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Abstract

This work describes the analysis and the results of the COMEFS collab-
oration on the measurement of the gluon polarization G=G in the nucleon.

Inclusive polarized deep inelastic scattering experimentrevealed that
the spin or helicity contribution of quarks to the nucleon sm is surprisingly
small. Typically valuesof =20  30% are found in contrast to much larger
values of approximately 75% predicted by quark models. In piciple quarks
and gluons can contribute with their spin and orbital angulamomentum to
the nucleon spin of £2. This leads to the intuitive sum rule

% = % + G+ Lg+ Lg;

where s the contribution of the spin of the quarks, G the contribution
of the spin of the gluonsL 4 and L4 the respective contributions of the quark
and gluon orbital angular momentum.

Next-to-leading order (NLO) QCD analyses of inclusive datpoint to one
possible solution {g this so called spin puzzle: A large heily contribution of
the gluons G = 01 G(x)dx would lead to values of compatible with
the values found in quark models. This is one of the motivatits to measure

G.

Experimentally this quantity is accessible via the measuneent of dou-
ble spin asymmetries in two di erent processes: The rst ones open charm
production which provides the cleanest and most direct measment. The
second method is the production of hadron pairs with large @ansverse mo-
mentum. It has a higher statistical accuracy but is a ected lg a larger model
dependence. In this work special emphasis is put on the ansily of the open
charm data where a new method is developed to simultaneouslgtermine
signal and background asymmetries.

COMPASS results indicate that the helicity contribution ofthe gluons to
the nucleon spin is small at a gluon momentum fractioxy  0:1. This is
con rmed by other experiments and NLO analyses of inclusivdata. Large
values of G of 2-3 are basically ruled out.
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Chapter 1

Introduction

The matter we are composed of consists of protons, neutronsdaelectrons.
Our present knowledge indicates that electrons are poinike particles with-
out any substructure, whereas protons and neutrons, alsolem nucleons,
have a complex substructure. The aim of this work is to invegjate a special
aspect of this structure, namely the polarization of gluonmside the nucleon.

A nucleon consists of quarks and gluons. Both particles caorndribute
to the nucleon spin of 1/2 with their intrinsic angular momenum, their spin,
and their orbital angular momentum. This leads to the followng sum rule

%:% + G+ Lg+ Lg; (1.1)

where s the contribution of the spin of the quarks, G the contribution
of the spin of the gluonsL 4 and L4 the respective contributions of the quark
and gluon orbital angular momentum.

Quark Models predict 0:75 and a simular value is obtained from
an analysis of axial matrix elements of baryon decays. This in contrast
to much lower values of 0:25 found in polarized deep inelastic scat-

tering. A possible explanation for this rather large di eréce is a large spin
contribution of gluons, G.

The results of the COMPASS experiment at CERN on G will be pre-
sented in this work. Chapter 2 introduces deep inelastic stering as the
basic tool to study the spin structure of the nucleon. Chapte3 reviews the
so called nucleon spin puzzle, i.e. the discrepancy betwesmall values of

found in polarized deep inelastic scattering and values o 0:75
predicted by quark models. One possible solution to this sppuzzle would

3



4 Introduction

be a large value of G. Ways to measure G are presented in Chapter 4.

Chapter 5 describes the COMPASS experiment. Chapter 6 expia the anal-

ysis, i.e. the steps from reconstructed events to the nal Yae of the gluon

polarization G=G. Special emphasis is put on the analysis of the open

charm data set which provides the most model-independent murement of
G=G.



Chapter 2

Deep Inelastic Scattering

The main tool to study the (spin) structure of the nucleon is éep inelastic
lepton-nucleon scattering, considering the following sttaring process:

I+ N 194+ X: (2.1)
A lepton (l) scatters o a nucleon (N). In the nal state, either
only the scattered leptonl® (inclusive process), or
part of the hadronic nal state X (semi-inclusive process),

are observed.

This process is calledleep inelastic , if the mass of the hadronic nal
state My is larger than the masses of the nuclear resonances, M.
W ? 2 GeV. Most of the material presented in this chapter can be déod in
text books like [1, 2].

2.1 Kinematics of Deep Inelastic scattering

Fig. 2.1 shows the kinematics of the deep inelastic scatteg process. The
four-vectors of the particles are given in parentheses. TaR.1 lists the
most important kinematic variables for the inclusive procss. If in addition
to the scattered muon, at least one hadron is detected in thenal state,
additional kinematic variables are needed to de ne the retion. The most
important ones are listed in Tab. 2.2. Fig. 2.2 shows the rdlan between
various kinematic variables in theQ? y plane for a 160 GeV muon beam.
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| variable | meaning |
M (m) nucleon (lepton) mass
k(k9 four vector of incoming (outgoing) lepton
s(s9 spin four vector of incoming (outgoing) lepton
p four vector of nucleon in the initial state
S spin four vector of nucleon in the initial state
Px four vector of hadronic nal state
E = ﬁi,l—" energy of incoming lepton in laboratory system
EC= pv"o energy of outgoing lepton in laboratory system
scattering angle of lepton in laboratory system
angle of virtual photon with respect to the
incoming lepton in laboratory system
q=k Kk° four momentum transfer
Q*’= ¢ four momentum transfer squared
4EE %sir? 5 lepton mass neglected
= & energy transfer in laboratory system
-E EO
W?2=(p+ g)? | mass of hadronic nal state squared
X = %q = % Bjorken variable (0 x 1)
y = %: = relative energy transfer in laboratory system (0 y 1)
2 = ZEA—X = Q_22

Table 2.1: The most important kinematic variables and their meaning. The lab-

oratory system is the target rest frame.
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k=(E,K
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kK =(EK)
p,=(E.P,)
h(p)

I(k)

(p) X(p,)

Figure 2.1. Kinematics of the deep inelastic scattering process. The far-vectors
of the particles are given in parentheses.

| variable | meaning |
mp mass of observed hadron
Ph four vector of hadron
En= B energy of hadron in laboratory system
z= %: En fraction of virtual photon energy carried
by the hadron in the laboratory system (0 z 1)
Phk = q%‘ momentum of hadron parallel to photon momentumg
pr= ® P transverse momentum of hadron
relative to the photon
9(8,) three vector of the virtual photon (hadron)
in photon-nucleon-rest system
Pri momentum of the hadron parallel to photon momentum
in photon nucleon cm-system
Xg = %e}qﬁ“ =2 Fz,“v—k Feynman variable ( 1  xg 1)

Table 2.2: The most important additional kinematic variables appearing in semi-
inclusive deep inelastic scattering.
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Figure 2.2: Various kinematic variables in the Q2 y plane for a muon beam of
160 GeV momentum. The variables are explained in Tab.2.1
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The inclusive cross section can be expressed in terms of kiaic vari-
ables and two structure functions carrying information abot the nucleon
structure:

d INt I SME 2 2 2
S c o WRkITa v LRy @2

The lepton mass was neglected in eq. (2.2). Only one photoncbange is
considered here. The structure function&(x; Q?) and F,(x; Q?) depend on
two variables, here chosen to be and Q3.

2.2 Deep Inelastic Scattering and the Quark
Parton Model

In the Quark Parton Model (QPM) deep inelastic scattering isnterpreted
as incoherent elastic scattering o partons inside the nuebn as indicated in
Fig. 2.3. The nucleon is viewed in the in nite momentum frameavhere each
quark carries a fraction of the nucleon momentum. Transverse momenta
and masses are neglected. The momentum fractiorof the quark absorbing
the virtual photon is identical to the Bjorken-variable x de ned in Tab. 2.1.
The structure functions have a simple probabilistic interpetation:
1 X X
Fi00= 5 a0 F()=x  €ax): (2.3)
q q

The sum extends over all active quark avorgy= u;d;s;u;d;s and the g(x)
are the unpolarized quark distributions, so thatg(x)dx is the number of
quarks of avor q carrying a momentum fraction in the interval k;x + dx].
This interpretation is only valid for reactions where the reolution is large
enough to resolve quarks inside the proton. This is the case Q? ? 1 Ge\?
which corresponds to a resolution of4Q? > 1=GeV= 0:2 fm. In the language
of Quantum Chromo Dynamics (QCD) this means that a hard scaleas to be
present. For the inclusive case this is provided b@? ? 1Ge\2. In the semi-
inclusive case it may be provided either bfD? or the transverse momentum
of a hadron with respect to the virtual photon, pr, or the mass of a heavy
quark.

The quark parton model can be extended to semi-inclusive presses.
The variable z de ned in Tab. 2.2 is the fraction of virtual photon energy
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Figure 2.3: Kinematics of the deep inelastic scattering process intergeted in the
Quark Parton Model (QPM). The four-vectors of the particles are
given in parentheses.
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carried by the hadron in the laboratory system. Intuitively it seems clear
that the observation of a * = ud at large z signals that the struck quark
was most likely au or a d quark. Formally this can be expressed by the
introduction of so called fragmentation functionng(z), where Dg(z)dz is
the number of hadrons of typeh originating from a struck quark of avor
g in the momentum fraction range £;z + dz]. In analogy to the structure
function F, one can de ne:
X
Fi(xz)=x  €d(x) Dg(2) (2.4)
q

and extend eq. (2.2) to the semi-inclusive case [3].

2.3 Polarization E ects in Deep Inelastic Scat-
tering

To study the spin structure of the nucleon it is necessary toglarize the beam
and the target particle. In this work only longitudinally polarized beams and
targets are considered.

The cross section can be parameterized by two additional etture func-
tions g; and g, carrying information about the spin structure of the proton.
The di erence of cross sections for antiparallel and par&l spins of target
and beam is given by:

> % a2
dxdy dxdy 4
EME 1 Y Y gQ) Y Q) @9
Experimentally usually the cross section asymmetry
is measured. It is given by
AN —p & °Q g1+ g2 2.7)
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with
_ y y)d+ 7:)2 ; 2.8)
1+ 2y2+2(1 y F)1+R)
2y2
1 M (2.9)
(1 Sz)(1+ —)
_ 2Mx _ Q*,
and = E—y = (210)

whereR is the ratio of longitudinal to transverse virtual photon alsorption
Cross sections.

The lepton mass was neglected here. Sin€¥ 2. the kinematical
factors and are small and eq. (2.7) simpli es to

AN =p & 2.11)
F1

The factor D is the virtual photon depolarization factor. It describes he
polarization transfer from the lepton to the virtual photon. Thus g;=F; can
be interpreted as a photon-nucleon asymmetry

N _ 9.
A" = F, (2.12)
In the QPM model g; has a simple interpretation:
1
gu(x) = > qeé a(x) ; (2.13)

where the ((x) are the polarized quark distributions:

ax)dx = (q (x) g’ (x)dx:

g(x)dx is the number of quarks with spin parallel to the nucleon spin
minus the number of quarks with spin antiparallel to the nua@on spin in
the momentum interval [x;x + dx]. The corresponding unpolarized quark
distribution is given by q(x) = q (x) + ¢(x). The QPM predicts g, = 0.
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Figure 2.4. Higher order processes contributing to the cross section: fie QCD
Compton (left) and the photon-gluon-fusion process (righi).

2.4 QCD corrections

Fig. 2.3 shows only the leading order process. At higher ordein Quan-
tum Chromo Dynamic (QCD) other processes contribute. Two ahem are
shown in Fig. 2.4. One is the QCD Compton e ect, where the stick quark
radiates a gluon. The other one is the photon-gluon-fusiorr@cess where the
photon interacts, via the creation of a quark - anti-quark pa, with a gluon.
Tagging this type of process is of particular interest for nasuring the gluon
contribution to the nucleon spin. These processes lead to@? dependence
of the structure functions and quark distributions. The leding order (LO)
expressions folF, and g, read:

Fa(x; Q?)
o (x; Q%)

q€5 a(x; Q%) ;
& a0 Q% : (2.14)

N = X

For the proton structure function g} one nds explicitly at LO:

RGQ) = 154 UKQ+ UxQY)+
( d(x; Q%)+ d(x;Q%)+
( s(x; Q%)+ s(x;Q%) (2.15)
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At next to leading order (NLO) F, and g; depend in addition on the
unpolarized and polarized gluon distributionG(x) = G'(x) + G*(x) and
G(x) = G'(x) G*(x). The NLO expression forF, and g, are given by

X

Fo(x; Q%) = eZq(x; Q%) +

X

q
¢ X Zldx0
2 X € o

QR = + GOEPfe = (216)

X

and

2 1X 0. A2
q(x;Q%) = > eﬁ q(x5 Q%) +
q

1% ‘a0

X X
5 5 I ax%Q? C v G(x% Q% Cq s (2.17)
q

0

The coe cients fq, fg, Cyand Cq are calculable in QCD but depend,
as the parton distributions do, on the renormalization proedure used.



