarization factor error was taken as
dD(1+ R)/D(1 + R), cf. section 5.7.8.

All the errors in equation (5.16) were added in quadrature. For factors like 0 F, and
0 A tqa1se, such a procedure is incorrect from the statistical point of view as 6F, and 0 A g
are not errors per se. A more correct way would be to divide the systematic error in a few
parts but this would be very inconvenient for the later use of these results and therefore it
was not done.

In figure 5.44 all relative contributions of different uncertainties to the total systematic
error on A¢ are shown. Each contribution is divided by the final systematic uncertainty.
Note that even if the contribution of the given effect is as large as 20% the estimate of
the systematic error after excluding this input would change only by 1 —+/1 — 0.22 ~ 2%.
To conclude: the only important factor which contribute to the final systematic error is:
oA false-



Chapter 6

Results

In this chapter we present the final results of the analysis. The data come from the x
interval 1.6 -10° — 0.6 and Q? interval (10 — 100) GeV?2. They explore almost one order
of magnitude into the unmeasured = interval. For z € (107*—2-107?) previously measured
by the SMC [19] the statistical precision has increased ten times.

Results of the measurement of the spin dependent cross section asymmetry A¢ and of
the spin dependent structure function g¢ are presented at the beginning of this chapter.
Both statistical and systematic errors are given. A breakup of the systematic uncertainties
into different sources, discussed in section 5.8, is given as well. The presented results
are compared to other experiments. Finally, results are confronted with the Regge model
predictions.

6.1 A¢ spin asymmetry

6.1.1 The A{ results

The results for the spin dependent cross section asymmetry A¢ are given in table 6.1 and
in figure 6.1. In the first column of the table the intervals of x in which the asymmetry was
measured are shown. Then < z >, < Q? > and < y > are given. Finally in the last column
the A¢ results are presented. The first number indicates the measured A¢ asymmetry, the
second is the statistical error and the third is an estimate of the systematic uncertainty.

No significant spin effects are observed at low z. The obtained results are consistent
with zero for x < 0.01.

6.1.2 The A¢ systematic error

Estimates of the systematic uncertainties are given in table 6.1 and in figure 6.1. They
were calculated according to the equation (5.16). In table 6.2 contributions to the total
systematic uncertainty from different sources are presented. The z interval and total
systematic uncertainty of the A{ measurement, §A{ are given in the first two columns,
respectively. They are followed by systematic errors associated with different sources,
see section 5.8. As it was discussed there the largest contribution comes from the false

asymmetries.

89
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Figure 6.1: Results of this A% measurement; top: A¢ in the whole measured z range,
bottom: zoom of the low x range. In both figures the error bars mark statistical errors,
the shaded band indicates the systematic ones.
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loglO(z) | <z> |<Q@Q*>|<y> Al

-4.8 —-4.6 | 0.000026 | 0.0024 0.32 -0.001 4+ 0.010 4 0.006
-4.6 —-4.4 | 0.000035 | 0.0040 0.38 | 0.0017 4+ 0.0054 + 0.0055
-4.4 —-4.2 | 0.000051 | 0.0067 | 0.44 | 0.0007 £ 0.0036 &+ 0.0034
-4.2 —-4.0 | 0.000078 | 0.012 0.49 | -0.0027 + 0.0027 4+ 0.0017
-4.0 - -3.8 | 0.00012 0.020 0.53 | 0.0015 + 0.0023 4+ 0.0014
-3.8 —-3.6 | 0.00019 0.032 0.56 | -0.0007 + 0.0022 4+ 0.0015
-3.6 —-3.4 | 0.00031 0.052 0.56 | 0.0045 + 0.0022 4+ 0.0017
-3.4 - -3.2 | 0.00049 0.082 0.56 | -0.0022 4+ 0.0023 + 0.0013
-3.2 --3.0 | 0.00078 0.13 0.55 | -0.0005 4 0.0025 + 0.0015
-3.0--2.8 | 0.0012 0.20 0.54 | -0.0035 4 0.0029 + 0.0022
-2.8--2.6 | 0.0020 0.31 0.54 | -0.0023 + 0.0035 4 0.0025
-2.6 --24 | 0.0031 0.49 0.53 | -0.0007 + 0.0043 4 0.0034
-2.4--2.2 | 0.0049 0.77 0.53 | -0.0067 + 0.0052 4+ 0.0026
-2.2--2.0| 0.0077 1.2 0.52 | -0.0146 + 0.0062 4 0.0033
-2.0--1.8 0.012 1.9 0.50 | 0.0025 + 0.0074 4+ 0.0059
-1.8 —-1.6 0.020 2.8 0.47 | 0.0209 4+ 0.0092 + 0.0066
-1.6 —-14 0.031 4.2 0.45 0.025 £ 0.012 £ 0.009
-1.4 —-1.2 0.050 6.3 0.42 0.007 £+ 0.014 £ 0.008
-1.2 --1.0 0.078 9.2 0.39 0.062 + 0.019 + 0.011
-1.0 - -0.8 0.12 14 0.37 0.099 + 0.026 + 0.020
-0.8 - -0.6 0.19 22 0.38 0.160 £ 0.040 £+ 0.037
-0.6 --04 0.30 36 0.40 0.220 £ 0.073 £ 0.049
-0.4 —-0.2 0.43 53 0.41 0.46 + 0.18 + 0.10

Table 6.1: Results of the A¢ measurement.

6.1.3 The consistency check

As it was mentioned earlier the COMPASS results of A% for Q2 > 1 GeV? were already
published, [56]. The data sample used in this analysis contains also events for which @ > 1
GeV? albeit collected by different triggers. Comparison between the two analyses in the
overlap region was thus a natural data consistency check.

