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Abstract

Quark helicity distributions were measured by experiment at DESY-HERA HER-
MES. The HERMES experiment measures the spin structure of the nucleon with
Deep Inelastic Scattering (DIS) of 27.6 GeV longitudinally polarized positron
beam at HERA and longitudinally polarized gas targets (H, D). The experiment
was motivated to solve the “nucleon spin puzzle” found by the EMC experiment
in 1988.

HERMES uses the Ring Imaging CHerenkov (RICH) detector which has dual
radiators: aerogel and,F,, gas. The RICH allows us to identify pions, kaons
and protons in the momentum region of 2 - 15 GeV/c. Hadrons are detected in
coincidence with the scattered positron. HERMES is the first DIS experiment with
a full hadron identification capability. Using informations from the RICH, cross
section asymmetries between the parallel and anti-parallel configuration of the
beam and target spins were measured for charged pions and kaons separately for
the first time. From the measured double spin asymmetries, helicity distributions
of individual quark flavors were extracted fora, d, d ands.

Main focuses of this thesis are 1) evaluation of efficiency of the hadron iden-
tification with RICH, and 2) evaluation of systematic uncertainties in the quark
helicity distributions due to uncertainties on the unpolarized parton distribution
functions (PDFs) used in the analyses. The uncertainty in the hadron identifi-
cation with RICH is mainly due to imperfection of the RICH description in the
HERMES Monte Carlo simulation. The estimation of the hadron identification ef-

ficiency was performed by hadron tagging using 'decaying particle method’ which



uses decaying particles sucha®, A, K in the experimental data. The evalu-
ated RICH uncertainty was propagated to the systematic error on the double spin
asymmetries. The effect of the uncertainties in the unpolarized PDFs was evalu-
ated using the 40 eigenvector PDF sets of the CTEQ6.1M parameterization. The
quark helicity distributions are obtained by HERMES with high precision in a
self-consistent way with less assumptions in the analysis than any of previous

experiments, making use of its hadron identification capabilities.
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Chapter 1

Introduction

In 1950s, a number of new pion-like or proton-like particles were discovered.
Gell-Mann and Ne’eman proposed the “Eightfold Way” in 1961 which is a the-
ory to classify the particles into groups based on properties of SU(3) symmetries.
This theory predicted the existence of a heavy subatomic particle. The patrticle
was discovered by an experiment at Brookhaven National Laboratory in 1963 and
was called2~. In the same year (and after the discovery(of), Gell-Mann

[1] and Zweig P] independently developed a theory that three different particles,
which was called “quarks” by Gell-Mann, constructed so-called baryons and a
quark and an anti-quark make up mesons. In 1968, this quark model was con-
firmed by a Rutherford-type experiment at SLAC by Friedman, Kendall and Tay-
lor. The experiment also showed scaling behavior of unpolarized structure func-
tions F (x, Q?), F»(x, Q*) which depend on the properties of the target:

Fl(x7Q2) - Fl(x)a
Fy(z,Q%) — Fy(x),

wherex is Bjgrkenz and Q? the squared invariant mass of the virtual photon.
Since this feature was found by a suggestion by Bjgrken, the scaling was called
Bjarken scaling.

In the same year, to give an explanation of the the Bjgrken scaling, Feynman
proposed3] the Parton Model based on an idea that the nucleon was constructed
from point-like particles which was called “partons”. Later the partons were iden-
tified with the quarks and the Quark Parton Model (QPM) was established.

In late 1970s, SLAC E804] 5] and E130 @] performed the measurements
of the double spin asymmetries for the deep inelastic scattering of longitudinally
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polarized electrons off longitudinally polarized protons. The polarized structure
functionsg, (z) was extracted from the asymmetry data and was integrated over
x. The experiment covered the regionlof < z < 0.64 and extrapolated outside
the measured region. Though their conclusion was consistent with a theoretical
prediction by Ellis and Jaffe, the extrapolation at lowewas not clear while the
behavior of the polarized structure function can be expected to fall smoothly at
higherz. Precise measurements of the polarized structure function extended to
lower z was performed by European Muon Collaboration (EME;)g] in 1987.
The result showed that only 12 % of the proton spin was contributed from the
quark spins. This fact led to the so-callegin crisis. Afterward the polarized
spin structure functiorg; was measured at Spin Muon Collaboration (SM)) [
and at SLACILGQ, [11], and the result of the EMC was confirmed. The spin of the
neutron was also investigated.

The nucleon spin can be written as

1 1

whereAY. andAG are contributions from the quark and gluon spins respectively
andL, andL, are their orbital angular momentum.

The HERMES experiment performed measurements of the Deep Inelastic
Scattering (DIS) cross section of the polarized positron beam at HERA and polar-
ized gas targets (H, D). This thesis presents polarizationsdfs quarks and the
corresponding anti-quarks determined by the HERMES experiment.

In 2000 H. Kobayashi reported results of the polarized quark distributions in
[12]. His analysis is based on 4 independent input asymmetries for the proton
target from the 1996 and 1997 data taking periods. Various decomposition of
the polarized quark distributions were performed. In 2001 F. Sato performed a 5
parameter fit of Au, Ad, Au, Ad, As = A5) using the DIS events accumulated
from 1995 to 1998/13]. Now the DIS events collected during the 1996 to 2000
data taking periods are analyzed (We excluded 1995 datdfebecause it was
found that contributions from elastic scattering process was large.) In particular 5
million DIS events were taken in 2000 and it improves the statistics substantially.

This thesis will describes the extraction of the contributions of different quark
flavors to the nucleon spin. In chapfrthe spin structure of the nucleon is de-
scribed. The HERMES experiment is described in chdfitérhe Ring Imaging
Cerenkov detector at HERMES is presented in chafitén chaptefs, asymme-
tries measured at the HERMES experiment are described. The quark polarizations
and helicity distributions determined by using these asymmetries are presented in

14



Experiment

Year Collaboration | Main Results Ref.
1950s A number of new particles were discoverd.
1967 SLAC Weak (Q? dependence of DIS cross section with |n-
creasing?.
Scaling of unpolarized structure function.
1976, 1978 SLAC E80 Measurement of double spin asymmetries in pold#, 5]
ized DIS.
1983 SLAC E130 Consistent with the theory by Ellis and Jaffe. [6]
1988 EMC Spin crisis: The quarks in nucleon carried only 12 9@, 8]
of the nucleon spin.
Theory
Year Theorist Prediction Ref.
1964 Gell-Man and| Quark Model: proposed independently by Gell-Maji]
Zweig and Zweig.
1969 Feynman Parton Model: the nucleon is constructed by thrga]
constitutent particles.
1972 Feynman Quark Parton Model: The parton is consistent wiffi4]
the quark
1973 Ellis and Jaffe | Sum Rule:[ dzg,(z) ~ 0.2. [15]

Table 1.1: Overview of investigations of the nucleon structure.

chapte®.
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Chapter 2

Spin Structure of the Nucleon

2.1 Deep Inelastic Scattering

Lepton-nucleon Deep Inelastic Scattering(DIS) is a powerful tool to investigate
the spin structure of nucleon. In first order QED, the DIS process is described by
one photon exchange. Figi2el shows a schematic view of the DIS process. An
incoming lepton is scattered off a target nucleon. Then the nucleon is broken and
forms a final hadronic state:

I+ N —=U+X (2.1)

wherel and!’ are the incoming and the scattered lepton respectivélthe nu-
cleon andX the final hadronic state. In inclusive measurementyg the scattered
lepton is detected, while at least one hadron in the final hadronic systende-
tected in coincidence with the lepton_in semi-inclusive measurements

2.1.1 Kinematics of the Deep-inelastic Scattering

In this section, kinematic variables used in a DIS process are defined. The DIS
process can be characterized by two kinematic variables. This thesis mainly uses
the following two variables:

Q* = —¢>=—(k—K)? L 4EF sin® g, (2.2)
Q7w @7
v 2P.q 2Mv’ 23)

17



\

Figure 2.1: Schematic view of the deep inelastic scattering process.

wherek ¥ (E k) andk’ & (E’,E’) are four-momenta of the incoming and
the scattered lepton respectivelythe polar angle of the scattered leptdr,the

mass of the nucleor? andq four momenta of the target nucleon and the virtual
photon exchanged between the lepton and the nucleony &nel energy of the
virtual photon. The former variabl@? expresses the negative square of the four-
momentum of the virtual photon. The latter variables the Bjarken scaling
variable. This variable can be interpreted as the fractional momentum of the quark
which absorbs the virtual photon to the momentum of the nucleon. In elastic
scatteringr is equal to 1, whiler < 1 corresponds to inelastic scattering. A
squared invariant mass of the hadronic final sysiéms

W2 = (P+q)?>2 M+ 2Mv — Q. (2.4)

The resonance region where the nucleon is not broken but goes to an excited state
and the DIS region are defined by

W < 2GeV for the resonance region,

W > 2GeV for the DIS region. (2.5)

For semi-inclusive measurements, a fractional energy of the virtual photon

18



carried by the hadroh is introduced:

P,P" jap B},
_ Ll @b B 2.6
z Pogt » (2.6)

The Feynman scaling variable in the hadronic center mass system is defined by

-
-

wherep;, represents the longitudinal hadron momentum in the hadronic center
mass system. The other kinematic variables are presented inZidble

2.7)

2.1.2 DIS cross section

The DIS differential cross section for inclusive measurement in the lowest order
QED can be written a4l

d*o o> F
= —L pv 2.
adE oo g e (2:8)

wherea represents the electromagnetic coupling constant/apdand W+ the
lepton and hadron tensors, respectively. The both tensors can be split into sym-
metrical and anti-symmetrical parts (indicated as supersdiiptand(A) respec-
tively) as

Ly = L) +iL5), (2.9)
W = W +iWw D, (2.10)
where
L) = 2[kuk, + kok), — gu(k- K —m?)], (2.11)
LY) = 2meemaps®(k — k), (2.12)

whereg,, is the metric tensoryn,. the mass of the lepton,,.s the totally anti-

lab 1

symmetric Levi-Civita tensor ane 2 L (|k|, l’,z'E) spin four-vector of the in-

cident positron for longitudinal polarization. These lepton tensors can be exactly
obtained in QED calculation.
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Positron beam and Target nucleon

Kt = (E, k) Four-momentum of the incident proton
k'* = (E, 15’) Four-momentum of the scatterd lepton
0, ¢ Polar and azimuthal angles of the scatted lepton
pr '@ (M, 0) Four-momentum of the target nucleon
Inclusive DIS

v= %q” b g g Energy of the virtual photon
g* =k* — K" = (v,q) Four-momentum of the virtual photon

lab ) . . .
Q? = —quq" = 4EFE'sin 5 Squared invariant mass of the virtual photon

W2 = (P* + ¢")? ' M2 4 oMy — Q? Squared mass of the final hadronic state

x = % 'ab % Bjarken scaling variable
y= IFD’:—Z: ‘ab 5 Fractional energy transfer of the virtual photon
Semi inclusive DIS
%Pi ‘@b B, Fractional energy of the virtual photon carried by a hadron
s v
pr = (pn - %)% Longitudinal momentum of a hadron 4N c.m. frame
P = Ph — DL Transverse momentum of a hadromiN c.m. frame
TR = “ID;T‘ = % Feynman scaling variable

Table 2.1: Definition of kinematic quantities in DIS.