Chapter 3

The Nucleon Spin Puzzle

This chapter reviews our knowledge about the spin structuref the nucleon
starting from the simple static quark model to next to leadiig order (NLO)
analysis of inclusive data from polarized deep inelasticadtering.

3.1 The Static Quark Model

In the static Quark Model the proton consists of twou and oned quark.
Assuming an SU(2) avor and SU(2) spin symmetry, the wave furtion of
a proton with its spin projection pointing parallel to the quantization axis
reads [4]:

p"> = 2ju" u" d#> +2ju" d#u"> +2jd#u” u">

H-ﬂ:H
(o)

juu#d"> ju#H#u"d"> ju#Ed"u">
jutdtu#> jd"u"u# jd u#u"> : (3.1)

This wavefunction allows to calculate the spin contributia of the u- and the
d-quark to the nucleon spin.

§ = <Nt <p Nt B S
= PNy P P I Nusp ~18 18~ 3’

n o H n n - n _ 6 12_ l

d = <p"jNgjp"> <p"]Naip >_1_8 8- 3

Ng (Ng) is the operator which counts the number of quarks of avoq with
a spin projection parallel (anti-parallel) to the proton spn. Evidently in this

15



16 The Nucleon Spin Puzzle

p n + 0 0
= Ny OM | 3 2 0:67]|2:89|0:89| 11| 155, 055
= N exp.|279| 191| 061| 25 1:2| 1:.25| 0:65

Table 3.1: Comparison of the magnetic moments in the static quark modeland
the experimental values. For the quark masses the following/alues
are used:my = mg = “2;mg = 2M,,

model the u and the d quark account for 100% of the nucleon spire.

= u+ d:g %:1; G=Lg=Lyg=0: (3.2)

Extending the SU(2) to an SU(3) avor symmetry one can also deve

the wave functions for baryons with strangeness. These allaus as well to

calculate the magnetic moment of all baryons in the nucleonctet. The

values obtained with the assumptiorm, = mgy = MTN; ms = %Mp are shown
in Tab. 3.1. They agree remarkably well with the experimentavalues.

3.2 Relativistic Quark Models

The static quark model predicts a value for the weak couplingonstantga =

u d of 5=3 which is about 30% above the experimental value of 1.26.
In relativistic quark models quarks acquire orbital angulamomentum and
the value for g, is reduced to its experimental value. Thus, in these models
one typically nds:

0:75; Ly 0:125; G=Lyg=0: (3.3)

3.3 Baryon Decays

The rst moment of the polarized quark distributions q = 01 q(x) dx.1:
is given by the following matrix element:
<psj ¢ °dps>=( g+ Qs; (3.4)

1To simplify the notatiorhwe will often use the same symbol fora distribution  q(x)

and its rst moment q= 01 q(x) dx.
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wherejps > describes a proton with a spin four-vectos.

This matrix element is related to the axial matrix elements 6 baryon
decays which can be expressed, assuming SU(3) avor symnyetwith the
(generalized) Wigner-Eckhart theorem ([5],S.113)

<Bjj « ° jB>=ifjuF+duD jkl =1:::8 (3.5)
as a function of two reduced matrix element& and D and the SU(3) struc-

ture constantsfj anddy, . B; denotes a baryon in the baryon octet. ; are
the generators of theSU(3) group and

Two of the SU(3) generators are diagonal:

0 1 0 1
1 00 10 0

3=@0 1 0A and 5=@0 1 O0A: (3.6)
0 00 00 2

The corresponding matrix elements for the proton are relateto the rst
moment of the polarized quark distributions as follows:

a3 = (u+ u (d+ d=F+D

= g, =1:2670 0:0035; (3.7)
ag = (u+ u+( d+ d 2( s+ s
= 3F D=0:585 0:025: (3.8)

Due to the group structure ofSU(3) the baryon decays provide only two
independent measurements for the three quantities U+ u), ( d+ d)and
( s+ ). The additional assumption ( s+ s)=0 leads to the following
prediction for the helicity contributions of the quarks:

=0 :585 0:025; (3.9

which is of the same order as the prediction from relativistiquark models.
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3.4 Deep Inelastic Scattering

Polarized deep inelastic scattering provides the third e@tion necessary to
avoid the assumption ( s+ s)=0. In analogy to eq. (3.5) one can de ne a
matrix element

2 =<Bij E3 ° jBy>=( u+ uw+( d+ d)+( s+ =

(3.10)

accessible in DISE; is the three dimensional unity matrix. The rst moment
7 of the proton structure function ¢} can be written as:

Z,

Q)= dQIdx= o 4a(@)+3astay ¢ (31D)
0

In contrast to a; and ag the matrix element a; acquires aQ? dependence in
the renormalization procedure due to the axial anomaly [6].

Polarized deep inelastic scattering experiments were rgperformed at
SLAC in the 1970s [7]. The European Muon Collaboration (EMCat CERN
rst determined the rst moment of the spin structure functi on g{ and came
to the surprising result [8, 9]:

= u+ u+ d+ d+ s+ s
s+ s

0:12 0:17; (3.12)
0:19 0:06: (3.13)

This means that the helicity contribution of quarks to the nwcleon spin
is small and was at this time even consistent with 0! The straye quarks are
negatively polarized.

This result caused the so called \spin crisis”. Some physits even casted
doubt on the validity of perturbative QCD [10].

A more recent LO analysis [11] of inclusive polarized DIS datarrive at
the following values

= 0 :18 0:.04, (3.14)
s+ s = 0:14 0:01: (3.15)

This result still indicates that the helicity contribution of the quarks to the
nucleon spin is small, though no longer compatible with 0, anthat the
strange quarks are negatively polarized.
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3.5 NLO Analysis of Deep Inelastic Scatter-
ing

In NLO the matrix element ay is no more directly related to  which
depends on the renormalization and factorization schemeats Two common
choices are theMS scheme and the Adler-Bardeen (AB) scheme. In these
two schemes one nds:

@ = a3 GQ); (3.16)

a(Q?) = ms(Q%): (3.17)

The AB scheme is de ned in such a way that Az does not depend orQ?,
whereas 5 does.

A NLO analysis [11] of inclusive polarized DIS data arrivestadhe follow-
ing values

= 0 :23 008; (3.18)
s+ s = 012 002 (3.19)

at Q% =1 GeV?2. Here the so called JET scheme, similar to the AB scheme,
was used.

Since the g (Oor ;&) does not depend orQ? it can be compared
to results obtained in quark models. One solution of the spipuzzle would
be that the small measured value ofy is explained by a cancellation of

0:6 0:7 as expected from quark models and analysis of baryon degays
and a large gluonic contribution G. Fig. 3.1 shows and s+ sasa
function of G. It turns out that for a very large contribution, G 2.5,
one would recover the naive expectation 06and s+ s 0. This
is one of the motivations to determine the helicity contribtion of the gluon,

G, to the nucleon spin.

3.5.1 Determination of G from NLO QCD analysis

As shown in chapter 2, eq. (2.17) at NLO QCD the structure furton g;
depends on the polarized gluon distribution G which allows in principle
to determine G. The NLO analysis [11] quoted above nds for the rst
moment:

G = 0:23 0:28: (3.20)
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Figure 3.1: and s+ sinthe AB or JET scheme as a function of G.
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G Lqg | Lg
static QM 1 0 0 0
relativistic QM 0.75 0 0.125| O
baryon decays 0.58
(assuming s=0)
LO DIS 0.2
NLO DIS 0.23| 05 +0:5

Table 3.2: Contributions of the quark and gluon spin and orbital angular mo-
mentum from di erent models and measurements.

at Q%> = 1 GeV?. A recent NLO analysis of the world data performed by
the COMPASS collaboration [12] nds two possible solutiongor the rst
moment G at Q? = 3 GeV?, with an equally good 2. One is slightly
positive ( G = 0:34), the other is slightly negative ( G = 0:31) with an
(experimental) error of the order of OL. Note that this error does not take
into account uncertainties coming from the choice of the féarization and
renormalization scale and other theoretical uncertaint® These can be much
larger than the experimental error. This statement is alsortie for the error
on G in eqg. (3.20). This shows that with the present available inasive
data it is di cult to determine G and underlines the necessity for a direct
measurement.

3.6 Summary

Tab. 3.2 summarizes the results of this chapter. After the sprising result
that is small, it seems evident that the other terms in the s um rule

222 (@ G@)* L)+ Ly(@) (3:21)

should be measured. Especially the value ofG is interesting since a large
value would explain the smallness of



Chapter 4

How to measure G?

With deep inelastic lepton nucleon scattering as a tool, howan G be
measured? First of all one has to tag the partonic sub-proces which the
gluon participates, shown in Fig. 4.1. This can be done by sekting some
speci ¢ hadronic nal states. The corresponding methods Wibe described
in this chapter.

4.1 Open Charm Method

The intrinsic charm contribution of the proton is negligibke at center of mass
energies considered here, and the production of charm - aoliarm pairs
out of the vacuum during the fragmentation process is highlguppressed
compared to the production of lighter quark - anti-quark pais. Charm quarks
are thus almost exclusively produced via the photon-gluofusion process.
Charm quarks fragment mainly into charmed mesons, which cdre detected
via their various decay channels. The observation of a chaed hadron is
thus an ideal tag of the photon-gluon-fusion process. The m@&urement of
open charm double spin asymmetries provides the most direahd model
independent way to determine G=G.

In the analysis the following decay channel of thé®° -meson with a
branching ratio of 3.38% is used:

D1 K + *: (4.1)
Since most of theD? are produced via the decay of their vector meson part-

22
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hadrons

hadrons

Figure 4.1. A deep inelastic event shown in the photon-nucleon CMS wheré¢he
photon interacts via the photon-gluon fusion process with agluon
inside the nucleon.

ners, the decay

D*! D%+ [,! K + "+ ! (4.2)
is also considered. Experimentally this gives a better sighto background
ratio. In the following, even if not explicitely mentioned,the charge conjugate
decay channels are always implied.

4.2 High pr Method

In this method one selects pairs of hadrons in the nal state ih large

transverse momentum with respect to the virtual photon, in ader to enhance
the contribution of the photon-gluon-fusion process [13]This considerably
suppresses the contribution from the leading order proces#ere hadrons
are preferentially produced along the axis of the virtual pbton as shown in
Fig. 4.2 (left).

Compared to the open charm method the tagging of the photongn-

fusion process is less clean, because in the QCD Compton essc(Fig. 4.2,
center) hadrons are produced with a similar topology. One B&o use Monte
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9 hadrons
q *
g *
S NOW N 9 N
-
hadrons a

hadrons

Figure 4.2: The main contributions to the cross section: Leading Order,QCD
Compton and photon-gluon-fusion process.

Carlo event generators to estimate the contributions formhe various sub-
processes shown in Fig. 4.2. This will be discussed in moréailén chapter 6.

4.3 Comparison of the two methods

In both methods one has to measure a double spin asymmetry tatrmact
G=G. The relation between the raw asymmetryA™" and G=G is given
by (see eq. (B.28))

NN
AW = = PB PTfaLL PGF

G
+ Ag : 4,
N+ N™ pecr t B8 G ® 43)

Tab. 4.1 explains the variables used in eq. (4.3). With respeto eq. (B.28)
the additional diluting factor pge=( pgr + &) and the background asym-
metry, Ag, have been added. prgr ( ) is the cross section of the photon-
gluon-fusion (background) process.