However, even in the overlapping region the present sample sample is not the same as
that of [56]. This is mostly due to the fact that in this analysis at least one hadron was
required in the PV. If this were the only difference then the present data sample would be
a sub-sample of that in [56]. In that case the correlation factor between the samples would

be \/np/Nine, where ny, is the number of events in the present data sample and n;, is the

number of events in the data sample in [56]. Now if we consider the asymmetries measured
in the two analyses, A, and A;,., the correlation factor can be rewritten to a form:

COT‘T(TLh, nincl) =4/ nh/nincl ~ 5Aincl/5Ah (61)

As the correlation factor is known, the error of the difference A, — A;,4 can easily be
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Tog10(z) | 0414, | 0P, | 0P, | oD 3f | 0Asaine | 04 | ORC | dele | oVia
4.8— 4.6 | 0.0061 | 0.0001 | 0.0000 | 0.0009 | 0.0001 | 0.0060 | 0.0000 | 0.0002 | 0.0000 | 0.0000
46— 4.4 | 0.0055 | 0.0001 | 0.0001 | 0.0008 | 0.0001 | 0.0054 | 0.0000 | 0.0002 | 0.0000 | 0.0000
44— 4.2 | 0.0034 | 0.0000 | 0.0000 | 0.0002 | 0.0000 | 0.0034 | 0.0000 | 0.0001 | 0.0000 | 0.0000
42— 4.0 | 0.0017 | 0.0001 | 0.0001 | 0.0007 | 0.0002 | 0.0016 | 0.0000 | 0.0001 | 0.0000 | 0.0000
4.0 --3.8 | 0.0014 | 0.0001 | 0.0001 | 0.0003 | 0.0001 | 0.0013 | 0.0000 | 0.0001 | 0.0000 | 0.0000
3.8 -3.6 | 0.0015 | 0.0000 | 0.0000 | 0.0001 | 0.0000 | 0.0015 | 0.0001 | 0.0000 | 0.0000 | 0.0000
3.6 -3.4 | 0.0017 | 0.0002 | 0.0002 | 0.0007 | 0.0003 | 0.0015 | 0.0001 | 0.0000 | 0.0000 | 0.0001
3.4--32 | 0.0013 | 0.0001 | 0.0001 | 0.0003 | 0.0001 | 0.0012 | 0.0001 | 0.0000 | 0.0000 | 0.0000
3.2 -3.0 | 0.0015 | 0.0000 | 0.0000 | 0.0001 | 0.0000 | 0.0015 | 0.0001 | 0.0000 | 0.0000 | 0.0000
3.0 2.8 | 0.0022 | 0.0002 | 0.0001 | 0.0004 | 0.0002 | 0.0021 | 0.0002 | 0.0001 | 0.0000 | 0.0000
2.8- 2.6 | 0.0025 | 0.0001 | 0.0001 | 0.0003 | 0.0001 | 0.0025 | 0.0002 | 0.0001 | 0.0000 | 0.0000
2.6 2.4 | 0.0034 | 0.0000 | 0.0000 | 0.0001 | 0.0000 | 0.0033 | 0.0003 | 0.0002 | 0.0000 | 0.0000
2.4- 2.2 | 0.0026 | 0.0003 | 0.0003 | 0.0004 | 0.0004 | 0.0025 | 0.0004 | 0.0003 | 0.0000 | 0.0000
22— 2.0 | 0.0033 | 0.0007 | 0.0006 | 0.0006 | 0.0009 | 0.0030 | 0.0005 | 0.0003 | 0.0001 | 0.0000
2.0 -1.8 | 0.0059 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0059 | 0.0006 | 0.0003 | 0.0000 | 0.0000
1.8 -1.6 | 0.0066 | 0.0010 | 0.0008 | 0.0007 | 0.0012 | 0.0062 | 0.0008 | 0.0001 | 0.0001 | 0.0000
1.6 -1.4 | 0.0094 | 0.0012 | 0.0010 | 0.0007 | 0.0014 | 0.0090 | 0.0011 | 0.0002 | 0.0001 | 0.0000
1.4--1.2 | 0.0077 | 0.0003 | 0.0003 | 0.0002 | 0.0004 | 0.0075 | 0.0014 | 0.0006 | 0.0000 | 0.0000
T2-1.0 | 0.011 | 0.0031 | 0.0025 | 0.0017 | 0.0037 | 0.0097 | 0.0019 | 0.0010 | 0.0001 | 0.0000
1.0--0.8 | 0.020 | 0.0050 | 0.0040 | 0.0019 | 0.0058 | 0.017 | 0.0024 | 0.0014 | - -

08— 06| 0.037 | 0.0080 | 0.0064 | 0.0030 | 0.0094 | 0.034 | 0.0029 | 0.0025 | - -

0.6 -04 | 0.049 | 0.011 | 0.0088 | 0.0040 | 0.013 | 0.045 | 0.0034 | 0.0037 | - -

04--02| 010 | 0.023 | 0.019 | 0.0086 | 0.027 | 0.092 | 0.0080 | 0.0036 | - -

Table 6.2: Contributions from different sources to the total systematic uncertainty of A¢.

obtained:

incl incl

8(An — Ainet) = /042 + 6 A2, — 26077 (i, Ninet) S A0 Ay = (/6 A2 — 5 A2 (6.2)

In fact, the data sample n;, used in the analysis was not a sub-sample of the n;,,. The
reason is that in the data sample used in [56] in the class of events where a hadron was
required, the hadron had to have z, > 0.2. This criterium means that the hadron did
not come from the so called target fragmentation region ( corresponds to small values of
z1,) but rather from the so called current fragmentation region (large z;). In the presented
analysis there was no need to use a z, > 0.2 cut and z, > 0.1 was applied instead. The
correlation factor between the two samples had thus to be extracted from the data samples
on the event-by-event basis. It was found to be 0.80 + 0.01. Its x dependence was weak
and therefore neglected.

The results of the comparison are shown in figure 6.2. Due to a large difference between
the size of the errors for the low and high z the pulls distribution (A — An)/6(Aine — An)
is shown. The results obtained in the two analyses are consistent with each other. The x?
is 16 for 12 degrees of freedom.

The comparison was repeated but this time z, > 0.2 cut was applied in present data
sample. The data obtained in this way were a sub-sample of that from [56]. Again the A¢
results were found to be consistent.
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Figure 6.2: Comparison of the A¢ results obtained in this analysis and in [56]. The pulls
distribution (Aincl - Ah)/é(Amcl - Ah) is shown.

