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Zusammenfassung

Thema dieser Arbeit ist die Messung der Beitrage verschiedener Quark-
Flavours zum Spin des Nukleons.

Im ersten Teil wird zunéachst eine Einfilhrung in die physikalischen und ex-
perimentellen Grundlagen fiir eine solche Analyse gegeben. Dabei wird ins-
besondere eine neue semi-inklusive Grofle, die Purity, als Funktion der unpo-
larisierten Partondichteverteilungen und Fragmentationsfunktionen definiert.

Danach wird die Messung der inklusiven und semi-inklusiven Teilchen-
Spinasymmetrien beschrieben und auf die in den Jahren 1995 und 1996 auf
3He und Wasserstoff genommenen HERMES-Daten angewandt.

Im Anschluf8 wird ein Formalismus zur Extraktion der polarisierten Par-
tondichteverteilungen aus Teilchen-Spinasymmetrien unter Verwendung der
Purities vorgestellt und auf die gemessenen Asymmetrien angewandt. Die
ersten und zweiten Momente der Verteilungen werden berechnet, bevor die
Ergebnisse mit existierenden Messungen und anderen Vorhersagen verglichen
werden.

Der Anhang enthalt eine Zusammenstellung von formalen Details, welche in
der Analyse Verwendung finden. Dariiber hinaus werden dort einige Software-
Module beschrieben, die wahrend der Entstehung dieser Arbeit fiir HERMES
angefertigt wurden.



Abstract

The subject of this thesis is the measurement of the different contributions of
the quark flavours to the nucleon spin.

In the first part an introduction to the physical and experimental pre-
requisites for the analysis is given. In particular a new quantity, the purity,
is defined as a function of the unpolarised parton densities and fragmentation
functions.

Then the measurement of inclusive and semi-inclusive particle spin asym-
metries is described and results are presented for the HERMES data taken in
1995 and 1996 on *He and hydrogen.

Subsequently a formalism to use purities for the conversion of particle asym-
metries into quark polarisations is introduced and applied to the measured
asymmetries. The first and second moments are calculated before the results
are compared to existing measurements and other predictions.

The appendix contains a summary of formal details used in the spin decom-
position. Furthermore it describes a number of software modules that were
developed for HERMES in the course of this work.
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Chapter 1

Introduction

The structure of matter has been for all time one of the main topics of physical
research. Our present understanding of the world is summarised by the “stan-
dard model”, which is in very good agreement with all experimental observa-
tions that are currently available. According to this model all matter consists
of elementary fermions, the quarks and leptons, which are bound together by
the exchange of bosons. However the standard model is not really satisfactory
since it can not describe the masses of the elementary particles, which have
to be introduced as external parameters of the theory. Furthermore the fact
that there are three families of fermions with identical properties except for
their masses gives rise to the presumption, that there is an underlying ordering
scheme that is not yet discovered. On the other hand three of the four funda-
mental forces (strong and weak interaction, electromagnetism and gravitation)
can be described by formally very similar field theories, the electro-weak theory
and Quantum Chromodynamics (QCD). As the spectroscopy of the electro-
magnetic bound atoms helped to understand the electromagnetic field theory,
the study of the structure of the nucleons can tell us details about the strong
interaction described by QCD. In particular the question of how the spin of the
nucleon is built up from its constituents is not yet resolved. While the naive
quark model describes the magnetic moments of the nucleons well, it fails in
predicting the spin fraction carried by quarks, which was in 1987 measured to
be less than 30% surprisingly [EMC89b]. Meanwhile the inclusive structure
functions of the proton and the neutron are known with much better precision
and confirmed this result. HERMES is one of the experiments that was de-
signed to use modern experimental techniques to study the spin composition
of the nucleon in more detail by semi-inclusive measurements. This work will
present a new analysis method that allows the extraction the polarisations
of individual quarks inside the nucleon by measuring the spin-asymmetries of
hadron production in deep-inelastic scattering.



Chapter 2

Inclusive Deep-Inelastic
Scattering

Other than in elastic scattering, in inelastic scattering the numbers and/or
types of the particles in the final state are not the same as the incoming
particles. A process is called deep-inelastic if the wavelength of the exchanged
boson is small compared to the dimensions of at least one incident particle, i.e.
if the inner structure of this particle can be resolved. At HERMES polarised
electrons or positrons (denoted in the following as lepton) [ are scattered on
polarised nucleons N to probe the spin structure of the nucleons:

oo Ve s 6 (2.1)

While in inclusive measurements only the kinematics of the outgoing lepton
" is detected, semi-inclusive measurements include also parts of the nucleonic
fragments X. For an exclusive measurement all particles and their momenta
in the final state are known.

In this chapter the formalism of inclusive deep-inelastic reactions (2.1) will
be introduced along with the interpretation in the standard physical model
(QPM). In the first part the unpolarised case will be discussed before the
polarised inclusive process is treated at the end of the chapter.

2.1 Kinematics of Deep-Inelastic Scattering

In Figure 2.1 a deep inelastic scattering process is shown in the rest frame
of the nucleon to introduce the basic kinematical variables. Neglecting the
thermal motion of the target atoms and the Fermi motion of the nucleons

2



2.1 Kinematics of Deep-Inelastic Scattering 3

k =(E,k)
Lepton

Figure 2.1: Schematic Picture of an Inclusive DIS Process. A lepton of high
energy penetrates a nucleon and emits a virtual photon vy that couples to the nu-
cleonic field. The wavelength of the photon is small compared to the dimensions of
the nucleon. The cross section for this reaction is proportional to the product of the
lepton tensor L, and the hadronic tensor W, . In inclusive measurements only the
energy and angle 6 of the deflected lepton is registered. '

within the atoms, this coordinate system coincides with the laboratory frame.
The four-vector of the scattered lepton before and after the scattering process
will be denoted by k and k', the scattering angle by 6, the four-momentum
of the virtual photon by g and the four-momentum of the nucleon before the
reaction by P (see also Table 2.1).

We now will define a set of useful Lorentz-invariant quantities together with
their expressions in the lab frame. First the negative squared four-momentum
transfer can be measured as

Q2 o _q2 = —(k SF kl)2
lab ¢ g (2.2)
= AEE an’8/2.

while the absolute and fractional energy transfer of the lepton in the lab system
v and y can be expressed as

Pq
£ ad (2.3)
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and
S
A Pk (2.4)
-y v/E.

The invariant mass W of the nucleon fragments is given by

W = (P+gq)

25
e M?+2My - @, (25)

where M = /P? is the rest mass of the nucleon. Bjorken’s scaling variable

q2

_2Pq
lab Q*
2Mv’

b —

(2.6)

is a measure for the inelasticity of the scattering process: for z = 1 the squared
invariant mass of the nucleon fragments W? equals the squared nucleon mass
M? (elastic case) while low z identify a highly inelastic reaction.

2.2 Unpolarised Cross Section and Structure
Functions

In lowest order Quantum Electrodynamics (QED) the double differential cross
section for (2.1) can be expressed as the contraction of the leptonic tensor L,
with the hadronic tensor W,,,,

d*o 4ra?

Qe - gV (2.7)

where o ~ —1% is the electromagnetic coupling constant. At HERMES energies
(v/s € myz,mw+) the contribution of weak currents can be neglected. The
leptonic tensor L,, describes the coupling of the intermediate photon to the
point-like lepton and is well known from QED. In contrast to that, the hadronic
tensor W,, describing the coupling of the photon to the spatially extended
nucleon is not yet calculable from first principles. Instead requiring Lorentz
invariance, parity conservation (for non-weak processes), and invariance under
time reversal yields an expression of W, in terms of scalar structure functions.
The cross section (2.7) can then be expressed for the unpolarised case (i.e.
averaged over the spin states of the incoming lepton and summed over the
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Inclusive Observables
Variable Name
Beam energy

Momentum and direction of incident lepton
Energy of scattered lepton

N
e
T T

Momentum and direction of scattered lepton

Nucleon mass

.

g
<

(=0) | Momentum of nucleon

Derived Variables

Variable Definition Name

0 L(l;' > E) Scattering angle of lepton
q kK —k Four momentum transfer
Q? 4EE'sin*6/2 Negative squared four momentum transfer
M?* +2EM + m? | Squared centre of mass energy

(B-—E"), Energy transfer in lab frame

v|E Relative energy transfer

Q*/(2Mv) Bjorken’s scaling variable

M? + Q?/z — Q* | Invariant mass of hadronic final state

8V % ®
3

Table 2.1: Definition of the Inclusive Kinematical Variables as used in this
text. See also Figure 2.1.

spin states of the outgoing lepton) as

d*o 47

— 2 . , M
da:dQ2(x’Q R Q4 (:cy Fi(z,Q") + (1 —y— Y

) F(z, Q2)> . AER)

where F/y(z,Q?) are the dimensionless structure functions of the nucleon.

2.3 The Quark Parton Model

The measurement of the structure functions of the proton revealed that they
depend only very weakly on @*. Furthermore the Callan-Gross relation [CG69]

Fle) = 2zF(z), (2.9)

which is true for the scattering of two point-like spin-1/2 particles by the
exchange of a vector boson, was measured to be fulfilled to a high degree. In the
framework of the group-theoretical SU(3) flavour model of Gell-Mann [Gel64]
and Zweig [Zw64] this leads to the following interpretation of the deep-inelastic
scattering in terms of the Quark Parton Model (QPM).
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F.

24 ®

Nucleon

Figure 2.2: The Quark Parton Model. On the left a schematic sketch of the
picture of the nucleon in the QPM is shown. The valence quarks are surrounded by
a cloud of virtual gluons and quark anti-quark pairs (called sea). A valence quark
together with its QCD cloud is called constituent, while the parts of a constituent
(quarks and gluons) are called partons. On the right the different contributions to
the parton momentum distribution Fy(z) are shown. If the nucleon only contained
the 3 valence quarks each of them would carry one third of the nucleon momentum
(a). The exchange of gluons lowers and smears the momentum distributions of
the valence quarks and hides parts of the nucleonic momentum from electroweak
interactions (b). The gluons might split up into quark anti-quark pairs which give
an additional sea contribution at small z. A

The SU(3) model explains the quantum numbers of the hadrons by inter-
preting them as a composition of spin-1/2 particles, called quarks. According
to the model, the quarks are solely responsible for the strong interaction of
hadrons and hence they don’t only carry electro-weak charges but get assigned
an additional strong charge called colour. The model assumes that all isolated
particles that can be observed in nature have to be colour-neutral (confine-
ment) and explains the mesons as quark anti-quark states while the baryons
are made up of three quarks. These quarks that fix the quantum numbers
of a hadron are called valence quarks. The field bosons of the field theory of
strong interaction (Quantum Chromodynamics, QCD) are called gluons. As a
naked electron in QED is surrounded by a cloud of virtual photons, electrons
and positrons, a quark might emit a virtual gluon which splits up into a quark
anti-quark pair. Quarks produced in this process are called sea quarks (see left
side of Figure 2.2). A valence quark together with its cloud of gluons and sea
quarks is called a constituent quark of the hadron. Unlike in QED the field
bosons of the strong force are not neutral, which leads to the fact, that there
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Struck Parton

_ 2
ETHFLT
Lepton Ep

.

<<
Remnant 1-£P

Nucleon

Figure 2.3: DIS Process in Breit-Frame.

are direct gluon-gluon interactions in QCD. Field theories with this property
are called non-Abelian. As a consequence the strong coupling constant o,
is much more scale dependent than the electromagnetic coupling constant, it

grows very rapidly for low Q?. First order QCD yields [PRS94]:

127

(33 — 2ny) In(Q2/A3)’ (2.10)

O‘S(QZ) =

where ny is the number of quark flavours contributing at the given energy
(ny = 3 for HERMES energies) and Ag ~ 0.25 GeV/c is the QCD scale pa-
rameter. This running coupling constant (or the non-Abelian character of
the theory) is the explanation in QCD for the confinement effect and makes
perturbative calculations for low energies very hard or even impossible. Equa-
tion (2.10) explains also a second feature of QCD called asymptotic freedom,
which describes the fact that quarks and gluons behave as free particles at
small distances (i.e. high Q?).

At high @? (i.e. small wavelength of the coupling photon) the QPM assumes
the partons in the nucleon to be only loosely coupled (or “quasi-free”). For
further discussion the scattering process is considered in the Bjorken Limit
(Q*— 0o, v — oo for fixed z) and in the Breit-frame, where the energy transfer
of the photon is zero, i.e. the struck parton is backscattered, while the other
constituents are not affected and all transversal momentum components are
neglected. In the Breit-frame the longitudinal momentum fraction ¢ of the
struck parton (Nachtmann variable) can be defined as shown in Figure 2.3.
Under the additional assumption that the parton mass m, vanishes it can be
seen from momentum conservation at the photon parton vertex that £ ~ z:
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P’ = ((P+q)
= m = LM UPg+q’ = 0
_q2
2Pq

(2.11)

1
78 2%
Q

= z,

where we denoted the four momentum of the outgoing parton as p’. In other
words, the Bjorken scaling variable can be interpreted within the QPM as the
momentum fraction of the struck parton.

Furthermore, we are now able to resolve the hadronic tensor W, in terms of
the fundamental electroweak coupling of the exchanged boson to one parton of
the nucleon. That is, the scattering process can be expressed as the incoherent
sum of the interaction of the lepton with the partons. The structure function
F3(z) is then interpreted as the charge-weighted sum of the parton momentum
distributions zq(z):

Blz] = Y ezq(z), (2.12)

where ¢ runs over all quark flavours (including anti-quarks) of interest at the
given energy scale. The functions g(z) can be interpreted as the number density
of a quark with flavour ¢ and momentum fraction z in the nucleon and are
called Parton Density Functions (PDFs)!. The PDFs are usually split into
valence and sea contributions

q(z) = q(z)+ gs(z), (2.13)

where for nucleons only u,(z) and d,(z) are different from zero. Because of
the symmetric production mechanism of the sea, the relation

%(z) = gs(z) (2.14)

holds for all flavours. It should be noted that integration of (2.12) yields only
half of the proton momentum [PRS94]. The rest of the momentum is carried
by the gluons, which are electro-weakly neutral (see right side of Figure 2.2).

The naive Quark Parton Model describes the results of the early experiments
very well. However there are measurable deviations from the Callan-Gross
relation (2.9) which can be parametrised by the function R(z,Q?):

R(z,Q%) = (1+72>£{f—f@l—)—1, (2.15)

1Often g(z) is refered to as the probability to find a quark of flavour ¢ with momentum
fraction z. This is misleading since the integral [ u(z)dz is not one since the proton contains
two valence u quarks.
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where 7% is a kinematical factor defined by
5 Q2 9 AM? 22
ot i
For later approximations one should remember that v* <« 1, since 4M?z?
is small compared to Q?; in the Bjorken limit 4* vanishes. R(z,Q?) can be

interpreted as the ratio of the absorption cross section of longitudinally (o7,)
and transversely (o7) polarised virtual photons by the nucleon:

(2.16)

R(z,Q%) = oi/or,

217
o = Tr(or+eor), o

where o is the total cross section, I'r is the total flux of transversely polarised
virtual photons and e is the ratio of probabilities that the lepton emits a
longitudinally or transversely polarised photon (which is calculable in QED):

; Iz . 3148

“Tr, L=y +
The Callan-Gross relation is equivalent to o, = 0 which means that in the
naive QPM, neglecting parton masses and transversal momenta, a nucleon

can not contain partons with transversely oriented spin. R(z,Q?) corrects for
the deviations from these approximations.

€ (2.18)

In addition to the breaking of the Callan-Gross relation, structure function
data taken with high precision show a scaling violation, i.e. the structure
functions explicitly depend on Q? (see Figure 2.4). QCD allows the calcu-
lation of these effects by the Gribov-Lipatov-Altarelli-Parisi (GLAP) equa-
tions [GL72, Lip75, AP77] which can be used to evolve structure functions
measured at a certain Q? to a fixed Q2. The breaking of the Q%-scaling is
again a consequence of the invisibility of the gluons: a quark with momen-
tum fraction z; might emit a gluon and remain with the momentum fraction
x93 < z;. The resolution of the photon increases with @2, and while at Q3
the gluon-emission can not always be resolved, the process becomes visible
at higher Q? > Q3. At higher Q? one expects to measure a smaller z; since
the gluons are not visible. This translates into an increase of Fy(z,Q?) with
increasing Q? for small z and a decrease over Q? for high z as seen in the data.

2.4 Polarised Deep-Inelastic Scattering

The unpolarised cross section (2.8) was calculated by averaging over both spin
states of the incoming lepton, which means that all spin-asymmetric contri-
butions to L, W*" cancel themselves. On the other hand by calculating the
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Fa(x,Q%)

T

0.7 1

0.5¢k

0.3

02 °

0 10 10
Q*(GeV?) Q*(GeVv?)

Figure 2.4: The Structure Function FY(x,Q?). In this picture F} as published in
[NMC95, SLAC92, BCDMS90] is plotted as a function of Q? for different values of
x. The scaling property shows up at medium z while it is clearly violated for small
and large x. The numbers in parenthesis are offset factors for a clear layout.

difference of both spin states, the symmetric parts are suppressed and the
asymmetric terms become apparent.

In Figure 2.5 the angles of a polarised scattering process are defined. In
addition to the scattering angle 0 the angle between the direction of the target
polarisation S and the incident electron beam k is named a while ¢ denotes
the angle between the scattering plane (defined by the directions of the inci-
dent and scattered lepton) and the target polarisation plane (defined by the
direction of the incident lepton and the direction of the target polarisation
5 ). The cross section difference for right- and left-handed incident leptons can
then be calculated as

d*c(a) — d’c(a+180°)
dzdydy "

e 2
W{ [(1 M= g b %72> g1($,Q2) 27 gz(-’E )] Cos & (2.19)

—\J’y <1—y y2 )[le( Q2)+g2($,Q2)]sinacoscp},
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Figure 2.5: Definition of scattering angles in polarised DIS. See equation (2.19).

where gy/5(z, Q%) are in analogy to Fj(z,Q@?) the dimensionless polarised
structure functions of the nucleon. 4* is defined in (2.16).

To describe the polarised structure functions in the Quark Parton Model,
the quark distributions ¢(z) and quark spin distributions Ag(z) are written as

9(z) = q'(z)+q (2),
Aq(z) = q¢*(z)—q (),

where ¢*(=)(z) is the density of quarks with flavour ¢ and momentum fraction
x with the helicity parallel (anti-parallel) to the nucleon spin. The structure
functions gy/2(z) scale like Fy5(z) for high Q* and v and can in analogy to
(2.12) be expressed as

(2.20)

It
() = =Y €A il
o 2%: gl (2.21)
0

g2(z) =

Similar to the unpolarised case, the naive QPM reduces the number of struc-
ture functions from two to one, which is again the consequence of scaling
approximations.

2.5 Experimental Determination of ¢;

The spin structure functions can be determined experimentally by measuring
the cross sections in two longitudinal (o = 0°,180°) and two transversal
(a =90°,270°) spin configurations:
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A A o(180°) — o (0°)
= &(180°) + o(0°)’

o 7(270°) — o(90°) (2.22)
T T 5(270°) 4 o(90°)

Since the exchanged photon is not collinear with the incoming lepton but
emitted with a certain angle, the measured asymmetries Ay, with respect to
the lepton polarisation first have to be translated into the virtual Compton
scattering asymmetries A/, [Diir95] by

A” —= D(A1+T]A2),

2.23
Al = d(A;—€A), 2-3)
with the kinematical factors
D y(2—y) : (= n2yldie )
y?+2(1 —y)(1 + R(z,Q?)) RadeE. i
5% Tde (2.24)
= D == )
1+¢’ ; "2
before the polarised structure functions can be extracted by inverting
i e
Abus g1 F’Y 92’
A 9 +1 g2 (2.25)
2 o F,

The approximate determination of ¢;(z, Q%) by only measuring A)| is possi-
ble, as the following derivation shows: First the asymmetry A, is limited by
the positivity limit [SMC94b]

|4z| < R(z,Q%) (2.26)

and measured to be consistent with zero [EE143:96]. Also its contribution to A
1s suppressed by the small factor n with respect to A;. Hence we can assume

Solving (2.25) under the assumption of Ay = 0 then yields

9 4 1
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Using equation (2.15) we therefore can derive g; from the longitudinal
spin asymmetry Aj(z,@?), the unpolarised structure function Fy(z,Q?%) and
R(z, Q%) via

. A, Q) F(z,Q7)
s~ = Sl & B, Qe Seed

Figure 2.6 shows the results for the latest measurements of the polarised
structure functions of the proton ¢ and neutron g7.

2.6 Sum Rules

Up to now most of the theoretical models fail to make precise predictions
for the z-dependence of the structure functions. The main reason for this is
the breakdown of perturbative calculations at low energy scales due to to the
increasing «, according to equation (2.10). However, the same models often
can give information about the value of certain moments of a structure function

f(z)

Mo (f) = /01 2" f(z) da, (2.30)

which then can be compared to the corresponding experimental results. Un-
fortunately, the distributions measured experimentally can not cover the full
integration range of (2.30) and hence have to be extrapolated into some unmea-
sured region. The models used for this extrapolation introduce an additional
uncertainty on the moments quoted by the experimentalists. In the following
a brief overview for the most important sum rules is given.

2.6.1 Gottfried Sum Rule

The Gottfried sum rule [Got67] makes a prediction for the difference of the 0
moments of the unpolarised structure functions Fy ™ of proton and neutron.

Assuming iso-spin symmetry and considering the quark contents of the proton

/01 tilz) dy = 2; /01 do(aydz =1, | (2.31)
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Figure 2.6: The Structure Functions ¢} and g¢}. The two upper plots show the
structure functions in the kinematical region that is accessible to HERMES. The
SLAC proton data [E143:95] was evolved to Q* = 3 (GeV/c)?.. The neutron
data [F154:97] is plotted for Q? = 5 (GeV/c)®.. The HerMES data [HER97b] is
plotted for the measured Q*. The lower plot shows g and g} evolved to Q* =
10 (GeV /c)? for a larger measured z range using a muon beam [SMC97a, SMC97b].

it can easily be derived from (2.12) and reads as

S = [ 2(B@)- @) d

o (2.32)
s g + g/o us(z) — dy(z) dz.
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The integral in the second line is a measure for the sea flavour asymmetry
and hence the observed deviation of Sg = 0.235 + 0.026 [NMC94] from 1/3
indicates that indeed the sea flavour symmetry is broken [Ack96].

2.6.2 Bjorken Sum Rule

Under the assumption of iso-spin symmetry the first moments of the inclusive
structure function g; on the proton and the neutron can be written for three
quark flavours as
It = Migd™) = lao + L613 + LCls (2.33)
! : g gt el '

where ag, a3 and as are the SU(3) flavour singlet, octet isotriplet and octet isos-
inglet combinations of the first moments of the quark distributions [ESW96]:

a0 = (Au+ Ad)+ (Ad+ Ad) + (As + A3),

az = (Au+ Ad)— (Ad + Ad), (2.34)

as = (Au+ Au)+ (Ad+ Ad) — 2(As + As).

In the following the variables Ag will denote the first moments of the polarised
quark distributions Ag(z). The two combinations a3 and ag can be expressed
in terms of the weak coupling constants F' and D measured in baryon (n, A,
¥ and Z) decays [CR93]:

az = F+ D=1.257 £+ 0.003,

(2.35)
ag = 3F — D =0.58+0.02.