The polarization of the target and beam and the dilution faabr are the
same in both methods. The partonic asymmetry is de ned as

9

a =
t g

Q @

and depends on the following variabless, the center of mass energy of the
g system, cos , the angle of one outgoing quark with respect to the g
axis in the center of mass systemQ? and y. In Fig. 4.3 a,, is shown as
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a function of ¢ fory = 0:5, Q%2 = Q2,, = m?y’=1 y) 55 10 3GeV?
integrated over cos . The values obtained for light quark production and
for cc production are very di erent.

For heavy quarks, the asymmetry is positive at threshold (= #h?2) and
turns to negative values at larges” For light quarks, the asymmetry is nega-
tive for all values of$! Leading order expressions for the partonic asymmetry
a,. used in the analysis can be found in [14]. Note that the term \ading
order" is confusing here, since at leading order in the sensé ¢ = 0 there
is no PGF process. Leading order thus means here the rst namnishing
order.

We now turn to the fraction of signal events, pgr=( pcr + ). In the
high pr analysis it has to be determined from a MC simulation and is dhe
order of 0.3 (see chapter 6). In the open charm analysis it depds on the
experimental resolution of theD? reconstruction. It is of the order of 0.1 for
the direct D° decay and of the order of 0.5 for the decay viaR as will be
shown in chapter 6. More important than these numerical di eences is the
fact that in the open charm method the signal fraction can be etermined
directly from the data in a model independent way, whereas ithe high pr
method one has to trust the underlying model of the MC generat.

4.3.1 Gluon momentum fraction  Xgq

In the leading process order the Bjorken variable is identical to the mo-
mentum fraction carried by the struck quark in the nucleon. Tis can be
seen from the left picture in Fig. 4.2 by looking at the energynomentum
conservation at the vertex:

XgP+0q = po
) mi+2xP q Q*=m?
QZ
) Xq = P q X : (4.4)

The last equation shows that the momentum fraction of the qu& (Xg) is
identical to the Bjorken variable x.

In a NLO process, like photon-gluon-fusion, one does not ledirect
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Figure 4.3. The partonic asymmetry a;, as a function of the CMS energy of the
photon-gluon system. The values of the other variables ar€? = 0:01
GeV?, y = 0:5. An integral over cos is performed.
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high pr | open-charm
N#(N") number of
high pr | open charm
events with beam and target
spin parallel (antiparallel)

Ps 0:8 beam polarization
Pr 05 target polarization
f 04 dilution factor (°LiD target)
a asymmetry of partonic process
0:6 | 0:6 to 0:6
—— fraction of photon-gluon fusion process
0.3 | 0.5(D ) 0.1 (D9

estimated from
LEPTO/PYTHIA MC | invariant mass spectrum
AB background asymmetry

Table 4.1. De nition of the variables used in eq. (4.3) and their meaning.

access to the momentum fraction carried by the gluorng:

XP+q = pgtpg=75

) %P q Q=45
8+ Q% _ 8+ Q%
) Xg= S5 T (4.5)

The CMS energy of the partonic subprocess, ¢annot be calculated from
the kinematics of reconstructed particles. This means thahe measurements
of G=G presented here always measure G=G in a certain range ofXgq
which has to be determined from a MC simulation. The kinemats of the
reconstructed hadrons can be used to get an approximate valofxy as was
shown in [13].

4.4 Other ways to measure G

Another possibility to determine the gluon polarization isto use polarized
proton-proton scattering. Here the partonic subprocessese
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guark-quark,
quark-gluon and
gluon-gluon

scattering. As in deep inelastic scattering, various naltates are considered
to tag subprocesses where the gluon participated. Doubleis@symmetries
are sensitive to G (oreven G?in case of the gluon-gluon subprocess). Such
experiments are performed at the Relativistic Heavy lon Chdler (RHIC) at
Brookhaven National Laboratory (BNL) in New York.

One advantage with respect togdeep inelastic scattering iké higher avail-
ablg centg of mass Bnergy (up to s =200 GeV at the moment) compared

2ME = 2 0:938 160 = 17 GeV for the COMPASS muon

beam. This makes the perturbative QCD analysis of the data me reliable.
On the other hand, the presence of two hadrons in the initiakate makes the
interpretation of the data more di cult compared to deep inelastic scattering
where the nucleon is probed with a point-like particle.




Chapter 5
The COMPASS Experiment

The previous chapters showed that in order to study the spintrsicture of
the nucleon, in particular the gluon spin contribution, therequirements are

a high energy polarized lepton beam
a polarized nucleon target

a detector with good particle identi cation to detect the sattered lep-
ton and the produced nal state hadrons

COMPASS uses a polarized 160 GeV muon beam. Advantages as €om
pared to an electron beam for example are the higher avail@bénergies and
the natural polarization. As target material serves’LiD. To cover a large
momentum range of the nal state particles, COMPASS uses a twstage
spectrometer with good particle identi cation. In this chgpter the various
components of the COMPASS experiment will be presented.

5.1 History

The COMPASS (CO mmon M uon andProton A pparatus for Structure and
Spectroscopy) collaboration was formed in 1996 from the mex@f two pro-
posed experiments at the CERN M2 beam-line. The rst one, CHBPS, pro-
posed to study physics with hadron beams, like the measuremef pion and
kaon polarizabilities and the search for glueballs, hybrgdand double charmed
baryons. The other one, called HMC K adron M uon Collaboration) at the
time (in line with the predecessor experiments EMC, NMC, SM{proposed

29



30 The COMPASS Experiment

to study the nucleon spin structure. In 1997 CERN approved th COMPASS
proposal [15] as CERN experiment NA58. The collaboration ogprises about
200 physicists. Construction took place in the years 1998@0. A commis-
sioning run was performed in 2001. This work describes thestdts from
physics runs with a muon beam in 2002, 2003 and 2004. The expamt was
upgraded in 2005 and data taking was continued in 2006.

5.2 Beam

The Super-Proton-Synchrotron (SPS) accelerates protons & momentum of
400 GeV. Every 15s approximately 18 protons are extracted during 5 s and
hit a beryllium target. A magnet system selects pions and kas produced
at this target within a given momentum range. In a 600 m long d=y line
a fraction of these hadrons decays into muons which are nadliy polarized
due to the parity violating character of the decay. Remainig hadrons are
absorbed at the end of the decay channel. The produced muomne aelected
according to their momentum. Muon momenta up to 280 GeV can lzhosen.
COMPASS runs with a 160 GeV * beam with a momentum spread of

p=p 5%. The intensity is 2 10° muons/spill of 5s. The momentum of
single beam muons is measured to a precision op=p = 0:8% with help
of scintillator hodoscopes placed before and behind the tagrtical bending
magnet. The polarization of the muon beam was determined by ldonte
Carlo simulation. In 2004 it was found to be in averaglg = 0:80 0:04.
In the analysis the beam polarization is calculated event bgvent according
to the beam momentum.

Only 70% of these muons hit the 3 cm diameter target cells. Themain-
ing 30% consist of particles far away from the beam axis, witmomenta
lower than the nominal beam momentum and large angles with spect to
the beam axis. This so called halo is typical for a tertiary ks like a muon
beam.

5.3 Polarized Target

Until the end of 2004 COMPASS has used a polarized solid stati@rget al-
ready in operation in the predecessor experiment SMC. Its nmacomponents
are (Fig. 5.1):
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im
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| Dilution refrigerator ﬁ
Superconducting
magnet
——
target cells

Figure 5.1: The polarized target.

two cylindrical target cells lled with SLiD,
a 3He-*He dilution refrigerator,
a solenoid and dipole magnet,

a microwave system to polarize the nucleons, by dynamic neer po-
larization (DNP),

an NMR system to measure the polarization.

The two cells have a diameter of 3 cm and are 65 cm long. The sell
are separated by 10 cm. They are oppositely polarized in ord® limit the
systematic error in the asymmetry extraction. As target magrial ®LiD is
used since it maximizes the gure of merit, i.e. the square tfie product of
dilution factor f and target polarization Pr+. The dilution factor f is de ned
as the fraction of polarizable nucleons in the target mateal. The SLi nucleus
can be considered as spin‘e nucleus plus a deuteron. With the additional
D in SLiD the dilution factor is 50%. Additional material like liquid helium
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and NMR coils lead to a further dilution, so that the nal dilution factor is
about 40%. The target material is polarized via dynamic nuelr polarization
(DNP) to approximately 55%. The polarization is measured wih NMR coils
inside the target cells. The relative error of the measuremeis 5%. Because
of the D-state contribution of ! p = 5% [16] in the deuteron wave function,
the polarization of the nucleons inside the deuteron is redad by a factor of
1=(1 15! p) with respect to the deuteron polarization (see App. A). In he
following this correction is included in the values for thedrget polarization
Pt used in the analysis.

A 3He-*He dilution refrigerator allows to cool down the system to 5K.
A superconducting solenoid provides a 2.5T magnetic eld @hg the beam
direction with a axial homogeneity better than 20ppm. In thg longitudinal
mode the target material can constantly be repolarized durg data taking.
A transverse 0.5T eld is produced by a dipole magnet. It allvs running
in a transverse mode and changing the orientation of the taeg spins with
respect to the beam in approximately 20 min without repolaring the target
material. These eld reversals are performed approximatglevery 8 h.

5.4 Spectrometer

COMPASS uses a two stage spectrometer shown in Fig. 5.2. Tlegde an-
gle spectrometer (LAS) covers an aperture of 180 mrad, whereas the small
angle spectrometer (SAS) covers 30 mrad. Both stages consist of a spec-
trometer magnet with eld integrals of 1 and 4.4 Tm for the LASand SAS,
respectively. The spectrometer magnets are preceeded antloiwed by vari-
ous tracking detectors listed in Tab. 5.1. The LAS is equipgkewith a Ring
Imaging Cherenkov Counter (RICH) as well as a hadronic calioneter. The
SAS includes an electromagnetic and hadronic calorimeteBoth stages are
equipped with hadron absorbers allowing muon identi catio in tracking de-
tectors located downstream. The trigger system, based onedldetection of
the scattered muon, will be described in detail in the next stion.

Tracks from approximately 1 GeV up to the incident beam momeom
can be reconstructed. The relative momentum resolution,=p is 0.5% for
high momentum tracks @ > 10 GeV) reconstructed in both spectrometers
and approximately 1.2% for low momentum tracks. The RICH afiws a
pion/kaon separation at the 2.5 level up to 40 GeV. The threshold for kaon
detection is at 9 GeV.
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Detector purpose: tracking of:::
Scintillator Hodoscopes incoming muon
(BeamM omentum Station)
Silicon incoming muon
Scintillator hodoscopes particles downstream
of the target in the beam region
GaseousElectron M ultiplier (GEM) small angle tracks

MICRO ME sh GA seousStructure
(Micro Megas)
MWPC large angle tracks
Drift Chamber
Straws (large area drift tubes)
Muon Walls (drift tubes) muon behind
hadron absorbers

Table 5.1: Tracking detectors used in the COMPASS experiment.

A detailed description of the spectrometer can be found in Tl

5.5 Trigger System

As described in section 5.2 the muon beam has an intensity of 21.0*/spill
with a considerable halo component. The rate of useful scating events is
about 10%spill. The task of the trigger system is to identify these eents
within a decision time below 500 ns, in order to start the det#or readout
system and to provide a time reference for other detectors.