6.2 The g{ structure function

6.2.1 The ¢¢ results

In the past, see e.g. [56], the g¢ structure function was obtained from the A% spin asymmetry
by the relation:

91(z, Q%) = Fi(z, Q*)Af(z, Q°) (6.3)

i.e. equation (2.25), where the contribution from the A, spin asymmetry was neglected
and F; was obtained from:

F2(x= QQ)
(1 + R(z, Q%))

In both equations x and @? are the mean values in a given z interval. Extraction of
the ¢g¢ from the formulas above may introduce a bias, cf. section 5.7.8, as the weighted
method of the asymmetry extraction was used for the A¢ measurement. To prevent this
the weight for g¢ extraction was changed into, wy; = fDP,(1 + R). Using it one measures
“an asymmetry” which we denote as: A‘f,(l +R) Then the g¢ is extracted from:

(6.4)

F1($,Q2) = 2%

FQ(ma QQ)

d 2\ ~

Ail,(l-i—R) (z, QQ) (6.5)
here again, x and Q? are the mean values in a given z interval.

For the gf measurement the structure function F3 and the function R, which were
discussed in sections 5.3.6 and 5.3.2 respectively, were used. The values of the g¢ structure
function are presented in table 6.3. The table is organized in the same way as the table
6.1 but instead of A¢ the values of g{ are given. The same results are shown in figure 6.3.
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loglO(z) | <z> |<@*>|<y> g

-4.8 —-4.6 | 0.000026 | 0.0024 0.32 | -0.06 4+ 0.57 £+ 0.34
-4.6 —-4.4 | 0.000035 | 0.0040 0.38 | 0.11 + 0.36 + 0.36
-4.4 —-4.2 | 0.000051 | 0.0067 0.44 | 0.05 & 0.27 £ 0.26
-4.2 —-4.0 | 0.000078 | 0.012 0.49 |-0.23 +0.23 £+ 0.14
-4.0 - -3.8 | 0.00012 0.020 0.3 | 0.13 £ 0.21 £+ 0.12
-3.8 —-3.6 | 0.00019 0.032 0.56 |-0.06 + 0.19 + 0.13
-3.6 —-3.4 | 0.00031 0.052 0.56 | 0.37 + 0.18 + 0.14
-3.4 - -3.2 | 0.00049 0.082 0.56 |-0.17 + 0.17 + 0.09
-3.2 --3.0 | 0.00078 0.13 0.55 | -0.03 + 0.16 £+ 0.09
-3.0--2.8 | 0.0012 0.20 0.54 |-0.11 £ 0.09 £ 0.10
-2.8--2.6 | 0.0020 0.31 0.54 | -0.07 & 0.10 £ 0.08
-2.6 --24 | 0.0031 0.49 0.53 |-0.03 + 0.10 + 0.08
-2.4 --2.2 | 0.0048 0.62 0.43 |-0.11 4+ 0.10 £+ 0.06
-2.2--2.0| 0.0075 0.67 0.30 |-0.17 & 0.11 £ 0.09
-2.0--1.8 0.012 0.73 0.20 | 0.08 + 0.13 + 0.09
-1.8 —-1.6 0.019 0.81 0.14 | 0.08 = 0.20 £+ 0.09

RESULTS

Table 6.3: Results of the spin dependent ¢¢ structure function; measurements at Q? < 1

GeV?2.

o
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10™

Figure 6.3: Results of the ¢g¢ measurement at @* < 1 GeVZ2. The error bars mark statistical

errors, the shaded band indicates the systematic ones.

Note that the g¢ results are shown only for Q% < 1 GeV? thus they are independent from
the results published in [56].
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6.2.2 The ¢¢ systematic error

In table 6.4 the contributions from different sources to the total systematic uncertainty
are presented, cf. section 5.8. Systematic studies of A% and ¢¢ differ in redefining §D and

adding the 0 F; contribution. The main systematic source is the false asymmetry exactly
as for A,

10g10(z) | 041,495 | 08 | 0P, | 0D | Of | 0Ajaise | 043 | ORC | dele | 0F, | oVix
48--46| 0.34 | 0003|0003 | 0044 | 0.004 | 0.34 | 0.001 | 0.012 | 0.000 | 0.010 | 0.002
46— 44| 036 | 0.005| 0.004 | 0.032 | 0.007 | 0.36 | 0.002 | 0.012 | 0.000 | 0.016 | 0.002
44-42]| 0.26 |0.003|0.002 | 0.007 | 0.003| 0.26 | 0.002 | 0.010 | 0.000 | 0.008 | 0.001
42-40]| 014 | 0011|0009 | 0.0l | 0.014 | 0.13 | 0.003 | 0.008 | 0.000 | 0.033 | 0.004
40— -3.8| 0.2 | 0.007 | 0.005 | 0.002 | 0.008 | 0.12 | 0.004 | 0.006 | 0.000 | 0.019 | 0.003
38--3.6| 0.3 |0.003 ] 0.002 | 0.002 | 0.004 | 0.13 | 0.005 | 0.004 | 0.000 | 0.008 | 0.001
36--34| 0.4 | 0018 | 0.015 | 0.014 | 0.023 | 0.12 | 0.007 | 0.002 | 0.002 | 0.053 | 0.006
34--32]| 0.095 | 0.008 | 0.007 | 0.007 | 0.011 | 0.089 | 0.008 | 0.002 | 0.001 | 0.027 | 0.003
32--30| 0.094 | 0.001 | 0.001 | 0.001 | 0.002 | 0.093 | 0.009 | 0.004 | 0.000 | 0.004 | 0.000
3.0--2.8 | 0.097 | 0.005 | 0.004 | 0.004 | 0.007 | 0.067 | 0.006 | 0.003 | 0.001 | 0.069 | 0.001
28 26| 0.077 |0.003|0.003 | 0002 | 0.004 | 0.072 | 0.008 | 0.005 | 0.000 | 0.026 | 0.000
2.6 -2.4 | 0.081 | 0.001 | 0.001 | 0.000 | 0.002 | 0.080 | 0.008 | 0.006 | 0.000 | 0.007 | 0.000
24— -2.2 | 0.060 | 0.006 | 0.004 | 0.001 | 0.007 | 0.053 | 0.010 | 0.005 | 0.000 | 0.024 | 0.000
22— -2.0 | 0.087 | 0.009 | 0.007 | 0.000 | 0.010 | 0.078 | 0.011 | 0.003 | 0.000 | 0.035 | 0.000
20— -1.8 | 0.086 | 0.004 | 0.003 | 0.000 | 0.005 | 0.084 | 0.012 | 0.001 | 0.000 | 0.014 | 0.000
18— -1.6 | 0.094 | 0.004 | 0.003 | 0.000 | 0.005 | 0.092 | 0.012 | 0.001 | 0.000 | 0.011 | 0.000