For the difference of I'! — I'} one immediately obtains the Bjorken sum rule
1 : 1
| d@-gi@de = c(F+D)-CF, (230

where

a¥s_ g (@) (2.37)

m

is a QCD correction factor (here given to the first order) which takes into
account that the polarised structure functions are measured at finite Q2. The
strong coupling constant o, has to be calculated for the same Q? using equation

(2.10).

Once more it should be emphasised that the Bjorken sum rule only assumes
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iso-spin invariance and is therefore a very fundamental test of the QCD. Up
to now all experimental data are consistent with this sum rule.

2.6.3 Ellis-Jaffe Sum Rule

Extending the Bjorken sum rule, the Ellis-Jaffe sum rule [EJ74] makes inde-
pendent predictions for the first moments of the polarised structure functions
g7" of the proton and neutron. It additionally assumes exact SU(3) symmetry
and an unpolarised sea (Ag = 0). Without QCD corrections the predictions
are [ESW96]

1

¥i = E(QF— Y} = P.185 4 0.003,
; (2.38)
Y = o(6F —4D) = —0.0240.003,
which are not in agreement with the experimental value [SMC94a] of
I = 0.142 4 0.008 £ 0.011. (2.39)

The violation of this sum rule remains even after the application of QCD
corrections and shows that the spin of the nucleon can not be understood as
the simple sum of the three valence quark spins, a fact that was called “spin
crisis”. A number of experiments, one of them HERMES, have been designed
to study the spin composition of the nucleon in more detail.

2.7 Summary

In this chapter the basic formalism of deep-inelastic scattering was briefly re-
viewed. The inclusive polarised structure functions (which are known with
good precision) have been discussed and the related sum rules were presented.
Although HERMES is able to measure all these inclusive quantities, one of its
most important new features is the ability to observe semi-inclusive asymme-
tries. In the following chapter the quark parton model will be extended to the
semi-inclusive case to lay the formal foundations for the main subject of this
work: the extraction of polarised parton density functions from semi-inclusive

asymmetries.



Chapter 3

Semi-Inclusive Deep-Inelastic
Scattering and Purities

After discussing the unpolarised and polarised cases of deep-inelastic scattering
in the previous chapter, we’ll now turn towards the case of semi-inclusive DIS
reactions

i ewe X, (3.1)

where in addition to the scattered lepton !’ other particles are detected in the
final state. For a formal description of the unpolarised processes, the quark
parton model will be extended by a fragmentation model which allows to relate
the occurrence of certain hadrons h in the final state to the parton density
functions for different flavours by so called fragmentation functions. For the
polarised case a new quantity, the hadron quark purities, will be introduced to
extract polarised parton density functions from measured hadron asymmetries.

3.1 Semi-Inclusive DIS and the QPM

Up to now we discussed deep inelastic processes only by inclusive measure-
ments of the form (2.1), i.e., the kinematics of the scattered lepton alone have
been of interest. Although it is possible to determine the structure functions
with such measurements, it is not possible to break them up into the par-
ton density functions as they are predicted by the quark parton model. We
will now see how additional information about other particles generated by
the scattering process can help to overcome this situation. In Figure 3.1 our
present understanding of a semi-inclusive DIS process (3.1) is shown in more

17
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Figure 3.1: Schematic Picture of a Semi-Inclusive DIS Process at HERMES
energies. In this sketch the nucleon is not drawn to scale (too small) for more
clarity (see also Figure 2.1). The nucleon breaks up into fragments escaping parallel
to its initial momentum (“target region”) and other hadrons more collinear with
the direction of the photon (“current region”). In the QPM the hadronic tensor is
resolved to the electromagnetic interaction of the photon and a charged quark.

detail in the framework of the QPM. Table 3.1 defines the most important
semi-inclusive kinematical variables, that are used in the following.

3.2 Fragmentation Functions

The cross-section for the semi-inclusive process (3.1) with a hadron A in the
final state is given by
d®oy,

dzdQ?dz

c€2q(z)Di(z)  d*o 5
T k@) dedgz P (3.2)
s C(.’E, Qz) : Z egQ(x)Dg(z)»

(z,Q%2)
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Semi-Inclusive Observables
Variable | Name

Ey Hadron energy
Ph Hadron momentum and direction
Derived Variables
Variable Definition Name
z Ew/v Fractional energy of a hadron
in lab frame
P % Parallel and transverse momentum
pr Ph — P of hadron in yN frame
with respect to g
TE (2 ||pﬁ I/v W2)r .| Feynman’s scaling variable

Table 3.1: Definition of the Semi-Inclusive Kinematical Variables as used in
this text. See also Figure 3.1.

where we introduce the fragmentation functions Df;(z) as the number density

to produce a hadron h with the energy fraction z 2 g, /v after a quark of

flavour g was struck. The fact that the fragmentation functions (and hence
the hadronisation) do not depend on any kinematical variable characteristic
of the inclusive process (e.g. = and/or ()?) expresses the assumption that
the two processes are independent of each other and is called factorisation.
Factorisation is a direct consequence of quasi-free partons in the QPM. The
mean hadron multiplicity n” per event is calculated by integrating

&t 2 v o Saa(2)DE(2)
m(%@ﬂ) = quegq(wq) :

(3.3)

over the kinematical region of interest.

The number of fragmentation functions D:(z) can be reduced significantly
by the application of iso-spin and charge symmetry. In this approximation
only three functions are necessary to parametrise the generation of pions:

Il
)
O
Il
S
3
o
I
>
]
E

D*(z) = Dy (2)=Df o
D™(:) = D (2) =Dy (s) = Di' (=) = D (2), (34)
Di(z) = D}'(2) =Dy (2) = D' (2)
D*(z) and D~ (z) are called favoured and unfavoured fragmentation functions
and have been measured by EMC [EMC89a] and by HERMES [Gei98]. Since

the probability to produce a hadron that contains the struck quark is higher
than producing one that does not contain it, D*(2) > D7 (z) is true for all 2
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Figure 3.2: Schematic Picture of Different Fragmentation Models.
a) Independent fragmentation, b) LUND string model, c) Cluster Fragmentation.
Mesons in the final state are marked with m while Baryons are denoted by b.

values.

3.3 Fragmentation Models

While the initial scattering of the struck quark happens at such high ener-
gies that perturbative methods can actually be used to calculate the QCD
processes, the energy during the hadronisation becomes too low to permit an
accurate modelling of the fragmentation functions from first principles. For
this reason different physically motivated fragmentation models are used to
implement Monte Carlo hadron generators (Figure 3.2). The parameters of
the models are tuned such that the generated particle and momentum spectra
match the observed data. In the following a short introduction for the three
most commonly used models is given.

3.3.1 Independent Fragmentation

One of the first attempts to describe the fragmentation process was made
by Field and Feynman with the independent fragmentation model [FF78].
This model is based on the assumption, that each parton fragments in an
independent cascade by picking up ¢g-pairs from the vacuum until a certain
energy threshold is reached (Figure 3.2 a). It is parametrised by one parameter
controlling the scaling function f(z) which gives the probability that a energy
fraction z is left to the remaining cascade after a gg-pair pair was produced.
The probability to produce a quark of a certain flavour is parametrised by
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the parameters ¥ = v, = 74 and v,, with 2y + 7, = 1. By measuring the
K /m-ration, v is found to be 0.435 which is equivalent to v, = 0.3y [EMC84].
A third parameter < p? > controls the width of the transverse momentum
distribution of the quark pairs, which is assumed to be Gaussian.

The model then predicts the ratio of unfavoured and favoured fragmentation
functions to be

D () (1~ 2)
D+(z) z+9(1 —2z)’ (3-5)

which is supported by experimental data.

Even if the independent fragmentation model describes many features of the
hadronisation with good precision, it is not really satisfactory. The model does
not conserve the colour and flavour quantum numbers, because the last quark
below the energy cut-off is simply neglected. Furthermore it can be shown
that the model is not Lorentz invariant since momentum is not conserved
when changing into a different reference frame. Also the particle multiplicities
depend on the reference frame. For these reasons, more consistent models have
been developed.

3.3.2 The LUND String Model

The underlying idea of the LUND string model [AG83] is similar to the Field-
Feynman model. Here the struck parton is not treated independently but is
connected via the colour field to the target remnant. Due to the fact that
gluons are colour charged and therefore attract each other, this field is concen-
trated along a tube which is called a string. If the energy stored in the string
exceeds the mass of a gg-pair, a pair is produced and the string is divided in two
substrings which now fragment independently until a colourless hadron on the
mass shell is produced (Figure 3.2 b). The main parameters of this model are:
The flavour production ratios (equivalent to the s in the independent frag-
mentation model), the ratio between quark and diquark production, which
controls the production ratio of mesons and baryons, a parametrisation of the
string breaking probability (a,b) and the width of the p, distribution [Gei98].

The LUND string model is invariant under Lorentz transformations and
conserves all quantum numbers. In this sense it is a consistent model for
hadronisation and was used in form of the JETSET library [Sj694] for most of
the Monte Carlo studies in this work. The parameters of the model (which are
by default optimised to describe the high-energy data of LEP and HERA)

were tuned so that the hadron spectra at HERMES energies are described.
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Figure 3.3: Fitted LUND Fragmentation Parameters. The left plot shows the
generated hadron spectrum for the default JETSET parameters and for the fitted
parameters in comparison to the measured distribution (which is corrected for the
acceptance of the HERMES spectrometer). The table to the right shows the numerical
values of the fitted parameters. For a description of the parameters see text.

Figure 3.3 shows the hadron spectrum generated by JETSET for the default
parameters and for the parameters fitted to match the HERMES experimental
results [Gei98].

3.3.3 Cluster Fragmentation

As opposed to the Field-Feynman and the LUND fragmentation models, the
cluster model attempts to describe the hadronisation process by the application
of QCD perturbation theory as long as possible rather than parametrising
it [MW92]. In the first step, the virtual partons coming from the photon-
parton interaction form colour-neutral clusters of low virtuality (Figure 3.2 c).
This process, called preconfinement, is calculated in the leading-logarithmic
approximation (LLA). In the second step, the resulting clusters produce the
observed hadrons by simple phase space decays. The cluster fragmentation
model has the advantage that it is more theory-driven and does not need ad-
hoc parametrisations like the other models. Adjustable parameters are the
parton masses, the QCD scale parameter Ay and the maximum cluster mass.
Although high-energy data was successfully described by the cluster model,
the model could not yet be tuned to describe the hadron spectra observed at
HERMES energies well enough [Gei97].
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3.4 Hadron Asymmetries

In analogy to the inclusive case, the measured semi-inclusive asymmetry of a
hadron A is defined as

O'h(180°) =5 oh(0°)

o (180°) + 04(0°) e

i o2k
oy =
where we used the naming convention of Section 2.5. Further more we define

gi(z,2) = %Zeng(Z)Aq(w), and
f (3.7)
Fiz,2) = 2253 e;Dy(2)q(x),

as an extension of the inclusive case and can then use (2.29) to express the
following relation between the polarised and unpolarised parton density func-
tions, the fragmentation functions and Al’l‘(x, z):

1 €Dz (2)Aq(2)
Eq’ eg'D(};’(Z)q/(z)

1+ R,@Y)] = 2=, (3.8)

where we assumed Ag = ( as in the inclusive case. For future use we define the
measured longitudinal asymmetries corrected with the depolarisation factor as

Al’l‘(x, z)

AP = A !
(22) D (3.9)
where A°"(z) shall denote the inclusive case. Note that in the QPM model

the hadron spin asymmetries do not depend on Q2.

3.5 QCD Correction and PDF Sets

Relation (3.8) between the (un)polarised parton density functions defined in
the QPM and the measured particle asymmetries were derived by correcting
the naive QPM with the factor (1 + R) which in this context can be under-
stood as a factor taking into account higher order QCD effects (see Figure 3.4)
as well as corrections to the Breit-approximation. We used equation (2.12)
to relate the measured unpolarised structure function F, to the parton den-
sity functions (Deep Inelastic Scattering (DIS) factorisation/renormalisation
scheme [ESW96]). For a consistent analysis it is important to use PDF sets
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Figure 3.4: QCD Corrections. a) Boson-gluon fusion b) Gluon bremsstrahlung
in initial state, c) Gluon bremsstrahlung in final state, d) Gluon exchange between
struck quark and spectator quark (higher-twist corrections).

that are extracted under the same assumption, which is the case for the lead-
ing order fits published by [GRV95, GRSV95]. Although the authors actually
parametrise F; by the PDFs and apply then QCD corrections to fit the mea-
sured F, data, in case of the leading order (LO) parametrisations the QCD
corrections only imply heavy quark (charm) contributions, which are negligible
at HERMES energies. This means that the Callan-Gross relation (2.9) holds
and we can insert the leading order PDFs in (2.12).

3.6 Definition of Purities

Remember that the hadron asymmetries can be related to the polarised and
unpolarised parton density functions by equation (3.8). We now use definition
(3.9) and rearrange the terms in the following way:

A¥z,z) = (1+R)
’ (3.10)

This suggests that one can define the hadron purity th(x, z) as the probability
that a quark of flavour ¢ was struck in an event in whose final state a hadron
h with the energy fraction z was observed, namely

e2D"(2)q(z
fiv i) o z;’e:,%(:,?‘iiq?m- i

Now we can express the following master relation between hadron asymmetries
and the ratios of polarised and unpolarised parton density distributions, which
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in the following will be called quark polarisations:

Ag(z)
q(z)

Almyz) = LB PHp2) ; (3.12)

Obviously the following relation for the purities holds for every (z, z)-bin:

N PMee)dy = (3.13)

Furthermore a pseudo-purity can be defined for the scattered lepton by setting
D§+ = 1 to include the inclusive asymmetries in the analysis formally. In this
sense the index h might also be read as e in the following text.

In practice the lack of statistics makes it impossible to measure the hadron
asymmetries in (z, z)-bins. However, since the set of quark spin distributions to
be extracted, {Aqg;(z)/qgi(z)}i=1,....n, does not itself depend on z, it is sufficient
to integrate all hadron particle numbers that are found in a fixed z-range to
calculate a set of overall asymmetries { A" (z)};=;...m. Of course one has then
to use the same hadronic cut and summing for the generation of the purities
Pl(z) (see Section 6.1). '

The actual extraction of the quark polarisations is finally done by solving
the following system of linear equations

A = (1+RPQ, (3.14)
for each bin in z, where we use the notation
A" (z) Aq(z)/q:(z)
A= : , Q= ; o B P (816
Abm(z) Agn(z)/an(z) )
Here A is the vector of measured particle asymmetries, Q is the vector
of quark polarisations and 7P is the purity matrix. As we will discuss in

Chapter 6, this system of equations can be over-determined. In this case its
inversion is a linear fit.

3.7 Summary

In the previous chapter an introduction to the formalism of semi-inclusive
deep-inelastic scattering was given mainly for the polarised case. It was shown
by introducing new unpolarised quantities, the quark hadron purities, that the
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experimental semi-inclusive asymmetries can be related directly to the central
polarised entities of the quark parton model, the polarised parton density
functions. The measurement of these quantities is the main topic of this work
and will be presented in Chapter 6. But before reaching this main point, in the
following two chapters the experimental setup of HERMES will be introduced
as an apparatus designed to do asymmetry measurements (Chapter 4) and the
measurement of particle asymmetries (Chapter 5) will be discussed.



Chapter 4

Experimental Setup

Designed to do precision measurements of spin effects, HERMES makes use
of two modern techniques: A polarised electron storage ring and a polarised
internal gas target in a windowless storage cell. The HERMES detector is
located in the east section of the HERA electron-proton collider facility at
DESY in Hamburg, Germany (Figure 4.1). While HERA is able to deliver
polarised electrons, it is not yet able to accelerate polarised protons. As a
consequence HERMES employs a fixed target and only utilises the polarised
27.5 GeV electron/positron beam, while the unpolarised 820 GeV proton beam

Hera-B T T Transverse Polarimeter

Beam Direction

Spin Rotator II l l Longitudinal Polarimeter l Spin Rotator I

Figure 4.1: Location of HERMES at HERA. In this diagram the positions of
the four HERA experiments in the straight sections of the electron storage ring
are shown. The spin of the electrons is symbolised by the small arrows. Two spin
rotators supply HERMES with an electron beam of longitudinal spin direction. The
beam polarisation is measured by two beam polarimeters. The proton ring as well
as the booster rings are not drawn.

27
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passes through the apparatus without interaction. In the other experimental
zones HERA hosts three other experiments. The two collider experiments
ZEUS and H1 are using both beams to study unpolarised deep inelastic scat-
tering at high energies (/s = 300 GeV) in a kinematical region that is not
accessible for fixed target experiments. The last is HERA-B, the youngest
experiment at HERA. Running as a test-experiment in 1997 its goal is to
scatter halo-particles of the proton beam on target wires to produce and study
B-mesons.

Due to lifetime problems caused by positive ions being attracted into the
electron beam, HERA operated with positrons in the years 1995-97. Since (in
lowest order QED) this means no difference for the fundamental physical pro-
cesses at HERMES-energies, we refer to an electron beam in this text. However,
it should be noted that the electro-weak processes under study at ZEUS and
H1 are sensitive to the lepton charge and that therefore the vacuum system
will be upgraded during an extended shutdown in 1998. The HERA electron
beam consists of 220 bunches and reached maximum currents of about 30 mA
in 1995 and 35 mA in 1996.

4.1 The polarised HERA-Positron-Beam

As a consequence of the small asymmetric spin flip amplitude in synchrotron
radiation known as SOKOLOV-TERNOV effect, the electron beam builds up a
transverse polarisation which reaches its maximum asymptotically [ST64]:

PB(t) = Pmac (1 — ¢77) (4.1)

where 7 is the build-up time constant and p,,,. is the equilibrium polarisation.
At HERA the build-up time is approximately 40 minutes and typical polari-
sations of 55% are reached, while the theoretical limit is p.. = 0.924 for an
ideal flat machine.

As pointed out in Section 2.5 HERMES needs longitudinal polarised beam
particles to be sensitive to the leading spin effects, the HER A electron ring was
augmented by two spin rotators which are designed to change the spin direction
of the beam from transverse to longitudinal in front of the experimental section
and vice versa behind it (see Figure 4.1). A schematic diagram of one rotator is
shown in Figure 4.2. By changing the polarity of the vertical bending dipoles
the helicity of the electron beam at the interaction point can be reversed.
However this means that the vertical orbit is changing about 45 cm and that
the beam line in this section has to be movable.
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Figure 4.2: Schematic Diagram of a Spin-Rotator [BS86]. Here the setup of the
horizontal and vertical bending magnets are shown together with their influence on
the electron orbit and the corresponding spin precession angles. Due to relativistic
effects described by the THOMAS-BARGMANN-MICHEL-TELEGDI equation [Tho27,
BMT59], the spin precession in a magnetic field at the HERA electron beam energy
is 63.5 times larger than the orbital bending. Since rotations are non-commutative in
three dimensions it is possible to rotate the spin by 90° while the orbit is unchanged.
The size of the vertical bump is about 22 cm, the length of the whole system roughly
70 m.

The beam polarisation is measured by two Compton polarimeters scatter-
ing circularly polarised laser light off the beam. The transverse polarimeter
is located in the west section of HERA and uses the fact that the Compton
cross section on transverse polarised leptons shows a spin-dependent azimuthal
distribution. The laser intensity is chosen such that in average only 0.01 pho-
ton is backscattered per bunch (single-photon method). The centre of gravity
of this photon is then measured in a position sensitive calorimeter and the
top-bottom asymmetry of the position distribution can be used to derive the
beam polarisation [Diir95, Oel95]. Since 1997 a second polarimeter in the east
section directly measures the longitudinal polarisation of the beam near the
HERMES interaction point. This polarimeter works with a different measure-
ment principle than the transverse one. It uses the spin-dependent angular
distribution of the Compton cross section on longitudinal polarised leptons
which translates into a spin-dependent energy spectrum. By using laser pulses
of high intensity several thousand photons are backscattered per bunch and
their energy weighted spin asymmetry can be used to measure the beam po-
larisation [Lor95]. '
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Figure 4.3: The Target Section. The HERA electron/positron beam enters the
setup from the left and passes through the target storage cell. The scattered lepton as
well as the products of an interaction leave the vacuum through a thin exit window
which is immediately followed by the first tracking device. The non-interacting
leptons continue their orbit in a thin-walled section of the beam pipe. This picture
is a design study and does not reflect the actual setup in detail.

4.2 The polarised Targets

In contrast to polarised fixed target experiments using an external beam, a
storage ring obviously makes it impossible to use solid or liquid polarised tar-
gets. Such targets are usually built of mixed materials where only a fraction of
the atoms are polarised while the others stay unpolarised and introduce a low
dilution factor. Furthermore massive cell windows might be necessary, which
(in addition to the high target density) potentially cause multiple scattering
and energy loss of particles originating from a scattering process.

At HERMES the technique of an internal gas target is used by inserting a
thin storage cell in the HERA electron ring as shown in Figure 4.3. This
target cell is fed by a polarised gas source and builds up a triangular density
distribution. It is made out of very pure aluminium with an uniform wall
thickness of about 100 pum to reduce kinematical smearing. The cell walls
are cooled in order to increase the target density by reducing the velocity of
the target atoms. The low density of an internal target is compensated by
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Type of Target

SHe H (ABS)
Year of Operation 1995 since 1996
Polarisation 46% 99%
Thickness 10" nucleons/cm? 3.5-10" atoms/cm?
Source intensity 1-10'" atoms/s 6 -10' atoms/s
Working Principle Optical Pumping Stern-Gerlach,

Hyper-Fine Transitions

Polarimeter Optical Breit-Rabi
Total Error +5% (fractional) +7% (fractional)®
Switching Time 10 min 45 b
Cell temperature 20 K 100 K
Holding field 3.2 mT 335 mT
Cell coating — Dri-film

“This error is dominated by the systematical uncertainty of the molecular polarisation
and can be reduced by using reference A data to calibrate the product of beam and target
polarisation.

®The ABS can reach switching times below a second. In 1996 a slower target cycle was
chosen to guarantee a constant target spin orientation during a 10 second data acquisition
interval called a “burst”.

Table 4.1: Specifications of Targets used at HERMES.

the fact that it consists of pure gas atoms and hence has a low fraction of
unpolarised material (high dilution factor). To avoid heating of the storage
cell and particle shower development at the cell walls, the target region is
carefully shielded against synchrotron light and beam halo particles by both
fixed and movable collimators.

Aside from an unpolarised gas feed system that is able to deliver unpolarised
gases over a wide density range, two different kinds of setups can be used to
realize polarised hydrogen, deuterium and *He targets. Both target systems
are completed by a target polarimeter and a target magnet generating a longi-
tudinal holding field for the polarised atoms. The features of the targets used
in 1995 and 1996 are summarised in Table 4.1.

4.2.1 ‘Helium Target

In 1995 the polarised *He target was installed at the HERMES interaction point
to study the polarised structure function of the neutron. In this setup the tar-
get gas is stored at low pressure in an intermediate pumping cell made out of
quartz glass. A weak electrical RF discharge excites a small fraction of the
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atoms to the meta-stable state (2°S;) which then is optically pumped to a
higher level (22Fy) by circularly polarised laser light traversing the pumping
cell. The excited states decay back to the meta-stable level by isotropic emis-
sion of unpolarised light, or in other words, the polarisation of the pumping
light is transfered to the meta-stable atoms. Hyperfine interactions in the ex-
ited state mix the spins of the electronic system and the nucleus so that the
meta-stable sample gets nuclearly polarised. Finally, this nuclear polarisation
gets transfered from the meta-stable to the ground state by the metastabil-
ity exchange process, which is based on the exchange of the electron clouds
between two atoms during an atomic collision. Neither the electron spin of
each cloud nor the spin of each nucleus is changed by this process (while the
de-excitation of the metastable state to the ground state does not conserve
the nuclear polarisation). The polarised atoms are then injected in the target
storage cell via a precision capillary. To maintain the polarisation axis of the
target atoms, the whole target area is kept in a holding field provided by a pair
of large Helmholtz coils. The target polarisation can be flipped by reversing
the circular polarisation of the laser light [Sch97].