Two types of reactions are of interest:

+N ! 0+ X inclusive reaction
+ N ! %+ h+ X semi-inclusive reaction

Common to both is the appearance of a muon in the nal state. Iseems
thus natural to base the trigger decision on the detection ahe scattered
muon, especially because the muon can easily be identi edlioke by hits in
detectors located behind the hadron absorber. COMPASS usssintillator
hodoscope pairs where at least one hodoscope of the pair iacpd behind
a hadron absorber to identify the scattered muon. The locain of these
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Figure 5.2: The COMPASS spectrometer.
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HCAL1 —

N /
> SM2 HCAL2 m-Filter
Beam

Figure 5.3: Position of the hodoscopes in the spectrometer. There are iotal
four subsystems: H4l & H5I, H4AM & H5M, H4L & H5L and H30 &
H40.

hodoscopes is shown in Fig. 5.3. The granularity of the hodmpes allows
to select muons pointing back to the target region in the nobending plane
or to select muons with a minimal energy loss in the bending gote. Not
all combinations of hits in the rst and the second plane leado a trigger
signal. Fig. 5.4 shows a simpli ed picture in the non bendinglane. The
muon labeled ; interacts in the target and hits both hodoscopes. The same
is true for the halo muon ,, which can however be eliminated by accepting
only those combinations of strips in the two hodoscopes whipoint back to
the target. This is realized by so called coincidence matas shown on the
rightin Fig. 5.4. The gray matrix elements stand for the allaved coincidences.
Note that in reality the hodoscopes have 16-32 strips and theatrices have
32 rows and columns and allow thus to select up to 1024 coineittes.

Unfortunately it is impossible to base the trigger decisioon the scattered
muon alone. The trigger rates are about two orders of magnitie higher
than expected from the cross section of the interesting ewusnif one just
asks for an allowed coincidence in a pair of hodoscopes. Thisbecause a
considerable fraction of the halo muons like; and 4 in Fig. 5.4 cause a
trigger signal as well, without interacting in the target. Hg. 5.4 also shows
how these unwanted signals can be eliminated: by placing atidnal veto
hodoscopes in front of the target and demanding that no sigheas present.
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Hodoscope 2
12345

Veto, Hodoscope 2
Hodoscope 1

Hodoscope 1
PN WD o1

5

z=4000 cm m
5 3
z=-800 cm z=4700 cm

Figure 5.4. 1 interacts in the target and ful lls the trigger condition by hitting
both hodoscopes and the matrix condition. The halo muons ,, 3
and 4 are vetoed by causing a signal in one of the veto hodoscopes
placed upstream of the target.

This eliminates trigger signals from the muons; and 4. Fig. 5.4 illustrates
as well the need for two veto hodoscopes placed at two di ertem-positions
along the beam-line. One hodoscope is not su cient to elimate both 3
and 4. One disadvantage of such a veto system is the dead time asated
with it. A halo muon hitting one of the veto counters, even if i does not
cause an allowed coincidence in the trigger hodoscopesglik), will prohibit
a trigger signal for typically 15 ns. The total rate seen by th veto system is
approximately 15 MHz. This results in a dead time of the ordeof 15ns
15 MHz  20%.

A second possibility to reduce the contribution from triggesignals caused
by halo events is to demand, in addition to the hodoscope sigh a signal
above a certain threshold (typically 3 times the most probdk energy loss
of a minimal ionizing particle) in the hadron calorimeters.This has also the
advantage to suppress unwanted events like elastic muonatten scattering:

or radiative events
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The disadvantage of this method is, that it may introduce som bias in the
selection of inclusive events. The hadron calorimeters dorfexample have
di erent detection probabilities for positive, negative @ neutral hadrons.
It is thus desirable to avoid using this information for the neasurement of
inclusive asymmetries.

The trigger system is set up in such a way that the 3 subcompanis

Hodoscope system,
veto system,
Calorimeter trigger

can be combined individually for every hodoscope subsysteidodoscope sys-
tems in a kinematic region with large contributions from bakground events
are complemented by the calorimeter trigger. Hodoscopes i cover the
acceptance at largeQ?, where the inclusive asymmetries are of special inter-
est, use only the veto system. The veto system itself is subitled in two
subsystems: InVi, all veto counters are included (also a veto hodoscope
further upstream in the beam-line not shown in Fig. 5.4) iV only part of
the veto counters are included, resulting in a reduced deadfrte of about 6%.
To trigger also on events at very larggQ? where no hodoscope is available,
a so called pure calorimetric trigger is used. Here the thiesld is set to
approximately 10 GeV. The kinematic regions covered by theavious trigger
subsystems are shown in Fig. 5.5.

Table 5.2 shows the trigger rates obtained with di erent sdings of the
hodoscope systems and the pure calorimeter trigger. The tegjs used dur-
ing the data taking are shown inbold face . This choice was driven by the
limit of the data acquisition system of about 50000 triggerspill. The pu-
rity of the trigger, i.e. the ratio of \good triggered" events and triggered
events is approximately (15%) 35% for triggers (not) includg calorimetric
information.

More technical details about the trigger system can be founid [18].
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Figure 5.5: The kinematic regions covered by the di erent trigger subsystems.
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Trigger VO| Vot | Calo | Calo V9| Calo Vit
Inner 1049| 513| 219| 11 8 5
Ladder 564|114 34 26 6 3
Middle 1400| 120| 20 50 4 1
Outer 899| 28 8 54 2 0.6
pure Calo.| 106| 27 5 - - -

Table 5.2: Trigger rates in 1000/spill for di erent trigger settings. The actually
chosen trigger settings are shown irbold face . The beam intensity
was 2 10® muons per spill. The middle trigger was once recorded in
coincidence with the calorimeter and once without. The latter was
prescaled by a factor 2.



Chapter 6

Analysis & Results

COMPASS collects a few hundred Terabyte of raw data every yeaAfter

calibration and alignment procedures so called mini data sumary tapes
(mDST) are produced. They amount to approximately 1 TB/yearand con-
tain all the relevant information to perform a physics analgis. This chapter
describes the steps from the reconstructed events to the eattion of G=G.

Data from the years 2002, 2003 and 2004 are included in thisadysis.

6.1 Open Charm Analysis

6.1.1 Event Selection

Only events with a reconstructed primary vertex are consided. This implies
the reconstruction of the beam muon and the scattered muonn laddition
the vertex position has to be inside one of the two target csll

As mentioned in section 4.1, one has to identify events withharmed
hadrons in the nal state. COMPASS looks at the following deay channels
(including their charge conjugates):

D1 K + * (6.1)

and, since most of theD? are produced via the decay of the vector meson
partners,
D*! D%+ * I K + *+ ' (6.2)

soft soft

After applying cuts speci ed in Tab. 6.1 to optimize the statstical signif-
icance of the measurement one obtains the mass spectra showirigs. 6.1

40
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DY D
Zpo > 0:2 > 0:25
cos < 0:85 < 05
m { 3.1MeV<(m m )< 9.1 MeV
Kaon identi ed in RICH

Table 6.1: Cuts used to select theD? and D sample: m is the di erence be-
tween the reconstructedD and D? masses, i.e. m = Mp Mpo
and  the angle of one of the decay particles in theD? rest-frame
with respect to the direction of the D in the laboratory system.

and 6.2. A discussion on optimizing these cuts can be found @9, 20].
Events appearing in Fig. 6.2 don't enter the spectrum in Fig6.1.
The D° mass spectrum is tted to

(m_mq)?
(m_mp”

f(m) = pg_—le 2T+ A,en +(1+ pm+ pm?); (6.3)
1

and the D mass spectrum to
A, momp? A,  m m? o
f (m) = pz_— e 21 + pz_— e 23 + A3 es (64)
1 2
where the second Gaussian accounts for the bump centeredrat  250MeV
originating from decays
DO! K + + + 0

where the ° was not reconstructed.

6.1.2 Determination of G=G

The following section describes in detail how the value forG=G is extracted
from the reconstructed charmed mesons. This seems to be gjtaforward
using eq. (4.3):

N N”

G
= PgPrfa Per + AB;
BrT oA pecr + B G

AI'aW =
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Figure 6.1: Invariant mass spectrumofK * andK™*  pairs of 2004 data with
cuts as given in the second column®?) of Tab. 6.1.

c2/ ndf 1.1e+02 /92
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> oo ; EE— 1 M 0.0049 + 0.0010
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Figure 6.2: Invariant mass spectrumofK * andK™*  pairs of 2004 data with
cuts given in the third column ( D ) in Tab. 6.1.
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Figure 6.3: To extract the asymmetry four measurements of event rates
(Ny;Ng;Nyo and Ngo) are used. The double arrows indicate the di-
rection of the polarization vector.

knowing all the factors in front of G=G and the background asymmetry,
Ag, but acceptance e ects and ux normalization were ignoredn eq. (4.3).

Extracting G=G without knowledge of ux and acceptance

To extract G=G using only minimal assumptions on the beam ux and
the acceptances, four sets of data are used as shown in Fig. 6.3. First data
are taken for approximately 8 hours with the rst setting of target polariza-
tion resulting in two rates N, and N4 of events with the vertex reconstructed
in the up and downstream target cell, respectively. Then thenagnetic eld
of the target is reversed, resulting in a change of sign of tharget polariza-
tions with respect to the beam. In this setting data are agaitaken for about
8 hours. The corresponding event rates afd o and Nq. For each of these
so called con gurations of about 16 hours the asymmetry canebextracted.
The high pr analysis follows this procedure. In the open charm analysidue
to the limited statistics, data are grouped together in largr con gurations
of about one week. A detailed description of the data selecti and grouping
used in this analysis can be found in [20].

The relation between the event ratedN; and Ag G=G is given by
eg. (C.1) in App. C:

N = (1 < >Asg) t=udutd (6.5)
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with
Z

a (N d"x and (6.6)

PGF

Pe Pr.ifiaL

t PeE + B

In eq. (6.6) n; denotes the number of target nucleons and = pge + g the

unpolarized cross section. The integral"tk extends over all accepted events.
If we ignore for the moment a possible contribution from the dckground

asymmetry Ag, the asymmetry As can be extracted from

_ NuNdO_ u do (1 < u>AS)(1 < d0>AS).
CNwNg w0 g (I < @A) < >Ag) ]

(6.7)

with the assumption that

SRR I (6.8)

ud d

Eq. (6.8) only implies that if the acceptance changes withrie, it changes in
the same way for both target cells. The uxes cancel in since both target
cells are subject to the same ux (, = gand o = ). The number
of target particles n; and the unpolarized cross section; drop out, because
they are the same before and after a eld reversah{ = npo and = o,

t = u;d). For a more detailed discussion see App. C. A possible devaa

of from 1 is a source of systematic error. If the factors > are known,
eq. (6.7) provides a quadratic equation i\g G=G.

This can be formulated in a di erent way. With 4 equations:

Ni = (1 < >Ayg) (6.9)
with t = u;d; u®d°; (6.10)

one can extract 4 unknowns:
As; ui db owo; (6.11)

( g is xed through the condition eq. (6.8)).
We now turn to the determination of the factor< > . Its value is taken
as the average over the event sample:
P

<> = 1=
N

(6.12)
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Figure 6.4. The true vs. reconstructeda, .

The di culty in calculating <> is that not all factors are known event by
event. The target and beam polarization and the dilution faor f are known
event by event. The partonic asymmetrya,, is not, because it depends on
the parton kinematics which is not directly accessible fronthe kinematics
of the reconstructed particles. For the same reason the gluenomentum
fraction X4 is not known event by event. Here one uses a neural network
parameterization ofa;, as a function of known kinematic variabley; pr and
Zp obtained with the help of an AROMA-MC simulation([21],[19] section
6.3.2). Fig. 6.4 shows the true analyzing power vs. the paraterized one.
The correlation reaches 82%. Fig. 6.5 shows a comparison afadand MC for
the three variablesy, pr and zp. The MC contains only signal events. In the
data the background was subtracted using the sidebands indhmass spectra.
The agreement is satisfactory, so that one can trust the MC raulation for
the parameterization ofa, .

The fraction of signal events pgr=( pgr + &) is known from Figs. 6.1
and 6.2 only as a function of the reconstructe®® mass. In principle it would
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Figure 6.5: Data to MC comparison for y;pr zp. The MC contains only sig-
nal events. In the data the background was subtracted using he
sidebands in the mass spectra.

be possible to produce these mass distributions in bins ofher kinematic
variables likey; pr and z, but the available statistics does not allow a binning
in all these variables. To solve this problem the ratiopgr=( pgr + ) IS
determined in bins offPga,, as shown in Fig. 6.6 for theD case, i.e. for an
event in a given bin offPga,. the signal fraction is taken from a t to the
corresponding histogram in Fig. 6.6. Within one target celthe parameters

1;My; 2;my and s in eq. (6.4) are the same for the di erentfPga,, bins,
l.e. there is one t performed for all the ve histograms in o target cell. A
similar method is applied for theD? case. Unfortunately the most favorable
signal to background ratio is reached in the rst bin wherea, is close to O.
Ignoring this correlation would be equivalent to calculate

PGF

< PBPTfaLL > — >
peF t B
rather than the correct factor
< > =< PBPTfaLL Pi(.‘:[:> .
peF t B

Extracting G=G with smallest statistical error.