20



The Unpolarized Cross Section

The hadron tensor is more complicated since the hadron is not a point-like particle.
In case that the leptons are unpolarized, the unpolarized differential cross section
can be expressed as the product of the lepton and the hadron symmetrical parts:

d’o o> FE
— iy S ) v
10dE ~ aMQIE ™ el (213)
where
S) qudv 2 P-q P-q F2(x>Q2)
Wpsl/) - 2 <_gMV - 522 > Fl(x7 Q ) + (PM + Q2 qM) <PV —I— QZ QV> P K q 9
(2.14)

whereF (x, Q%) and Fy(z, Q%) are dimensionless unpolarized structure functions
which are Lorentz-invariant and explain the internal structure of the nucleon. In
the Bjgrken limit ¢ (energy of virtual photon) — oo and Q* — oo with
finite), the two structure functions are scaling as

F(z, Q%) — Fi(z), (2.15)
By, Q%) — F(a). (2.16)

This scaling was observed by a Rutherford-type experiment at SLAC by Fried-
man, Kendall and Taylor. However the concept had been suggested by Bjagrken
and therefore the scaling is called Bjgrken scaling. Furthermore these structure
functions are related each other, which is known as Callan-Gross relaipn [

20 F(z) = Fy(x). (2.17)

These structure functions were measured with various fixed targets at/EBJIC [
BCDMS [19], E665 20], NMC [21] and SLAC 2], and in e-p collisions at H1
[23] and ZEUS P4, [25]. Figuré2.2 [26] shows the structure functiof;(x, Q?)
measured by these experiments.

From Eq. 2.17) and Eq. [£.19), the unpolarized differential cross section can
be written as

d*o do s 244 0
== F. H4+ LR ) tan? — 2.1
IOdE’ (dQ)Mm EEJ:( (0, @) + 3 Filw, @) tan 2)’ (2.18)
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Figure 2.2: The structure function measured as a functigp?dér variousz. The
data are offset by- log,,(x) for better presentation.
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where

do 402E" 0
<d§2> = 7 C082 5 (219)
Mott

The Mott cross section is the Rutherford cross section at relativistic energy which
includes effects of the lepton spin.

Eq. .18 can alternatively be expressed in terms of the photo-absorption cross
sectionso(z, Q%) and or(z, Q%) for longitudinally and transversely polarized
virtual photons on a nucleon:

o a  pP(l-ux)
dQdE'  272Q? F2x(1 — ¢)

(or(x, Q%) + coL(z,Q%), (2.20)

where

o 1 —y—0.2592y>
1 —y+0.252(72 + 2)

(2.21)

where the assumption afn? < Q% is used andy = %2. The ratio of the photo
absorption cross section®(z, Q%) = oL(x.9) \yas measured by the several ex-

or(z,Q2)

periments/Z7]. The ratioR can be related to the unpolarized structure functions
Fi(z,Q?%) andFy(z, Q%) as

_ 1 _'_72 FQ(x7Q2)
R(ffy QQ) — 20 Fl(l', Qg)

. (2.22)

Hence the structure functidry(z, Q%) can be written withF (z, Q%) andR(z, Q%)

_ 1+
Fi(z, Q%) = 22(1 —i—R(x,Q?))FQ(x’QQ)' (2.23)

In the Bjgrken limit, the photo-absorption cross sectigivanishes due to helicity
conservation. In this limitR(z, Q?) — 0 and Eq. [2.23 is close to Eq.Z.13).
Polarized Cross Section

For the longitudinally polarized lepton, the anti-symmetric hadron tensor

i = o 5+ (50 - 0P e )] (229
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scattering plane

polarization plane

Figure 2.3: The definition of angles. Hekeandk’ are momentum vectors of the
incoming and scattered lepton respectivéys the spin polarization
vector of the target, angles and ¢ represent the polar angle with
respect tde and azimuthal angle which is defined by an angle between
scattering plane and polarization plane. The additional amggethe
angle betweet andS.
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appears in the DIS cross section. Herér, Q%) andg,(x, Q%) are the polarized
structure functions and represents the spin polarization vector of the nucleon
target. The definition of angles between the various vectors is shown in Bglre

The two polarized structure functions can be obtained by the cross section
difference as

d*c< o~ 8ma’ y

drdQ?  dzdQ? Q' E

’ [(E + £’ cos 6)) gl(xa Q2> - 612/92<x7 QQ)‘| (225)

where= and< indicate that the target and beam spins are aligned paraltel({
in Figurel2.3 or anti-parallel {& = =), respectively. When the target is trans-
versely polarized, the cross section difference can be written as

2 1 —J 2

Zx(ziQQ — d;dQQ = 8gj % - E’-sinf cos ¢ [gl(x, Q%) + QVEgg(x, QQ)] (2.26)

The polarized structure functign has been measured by fixed target experiments
at E142P8], E143 29) E154 [3(], E155 [31,132], EMC [7, 8], SMC [33,134] and
HERMES B5,136]. The measurements of other polarized structure funajion
were performed by fixed target experiments at E128},[E143 37], E154 39],
E155 B9, 14Q). Figure2Z.4and Figuré2.5show ther-weighted polarized structure
functionszg; () andzgs(x) respectively.

The Q? dependence of the polarized structure functjerior proton and for
neutron is shown in Figuf2.8 There is no evidence of strorgf dependence of

g1.

2.2 Quark-Parton Model

To explain Bjgrken scaling (E@(19), the Parton Model is proposed by Feynman

[3] in 1969. In the model, the nucleon is comprised of three point-like particles
with spin-% which are called partons. Ifitis true, the DIS process can be described
as elastic scattering between a lepton and a parton. Later the Quark Parton Model
(QPM) is proposed by Bjgrken and Pasché3 pnd Feynman14]. In QPM, the
partons are identical to the quarks which were proposed by Gell-MErand

Zweig [2].

QPM can be formulated in the infinite momentum frame, where the target
nucleon moves with infinite momentum, the mass and transverse momentum of
parton are negligible and the fractional momentum of hadron is identical with the
Bjagrkenzx as follows:
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The four-momentum of a parton can be expressed as
(EP +q)* = (my)?, (2.27)

whereP = (M,0) andq = (v, q) are the four-momenta of the target and the
virtual photon, andn, is the mass of the parton and can be neglected. Hence the
momentum fractiorf becomes

0?2 2
£ = o - (2.28)
_ 2 . (2.29)
In the limit of Q% > M?
€~ Hfﬂé) ~ . (2.30)

Hence the Bjgrken indicates the fractional momentum of hadron.

The cross section for electron-parton scattering can be exactly calculated in
QED. Assuming that each parton in the nucleon contributes to the inclusive DIS
cross section incoherently, the structure functiéh&e) and F;(x) can be related
to the quark densitiegx) with the momentum fractiom as

Fil) = 53 ) (2.31)
F(z) = z)_elqa), (2.32)

wheree, represents the charge of the parton in unit @nd the sum runs over

all the quark flavors. For the nucleon,d, s and their anti-quarks are enough

to express the structure functions. Analogously the polarized structure function
g1(z) can be related tg™(=) which are the quark density for the parallel (anti-
parallel) alignment of the quark spin and the target spin:

0(x) = 33 (@) — () = 5 3 (), (2:39

whereAgq(z) is the polarized quark density. As shown in Figldtg, g is negli-
gible compared to the size of:

go(z) ~ 0. (2.34)
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2.3 Cross Section Asymmetries

The cross section asymmetry is defined as
do= — do™

do< + do=’

Aj(z,Q%) = (2.35)

wheres< ando= indicate the differential cross sectioﬁ%’% andjjé% respec-

tively. The two processes are illustrated in Figlré An advantage of the mea-
surement of the asymmetry is to suppress systematic contributions such as effi-
ciency and acceptance effects.

As already mentioned, the DIS process is interpreted as the interaction of a vir-
tual photon with the target in lowest order QED. The photo-absorption asymme-
tries which are the cross section asymmetries for parallel and anti-parallel align-
ment of the target and virtual photon spins are given by

o494 91— 7’92
A =2 2 = 2.36
1 0_% + 0_% Fl ) ( )
207 (91 + g2)
A, = = 2.37
2 0_% + O'% F1 ) ( )

wherea%(%) are the photo-absorption cross sections for the parallel (anti-parallel)
alignments of the virtual photon and target spins (Figgi# ando; is the inter-
ference cross section between the transverse and longitudinal polarization of the
virtual photon. The experimentally accessible asymmatrgan be related to the
photo-absorption asymmetriels and As:

A = D(A; +nAy), (2.38)

whereD represents the depolarization factor of the virtual photon with respect to
the polarization of the lepton. The variablBsandn can be written as

1—(1—y)e
D = ————— 2.39
l1+eR (2.39)

Yy
L — 2.40
n -y (2.40)
From Eq. [2.36), (2.37 and .38, A, can be re-written as

2

= A4 _ (1 +197%) 92 (2.41)

D(1+1y) L+ny B
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Figure 2.7: Schematic diagram of the polarized DIS in QPM. Arrows indicate the
spins of the virtual photon, the partons and the nucleon.
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Neglectingg,, A; can be expressed as

A
A~ I

~ it (2.42)

2.4 Semi-inclusive Measurement of Deep Inelastic
Scattering

In semi-inclusive measurements, at least one haflnsrdetected in coincidence
with the scattered lepton:

[+N—U'+h+X. (2.43)

In DIS process, a virtual photon is emitted from the incoming positron. The vir-
tual photon is absorbed by a quark in the nucleon and the quark fragments into
hadrons. Therefore the identification of the hadron is very important to access
information on the struck quark. The hadrons in the final state can be separated
into the current fragments and target fragmedf.[In the current fragmentation
region the flavor of the struck quark and the types of produced hadrons have a
strong correlation, while the target fragments relate to the spectator remnant of
the nucleon. The EMC collaboration found that the fast-forward hadron contains
the struck quark with high probabilit4B]. To select the fast-forward hadron in
the DIS events, the cuts on kinematic variables\dz - are used.