There are two ways to determine the polarisation of the *He target. In the
Pump Cell Polarimeter (PCP) the circular polarisation of the light emitted
by the discharge in the pumping cell is measured. Via a calibration relation
the nuclear polarisation of the atoms can be derived [Lee93]. Due to the
chemical inactivity of Helium the depolarising effects in the capillary and cell
are assumed to be small and are neglected. Furthermore the storage cell does
not need a special coating and can be cooled down to 20 K.

An independent method to measure the polarisation of the *He atoms di-
rectly inside the storage cell is provided by the Target Optical Monitor (TOM).
The HERA electron beam excites the gas in the target cell and via hyperfine
coupling the nuclear polarisation is transfered to the electronic system which
then emits circularly polarised light. Part of this light is collected by a mirror
located upstream in the beam pipe and then analysed, yielding a measure for
the target polarisation. Within errors both methods give compatible results.

4.2.2 Atomic Beam Source

In 1996 the 3He target was replaced by the polarised Atomic Beam Source
(ABS) which provided a proton target (see Figure 4.4).

The ABS is based on the Stern-Gerlach principle. In a first stage molecular
hydrogen is dissociated by RF discharge into atoms and an unpolarised beam
is formed by a cooled nozzle and skimmers. The beam particles now enter a
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Figure 4.4: The HERMES Proton Target. On the left side the Atomic Beam
Source (ABS) prepares a nuclearly polarised proton beam which is injected into the
storage cell. - The right side shows two detectors for the analysis of a gas sample
extracted from the cell: The Target Gas Analyser (TGA) measures the composition
of this gas sample and the Breit-Rabi Polarimeter (BRP) measures its polarisation.

sequence of strong sextupole magnets and are focused or defocused depending
on their electron spin. Using high frequency transitions the population of se--
lected hyperfine states can be exchanged and an atomic beam consisting of two
hyperfine states with the same nuclear spin and opposite electron polarisation
can be injected into the storage cell. The same setup can be used to generate
polarised deuterium beams [Ste97].

The polarisation of the hydrogen atoms in the target cell is measured by
a Breit-Rabi Polarimeter (BRP). A small fraction of target gas is extracted
via a sample tube from the storage cell and fed into an apparatus that is
basically the reverse setup of the ABS. At the position of the dissociator an
atomic beam detector measures the intensity of the atomic beam. By switching
the high frequency transitions, the population of selected hyper fine states
and therefore the polarisation of the sample beam can be extracted [Bra97].
The BRP is augmented by a Target Gas Analyser (TGA) which measures the
degree of dissociation « in the target cell by the ratio of hydrogen atoms and
recombined hydrogen molecules. The polarisation pr of the target nucleons in
the cell is then related to the polarisation of the hydrogen atoms measured in
the BRP pgrp by

pr = aola+(1—a)B)- c,perp (4.2)

where 1 — ap is the fraction of protons entering the cell in molecules and ¢, is
a sampling correction from calibrations. The recombined molecules in the cell
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may also carry proton polarisation which is parameterised by 8 which gives the
ratio of the polarisation of nucleons in molecules to the atomic polarisation.
In order to suppress the recombination of hydrogen the cell has to be coated
by Dri-film and/or water and has to be kept at higher temperatures than the
3He cell.

4.3 The HERMES Spectrometer

The HERMES spectrometer was designed to measure the inclusive kinematics
of polarised deep-inelastic scattering processes with high accuracy in order to
study the spin structure functions of the proton and neutron. In addition,
hadronic products of the scattering can be reconstructed over a wide kinemat-
ical range.

Since both HERA storage rings traverse the HERMES spectrometer, the de-
tector was split into an upper and lower half mounted symmetrically above and
below the beam lines which are shielded from the magnetic field of the spec-
trometer by a septum plate. Figure 4.5 shows the layout of the spectrometer
which is divided into three main parts. The front region is solely instrumented
with tracking devices to record the scattering angle without imposing much
material that would smear the electron momentum by multiple scattering. The
main spectrometer magnet is used for deflecting charged tracks according to
their momentum and houses some tracking chambers to help the matching of
tracks reconstructed in the front and back regions. The back region consists
not only of tracking chambers but also has a variety of detectors used for
- trigger and particle identification purposes.

4.3.1 Tracking Detectors

The HERMES tracking system consists of gas-micro-strip chambers and drift
chambers in the front region, proportional chambers in the magnet and two
sets of drift chambers in the back region. The parameters of the tracking
devices are summarised in Table 4.2. The main spectrometer magnet provides
an integrated field of 1.3 Tm for the momentum measurement. A horizontal
septum plate augmented with compensator coils is mounted in the middle
plane of the magnet to prevent distortions of the HERA beams by the dipole
field. The angular acceptance in the front region covered by the opening of
the magnet gap is 40 mrad< |0,| <140 mrad vertically and |6,| <170 mrad
horizontally. The horizontal acceptance in the back region is increased to
270 mrad so that particles with an momentum of >2 GeV/c can be fully
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Figure 4.5: Top view of the HERMES Setup. The tracking devices are labelled
on the right side. Detectors for trigger and particle identification are labelled on the
left side. The iron yoke of the magnet is roughly 5 m wide and 4.5 m high.
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reconstructed. Particles with momenta down to 0.4 GeV/c might be deflected
by the dipole field to a such high extent, that they hit the iron yoke of the
magnet (depending on their entrance position). For those particles a coarse
momentum measurement can be provided by evaluating the hits in the magnet
chambers. However, there is no PID information available for these kind of
tracks.

The tracking detectors are constructed from wire planes that measure the
position of a charged track along a coordinate perpendicular to the wire and
beam direction. To retrieve space points a set planes of different orientations
is bundled into packages. The horizontal coordinate z is measured by planes
of vertical wires, while the u and v coordinates are given by planes that. are

tilted by £30°.

Vertex and Front Chambers

The main task of the front tracking is a very accurate measurement of the
scattering angle. Therefore a set of two micro-strip gas counters (VC 1/2) is
located immediately behind the target exit window (Figure 4.3). Each module
consists of three planes with the orientations vux and zvu respectively. A
plane is assembled out ‘of 300 pm thick glass substrates which are covered
with 7 pm aluminium strips separated by 193 pum and are mounted in 3 mm
distance to a cathode plane. The high number of channels leads to a good
resolution even with digital readout and reduces the sensitivity of the track
reconstruction to low energy background hits. Since the efficiency and the
resolution of a gas micro strip counter depends on the incident angle of the
track, the outer substrates of the z planes are tilted by 6.93° to meet the large
angle tracks.

The second set of front tracking detectors consists of two planar wire drift
chamber modules (FC 1/2). Each module consists of 6 planes (uu'zz'vv’) of
which the second one of each direction is staggered by half a cell size to help
to resolve left-right ambiguities during reconstruction. In between the sense
wires potential wires are drawn to provide a drift field. The time between a
trigger signal and the pulse in the sense wire is used to measure the position
of the incident track in the cell by evaluating the Space Drift Time Relation
(SDTR).

Although the vertex chambers had problems in 1995, it turned out that
sufficient forward tracking can be done by the front chambers alone (plus
corrections from the bridging to the backtracks). However, it was desirable to
make the forward tracking less vulnerable to failing detectors by introducing
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Vertex Front Magnet Back
Detector VC-1 VC-2 [FC-1 FC-2 |MC-1 MC-2 MC-3|BC-1/2 BC-3/4
Type micro-strip gas| hor. drift proportional hor. drift
Num. of planes 3 3 6 6 3 3 3 6/6 6/6
z-Pos. (mm) 2T 972 |1526 1637 | 2655 3060 3423 | 4150 5900

Active hor. (mm) | 420 420 680 680 996 1216 1424 | 1888 2890
Active vert. (mm)| 137 145 220 | 220 263 306 347 | 520 710

Cell size 193 pm 7 mm 2 mm 15 mm
Resolution (nom.) 57 pm 150 pm 577 pm 150 pm
Chamber gas DME/CO; |Ar/CF4/CO2| Ar/CF4/CO, Ar/CF4/CO,
Gas mix 60:40% 90:5:5% 65:5:30% 90:5:5%
High Voltage 2 kV 1.4 kV 2.8 kV .78 kV
Readout digital (APC) TDC digital (PCOS) TDC
Channels (z) 1674 2046 96 96 496 608 720 | 120 192
Channels (u/v) 2170 2170 96 96 b125608+ “720 " 1118 186
Rad. length 1.2% 0.20% 0.29% 0.26%

Table 4.2: Design Parameters of the Tracking Chambers.

an additional set of drift vertex chambers (DVCs) in the gap between VCs and
FCs. These chambers were commissioned in early 1997 and are included in
the tracking since then.

Magnet Chambers

In the rear part of the magnet, where most of the low energetic background
is deflected into the magnet yoke, three modules of proportional wire cham-
bers are mounted. Each module consists of three planes with the orienta-
tions uzv which are build by two cathode foils enclosing a plane of anode
wires with a wire distance of 2 mm. This setup results in a resolution of
2 mm/+/12=0.577 um. Although the information from the magnet chambers
originally was only forseen to simplify the matching between the forward and
backward tracks by applying a Kalman filter, it turned out that they can be
used to reconstruct partial tracks and momenta of low energy particles.

Back Chambers

The tracking in the region behind the magnet is done by two sets of drift wire
chambers that are very similar to the front chambers. Due to the high distance
to the interaction point and the increased horizontal angular acceptance for
particles deflected in the magnet, the active areas of the chambers are rather
large. On the other hand, the cell size at that location can be wider since
the separation of the two sets gives a good lever arm to reconstruct the angle
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Figure 4.6: Signals of the Particle Identification Detectors. In these plots the
Monte Carlo results for the four particle identification detectors are shown for the
samples of reconstructible hadrons and DIS positrons.

of a track and the track density is lower. Each set of back chambers is two
modules consisting of 6 planes (uu'zz'vv’) that are also staggered. Due to a
well-known SDTR and a fast readout electronic with high time resolution, a
spatial resolution of 250 pum can be achieved with a cell size of 15 mm.

4.3.2 Particle Identification

The particle identification (PID) system at HERMES consists of four compo-
nents and was designed to identify the DIS electron with high efficiency and
with low contamination from hadronic tracks.

A lead glass calorimeter and a preshower hodoscope allow the measurement
of the energy deposit of particles and the use of the ratio E/p to distinguish be-
tween electron and hadron tracks. The Transition Radiation Detector (TRD)
allows the separation of highly relativistic particles (high v = E/mg) from
others while the Cerenkov counter identifies all particles above a certain veloc-
ity. Furthermore, it is possible to measure the masses of low-energy particles
by time-of-flight methods using the hodoscopes. Since this is only possible for
particles with momenta less than 2 GeV/c it is not discussed further.

The PID signals (see Figure 4.6) of the four components can be used in
two ways. First, one can place hard cuts on the individual detector responses
near the intersection of the distributions for electrons and hadrons. The exact
position of the cut controls the efficiency and the contamination of the particle
identification. Using this method the PID information of the components
become independent and can be used to crosscheck and study single detectors.
However for data analysis it is too inefficient. A more complex method defines
for each detector the conditional probabilities £5" that a track is identified
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as an electron or a hadron under the assumption that the detector signal was
generated by this kind of particle. The conditional probabilities, L%* can be
converted into true probabilities P* by applying Bayes’ theorem:

QL

T = W, (43)
7

where ®° are the true particle fluxes which might be a function of momentum
and angle. Building the logarithmic ratio of the true probabilities for opposite
hypotheses
) ’PC £€ @5
pid = logyg ph = logy Th + logy, o (4.4)

is a sensitive measure for the particle type, but one needs to have a Monte
Carlo model for particle fluxes. However, if the flux ratio ®°/®" depends only
weakly on the kinematical variables, the second term in (4.4) is a constant
offset and already the ratio of the conditional probabilities for a measured
detector signal becomes a good PID information. For historical reasons the
conditional probabilities of the calorimeter, preshower and Cerenkov counter
are usually combined yielding a quantity called pids:
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which allows, together with the TRD information, a very good separation
of electrons and hadrons (see Figure 4.7). A more advanced scheme collects
all four PID systems in one combined quantity but is not yet available for the
helium data taken in 1995. Electrons can be identified with an overall efficiency
of better than 98% with a hadronic contamination level of less than 1%. A
detailed description of the HERMES PID scheme can be found in [Kai97].

Cerenkov Counter

If a particle passes through a medium with velocity larger than the speed
of light in this medium, electromagnetic radiation (Cerenkov light) is emit-
ted on a cone along the direction of the particle. In the threshold Cerenkov
counter used at HERMES until 1997, the detection of photons along a track
indicates that this particle travels with a relativistic B-factor! that is higher
than Sy = 1/n, where n is the optical density of the radiating material. The
Cerenkov light is reflected by an array of 20 mirrors per detector half onto

IThe relativistic A-factor is defined as the ratio of velocity to the speed of light in the
vacuum: f = v/c.
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Figure 4.7: Combined PID Distributions. In this graph the quantity pids which is
derived by definition (4.5) from combined conditional probabilities of the calorime-
ter, preshower, and Cerenkov counter is plotted against the TRD signal. By applying
a cut on the linear combination of both quantities very good particle separation is
possible. Because of the topology of the distributions this method is called a “valley-
CHi0
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Year 1995 1996
Radiator N2 N27C4F10
n 1.000298 1.001223
pune(€%) | 0.021 GeV/c | 0.015 GeV/c
pine(7E) | 5.72 GeV/c | 3.99 GeV/c
pene (K*) | 20.23 GeV/c | 14.13 GeV/c
punr(p) | 38.42 GeV/c | 26.83 GeV/c

Table 4.3: Cerenkov Thresholds. The change of the radiator gas lowered the pion
momentum threshold by approximately 2 GeV/c (values from [Kai97]).

corresponding photo-multipliers. The observed Cerenkov signals are assigned
to reconstructed tracks.

In Table 4.3 the momentum threshold of various particles are listed for the
radiator gases used in 1995 and 96. As one can see the Cerenkov counter can
not only be used to do lepton hadron separation but also allows the identifica-
tion of a pion sample in certain momentum windows. In 1995 the lower limit
of this window was around 5.7 GeV /c while in 1996 it was lowered to 4 GeV /c
in order to reach a higher yield of unambiguously identified pions.

In 1998 the Cerenkov counter will be replaced by an Ring Imaging Cerenkov
counter (RICH) which will provide a much cleaner pion and kaon identification
over the full momentum range by measuring the opening angle of the Cerenkov
cone [Jac97].

Transition Radiation Detector

Transition radiation is emitted if a charged particle crosses the boundary of
materials with different dielectric constants. In the ultra-relativistic case (y >
'1000) the photons are radiated in the forward direction and have an energy
above several keV, while particles with lower y-factor emit much softer photons
with less total energy. Since a 5 GeV electron has a y-factor of 10* compared
to v = 36 for a pion of the same energy, transition radiation can be used very
efficiently to distinguish electrons and hadrons.

At HERMES the Transition Radiation Detector (TRD) consists of 6 identical
modules per detector half, each one built of a 6.35 cm thick radiator and a
 2.54 cm thick X-ray detector. The radiating volume is loosely filled with
polyethylene/polypropylene fibres of a diameter of 17-20 um surrounded by
air. A multi-wire proportional chamber filled with a mixture of 90% Xe and
10% CHy is used to detect the generated photons in 256 channels per plane
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and allows the assignment of the measured X-ray clusters to reconstructed
tracks. Xenon was chosen as chamber gas because of its high X-ray absorption
factor due to its large atomic charge. With this configuration a positron-pion
rejection of more than 1:100 can be reached.

Calorimeter

The HERMES calorimeter consists of two halves of 42x10 modules each. The
detector halves can be moved vertically to protect the detector from possible
radiation damage caused by accidental beam loss during HERA fill prepara-
tion. Each of the 840 modules is build of a lead glass block of the dimensions
9%x9x50 cm® and an attached photo-multiplier to detect the energy of pro-
duced photon showers. The energy resolution of the calorimeter for electrons
was measured to be [Diir95]
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The depth of a F101 glas block corresponds to 18 radiation lengths, which
means that electrons will lose all their energy in the calorimeter. On the other
hand, hadrons will deposit only a fraction of their energy in the calorimeter
since their nuclear interaction length in lead glass is much longer. This means
that the ratio of measured energy deposited? and reconstructed momentum
will be ~ 1 for electrons and < 1 for hadrons and can be used to distinguish
the two particle classes. It should be noted, that a shower in the calorimeter
can be spread out over more than one block and that the total cluster energy
has to be summed up by a cluster-finding algorithm.

(4.6)

Hodoscopes

At HERMES two hodoscope walls are available. The first hodoscope (H1)
consists of 2x42 scintillator paddles with attached photomultipliers and is
mounted in front of the TRD. It is only used for trigger (and TOF) purposes
since the radiation length of 2.3% does not allow a precise energy measurement.
The second hodoscope (H2) is located behind the TRD and is designed as
preshower counter. It consists of a 1.1 c¢cm lead layer in front of a hodoscope
plane identical to H1. While hadrons hardly produce showers in the lead wall
and hence only produce a minimum ionising signal in the scintillator, there

?To be precise, the total energy deposited has to be used here, i.e. the energy seen in the
preshower (which imposes also 2 radiation length, see next paragraph) has to be added to
the calorimeter signal.
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is enough material (two radiation length) available for electrons to produce
showers that will deposit more energy in the scintillator. As in the calorimeter
the ratio of measured shower energy and reconstructed momentum becomes a

measure for the particle type.

4.3.3 Luminosity Monitor

To be able to compare the DIS cross sections of different target spin states, it
is necessary to monitor the luminosity by a physically independent and spin-
independent process to correct for variations in target thickness or beam posi-
tion. At HERMES the luminosity monitor measures the rate of beam particles
scattered on the electrons of the target atoms, which is a purely electrodynamic
process (Mgller/Bhabha scattering) that is well understood.

The detector is two calorimeter modules consisting each of 12 NaBi(WQy),
crystals each with a corresponding photo-multiplier. The modules are small
enough to fit into the gap of the main calorimeter and are moved close to the
beam when stable HERA running conditions are established. The detector
measures the coincidence of beam and target electron (and their energies) and
has a very low background. The coincidence rate is about 130 Bq for a beam
current of 20 mA and a *He target density of 10'® nucl/cm?.

In 1996 the luminosity monitor was also used to crosscheck the calibration
of the BRP. For this kind of measurements the ABS is operated in a mode
where the average electron polarisation is not zero but high. Since the Bhabha
scattering is spin dependent, the coincidence rate electrons and positrons seen
in the calorimeters should show an asymmetry which is a measure for the aver-
age electron polarisation in the cell. The results of this analysis are compatible
with the BRP measurements [Ben98|.

4.3.4 Trigger

The HERMES first level trigger is operated in a very flexible way by using
fast programmable logic units (PLUs). It makes use of discriminator signals
derived from the hodoscopes, the Cerenkov counter and column-wise summed
calorimeter signals. It uses the HERA electron bunch timing as main clock.
The readout decision is made up within a few hundred nanoseconds. Besides
trigger conditions for the detection of events that are of physical interest, a
number of technical triggers are necessary to measure trigger efficiencies and
to do background studies.
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Physics Triggers

The main purpose of the first level triggers is to induce the readout of all de-
tector components if an event of physical interest is detected. Therefore the
central trigger requirement for DIS events is the detection of a scattered elec-
tron in the fast detectors. The following typical trigger conditions isolate these
kind of events with high efficiency and low contamination by other processes.
The coincidence of all four conditions is required for firing the trigger:

A cluster of 3.5 GeV was found in the calorimeter.

This condition is tested by summing up the calorimeter signals column-
wise and requiring that the sum of two columns is above a limit. An
energy threshold of 3.5 GeV is equivalent to a cut of y < 0.87 which
is used to exclude kinematical regions with high radiative corrections
(see Chapter 5.3.2 and Table 5.2). Since 1996 the trigger threshold has
been lowered to the equivalent of a leptonic shower with an energy of
1.4 GeV. This has had an drastic influence on the trigger efficiency since
now also hadronic showers can reach the trigger limit. This background
is dominated by hadronic tracks coming from the collimators in front of
the target®. :

A preshower signal is above a minimum ionising level.
This condition helps to suppress hadronic showers that deposited enough
energy to fulfil the previous condition.

A signal in hodoscope H1 was found.
This makes sure that there was a full backtrack and helps to suppress
photon background.

The signals fulfil timing conditions.

The main background source in the setup described so far comes from the
HERA proton ring. Protons that leave the orbit and hit the proton beam
pipe behind the experiment can produce hadronic showers of high energy
which will enter the backside of the calorimeter. Since the protons pass
the trigger detectors at different times than the electrons, a time windows
set around the HERA electron clock suppress the proton background
efficiently.

For further suppression of the proton background, in 1996 an additional
hodoscope was installed in front of the magnet. There is also set of veto-
scintillators around the proton beam pipe available, but it was not necessary

3In 1996 only one of 10 recorded events actually contained a positron. In this analysis a
software cut of 3.5 GeV is applied to all data.
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to include these detectors in the trigger condition. Typical trigger rates are in
the order of 150 Bq with a target density of 1.2-10'® nucl/cm? and a electron
beam current of 30 mA. About half of this rate is induced by the proton
background.

There are physical triggers for other kinds of analysis available. For instance
it is possible to trigger on two low-energy tracks if one searches for decaying
particles produced with low cross sections or at kinematical regions where the
scattered electron is not entering the detector acceptance [MKP96]. Since
these triggers are not relevant for this analysis they are not discussed here.

Gain Monitoring System

A special trigger is used by the Gain Monitoring System (GMS). All detectors
using photo multipliers (hodoscopes, Cerenkov, calorimeter and luminosity
monitor) are connected via glass fibres to a light source which can be attenu-
ated and sends short light pulses with a wave length of 500 nm to the detectors.
The photo multiplier signals are compared to the reference signal of a photo
diode to detect variations in the detector gains and dead channels.

Higher Level triggers

The first level trigger described so far only produces a read out decision. Once
the information of the other detectors is available, more complex trigger mech-
anisms can be set up using Digital Signal Processors (DSPs). It would be
possible to check the TRD signals for the presence of an electron. Another
possibility is the use of a trigger matrix to decide if hits in the hodoscopes and
the calorimeter are actually defining a spatial track. This kind of trigger algo-
rithms would be located on the event builder level and are called second level
triggers. At HERMES a second level is presently not implemented although the
technical prerequisites are available.