Another issue to consider is the way to extract G=G with the smallest
possible statistical error. From eq. (6.7) one nds for thetatistical error or
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Figure 6.6: Invariant mass spectrumofK * andK™*  pairs of 2004 data with
cuts given in the third column ( D ) in Tab. 6.1 for both target cells
and di erent bins in Pgfa_ . Within one target cell the parameters

1;M1; 2;myandsin eq. (6.4) are the same for the di erentfPga
bins, i.e. there is one t performed for all the ve histograms in one
target cell. The corresponding 2 for each target cell is given in the

plot. The ts to these spectra are used in the analysis to evaliate
PGE
PGF * B’
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the gure of merit (FOM):

1 @A *? )
FOM= —/— = =2 ()
As @
Ntot
= 16< > 2
16
= < > 2Nt0t (613)

whereNy; = Ny + Ng+ Nyo+ Ny is the total number of events. To simplify
the discussion we assumed in eg. (6.13)

Nu Nd NuO NdO

and
< > =< > < > < o> < 9>

An expression for the FOM dropping these assumptions can dgde derived,
but is irrelevant for the following discussion.
In section 4 we saw thata,, has positive and negative values. Thus

< > may be close to 0 and the FOM even vanishes for the case> = 0!
One can of course divide the event sample in bins ofand extract G=G
separately in every bin. Since these measurements are indegent the FOM
is now given by

FOM = [bn 2N (6.14)

or in the limit of an in nite number of bins:
FOM=< 2>Nyy; (6.15)
which results in a gain in the FOM of

< 2>

with respect to the case without binning.

Dividing the sample in bins is inconvenient because of pask problems
with low or O number of events in certain bins. App. D shows thaone
reaches the same FOM by weighing every event with an approaté factor.
This optimal weight factor turns out to be just the diluting factor . The
target polarization Pt is not included in the weight because it would lead to
an increase in the systematic error, as explained in App. B.
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In the weighting procedure, instead of using the event rates
Nu;Ng;Ngp and Ngo;
one considers the sum over event weights
— Ny . — Ny . — N,o _ N 40
Pu= ZiWi; Pa=  ZiWii Pee= iZiW and pp= i 9W (6.17)

with w; = Pgfa i and proceeds in the same way as in the un-

+

weighted case, i.e. one calculates the double ratio

_ PP - w0 Q1 < >wAs)1 < g>y As) (6.18)
PuoPq wd @ < Wy As)l < ¢>u Asg) '

with

n
< > = Rtvécjx P
wdnx W

Z

wa ny d"x

t=u;d;u®d;

tW

In this case one nds for the FOM:

1 @A ° 2
FOM= 0 = —>
© s @ )

<w> 2
= 16<w>2 "~
W 16<w 2>

w

= < 2> N tot - (619)

tot

Thus with the choicew = |, the FOM is the same as for the case of dividing
the sample in an in nite number of bins. App. D even shows thathis choice
of weight corresponds to the minimal statistical error onean reach.

Taking into consideration the background asymmetry Ag

Up to now the background asymmetryAg has been neglected. One could
correct for it by taking events in the sidebands of the mass stributions in
Fig. 6.1 and 6.2. This is not the most e cient solution as willbe shown in the
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following. In the case of a non vanishing background asymnmngteq. (B.24)
Is extended to

N = ~(1 sAs sAg) (6.20)
with ~=a n; (6.21)
s = PB PTfaLL __PGF ; (622)
peF t B
5 = PgPrfal — > (6.23)
PGF T B

Now one introduces two weight factors, one for the signal,

ws = Pgfa, PP ;
peF T B
and one for the background,
W = PBfaB_ B .
peF t B

P .
The expectation value of iN:‘l Wg.g is given by multiplying eq. (6.20) with
the weight factor and integrating over dx. This leads to the following 8
eguations:

Xe
Wls = ts (1+ < tS > ws Ast+ < tB = ws Ag) ;
i=1
e
W:a = tB (1+ < t;S>wB AS+ < t;B>wB AB) ;
i=1
with
Z
tc = ~wcd"X ; (6.24)
R "
cWco 10X
< > : 6.25
tC 7 Weo We (dnx (6.25)

t=u;d;u®d’; C=S;B; C°=S;B:
With these 8 equations the 8 parameters

AS;AB; wSy d:S: u®S: uBs dB and u%B
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can be extracted. This method allows thus the simultaneouscteaction of
As and Ag.
s and qp are xed through the acceptance conditions
u;S dos -1 ; uB d°%B =1 - (6.26)

u%s d;s u%B  dB

One can try to reduce the number of unknowns further, by assung that

us o WS (6.27)
u;B u%B

This will reduce the number of unknowns from 8 to 7 (Because efy. (6.26)

this implies also that 4s= ¢ = qos= qep). This assumption is weaker

than the assumption in eg. (6.26) since it only demands that the acceptance

changes, it changes in the same way for the signal and the bgabund.

Since the system is over-constrained (8 equations for 7 urdams) it allows
even to verify the underlying assumptions by looking at the ? distribution.
More details are presented in App. E.

Fig. 6.7 shows the results obtained foAg G=G and Ag for the two
decay channels and the dierent years of data taking. With te method
described above G=G s extracted with the highest statistical accuracy. As
explained after eq. (6.19) the same results can in principlee obtained by
binning the event sample. This will be discussed in the follang. Fig. 6.8
shows the muon-nucleon asymmetry of the open charm eventsfaur bins of
a,, for the two decay channels. The muon-nucleon asymmetry is taimed
by excludinga;, from the weighting factor. According to eq. (B.14):

G

N — .

AT =<a > G
G=G s given by the slope of a straight line going through the orig of the
coordinate system, assuming a constant G=G. At the present accuracy of
the data the assumption that G=G is constant seems to be justied. In
Tab. 6.2 the results obtained by this method are compared tche results

obtained by includinga_, in the weight.

Systematic Errors

The relative errors of the beam, target polarization and thelilution factor
are 5% for each of these factors. Varying the charm masg in the range
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Figure 6.7:

Results for Ag G=G and Ag for the two decay channels and the
di erent years of data taking. The horizontal axis is the same for
both histograms. Note that in the lower histogram the left vertical
scale is for theD background asymmetry and the right scale for the
D9 background asymmetry.
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Figure 6.8: The muon-nucleon asymmetry of the open charm events as a fution
of a . The lines are ts to the data using eq. (B.14). The slope of
the lines is G=G.

method D DY

a, . bins 1:17 058|057 0:79

a,. in weight 093 054|038 072
di erence 0:24 021|019 0:33

Table 6.2: Comparison of results on G=G obtained by analyzing the data in bins
of a;. and including a,_ in the weight. The error on the di erence is

given by: %, = 2 [22].

2
ay bins  ay in weight
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source contribution
Pg 5%
P+ 5%
f 5%
a L 0.05
____PGE 009
(PerF *+ B)
binning in fPa . 0.04

61 0.10
total (for G=G= 0:46) 0.15

Table 6.3: Contribution to the systematic error of G=G.

1400{1600 GeV results in a change of 0.05 forG=G due to a dierent
a,. . Trying dierent tting procedures to describe the mass spetra, used
to determine the factor pgr=( pcr + ), results in a contribution of 0.09.
Varying the binning in fPga, . yields a contribution of 0.04.

In addition to these contributions there is another one duea false asym-
metries by a possible violation of the relation (6.26). Thisvas estimated by
looking at the deviation of a result obtained in one con gurtion, ( G=G);,
from the average results G=G>, divided by the statistical error ;:

( G=G) < G=G>

This distribution is centered around 0 with an RMS of 1, if redtion (6.26) is
ful lled. No deviation from 1 was observed. As an upper limitone nds a
contribution of 0.10 to the systematic error.

Adding all contributions listed in Tab. 6.3 in quadrature results in a total
systematic error of 0.15. Note that all systematic studies eve performed
independently for the two decay channels. The various cotibutions were
found to be very similar for both decay channels, such that &none value is
given in Tab. 6.3.

The nal result

It remains to clarify at which momentum fraction x4, and scale the gluon
polarization is measured. As folg,, , a MC simulation is used to determine
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<Xg>. One nds a value of< x4 >=0:15 with an RMS of 0.08. The scale
is approximately given by 2=4(m2+ p2) 13 Ge\?.
The combined value (both decay channels, all years) is

S 046 043 015; (6.28)
at <xg>=0:15

and ?=13GeV?:

6.2 High pr analysis

The event sample with two hadrons of large transverse momemn is divided
into two subsamples,Q? < 1GeV? and Q? > 1 Ge\?. The reason is that
di erent Monte Carlo generators are used to estimate the vaosus background
contributions. For the events with Q? < 1 Ge\? the generator PYTHIA [23]
and for eventsQ? > 1 Ge\? the generator LEPTO [24] is used. Events
with Q? < 1Ge\? correspond to 90% of the total sample. Concerning the
scattered muon, the event selection is similar to the open @m analysis.

6.2.1 High pr, Q>< 1 GeV?2

For this sample the cuts listed in Tab. 6.4 were applied. Thewere optimized
to nd a good balance between clear tagging of the PGF procefgght cuts)
and high statistics (loose cuts). These cuts result in conbutions R for the
various partonic subprocesses shown in Fig. 6.9. The rst the are the PGF,
the QCD Compton (QCDC) and the LO process. The virtual photoncan
also uctuate in a hadron and a parton of the resolved photomieracts with
a parton in the nucleon. These are the next three contributims shown in the
gure. Finally the low pr contribution re ects resolved photon events where
no hard scale is present.

The raw asymmetry A"V is related to G=G in the following way:

A™ = fPgPr(Rper al"" ?G + Ag): (6.29)
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Q% < 1GeV?
0:3<y< 09
m(hy; hy) > 1.5 GeV
Xg > 0:1
pit; pi? > 07 Gev
(PF)? + (pf2)? > 2.5 GeV?

Table 6.4: Cuts used to enhance the PGF sample in theQ? < 1 GeV? sample.

_L .
° ° °

o 2 5 8
g9®qq 1

99®4g
QCDbC | [=daea
@ ®aq J

qg®aqg <
99®gg

=

low [

Leading

o

Figure 6.9: The various partonic subprocesses contributing to the cros section
for the cuts listed in Tab. 6.4.
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The background asymmetry receives the following contribigns:

_ cDC
Ag = Roacopce 88_ AQCDC
+ Rio a'[(L)ALO
lowpr 5 low
+ R|OWpT a . TA pr

ff 0
g cudsudsie Rifody

f f0

o (6.30)
The factorsR designate the fraction of the corresponding process to theoss
section. The partonic asymmetries are denoted bg, . . Rpgr IS approxi-
mately 30% anda °F 0:6 aty = 0:5 (see Fig. 4.3).

The contribution of the LO and low pr process amounts only to about 7%.
Moreover their contribution is multiplied by an asymmetry which is known to
be very small in the kinematic region considered [25, 26]. €refore these two
contributions are neglected. The QCDC contribution can bestimated from
the measured inclusive deuteron asymmetrp?. To evaluate the resolved
photon contributions, one has to know the polarization of th partons in a
resolved photon. Unfortunately these are unknown and onlynhits can be
given [27], which leads to a contribution to the systematicreor.