The differential cross section for the semi-inclusive measurement of DIS can
be obtained as

Pot(2,Q%2)  Poue(r,QY) Ly char(e, Q)= Q)

dedQ*dz —  dxdQ? > rerqp(r, Q%) ’ (2.44)

where the sum runs over all the quark fIavcﬁf%ﬁz) is the inclusive differ-

ential cross sectiorD}L represents the fragmentation function which is the prob-
ability that a quark of flavoy’ hadronizes into a hadron of typewith an energy
fraction z of the energy of the virtual photon. The fragmentation function is de-
scribed in detail in Sectiols.2.1 Under the assumption that the fragmentation
functions are spin-independent, the unpolarized and the polarized structure func-
tion can be modified as

Fl(z,Q%2) = ;Zefcqf(ac,Cf)D?(z, Q%), (2.45)
f
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DN | —

g1 (2, Q% 2) > et Aqs(z, Q%) Dy (2,Q%). (2.46)
!

From Eq. [2.36) and the assumption gf = 0, the semi-inclusive photo-absorption
asymmetries can be obtained as

[ dzgi (z, @ 2)
[dzF} (z,Q2,2)
et Aqy(x, Q%) fdsz}(z, Q?)
Yy etap(x, Q?) [ dzD(2, Q?)

A, Q%)

(2.47)

2.5 Sum Rules

Then-th moment™} (S}) of the polarized (unpolarized) structure functipi ;)
is defined as

rn (2.48)

Il
"\)_‘
2
8
HA

3
®
QO
N

1
sno= / dr 2Dy, Q). (2.49)
0
In addition, the first moments of the polarized quark dendityx) is defined as
1
Aq :/ dx Aq(x). (2.50)
0

The proton matrix elements are the expectation values of axial vector cur-
rents.J;, defined by

2MagS, = (P,S|J5,|P.S), (2.51)
Ma3S, = (P, S|J§’M|P S), (2.52)
MasS, = (P,S|J5,|P,5S). (2.53)

They can be related to the first momenig as

ag = AY = (Au+ Au) + (Ad + Ad) + (As + A3s), (2.54)

a; = 2| = (Au+ Ag) — (Ad + Ad), (2.55)
gv

as = (Au+ Aw)+ (Ad+ Ad) — 2(As + AS3), (2.56)
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where‘g—;‘ is the axial charge of the nuclec#4] and the value can be obtained
from neutron3 decay:

as = |74 = 1.2670 + 0.0030. (2.57)
gv
The matrix elementg is obtained from hyperon decay #5):
as = 0.585 £ 0.025. (2.58)

2.5.1 Gottfried Sum Rule

The Gottfried sum rule is the difference of first moments of the unpolarized struc-
ture functions for proton and neutron:

SG = Sllp_Slln
-/ ' (Fyp(r) — Fin(x))
1 2 1 _ _
— 3+3 /0 do(@(z) — d()). (2.59)

The NMC collaboration performed the measuremdit] pf S; and reported a
valued of

Se = 0.235 4 0.026. (2.60)
This result indicates a flavor asymmetry of the light sea quark densities —
2.5.2 Bjgrken Sum Rule

Under the assumption of SU(2) isospin symmetry, the first moments of the polar-
ized structure functions for proton and neutron are given by

r, = ;; (4Au+ Ad + As + 4Au + Ad + As)
1 1 1
= SaACS(Q) + (g0t 3o ) ACks(@), (261
11 )
Tw = 55 (Au+4Ad+As+Aa+4Ad+A§)
1 1 1
= §CLOACS<Q2) - (12G3 - 366L8> ACns(Q?). (2.62)
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whereA(C')s(vs) is the polarized singlet (non-singlet) coefficient function for the
QCD correction. They are given b¥T]

2 21\ 2
ACs(Q?) = 1- O‘(WQ) —1.0959 (O‘(WQ)> , (2.63)
2 21\ 2 21\ 3
ACns(Q%) = 1- 0‘8(7? ) _ 37833 (O‘(f )> —20.215 (O‘(ﬂ? )> ,
(2.64)

whereq is the coupling constant of the strong interaction.
The Bjgrken sum ruledf] is the difference of the first momenks, — I'y,;:

1

- |94
6

I =Ty — T, =
gv

Cns(@?). (2.65)

An experimental result32] from E155 collaboration and theoretical prediction
were

ry 0.176 + 0.003(stat) + 0.007(syst), (experiment)
'Y = 0.182+0.005, (theory)

(2.66)

where the both are evaluated@t = 5 GeV?. They are in agreement within the
statistical and systematic uncertainties. It implies that SU(2) isospin symmetry is
not breaking.

2.5.3 The Ellis-Jaffe Sum Rule

Under the assumption that the polarized densities of the strange and anti-strange
guarks and the gluons are unpolarized inside nucléen+ As = Ag = 0, and

SU(3) symmetry is true, the first moments of the polarized structure functions are
given by

a 1 a
Ly = TACS(Q?) + 5 (a3 + 5 ) ACxs(Q?) (2.67)
a 1 a
P = SACS(Q?) - o (a3 - ;) ACns(Q?). (2.68)
Theoretical prediction is
I,(Q*=5GeV?) = 0.170 4 0.005, (theory)
[,(Q* =5GeV?) = —0.014 £ 0.005. (theory)
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If experimental results are not in agreement with the prediction, the contributions
from the strange quarks or gluons to the nucleon spin cannot be treated as unpo-
larized, or SU(3) symmetry is broken. The experimental result will be shown in
next section.

2.6 The Nucleon Spin Problem

First Measurements of the spin structure of the nucleon was performed by SLAC
E80 [4, 5] and E1301f]. They measured the double spin asymmetry for the
deep inelastic scattering of longitudinally polarized electrons off longitudinally
polarized protons. Then the integral @f,(x) overz in the measured region of

0.1 < z < 0.64 was calculated as

0.64 064 1 A,
/ dz g1 (z) = / dr — (1 4 R) = 0.095+£0.008.  (2.69)
0.1 0

1 * 2x Fy,

The contribution from higher: region to the integral is probably small, while
the contribution from lower: region is more complicated. The integral of the
polarized structure function over the fulkange either is consistent with the Ellis-
Jaffe sum rule for the proton or not. The result was inconclusive.

The European Muon Collaboration (EMC) carried out precision measurements
of the asymmetry in: region 0f0.01 < z < 0.7 [[7,18]. Their experiment is analo-
gous to the experiment by SLAC except for the using polarized high energy muon
beam. The integral of; in the measured region was

0.7

dx g1p(x) = 0.120 £ 0.013. (2.70)
0.01

The integral which include the contributions outside the measured region was es-
timated from the parameterization of the asymmetry. The result was

*dx gip(z) = 0.123 + 0.013(stat.) & 0.019(syst.), (2.71)
0

which is inconsistent with the Ellis-Jaffe prediction. This was called “spin crisis”.
Later the spin structure of the nucleon was investigated by various experiments
and the contribution of all the quark spins in the nucleon was reported to be 20%
- 30%.
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2.6.1 Overview of the investigation of quark helicity distribu-
tions

Now we review the investigation of the spin structure of the nucleon.

In 1997, the Spin Muon Collaboration (SMC) measured the quark polariza-
tion of v andd valence quark4u,, Ad,), and the non-strange sea polarization
Ag(x) [49. The measurement was performed using DIS of longitudinally po-
larized muons off longitudinally polarized nucleons. The inclusive and semi-
inclusive double spin asymmetries for positive and negative hadron productions
were extracted. No hadron identification was made. The asymmetries were used
to determine QAu,, Ad,, Ag) under the assumption that SU(3) symmetric sea
(Aq(7) = Au(z) = Ad(z) = As(z) = As(x)).

In 1999, HERMES reported the first result of the polarized quark distributions
[5Q]. The detail of the HERMES experiment will be described in the next chapter.
The polarized quark distributions of+u, d+d ands+ 5 were extracted under the
assumption that the contribution of sea quarks is independent of fléﬂgﬁ =

% = % = %‘{ = %). Theh™, h~ and inclusive asymmetries were used.
From the spin asymmetry; in inclusive measurement, the polarized structure
functiong, can be obtained by

FQ(xv QQ)
22(1 + R(z, Q%))
The unpolarized structure functiary, are well-known for the measurements by
various experiments. Therefore the polarized PDFs can be extracted to analyze
g1- Here three different phenomenological fits to the inclusive data are introduced.
The polarized PDFs oAu, = Au — Aa, Ad, = Ad — Ad, Ag and Ag were
determined for each fit.

A functional form of the polarized PDFs assumed by the GRSV grélijpi$

Af(z) = ax®(1 — 2)°f(x), (2.73)

wherea, b andc are free parameters, arfdz) is the unpolarized PDFAg =
At = Ad = Auge, = Adge,) and (As = A5 = 0) are assumed in SU(3) broken
“valence” scenario.

Another functional form of the polarized PDFs assumed by tligr&in and
Bottcher B2] is

g1(z,Q*) = Ai(z, Q%) (2.72)

Af(z) = (/01 dfo(x)) Ala,b, e, d)at(1 — 2)°(1 + cx + dat),  (2.74)

36



wherea, b, c andd are free parameters anda, b, c, d) is normalization constants
which depends only on the free parameters. SU(3) symmetric sea distributions
(Ag = (Au = Ad = As = A5)) are assumed.

The last one assumed by the Asymmetry Analysis Collaboration (AA&) [
53 is

Af(z) = (axb N xd)) f(x), (2.75)

wherea, b, c andd are free parameters. SU(3) symmetric sea distributidis=
Au = Ad = As = As) are assumed.
There are some problems of these phenomenological fits:

¢ An functional form needs to be assumed.

e A number of fit parameters is limited.

e An assumption is needed for sea quarks.

e An assumption is needed in unmeasured region.

To solve these problems, it is important to identify hadrons in coincidence
with the scattered lepton. The HERMES experiment has performed such a semi-
inclusive measurement after installing the RICH detector in 1998. HERMES
measured thet, 7, K+ and K~ asymmetries for the first time. It enable us
to determine the separate contributions of the quark flavors to the nucleon spin
(Au, Ad, As, A, Ad, As). It should be emphasized that the flavor decomposi-
tion was doner bin by bin, thanks to the asymmetries data from semi-inclusive
hadron measurement. Also it should be stressed that no functional forms need to
be assumed in unmeasured region. The results is briefly summariZed).iflhe
detail of the analysisd5] was published in Physical Review D.