Once an event is built (i.e. all detector data is packed into a standardised
event record) and transferred to the online hosts (see next section), it can be
distributed to CPUs applying much more complex and slower algorithms than
a second level trigger could do. For example a coarse front tracking could be
done to suppress events that are triggered at low calorimeter thresholds by
hadronic showers from the collimators.
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4.3.5 Data Acquisition

The HERMES Data Acquisition system (DAQ) is divided in two spatially sep-
arate parts. The frontend electronics is located in a trailer close to the exper-
iment. It is connected to the online workstation cluster via 2 SCSI interfaces
realized as a fibre optical link. The backbone of the frontend is based on
Fastbus technology with CERN Host Interfaces (CHIs) as masters which are
equipped with DSP-based Struck Fastbus Readout Engines (FREs) to improve
their performance. The drift chamber signals are read out by LeCroy TDCs
(Time to Digital Converters), while the vertex and magnet chambers use APC
and PCOS4, respectively, based readout systems without timing or analog in-
formation. Each photomultiplier tube as well as the TRD channels is fed to
TDCs and ADCs (Analog to Digital Converters). The collected event informa-
tion is processed by the FREs and can be compressed by almost a factor of 2
before an event is built and sent to the distributing online workstation (Alpha
3000X) located in the counting room. During data taking the incoming events
are written as EPIO (Experimental Physics Input Output Package, [CN93])
files (called runs) to a 56 GB disk array hosted by further workstations linked
via FDDI. Between two HERA fills the raw data files are then transfered
via the a FDDI connection to a taping robot located in the computing centre
at the DESY main site. Additionally the data is locally written to tape for
backup purposes. The maximal DAQ throughput is 1.5 MB/s corresponding
to an event rate of 150 Bq. In 1997 an upgrade of the distributing workstation
to an Alpha 5/266 doubled this bandwidth. In 1995 3.8k runs of a total raw
data amount of 1.5 TeraBytes was taken while in 1996 8k runs corresponding
to 3.4 TeraBytes were written.

Dead Time

Relevant to analysis is the DAQ dead time fraction, i.e. the number of events
that were triggered but were not read out because the DAQ was busy with the
processing of an earlier event. Actually the dead time fraction &; is defined for
each trigger ¢ individually by

Ti
6 = 1 — === L
Ti (4.7)

gen

acc

of a certain type. Since the DAQ performance depends on the trigger rates, the
trigger dead time fractions are calculated for short time periods of 10 seconds
called bursts. In case all triggers are generated randomly in time, a distinction

where T?,, and Tgicn is the number of accepted respectively generated triggers
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of trigger types is not necessary, but in practice there are prescaled (quasi-
periodic) and periodic triggers which might introduce interference effects.

4.4 The HERMES Software

The HERMES software splits up into two parts, the online system which is
used to run the experiment and record the raw data, and the offline software
which processes this data and transforms it into a form that allows physicists
to do their analysis work in an easy-to-use framework. Of course this division
is not strictly true, since some physical analysis is performed (semi-) online to
detect detector problems early. On the other hand only the offline treatment of
the data allows precision calibration and systematic studies which might also
affect the online performance (e.g. pedestal data for sparsification). While the
kernel of the online system is using an rather old-fashioned software design
(which has been shown in other experiments to work with high reliability),
parts of the online monitoring system and the whole offline system is using a
novel modular and datastructure-driven layout. In the following this part of
the HERMES software will be described in more detail with an emphasis on
the reconstruction program since this is most relevant for the analysis.

4.4.1 Main Software Modules

The main feature of the HERMES offline software is its high modularity, i.e.
it is divided in multiple packages, each with clearly defined functionality. A
package might consist of a number of executables and a library and via library
calls a certain functionality can be used by user programs or other packages.
The following (incomplete) list describes the main HERMES packages:

ApAMO (“ALEPH DAta MOdell”) : This is the central entity-relationship
based database underlying all of the following modules [Che76, FP93].
Through highly organised data structure and description it allows safe
and portable data handling. The logical structure of the data is formu-
lated using the Data Definition Language (DDL) and is stored and passed
along with the data. Using an ADAMO-processor, DDLs are translated
into structure definitions for Fortran or C which then are used to access
the data in programs. ADAMO supports the storage of data in various
formats (Generic ADAMO File, GAF).

DAD (“Distributed ADAMO database”) : Since ADAMO does not support
distributed databases, a client-server extension was developed at HER-
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MES [Wan95]. It allows the central maintenance and distribution of all
relevant data and implements efficient interprocess communication mech-
anisms in ADAMO format which is a basic prerequisite for modular soft-
ware design. It also allows the efficient storage of data using on-the-fly
(de)compression.

PINK (“PINK is not Kuip”) : Although ADAMO provides a command line
driven interactive shell for data analysis, a much more powerful tool was
created at HERMES by implementing an interface to ADAMO and DAD
in the script language Tcl [Ous94]. Together with the Tk package PINK
allows the easy creation of Graphical User Interfaces (GUIs) for visualisa-
tion purposes (see appendix C.1) The PINK-browser (realized in Tcl/Tk)
is a flexible tool to analyse ADAMO data in all formats. A windowless
version called FLOYD is useful for rapid prototyping of analysis jobs as
well as for the implementation of small help programs [Ack95, Fun95].

HMC (“HERMES Monte Carlo”) : This is the main HERMES Monte Carlo
based on GEANT [Bru93]. It consists of various event generators and is
able to do a very detailed simulation of all HERMES detectors [GMV97].

PEPSI (“Polarised Electron-Proton Scattering Interactions”) : is the
important physics generator for polarised Monte Carlo studies at HER-
MES [PEPSI]. It is available as a stand-alone library and is included in
HMC. PEPSI is an extension of LEPTO [[ER96].

HDC (“HERMES DeCoder”) : translates the raw data from EPIO format to
the ADAMO format as it is used in further analysis. HDC is parametrised
by various (time-dependent) mapping, geometry and calibration data
coming from central DAD servers so that it is easy to process raw data
from different data taking periods. In online mode HDC feeds online
servers with data from the online EPIO stream for monitoring purposes.

HRC (“HErRMES ReConstruction”) : reads event data either from HMC
or HDC and reconstructs tracks using a tree-search algorithm [Wan96].
It provides basic particle identification information for each track. The
reconstruction algorithm will be discussed in more detail in Section 4.4.3.

ACE (“Alignment, Calibration and Efficiency”) : is a module that cal-
culates calibration and efficiency data for the tracking detectors in vari-
ous ways [Kol98].

HEP (“HERMES Event Processor”) : is an interactive shell for data anal-
ysis, but can also be used as an analysis frame for user code, preferably
in Fortran. It incorporates all ADAMO and DAD features together with
PAwW and provides handling of analysis cuts and other features.
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HANNA : this is another event-driven analysis frame that does not come with
an interactive shell like HEP. It is used for fast processing of data us-
ing C code and is able to synchronise slow control data with the event
stream. Although HANNA can be used without HBOOK, it provides a
parametrisable cut package with histograming and statistics functional-

ity [Fun96].

HLrLiB(“HERMES Library For analysis”) : is a collection of various func-
tions that are useful for data analysis.

4.4.2 Data Production Scheme

Figure 4.8 shows the basic layout of the HERMES data production scheme.
The raw EPIO event files are decoded and reconstructed and then stored as
Data Summary Tapes (DSTs) on the central HERMES disk array. This first
part of the production is the most resource intensive step and takes several
weeks per year of raw data. It is performed on a LINUX cluster running on ten
Dual-Pentium PCs [WF97]. In parallel to the DST production, the slowcontrol
production (see Appendix C.2) reads slowcontrol data from the decoded runs
as well as from record files written during data taking. The results of this
production are enhanced slowcontrol data files which contain all relevant data
in time-ordered form. The slowcontrol production is much faster than the DST
production and needs a few days to process the data of one year. It usually
runs in the background on the HERMES SGI cluster. The DSTs together with
the enhanced slowcontrol data files are the input to all analysis. There exist
two analysis frames which are capable of reading the two inputs in parallel
and synchronise them. However, it turns out that at this level still too much
data is contained in the files, which is necessary for expert studies but is not
useful for physics analyses and only has the effect of slowing down the analysis
programs. Hence a new data format, the uDST has been invented to speed
up physical studies. The uDSTs contain both slowcontrol and event data in a
compact format? and are the final output of the HERMES production scheme.

“Though this is not the end of sparsification. As mentioned earlier the low trigger thresh-
old in 1996 lead to a high contamination of events where only hadronic tracks could be
reconstructed. Hence there exist filtered uDSTs called nDSTs to get rid of these tracks.
The format of the nDSTs is the same as for the uDSTs.
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Figure 4.8: Layout of the Offline Software. The big boxes group programs and data that are relevant for the DST, slowcontrol
and uDST productions. Although these productions are hierarchical in the sense that they need data from the previous levels,
they are technically independent and run separately. Small boxes indicate programs processing the data, cylinders show data files
stored on disks and/or tape. The thick arrows shows the flow of event data, thin lines indicate the exchange of slowcontrol and
calibration data.
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4.4.3 Event Reconstruction

The main part of the data handling that is also important to the physical
analyses is the reconstruction of particle tracks from the information recorded
by the tracking detectors. This is done separately for the forward and the
backward region, yielding partial tracks. The identification of forward and
backward partial tracks belonging to one physical track in the magnet region
is called bridging and results in a set of full tracks per event. A detailed
description of the HERMES reconstruction algorithms can be found in [Wan96].

Tree-Search

Before HRC constructs spatial partial tracks, it uses the detector hits in each
of the three wire directions (z, u and v) to reconstruct track projections. The
algorithm that is used here matches the detector information with patterns
from a database which represent all possible tracks. This is done by a recursive
tree-search algorithm which doubles the resolution per recursion step by con-
sidering only matching sub-patterns and converges very fast (see Figure 4.9).
Since the tracking detectors are not perfectly efficient, the reconstruction al-
gorithm is able to tolerate a certain number of missing hits in a track pattern.
Furthermore the organisation of the pattern database makes use of the fact
that only straight tracks have to be stored since the magnetic fields in the
forward and backward regions are negligible. It also uses symmetry and scal-
ing properties of the patterns to compress the database, and this is what only
makes the application of the pattern matching algorithm at HERMES possible.

After a track projection was identified by the tree-search stage, the track
parameters (slope, offset and the corresponding uncertainties) are calculated
from the detector hits by a y2-fit where the individual detector resolutions
are considered in the form of weights. The projections are combined to 3-
dimensional partial tracks by combining the v and v projections and comparing
the result to tracks found in the z projection.

As can be seen from Table 4.2 for the back region 2x4 planes per projection
are available for reconstruction, while the front region is equiped with 2+4
planes per projection only. Unfortunately in 1995 the efficiency of the vertex
chambers was too low, so only the front chambers could be used to define
front tracks. Since the longitudinal extension of the FCs does not allow the
partial tracks to be fit with the high accuracy needed to reach the anticipated
kinematical resolution, a special bridging method was used to enhance the
forward tracking by using information from the back tracks.
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Figure 4.9: Pattern Matching and Tree-Search. Here the algorithm is demon-
strated for two tracks. First one coarse pattern with high road width which matches
the detector information is selected. Then the road width is recursively bisected by
matching daughter patterns with higher resolution (from top to bottom). If at a
certain recursion step no daughter pattern is found the potential track is skipped.

For the backward partial tracks the information of the corresponding particle
identification detectors is linked to the track to allow the determination of the
track type.

Bridging

The partial tracks found in the forward and backward region are combined
to full tracks by comparing their projected track position in the middle of
the spectrometer magnet, which is very similar for the forward and backward
track. Alternatively a Kalman filter algorithm can be employed to identify
forward and backward tracks by using the magnet chamber information.

In 1995, the forward tracks reconstructed from the FCs alone show a high
uncertainty. To remedy this the matching point of a backtrack was included
in a refit of the forward track which then improves the precision considerably.
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Once a combination of two partial tracks is found, the parameters of the
forward track (position and angles at the magnet entrance) is used to consult
a lookup table which contains the position and direction after the magnet for
discrete momentum values. Using the known bending angle a precise determi-
nation of the track momentum is possible by interpolation. The lookup table
was generated by tracking particles through a Monte Carlo model of the setup,
which was parametrised by a measured field map of the HERMES spectrometer
magnet.

For low-momentum tracks which are deflected so much by the dipole field
that they do not reach the backward region it is possible to do a coarse momen-
tum measurement by applying a shooting method to fit the magnet chamber
hits.

Resolution

The angle and momentum resolution of the reconstructed tracks can be de-
rived by comparing the true values from Monte Carlo generated events with
the reconstructed values from HRC. For this analysis a precise knowledge of
the resolutions of the individual tracking detectors is necessary, which can be
extracted from data by exploiting the fact that a track can be reconstructed
neglecting a certain detector plane. The width of the distribution of the dis-
tance of the measured hit position in the plane from the reconstructed track
is then a measure for the resolution of the plane®.

However, the Monte Carlo and the reconstruction algorithm will make use
of the same magnetic field map for the spectrometer magnet and need to be
crosschecked by physical calibration processes which deliver tracks with de-
fined momentum correlation. One such process is the decay of neutral kaons
K¢ into two charged pions (branching ratio 68.6%). By calculating the invari-
ant mass of the two-pion system

m27r == (p7r+ + p'[r—)2
= 2m2 + /(M2 + p2y )(m2 + p2o) + 2yt pa- cos

(4.8)

where p,+ are the moments of the two oppositely charged pions and ¢ is their
opening angle in the laboratory reference system, a very clean K2-sample can
be retrieved by using the long decay length of the K3 (Figure 4.10). The
measured K3 mass of 496.3940.08 MeV deviates less than 0.25% from the

®In fact the centroid of this distribution should be zero and can be used for alignment
purposes.
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Figure 4.10: Reconstruction of Neutral Kaons. Top: A short lived Kaon orig-
inating from the DIS event at the primary vertex decays after some time into two
charged pions. The two pion tracks and the scattered lepton are reconstructed.
Middle-left: The invariant mass (4.8) of the two-pion system is plotted against
the collinearity (1 — cos™'§) of the vertex distance and the momentum of the hy-
pothetical K%. Middle-right: The invariant mass is plotted against the distance
of production and decay vertex. Bottom-left: The distribution of the invariant
mass is shown after cuts on collinearity and vertex distance. Bottom-right: The
lifetime of a K3-sample is measured by fitting an exponential to the (relativistically
corrected) vertex separation. The deviation of the measured value from the world
value of 2.675£0.006 cm is also seen in Monte Carlo data and is understood as an
acceptance effect and cut artefacts.
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world value of 497.5740.03 MeV [PDG94], and together with the width of the
mass distribution it is a measure for the over-all calibration of the spectrom-
eter. A detailed analysis yields an energy resolution of better than 1% and
an angular resolution of 1 mrad for pion tracks from K2-decays with an av-
erage momentum of 4 GeV/c for the 1995 data reconstructed without vertex
chambers [Wan96]. The spectrometer resolution using all tracking devices is
expected to be better.

Efficiency

The total track reconstruction efficiency &, can be expressed as
gtot = gfront . gba.ck ’ gbridgea (49)

where & ont/back are the reconstruction efficiencies for the forward and back-
ward partial tracks and &i4qe is the bridging efficiency.

For the tree-search algorithm the partial track efficiencies can be derived
analytically from the detector plane efficiencies which are extracted by ACE
from data for intervals of 10 seconds during data production [Kol98]. The
bridging efficiency can be derived from Monte Carlo simulations. For the
correction applied in 1995 to the forward tracks, the efficiency can also be
extracted from data by comparing the number of reconstructed tracks with
and without modified forward tracks.

The version of ACE that was used to process the 1995 helium data did not
distinguish the detector efficiencies for different particle types, which can be
different [Neu97]. Hence the tracking efficiency is not used for rate corrections
but only to identify drops in the detector performance caused by things like
voltage trips. Since during normal operation all factors of (4.9) are high and
stable, rather tight cuts can be used and the systematic uncertainty introduced
on the asymmetries is neglected.

4.5 Unpolarised Measurements

Although it is not topic of this work, it should be pointed out, that HERMES is
also able to perform a variety of measurements using unpolarised gas targets
of high density. Among other things that allows the extraction of structure
function ratios, the determination of hadro-production cross sections and the
study of nuclear effects like nuclear transparency. First results of these analyses
have been presented and will be published soon.



Chapter 5

Extraction of Asymmetries

The number of events of a certain type in the two spin states can be expressed
as

-l 5a/£(t) (1 + AD pr(t)pa(t)) dt,
-

5.1
L TR £a/£(t) (1—Aﬁ_pT(t)pB(t))dt, it

where A is the spin asymmetry of the process, o is the integral of the un-
polarised differential cross-section over the kinematical region of interest, £
is the acceptance and efficiency for the same region (assumed to be spin-
independent), £(¢) denotes the time-dependent luminosity, pg(t) and pr(t)
denote the polarisations of the beam and target and D gives the event-by-
event photon depolarisation factor as defined in (2.24) averaged over all events
in this spin state. Note that D varies for different particle types; even if D is
purely a function of inclusive kinematics, these distributions might differ for
different semi-inclusive processes. To measure the asymmetry, one resolves the
two equations (5.1) for A and obtains:

N+f£(t)dt — N~ [ L(t)dt

L > (5.9
N+E—I£(t)pT(t)pB(t)dt+N_ﬁlﬁ(t)PT(t)pB(t)dt A

At this point, some short remarks about the error calculation are appro-
priate. First note that the observed hadron numbers N} are not Poisson dis-
tributed and their errors are not exactly given by v/N,. The reason for this
lies in the fact that the probability to observe a hadron in an event with an
identified positron is not small enough to use the Poisson approximation and

56
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that more than one hadron can be seen per event. Furthermore, the particle
numbers observed on the same data sample (e.g. one spin state) are not in-
dependent, i.e., to describe the errors one does not only need the variances on
the single particle numbers but also their covariances. Appendix A.1 contains
the derivation of the true error on the hadron numbers and the related cor-
relation coefficients. In Appendix A.2 the same quantities are derived for the

asymmetries.

Technically the analysis is performed using the HANNA-frame (see Appendix
C.3) with uDSTs. Events without identified leptons were stripped from the
hydrogen uDSTs to save space and analysis time - reduction factors of 20%
could be achieved here!. The processing of the 95 *He data takes approximately
1.5 hours on an 200 MHz PentiumPro PC running LINUX, the hydrogen data
taken in 1996 can be processed in 45 minutes. The code for applying cuts,
extracting the particle numbers and correlations, calculating the asymmetries
and finally extracting the quark spin distributions is the same for data analysis
as well as for all Monte Carlo applications (i.e., the generation of the purity
matrix or test samples for systematic studies and consistency checks).

5.1 Data Quality

The HERMES spectrometer is a complex apparatus consisting of a number of
independent subsystems which are all required to be operational to perform a
valid analysis. Whenever one subdetector was not working properly the corre-
sponding data can not be used for analysis. There are multiple sources of this
data quality information: some events (like HV trips etc.) are recorded au-
tomatically during data acquisition while other periods with known problems
are excluded by hand. Most of the quality criteria are derived offline from con-
sistency checks which are calculated for short time intervals?. Generally these
criteria should not be correlated to the physical process under study. For ex-
ample it is not allowed to apply tight cuts on particle yields if an asymmetry is
calculated, since the yield and hence the cut result would be spin-dependent.

In this work the results of the quality analysis as performed for the inclusive
analyses were used, but generally more stringent cuts were applied. Both
detector halves and all PID detectors were required to be operational, which is
not necessary for the inclusive case. In the following the main quality criteria
are described; Table 5.1 shows a list of the most important of them. More

See footnote 4 on page 49.
2At HERMES usually the 10 second intervals called bursts are used to perform data quality
analyses.
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Criterion 1995 1996

Beam Current I. € [8,32] mA I. € [8,50] mA
Beam Polarisation pB € [4,.7] pB € [.3,.8]
Target Polarisation pr € [.3,.6] pr € [.8,.99]
Target Density n € [.85-10'%,1.4 - 10" Nud —

Plane Eff. FC min(Epc) € [.8,1] -

Plane Eff. BC min(Epc) € [.94,1] —

Lumi Rate Rpumi € [40,210] Bq RI" . € [5,60] Bq
Trigger Lifetime Epag > .5 Epag > .8
Burst Length TBurst € [9,11] sec TBurst € [0,11] sec
Good Bursts/Run NS INEE o

Bad Periods/Run Ne N .

Good Bursts/Fill NBurst > 100 —

Table 5.1: List of Quality Criteria. See Section 5.1.

detailed documentation of the inclusive data quality handling can be found in

[HER97a] and [Has97].

5.1.1 Beam Quality

For the analysis of polarised observables the most important beam-related
quantities are the beam polarisation and current. The time development of
polarisation was fitted for each fill to be less sensitive to statistical fluctuations
of the polarimeter measurements. A lower polarisation limit was required to
get rid of data with low weights. Also a minimum beam current was required
since for low current data not enough statistics per burst are collected to
perform reliable quality checks.

Other beam parameters like beam position and slope at the interaction point
or proton background rates are available for data quality checks, but cuts on
these quantities do not influence the extracted asymmetries since they are
covered by other criteria. High background periods are excluded by the cut
on the trigger dead time and the coincidence rate of the luminosity monitor.

5.1.2 Target Quality

Unlike the beam polarisation which can not be inverted during a HERA fill,
the target polarisation is flipped on a short time scale to reduce systematic
effects. The time periods in which the target spin direction was changing from
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one spin state to the other were excluded from the analysis. Similarly to the
beam polarisation, lower and upper limits for the measured target polarisations
were set to exclude data of low weight or unphysically high polarisations. For
the hydrogen data the target polarisation was smoothed as in the case of the
beam polarisation to decrease the influence of outlying measurements. For
the helium data an additional cut was applied on the target density, which is
derived from the pressure in the pumping cell.

5.1.3 Tracking Quality

The tracking quality is primarily given by the performance of the tracking
detectors but is also affected by changes of the alignment during service ac-
cesses to the experimental area. After applying appropriate corrections, the
reconstruction efficiency was stable for long time periods. Changes caused by
the optimisation of operation parameters of the chambers do not affect the
asymmetry measurement since they are on a time scale which is much longer
than the spin flipping.

For the 1995 data the minimal plane efficiency of each detector region (top,
bottom, front, back) was used to detect short drops of the high voltage (“trips”)
which happen if the current drawn by a chamber exceeds a certain limit due to
a spike in the background. The bursts before and after a period of bursts with
decreased plane efficiency might also be affected by the trip and are therefore
excluded as well. In 1996 the trip detection was done by evaluating the slow
control messages of the high voltage system. Alternatively the number of hits
per burst for each plane can be counted. If the high voltage drops, a plane
shows significantly fewer hits than its neighbours and the corresponding bursts
plus the previous and following ones are marked bad.

5.1.4 PID Quality

The quality of the components of the particle identification system is checked
by a bootstrap-method. To check the performance of one detector hard cuts
with low contamination on the other three PID detectors are used to identify
the particle type. The detector distributions for the hypotheses are then com-
pared to reference distributions and periods with problems can be identified.
While for inclusive studies it is possible to give up the information of either
the TRD or the Cerenkov counter (PID downshifting scheme) without raising
the contamination of the positron sample significantly, this is only done for
periods with a bad TRD in 1995 to ensure as pure as possible hadron samples
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for this semi-inclusive analysis.

5.1.5 Miscellaneous Quality Criteria

There are a couple of additional cuts applied to the data to avoid known
systematical effects on the asymmetry extraction. For instance, the first three
and the last burst of each run are not used, since at the beginning of each
run initialisation processes take place which might have effects on the tracking
efficiency and time synchronisation. The last burst of a run might not be
completely contained in the run but partially written to the next one. A variety
of data quality checks are performed at earlier stages of the data production,
primarily in the decoder and the uDST-writer, which have access to redundant
representations of the data and consistency criteria which can be used to isolate
periods with unreliable detector performance. Finally in 1995, runs which have
a high fraction of bad bursts are not used in the analysis, as well as HERA fills
which do not contain enough good bursts to calculate significant asymmetries.
In 1996 these cuts have not been necessary since the machine and experimental
performance were much more stable. -

5.2 Track and Event Selection

All geometrical and kinematical cuts used for track and event selection are
listed in Table 5.2. The cuts applied to tracks are mostly fiducial constraints
to avoid systematic effects at the edges of the spectrometer acceptance. Some
of these constraints actually don’t affect the data but are useful for Monte
Carlo productions.