Table 6.4: Contribution from different sources to the total systematic uncertainty of g¢.

6.3 Comparison with other experiments

The A¢ asymmetry and the ¢¢ spin structure function have been measured by several other
experiments: E143 [13] and E155 [15] at SLAC, HERMES [17] at DESY, SMC [11], [19]
and COMPASS [56] at CERN.

The z interval measured by these experiments was 0.0001 — 0.8. All were (are) fixed-
target ones. Therefore the Q% values are strongly correlated with the x values. Comparison
of results from different experiments is shown in figures 6.4 and 6.5. The values of the A¢
and the zg? all with statistical errors are presented. For the A% values measured in the
experiment are shown. The situation is more complex for the g¢. For COMPASS, HERMES
and the E155 experiments measured values of the g¢ are given. The same is for the SMC
data from [19]. For the two remaining, the g¢ values were evolved to a Q2 value common
for each experiment, using the DGLAP formalism. In the case of the SMC [11], it was 10
GeV? and 3 GeV? for the E143. Results presented in this thesis are in agreement with the
results from the previous experiments. There is a large reduction of the A% error at low
x as compared to the SMC; the only other measurement there. The new measurements
confirm that the spin effects at x < 0.01 are small.
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Figure 6.4: The comparison of the A¢ spin asymmetry measured by different experiments.
Errors are statistical.
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6.4 Regge model tests

The Regge model predicts the following behavior of g¢ in the Q% << W? (or low z) limit,
see section 2.2.6:

91(2,Q%) ~ B(Q%)z ) (6.6)

where the index 4 corresponds to the flavour singlet and non-singlet combination of ¢}
and ¢7'. The structure functions are defined per nucleon, therefore the following expression
holds: g7 = g¥+g7 ~ 2¢¢. The ;(0) are intercepts of the corresponding Regge trajectories.
They depend only on the trajectory quantum numbers. The expectations of the model are:
—0.5 < agns < 0. Since COMPASS used a deuteron target, only g7 can be compared to
the model expectation.

The Regge model gives only predictions for the z dependence of g¢. Therefore a fixed
@? has to be assumed to perform the tests of the model. The data from the Q? range
2.5-107% —2.5-10"* GeV? were used. This range was divided into six sub-intervals where
the Q? was assumed to be constant. In each sub-interval of Q? a few intervals of z have
been selected. In all intervals the g¢ structure function was extracted from the data. Fits
were performed using the function ¢%(z, @?) = B(Q?)z~*s(®). Results were very unstable.
Depending on the starting value of the fitted parameters the final value changed by a factor
2-4. This instability came from the fact that 5(Q?) and o;(0) are highly correlated. The
stability of the fit increased when more x intervals were chosen in the sub-interval of Q2.
Finally 8 intervals of = were used but the obtained results were still unsatisfactory.

Another idea to compare results and predictions originated from the alignment program,
where all the parameters are obtained simultaneously. Instead of separate fits for the six
sub-intervals of Q? the fit was performed simultaneously in all of them. Six values of 3(Q?)
were fitted and only one ag(0). The results of the fit are given in table 6.5. Values of
a;(0), x* and x? — x?2,, are shown where x2. is a minimal value of x? observed in the fit.
Number of degrees of freedom was everywhere 28.

as(0) | X* | X° — Xinin
050 [197 ] 15
025 [203] 21
0.00 | 195 | 1.3
0.02 | 189 | 07
0.05 | 185 | 04
0.07 | 182 | 00
0.08 | 182 | 00
010 | 187 05
015 | 272 | 9.0
0.20 | 585 | 40.3

Table 6.5: The x? values obtained in the Regge model tests.

The minimum of the x? is for the a;(0) from outside the range predicted by the Regge
model. Positive values of a,(0) larger than 0.15 can be excluded at the 30 level. In the
case of negative values, which are predicted by the model, the results are inconclusive. All
the negative values of a(0) are consistent within 1.5 standard deviation with a,(0) = 0.08.
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Observe that the x? distribution of the fit results is not parabolic around the minimum.
Using only the standard method of the error estimation one would get the following result:
a,(0) = 0.0870:07. This would allow to exclude wrongly a,(0) < —0.13 at 3 sigma level!

The main reason why the test failed is the limited, too narrow, z interval for a given
Q?. The z values change only by a half of the order of magnitude. The same situation is
in other fixed target experiments. It seems unlikely that data from different experiments
can be used together in such a test as systematic effects would then play a key role. The
situation would be different in an electron-proton collider, where a larger phase space would
be available. Such a test may be possible in the future eRHIC machine [60].



Chapter 7

Summary and Outlook

“A world without spin would collapse”, [130]. The spin physics is used in many fields: e.g.
in natural sciences where a transition between energy levels of hydrogen 13S; and 115
is used to measure its abundance in the Universe, in medicine in the Nuclear Magnetic
Resonance and finally even in financial trading [131].

COMPASS is an experiment at CERN which investigates internal structure of nucleons.
One of the aims of the experiment is to better understand their spin properties. The
collaboration consists of about 240 physicists from 11 member countries. COMPASS uses
a polarized muon beam of 160 GeV energy and a polarized 5LiD target.