Systematic Error

In this analysis the fraction of signal eventRpgr must be extracted from
the generated MC sample. It is thus mandatory to nd a good agrement
between data and MC. The level of agreement is shown in Fig.16. Several
PYTHIA parameters relevant to the amount of transverse momgum ac-
quired by hadrons were varied in a range in which the agreemndnetween
data and MC remains satisfactory. The resulting variation b G=G gives a
contribution to the systematic error of 0.035. Higher ordeQCD e ects were
estimated by varying the factorization and renormalizatio scale by a factor
of 2 resulting in a contribution of 0.008. The uncertainty inthe polarized
parton distribution of the photon results in a contribution of 0.015. Together
with other experimental systematic error sources, similaio the open charm
analysis, the total systematic error is 0.055.
The scale is approximately given by 2 (pi*)2+(pi?)2 3 Ge\2. From

the MC simulation the average gluon momentum fraction was tkermined to
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Figure 6.10:
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Data vs. MC comparison forQ2,y,p and pt. The upper part of each
plot shows the simulated (line) and the data (points) normalized to
the number of events. The lower part shows the ratio data/MC.
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m(hy; hy) > 1.5 GeV
XE > 01
Z > 01
pr > 07 GeV
(P1)2+(pP)? > 25GeV

Table 6.5: Cuts used to enhance the PGF sample in theQ? > 1GeV? analysis.

be < x4 >=0:085 with an RMS of 0.05. The nal result is

G _ 0:016 0:058 0:055: (6.31)

G
at <xyg>=0:085
and 2=3GeV?:

A more detailed description of this analysis can be found i28]. An analysis
including only the 2002 and 2003 data is published in [26].

6.2.2 High pr, Q%2> 1 GeV?2

For events with Q%> > 1 Ge\? the contribution of resolved photons can be
neglected. Here the cross section is described by three msses:

Leading order (31%)
QCD Compton (32.5%)

Photon Gluon Fusion (36.5%)

For this analysis the event generator LEPTO [24] was used tstmate the
contributions of these three subprocesses to the cross gatt After optimiz-
ing the cuts given in Tab. 6.5 the event fractions given in pantheses are
obtained. The level of agreement between data and MC can bedged in
Fig. 6.11. The total systematic error is 0.06. It contains adributions from
experimental systematic errors and from the MC generator.

The nal result is:

?G = 0:06 031 0:06; (6.32)
at <xyg>=0:13
and ?=2:4GeV:
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Figure 6.11: Data to MC comparison for one inclusive variable,y, and one semi-

inclusive variable, the transverse momentum of the hadron \th the
largest pr[29].
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This result includes only data from 2002 and 2003. The analgsof the 2004
data is still ongoing. A more detailed description of this aalysis can be
found in [29].

6.3 Summary of Results on G=G

Fig. 6.12 and Tab. 6.6 show the results obtained by the COMPASccollab-
oration and other experiments and compare them with predicins obtained
from NLO analyses of inclusive data. The direct measurementire incom-
patible with parameterizations predicting a large rst monentof G =2 3.

Fig. 6.13 shows results from the PHENIX and STAR collaborabin at the
polarized proton-proton collider RHIC. These results conrm that scenarios
with a large G are ruled out.

* COMPASS, open charm, n?=13GeV/? (this analysis)
o COMPASS, high p,, Q°<1 GeV*
v COMPASS, high p,, Q*>1 GeV?
A ] SMC, high p_, Q*>1 GeV?
w 08 A HERMES, high P, hadron pairs, all Qz. published (2000).
~~ 1 [ HERMES, single high P, hadrons, all Q%, prel.
N --------- fitwith DG>0, MS scheme, n#=3GeV?
0.6 1| sosescoscsosossoos fit with DG<0, MS scheme, n#=3GeV?
1 GRSV at n?=3 GeV?
0.4
0.2 —
QT
-0.2— L
0.4 - A
_06 —_t | | | | | I I | | | | | | |
102 10! X

Figure 6.12: Results on G=G from dierent experiments. The two dotted
curves are results from the COMPASS NLO ts to inclusive asym-
metries [12]. The corresponding rst moments are 0.26 and 0:31
at = 3GeV2. The three solid curves labeled max, std and min
are parameterizations from GRSV [30]. They correspond to Ist
moments at = 3GeV? of 2.5, 0.6, 0.2 respectively.
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Experiment | Method G=G stat. err sys. err.| scale /GeV? | <x4> | ref.
COMPASS | hadron pairsQ? < 1 Ge\? | 0.016 0:058 0:055) 3| 0.085 | [33]
COMPASS | hadron pairsQ?> 1 Ge\? | 0:06 0:31 0:06Y 24| 0.13 |[33]
COMPASS | open charm 0:46 043 015 13| 0.15

HERMES | hadron pairs 0:41 0:18 0.0 2| 0.17 |[34]
HERMES | single hadrons 0:071 0:034%1% 1.35| 0.22 | [35]
SMC hadron pairsQ? > 1 Ge\V? | 0:20 0:28 0:10 3| 0.07 |[25]

Table 6.6: Results on ?G from various experiments.

is given.

1) These results do not include the correction for the
D -state probability in the deuteron mentioned in section 5.3 2 Only the experimental systematic error
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Figure 6.13: The double spin asymmetry A as a functian of pr for inclusive
jet production from the STAR experiment [31] (left) and for i nclu-
sive © production from the PHENIX experiment [32] (right). The
parameterizations [30] labeled G= G; G=0and G= G
correspond to gluon distributions of G = G;0;G at an input
scale ofQ? = 0:4 GeV2. The parameterizations labeled GRSV-max
and GRSV-std correspond to rst moments of 2.5 and 0.6 at a scke
= 3GeV?2.
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Chapter 7

Summary & Outlook

This work describes the measurement of the gluon polarizati in the nu-
cleon performed by the COMPASS collaboration. The motivatin for such
a measurement is tge fact that a large rst moment of the polazed gluon
distribution G = 01 G(xg)dxg 2 3 would reconcile predictions for
the quark spin contribution from quark models and deep inettic scattering.
COMPASS data show that G=G is small atxg 0:1 and not compatible
with parameterizations that predict large values for G. These direct mea-
surements only determine G=G in a limited momentum range. NLO QCD
analysis, which provide an indirect measurement of the rstnoment, con rm
a small value of G. Although all the results presented here are compatible
with G =0, with the present precision of the experimental data, it$ still
possible that the spin of the gluons is responsible for 100% tbe nucleon
spin, i.,e. G = % Thus the question about the origin of the nucleon spin
remains open.

In the near future new data from COMPASS and thepp collider RHIC
will further reduce the uncertainty on G=G. In the long term a new elec-
tron proton collider like eRHIC[36] would provide an ideal ol for a precise
determination of the shape of G(xg4). Finally, deep virtual Compton scat-
tering (DVCS) was proposed [37] to measure the contributioaf the orbital
angular momentum to the nucleon spin.

64



Appendix A

D -state probability in the
Deuteron wave function

The deuteron wave function is given by:
jd>= 5jS>+ pjD> (A1)

with p =0:05[16]and 2+ 2 =1.

For a deuteron with total angular momentumJ =1 and M; = 1 the |S >
and the jD > states are given in terms of the orbital angular momentuni
and the spinS by:

iS> = j0;0,1,1>= jL;M;S; Mg >

iD> = <1;1j2,2,1;, 1>j2,2,1;, 1>

<1;1j2,1;,1,0> j2;1,1,0>

r<£;1j2;0;1;1>j2;r0;£1> _
3

. 3. 1.
i1 1> ‘1°1°0> + 011>
512,2,1, 1 —1012,1,1,0 —1012,0,1,1 ;

+
+

where in the state vectors the quantum numbers ang; M ;S; Ms > and in
the Clebsch-Gordan coe cients they are< J;M ;jL; M ;S; Mg >.

How large is the polarization of the two nucleons in the deuten in the
statejJ =1;M; =1 >?
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This polarization is given by:

3 3 1
21+ 2 = (1)+— 0+— 1
S D 5( ) 10O 10
6 1 3
— 2 4 2 T © 2 .
1 D D 10 10 1 2 b

< 1;1j8,j1;1>

l.e. in a totally polarized deuteron the nucleons are only parized to
1 -5 =92:5%

for a D-state probability of ! p = 3 =0:05.



Appendix B

Relation between counting rate
and asymmetry

The number of events can be written as:

N = a( AlNa At Np p + n;# ;#): (Bl)

The variables used in eq. (B.1) are explained in Tab. B.1.
The product of the target and beam polarization can be expresd in
terms ofn, andn, :
"#
n n
PrPg = =—F-: (B.2)
Np + Np
Note that only the relative orientation between beam and taget spin matters.

Replacing

. 1+PP w 1 PP
nn==—""np and nf¥==—"—"Sn; (B.3)
2 2
in eq. (B.1) yields

1+PgPr . 1 PgP
N = a ANA A+ N BFT " BFT
2 P 2 "’#

# # "
- + P P P P P P
a AlNaA A T Np > BFT >
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Variable | de nition meaning

a acceptance

P muon ux

n|=np+ ,na |total number of nuclei in target
n, (ng) number of nuclei with beam and target polarization paralle{anti-parallel).
np;(Na) | Np = N, + N | number of polarizable (non-polarizable) nuclei

pi( A) b unpolarized cross section of polarizable (non-polariza)inuclei
= fee? Al 2 | gverage unpolarized cross section
f —— 22— | dilution factor
P P ANA A
Ps; (Pr) beam (target) polarization
AN Muon-Nucleon - asymmetry

Table B.1: De nition of the variables used in eq. (B.1).
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We now introduce the muon-nucleon asymmetryAN | and the unpolar-
ized cross section p

s
AN = P P=_F P (B.4)
P#+ p 2 p

This leads to
N=a anaa+tn,p 1 PgPrAN (B.5)
Finally, the introduction of the dilution factor

f = Al (B.6)
Np p+ ANA A

gives
N=a( ana a+n,p) 1 PgPrfAN (B.7)
with the de nition of the average unpolarized cross section
n + AN n + AN
:PP AAA:PP AlTIA A (B8)
Np + ANp n
one nally nds
N=an 1 PgPfAN (B.9)

We now turn to the relation between the muon-nucleon asymmet AN
and the parton distributions q=q g and G= G G* we nally
want to measure. The muon-nucleon cross section is relateol the muon-
gluon cross section in the fc%lowing way:

(IN#H MeWHGE +  OCOIG*dxg; (B.10)
Z
(INC) MG + (MG GH dxg (B.11)

The integral indicates that for a xed event kinematics the duon polar-
ization is probed in a given range of the gluon momentum fracin Xg.
For the muon-nucleon asymmetry one nds

. (IN @) CINC)
A - R(")N(#>+ ("N()
o (")G(H#) e (G G¥)dx,
B 'R‘( MGH +  (6()) (G + G¥)dxq
-G G Gdx
S <Yk 9 (B.12)

G Gdxg
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where the partonic asymmetry

(MGH#) ("G
MG + (MG

aL = (B.13)
has been introduced. It depends on the photon-gluon kinemes. A leading
order QCD expression can be found in [14].

To proceed further we assume that G=G s constant! over the kinematic
range considered.

and nally arrive at

AN = <ay > & (B.14)
G
with .
<ap >= R Gaxg ;
G Gdxg

In the case of the inclusive asymmetry it is convenient to inbduce the
photon-nucleon asymmetry:

1 3

N - =, —,

AN = (B.15)
1=2 3=2

where [, ( 1.,) is the -nucleon absorption cross section for antiparal-

lel (parallel) spin con guration of the photon-nucleon syeem. The relation
between muon-nucleon and photon-nucleon cross section igeg by

NGy (P I:z"'(l P) 3T=2+ “); (B.16)

ONO (@ P) [,+P L+ Y (B.17)
where 201 )
_ y

= —2(1 N+ 2 (B.18)

LActually, it can easily be shown that it is su cient to assume a linear behavior:
G=G(xg) = a(Xg <Xg>)+ b Inthiscase G=Gis measured ata momentum fraction

R
XgWarL G Gd"x

< Xg>=
g Wa L G Gdnx

wherew is a weight factor introduced in App. D. In this appendix w = 1.
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is the ratio of longitudinally to transversally polarized vrtual photon uxes

and
1

Sl )y
is the fraction of transverse photons with spin projection tiparallel to the
nucleon spin.