2.6.2 wu and d quarks contribution to the proton spin in Con-
stituent Quark Model

The proton is one of the ground-state baryons with spishich is constructed
from uud quarks in QPM. The wave function of a spin-up proton can be given by

Ip 1) = \/ng(uud(TlT + 11T =2 11)) +uda(TT) + I1T =2 TLT) +dua(TLT + 711 =2 1171)).
(2.76)
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The magnetic moment of the protpy in this model can be given by

3
= ZXPT ’Qz( >|pT>
2 1 4 1
= 5(2% — pa) + gHd = gHu = ZHd; (2.77)

whereQ;e andm; represent the charge and masg-ti quark and.,, andyu, are
the magnetic moment of theandd quarks. The magnetic moment of the neutron
1, can be obtained by interchanging thandd quarks:

2 1 4 1
n = = (20g — fy) + =y = —fbg — = flu, 2.78
pn = 3 (2pa = ) + Sha = Sta = gh (2.78)
Then the ratio of two quantities is written as
4 1
Hn sHd — 3Hu
N L (2.79)
Hp 3hu — 3Hd
4(_1)_1(2
=2 (=5) =5 () (2.80)
4 (2) _1 <_1)
3 \3 3 3
2
= 2.81
-5 (2.:81)

wherem,, = my is assumed. Itis in good agreement with the experimental value:

(“”) ~ —0.685. (2.82)
Hp exp

The spin contribution ofi andd quarks to the proton spin can be evaluated in
this model:

(P 11S)lp1) = (p1150Wlp 1) = 2
p1I1S@Ip1) = (p1150(d)p 1) = —:,  (2.83)
PT1SW+S@p1) = @Tize@) +a@)p?) = 3,

whereS is the spin operator and represents Pauli matrix. It indicates that the
quark spin is aligned to the proton spin, while thquark spin is anti-aligned to
the proton spin.
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2.6.3 Other Processes to Solve Spin Crisis

A few other process which could contribute to solve the nucleon spin problem are
described here.

Drell-Yan Process

The diagram of the Drell-Yan process is shown in Figi& In proton-proton
collisions, a quark and an anti-quark in the nucleon annihilate into a photon which
will decay into a lepton pair. This mechanism is called Drell-Yan process. The
double spin asymmetry for the longitudinally polarized proton-proton collision is
given by

APY (51 ) = 21 €7 Ay (11)Agy (22) + Xy ejAds(@2) Agy (1)) (2.84)

>pe3qp(21)qr(w) + X5 €5qr(22) G (21))

This asymmetry provides information of the quark helicity distributions of quarks
and anti-quarks.

/‘i

1
:}M
d y*
q
-Gr b6

/

Figure 2.8: Diagram of Drell-Yan process.

Vector Boson Production

Measurements of the asymmetry for W production allow to determine the helic-
ity distributions of anti-quarks since W bosons can be produced via the reactions
ud — W anddu — W~. Diagrams forW* (=) production is shown in Fig-
ure2.9 The single spin asymmetry for W productions is given by

Au(xy)d(x9) — Ad(zy)u(xs)

AP WX _ _ 2.85
Ly w(xy)d(xe) + d(z1)u(xs) ( )
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Figure 2.9: Diagram of W boson production.

high pr prompt photon production

The gluon helicity distribution can be accessed via the asymmetry measurement of
prompt photon production with high transverse momentum. In polarized proton-
proton collisions, the gluon compton process dominates the production by a factor
of 9 with respect to quark anti-quark annihilation process. Figut8shows these

two diagrams of highy; prompt photon production. The double spin asymmetry
for prompt photon production with high transverse momentum is expressed as

oo X _ AG(xr) Ag(rr)
A ) S G aten)

wherezy = 22~ andoy, represents the partonic asymmetry for gluon Compton
process. The gluon helicity distribution can be obtained by using the known quark
helicity distributions.

arr(qg — vq), (2.87)

Heavy quark production

The heavy quark production allows to probe the gluon helicity distribution. In
polarized proton-proton collisions, the open charm and bottom are produced via
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Figure 2.10: Diagram of high; prompt photon production. (a) gluon compton

scattering (b) quark anti-quark annihilation

gluon fusion. Figuré.11 shows the diagram of heavy quark production. The

double spin asymmetry for heavy quark production is given by

AG A —
A% = GGGGULL(gg - QQ).
/ﬁ
_Q
% Q
g Sl

\_/:

Figure 2.11: Diagram of heavy quark production.
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Chapter 3
The HERMES Experiment

HERMES (HERa MEasurement of Spin) is an experiment to investigate the spin
structure of the nucleon by using Deep In-elastic positron-nucleon Scattering
(DIS) at DESY (Deutshes Elektronen-SYnchrotron) in Hamburg, Germany. HER-
MES is located in the HERA East Hall and there are two other operating experi-
ments H1 and ZEUS. Both of them are experiments of positron-proton collision
located in the HERA North Hall (H1) and in the South Hall (ZEUS). Fidarg
shows the schematic view of the experiments at DESY. In this chapter, the HER-
MES experiment is described.

3.1 The Polarized Positron Beam

The HERMES experiment uses the positron beam with the energy of 27.6 GeV
in a synchrotron HERA (Hadron Electron Ring Accelerator). The HERA storage
ring has a circumference of 6.3 km. One of the advantages of using the circulating
beam is that the beam is transversely self-polarized by Sokolov-Ternov &igct [
The beam polarization is defined as

NT — N!

TN G-

where N and N! represent the number of positrons with aligned spins with re-
spect to the magnetic dipole field and aligned spins in the opposite direction, re-
spectively. The polarization is zero initially after injection and increases with time
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Transverse polarimeter

Longitudinal polarimeter

Figure 3.1: Schematic view of the experiments at DESY.

according to

P(t) = Ppae-(1—eV7), (3.2)
8
Pmaa: ﬁ) (33)

whereP,,... IS maximum polarization value in an ideal cases a variable which
accounts for the ring radius and the energy of the beam. Figdrsehows time
dependence of the beam polarization. As can be seen, the polarization rises up to
60 % in an hour.

As mentioned above, the beam is transversely polarized. For the study of the
polarized quark distributiongYg), longitudinally polarized beam is required. To
achieve this, spin rotators are installed in front of and behind the HERMES de-
tectors. A schematic view of the positron track inside the spin rotator is shown
in Figurel3.3 The most upper and middle panels represent the orbit of the beam
from top view and side view respectively. The measurements of the beam polar-
ization are performed by the Longitudinal Polarimeter which will be described
in the next subsection. The parameters of the beam are summarized if8Thable
together with the target informations.
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Figure 3.2: Rise time curve of the beam polarization at HERA.
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Figure 3.3: Schematic view of the positron track
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3.1.1 Longitudinal Polarimeter

Longitudinal Polarimeter (LPOL) is installed 50 m behind the HERMES de-
tectors. The polarimeter is used to measure the beam spin by Compton back-
scatteringb7]. A Schematic view of the LPOL is shown in Figued A pulsed
Nd:YAG laser produces photons with energyfof= 2.33 eV. The laser is syn-
chronized with the positron bunches in the HERA ring. The angle between the
positron beam and laser beam is as small as possible to maximize the Compton
scattering rate. A LPOL calorimeter was designed for the measurement of the
energy of the back scattered Compton photons for each laser pulse to determine
the beam polarization.
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laser room entrance
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mirror M L

Nd:YAG laser 0
& optical system beam
shutter

pump
stand

() |screen

10.6 m

472 m

mirror M 4
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lens doublet I5im
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mirror M 2 HERA entrance window .
mirrors M 5/6

6.3 ‘\
m 19 Compton photor

56 laser - electron |

\ -0 jnteraction point q
HERA exit window

polarization analyzer HERA tunnel, section East Righ

Figure 3.4: Layout of the Longitudinal Polarimeter at HERA.

HERA electron heam =

3.2 Polarized Gas Targets

The HERMES experiment uses polarized gas targets inside the positron beam
pipe. To increase the target density, the gas is stored in a “storage cell” which
is an open-ended elliptical tube with the longer radius of 29 mm and the other
radius of 9.8 mm. Figuri8.3 shows the schematic view of the components of the
gas target. To produce and analyze the polarized target, an Atomic Beam Source,
Breit Rabi Polarimeter and Target Gas Analyzer are used. The schematic layout
of the components are shown in Figié.
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Figure 3.5: The internal gas target.

Atomic Beam Source

The Atomic Beam Source (ABSH provides the longitudinally polarized tar-
get based on the principle of Stern-Gerlach separation. The polarized target is
achieved as follows:

e Molecular hydrogen is injected into the dissociator and dissociated by an
RF discharge.

e A sextupole magnet system focuses the atoms of the same spin state of the
electron with respect to the beam axis of ABS.

e The electron spin is transfered to the nuclear spin by Weak Field Transition
(WFS) and Strong Field Transition (SFT) with high radio frequency wave.

The orientation of the target spin is reversed every 60 seconds to minimize sys-
tematic uncertainty on the asymmetry measurement.

Target Gas Analyzer and Breit Rabi Polarimeter

The target polarization depends on the polarization of the atoms and molecules
in the target cell and the degree of dissociation. The measurements of them are
performed by the Breit Rabi Polarimeter (BRP) and Target Gas Analyzer (TGA).
A small fraction of the target atoms in the storage cell is extracted and analyzed in
BRP. Similarly to ABS, BRP consists of a sextupole magnet and RF transitions.
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Figure 3.6: The schematic layout of the ABS, BRP and TGA.

The polarization of the target atoms can be calculated from the measurements of
the relative occupation numbers of the hyperfine states of the target atoms. The
degree of dissociation of the atoms can be evaluated by TGA which is located at an
angle of 7 degrees with respect to the axis of the sampling tube. To determine the
target polarization precisely, TGA plays an important role to get rid of background
from the molecules. From these informations, the target polariz#tfois given

by
PT = aga, P + (1 — o) P™, (3.4)

where P? and P™ are the polarization of the atoms and molecules respectively,
a, and(1 — «,) represent the fraction of atoms and molecules in the target.