Each track passing the geometrical cuts is linked to one or more particle
classes according to Table 5.3. For 1995 the pid value is calculated using a
downshifting scheme for periods of bad TRD performance:

e pids + 0.31 - Prrp — 0.48 if TRD is operational, (5.3)
BdTo Y pidy if TRD is bad, =

where the first case represents the valley cut (see Figure 4.7). The quantity
pids was defined in (4.5) and Prgp is the TRD response.

The track with the highest reconstructed momentum identified as a positron
is then used to define the DIS kinematics. Events without reconstructed
positrons are rejected. Cuts on the inclusive kinematics are done to extract a



5.2 Track and Event Selection

61

Tracks
Quantity Range Unit
160, [40,140] | mrad
Horizontal Position at Calorimeter | [—175,175] | cm
Vertical Position at Calorimeter [30,100] | cm
Longitudinal Vertex Position [—18,418] | cm
Lateral Vertex Position [0,0.75] cm
Momentum > 0.5 GeV/c
DIS kinematics
Quantity Range Unit
* > (GeV/c)?
W? > 10 GeV?
y [0,0.85]
E Calorimeter >3.5 GeV
Hadron kinematics
Quantity Range Unit
Z [0.2,1]
zp (7 only) [0.1,1]

Table 5.2: Cuts on Event Level. These constraints are grouped into three subsets:
Cluts that are applied to each track to eliminate inhomogeneities at the edges of the
spectrometer acceptance, kinematical cuts that are using the inclusive kinematics of
the leading positron to select DIS events and hadronic cuts that are used to suppress

hadrons originating from the target fragmentation region.

PID Momentum
Class 1995 | 1996 1995 1996
Lepton | > 2 >0 e e
Hadron | < -1 | < =2 — ——
't <-1]|<-2]6-21 GeV/c |4-13.3 GeV/c

Table 5.3: Particle Classes. Note that the pion samples for the two years are not
comparable due to the use of different Cerenkov radiators.
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Figure 5.1: Event Distribution in the Kinematical Plane. The distribution
of reconstructed event kinematics is plotted in the (z,Q?)-plane together with the
boundaries introduced by kinematical cuts. The vertical dashed lines visualise the
x-binning used in this analysis (see also Table B.1).

pure sample of DIS events and to make sure that the influence of radiative cor-
rections is small (see Section 5.3.2). The distribution of reconstructed events
as well as the effects of the cuts are shown in Figure 5.1.

The cuts on hadron kinematics select hadrons that predominantly originate
from the current fragmentation region, since those are assumed to be more
sensitive to the quark structure of the nucleon than hadrons from the target
region. Since for the calculation of Feynman’s scaling variable the particle
mass has to be known, zr is not well defined for the hadron sample.

5.3 Corrections

Asymmetry measurements are potentially insensitive to apparatus effects that
vary on time scales which are large compared to the spin flip period. For
instance, all acceptance corrections cancel as long as the geometrical and kine-
matical track distributions do not depend on the spin state, which is true to
a high degree. In the following the main sources of expected distorting effects
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on the measured asymmetries are discussed.

5.3.1 Kinematical Smearing

Kinematical smearing describes a systematic difference between measured and
true kinematical quantities by effects of the apparatus. The main source of
kinematical smearing is the interaction of scattered particles with components
inside the spectrometer. In particular electrons and positrons lose parts of
their energy due to multiple scattering, even in small amounts of material.
A second source of systematic shifts of the measured quantities is introduced
by calibration and alignment offsets of the tracking devices, as well as by the
reconstruction algorithm itself. '

To derive the true kinematical distribution from the measured one, the kine-
matical plane is segmented into bins (denoted in the following by the index 7).
One way to describe smearing effects is to introduce the migration matrix M;,;
which gives the probability that an event which was measured in bin ¢ actually
belongs to bin j for all combinations of bins. The measured distribution M;
and the true one N; are then connected by the relation

M; = ZMiij- (5.4)
J

Technically the migration matrix can be derived from Monte Carlo simula-
tions and this system of equations can be inverted. The described unfolding
method was used in [Ack96] to calculate corrections to unpolarised data on an
(2, Q?)-binned kinematical plane with an iterative algorithm based on Bayes’
theorem [Ago95]. For the chosen binning the correction factors are found to
be less than 3% for structure function ratios.

However the knowledge about the smearing of the unpolarised distributions
does not allow a direct estimation of the effects on the asymmetries. On
one hand most of the effects cancel by building the ratio of rates but on the
other hand the asymmetries on the proton (Figure 5.4) show such a strong
z-dependence that already a small amount of high-z events which are smeared
to a lower z-region can lead to sizable corrections. In Figure 5.2 the result
of a corresponding Monte Carlo study using HMC (see Section 4.4.1) on a
proton target is shown [Gut98]. For the asymmetries on helium the smearing
effects are expected to be much smaller since they show a much smaller z-
dependence [Fer97]. Hence the helium asymmetries used in this work are not
corrected for kinematical smearing effects.
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Figure 5.2: Corrections for Kinematical Smearing. The ratio of the generated
asymmetry over the reconstructed asymmetry is plotted. The measured asymmetries
have to be multiplied by this ratio to obtain the true asymmetry.

5.3.2 Radiative Corrections

In Chapter 2 the deep inelastic scattering was described in first order QED
(Born level), i.e., only the interchanged virtual photon was considered. Of
course the measured physical process implies also higher order corrections as
shown in Figure 5.3 (left). The electro-weak correction caused by v/Z¢ inter-
ference can be neglected at HERMES energies since Q? <« Myz,. Technically
the corrections from radiative processes can be described as with kinematical
smearing, so we use the correction factor

2
d*Oeyp

n(z,y) = (5.5)

) d2UBorn’
denoting the ratio between measured cross section and the cross section of the
lowest order process. The quantity n(z,y) can be calculated by integrating over
the high order processes under consideration of the experimental acceptance.
In Figure 5.3 (right) the result as used to correct unpolarised structure func-
tions [Ack96] is shown, calculated using the program TERAD [Brii93] which is
based on the model of Ahkundov, Bardin and Shumeiko [ABS86].

For inclusive polarised radiative corrections a model from Akushevich and
Shumeiko [AS94] can be used. Similar to the case of kinematical smearing,
asymmetries are in general less affected by radiative corrections [AS94]. How-
ever a cut of y < 0.85 was applied to avoid the region with a high unpolarised
correction. A formalism and implementation for applying radiative corrections
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Figure 5.3: Radiative Corrections. Left: The most important corrections at
HERMES energies are shown: a) Bremsstrahlung in initial state, b) Bremsstrahlung
in final state, c¢) vertex correction, d) vacuum polarisation, e) hadronic vertex cor-
rection, f) hadronic Bremsstrahlung. Right: The radiative correction factor for
unpolarised cross sections as calculated with TERAD.

to semi-inclusive processes was under development while this analysis was per-
formed. Preliminary results give absolute corrections for the asymmetries in
" the order of a few percent of the statistical errors [Ths98], hence these correction
factors have not been used in this work.

5.3.3 Background

There are different kinds of background sources to the measurements of inclu-
sive asymmetries:

Misidentified hadrons: The lepton sample is contaminated to a small de-
gree with hadrons which might define a wrong event kinematic if they
are reconstructed with high momentum or the DIS lepton was not found.

Photoproduction: In this process the DIS lepton might be scattered under
a small angle and escape in the acceptance gap of the spectrometer. The
produced vector meson might decay into leptons (or photons, see next
point) which are then identified as DIS lepton.
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Pairproduction: High energy photons might split into e™ e -pairs which then
are defining the event kinematics in case the DIS lepton was not found.

Since the last two background sources are charge-symmetric they can be ef-
ficiently suppressed by subtracting events where the leading lepton is of the
opposite charge than the beam particles and is used to define the event kine-
matics. The hadronic contamination of the lepton samples is not charge sym-
metric, but as a good approximation the hadron asymmetries don’t deviate
much from the inclusive one. Hence the distortion of the measured inclusive
asymmetry is small. For the inclusive asymmetries the correction factors are
lower than 1% for all z-bins and are neglected in this analysis [Fer97, HER97a).

The handling of semi-inclusive background is more difficult. First of all the
concept described above can also be applied to correct the hadronic spectra
for events with incorrectly determined kinematics. These corrections are of
the order of the inclusive corrections divided by the mean hadron multiplicity
and hence also very small. In addition hadronic processes like photoproduction
produce additional hadronic background which is not correlated to the physical
process under study. In the purity method these processes are included in the
Monte Carlo generation and are hence potentially covered by the analysis,
however the models for photo production at medium energies are not yet well-
tuned to describe the measured data. The hadronic background from e.g.
po-decays can be extracted from the number of reconstructed rhos in the data
if the reconstruction efficiency is known. Studies show negligible effects for the
cuts chosen.

5.3.4 Trigger Lifetime

As mentioned in Section 4.3.5 the DAQ will not be able to read out all events
at high trigger rates and the individual triggers will have a certain dead time
fraction d;. To correct for this effect, the luminosity £ integrated in (5.1) and
(5.2) is computed as

L(t) = (1 = 6i(t)) Rrumi(2), (5.6)

where Rpymi(t) is the coincidence rate of the luminosity monitor and &;(¢) is
the dead time fraction of the trigger used for the analysis as defined in (4.7).
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Figure 5.4: Inclusive Asymmetries. The left plot shows the inclusive asymmetry
as extracted from the *He data taken in 1995, while to the right the results on
the hydrogen data from 1996 are shown. Only statistical errors are shown. The
hydrogen data points of this analysis were used to fit a curve of the same shape
but with different norm (parameter P,) than a fit to world data. See Table B.4 for
numerical values of the asymmetries.

5.4 Extracted Asymmetries

Figure 5.4 shows the extracted inclusive asymmetries from the 1995 *He and
the 1996 hydrogen data as defined by (5.2). The helium asymmetries are
compatible within the statistical errors with the values used to measure g} (z)
[HER97b]. Small differences are caused by the increased cut of W%>10 GeV?
as compared to 4 GeV? in the g7(z) analysis. To cross-check results of the
hydrogen analysis, the data was compared to a fit to the published world
data® of A}. The good agreement shows that the preliminary systematic error
of the target polarisation stated in Table 4.1 is overestimated.

Figure 5.5 shows the extracted semi-inclusive asymmetries for both tar-
gets. The hadron asymmetries are compared to preliminary SMC results
from [SMC98]. It should be noted, that the pion asymmetries only cover
pions with a certain momentum range, which is different for the two targets
because the Cerenkov radiator was changed (compare Tables 4.3 and 5.3). The
higher pion threshold in 1995 is the reason for much bigger uncertainties on
the pion data as compared to the hadron data of the same year.

3The parametrisation of the world data fit to g;/F) is of the form g, /Fy(z) = a; +asz +
azz? with a; = 0.0212, a2 = 1.804, a3 = —1.294 [St697]. For the comparison to the extracted
asymmetries this ratio is multiplied by (1 + 42) (compare equation (2.28)).
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Figure 5.5: Semi-inclusive Asymmetries. (Statistical errors only).




Chapter 6

Using Purities to extract
polarised Parton Density
Functions

In the previous chapter the extraction of the inclusive and semi-inclusive par-
ticle asymmetries was described and performed for HERMES data taken on two
different targets. Now we will take up again the purity formalism from Sec- .
tion 3.6 to extract polarised parton density functions from these asymmetries.

In the first part of the following chapter the Monte Carlo generation of
purities will be discussed. Then different alternative assumptions about the
polarisations of the sea quarks will be introduced as a method to reduce the
degrees of freedom in equation (3.14), which is a technical necessity to be able
to invert this system of equations. After this, the purity formalism will be
extended in a way that allows the inclusion of the asymmetries measured on
helium in a combined fit on both data sets. At the end of this chapter we will
than have all prerequisites to use the the helium and proton data of the 1995
and 96 running periods to obtain the polarised parton density functions of the
nucleon as the main result of this work.

6.1 Generation of Purities

From definition (3.11) follows that we need two different inputs for generating
purities. First we need some information about the structure of the nucleon -
in form of the unpolarised quark densities g(z) and second we need a model
for the hadronisation in form of the fragmentation functions Dj(z). The basic

69
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Figure 6.1: The Purity Extraction Method. An unpolarised Monte Carlo gen-
erator parametrised by unpolarised data (q(z), Df;(z)) generates the purity matrix
P;‘(m) which then is used to convert the measured hadron asymmetries into quark

polarisations.

dataflow of the method is shown in Figure 6.1; the calculation of the purities
is performed by a Monte Carlo method.

The Monte Carlo consists out of three major parts, where the first two
are responsible for the generation of the actual physical event [Sj694, IER96,
PEPSI] and the third one does include detector effects. First, in the DIS
generator a point in the DIS kinematical plane is selected (which defines the
inclusive event information) and the unpolarised quark densities are used to
decide on which quark the scattering is performed!. In the second step the
kinematics of the struck quark as well as the structure of the target remnant
is passed to the hadronisation module which then generates the semi-inclusive
part of the event information. At this point the physics part of the event
simulation is done and the kinematics of all generated particles are known.
Now the Monte Carlo has to simulate which particles are actually seen by the
detector and would be reconstructed as tracks. There is a detailed model of
the HERMES-detector available based on GEANT, which is able to simulate
with a high accuracy all responses of the tracking and particle identification
detectors as well as effects due to interactions with material [GMV97, Bru93].
However the CPU-consumption of this Monte Carlo is so high that a different
approach was used for this analysis, which basically requires a good simulation
of the geometrical and momentum acceptance of the spectrometer and is not
so sensitive to background effects. To achieve this, the simple box model of
the detector acceptance was augmented by the use of the HRC momentum
lookup tables to simulate the exact momentum cut-offs and also to generate

'In general more complex processes like quark-gluon-fusion are also simulated, but not
discussed here.
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Figure 6.2: Parton Density Functions. The parametrisations from [GRV95] were
evaluated for the Q* measured at HERMES (Table B.1).

the proper geometry of the backward tracks, so that the same fiducial cuts as
on the reconstructed data could be applied.

To minimise systematic effects it is desirable to measure all unpolarised
input in the same kinematic region and with the same apparatus as used for
the measurement of the hadron asymmetries. This allows one to tune the quark
densities as well as the hadronisation parameters in such a way that agreement
between Monte Carlo and experimental data becomes optimal. Indeed this
approach was used for the hadronisation stage [Gei98]. However the global fits
to world data together with the well-understood evolution to our energy range
yield an accuracy for the quark densities that could not be achieved with the
HERMES unpolarised data (Figure 6.2).

Using the discussed inputs the purity matrix now can be generated. An
entry in this matrix is given by

#h:[I(N,q) — U'hX](z,2)
#h:[IN — U'hX](z,z) ’
where #h : [I[(N,q) — I'hX] denotes the number hadrons of type A in all

accepted events where the lepton scattered off a quark of flavour ¢ in the
nucleon N while #h : [IN — I'"hX]|(z, z) gives the number of hadron A in all

Pz, z)

q

(6.1)
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accepted events. However this method of calculating the purity matrix has the
technical disadvantage that the Monte Carlo has to be used anew for every
set of parton density functions, which is inconvenient for systematic studies.
This time and CPU consuming procedure can be avoided by generating once
the effective fragmentation functions (including the detector acceptance)

_ #h:[I(N,q) — U'hX](z,2)
#[U(N,q) — UX](z)
where #[l(N, q) — ' X](z, z) is the number of generated events where a quark

of flavour ¢ was struck. The purities for a given set of parton density functions
g(z) can then be calculated by

Dg(z:,z) (6.2)

Dg(x, z)eZq(x)
Ty D, )t/ (z)
which is possible to do without rerunning the Monte Carlo. A more explicit
review of this technique can be found in [Dir97]. Furthermore (6.2) allows the

construction of purities directly from measured fragmentation functions. An
analysis based on this ansatz was performed by SMC [Pre97, SMC98].

(6.3)

h
Pq ("'E?Z)

Using the LUND string fragmentation model tuned to HERMES data (see
Figure 3.3) and the leading order parton densities from [GRV95], the proton
purities are generated as shown in Figure 6.3. Here the same cuts as used for
the data extraction (Table 5.2) were applied which is the reason for the drop
of the purities for z < 0.2 in the two-dimensional plots. Above this cut the
purities used in this analysis are almost flat in z. See also Figure 6.4 for the
purities of the neutron as needed for the interpretation of helium data. The
generation of a high-statistics purity sample of 20 - 106 events takes about 10
hours.

The dependence of the purity matrix on the input parameters contributes to
the systematical error on the extracted quark polarisations as will be discussed
in Section 6.6.2. Note that the treatment of the statistical errors of the purity
matrix is not trivial since all entries are correlated. But the statistical uncer-
tainty can be suppressed by generating large purity samples so that its size is
negligible compared to the systematical effects due to different parton density
functions and hadronisation models. For this reason the statistical error on
the purities will be neglected in this analysis.

6.2 Inverting the Purity Equation

The extraction of the quark polarisations in the nucleon from the particle
asymmetries as they were measured in Chapter 5 is technically equivalent to
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Figure 6.3: Quark Purities on Hydrogen. The upper two-dimensional plots show
some hadron purities for the w quark in the (z,z)-plane. The uneven structure at
high z is an artefact from low Monte Carlo statistics in that region. The lower
. plots show the complete set of hadron purities for each zpg;-bin integrated over
0.2 < z < 1. Note that the scales differ for the various quark flavours.



74 6 Using Purities to extract polarised Parton Density Functions

the inversion of equation (3.14). This system of equations is overdetermined,
since there are more asymmetries available than quark flavours which can be
addressed. Hence the quark polarisations have to be fitted by minimising

x> = (A-(1+RPQ)" ¢;' (A-(1+R)PQ), (6.4)

where the covariance matrix [C4);; = Cov(A;, A;) is introduced to take into
account correlations of the particle asymmetries and their errors [EDJ77]. The
technical details of the applied fitting procedure are described in Appendix A.3.

Up to now it has not been specified in detail which set of quark polarisations
we will use to build up the vector Q. Therefore in the following section various
alternative definitions of the sea polarisation will be discussed.

6.3 Definition of Sea Polarisation

The number of quark polarisations that can be fitted unambiguously by in-
verting (3.14) is at maximum the number of measured asymmetries. In fact
the purities for the sea flavours are so small compared to the purity of the u
quarks, that a decomposition of the sea polarisations is not feasible with the
available statistics. For this reason it is necessary to combine the flavours with
low sensitivity using an assumption about the relation of their polarisations.

In the following the arguments of the parton density functions will be left out
to shorten the formulas. The u and d density functions will be broken up into
valence and sea contributions according to (2.13). However, in Section 6.3.4 we
will see that this is actually equivalent to a fit for the total u and d structure
functions.

6.3.1 SU(3) Flavour-symmetric Sea

Assuming a SU(3) flavour-symmetric sea means that the sea quarks show the
same number densities ¢*(z) in both spin states. We define

1

ATy = Au,=Au=Ad, = Ad=As = As, (6.5)

where the factor 1/6 was introduced such that Ag gives the polarised struc-
ture function for the total sea. The contribution of the sea to the measured
asymmetries can then be written as
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Agsu (3) Afey (P2~ B P PP P80
h e L SR ol 0 R e el el TS
P‘iSU(S) q 6 U, + U + ds + d + s + 3 El (66)

and subsequently the purity of the sea is defined as

L(Lpn Sty Lpp oy Dppy Dphs 1)
h — 2% Tph v A ph , gty T o S0k
SR (usPus+ﬂPﬁ + 2P IPp dpt e 2R, 67)

where we defined the unpolarised sea g as®

§ = u,¥u+d,¥d+s+s. (6.8)

6.3.2 Polarisation-symmetric Sea

Since the SU(3) flavour-symmetry of the sea is known to be broken in the
unpolarised case (see Section 2.6.1), there is no strong reason that assump-
tion (6.5) is strictly true. An alternative assumption would be that the sea
polarisations are the same for all flavours:

(ﬁ) o Bt A6 O% S s (6.9)
9 / pol d

S S

Us u ds

In this case the purity of the sea is defined simply as the sum of all sea contri-
butions,

P} = P:+Pl+P}+P}+ P4 PR (6.10)
and since
AG AG. AG., AG- i A
AGpa = —uw+ 5 i dd il s+ 0E, (611
q q q q q q

the unpolarised sea is fixed to the form of (6.8).

6.3.3 Unpolarised Sea

Another choice for the sea polarisation is to assume that it does not contribute
at all to the nucleon spin. Of course this variant is not motivated physically

*One is free to choose any definition of ¢ as long as the same definition is used in (6.6)
and (6.7). Here the unpolarised sea was chosen in the canonical way to be consistent with
the QPM picture and section 6.3.2.
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but allows one to check how significant the extractions using assumption (6.9)
or (6.5) are.

Assuming an unpolarised sea is technically equivalent to ignore all contri-
butions from sea quarks to the asymmetries in (3.12) or to set the sea purity
to zero:

Pt =70, (6.12)

qun pol

6.3.4 Valence and Sea Contributions of u and d Quarks

Up to now we have split the valance and sea parts of the v and d quarks
according to (2.13). However, with the Monte Carlo generator used in this
analysis, this is equivalent to a fit for the total structure functions. In the
current implementation of LEPTO there is no difference in the fragmentation
of valence and sea part of the u and d flavours, i.e. the purities of these quarks
can be expressed as

Qv qs
Pe o= P RUPEE PR (6.13)
q q
Under this condition the splitting of the u and d quark fields in a valence
and sea part in equation (3.14) is equivalent to a fit on the sum of both
contributions. From (6.13) and (2.13) follows:
Aq Aqv ACIs

PP = PRy PR J 6.14
q q qv qU qs qs ( )

It should be noted that in case of a combined fit the sea definition (6.8) changes
to

g = u+d+s+s5, (6.15)

and that the factor 6 in equation (6.5) has to be replaced by 4.

6.4 Interpretation of *He Data

It is not trivial to use the asymmetries from the helium target in the purity
method since the helium nucleus consists of a mixture of polarised and unpo-
larised nucleons. If one would use a purity matrix generated on an unpolarised
helium target to translate the measured hadron asymmetries into quark po-
larisations, the result would only be the effective polarisation of the quarks in
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the nucleus and not the polarisations in a nucleon. Hence these polarisations
had to be transformed in a subsequent step into the quark polarisations of the
proton. Note that in this scheme we would have to apply the model for the
nucleus at two different points, once while generating the purities and a second
time for the interpretation of the effective quark polarisations.

In this analysis a different approach is pursued by translating the measured
asymmetries of helium Ay, first into the asymmetries A,,, as they would be
seen on a neutron target. Then on an ideal neutron target the purities P,, are
generated as shown in Figure 6.4 and finally the following extended version of

equation (3.14)
(Ap> = (1+R)(:’;:>Q (6.16)

is inverted to extract the quark polarisations from both kinds of targets.