Information about internal structure of nucleons is included in the so called structure
functions. These functions are universal: they can be measured in one process and used
in another. Therefore it is so important to know them at any z and Q%. The unpolarized
structure functions, especially F5, are precisely measured. Contrary to that the polarized
structure functions are poorly known. One of them, ¢, can be measured in COMPASS.
This function is very interesting as fol g1dzx gives information about how much of the nucleon
spin is carried by quarks.

The region of low z is especially interesting as new phenomena are expected there,
e.g. a parton saturation. The g; behaviour at low x is governed by double logarithmic
corrections: (n?(1/x), which makes it more sensitive than the F, to the BFKL effects,
which are searched for since several years. All experiments which so far measured the g,
were fixed-target ones. This means that small values of x are reached simultaneously with
small values of Q2. For most of the COMPASS data at low x the values of Q? are below
1 GeV2. These data cannot be used in the QCD analysis, nevertheless, as it was stated
above, the knowledge of structure functions is important for any Q?. Moreover physics is
continuous; we must understand the region from photo-production, Q? = 0 GeV?, to DIS,
Q? > 1 GeV2. Data at low Q? help a lot since they can be confronted with predictions
concerning the g; behaviour at low z and fixed Q? as well as with models describing non-
perturbative (i.e. low Q?) effects.

In this thesis the results of the spin dependent cross section asymmetry A¢ and spin
dependent structure function g¢ measurements in COMPASS were presented. Only the
data collected in 2002 and 2003 were used. Measurements were performed in a wide
kinematic range, z € (1.6 - 10° — 0.6), @* € (1072 — 100) GeV?. For the g¢ studies the Q?
range was restricted to Q? < 1 GeV2. No significant spin effects were observed in the A¢
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below x = 0.01. The spin asymmetry in this region was consistent with zero. The results
were confronted with the Regge model predictions but the comparison turned out to be
inconclusive. For z < 0.002 the statistical errors of the A? and the g¢ were reduced 10 times
compared to results of the SMC, so far the only experiment which measured the A¢ and
the gf for < 0.01. COMPASS also explored the unknown region of z € (1.6-107°—107%).
The observed systematic errors of the A¢ and g¢¢ at low x are at the same level as their
statistical precision. Using more COMPASS data from the 2004 and 2006 runs, will further
reduce the g¢ uncertainty even at low x. Unfortunately it seems that at present there is
no other experiment which would be able to independently confirm the COMPASS results.
The region of low z at both low— and high Q% might be explored at the future eRHIC
collider [60] which should start to operate around 2020.

The spin structure of nucleons is presently investigated in other experiments: PHOENIX
and STAR at RHIC, HERMES at DESY and several experiments at JLAB. At this mo-
ment the most important studies are those concerning the “spin-crisis”. The EMC dis-
covered that only a small part of the nucleon spin is carried by quarks. The rest may be
carried by gluons, AG, or by angular momentum of quarks, L,, and gluons, L,. Many
experiments try to determine AG. The recent measurement of AG/G from COMPASS,
AG/G =0.024£0.089+0.057 [132], suggests that gluons do not carry much of the nucleon
spin. Experiments at RHIC will probably measure AG more precisely. Various process
connected to AG can be investigated there e.g.: p+p — g+ q¢ — v+ jet + X. Due to
technical and theoretical problems so far the obtained results are very preliminary.

Assuming that AG =~ 0 the spin crisis remains. It was pointed out that L, may be
accessed through the so called deeply virtual Compton scattering, e.g. v*p — ~yp [133].
COMPASS as well as experiments from other laboratories i.e JLAB, DESY and SLAC is
planning to measure this process soon.

Many physicists associate the future of high energy physics with discovering physics
beyond the Standard Model (SM). It is an important motivation for building the LHC and
possibly also eTe™ linear colliders. However, a new physics is not only discovering the new
particles. In searching for it spin experiments can play an important role.

Anomalous magnetic moment of the muon (a,) due to radiative corrections is sensitive
to physics beyond the SM. Presently the value measured by the E821 Collaboration (BNL)
is 2.7 standard deviations away from the SM expectation [134]. A new experiment, E969
(BNL), will reduce the error of a, by a factor of 2.5 compared to E821.

One can measure the weak mixing angle in e.g. Mgller scattering. The expected asym-
metries are very small, of the order of ~ 10~7. The results of E158 Collaboration (SLAC)
confirm that sin20%/7 is Q2 dependent [135]. However, it agrees with the SM predictions
and gives limits for masses of super-symmetric particles.

To conclude: the spin physics is an interesting subject. In the next few years new
important results are expected. Hopefully, they will help to solve some mysteries of the
spin.



Appendix A

Methods of asymmetry evaluation

Details about different methods of asymmetries evaluation are given here.

A.l Observed events and the cross-section

The total available data sample for the A% measurement exceeds 300 million events. These
events were collected in two years of data taking. The total number of collected events
depends on:

e the beam flux, ¢, which corresponds to the number of incident muons, crossing the
target;

e the number of scattering centres, n; these are all the nucleons in the target;

e the total acceptance of the spectrometer, a, which is a probability of observing an
interaction, occurring in the target. The acceptance depends on several variables like
z and Q?, PV,, and may vary with time;

e the differential cross-section d?c/dzdQ?.