In the year 1996 and 1997 the HERMES experiment was operated with a po-
larized hydrogen target, while a polarized deuteron target was used from 1998 to
2000. The parameters of the targets are listed in Talle

3.3 HERMES Spectrometer

The HERMES experiment uses a forward spectrometer which consists of two
identical halves below and above the beam I6@.[ Figure3.71shows a schematic
view of the HERMES spectrometer.
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Beam
Year Type Polarization Fractional Uncertaintiy
1996 et 52.8% 3.4%
1997 et 53.1 % 3.4%
1998 e 52.1 % 3.4%
1999 et 53.3 % 1.8%
2000 et 53.3 % 1.9%
Target
Year Type Polarization Fractional Uncertainty
1996 | Hydrogen 74.8 % 55%
1997 | Hydrogen 85.0 % 3.8%
1998 | Deuterium 81.7% 7.5 %
1999 | Deuterium 81.0% 7.0 %
2000 | Deuterium 84.5% 3.5%
Table 3.1: Parameters of the Polarized hydrogen and deuteron target.
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Figure 3.7: The schematic view of the HERMES spectrometer.
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The geometrical acceptance of the spectrometet % mrad in the horizontal
direction and fromt40 mrad to+140 rad in the vertical direction with respect to
the beam axis. This constrain is due to steel plates for shielding the positron beam
from the field of the spectrometer magnet. The HERMES spectrometer consists
of several detectors: a calorimeter, hodoscopes, a transition radiation detector for
positron-hadron separation and a RICH detector for hadron identification. Track-
ing chambers for measurements of the trajectories of charged particles as well as
the particle momentum in combination with the magnet, and a luminosity monitor
for measurements of the luminosity.

3.3.1 Tracking System

The tracking system consists of 5 tracking chambers (VC1/2, DVC, FC1/2) up-
stream of, 3 chambers (MC1-3) inside and 4 chambers (BC1-4) downstream of
the magnet. The Vertex Chambers (VC&{][are silicon gas micro-strip cham-
bers and the Front Chambers (FG8]][are drift chambers. Drift Vertex Cham-
bers (DVCs) provide 544 channels per detector half and provide a resolution of
200um per plane. These chambers are used to determine the event vertex and the
scattering angle with respect to the positron beam. The Magnet Chambers (MCs)
[62] are proportional chambers so that they can be operated in the magnetic field.
The MCs allows to simplify the matching of the multiple tracks in the forward
and rear part of the detector. The Back chambers (BCs) consist of two groups
(BC1/2, BC3/4) and they are drift chambers (Fig@rg). The former ones have

the active area of 1888 520mm? while the latter ones 2898 710mm?. The

drift cell size is 15 mm and provides a resolution of 2B and 30Qum per plane

for BC1/2 and BC 3/4 respectively. The BCs are used to reconstruct the particle
tracks bent by the magnet.

3.3.2 Spectrometer Magnet

The HERMES magnet is a dipole magnet with a field integral éfdl = 1.3

Tm. As mentioned, the magnet gap above and below the steel plate allows for the
acceptance of 40 mrad |0,| < 140 mrad andf,| < 170 mrad. To shield the
chambers in front of/behind the magnet from the strong magnet filed, field clumps
are installed at upstream/downstream of the magnet.
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Figure 3.8: Schematic view of the BC chambers.
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3.3.3 Particle Identification Detectors
Calorimeter

The electromagnetic calorimet&d] is used for the identification of leptons for

the DIS events. Furthermore the detector is used as first level trigger. Leptons
lose all of the energy in the detector, while Hadrons lose only a fraction of the
energy. The detector consists of 420 radiation hard F101 lead glass blocks for
each half of the detector. The size of a blockis 9 x 50cm?. As shown in
Figure3.9, the blocks are arranged intd x 10 array. To protect the detector from
synchrotron radiation, up and bottom calorimeters are moved 50 cm out vertically
from the beam pipe during the beam injection and moved in during data taking.
The energy resolution of the detector is given by

E 51+1.1
oE) 5054 2tELL (3.5)

E VE

whereF is the energy of the track in Ge'é4.

Hodoscopes

Three hodoscopes HO, H1 and H2 are used for triggering and separation of positrons
and hadrons. HOis installed in front of FC1. Itis comprised of a single sheet of 3.2
mm thick plastic scintillator corresponding to 0.7 % radiation length. Backward
particles are suppressed from time-of-flight informations. H1 and H2 are located

in front of and behind TRD, respectively. Both hodoscopes consist of 42 plastic
scintillator paddles with a size of 9:3 91 x 1 cm?. H1 serves as first level trig-

ger. H2 performs as a pre-shower detector and allows pion-positron separation.
This is based on the difference of the energy deposit for pions (about 2MeV) and
positrons (about 20-40 MeV) .

Transition Radiation Detector

The Transition Radiation Detector (TRD) separates leptons from hadrons. The
TRD is installed between H1 and H2. It is constructed from 6 modules which
have a radiator followed by an X-ray detector and a multi-wire proportional cham-
ber. The radiator consists of a packed 6.5 cm thick matrix of randomly oriented
propylene fibers with a diameter of 17 - 2én. The chamber contains 90 % Xe
and 10 %CH, for efficient X-ray absorption. Clusters of electrons in the gas are
produced by X-ray absorption and large signals are a sign from the relativistic
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Figure 3.9: Schematic view of the calorimeter

53



positrons. By the combination of 6 modules, the TRD accomplishes the positron-
pion separation with a factor 100:1 at 5 GeV.

Threshold Cerenkov Detector

In the year 1996 and 1997, the thresh@drenkov detector has been used to
identify pions. A particle with velocity larger than the phase velocity of light
in the radiators emit€erenkov photons at a characteristic argjkelated to the
particle velocity as

1

cosf = B (3.6)
where = 2, cis the speed of light in vacuum and n is the refractive index of
the material. A gas mixture of 70 2%, and 30 %C,F;, was used as a radiator.
The refractive index of the radiatoris= 1.000066. The threshold momenta for
pions, kaons and protons are 3.94, 13.6 and 25.8 GeV/c, respectively. The particle
momentum is determined from an orbit of the particle bent by the spectrometer
magnet. If particles with momentum of 3.94p < 13.6 GeV/c emit th€erenkov
photons in the radiator, the particles are determined to be pions.

Ring Imaging Cerenkov Detector

From 1998 to 2000, the Ring Imagi@@erenkov (RICH) detector has been used.
The RICH detector allows to identify not only pions but also kaons and protons
by using dual radiators of an aerogel an@ &', gas. The particle type can be
determined in the wide momentum range of 2 - 15 GeV/c from the measured
Cerenkov angle. The detail will be described in the next chapter.

3.3.4 Luminosity Monitor

The Luminosity monitor performs the measurement of the lumindsitefined
as

L=¢-N, (3.7)

where ¢ represents the flux of the beam ang is the number of target within
the cross section of the beam. The measurement of the luminosity employs the
processes of Bhabha scattering which is elastic scatteting — e¢*e¢~ and the
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annihilation of beam positrons with the shell electrons of the target (— 7).

The cross sections of the two processes can be calculated in the framework of
QED. The luminosity monitor consists of a pair of electromagnetic calorimeters
which are located on either side of the beam pipe (Fitd. The calorimeters
detect the symmetrically scattered particles in coincidence. An energy deposition
above 4.5 GeV allows to select Bhabha events as welt as annihilation events.

The energy resolution of the calorimeter is given by

o(E)  9.3+0.1

= = (3.8)

. beam pipe

beam

<—wwugg ———

60 mm
< 66 MM——

Figure 3.10: Schematic view of the luminosity monitor.

3.3.5 Gain Monitoring System

The Gain Monitoring System (GMS) monitors the stability of the response of
the photon multipliers PMTs using a ND:YAG laser with a wavelength of 532
nm [65]. Figure[3.11 shows the photo of the laser. Six different intensities of
the laser pulse are generated at a rate of a few Hz. The laser pulse should be
sent to the detectors in the absence of a HERMES positron beam pulse in the
HERMES detector. For this purpose, the laser trigger is synchronized with the
empty bunches of the HERA beam.

To check the stability of the laser itself, PIN photo diodes (S1990, Hamamatu
Corp.) are used. Since the gain of the photo diodes are known to be stable, the
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stability of the detectors are evaluated as the ratio of the detector gains to the photo
diode gain. Thus 950 PMTs which are used in the calorimeter, the hodoscopes,
the luminosity and the LPOL are monitored with this GMS.

Figure 3.11: Photo of a ND:YAG laser used in the Gain Monitoring System.
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Chapter 4

Ring Imaging Cerenkov Detector

4.1 Detector Design

The Ring ImagingCerenkov (RICH) detector is designed to identify pions, kaons
and protonsi6g]. Two symmetrical RICH modules are installed above and below
the positron beam pipe. The schematic view of the upper detector is shown in
Figured, 1l The RICH detector is composed of dual radiators, mirrors and photon
detectors. Details of the components are given in Tadle

PM matrix

soft steel plate
ST

mirror array

aluminum box

Figure 4.1: Schematic view of the RICH detector.

The most of hadrons produced in DIS events at HERMES are found in the
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Components Characteristics

Housing Box 2% 2x 1.3m?
Radiators
C,Fipgas n=1.00137
aerogel n=1.0303
sizell x 11cm? surface x 1.0cm thickness
number of tilest7 x 5 x 5 = 425
Mirrors radius:220cm
sizer~ 60 x 40cm?
number of mirrors:8
Photon Detectors 1934 xPMTs
active areda:45 x 60cm?
PMT diameter:3/4”
Readout system LeCroy PCOS4

Table 4.1: The components of the RICH detector.

momentum rage of 2 to 15 GeV/c. Aerogel dngd';, gas are selected as radiators
since aerogel have a large refractive index, on the other hand gaSgE@gas

have a small refractive index. The combination of the two radiators enables us to
separate hadrons clearly in the relevant momentum range.

Charged particles with velocity larger than phase velocity of light in the ma-
terial emitsCerenkov photons. Th@erenkov angle which is defined as an angle
between the particle track and the photon direction is related to particle velocity

cosf = C/—n = i, 4.1)
v np
wherec is the speed of light and the refractive index of the material. The particle
mass is therefore given by

a

By’

pn cos 6

- me (42

if the momentum is known from the spectrometer magnet. Figufleshows
Cerenkov angle versus hadron momentum for each radiator. No particles with ve-
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locity smaller than phase velocity of light can ei@igrenkov photons. The veloc-
ity of the particle for emission a€erenkov photons is required to pe> 0.9705
for the aerogel and > 0.9986 for C,F;4 gas.