This leads to the following relation between muon-nucleonna photon-
nucleon asymmetry:

P (B.19)

(")N(#) ("IN()
("IN + ("N(")
P (i, i)
(1ot 3)+2 °*
P 1
— 1+ R AN
y(2 y) AN
y2+2(1 y)(1+ R)
= DAN

AN =

(B.20)

where 5
R = T+7LT ==
1=2 3=2 T
is the ratio of longitudinal to transverse virtual photon alsorption cross sec-
tions. Note that throughout this derivation the muon mass wa neglected
and we usedQ? 2,
In eq. (B.20) the depolarization factoD has been introduced. It describes
the polarization transfer from the muon to the virtual photan. In leading

order QCD the Quark Parton Model expression foA N simply reads

P e
M-

N =
A" (x) <000 :

(B.21)
If one analyses the muon-nucleon asymmetry in terms of vaus subpro-
cesses (Leading order, QCD-Compton, photon-gluon-fusion:) it is incon-

venient to work with a photon-nucleon asymmetry. The reasors that the
depolarization factor depends on the cross section rati® which is di erent
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for di erent subprocesses. For the leading order process fexample, we have
R = 0 because a point-like quark cannot absorb a longitudinalhmton.
With the de nitions

~ = an and (B.22)
= Pg PTfaLL or Pg PTfD (823)

ed. (B.9) reads now
N(x)=~x)1 (2A) (B.24)
where A stands for eitherAN or G=G. In eq. (B.24) the explicit depen-
dence of and on kinematic variables likeQ?; pr;::: and other variables

like the vertex positionv, time t, ::: was introduced. All these are combined
in a vectorx = (Q?; pr;#;t;:::). We assume to work in kinematic bins where
the physics asymmetryA ( AN or G=G) does not depend onx. For the
inclusive asymmetry,A™ , which depends in principle on bothQ? and xg; ,
the Q? dependence is negligible within one bin of the Bjorken valite Xg; .

G=G is measured in a narrow momentum fraction range, where it care
assumed to be constant. Note that in principle it is possibléo drop the
assumption of a constant G=G and allow for example for a linear depen-
dence in the momentum fraction range considered. At the prest statistical
precision this seems not to be necessary.

Integration over d'x = dQ?dprd3v::: leads to

Z
<N>= N((xd"x = 1 <>A); (B.25)
Z Z
with = ~d"x= a n d'x
~ d"x
and <> = R " (B.26)
~d"x

Consider now two data setsN# and N™ with parallel and antiparallel
beam and target spin. The raw counting rate asymmetry

N* N
raw — ~~ = "
TNFINT (B.27)
is related to the physics asymmetnA by
s
AW = u = A = PTPBfaLLA; (828)

N+ N”
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assuming

and
= T (B.29)

Note that experimentally it is di cult to ful Il eq. (B.29) b ecause it requires
very good acceptance stabilization and ux normalization.For this reason
the asymmetry A is extracted in a di erent way described in App. C. Nev-
ertheless eq. (B.28) serves to discuss some basic aspecteeofneasurement
of G=G.



Appendix C

Asymmetry Extraction

This appendix shows in detail how the asymmetry is extracteflom the event
yield. We start from eq. (B.24). Consider four measurementss shown in
Fig. C.1. Replacing the expectation valuex N; > in eq. (B.25) by the
actually measured event ratedN;, t = u; d; u® d°we have

Ne = (1 < >A): (C.1)

Next consider the double ratio

NdNu0 ud d (1 < o> A)(l < g A) . .
Now we write for ; :
Z
t = fag Ny +d"Xx (C.3)
R "
. nt t X
with f = ! C.4
ag X (C.4)

wheref a g is the average acceptance.
The rst factor on the right hand side in eq. (C.2) can now be fatorized:

R nR n 0
v _ g Muud™ 5 g od"x fa,gf agg

uw d h Onu uan” Ny dan faggfadg

(C.5)

Note that the two target cells are subject to the same ux dumg data
taking, thus we can dene = [, = g4and %= = g The

74
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Nu Nd
F
> — —— » 8h
field reversal » 20 min

— > » 8h

N, Ny

u

m
—

—_—

V1

Figure C.1: To extract the asymmetry, four measurements of event rates
(Ny;Ng;Nyo and Ngo) are used. The double arrows indicate the
direction of the polarization vector.

terms R n; {d"x can approximately be written asR d "x, Rnt 1d"2X,

with d™x; = d3vdt (d3v is the integration over the vertex position) and
d"2x, = (all other integration variables), because and °depend only on
the integration variablesv¥ and t whereasn,; ; depends only on kinematic
variables, if the target is homogeneously lled and does nahove. Thus:

R R R R R R

5 Nu ud™ g qd"x 5 d "™ B d"x, RN o lk X2 o Na ad"xo

%y, (X ng gd™x & Ox; dx; ng od'Xp, Ng gd"X,
(C.6)

To extract the asymmetry one has to assume that the double rat of

acceptances is 1:

_ faugfajg_, fa,g _ fawg,
- falgfagg " fagg fapg’

(C.7)

In words this means that before and after a eld reversal theaeptances are
allowed to vary, if they vary by the same amount for the two taget cells. A
possible deviation of from 1 is a source of systematic error.

The factors< > can be calculated from the event sample:

<> = ile L (C.8)

Thus eq. (C.2) provides a quadratic equation for the asymmst A.
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The error calculation is straightforward but lengthy. For the discussion
here we assume& > A land< > =< ;> < p> < o>

< 4>. Inthis case eq. (C.2) simpli es to

= (1 4< >A) (C.9

) A = 41<7>: (C.10)

We assume furthetN, Ng Ny Ngo = Nit=4, so that

2. 16
Ntot

(C.11)

The gure of merit (FOM) or the statistical error on A is then given by:

1 @A ° )
FOM= — = =
o) 3 a )

<> ? NtOt . (C12)



Appendix D
Event Weighting

We will now consider a di erent way to determine the asymmety A by giving
each event a weightwv(x). This can provide a higher gure of merit (FOM).
We start for the moment with an arbitrary weight. The observdles are now

po= Now t=uuldd: (D.1)

The statistical error on N, w; is given by N, w?. Forw; 1 this is equiv-
alent to the asymmetry determination discussed in App C.
Multiplying eq. (B.24) with w and integrating over d'x yields

Z
<p> = w (1 A)d"x
Z
= wa n dx(1 <> ,A) (D.2)
where R "
<> = gy 94X ; (D.3)
w dnx

This again leads to a second order equation fé:

— PuPoo _ 1 < >wAA < g>wA)

= : D.4
popg (L < Wy AL < >y A) (D-4)

The statistical error on is:

P
,_ 16 w2 16<w?> 1
) 4 Nt ;)2 C <w>2 Ny
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assuming
Ntot

4

and that the average weights<w >, are approximately the same.
The FOM is now:

Ny Ny N o Ngo =:

1 @A 2
FOM= —/ = — ()?
As @
N <w> 2
_ 2 tot
- <> w <\N72> (D5)
<wW> 2 <w> 2
<w> 2
= <W2> Ntot: (D7)

Up to now the weight factor w was arbitrary. Let us assume that the
weight wy maximizes the FOM. Consider a deviation from this minimum of
the form:

W(x) = Wo(¥) + (%) (D.8)

with an arbitrary function (%).
The condition

@FOM  @<w o+ > 2
@ T @<wor )

<SWo >< >XW 3> <Wo ><W  >?2=0 (D.9)

Nt =0

is, for an arbitrary (%), fullled for wo =  which means that the choice
w = minimizes the statistical error. Applying this to eq. (D.7)results in a
FOM

FOM =< 2>Nyy : (D.10)
Compared to eq. (C.12) the gain in the FOM is

< 2>

—: (D.11)

Fig. D.1 shows the distribution for the D event sample. The gain in
the FOM is 47%. For theD° one reaches 40%.
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91400 _. ......................... ......................... . ........................ ........................
mean::<b> = 0.04 : i

01200 ey RMS:OO31 .............

- 2, 2,
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Figure D.1: The distribution for the D event sample.

It is not always advisable to use the statistical optimal wght w = =
PsPrfa,. . In the case of event weighting one has to assume

= TGl Anly _ (D.12)

v f auogwf ag Ow
with "
aw n d"x
f =R D.13
A Gw w n dnx (D-13)

The target polarization Pt depends on time because of repolarization or
relaxation. The time dependence may even be dierent for thewo target
cells. This means that ,, may deviate from 1 even if the acceptances are
perfectly stable in time, if Pt is included in the weight. To include the target
polarization Pt in the weight more care has to be taken not to introduce
an additional systematic error. For this reasorw = Pgfa_ is used. Note
that the beam polarization varies event by event because dig¢ spread of the
beam momentum. It does thus make sense to includ®y in the weight.

This appendix is in large parts extracted from the COMPASS imernal
note[38] which contains more details.



Appendix E

Asymmetry Determination in
Presence of a Polarized
Background

In case of the open charm analysis eq. (B.24) has to be extedde

N = ~(1 sAs sAg) (E.1)
with ~=a n =a n( per + B); (E.2)
s = PgPrfay. —POF ; (E.3)

peF t B

B

g = PgPrfap, (E.4)

peF + B

The reason is that the events under the mass peak of tiE° in Figs. 6.1
and 6.2 may also carry an asymmetnAg.

A poor man's solution would of course be to consider only evsnin a
certain region around the mass peak (e.g. 2 ), determine the asymmetry
in this mass region and then determine the asymmetry of the blground
from the side bands in the mass spectrum and correct for it.

A better method is presented in this appendix. One has simptp consider
two types of weights, one for the signal and one for the backgmd. The
corresponding weights are

PGF

Ws = PBfaLL ; (E5)
PGF T B
PGF T B
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I.e. the weights are essentially the factorss and g appearing in front ofAg
and Ag in eq. (E.1) except for the target polarizationP; for the same reasons
as explained in App. D. a® was chosen to be equal to the depolarization
factor D. (A di erent choice would lead to a di erent Ag, the important fact

is that As is not a ected by the choice ofaP ). One arrives at the following
8 equations:

X
i=1
Xa

< Ws> = gs (I+ < gs>ws Ast < g>ws Ag) = fas  (E.8)
i=1
Ruo

< Wg> = s (I+ < pes>ug Ast < o>y Ag) =i fues (E.9)
i=1
Rao

< W|S> = do:s (1+ < dO;S>WS As+ < dO;B>WS AB) = fdo;s (ElO)
i=1
X

< Wg> = g (I+ < ys>w Ast < s>y, Ag) =l fus  (E.11)
i=1
Xa

< Wg> = g (I+ < gs>w, Ast < gs>w As) = fas  (E.12)
i=1
Ruo

< W|B> = UO;B (1+ < UO;S>WB As+ < UO;B>WB AB) =. fUO;B (E13)
i=1
Rao

< Wg> = g (I+ < @s>w, Ast < qp>w, Ag) = faopi(E.14)

i=1

with the following de nitions

Z
tc = ~wcd"x ;
R "
WCO t X
< o> = _R" : E.15
tC 7 Weo Weo (dnx (E.15)

t=udud: Cc=SB; C°=S:B:
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As for the background free case we assume that the double matf ac-
ceptances equals 1. This yields the following two conditisn

u;S  dés i u;B  d°%B
e P = 1 : = =

u%s d;s u%B dB

=1 (E.16)

One arrives at 8 equations (E.7 - E.14) for 8 unknowns
AS; AB; wSy dS,» u®S; uBs dBs u%B -

In order to reduce the number of unknowns, one can try to make aore
assumptions. For example:

ws - s, (E.17)
u;B u%B

This will reduce the number of unknowns from 8 to 7. The condin

eq. (E.17) is even safer than the assumptions made in eq. (&)1 It only

assumes that signal and background events are a ected in tlsame way by

an acceptance change before and after a eld reversal. Noteat eq. (E.17)

implies

ds _ _d%S (E.18)
d;B doB
as well, because of egs. (E.16).
To further reduce the number of unknowns, one can for examptey to
determine the ratios
u;S uos

d;S dos
fy:= —— = = and rq:= —== ’ (E.19)
u;B u%B d;B d°B

from data. This reduces the number of unknowns from 7 to 5. Hetthis was
done by taking

(E.20)

e =
(E.21)

g =

One value forr, and rqy was determined per decay channel and year, thus
assuming thatr, and ry4 doesn't change from period to period over one year.
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The reduced number of unknowns allows us to check thé as the good-
ness of the t, or to introduce new unknowns, for example a b&ground
asymmetry which depends on the reconstructed mass.