To answer the question of how to transform an asymmetry A%_ measured
on helium into an asymmetry A” on the neutron, we split it in the following
way into proton and neutron contributions:

A’Ifle T f;pIIJ{eAz+f7?p?Iesz (617)

where py, = —0.027 and p}, = 0.865 are the effective proton and neutron
polarisations in the *He nucleus [FGP90], A? is the asymmetry as it would
be measured in scattering off bare protons and f}, are the proton (neutron)
dilution factor giving the probability that the reaction took place on one of
the two protons or the neutron. The dilution factors obviously add up to one
and f; can be rewritten in the following way:

B e
fP s He

NIZ: Ly - N}’f Ngfs"%ls
NFe £, — "NHe Nps ol (6.18)

where U,’;’n’He is in extension to Chapter 5 the integral of the unpolarised differ-

ential cross-section over the kinematic region of interest on the proton, neutron
or helium, £, g, is the integrated luminosity on either target, N}f’He is the num-
ber of hadrons seen in the final states of the events on a selected target and
nﬁ’He are the averaged hadron multiplicities on both targets. If we assume

ot = ol +af, (6.19)
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Figure 6.4: Quark-Purities on Neutron. The neutron purities are not only the
iso-spin and charge conjugated purities of the proton because of the charge factor
in (3.11). See also caption of Figure 6.3.
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we can express f;l only in terms of measured quantities:

2 nj FZp(:c,Q2)
e = 0 ey AEa) O

Figure 6.5 gives an impression of the (z,Q?) dependence of fzf) IS for inclusive
processes (n};¢ = nB¢s = 1). See Table B.2 in Appendix B for the measured
mean particle multiplicities on both targets. Note that the multiplicity ratios
for pions are large because of different Cerenkov momentum thresholds of the
datasets.

Figure 6.5: Inclusive Dilution Factor prIS on *He. The values were calculated
using the NMC P15 data set [NMC92]. Note that the vertical axis is cut off at the
bottom.

Using f} + f* =1, (6.17) and (6.20) we have found the recipe to transform
an asymmetry measured on helium into the asymmetry on the neutron:
1
ho_ h _ th.p Ah
= g e B ik

which holds for every kinematic bin.
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To express (6.16) in terms of the measured asymmetries, the nuclear mixing
matrix A is defined as

N = b , (6.22)

ahl

ah,, b,

with a, := f)'pl, and by, := (1 — f)pf;.. This allows us to rewrite (6.17) in

vector notation:
A, 5 7
(AH) = (1+ RW (Pn) Q. (6.23)

The system (6.16) can finally be formulated as

A
( 5 ) = (1 + R)ptoto (624)
AHe
where we defined the total purity
P
Ptot 5 N (P:) ) (625)

that enables us to extract the quark polarisations directly from the measured
asymmetries.

6.5 Results

After discussing all necessary input quantities to the inversion of equation
(3.14) the extracted polarised parton density functions will be presented in
the following section. In Chapter 7 the results will then be compared to other
methods, measurements and theoretical predictions. The estimation of sys-
tematic uncertainties on the results will be discussed in Section 6.6.

6.5.1 Polarised Parton Density Functions

In Figure 6.6 the resulting quark spin distributions are shown as extracted from
inclusive and hadron asymmetries (Figures 5.4 and 5.5) using the LUND string
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Figure 6.6: The Extracted Polarised PDFs. The hadron and inclusive asymme-
tries on the *He and hydrogen targets were used to extract the polarised parton
density functions according to equation (6.24). A polarisation-symmetric sea was
assumed and the results are plotted for the measured Q* of each bin. The grey
bands show the systematic errors. The solid line indicates the unpolarised PDFs
(positivity limit) as parametrised by [GRV95], the dashed lines show the polarised
part from [GRSV95]. The open points show the results from SMC [SMC98] for a
SU (3)-symmetric sea at Q* = 10 (GeV /c)?. The sea result from SMC was multi-
plied by 6 to be compatible with definition (6.5).
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fragmentation model (Section 3.3). For the first seven z bins a polarisation-
symmetric sea according to equation (6.9) is assumed, but it is not possible to
fit three polarisations with reasonable errors for the last two = bins. However
in this region the unpolarised structure function for the sea is very small so
that we can assume the spin contribution of the sea to be zero with the unpo-
larised sea density as systematic error (see Section 7.6.1 for a closer discussion
of this application of the positivity limit). The figure shows the results of
SMC [SMC98] for comparison, which is discussed in Section 7.3.

In Figure 6.7 the fit results for different assumptions about the polarised
sea structure functions are shown. The difference between a SU(3)- and a
polarisation-symmetric sea are negligible compared to the errors, while for the
assumption of an unpolarised sea the polarisation of the u, quarks increases
and the results for the d, quarks get less negative. The quark contribution to
the nucleon spin is in this case only located in the valence quark fields.

However the x?/ndf values for all three models are comparable. Even the
fit under the the assumption of a totally unpolarised sea shows no difference in
the confidence level (see Tables B.6, B.5 and B.7 in Appendix B), which means
that the extraction of a sea polarisation is only possible with low statistical
significance. The high correlations of the quark polarisation results for fits
including the sea are a consequence of this.

6.5.2 Moments

Apart from the = dependence of the polarised parton density functions also
their integrals are of interest to check theoretical predictions (see Sections 2.6,
7.5 and 7.7). The calculation of these moments is not trivial for a number of
reasons. A unavoidable uncertainty arises from the necessity that the measured
PDF's have to be extrapolated to those z regions which are not experimentally
accessible (0 < z < 0.023 and 0.7 < z < 1). For this extrapolation one fits
parametrised functions f,(z) suggested by a reasonable physical model to the
data and integrates this function in the unmeasured region. A more technical
problem is imposed by the fact, that for statistical reasons the polarised parton
density functions are measured in rather wide bins (especially in the high z
region). This means that one can not simply fit the measured asymmetries with
the model function f,(z) but one has to take into account the bin population
(or event) density n(z). For the same reason the integral over the measured
region (i.e. the region covered by bins) is not simply given by the sum of the
bin values. For a correct integration a model function f,(z) as well as the
density function n(z) has to be known. For a more detailed discussion of this
problem refer to Appendix A .4.
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Figure 6.7: Results for different Sea Definitions. The results for a SU(3) sym-
metric and an unpolarised sea are located at the same x as the points for the
polarisation-symmetric sea, they were shifted for a clear layout. The dashed lines
show the polarised distributions from [GRSV95]. Statistical errors only, the results
as well as the parametrised PDF's are plotted at the measured Q?. The dots of the
first seven bins and the triangles of the last two bins correspond to the data plotted
in Figure 6.6.
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Parameter Au, Ad, Aq

N, 1.5+0.7 | —0.96+0.5 | 1.7 - 10*£3.5.10*
Oy 1.240.44 | 0.15+0.22 3.8+0.85

By — = 16+6.6
x*/NDF 0.25/9 0.73/9 0.11/7

Table 6.1: Fit Results to the Polarised Parton Density Functions for the u, and
d, Distributions. Functions of the form (6.26) have been fitted to the extracted
quark polarisations under the assumption of SU(3) symmetric polarised sea parton

densities.

For the following analysis the unpolarised structure function F5(z) [NMC92]
will be used for the bin population density n(z). Acceptance effects
are neglected. For the model functions f;(z) we will use the common

ansatz [GRSV95, Pre97]

AQ(SC) o Nq z%? for q e {uvadv}7

(6.26)

= Nq waq (l—ﬂf)ﬁq,

with the fit parameters N,;, a, and 3,. Figure 6.8 shows the fit results for
an SU(3)-symmetric sea (definition (6.9)). The numerical values of the fit pa-
rameters are listed in Table 6.1. The uncertainties on the resulting parameters
Ny, o and B, are rather high, which also reflects in the low y? values of the
fits. Figure 6.8 shows that this behaviour is expected due to the errors on the
extracted polarisations, however the fitted functions describe the measurement
points well.

With these assumptions and fit results the moments of the measured po-
larised parton density functions can now be calculated. However we have to
take into account, that the distributions are measured at different Q? in each
bin (see Table B.1) and that we are actually interested in the moments at a
fixed @*. For this reason we had to evolve the polarisations Aq/q to a common
Q3 before calculating the fits and integrals. In this analysis a simpler approach
is pursued by assuming that the polarisations are approximately independent
of @*. This procedure is motivated by the fact that the measured inclusive
asymmetry g;/F; depends only weakly on @? since the evolution of ¢g; and
Fy is approximately the same for our z region [GS96b, AP77]. Under this
assumption we can calculate a moment at Q2 by multiplying the polarisation
Ag/q by the unpolarised density ¢(z,Q?) evaluated at Q2. The resulting first
and second moments are listed in Table 6.2 for Q3 = 2.3 (GeV/c)?, which is
the mean Q? of the HERMES data.
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Figure 6.8: Fits to Quark Polarisations. Model functions of the form (6.26) have
been fitted to bin-wise measured quark polarisations according to the procedure

described in Appendix A.4. The fit results are shown as lines, the measured polar-
isations under the assumption of SU(3)-symmetric polarised sea PDFs are plotted

as dots for the measured Q*. The fit results are used mainly for extrapolating the

unmeasured region. Statistical errors only.
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First Moments (Q* = 2.3 (GeV/c)?)

z-Range Au, Ad, Aq
[0.023,0.6] sum | 0.42+0.095+0.051 —0.48+0.13+0.12 0.4640.23+0.082
[0.023,0.6]:; | 0.38+0.09240.047 | —0.47+0.1240.11 0.45+0.2240.08
[0,0.023] 0.003 ~0.13 0.0021
[0.6,1] 0.032 —0.0046 2.1-30°"
[0,1] 0.41+0.092+0.06 —0.6+0.1240.17 0.45+0.22+0.082

Correlations of First Moments

Au, Ad, Aq
Au, 1 0.55 -0.926
Ad, 0.55 1 -0.759
AG 20.926 20.759 1

Second Moments (Q* = 2.3 (GeV/c)?)
z-Range Au, Ad, Ag
[0.023,0.6]sum | 0.12+0.0240.012 | —0.076+0.035+0.027 | 0.059+0.038+0.01
[0.023,0.6]p;; | 0.11+0.019+0.011 | —0.07240.02940.023 | 0.05740.036+0.0098

[0, 0.023] 1410 ~0.0011 3.7-10°°
[0.6,1] 0.022 ~0.0031 13 107
[0, 1] 0.13+0.01940.025 | —0.076+0.029+0.027 | 0.05740.03620.01

Correlations of Second Moments

Au, Ad, Aq
Au, 1 -0.0217 -0.734
Ad, -0.0217 1 -0.471
Ag 0.734 0.471 1

Table 6.2: Moments of Polarised Parton Density Functions for the u, and d,
Distributions. See text.
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The moments in the measured region have been integrated in two ways, by
summing up the polarised parton density functions in a “naive” way according
to (A.24) and also by using the fitted function to apply population density
corrections as described in equation (A.25). The latter result was used to de-
rive the total moment. To take the extrapolation uncertainty into account a
systematic error of 100% has been assigned to the contributions of the extrap-
olated regions. It has been argued that for high z values the polarised PDFs
are limited by the unpolarised distributions, which would lead to negligible
contributions to the integrals [SMC98]. However the results of this analysis
shows that this is only true for the sea quarks, the contribution to the va-
lence quarks is sizable. The table lists also the correlations of the moments.
These have been calculated only for the measured region by adding the vari-
ance matrices of the contributing bins and are therefore only estimated values.
A mathematically sound extraction of the correlations is not trivial. A global
fit of all three model functions had to be performed yielding the correlations
of the parameters which then had to be taken into account for the calculation
of the correlations of the moments. Appendix B contains fit results and mo-
ments calculated for other symmetry assumptions of the sea and valence/sea
combinations of the u and d quarks. No significant differences are seen.

6.6 Systematic Error

After presenting the results of this purity analysis, we will discuss in this
section the various systematic uncertainties on the extracted polarised PDF's
as indicated as error band in Figure 6.6. The total systematic error on the
result originates from two different classes of input uncertainties: Systematic
errors on the measurement of the asymmetries and the variation of the purity
matrix when different unpolarised parton density functions and fragmentation
models are used for its generation. In this section an estimation of these
contributions to the systematic error on the result will be presented. Strictly
speaking the x? of the fit allows one to check how well the linear model (3.14)
describes the data, which also can be interpreted as a systematic uncertainty.
However the statistical errors on the asymmetries are too large to allow such
an interpretation. In particular the x?/ndf values of all fits don’t show outliers
that are big compared to one (see Appendix B).
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6.6.1 Errors on Asymmetries

The contributions of the systematic errors of the asymmetries to the result
were estimated by performing the fit (6.4) once with a matrix of statistical
~ covariances C%* only and once with the total covariances C¥* = C%°* + C3"”.
The difference of the diagonal elements in the covariance matrices of both
results are interpreted as the squared systematic error:

Gy s C S O, (6.27)

Target Polarisation

The systematic errors on the asymmetries on the polarised helium and hydro-
gen targets are not correlated since both the sources and the polarimeters were
implemented by using very different techniques. The relative systematic errors
were assumed to be dpf¢ = ApHe/pHe = 5% in 1995 and dp% = Aph/ph = 7%
for 1996 (see Table 4.1) and propagate directly to all measured asymmetries
of the corresponding year. Hence the contribution to the covariance matrix is:

[Citys’TMg]i]’ = cor(dpr,i,0pr,;) - Aidpr,i - Ajdpr,, (6.28)

where the correlation cor(dpr,i, dpr ;) of the errors is one for asymmetries of the
same year and vanishes for different years. dpr; is the same for all asymmetries
from one year.

Beam Polarisation

Unlike the target polarisation, the beam polarisation was measured with the
same apparatus for both sets of asymmetries. Therefore parts of the systematic
errors are correlated. The main contribution to the uncertainty is given by a
calibration constant which is derived as a function of the rise time constant
and asymptotic polarisation in equation (4.1). This constant has a fractional
error of dpp*® = 3.29% [Bar95] and is the same (and expected to be 100%
correlated) for both years. Other contributions to the systematic errors are
assumed to be uncorrelated have values of Apfe/pHe < 4.0% in 1995 and
Apg/p = 0.87% for 1996 [Bar95, Tip97]. The contribution to the covariance
matrix is then given by

[c;ys’Beam]ij = ((6p*) + cor(éps ., 6pB ;)dpB i0pB ;) - Aij, (6.29)
with the same meaning of the correlation and indices on the polarisations as

in (6.28).
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Smearing corrections

As discussed in Section 5.3.1 the measured asymmetries have to be corrected
for kinematic smearing of the spectrometer. This correction factors are derived
from Monte Carlo studies and therefore have uncertainties of statistical nature
(coming from the final number of generated events) as well as of systematic
origin (for instance the correction factor on asymmetries depends on the asym-
metry itself). The total error on the correction factors (see Figure 5.2) enters
the spin decomposition analysis as a systematic error. Its contribution to the
covariance matrix is given by

[CsAys,Smear]ij = cor(AS;, AS;) - AiAS; - A;AS;, (6.30)

where the correlation cor(AS;, AS;) of the absolute errors AS on the smearing
correction factors is one for asymmetries of the same year and is assumed to
vanish for different targets.

Yield Fluctuations

The careful statistical evaluation of the data taken on helium revealed that
the statistical error on the measured asymmetries is underestimating the true
error, which is explained by yield fluctuations causing wrong asymmetries®. For
this kind of analysis an ensemble of asymmetries is extracted from the data
sample by randomising the sign of the target polarisation. The distribution
of this asymmetries is centred around zero and shows a width A A;,; which is
higher than the statistical error of the asymmetries AA,; as calculated from
equation (A.7):

AAr = \/AAgtat+AA12/ield' (6.31)

The contribution AAy;q can be determined separately for all asymmetries
and is interpreted as a systematic error coming from yield fluctuations®.
Usually the systematic contribution is normalised to the statistical error:
Yy = AAyicia/ AAsiar. The measured values for 1995 are y.+ = 44%, yp+ = 40%
and y,- = 31% [HER97a, Tal98]. Assuming that the yield fluctuations show
the same correlations as the asymmetries, cor(A;, A;), their contribution to
the covariance matrix can be expressed as .

75 ey RS cor(Ai,Aj)AAi_AAj-(\/(1+y3)(1+y12)—1)- (6.32)

L)

3A similar study was done for the hydrogen asymmetries. No significant effect was found
in this case [St698].

“In this short summary the true asymmetry which is also contributing to AA;,; was
neglected. For a detailed description of the method see [HER97a].
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Systematic error of R(z,Q?)

An additional contribution to the systematic error is given by the uncertainty
of the ratio of longitudinal and transverse cross sections R(z,Q?) which due
to (3.8) can be treated as a correlated systematic uncertainty on the measured
asymmetries. One has to take into account, that the depolarisation factor in
(3.8) also depends on R(z,@?). The contribution to the covariance matrix is
then given by

[cR] . = A A SR, (6.33)

L

where

= y i 2). 8
el oY S oy i \Ge

is evaluated for the mean y, = and Q? values of each bin.

6.6.2 Errors on Pui'ities

A proper estimation of systematic error on the fitted quark polarisations caused
by uncertainties on the purities is hard to accomplish for two reasons. First
it is not easy to introduce (correlated) uncertainties on the purity matrix P
in equation (3.14), but more important it is not trivial to quantify this uncer-
tainties and correlations analytically as a function of e.g. the errors on the un-
polarised parton density functions and on the fragmentation parameters (pro-
vided that these are known). For this reason the analysis was performed with
two different parton density function sets ([GRV95] and [MRS94a, MRS94b])
and fragmentation models (LUND string model and independent fragmenta-
tion, see Section 3.3), using the difference in the results as a measure for the
contribution of the purity uncertainties to the final systematic error. Since the
second parton density function set is a next-to-leading-order (NLO) fit using
the modified minimal subtraction (MS) factorisation/renormalisation scheme
[ESW96] (in contrast to the discussion in Section 3.5) the systematic error
introduced by this difference might be overestimated.

6.6.3 Decomposition of Systematic Errors

We now will disentangle the fractional contributions of the discussed systematic
uncertainties to the total systematic errors as shown in the error bands in
Figure 6.6. The fraction of a given error was estimated by fitting the quark
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polarisations with all systematic errors but the one under study. As in (6.27)
the roots of the differences in the diagonal elements of the covariance matrices
are then used as a measure for the contribution of this error, one difference
divided by the sum of all defines the relative contribution of the associated
error. Note that this is not strictly correct since the sum of the single differences
will differ from the total systematic uncertainty as calculated by (6.27).

Figure 6.9 allows one to get an approximative feeling for the relative contri-
butions of the systematic uncertainties, it shows that the error contributions
differ for the various extracted polarisations. The main effect is caused by
the yield fluctuations in the helium data, which affects the u, polarisation less
than the d, and sea results, since the neutron asymmetries do not have as
much impact on this quark polarisation as the hydrogen asymmetries. The re-
maining contributions divide up roughly to the same extent into experimental
uncertainties originating from the polarisation measurements and uncertainties
about the model assumptions used in the flavour decomposition. However, as
seen in Figure 6.6, the systematic error is at all points much smaller than the
statistical error, so that a more precise investigation of the model assumptions
is not necessary. But this might change as soon as asymmetries with better
precession will become available.
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Chapter 7

Comparison to other Methods

After the purity method as described in Chapter 3.6 was applied to extract the
polarised parton density distributions from the measured particle asymmetries,
the results of this analysis as presented in the previous chapter will now be
compared to the results of other measurements and expectations. In the first
part an overview over other extraction methods and analyses is given, before
in the second part predictions from more theoretical based considerations are
presented.

7.1 Charge Asymmetries

The polarised parton distribution functions of valence quarks can be found
by measuring the charge asymmetry of pions on at least two targets. From
equations (3.2) and (3.4) the following expressions for the yields of charged
pions on a proton target can be derived:

Ny o (du(z) +d(2))D* + (d(z) + du(z)) D" + (s(z) + 5(2))D,,

N.- o (d(z)+ 4u(z))D* + (4u(z) + d(z))D™ + (s(z) + 5(z)) D, bd)

with the same proportionality constant for both charges. Building the differ-
ence yields

N gcoees, 55T Nt N5t .
X (4uv($) = dv(x))(D-'- T D_)’ (7'3)

where we used (2.13) and (2.14). Obviously all sea contributions cancel in this
expression. Now the spin asymmetry of the yield difference on the proton can

93
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be expressed like

b N:‘*—vr— B 7r_+—1r_
AZ(z)} = == i

N7r+ -~ + mt—m—
4Au,(z) — Ady(2)
qu,(z) — dy(z)

(7.4)

where Nji_"_ denotes the yield difference for both spin configurations. Similar
calculations yield

Au,(z) + Ady(z)

Aa(z) uy(z) + dy(z) b
: (p) ~ “Au(e) +eAd(a) (7.5)
mel®) = @)

for deuterium and *He targets.

By combining two targets the valence quark spin distributions can be iso-
lated from (7.4) and (7.5). This kind of analysis was performed for 1995 and
1996 helium and hydrogen data in [Men97], however the high Cerenkov thresh-
old in 1995 allows only the extraction of pion asymmetries with low statistics
and together with the fact that the yield differences are of the order of a
quarter of the single charge yields this results in a rather high uncertainty for
the extracted polarised parton distributions. The method can be extended
to hadron asymmetries by applying correction factors which are derived from
Monte Carlo studies.

7.2 Monte Carlo Fit

The dataflow of the Monte Carlo fit method is shown in Figure 7.1. This
technique is very similar to the purity method used in this analysis. The main
difference is that relation between the measured particle asymmetries and the
quark polarisations is no longer assumed to be linear! as in equation (3.14).
Instead a polarised Monte Carlo is used to generate particle asymmetries for
given quark polarisations. These asymmetries are then y*-compared to the
measured asymmetries and the quark polarisations are varied by an optimisa-
tion algorithm until the minimum in x? is found. The errors and correlations
of the quark polarisations are extracted by fitting an ellipsoid to all points in

'In fact for ‘a linear Monte Carlo the method is formally equivalent to the purity
method [PTV95]. Non-linear effects (e.g. by breaking the factorisation theorem) are ex-
pected to be small.
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a minimum.

the (Aq, x?)-space that were generated during the optimisation process. The
method needs enormous computing resources since for each optimisation step
the asymmetries have to be generated with good accuracy. For realistic sample
sizes careful convergence studies and checks of the extracted errors and cor-
relations have to be done. The method was used in [Tal98] to extract quark
polarisation, but unfortunately a mistake in the Monte Carlo generator for
helium asymmetries was found after the publication, so a comparison of the
results is not presented here.

7.3 SMC Results

The Spin Muon Collaboration (SMC, NA47) [SMC97a] used a 190 GeV po-
larised muon beam from the CERN SPS on a dynamic nuclear polarised solid
target and took data in the years 1991-96. (Deuterated) Butanol and ammonia
have been used as target materials. SMC had a spectrometer setup compara-
ble to HERMES and was able to measure semi-inclusive hadron asymmetries. A
method very similar to the analysis performed in this work was used to extract
polarised quark distributions from these asymmetries using hadron fragmenta-
tion functions measured with the same setup [SMC98, Pre97]. The extracted
polarised PDFs (at Q* = 10 (GeV/c)?) are shown in Figure 6.6 and show
slightly different features than the results of this work. While the polarisation
of the u, quarks is higher in the mid z region, the polarisations of the d, quark
is smaller and the sea contribution is compatible with zero. The same trend is
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reflected in the calculated moments?:

Au, = 0.77 £0.10 £ 0.08,
Ad, = —0.5240.14 % 0.09, (7.6)
Ag = 0.06+0.24 +0.18,

to be compared with the results of this work at Q% = 10 (GeV/c)*:
Au, = 0.36 £ 0.09 + 0.05,

Ad, = —-0.58+0.11+0.17, (7.7)
Aq = 0.44 +0.22 + 0.08.