—~ 0.3
T
o
~ 0.25
D
0.2
0.15
aerogel , n =1.0304
0.1 C,F,o; N=1.00137
! ,«"‘. “"‘K V
00 2 4 6 8 10 12 14 16 18 2(
p(GeV)

Figure 4.2:Cerenkov angle versus hadron momentum for the aerogeCaFg)
gas. The dots represent experimental data collected at HERMES. The
solid and broken curves correspond to the theoretical predictions.

The threshold momentum is calculated as

me?

DPih = ﬁ7

where = 1/n for § = 0 is used. The threshold momenta of pions, kaons and
protons for aerogel are 0.6, 2.0 and 3.8 GeV/c. In the momentum region less than
the threshold, the RICH detector performs as a thres@eleénkov counter. On

the other hand, in the momentum region larger than the threshold, a measurement

(4.3)
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of the Cerenkov angle is required to identify hadrons. The maximum momentum
for separation of two types of hadrons is

mj —mj
max — 5 4.4
P \l2tan6~ng(09/\/]\7) (4-4)

wherem, andm, are masses of two particlesjs the Cerenkov angley, is the
angular resolution for single photorV is the number of fired PMTs ana, is
the number of standard deviaticG7]. The value ofn, = 4.652 is adopted in
the design to achieve a misidentification<ofl %. The number of average fired
PMTs is 11.2 for the aerogel and 13.1 05F,,. The numerical values af;,
andp,,., are summarized in Tabl&.2 together with the characteristic values of
HERMES RICH detector.

aerogel (n=1.0303) C,F, gas (n=1.00137

averaged M, 11.2 13.1

o) 9.2 9.5

Pen () 0.6 GeV/c 2.7 GeV/c
pen(K) 2.0 GeVl/c 9.4 GeV/c
Pein(p) 3.8 GeV/c 17.9 GeV/c
Prmaz (TIK) 5.9 GeV/c 13.2 GeVic
Prmaz(KIP) 10.0 GeV/c 22.3 GeV/c

Table 4.2: Threshold and maximum separation momenta for pion, kaon and pro-
ton.

Figured.3 illustrates the momentum ranges for hadron identification in both
radiators. The emitted photons are reflected on the mirror array and generate rings
on the PMT plane. A typical hit pattern on the PMT plane is shown in Fidgute
The larger (smaller) ring is due to photons emitted in aeroggF{(, gas) by
a positive pion at 4.4 GeV/c. For all the fired PMTs tBerenkov angles are
evaluated and hadron type is determined. The detail is discussed in $&&tion

4.1.1 Aerogel

Silica aerogel is used as a radiator for the RICH dete@8}. [The typical re-
fractive index of the aerogel at= 633 nm is 1.03 and the average size of a tile
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Figure 4.3: Momentum ranges for various hadron separations. In the darkly
shaded region the information of ti@erenkov angle is not required
for the the hadron identification, but only an information of whether
the PMTs are fired or not is needed. On the other han€#renkov
angle is required in the lightly shaded region.

Figure 4.4: A hit pattern on the PMT plane by a positive pion at 4.4 GeV/c. The
inner ring is due t&C,F, gas and the outer due to aerogel.
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Is 11.4cmx 11.4cmx 1.13cm. The 1680 aerogel tiles were produced at Mat-
sushita Electric Worksd9, [70]. 348 aerogel tiles were excluded at the beginning
due to visible crack and the refractive indices of 1332 aerogel tiles were measured
at Tokyo Tech. The measurement is motived to achieve the distribution of the
refractive index of the tiles below 1% as follows

A(n—1) Af

=2— < . :
=2 < 1% (4.5)

It is therefore required to be Root Mean Square(RMS) of the indices<is3.0 -

10~%. Figure4.5 shows the distribution of the refractive indices of 1040 selected
aerogel tiles. The standard deviation of the distributiod.isx 104, which
does not satisfy the above condition. It is, however, possible to divide the tiles
into two groups of which one half of tiles is with lower index and the other is
with higher index for the top and bottom modules of RICH. Fidgli@shows the
distributions of the refractive index for the two groups. The standard deviations of
the distributions are.5 x 10~* and2.6 x 10~*, which satisfy the above condition.

- 1-1=3.02 x10"
; RMS=4.1x 10
200
" i
+~
o
= i
o
o
100}
O’wwww\\\\\\\\\\\\\\\\\\\\\
0.028 0.03 0.032 0.034
n-1

Figure 4.5: Distribution of the refractive indices of the 1040 selected aerogel tiles.
Thez-axis shows the value @f. — 1), wheren is the refractive index
of the aerogel.

62



i ] 7-1=2.99x10> ] 71-1=3.06 x10°
I RMS 2.5x10' RMS 2.5x10°
2 2
IS i o i
= =
(=] o
o O
100 - 100
OJ OH“H\H"H\H“H\H‘
0.028 0.03 0.032 0.034 0.028 0.03 0.032 0.034
n-1 n-1

Figure 4.6: Distribution of refractive indices of aerogels for the two groups.

The transmission of light with wavelengtin aerogel is given by

—C-t
A

where A and C are Hunt parameters which characterize the aerogel properties
andt represents the thickness of the material. For the HERMES RICH detector

C -t =0.0094 pm* and A = 0.964 [68]. The term of\~* expresses the effect of

the Rayleigh scattering. Photons with low wavelength can be easily scattered due
to the effect. A lucite is installed at the back of the aerogel tiles to suppress the

backgrounds. The lucite can cut off the photons with wavelength less than 280

nm. The schematic view of the shape of the edge of an aerogel tile and the wall

of the aerogel tiles are shown in Figlf&l and Figuréd.§, respectively.

T =A-exp (4.6)

4.1.2 Mirrors

The mirror array which consists of eight segments is located at the backof

gas. Cerenkov photons which passed through the radiators are reflected by the
mirrors and detected by the photon detectors described in the next section. The
dimension of each mirror is 252.4 cm by 79.4 cm. Measurements of the mirror
reflectivity were performed before the RICH installation. The result is shown in
Figureld.9. As can be seen in the figure, a photon with wavelength of 300 - 600
nm has a reflectivity above 85 %1].
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Figure 4.7: The shape of the edge of an aerogel tile.

4.1.3 Photon Detector

The photo-multipliers (PMTs) detect the reflectédrenkov photons by the mir-

ror. 1934 Philips XP1911 PMTs are used in each RICH detector half. The diame-
ter of the PMT is 18.6 mm. The elementary cell of the PMT is a hexagon with the
distance between opposite sides 23.3 mm. The PMTs are arranged as shown in
Figureld. 10 The PMT photo-cathodes can cover approximately 40% of the PMT
plane. Aluminized plastic foil funnels surround the PMT photo-cathodes, which
increases the coverage of PMT to 91%.

4.2 ldentification Method

4.2.1 Determination of theCerenkov angle

In this section, an identification method of hadron type which is called Indirect
Ray Tracing (IRT) is introduced. Since the momentum vector of the paigicle
is known, it is only required to determine ti@erenkov angle for identifying
hadron (See Eql4(2). A schematic diagram of an event in which charged par-
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Figure 4.8: The schematic view of the wall of the aerogel tiles
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Figure 4.11: Definition of angles, vertices and vectors used in the IRT method.

ticles pass through the RICH detector is shown in Fighidel The reflection
point S is determined from the detected poibt and the emission poink of

the Cerenkov radiation which is assumed to be the middle of track inside the
radiator. TheCerenkov angle is calculated from the inner producﬁ_ﬁ‘ and

p. The Euclid base system with C as the origin is chosen as shown in the right
panel of Figurél.11 The vector: represents the unit vector an@ ando is

the orthogonal unit vector to the vector From the known lengths and angles
(|04D>| = d,|CE| = a,|CS| = R,« and), the components of the vectors are
written as follows

CE = (a,0,0),

CD = (dcosa,dsina,0), 4.7)
cS = (Rcos 3, Rsin 3,0).

The vectors@, SD, and SE can be expressed by linear combinations of the

vectors as

SC = 08 = (=Rcosf,—Rsinf3,0),
SD = CE-CS = (a— RcosB,—Rsinf,0), (4.8)
SE = CD-CS = (dcosa— Rcos 3,dsina — Rsin 3,0).

Because the incident angle of tR=renkov photon to the mirror should be the
same as its reflection angle, the outer product of the unit ve&G'sand SE
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should satisfy the following equation:

SC xSE = SD x SC, (4.9)
Sc-SE = SD-ScC. (4.10)

Eq. @.9 and Eq. .10 can be expressed from E@L) as follows

asinﬁ|@| = d(—cosasinﬁ+Sinacosﬁ)|@|, (4.11)
(acosﬁ—R)]@\ = (d(cosacos 3+ sinasin ) —R)]S?] (4.12)

The ratio of each side of EG4{12) to those of Eq.[4.17) is
acosf}—R  d(cosa+sinasinf) — R

asin  d(sinacos B — cosasin3)’ (4.13)
Eq. @.13 can be simply written as
adsin(a — 23) + R(asin § — dsin(a — 3)) = 0. (4.14)

(4 can be calculated from the equation by using Newton-Raphson iterations with
numerical calculations. The vector of the track@érenkov photorﬁ can be
obtained andCerenkov angle can be determined as

cos ' ES - p
_ 08 =0 P (4.15)
ES| - ||

4.2.2 Likelihood Technique

TheCerenkov angle is experimentally determined for each radiator and compared
with the theoretically calculate@erenkov angles,, assuming a particle type.
From Eq. .1 6,, can be related to the momentymand the mass. of the

particleh as
1 mi )\’
O, =cos t [ = - \|1+ <h> . (4.16)
n Pn

For each hypothesis (= 7, K, p), a likelihood is calculated as

L({0;)) :exp{—w}, (4.17)

2
20<9>
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where (6) is the average value @erenkov anglé determined experimentally
ando represents the average angle resolution. It can be related to the single
photon resolutiowr, as follow

Oy

T (4.18)

o) =

whereNp,;r represents the number of fired PMTs. When the RICH detector per-
forms as the threshol@erenkov detector, the likelihood is setfq,, = 0.5.
Furthermore if the number of fired PMTs is below the background level, the like-
lihood L,,;, is calculated as

0.5 - 1075 for aerogel

0.2 - 1078 for C,Fy, gas(4'19)

Lunin = L(O™ + 20,) = exp(~2- ((Npasr) — 1)) = {

Figureld. 12shows the algorithm of the likelihood calculation.