The unknowns can be obtained by a? minimization:

2=(N PTCov (N 1) (E.22)
with
X Xa XX owe We xR
N o= ( ws;  ws';  ows'; o ows's o ows';  ws's  owe'; wa');
i=1 i=1 i=1 i=1 i=1 i=1 i=1 i=1
(E.23)
and
f.—(AS;AB; wSs d:Ss u®S,; uB, dB» uo;B)
= (fu;S;fd;S;fuo;Sfdo;S;fu;B ;fd;B;fuo;B;fdg) : (E.24)
Since one is using the same events, once weighted witgy and pnce with
wg, the 8 measurements are of course correlated. De nimgc = iN:tl We,

the covagance matrix Cov has the form shown in table E.1. Theovariance
between ;ws and ; wy is given by:

X X
cov( Wi Wh)
i i
X X X X
= < Wy owh > < Wi >< wh >
i j i j
- X i\ X i\ X i X i
= < WsWg + WsWg > < Wg >< wg >

i=j i6] i j

<N><w gwg > +H(<N2?> <N> <N>?)<wg><wg>:

If N is Poisson distributed

<N?> <N> <N>2= 2 <N>=0

we are left with

X X X o
cov( Wws; wh) = <N><w swg > ws'wg':  (E.26)
i j

<N><w gwg >+ <N(N I)><wg><wg> <N>%<wg><wg >

(E.25)
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cov(pu:s ; Pu:B )
0
0
0

0 0 0 covy:s ; Pus ) 0
Zpd;s 0 0 0 Ccov(y:s ; Pa:B )
0 2puo;s 0 0 0
0 0 2de;S 0 0
0 0 0 2pu;B 0
cov(Py;s; Pa;g ) 0 0 0 ?Pa;s
0 cov(uos; Puos ) 0 0 0
0 0 coV{go;s ; Paos ) 0 0

Table E.1: The covariance matrix for the 8 measurements.

0

0
covyos; PuoB )

0

0

0

0
coVqo:s ; P )
0
0

0

pyos

%
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DO D combined

As 2nd order method, Ag =0) | 0:261 0:700| 1:109 0:547| 0:590
8 parameters| 0:350 0:724| 1:136 0:556| 0:585
7 parameters| 0:376 0:721| 0:928 0:539| 0461
5 parameters| 0:313 0:719| 1.075 0:521| 0:597

0:431
0:441
0:431
0:422

Table E.2: The results of G=G for DY and D for the di erent methods. Only
the statistical error is given.

The diagonal elements are given by
Prc = - (we)?; t=ud;bd’; C=S;B: (E.27)
i=1
Results on G=G are presented below
for the normal 2nd order weighted method assumingg = 0 (App. C)
t method with 8 parameters
t method using assumption eq. (E.17) (7 parameters)

t method using values forr, andrg4 in egs. (E.20,E.21) (5 parameters)

Fig. E.1 and Tab. E.2 show the results foD°® and D for the di erent
methods. The results di er only by a small fraction of the stéstical error.
Fig. E.2 shows the 2 probability distribution for the t with 7 and 5 param-
eters. There is one entry per period and decay channéd{ or D ). They
are not incompatible with the expected at distribution.

As can be seen in Tab. E.2 the t with 5 parameters leads to thenzallest
statistical error. But here the required values for, andrq4 are taken from the
same events which are used later to extract the asymmetry. Kimg values
for ry.q period per period, instead of the values for the whole yearesults in
a 2 probability distribution with abnormal high values for the probabilities.
This is clear since one uses exactly the same data to determin,4 as used
in the t. If one takes one value per year this e ect gets dilued. In the nal
result the method with 7 parameters is retained.

Up to now the full mass spectrum in the range 400 MeV was used in
the ts. Figs. E.3 and E.4 show the result on G=G and Ag for di erent
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® 2nd order
(D 2 8 parameter
<. | o 7 parameter
(D 5 parameter
1_ e ......................................
”U) i —— . E=g=
<t == i
- S () et _— . l
_1__ ....... =m0 Y ;.; ............... ETﬁ ....... ‘ ............... ......
e — ........
_ 0
e D* D
s () :
_3;“_. ....... \ ................ ................ ................ , ............... ............... .......
 p002 2003 2004  comhined
_I | | | | | | L 111 | L 111 | | | | | | | L 111 | L1 11 | 11
-4

D* DO D* DO D* DO

~0.3

Qo2 i
Lol jU/O
0
-0.1
0.2
-0.3

Figure E.1: The upper plot shows the results on G=G for D and D? for dif-
ferent years and di erent methods (2nd order, 8,7, and 5 paraneter
ts). The lower plot shows the corresponding background asynme-
tries. The horizontal axis is the same for both histograms. Mte that
in the lower histogram the left vertical scale is for theD background
asymmetry and the right scale for the D® background asymmetry.
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| 7 parameters | hprob2
Entries 58
— Mean 0.4731
6— RMS 0.3175
51
4=
3
2
1 _
O_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
c? prob.
| 5 parameters hprobl
Entries 58
- Mean 0.4517
6 ] RMS 0.3086
51
a4
3 :_ J_|_|_|_|_|— -
2=
1=
O_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
c? prob.

Figure E.2: The 2 probability distribution for the t with 7 and 5 parameters.

There is one entry per period and decay channell® or D

).
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mass ranges down to 50 MeV for the D° and the D . The lines show the
expected 1 deviations from the point with the smallest statistical eror at
400 MeV which was used in the analysis. No peculiar behavia observed
in these plots.

This appendix is based on a COMPASS internal note[39] whiclootains
more details.
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0 50 100 150 200 250 300 350 400 450
mass range /MeV

0.08| i H— — A — AN — T—

-0.05

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 11 I 1 1 1 1 I 1 1 11 I 1 1 1 1 I 1 1 1 1
0.1y 50 100 150 200 250 300 _ 350 _ 400 _ 450
mass range /MeV

Figure E.3: Dependence of G=G and Ag on the mass range of the 7 parameter
t for DC. The lines in the plots show the expected 1 deviations
from the point with the smallest statistical error at 400 MeV .
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0 50 100 150 200 250 300 350 400 450
mass range /MeV

.00 N W SO U S S SO SO

-0.6

50 100 150 200 250 300 350 400 450
mass range /MeV

Figure E.4: Dependence of G=G and Ag on the mass range of the 7 parameter
t for D . The lines in the plots show the expected 1 deviations
from the point with the smallest statistical error at 400 MeV .



Bibliography

[1] E. Leader, E. Predazzi
An Introduction to Gauge Theories and Modern Particle Physis,
Vol. 1 &2
Cambridge University Press, 1996

[2] E. Leader
Spin in Particle Physics
Cambridge University Press, 2001

[3] J. Levelt, Thesis,
Deep inelastic semi-inclusive processes,
Amsterdam, 1993

[4] F. Close,
An Introduction to Quarks and Partons
Academic Press Inc., 1979

[5] J. F. Cornwell,
Group Theory in Physics,
Academic Press, London, 1984

[6] R. D. Carlitz, J. C. Collins and A. H. Mueller,
Phys. Lett. B 214 (1988) 229

[7] M. J. Alguard et al.,
Phys. Rev. Lett. 37 (1976) 1261

[8] J. Ashmanet al. [European Muon Collaboration],
Phys. Lett. B 206 (1988) 364

[9] J. Ashmanet al. [European Muon Collaboration],
Nucl. Phys. B 328 (1989) 1

91



92
[10] G. Preparata, J. So er,
Phys. Rev. Lett. 61, 1167 - 1169 (1988)

[11] E. Leader, A. V. Sidorov and D. B. Stamenov,
Phys. Rev. D73 (2006) 034023

[12] V. Y. Alexakhin et al. [COMPASS Collaboration],
arXiv:hep-ex/0609038

[13] A. Bravar, D. von Harrach and A. Kotzinian,
Phys. Lett. B 421 (1998) 349

[14] A. Bravar, K. Kurek and R. Windmolders,
Comput. Phys. Commun.105 (1997) 42

[15] COMPASS Proposal
CERN SPSLC 96-14

[16] R. Machleidt, K. Holinde and C. Elster,
Phys. Rept. 149 (1987) 1

[17] P. Abbonet al.
hep-ex/0703049
acc. for publication in Nucl. Instrum. Meth. A

[18] C. Bernetet al.,
Nucl. Instrum. Meth. A 550 (2005) 217

[19] M. v. Hodenberg, Dissertation, Freiburg, 2005
[20] S. Koblitz, Dissertation, Mainz, 2007, in preparation

[21] G. Ingelman, J. Rathsman and G. A. Schuler,
Comput. Phys. Commun.101 (1997) 135

[22] J.-M. Le Go , COMPASS internal note 2004-3

[23] PYHTIA
T. Sjostrand, S. Mrenna and P. Skands,
JHEP 0605 (2006) 026



93

[24] LEPTO
G. Ingelman, A. Edin and J. Rathsman,
Comput. Phys. Commun.101 (1997) 108

[25] B. Adevaet al. [Spin Muon Collaboration (SMC)],
Phys. Rev. D70, 012002 (2004)

[26] E. S. Ageewt al. [COMPASS Collaboration],
Phys. Lett. B 633 (2006) 25

[27] M. Glack, E. Reya and C. Sieg,
Eur. Phys. J. C 20 (2001) 271

[28] S. Procureur, These, Universie Paris Xl, 2006
[29] S. Hedicke, Dissertation, Freiburg, 2005

[30] M. Glack, E. Reya, M. Stratmann and W. Vogelsang,
Phys. Rev. D63, 094005 (2001)

[31] B. I. Abelevet al. [STAR Collaboration],
Phys. Rev. Lett. 97 (2006) 252001

[32] K. Boyle [PHENIX Collaboration],
hep-ex/0701048

[33] G. K. Mallot,
hep-ex/0612055

[34] A. Airapetian et al. [HERMES Collaboration],
Phys. Rev. Lett. 84 (2000) 2584

[35] P. Liebing [HERMES Collaboration],
Proceedings 17th International Spin Physics Symposium (8% 2006),
Kyoto, Japan, 2006

[36] A. Deshpandegt al.
Ann. Rev. Nucl. Part. Sci. 55 (2005) 165

[37] X. D. Ji,
Phys. Rev. Lett. 78 (1997) 610



94

[38] J. Pretz, COMPASS internal note 2004-11
[39] J. Pretz, COMPASS internal note 2005-12



Acknowledgment, Danksagung,
Remerciements

An dieser Stelle ist es Zeit allen denjenigen Dank zu sageie @aum Gelingen
dieser Arbeit beigetragen haben.

Mein erster Dank geht an Prof. Klein, der mir ermeglicht hatdiese
Habilitationsschfrift anzufertigen.

Desweiteren mechte ich mich bedanken bei den Mitgliedermaerer Ar-
beitsgruppe und der Arbeitsgruppe von Prof. v. Harrach in Maz:
J. Barth, J. Hannappel, R. Hermann, E. Kabu, A. Korzenev, S.
Koblitz, M. Leberig M. Ostrick, R. Panknin und J. Zhao far die an-
genehme Zusammenarbeit beim Aufbau und Betrieb des Trigggs-
tems und der Analyse der Daten

Un grand merci a Jean-Marc Le Go et Roland Windmolders, non
seulement pour lire le manuscrit, mais aussi pour des innonalbles
discussions concernant la physique de SMC et COMPASS.

This work would not have been possible without the e ort of may
people in the COMPASS collaboration, impossible to name aif them.
Ich mechte hier nur Gerhard Mallot nennen, mit dem ich schoreu
Zeiten des SMC Experimentes eng zusammengearbeitet habe.

Ein letztes Dankeschen geht an meine Frau Anke und unsere der
Corinne und Pascal, die immer far den netigen Ausgleich gergt haben.

95