The acceptance variation with time may introduce false asymmetries. As the target
moves, the number of the scattering centres is not constant within the target cuts. This
also introduces false asymmetries. Assuming that both the acceptance and the number
of scattering centres are constant over the observation (integration) time, the observed
number of scattering events, N, is:

d’o -
N= /agbn <W> dé (A.1)

where [ dg denotes integration over variables like =, @?, PV, etc. The beam and the target
are polarized. The above expression can be rewritten so that the helicities of the beam and
of the target are explicitly indicated. For simplicity the differential cross-section d?c/dzdQ?
will be denoted by o. The arrows o!T, o™, o™, ¢'nt indicate the relative spin orientations
of the beam and the deuteron target. As only a relative spin orientation matters, the
following expressions hold: ¢'" = oW, o™ = o', 10 = 510,
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N = /dga [(qﬁnT + ¢tn)o™ + (¢Tnt + ¢otnT)o™ + (97 + ¢H)nlo ™ + (47 + oY) Znia_i (A.2)

where the >, n;d; is a sum over all elements in the target but deuteron. As most of these
elements are nonpolarizable, a spin average cross-section, &, is used. Let us rewrite the
above equation as

N = [d€ a[(¢™nt + ¢tn*) (011 /2 + o™ /2 + 0T /2 — o™4/2)+
(¢t + ¢*nl)(o™/2 + o™ /2 + 0™ /2 — 01T /2)+ (A.3)
(8" + ¢4)n°™ + (8" + ¢*) 32 nidi
Now assuming that o1 = (o™ + o™)/2 = 5 we get
N = [dE a[(¢" + o) (n' + nt + n®)a — (¢Tn! + ¢*n¥)(o™/2 — o™ /2)+

(A.4)
(¢'n* + ¢*n?) (0™ /2 — o™/2) + (¢7 + ¢*) 32 iG]

(6" + ¢¥) = ¢ is a total flux and (n' +nt+n°) = n is a total number of polarized scattering
centres

V= [ alono (6 - )0t i)t 2=+ 6 ] (a5)

If we introduce the beam and the deuteron target polarizations:

¢T _ ¢¢ nt —nt
P, = P=——— Al
(s A (4.6)
and define the measured asymmetry:
Aﬁ = (o™ = o™ /(o™ + o) (A7)
then we can rewrite the equation (A.5) in a simpler form:
N = / d€ a [qﬁn& — ¢no P,PAT + ¢ Z no] (A.8)

Finally if we introduce the dilution factor (cf. section 5.3.5) and use approximate formula
Aj ~ DAy, see equation (2.25), the final form of the equation (A.8) becomes:

N = / d€ agno [1 — fDPPATL] (A.9)

Here the AgT) is the spin dependent cross section asymmetry; the ‘7" is in brackets as
usually radiative corrections are included in the dilution factor, see section 5.3.5. In that
case the A; asymmetry is extracted. If a simple dilution factor formula, i.e. equation (5.6),
is used then the AT can be extracted.
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A.2 The 1st order method of asymmetry extraction

Let us consider the expression (A.9) as a tool for the asymmetry determination. We assume
that f, D, P, and P, are approximately constant.

A1 = [1 - _,N
[ d€ apno
In COMPASS the incident flux is known with a precision of about 10 %. Thus 0A4; ~
0.1/ < fDP,P, >> 1.0, where < fDP,P, >~ 0.07 has been assumed, cf. section 5.2. The
error of the asymmetry is large and its precise measurement is not possible in this way. To
achieve a high precision measurement of asymmetry the flux and the cross-section should
cancel out. Let us consider the ratio:

1
<f><D><P,>< P, >

(A.10)

Nu_Nd

A'raw = X . A
Nu + Nd

(A.11)
where N,, Ny are the numbers of events observed in the upstream and the downstream
target cell, respectively. The muon flux is in general not the same in the two cells but the
equality can be assured during the data selection, cf. section 5.2.2. Now, if we consider a
small interval of z, Q* where a, 4(z, Q?, PV,), fua(z,Q%), D(y, Q?), etc. are approximately
constant the cross-section and the flux which are hidden in equation (A.11) will cancel
out. This works only in a small x, Q? interval because the integral in (A.9) is in general a
convolution of o(x, Q?), a(z, Q2, PV,), f(z,Q?), D(y, @?), etc. Using the expression (A.9)
we can rewrite (A.11) in the following form:

(ayny — agng) — fDPy(ayny Py, — agngPy) Aq

A'/'ww -
(ayny + agng) — fDPy(ayny Py + agngaPy)A;

(A.12)

Let us introduce r = a,n,/agng and neglect the second part of the denominator:
fDPy(ayn, Py + agngPy)A;. The neglected term is small as fDP,P,A; is usually < 0.1
and P, ~ —P,;. Note that f, = f; was put for simplicity.

_r—1_<f><D><Pb>(rPu—Pd)
T r41 r+1

Al (A.13)

raw

and

1 1 1
A, (T

= A7"aw_
<f><D><Py>< P, > < f><D><Py><P,>\r+1

) . (A14)

here < f >, < D > and < P, > are the mean values of f, D in the =, Q? bin and < P, >
is defined as

P P
< p oo TBLE IR
r+1

If r =1 then < P, > becomes an arithmetic average of the |P;|. For the case f, # fq we

can define:
Tfu|Pu‘ + fd‘Pd‘
r+1

In the expression (A.14) A; is a linear function of A4, therefore this method of the
asymmetry extraction is called the 1st order method.

(A.15)

< fP >= (A.16)
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The error on A; extracted from equation (A.14) can be derived from the standard error
propagation. It is assumed that r is known precisely and d N; = \/N;

1 AN, N,
0A; = A7
! < f><D>< P, >< P>\ (N, + Ny)? ( )
if N, &~ Ny then 4N, Ny =~ (N, + Ny)? and equation (A.17) simplifies to a form:
1 1
5A, (A.18)

:<f><D><Pb><Pt> (Ny + Ny)

The A, is finally not proportional to A4,. There is an additional term ~ (r—1)/(r+1)
which biases the measurement. That term is called a false asymmetry. In principle r can
be determined from the data e.g. when the target was not polarized but this solution is
inconvenient. A way of overcoming the r problem was found already in the EMC [7],
[8]. The polarization of cells cannot be fixed but it should be reversed regularly. The
data before and after the polarization reversal have to be combined. Let us consider the

measurements:

N, — Ny _ N, — Ny

A = - JANAP— i B A.19
raw Nu + Nd Taw Nq/}/ + N(Ii ( )
then the A, is given by:
1 Apgw + A! 1 r—1 r'—1
A, = row __ _ A2
' <f><D><PB,><P > 2 <f><D><Pb><Pt>(r+1 r’+1)( 0)

To assure that false asymmetry is zero or small, it is enough to fulfill /7' = 1. It
is much easier to achieve than the » = 1. In addition r does not need to be known at
all. This is a large benefit as any r determination would have a finite precision and this
would introduce an additional uncertainty to the asymmetry measurement. In fact this is
especially important for the A; measurement at the low x and low Q? where the asymmetry
is expected to be small and therefore r would have to be measured very precisely.