4.3 PID Efficiency

In this section, a correction of the identified hadron yield is discussed. The like-
lihood is calculated for each hadron type as described in the previous section. A
hypothesis with the largest likelihood is adopted. The number of particles is rep-
resented ad';, where a superscriptand a subscript are identified particle type
and true particle type respectively. For instangerepresents the number of kaon
identified as pion; true particle type is kaon but is misidentified as pion.

A matrix IN is expressed as

NT Nf N©
N=| NX NE NE|. (4.20)
N? NE NP

The summation of the elements of a column and a row are the number of identified
particle and the number of true particle respectively:

SN = N, (4.21)

>N
t

It (4.22)
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Particle Type Hypothesis i

L =Lgm.

Threshold

L =L(<6>) RICH Sel ‘

Figure 4.12: The algorithm of the likelihood calculatiop,, is the momentum
threshold,Bp,r represents the number of the fired PMTs due to
background.
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They form vectord andN’;

= (Nx, Nk, Np), (4.23)
= (I".1%,17). (4.24)

~~L 21

The vectorN corresponds to true hadron yield, while the vecforepresents
measured hadron yield. The identification probabilffyis defined as the ratio of
N to Ny

_ N

Pl =t 4.25
t Nt ( )
A matrix P (P-matrix) is written as
PT P B
P=| PF Pf PF|. (4.26)
PP Pg PP

The columns of the matrix are normalized to 1 due to the definition of the proba-
bilities:

S P=1. (4.27)

The P-matrix is related to the vectbrand IV as
I=P- N. (4.28)
If the P-matrix is nonsingular, the following equation can be obtained:
N=pP1.T (4.29)

The P-matrix is a function of the momentum of the particle since the precision
of the determination of th€erenkov angle depends on the momentum. In case of
non single track, the precision decreases due to the overlapping Gktieskov
rings. Hence the P-matrix is prepared for one track, two tracks and more than two
tracks separately. Figugel3shows normalized track number per a detector half.
As can be seen, one track eventsg8% ) are dominating in the experiment.

The P-matrix is determined using a Monte Carlo (MC) simulations. Parame-
ters for the RICH description in MC such as the mirror roughness and dispersion
relation of aerogel an@,F;, gas were tuned to reproduce the experimental data
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Figure 4.13: Normalized Track number per a detector half measured in the exper-
iment.
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Figure 4.14:Cerenkov angles for aerogel (left plot) aadF;, gas (right plot).
The yellow and black histograms correspond to the experimental data
and the MC data, respectively.
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Figure 4.15: Photon yields for aerogel (left plot) )angd',, gas (right plot)). The
yellow and black histograms correspond to the experimental data and
the MC data, respectively.

of the Cerenkov angle and photon yield. Figl#eZ and .15 show the com-
parison of the measured and the simula@edenkov angles and the photon yield,
respectively.

The P-matrix for 1, 2 and 3 tracks was extracted using the MC simulation
and is shown as a function of the particle momentum in Figuié-[4.18. The
values of the P-matrices are listed in TaBld] - [A.3l There is a sudden dip for
kaon efficiency aroungd =10 GeV/c. It corresponds to the threshold momentum
of kaon forC,F, gas.

4.3.1 Systematic Uncertainties of P-Matrix

There are several different contributions to systematic uncertainties on the P-
matrix.

Finite Pixel Size of PMTs:

The Cerenkov angle was calculated based on assumption th@ettemkov pho-

ton hits at the center of a PMT. The systematic uncertainties arising from this as-
sumption can be evaluated shifting ferenkov photon detection point randomly
within a PMT pixel surface (Figurid.19.
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Figure 4.16: P-matrix for 1 track extracted by the Monte Carlo simulation.
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Figure 4.17: P-matrix for 2 track extracted by the Monte Carlo simulation.
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Figure 4.19: Distribution o€erenkov photon detection vertex on a PMT surface.
The right panel shows the positions of the center of PMTs. In the
left panel, the position is randomly moved within the PMT surface
to calculate th&€€erenkov angle.

Edge Effect of Aerogel Tiles:

The aerogel tiles were produced with the typical dimensibns 11 x lcm?®.
However, it was found that the aerogel tiles have the sharply curved surface (Fig-
urel4.20). The contribution of the effect is discussed in detail7g][

Chromatic Aberration:

The refractive index for aerogel,...,.; = 1.0304 was measured at a wavelength

A = 400 nm. However, it varies with the wavelength Gerenkov light. The
contribution from this was estimated by varying the refractive indices using the
following equation:

Nacroget = 1.02804 + 0.789308 x 1072 x exp (0.368298 x E.), (4.30)
ne,r,, = 1.001287+1.723 x 1077 x E, +5.495 x 10~° x E2, (4.31)

whereE, represents the energy of tlerenkov light.
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Figure 4.20: The surface of an aerogel tile

Time Variation of the Refractive Index:

The refractive indices of the aerogel tiles could vary with times over years. The
time variation of the other radiatét,F, gas arises from the pressure of the atmo-
sphere. The effect was estimated from the difference between actually measured
refractive indices and values used at the beginning of 1998 when the RICH detec-
tor was installed.

Emission Vertex ofCerenkov Photon:

The emission point oCerenkov photon in the radiator can be not determined
in the experiment. Therefor€erenkov angles are evaluated assuming that the
photon is emitted at the center of a track inside the radiator. In the same way as
the finite PMT size, the emission vertex was moved randomly along the patrticle
track in the radiator to evaluate the effect of the assumption.

Angular resolutions for single photon from these sources are listed in Ta-
bleid.3.1

An emphasis should be put on that P-matrix is extracted using the HEMRES
Monte Carlo (HMC) simulation. Therefore these contributions from imperfection
of RICH description in the HMC simulation could be included.
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Source Aerogel (mrad) C4F;q gas (mrad)
Pixel Size 5.6 5.2
Edge Effect 3.0 -
Chromatic Aberration 2.5 -
Refractive Index 1.1 -
Emission Point 1.8 2.2

Table 4.3: Contributions to angular resolutions for single photon.

Imperfection of RICH description

The systematic uncertainty of the P-matrix from imperfection of RICH descrip-
tion in HMC was evaluated comparing the discrepancy between the P-matrices
from experimental data and HMC. To determine the P-matrix from experimental
data, the events containing a decaying particle sugh as\, K? are used. The
decaying particle has the information on the particle types of the tracks. Here
the details are given taking (the decay mode)- K™K ~. Events are selected
containing two tracks beside the positron track. The event selection included con-
straints on the event topology: the two reconstructed tracks must be close enough
to the target. The invariant mass of the two hadrons is calculated assuming that
the two tracks are kaons. If the tracks come from ¢hadecay, the peak should

be found around 1020 MeV corresponding#ganeson mass. The efficiency for
kaons can be evaluated from E¢LZD). Figureld.21shows the invariant mass
distribution of the two particles. In this case, kaons were not misidentified as
pions but as protons. The misidentification of kaons as pions is sensitive in the
low momentum region, while the misidentification as proton is sensitive to high
momentum region.

4.4 RICH Error Propagation to Hadron Yield

As mentioned in SectioA.3 true hadron yieldV is related to measured hadron
yield I via
N=p'.]T. (4.32)

The P-matrix has the systematic uncertaint’e8 described in the previous sec-
tion. The propagation of the systematic uncertainties to hadron yield can be eval-
uated by replacing® with (P + AP) in the above equation.
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Figure 4.21: Invariant mass distributions of the two particles. Assuming that the
particles are both kaons, the kaon mass is used in the calculation. X
represents not identified hadrons with the RICH detector.
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The resulting fractional uncertainties on hadron yield due to the RICH system-
atic uncertainties are shown in Figld€2 The numerical values are presented
in Table[A.5l The fractional uncertainties of the both positive and negative pion
yield due to the RICH systematic uncertainties are less than 1.5%, while those of
kaon strongly depend on the charge of the patrticle: The corresponding values for
positive kaon are less than 6 % while 12 % for negative kaon. The reason is that
the ratio of the positive kaon flux to the positive pion flux is different from the
same ratio for the negatively charged particle. Figu@3 presents the kaon and
proton flux normalized by the pion flux. The numerical values are shown in Ta-
ble[A.4. As can be seen, the negative kaon yield amounts 10 % of negative pion,
while the positive kaon yield amounts 20 % of positive pion. It indicates that the
same systematic uncertainty on the P-matrix yields two times large contribution
to the negative kaon yield than the positive, due to the hadron population in the
data sample.

The fractional uncertainties monotonously decrease withcould be under-
stood as follows. From EqR(2) and Eq. [£.3), the Bjarken scaling variable is
re-written as

/

z 2 AﬂQE?’f’E’) sinQZ = 2}5 SiHQZ (f — 1) ) (4.33)
Thusz effectively determines the energy of the virtual photon. At smalihe
energy of the virtual photon is large, while at highe, v is small. The virtual
photon with high (low) energy yields a hadron with high (low) momentum. The
systematic uncertainty in the hadron identification with RICH increases with the
momentum of the particle (see Figuel6 - [4.17). Hence the fractional uncer-
tainties on hadron yield decrease with
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Figure 4.23: kaon and proton flux normalized by pion flux. The left plot is for pos-
itively charged particle and the right one for negatively. The lightly
shaded region is the distribution for kaon. The proton distribution in-
dicated as the darkly shaded region is overwritten in the correspond-
ing panel.
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Chapter 5

Double Spin Asymmetries

In this chapter, the photo absorption asymmetrgsare determined. For this
purpose, the DIS and SIDIS (semi-inclusive DIS) events are selected from the
collected data at the HERMES experiment. Then the cross section asymmetries
A are calculated and finallyt; are determined from the EQR.@2).

5.1 Data Production

In this section, a stream of data production is described. The HERMES raw data
which contain the detector readout are stored on disk and on tape in EBJIO [
format. The other informations such as beam and target status, the high voltage of
the detectors, and so on, are also stored every 10 sec. These are called slow control
data. The time interval is callddirst. The HERMES decoder (HDC) allows to
convert the raw data in EPIO format into ADAM@4] format. Then the decoded

data are reconstructed based on existing detector calibrations by the HERMES
reconstruction program (HRCTY]. They are synchronized with the slow control
data and produce inputs for the so-calldST (micro-Data Summary Tape). The
data are summarized inuns corresponding to about 450 Mbyte of recorded data.
The typical time length of a run is 2 - 10 minutes which depends on the current of
the positron beam. Another important time lengtlyi§ defined as the lifetime

of the positron beam in HERA which is typically 7 hours.
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5.2 Data Selection

The data stored in theDSTs are selected following the beam, target and detector
conditions for the analysis.