Again the SMC wu, contribution to the nucleon spin is higher, while the sea
appears to be unpolarised. The results for d, are compatible.

7.4 Non-Relativistic Quark Model

The non-relativistic quark model describes the ground state of the proton by
the following totally. symmetric combination of the SU(6) (= SU(3)Fiavour X
SU(2)spin) parton wave functions [Nac86, PRS94]:

: 1
s = 71_§(2|uTqui > +2lutdtu’ > 2|dtutul > —|uldlut >

—|d'dTut > —|utuld > —|utdtu’ > —|dTd4ut >).

(7.8)

The wave function of the neutron is obtained by exchange of v and d quarks. It
is well known that the model describes with good accuracy the static magnetic
properties of the nucleons. The operator for the magnetic moment is given by

,J = ﬁu‘{’ﬁd = ,Uua:u"*‘:uda:da ! (79)

where & is the vector of Pauli matrices and u, is the magneton of a Dirac
particle:

eqeh

He = (7.10)

Tl

2As in Figure 6.6 the sea result from SMC was multiplied by 6 to give the total sea
contribution as defined in (6.5).
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in other words the Bjorken sum rule is not violated. On the other hand the
isosinglet combination ag derived from the moments under the assumption
of a flavour symmetric sea does not agree with a difference of 2.20. This
discrepancy will be further discussed in Section 7.8.

7.6 Inclusive Data

It is possible to obtain information about the polarised parton distributions
from inclusive measurements alone. In the this section it will be shown how
the positivity limit can be used for such an analysis and how the flavour non-
singlet distributions can be used to check the consistency of inclusive and
semi-inclusive data. The section will be closed by a short remark about a
combined QCD analysis of inclusive data and weak coupling constants.

7.6.1 Polarisation of Valence Quarks

It is possible to find limits for the polarised PDFs from inclusive data only
[DF97]. From equation (2.21) one derives under the assumption of iso-spin
symmetry:

F@)+ @) = 3 (3Au)+ 20d(@) + 2A())

; (7.16)
Fl@) = gila) = 7 (Aue) - Ady(2)),

where Ag(z) is defined as the sum of all sea contributions weighted by the
squared quark charge averaged over both iso-spin states:

Aglz) = g (Aﬂ(:c) + Ad(z) + Aug(z) + Ads(w)) + As(z) + As(z). (7.17)

By inverting (7.16) the valence spin distributions can be extracted separately:

24 6 =
Au, = ggf(x)—ggl (e 5AQ(~’C),
Ad, = —591($)+€91($)—5A‘J($)-

From the definitions (2.20) one obtains the positivity limit

|Aq(z)] < g(z), (7.19)
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For the magnetic moments of the proton and the neutron one obtains

10,1 4 1
o = <PIEP' > = Jp.— FHa,
oo

ot <
. o= < > = =g — =y,
p p'lAlp ghd = gh
which leads (for m, = m,) to a ratio of

% 2
s (7.19)
Hp 3
which is in very good agreement with the experimental value of —0.685. How-
ever, for the helicity contributions of the partons one obtains

i 4
AT — <pT|0u|PT>= o

hy (7.13)
Ad = <plddp’>= —3,
which can only describe the sign of the moments of the polarised parton densﬂ;y
functions, but not their measured values.

7.5 Baryon Decays

As already pointed out in Section 2.6.2, the SU(3) flavour octet isotriplet and
isosinglet combinations az and as of the first moments of the quark distribu-
tions are related to coupling constants measured in weak neutron decay. From
Table 6.2 one derives (assuming SU(3) flavour symmetric moments)

a3 = Auy—=Ad, =:1.014+0.10+0.11,

7.14
ag = Au,+ Ad, = —0.19 £0.19 +0.23, ( )

where the correlations of the moments were considered for calculating the er-
rors. These results have to be compared with the values from (2.35) corrected

for QCD effects:

az = (F+ D)-CN5=1.102 4 0.003,

7.15
as = (3F —D)-CS =051 +0.02, 13)

where CV¥ is defined in (2.37) and in leading order C7 = CN¥ = 0.877 for
Q* = 2.3 (GeV/c)? and Ay = 0.25 GeV/c.

Obviously the values for the non-singlet quantity as are in good agreement,
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for each flavour, which allows to put limits on Ag(z):

|Aq(z)] < [5Aa(z)| +[5Ad(z)] + [2As(z)]
< 5u(z) + 5d(z) + 2s(z). e
The equations (7.18) for the quark spin distributions read now:
Mu € ¢ (160() ~ gi(a)) * (u(e) + (@) + 35(2))
- (7.21)
Ay € 2 (4gh(e) ~ () & (u(e) + d(z) + 2s()) |

where a € b £ ¢ means that a is limited according to |a — b| < c.

To summarise, the equations (7.21) show that the valence spin distributions
can be derived from the inclusive spin structure functions, however only with
an uncertainty which is given by the unpolarised quark sea distributions. Fig-
ure 7.2 shows the results for this procedure using the proton and neutron® from
SLAC as shown in Figure 2.6.

7.6.2 Polarisation of Non-Singlet Distribution

The second line of (7.16) shows that the sea contribution to the difference of
gt (z) and ¢7(z) (flavour non-singlet) is cancelling under the assumption of
iso-spin symmetry. For this reason it is possible to derive the difference of
the polarised valence quark distributions from inclusive data alone. Figure 7.3
shows the non-singlet part for SLAC data as well as for the preliminary HER-
MES data. Furthermore the results of the fit to the semi-inclusive asymmetries
are drawn for comparison. The data shows good agreement within the statis-
tical uncertainties.

3Since the g7 is actually computed from the difference of deuterium and proton data,
g7 and g% are highly correlated. Hence a modified version of (7.21) with the measured
quantities ¢! and g¢ as input was used to produce Figure 7.2:

d
Au, € 6gi(z)— %2% -+ <ﬁ(m) +d(z) + gs(x)) :

d(p B
Ad, € —6g7(z)+ i—s% AL (ﬁ(z) +d(z) + %s(z)) ,

where wp = 0.05 % 0.01 is the D-wave state probability of the deuteron [SMC95].
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Figure 7.2: Valence Spin Distributions from Inclusive Data. Solid points: the
valence spin distribution tAu,(z) and ¢Ad,(z) are derived from high precision
inclusive spin structure functions of the proton and neutron as measured at SLAC
(see Figure 2.6). The solid curves indicate the uncertainty due to the unknown
quark sea polarisation — this maximum allowed range of fluctuation is calculated
from the known unpolarised sea distributions [GRV95]. The dashed lines show the
valence spin distribution as parametrised by [GRSV95]. The open points show the
results of this work using inclusive and semi-inclusive asymmetries to fit the polarised
quark distributions under the assumption of SU(3)-symmetric polarised sea PDFs
(statistical errors only).
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Figure 7.3: Non-singlet part of quark polarisations. The triangles show the
results as derived from preliminary HERMES data while the solid points show the
same quantity from SLAC data (see Figure 2.6). The dashed line indicates the
valence spin distribution s parametrised by [GRSV95]. The open points show the
results of this work using inclusive and semi-inclusive asymmetries to fit the polarised
quark distributions under the assumption of SU(3)-symmetric polarised sea PDFs
(statistical errors only).

7.6.3 QCD Analysis

In Section 7.5 the matrix elements F' and D have been used to derive pre-
dictions for certain combinations of moments of the polarised parton density
functions. A more sophisticated QCD analysis of the inclusive structure func-
tions g (z) and ¢ (z) together with F' and D allows the fit of polarised PDF's
as functions of z. The dotted lines in Figure 6.6 show the results of such an
analysis as performed by [GRSV95]. Here the assumptions about the sea were
Au(z) = Ad(z) = Ag(z) and As(z) = As(z) = N,Ag(z), where N, < 1 is an
additional parameter of the fit that is found to be one. This kind of analysis
is not a direct measurement of the polarised PDFs because their functional
dependence on z has to be parametrised and it is not possible to extract va-
lence quark distributions without assumptions about the sea polarisations. In
contrast to that in the purity analysis these kinds of assumptions are only
necessary because of the limited precision of the measured asymmetries. In
principle they can be dropped as soon as data samples with increased statistics
together with an improved particle identification are available.
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7.7 Lattice QCD Calculations

As discussed in Section 2.3 it is not possible to perform perturbative QCD
calculations at low energy scales. This is one reason that it is not possible to
describe the structure of hadrons from first principles. However it is possible
to use the QCD Lagrangian also for strong bound states by solving the field
equations on a discrete four-dimensional hypercubic lattice [Wil74]. Despite
of various mathematical problems such calculations require a huge amount of
computing power, which is why most of the current results are obtained in the
quenched approximation where essentially closed fermion loops are neglected.
Lattice QCD calculations are able to describe hadron masses with good accu-
racy [BCS94] and can also be used to obtain predictions of the moments of
polarised parton density functions. Latest results are [BGH97, GHM97]:

Au, = 0.841(52),

Ad, = —0.245(15), (7.29)
AWy, = 0.198(8), '
AWVd, = —0.0477(33),

where Ag denotes the second moment Ms(q). The first moments are
calculated for @* ~ 5 (GeV/c)? while the second moments are given at
Q* ~ 2 (GeV/c)?. The corresponding numbers from this analysis are:

Au, = 0.38+0.09 £ 0.05,

Ad, = —0.59+0.11+0.17, _
e (7.23)
AWy, = 0.130 £ 0.019 < 0.025,
AWd, = —0.076 + 0.029 + 0.027,

where the features discussed in Section 7.3 appear again. The measured mo-
ments of the u, quarks are lower than the lattice expectations, while the mo-
ments of d, are measured to be more negative than calculated on the lattice.

7.8 Summary

The results from Chapter 6 have been compared to those of other measure-
ments and expectations from theoretical calculations. The results indicate that
the u, quarks are carrying less helicity fraction of the nucleon as measured up
to now. To compensate for that, the sea shows a slight positive polarisation.
This phenomenon can be explained by the fact that the gluons that give rise
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to the quark sea originate from the polarised valence quarks and are there-
fore polarised themselves. Hence one expects a polarisation transfer to the

sea [CS77].

The most significant difference shows up in the comparison to predictions
derived from baryon decays in Section 7.5. While the non-singlet quantity
Au, — Ad, agrees well with the predicted value, the combination Au, + Ad,
shows a deviation. As will be shown in the following, this might be caused by
assuming SU(3)-symmetric polarised sea PDF's, which couples the light sea

Ag = Au, + Ad + Ad, + Ad, (7.24)

and the strange sea As + As. If this constraint is relaxed, the expression for
az in (7.14) is still true, while ag hast to be written as

ag = Au, + Ad, + A, (7.25)

with A = Ag — 2(As + As). Unfortunately the values for Au, and Ad, from
Table 6.2 can not be used to calculate A (and subsequently As), since they
were retrieved under the incompatible assumption (6.5) about sea polarisa-
tions. To overcome this situation, a four-parameter fit had to be performed
to extract a new set of quark asymmetries {Au,, Ad,, A, As = As}. Due
to statistical limitations from the hadron asymmetries the results of such
an analysis are no longer significant. However, they indicate a positive
polarisation of the light sea while the strange sea tends to become negative.
This points into the same direction as results from extracting the flavour
momenta by combining the inclusive first momenta '™ with the weak
matrix elements (2.35) using equations (2.33) and (2.34). Considering QCD
corrections, one obtains at Q* = 10 (GeV/c)? [EK95]:

Au+Aa = 0.83 +0.03,
Ad + Ad —0.43 4 0.03, (7.26)
As+ A5 = —0.10 + 0.03.

As a final remark it should be noted (as already pointed out in Section 6.5.1)
that the measured hadron asymmetries are also compatible with the assump-
tion of a totally unpolarised sea.



Chapter 8

Conclusion and Outlook

Since its commissioning in 1995 the HERMES experiment successfully took po-
larised semi-inclusive data using the new experimental technique of a polarised
internal gas target. As a modern experiment HERMES also makes use of ad-
vanced software technologies. Part of this work was the implementation, test
and maintenence of major software modules that are used both online, to run
the experiment and offline, to analyse the data. An overview about the most
important of these modules is given in Appendix C.

In the first part of this thesis, the inclusive and semi-inclusive (pion and
hadron) spin asymmetries have been extracted from 1995 and 1996 data sets
taken on polarised *He and hydrogen targets respectively.

The hadron and inclusive asymmetries have then been used to extract
a set of polarised parton density functions of the nucleon for different as-
sumptions about the sea polarisation. This analysis was performed by us-
ing unpolarised quantities called purities which are derived from unpolarised
PDFs and fragmentation functions. Assuming SU(3)-symmetrical polarised
sea PDFs, the first moment have been measured to be Au, = 0.414-0.094-0.06,
Ad, = —0.60+£0.12+0.17 and Ag = 0.45+0.2240.08 at Q> = 2.3 (GeV/c)?.
Already at this point the precision of the results is comparable to the only
other existing semi-inclusive measurement from SMC.

Using the asymmetries from 1995 and 1996 the spin flavour decomposition
was only possible with rather strong symmetry assumptions for the polari-
sations of the various sea contributions. As pointed out in Section 7.8 it is
desirable to relax this condition for a better understanding of the spin struc-
ture of the nucleon. The main obstacle for such an analysis is the statistical
precision of the *He asymmetries, which is small compared to the accuracy of

104



105

the hydrogen data when the 1996 and 97 data sets are combined. For this
reason the data taking on a polarised deuterium target is scheduled for the
next two years to increase the sensitivity to the d, and sea polarisations. In
addition HERMES will be able to perform a complete hadron identification
over the full accepted momentum region by converting the threshold Cerenkov
counter into a RICH. Therefore one can look forward decreasing drastically
the uncertainties on the results of analyses such as the one introduced in this
work. We will then be able to resolve the quark spin structure of the nucleon
by direct semi-inclusive measurements to a much better extent.



Appendix A
Formalism of the Analysis

In this appendix the most important parts of the analysis formalism are col-
lected for quick reference.

A.1 Errors and Covariances of Particle Num-
bers

Of course the observed scattered positrons are Poisson-distributed and hence
their variance a?\,e+ equals their number N.+. However this is not the case for
the number of detected hadrons N" as will be shown in the following [Pre97].
We define M as number of incoming positrons, p as the probability that a
positron was scattered and n* as the number of hadrons A per event. Fur-
thermore the indexed variables p; € {0,1} and n? € {0,1,2,...} are used to
denote random variables.

For an introduction, the well-known error on N.+ is calculated:

gy, = ML > WNa> = <Y ppi>—<Y p>t
i,j i
= <Y pi>+<) ppi>—<y.p>?
i i i (A1)
= M<pl>+M(M—1)<p; > -M? < p; >?
= N_¢
Here the usual Poisson approximation of Mp? = 0 and the relation

< p? >=< p; >= p were used. For the errors on IV, one obtains:
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Errors and Covariances of Particle Numbers 107

O'Nh

<Nl>—< Ny>* = <me?Pjnf>—<ZPinf’>2
8, .
<sz n; >+<Zp,npjn >—<me 2
i#]
M < p? >< (n )>+M(M 1) < p; i<l >? —

M? < p; >2< nl >?

(A.2)

h\2
<L KRE >
Mo < (P> = M,
K3

which is different from the value N, that we would get for a Poisson distribu-

tion.

Using the same technique the statistical covariances for the numbers of
measured particles can be calculated:

4
where n¢

cov(Ne+, Np,)

COU(Nhl,Nh2) = < Nthh2 e < Nhl e th

¥l <Zp2 hy h2>+<zp1n pin; 2 S

i#]
e mef” =< mef"“ >
= M <p?><ninh>4 (A.3)

M(M—1)<p,><n’”><n e
M? < p; >t<nf Ss<nh >
= Ne+<n nh2>;

N.+nh.

Il

= 1 was used. Finally we find for the correlation coefficients of the

particle numbers:

cor(Na,, Na,) = €ov(Nhy, Ni,)

OhyOh,
= < nhiph > o
= b]
V< (01)? >< (nf2)2 > (A.4)
nh '

cor(Ng+,Np) = ————=
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A.2 Errors and Covariances of Asymmetries

For convenience we rewrite (5.2) as

WL =N Lt Nom
= —— St o (A.5)
N+D P-4+ N-D'" P+ Denom

using

i / L0,
+_

A.6
P = A(_)ﬁ(t)PT(t)PB(t)dt- T

Then the statistical error on the asymmetry is!

ol a 1o
i D P~ Nom G
Denom Denom?

[ + Dt p+ 1?
AN_( L +DPNom) |

Denom Denom?

(AA? = AN+(
¢ (A.7)

The covariance matrix of the asymmetries is given by the transformation

0A aa\"
T (aTv) ) (A.8)
or in compohents
0A; 0A;
cov(A;, 4;) = ;aN# 8N,J,COU(NWNV)
i 0A; 0A; OA; OA;
= 3N. N cov(Ni+, Nj+) + aN. BNJ-_COU(NZ_’NJ_) B

1| 0A; 0A; 0A; 0A;
2 ON;+ ON;+ ~ ON;- ON;-
0A; 0A;
ON;+ ON;+

cov(N;, N;)

&

Q

cov(N;, N;),

where greek indices run over both spin states. Here we made use of the fact
that an asymmetry A; for a given particle type only depends on the count rates

IThis is an approximation for the case |a| # 1. If the asymmetry is close to 41 one
cannot assume a Gaussian distribution any more.
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for this particle in both spin states (denoted as N;+ and N;-) and that the two
spin states are statistically uncorrelated (cov(N;+, N;-) = 0). Furthermore the
approximations N;+ &~ 1/2N; and |5§]ﬁ—| ~ |53 | were used. Under the same

g
assumptions the errors on the asymmetries become ¢} = (%) 0%, and
hence

OA;04;
cov(A;, Aj) =~ sl cov(Nj, Nj), (A.10)
ON;ON,
or for the correlation coefficients
cor(A) = cor(N). (A.11)

A.3 Singular Value Decomposition

For calculating the quark polarisations from the hadron asymmetries, one
needs to solve equation (3.14). In general this system can be overdetermined
since one might have measured more hadron asymmetries than quarks that
one is interested in. If we denote the m measured asymmetries with A, = A”r
and the n quark asymmetries with ¢); = Ag;/¢; then we want to choose Q in
a way that

- 3 Ar_nprii2
¢ - £(a-Era) wm

= (A-PQ)(A-PQ),

becomes minimal. A standard method to do this is to differentiate (A.12) with
respect to each Q; and equating to zero, which results in the normal equation

PTA = (PTP)Q, (A.13)
which leads to the formal solution
Q = (PTP P A (A.14)

Instead of evaluating this equation, there is a nice method called singular value
decomposition (SVD) [PTV95] which makes use of the theorem, that any m x n
matrix P can be written as a product of an m x n column-orthogonal matrix
U, an n x n diagonal matrix W with positive or zero elements (the singular
values), and the transpose of a n x n orthogonal matrix V

P = Zuikavjk, (A.15)

k=1
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where the diagonal of W is denoted by the vector W. One can show that
Q = Vidiag(l/W,)U A) (A.16)
minimises [PQ — A| and hence solves (3.14).

If one now takes into account the covariances between the measured asym-
metries, one has to minimise x? as defined in equation (6.4) at the beginning
of Chapter 6. Since tlie covariance matrix C4 is symmetric and positive semi-
definite one can apply the Cholesky decomposition :

CP = LFL, (A.17)

where L is a triangular matrix. With A’ = LA and P’ = LP equation (6.4)
becomes again of the form (A.12):

X = (A'-P'Q)T A -PQ), (A.18)
and we can find the optimal solution by (A.16).

Now the covariances between the extracted quark asymmetries @ can be

estimated. From Cov(Mez) = MCov(z)MT follows

Co = PCP)!
= (Pcy'P)”
=\PElep)™ (A.19)
e »P/—l(fP/T)—l
it P,_I(P,_I)T
and finally with (A.16) and U'TU’ =1
n v,ikvljk

Colii = ,
[Q]J kzz:l Wlk

(A.20)

where U’', V' and W' are the singular value components of P’.

A.4 Fitting Functions to binned Data

In Section 6.5.2 we need to fit a parametrised model function f(z) to data
that is measured in bins F;. This is often done by directly using the measured
values at defined value of Z; as input to the fit neglecting the fact that there

is actually no exact definition for z;. For a bin covering the interval [z}, z"]
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common choices for Z; are the centre of the bin (z! + z)/2 or the “centre of
gravity” defined by

zh
&= %/_1;[ n(z) dz, (A.21)

where n(z) is the population density of the bins which either follows from
physical principles or has to be measured separately and N is defined as the
total population of the bin

o = /:I n(z) dz. (A.22)

Both choices of Z; fail in case n(z) is not (approximately) constant over a binZ.
In this case the measured values are given by the folding of the function f(z)
and the density function over the bin

1 =t
F = TV_/xf f(z) - n(z) dz. (A.23)

In a fit procedure one has to calculate this integral (and not simply f(z)) in
each sampling step and compare it to the measured values.

For the calculation of moments (2.30) of the function f(z) the same com-
plications appear. In general it is not exact to calculate the moments of the
measured region as

M:;neas,sum(f) et Zf?_l F, (.’L‘:L : wi) (A24)

To correct for the non-uniform bin population, one rather calculates

Mmeas,fit(f) s Z f:%? :vn“lf(.’li)d:z:

e i 8 (A.25)
i fo{ f(z)n(z)dx
where one uses a fitted form of f(z). This means that in the general case
it is not even for the measured region possible to calculate moments without
assuming a model function f(z) and the knowledge of the population density
n(z).