Stability of the COMPASS apparatus before and after the field reversal

A few remarks on the stability of r/r" in COMPASS case are in place here. As it is dis-
cussed in section 5.7.5, the COMPASS target moves during the field reversals. This may
introduce an asymmetry bias as the number of the nucleons within the target cuts changes.
To prevent this situation the target cuts are changed (cf. section 5.2.2) depending on the
analyzed target configuration. The second possible problem is the Lorentz effect discussed
in section 4.6. Due to this effect the same track might have different reconstruction proba-
bilities depending on the solenoid field direction. Also some detectors move during the field
reversals. This affects the reconstruction efficiency and may lead as well to an asymmetry
bias. Due to the detector movement two different alignment files are needed for further
reconstruction. As the alignment method is not fully automatic this leaves a chance for a

“human error”. The false asymmetry estimation is the key issue for the measurement of
A?, g% in the low z, Q2.

The 1st order method of the asymmetry extraction cont.

Equation (A.20) together with the assumption /7" = 1 becomes:
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1 N, — N, N! — N!
A = 4 _ T d (A.21)
2<f><D><Py><PFP,>\N,+N;, N!+ N
and the error:
1 1 1
0A; = A.22
! 2<f><D><Pb><Pt>\/Nu+Nd+N{L+Nc'l ( )

The above equations give the simplest estimation of the A% asymmetry and its error.
The presented method has at least three drawbacks: i) it should be used only for a mea-
surement of small asymmetries, i) the r should not be very different from one; assumptions
i) and 4i) are needed to assure that the factor which contains A; in the denominator of
the equation (A.12) can be safely neglected and finally ii7) some information is lost since
the quantities f, D, P, are measured on the event-by-event basis whereas in the equation
(A.21) only mean values are used. Regaining the information would reduce the §A;.

Improvements of the 1st order method

In this section a brief discussion of improvements of asymmetry measurement is given.
More detailed information can be found in [129],[136].

In equation (A.12) one of the terms in the denominator was neglected. This permitted
a linearization of the A; — A,4, dependence. The asymmetry measurement can be more
accurate if the mentioned part of the denominator is not neglected but when two data sets
Arew and A’ are combined instead. The derivation of formulas is skipped. The final

raw
results are presented:

(1+7)? 1 N,—N; N, - N
Al == - 7 (A23)
dr 2< f><D><P><PFP,>\N,+Ng; N+ N,

1 2 1 1 1
54, = | LET) + : (A.24)
dr 2< f><D><P,><PFP,>\|\N,+Ng N+ N
Observe that the < P, > definition now becomes:
1
<P, >=-(P,+P;+P,+P) (A.25)

4

In the » = 1 case the simplest method and the updated one give the same results. If r # 1
then there is a correction factor; moreover if r strongly deviates from 1, we can estimate
if the precision of ér is sufficient not to bias the asymmetry. This was impossible for the
simplest method. The new method requires a precise knowledge of r if it differs much from
1. This inconvenience can be removed by redefining of the counting asymmetry:

Ny — TNy

A1"aw v Ie— A.26
Nu + ’I"Nd ( )

where 7 is the estimator of r. Finally one gets:
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o (L 1 N,— Ny N, —7N, (a2
"YU 4rfi 2<f><D><P,><P,>\N,+7N; N.+#N| '
(1 +r/7)? 1 1 1
0A; = A28
! Arfi  2< f><D><P,><P,> Nu+de+quL+7:N,Ij (A.28)

As an example let us compare the described methods for » = 0.30 4+ 0.03. Using the
simplest method we do not even know that we obtained a biased asymmetry. If we use the
updated method then the correction factor becomes (1 + 7)?/4r = 1.41 + 0.08. Therefore
independently from the event statistics we cannot extract A; with a relative precision
better than ~ 6%. Finally, if we use the method with redefinition of the counting rate,
the possible bias is (1 +r/7)%/(4r/7) = 1.000 & 0.002, thus reduced by a factor of 40. The
assumed value r = 0.3 seems to be a small number but it may indeed be found in the data.

The advantage of the 1st order method is its simple, intuitive character. Yet, in some
cases this method gives wrong results. Two updates of the method were presented. At least
one of them strongly reduces the bias and can be used in a wide range of A; and r values.
This updated method still has drawbacks, i.e. the r value has to be known a priori and
the method losses its intuitive character. In fact, the simplest solution is not to skip any
part(s) of the denominator, in e.g. equation (A.12), but to solve the 2nd order equation.
Before this case, called 2nd order method is discussed, another attempt to improve the 1st
order method by using weights will be considered.

A.3 Weighted 1st order method

As it was mentioned before in the 1st order method only mean values of < f >, < D >,
< P, > and < P; > are considered. This is not an optimal solution as far as the statistical
error is considered. A more effective approach is a computation of f, D, P, and P; on the
event-by-event basis. Let us assume a (z, @?) bin in which:

1 N, — N,
A = ( d) (A.29)
<f><D><P,><P,>\N,+ Ny

1 1
< f><D><Py>< P>\ (N,+ Ny

5A, (A.30)

Now we divide this bin into 7 sub-bins. We assume that in the sub-bin 7 we have
(< f><D>< P> <P >),

. 1 Ni _ Nz'
Al = u d (A.31)
(< f><D>< P, ><P,>); \Ni + N

. 1 1
0A: = . . A.32
' (< f><D>< P, >< P >); | (Ni + Nj) (A.32)

In that case the A; asymmetry will be weighted as an average of A% measurements:
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_ Zi iy

Ay T
2 AT

(A.33)

—1
1
0A; = — A.34
1 ( > (5A3)2) 420
Hence:

N.—N; i i
) i (< <ps <A <R, (Nzﬂvg) (< f><D>< Py >< B> (N, + Np) A
' Zi(<f><D><Pb><Pt>)f(Ng+N(§) (4.35)
5A, — Yi(< f><D>< P, >< P, >);(Ni — NY) (A.36)

Yi(< f><D>< Py>< P, >)}(Ni + N})
Each sum in the above equations above can be performed separately, thus we can divide
our data sample in such a way that in each sub-bin there is only one event.

_ X"(fDRP); — )4 (fDPRY);

= (A.37)
SY(fDRP)? + S (fDP,P.)?
The error of the weighted asymmetry can be rewritten as:
5A = ! (A.38)
S (fDPRP)? + 334(fDPP,)? '

The fDP,P, is usually called a weight and denoted as w. Note that the derived formulae
are simplified, as the data combining before and after the field reversal was not included.
The correct formula can be found easily as:

4L (2?“ (w), = X (w); _ T (), = 2" <w>j) (4.39)
P79 | Mu(y)2 Ni (11)2 N ( N2 N2 '
2 (w)a +2; (w)J 2 (w)g +2; (w)g
1 1 1
A == + - - A .40
' 2¢z%wwa+z%aw§ SN (w)2 4+ X5 (w)? (440

From the statistical point of view the fD P, P; weight is optimal as it gives the smallest
statistical error. Unfortunately, from the point of view of the systematics this is not so. As
the weight is computed for every event, it is necessary that the mean value of the weight is
the same before and after the polarization reversal. If it is not then in the equation (A.20)
the part with 7,7’ does not cancel and false asymmetries appear [129]. In the COMPASS
case P, cannot be used in the weight. Many times during the data taking the polarized
target is not in the frozen spin mode but it is still being polarized. In fact the problem
with a constant weight was first found by the SMC. Large false asymmetries in some parts
of the data were observed. After excluding P; from the weight they disappeared. Therefore
a correct weight for a COMPASS case is w=fDP, . As for the target polarization
the mean value, < P, >, has to be used.

In the previous section some improvements of the 1st order method from the point of
view of r and A; value were presented. All these formulae can be replaced by weighted
ones. The replacement is intuitive.
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A.4 Averages of kinematical variables

Quantities like Q?, z, y often have to be averaged in the analysis. The convention used here
is the following:

N Xi(6A)72 SN XN w?

<X >= S >V w? (A.41)

where w = fDP,.

A.5 The 2nd order method

In this section a brief description of the 2nd order non-weighted method of the asymmetry
extraction is given. The starting point is again the expected number of events for two data
sets taken before and after the field rotation.

Ny = [ d€audn,o(1 + fuDPPAL) = au(1+ B, A1) (A.42)
Ny = / d€aadnas (1 + f1DPPIAL) = a(1 + BaAy) (A.43)
N = / déal ¢'n'5(1 + fuDPPIAL) = (1 + B.A,) (A.44)
N, = / déa,d'n'o(1 + faDBPIAL) = oly(1 + BLA,). (A.45)

where E denotes the integration over all variables (z, Q*, PV, etc.). Note that the fluxes in
the upstream and the downstream target cells are assumed to be the same. Here fDP,P, is
denoted as [ not as w to avoid confusion with a weight. The integrals above are equivalent
to:

N; =< a; > (14 < f; >)A1/¢nu6d§ (A.46)
where the average acceptance:
J aigniGdé
i >= A.47
< >= (A.47)
and the average < [ >
ipniodé 3 B
< g oo L Bioniods X B (A.48)
[ oniodg N
An interesting quantity is following ratio of the observed yields:
N, N,
0= NN (A.49)
5 [ ¢n Gde [ ¢mede < ay >< dy > (1+ < Bu > A1+ < B, > Ay) (A.50)

[ ¢ngod€ [ gnladé < ag >< al, > (1+ < fa > A)(1+ < B, > Ay)
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The ratio of the integrals and acceptances can be approximated by 1, hence:

(< By > A1+ < By > Ay)
0= (I+ < Ba>A)A+ < B > Ay) (A.51)

This leads to a second order equation for the asymmetry extraction:

aAl +bA; +c=0 (A.52)
where:
a=0<Bl ><Byg>— < By ><Ba> (A.53)
b=0(<B,>+<Ba>)— (< Bu>+<pa>) (A.54)
c=6-1 (A.55)
Then if a # 0
A = —b+ \/21;2 — 4ac (A.56)

or in the case of a = 0: A; = —c/b. The the error if A; ! is given by:
1
< B> \/Ny+ Ng+ N, + N;

Contrary to the 1st order method, r does not need to be known at all. Even small
values of r do not introduce any bias.

5A1 -

(A.57)

A.6 The 2nd order weighted method

Weighting can be introduced in a natural way into the 2nd order method. The optimal
weight would be fDP,P, but because of the reasons discussed in section A.3 the target
polarization has to be removed from this expression. Following the formalism from the 2nd
order method we get:

N;
b = / w@NdE~ S w; (A.58)
J
and o
< A >p= M (A.59)
Jwon;odé
_ .= N; A,
< By >y LOIMOdE By b, (A.60)
Jwon;adé Di
The ratio ¢ is now defined as:
Puly
§ = Luld (A.61)

Papy
After similar assumption as in the 2nd order method we get:

'Here we assume N, & Ny~ N/, ~ N).
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aA? +bA+c=0, (A.62)
here:
a=10<B >u<Bi>w— < By >uw< Bi >uw (A.63)
b=06(< B, >0+ < Ba >w) — (< By >w + < B >w) (A.64)
c=06-1 (A.65)
fora #0
N/~ )
A, = 0EVY —dac (A.66)
2a
or in the case of a = 0: A; = —¢/b.// The error is now

/ 1

which means that it is reduced by a factor \/ < B>%/ < >2% compared to the non-
weighted method. The above formula is in fact an approximation for the case where
N, =~ Ny = N ~ N). The second order weighted method of the asymmetry
extraction was the main method used in this analysis.
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