“In our application this is for instance the case for the highest z-bin, where #; < (=} +
z')/2 due to a large bin width and the rapid decrease of the cross-section with z
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Tables of Results

Bin z WNewyt D Q" z Zot ot S Zp-
1 || 0.023-0.040 | 68404 || 0.727 | 1.218 | 0.033 || 0.360 | 0.355 | 0.362 | 0.349
2 || 0.040-0.055 | 76614 | 0.597 | 1.481 | 0.047 || 0.426 | 0.414 | 0.389 | 0.372
3 || 0.055-0.075 | 88486 || 0.503 | 1.730 | 0.065 || 0.471 | 0.457 | 0.404 | 0.386
4 || 0.075-0.100 | 87819 || 0.427 | 1.996 | 0.087 || 0.493 | 0.482 | 0.413 | 0.395
5 || 0.100-0.140 | 95753 || 0.377 | 2.395 | 0.118 || 0.509 | 0.497 | 0.412 | 0.394
6 || 0.140-0.200 | 70712 || 0.367 | 3.198 | 0.166 || 0.517 | 0.501 | 0.406 | 0.388
7 || 0.200-0.300 | 42704 || 0.378 | 4.551 | 0.239 || 0.529 | 0.507 | 0.400 | 0.379
8 || 0.300-0.400 | 11422 || 0.400 | 6.564 | 0.339 || 0.537 | 0.497 | 0.390 | 0.376
9 || 0.400-0.600 | 2813 || 0.438 | 9.183 | 0.446 || 0.549 | 0.540 | 0.371 | 0.368
Bin T Neyt D Q? & Zet LB, § Ene | Bh—
1 || 0.023-0.040 | 204973 || 0.723 | 1.215 | 0.033 || 0.486 | 0.484 | 0.364 | 0.353
2 || 0.040-0.055 | 236076 (| 0.591 | 1.470 | 0.047 || 0.562 | 0.559 | 0.390 | 0.381"
3 || 0.055-0.075 | 278357 || 0.498 | 1.716 | 0.065 || 0.595 | 0.595 | 0.405 | 0.395
4 | 0.075-0.100 | 279542 || 0.422 | 1.979 | 0.087 || 0.615 | 0.606 | 0.413 | 0.402
5 || 0.100-0.140 | 303967 || 0.375 | 2.383 | 0.118 || 0.624 | 0.617 | 0.415 | 0.402
6 || 0.140-0.200 | 224632 || 0.366 | 3.185 | 0.166 || 0.639 | 0.629 | 0.411 | 0.395
7 1| 0.200-0.300 | 130945 || 0.376 | 4.525 | 0.239 || 0.650 | 0.636 | 0.405 | 0.384
8 || 0.300-0.400 | 33475 || 0.399 | 6.524 | 0.338 || 0.672 | 0.647 | 0.396 | 0.374
9 || 0.400-0.600 7920 || 0.436 | 9.124 | 0.444 || 0.690 | 0.649 | 0.386 | 0.378
Table B.1: Kinematical Bins for Hydrogen (top) and *He (bottom). For each

bin the range in z, the number of reconstructed events with a DIS-positron together
with the mean values for the depolarisation factor and the inclusive and hadronic
kinematical variables are shown. The numbers are extracted from experimental data

and are averaged over both spin states.
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Bin | 7.+ %Zfz M~ %‘25—) T+ %[ﬁl - %,‘,‘2:_3 Me-
1] 0.088 1.644 0.070 1.036 | 0.142 | 1.070 | 0.098 | 1.048 | 0.011
21 0.088 | 1.033 | 0.066 1.026 | 0.174 | 1.064 | 0.113 [ 1.043 | 0.009
31 0.080 | 1.026 | 0.058 12027 | 0.179%  1.0615° | 0:110 | “25041 1 6.007
41 0.067 | 1.025 | 0.044 1:0228 | 0,169 £ 1.056% 20:095 [ 51085, ] 0.006
5 | 0.003 (9101022 (205035 1.014 | 0.156 1.055 | 0.083 1.028 | 0.005
6 | 0.046 1015 |+0.027 10145 | 0. 151 1.066 | 0.071 1.024 | 0.004
7 10.088 | 1.016 |:0:022 1.002 | 0.137 | 1.049 | 0.064 | 1.022 | 0.003
8 | 0,082 Fl@1T [10:018 1010 | 0:124 | 01.045 &701052 1.017 | 0.002
9 1 0.02T7 F027 [ 8013 1.000 | 0.116 | 1.055 | 0.049 | 1.014 | 0.003
it | s <]:2:> ! <1:2_> i <1:::> 5 <1':f::> e
1 0.043 | 1.010 | 0.035 1.006 | 0.143 | 1.061 | 0.106 1.046 | 0.005
2 110.042 | 1.005¢ | 0.033 1.002 | 0.173 | 1.058 | 0.119 | 1.042 | 0.004
310.036 | 1.004 | 0.026 1.004 | 0.175 1.056 | 0.114 | 1.040 .| 0.003
41 0.028 | 1.003 | 0.019 15603 |- 0161 1:0563 .. | 0200 | ,1.083 | 0.002
510022 1.003 | 0.014 [ 1.004 | 0.145 | 1.051 | 0.085 | 1.029 | 0.002
6 | 0.018 | 1.002: | 0.011 1.002 | 0.135 | 1.048 | 0.074 | 1.027 | 0.001
710.014 | 1.001 | 0.008 1.004 | 0.122 | 1.040 | 0.062 | 1.025 | 0.001
8 1 0.012 | 1.005 | 0.006 1.000 | 0.109 | 1.042 | 0.051 1.016 | 0.001
91| 0.012 | 1.000 | 0.006 1.000 | 0.109 | 1.030 | 0.046 1.011 | 0.000

Table B.2: Single Particle Multiplicities for hydrogen (top) and *He (béttom).
These numbers are extracted from experimental data and are averaged over both

spin states.
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Cor Cor Cor Cor Cor Cor
Bin | (n7*,77) | (R*,h7) | (et,nt) | (et,n™) | (et,ht) | (et,h7)

1 0.098 0.129 0.290 0.259 0.364 0.306
2 0.078 0.135 0.291 0.255 0.405 0.328
3 0.066 0.132 0.279 0.238 0.411 0.326
4 0.055 0.116 0.255 0.207 0.400 0.303
D 0.050 0.102 0.227 0.184 0.384 0.285
6 0.040 0.090 0.213 0.163 0.378 0.264
74 0.031 0.079 0.194 0.148 0.362 0.250
8 0.015 0.054 0.176 0:133 0.344 0.227
9 0.000 0.037 0.161 0.115 0.331 0.220

Cor Cor Cor Cor Cor Cor

Bin | (zt,n7) | (h*,h7) | (et,nt) | (et,n7) | (et,hT) | (et,Rh7)

1 0.025 0.125 0.207 0.187 0.367 0.319
2 0.017 0.131 0.205 0.180 0.404 0.339
3 0.014 0.124 0.189 0.161 0.407 0.332
4 0.014 0.113 0.167 0.139 0.391 0.311
5 0.011 0.099 0.148 0.119 0.372 0.287
6 0.006 0.088 0.135 0.104 0.359 0.269
T 0.006 0.072 0.120 0.089 0.342 0.246
8 0.004 0.047 0.108 0.076 0.324 0.224
9 0.000 0.035 0.109 0.079 0.325 0.213

Table B.3: Correlations of Particle Numbers for hydrogen (top) and *He (bot-
tom). These numbers are extracted from experimental data and are averaged over
both spin states.
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Bin A r A Ap+ Ap- At
1 0.114+0.042 | 0.098+0.047 | 0.113+0.035 | 0.106+0.041 | 0.076+0.012
2 || 0.096+0.047 | 0.032+0.053 | 0.095+0.036 | 0.063+0.043 | 0.089+0.014
3 || 0.108+0.051 | 0.095+0.058 | 0.118+0.038 | 0.089+0.047 | 0.105+0.015
4 || 0.333+0.060 | 0.224+0.074 | 0.232+0.044 | 0.233+0.057 | 0.179+0.019
5 || 0.136+0.066 | 0.200+0.082 | 0.218+0.047 | 0.262+0.062 | 0.223+0.020
6 || 0.326+0.084 | 0.234+0.108 | 0.286+0.057 | 0.317+0.079 | 0.273+0.025
7 || 0.430+0.124 | 0.488+0.159 | 0.537+0.079 | 0.337+0.111 | 0.372+0.032
8 || 0.27040.258 | 0.025+0.337 | 0.262+0.153 | 0.262+0.224 | 0.441+0.057
9 || 1.013+0.581 | 1.845+0.823 | 0.834+0.317 | 0.403+0.475 | 0.593+0.109
Bill A‘rr+ A1r— Ah+ Ah— Ae+
ii 0.081+0.059 | —0.172+0.065 | —0.055+0.035 | —0.077+0.040 | —0.032+0.012
2 0.006+0.065 0.105+0.074 | —0.008+0.036 | 0.027+0.042 | —0.000+0.014
3 0.068+0.070 0.019+0.082 | —0.03040.037 | —0.019+0.045 | —0.018+0.015
4 || —0.152+0.081 | —0.073+0.097 | —0.045+0.042 | 0.005+0.052 | —0.024+0.018
) 0.027+0.088 | —0.113+0.110 | 0.013+0.045 0.035+0.057 | —0.031+0.019
6 || —0.075+0.114 | 0.165+0.146 0.009+0.055 | —0.014+0.071 | —0.065+0.023
T 0.095+0.168 0.176+0.225 | —0.137+0.074 | 0.076+0.100 | —0.034+0.029
8 || —0.110+0.375 | —1.048+0.535 | —0.069+0.152 | —0.068+0.217 | 0.008+0.054
9 0.166+0.789 0.766+1.065 | —0.241+0.296 | 1.303+0.443 0.027+0.102

Table B.4: Measured Asymmetries for hydrogen (top) and *He (bottom). The
hydrogen asyemmetries and errors are corrected for kinematical smearing (see Fig-
ure 5.2 ). Statistical errors only.
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Polarisations Correlations Statistics
Bin Auy fuy Ad,/d, Ag/q (S, S8e) | (S2e 8 [ (42, 8) || x7,./3 | CL(x%:0,3)

1 || 0.19540.264+0.0385 | —0.667+0.597+0.147 | 0.044540.1940.0284 0.884 -0.985 -0.939 1.48 0.217
2 || 0.147+0.19940.0308 | —0.193+0.492+0.127 | 0.0446+0.188+0.0289 0.845 -0.977 -0.921 0.123 0.946
3 0.167+0.1640.0254 | —0.393+0.44140.122 | 0.0656+0.203+0.0322 0.815 -0.968 -0.912 0.0632 0.979
4 || 0.0918+0.1524+0.024 | —0.921+0.4654+0.141 | 0.378+0.265+0.0506 0.804 -0.958 -0.914 0.925 0.428
5 || 0.0736+0.14140.0222 | —1.1940.48940.153 | 0.689+0.368+0.0781 0.813 -0.952 -0.926 0.911 0.435
6 || 0.174+0.15140.0295 | —1.52+0.638+0.197 1.0140.69740.149 0.836 -0.952 -0.942 1523 0.295
7 0.349+0.198+0.052 —1.07+1.0640.276 1.0241.934+0.393 0.886 -0.960 -0.965 2.1 0.0974
8 || 0.523+0.354+0.0708 0.267+2.51+0.58 —1.46+8.31+1.53 0.914 -0.971 -0.975 0.843 0.47

9 || —0.239+0.886+0.178 —T7.7T4+7.141.63 44 .5+43.948.77 0.953 -0.986 -0.985 2.79 0.0388

Table B.5: Extracted Quark Polarisations for Polarisation-symmetric Sea.
Polarisations Correlations Statistics
Bin Auv/uv Adv/dl’ AQ/Q- (AT?L’—AE%"—) (ATI?L’ %q) AT?,E’%Q) X?nm/3 CL(X?nz’n)'?’)

1 || 0.178+0.27740.0352 | —0.683+0.549+0.138 | 0.0632+0.21940.0293 0.872 -0.986 -0.928 1.47 0.22

2 || 0.154+0.207+0.0279 | —0.161+0.438+0.117 | 0.041+0.21140.0282 0.821 -0.979 -0.900 088 0.942
3 || 0.161+0.163+0.0215 | —0.378+0.37440.11 | 0.0761+0.217+0.0201 0.771 -0.969 -0.877 0.0566 0.982
4 || 0.0694+0.158+0.0183 | —0.822+0.383+0.123 | 0.422+0.278+0.0466 0.753 -0.961 -0.872 0.829 0.478
5 || 0.0404+0.154+0.0158 | —0.998+0.378+0.127 | 0.734+0.369+0.0694 0.753 -0.957 -0.874 0.736 0.53

6 || 0.114+0.163+0.0201 | —1.3340.447+0.153 1.1240.647+0.113 0.763 -0.958 -0.881 0.91 0.435
7 1| 0.397+0.213+0.0415 | —0.677+0.62640.171 0.406+1.58+0.189 0.800 -0.965 -0.898 2.19 0.087
8 || 0.563+0.372+0.0515 0.179+1.33+0.335 —1.69+6.07+0.648 0.826 -0.973 -0.908 0.827 0.479
9 0.45540.90840.103 —1.3943.774+0.809 6.76+31.843.42 0.898 -0.986 -0.945 322 0.0217

Table B.6: Extracted Quark Polarisations for SU(3)-symmetric Sea.




Polarisations Correlations Statistics
Bin Au,/u, Ad,/d, (Au—j", %‘L) x2. [4 | CL(x%;.,4)
1 || 0.256+0.0404+0.0222 | —0.533+0.19+0.0918 -0.697 1.12 0.344
2 || 0.193+0.0382+0.019 | —0.0826+0.182+0.0789 -0.669 0.109 0.98
3 || 0.21740.035940.0187 | —0.25940.1724+0.0758 -0.663 0.0722 0.991
4 || 0.29840.0371+0.0242 | —0.299+0.18+0.0797 -0.618 L 0.306
5 || 0.322+0.035240.0255 | —0.316+0.177+0.0788 -0.593 1553 0.189
6 || 0.382+0.0374+0.0287 | —0.627+0.202+0.0963 -0.591 1.41 0.226
7 1| 0.45+0.0443+0.0359 —0.528+0.26140.117 -0.567 1.66 0155
8 || 0.462+0.0757+0.0419 | —0.167+0.528+0.23 -0.600 0.641 0.633
9 || 0.645+0.14+0.0611 —0.6241.164+0.504 -0.613 2.44 0.045

Table B.7: Extracted Quark Polarisations for Unpolarised Sea.

LTI
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Parameter | Au, A, Aq

N, 1.4+06 | —0.9+0.51 | 5.8 - 103+1.4-10
iy 1404 | 0.11+to0.24 3.6+0.8

By — — 12486
x?/NDF |0.18/9 0.7/9 0.071/7

Table B.8: Fit Results to the Polarised Parton Density Functions for the u,
and d, Distributions. Functions of the form (6.26) have been fitted to the quark
polarisations assuming a polarisation-symmetric sea. See Section 6.5.2.

Parameter | - Au Ad Aq

N, 1.1+0.33 | —1.3+061 | 1.9 - 10*+3.5.104
o 0.86+0.2 | 0.57+0.21 3.840.73

By B > 16+6.4
x?/NDF | 0.21/9 | 0.71/9 0.11/7

Table B.9: Fit Results to the Polarised Parton Density Functions for the total
u and d Distributions. Functions of the form (6.26) have been fitted to the quark
polarisations assuming SU (3)-symmetric polarised sea PDFs. See Section 6.5.2.
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0,1]

0.13+0.01440.021

—0.066+0.026+0.025

First Moments (Q* = 2.3 (GeV/c)?)
z-Range Au Ad Aq
[0.023,0.6] sum | 0.49+0.062+0.047 —0.41+0.140.11 0.3140.15+0.056
[0.023,0.6] i | 0.45+0.059+0.043 | —0.39:0.09:0.097 0.3+0.15+0.055
[0,0.023] 0.022 —0.09 0.0015
(0.6, 1] 0.026 —0.0052 1.4-1077
[0,1] 0.5+0.059+0.058 —0.48+0.09+0.14 0.3+0.15+0.056
Correlations of First Moments

Au Ad Aq
Au 1 0.184 -0.812
Ad 0.184 1 -0.588
Aq -0.812 -0.588 1

Second Moments (Q* = 2.3 (GeV/c)?)

z-Range Au Ad Aq
[0.023,0.6]sum | 0.13+0.016+0.012 | —0.067+0.03240.025 | 0.039+0.025+0.0067
[0.023,0.6]p:¢ | 0.12+0.014+0.011 | —0.062+0.02640.021 | 0.038+0.024+0.0066
[0,0.023] 0.00025 —0.0008 2.7-107°
[0.6, 1] 0.018 —0.0035 8.7-1078
[

0.038+0.024+0.0067

Correlations of Second Moments

Au Ad Ag
Au 1 0.342 0.513
Ad ~0.342 1 -0.315
AG 0.513 0.315 1

Table B.10: Moments of Polarised Parton Density Functions for the total v and
d Distributions. The same parametrisations (6.26) as for the valence distributions
were used. See Section 6.5.2.



Appendix C

Description of Software Modules

A complex high energy experiment as HERMES involves a huge amount of
software to operate the apparatus and perform various kinds of analyses. Most
of this software has to be developed for the special needs of the experiment.
The HERMES software packages are used for data production, Monte Carlo
and analysis. They consist of roughly 200k lines of source code (not counting
lines from external libraries as CERNLIB, GEANT, etc.). In the course of
this work a variety of software packages (~70k source lines) were designed,
implemented and maintained. This appendix introduces the more important
of these packages in more detail.

C.1 PmnK

As mentioned in Chapter 4.4 the HERMES software makes use of the entity-
relationship based database ADAMO [Che76, FP93] with the extension DAD
[Wan95], which allows the implementation of a client-server based software
layout. This concept has turned out to be very powerful for developing and
maintaining the separate software modules. Apart from DAD the PINK appli-
cation is one of the most important underlying packages that helped to achieve
this goal. PINK combines the APIs (Application Program(ming) Interfaces)
of ADAMO and DAD with the easy to use shell language TcL [Ous94]. Al-
though TCL does not use a strict object-oriented (OO) language model, the
PINK interface was designed in an OO inspired fashion that implements the
ADAMO and DAD entities as objects. The TCL extension TK adds a X11
window interface to PINK which allows the development of Graphical User
Interfaces (GUIs) to literally all data that is accessible at HERMES. A library
of TCL/TK procedures provides ready-to-use elements for the implementation

120
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Figure C.1: Screen Dump of a PINK Monitor Client. This example shows all
main features of a monitoring client used online to display and control the status
of the experimental hardware. The time graph visualises the history of important
values (in this case the pressures at various pump stands). A cursor can be used to
display the coordinates of each point on the curves. The coloured buttons at the
bottom show the status of a variety of hardware components; the application can
also be used to control the state of valves. The menu bar at the top part of the

window hides additional features that are not frequently used.

of PINK scripts.

Figure C.1 shows the screen dump of the PINK client that is used in the
HERMES control room to monitor the vacuum status of the experimental re-
gion. More than 30 of such applications are used to run the various hardware
components (see Appendix C.2).

Despite of the online application, the PINK browser pb plays an important
role for the maintenance and debugging of software from the production chain
(Figure 4.8) as well as for the data analysis. pb itself is a complex PINK script
that allows the interactive view and inspection of all data tables (entities) and
their relationships in an intuitive GUI. The browser is able to process all DAD
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and ADAMO file formats and can also connect to DAD data servers.

Finally there exists a windowless PINK version called FLOYD. On the online
side FLOYD scripts are used as watchdogs or check tasks that are running in
the background and as taping client (see Figure C.2). But windowless scripts
turned out to be very useful as rapid prototyping solutions and maintenance
programs also for offline production and analysis purposes. They also can be
used to implement a World Wide Web (WWW) interface to DAD.

C.2 Slowcontrol Data Handling

Slowcontrol data is data that is collected at rather slow rates (typically every
few seconds or less) and usually describes the technical state of a detector or
help system. Slowcontrol data is used online (during data taking) to monitor
the performance of the experiment and offline (during data production or ana-
lysis) for calibration or data quality checks. Hence the processing of slowcontrol
data divides into two parts:

e The online collection, distribution and monitoring for the shift crew and

e the offline preprocessing to allow easy access for detector experts and
analysing physicists.

The layout of the online slowcontrol part is shown in Figure C.2. At HERMES
the heart of the online monitoring software is a collection of DAD servers that
are connected at one end to a couple of low-level clients (usually controlling
some hardware component) and at the other end to high-level clients which
are evaluating the data. As shown in the diagram, there are three kinds of
connections between low-level clients and the hardware: In the simplest case
the low-level client talks directly (via functions of the online library) to a piece
of hardware. However for historical reasons, two other connection schemes are
used at HERMES, where the controlling programs are not directly connected
to the servers, but are talking indirectly to the low-level clients via shared
memory or the online decoder. In both cases the low-level programs might
have their own (usually command line driven) user interfaces. The high-level
clients are used to process the data that is available at the servers. The taping
client collects at this level all data from the servers and writes it to slowcontrol
files, which are later the main input for the slowcontrol production. Other
processes continuously display status information on graphical PINK displays
in the HERMES main control room and others run in the background to check
the hardware status and give alarms in case of malfunctions. All important
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Figure C.2: Online Collection of Slowcontrol Data. Boxes represent isolated
programs, the arrows indicate the direction of data exchange. The job control en-

vironment monitors the availability of all online components that are essential to
collect online slowcontrol data in DAD format and store it via the taping client to
fill files.

processes run under a special shell (jobcontrol) which takes care that processes
are restarted on (abnormal) termination and automatically informs software
responsible people on certain conditions.

Once the data is taken, the offline processing of the slowcontrol data as
shown in Figure 4.8 can take place. A couple of help programs (see Table C.1)
collects slowcontrol and other relevant data from various sources, filters the
data stream, scales the update rates according to certain rules, and writes one
time-ordered output file per HER A machine fill and one ore more for the time
in between fills.
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Name Description

copycalib | Builds an image of all data contained in the
production servers (calibration, mapping, etc.)
gsplitt Splits a dataflow up into subfiles (one for each
type of slowcontrol data (table)) and applies
selection and modification rules.

gconcat Concatenates multiple files into a single one and does
consistency checks.
gmerge Merges many input files together in a time ordered way.

Table C.1: Programs to process Slowcontrol Data.
C.3 HANNA

HANNA is a C-based frame that is designed to help physicists to analyse HER-
MES data. It is capable of synchronising the slowcontrol data while reading
reconstructed events from HRC, Monte Carlo or uDST files. HANNA comes in
two flavours:

e It can be used as a frame that manages all the data input and just calls
user functions whenever there is something to analyse.

e The user can do the event data handling on his/her own and use some
of the functions bundled in HANNALIB for special purposes like synchro-
nising the slowcontrol data.

HANNA is not as voluminous as HEP, e.g. it does not contain any HBOOK
functionality by default. Hence very small and resource saving analysis pro-
grams can be written by using HANNA as it is. As well, much more complex
applications can be developed by linking the user code with HBOOK and other
CERN libraries.

The HANNA frame

In its simplest form HANNA can be used as a frame. The user does not have
to deal with any data input or book keeping, since HANNA interprets certain
command line flags to detect what data has to be read and will feed this data
to user functions. A user function is a short pice of code the user has to
supply whenever he wants to take care of a certain event (e.g. a new run will
be started, a new event has to be analysed, etc.). A list of all user callback
functions is given in Table C.2. If the user does not want to deal with a certain
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Name Description _

int hamain( ); Has to be called from main() function to
start up the HANNA frame.

int user-init( ); Called after the slowcontrol module is initialised.

int user_end( ); Called at the very end.

int user_runinit( ); Called whenever a new run is processed.

int user_runend( ); Called whenever a run was processed.

int user_event( ); Called whenever an event has to be processed.

int user_slow( ); Called whenever a new slow table is read.

int user burstinit( ); | Called only in uDST mode, whenever a new
burst was read.

int user_burstend( ); Called only in pDST mode, whenever a new
burst was processed.

Table C.2: List of HANNA’s User Functions.

Name Description

int ha_debuginit( ); Initialise HANNA debuging module and look up
debugging levels from environment.

int *ha_debugptr( ); Get pointer to debugging level for a module.

int ha_debugset( ); Set the debugging value for a module.
void ha_debuglist( ); | Print a list of module names and debug levels.
int ha_addarg( ); Add one entry to the list of command line

switches (including default value and help
line).

void ha_usage( ); Print a summary of all defined command line
switches.

int ha slowinit( ); Use slowcontrol syncing library.

int ha_slowsync( ); Synchronise the slowcontrol data for a given time.

int ha_slowmodflag( ); | Modify a flag that controls a slowcontrol table.

Table C.3: Selected HANNALIB Functions.

condition, no function needs to be supplied and some HANNA dummy code will
be executed.

The HANNA library

The HANNA library contains a collection of useful functions to be used in the
user code. Parts of this library can also be used by more advanced users who
want to take care of the event-handling themselves but need for example the
synchronisation functionality to deal with slowcontrol data. Some example
functions from the HANNA library are listed in Table C.3.
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