5.2.1 Beam and Target Qualities

The current of the positron beam is about 35 mA at the beginning of a fill. The
experimental data for the polarized target are collected until the current goes down
to about 20 mA. Then HERMES performs the second experiment with high den-
sity unpolarized target (D, Kr and Xe) for an hour. As mentioned in Se@idn

the beam polarization is about 60 % during data taking with the polarized targets.
The requirements for the beam conditions for the analysis are

5mA < Ip <50 mA,

30% < Pg.

Concerning the target condition, the data which are taken during flipping the di-
rection of the target polarization were removed for the analysis. The target polar-
ization is flipped every 45 seconds.

5.3 Event Selection

To select inclusive DIS events as well as semi-inclusive DIS events, geometri-
cal and kinematic cuts are applied to every track which passed the data quality
selection described above. They are summarized in TaBle

5.3.1 Geometrical Cuts

To ensure that the events are originated from interactions of the positron beam
and the target, the geometrical cuts are applied. As described in S8djdhe
acceptance cuts ¢f,| < 170 mrad and 40 mrad |¢,| < 140 mrad are applied.

Cuts ofd,.,+ < 0.75 cm and z,.» < 18 cm require that tracks are originated

in the target cell. Cuts on the position of the calorimeter.f,| < 175 cm and

30 em < |yeao| < 100 cm) are used to ensure that an electromagnetic shower due
to the scattered positron is created in the calorimeter and the center of a cluster
must not be too close to the edge of the calorimeter wall.
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Geometrical cuts

Horizontal scattering angle 10| <170 mrad
Vertical scattering angle 40 mrad< |¢,| < 140 mrad
X position of calorimeter | eato] < 175 €m

y position of calorimeter 30 cM< |Yeato] < 175cm
Longitudinal vertex position |Zvert] < 18 Cm
Transverse vertex position Ayert < 0.75Cm

Kinematic cuts for inclusive DIS
Squared invariant mass of the virtual photon  1.0GeV? < *

Invariant mass of the final hadron state 10.0GeV? < W?

Separation from hadrons PID > 1

Energy deposit in the calorimeter 3.5GeV< E.u,

Fractional energy transfer y <0.85
Kinematical cuts for semi-inclusive DIS

Separation from hadrons PID <0

Feynman variable 0.1<zp <10

Fractional energy of the hadron 0.2<2<0.8

Momentum of pions and kaons 4.0 GeV< p <13.8GeV

Table 5.1: Geometrical and kinematic cuts for the selection of DIS and SIDIS
events.
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5.3.2 Kinematic cuts for DIS events
Cuts on inclusive DIS events

To select DIS events, a cut on of 1@V? < ? is used as well as a cut on the
squared invariant mass of the final hadronic state of €202 < W2. A cut on
energy deposit in the calorimeter is required to be 3.5 GeV¥.,;, in order to
select the scattered positron. The criterion on the fractional energy transfer
0.85 selects the DIS events for first order QED process. The distribution of the
selected DIS events is shown in Figlirdlin the kinematicr — Q? plane.

Q* [GeV?]

(98} A U N Q00O

o9
~ 00\O—

0.03 0.1 0.4

Figure 5.1: The distribution of the selected DIS events

Positron-Hadron Separation

The positron-hadron separation is performed based on the combined information
from the calorimeter, the hodoscopes and the TRD as well as the RICH detector.
For this purpose, a likelihood calldtd D is defined for each detector as
Ps.,
PIDge = log, # (5.1)
det
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wherer;(h) represents the conditional probability that a signal from the detector
is due to positron (hadron). The quantity can be related to the particle:flux

et (h e"'(h)
(b det (52)

+
pe M
et ¢e+ £det +¢h ’Cdet

Whereﬁz;(h) is the probability that the positron (hadron) gives a signal in the
detector. Then EqE(]) is rewritten as
‘Cez ¢e+
PIDg.; = log,, Ejz +log, - (5.3)
Various combinations of theID,.; are defined as
PID3; = PID.y + PIme + PIDgicH (5.4)
Lo - LE L9 Oy - LG
— IOg RICH Cal " ~Pre + lOg RICH Cal * Pve’ (55)
10 ERICH ‘Cszl EPre 10 ¢RICH £Cal ¢Pre
PID; = PIDrgp (5.6)
6 Ee"" H6 Cb
— log m 1~TRDy, + log m=1 TRDm7 (57)
1 ETRDm 0 anzl ¢TRDm

where the sum for the TRD runs over the six modules. A quantity PID is defined
by subtracting the flux rati® from the sum ofPID; andPID5:

PID = PID; + PID;s — log,, ®. (5.8)

The distribution of the PID is shown in Figue2 As can be seen in the plot,
positrons and hadrons are clearly separated. Positrons are identified with efficien-
cies larger than 98 % and contaminations below 1.0 %. Hadrons with efficiencies
larger than 99 % and contaminations below 0.1 % by using the following require-
ments:

PID > 1 for positron,

PID < 0 for hadron. (5-9)

Cuts on Semi-inclusive DIS Events

The HERMES RICH can identify pions, kaons and protons in the momentum
range of 2 - 15 GeV/c. To select hadrons in coincidence with the DIS positron,
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Figure 5.2: The distribution of the PID. The left and right peaks are due to hadrons
and positrons, respectively.

cuts on the Feynman variable of 0<lzr < 1.0 and the fractional energy of the
hadron of 0. = < 0.8 were applied. Hadrons produced from the target remnant
are suppressed by the lower limits of theses cuts. The upper limitadiows to
reject backgrounds from events such as exclusive processes.

The numbers of the DIS events and the SIDIS hadrons are summarized in
Table. 2 after applying all the inclusive and semi-inclusive DIS cuts.

5.4 The Measured Asymmetries

The most interesting asymmetry is the double spin asymmétrwhich is the
cross section asymmetry for parallel and anti-parallel alignment of the virtual pho-
ton and target spin:

A, ) 0 D@ Q) X €58qs(z, Q%) [ d2Dj(2, Q%)
n Fi(2,Q%)  Xyelqr(e,Q2) [ dzDi(z,Q?)

However experimentally accessible asymmetry is the longitudinal double spin
asymmetryA, defined as the cross section asymmetry for parallel and anti-parallel
alignment of the beam and target spin. The asymméirgan be related tel; as

Ajj(@, Q%)

Az, Q%) = DIt (5.11)

(5.10)
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Proton Target

1996 1997
N~ N< N~ N<
DISe* | 239506 256799 621752 673590
h* 37938 41249 97807 107679
h~ 22165 23740 57272 60666
7wt 15370 16712 41081 45200
T 10969 11653 29374 30883
K+
-
Deuterium Target
1998 1999 2000
N~ N< N~ N< N~ N<
DISe* | 420841 422793 456418 469372 2439348 2521873
h™ 61314 61751 66100 67438 372849 385427
h~ 40669 39730 43924 44756 246931 253671
7wt 30393 30207 32350 33018 179264 184678
T 24546 24055 26283 26531 144685 148092
KT 5938 6186/ 6617 6897, 36514 38371
K~ 2471 2350 2755 2753 15224 15442

Table 5.2: Summary of the number of the DIS events and the SIDIS hadrons. The
data are shown for each spin stad<: The beam and the target spins
are parallelN<=: The beam and the target spins are anti-parallel).
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The parameterization of the ratio of the photo-absorption cross se’c),uzeﬁL to
the world datal29] was used to calculatd (see Figur@.39. A is related 10 the
measured experimental asymmett§j™” which accounts for the beafP;) and
target polarizationi Pr) and the target dilution factofy:

1
PBPTfD

The dilution factorf represents the fraction of nucleons in the target which are
polarized. It depends on the target type: 1 for proton and 0.925 for deuterium as
will be described in Sectiof.1l In addition to the dilution factor, the asymme-

try is reduced by the incompletion of beam and target polarization. For instance,
when the beam polarization is 50 % in both measurements of the cross section
o< ando=, the asymmetry is observed with a half size of the real value. The
reason is following. The polarization dfz = 50% represents that 75% of the
beam is polarized in the correct direction and the rest of the beam is polarized in

the opposite direction. Therefore the measured cross setﬁgn’s contributed

from both the cross sectior™ ando= at shares of 75 and 25 percents. Similarly

in the case of parallel alignments of the beam and target polarization, the equation
am, = 0.750~ + 0.250< can be made. Hence the cross section difference (nu-
merator of the asymmetry) is reduced to 50 %, while the sum of the cross section
(denominator of the asymmetry) is not affected.

The asymmetrydf can be obtained by

Afl(z, Q%) = AT (2, Q). (5.12)

NS ND
1 s =
At = N AR Vdy (5.13)
PBPTfD N;= N>
< L=

1 NFL® - N7 L®

= h = iy (5.14)
o NFLEs+ N7 Lig
where
NSE = S, (5.15)
L&) = YL (5.16)
Lp5) = Y(Len) . (5.17)



Here the sum loops over all the good usable burgtss the number of events for
the production of hadroh, andL; and Lpp represent the integrating luminosity
and thePg Py weighted integrating luminosity respectively:

LE® = / dtL=E(), (5.18)

)

— , —

(Len)i D = [ L= (0Pl Pr(t), (5.19)

where the integral goes over the time length of a byrahdL, P5(t) and Pr(t)

are the time dependent luminosity, beam and target polarization respectively. In
the Bjgrken limit, the photo-absorption asymmetrydepends only on. In the
HERMES kinematic region df.03 < z < 0.6 and1.0 < Q? < 15.0, the polar-

ized structure function (Figuf&8) is independent of)? or has weak dependence

of Q? as well as the unpolarized structure functibn (FigureZ.2). Therefore

the measurements of the asymmetiywere performed in each bin defined in
Tableb.3

92=0 g1 (z,Q%)

A, Q)'E T — A, (5.20)
Bin number Range average value of
1 0.023 - 0.040 0.033
2 0.040 - 0.055 0.047
3 0.055 - 0.075 0.065
4 0.075-0.100 0.087
5 0.100 - 0.140 0.119
6 0.140 - 0.200 0.168
7 0.200 - 0.300 0.245
8 0.300 - 0.400 0.342
9 0.400 - 0.600 0.466

Table 5.3: Definition of the binning im.

The HERMES experiment has been operated with the polarized proton target
for 1996 and 1997 data taking periods. In the periods, the thre<bedenkov
detector was used for the hadron-positron separation and the identification of pi-
ons. From the year 1998 to 2000, deuterium target has been used. In the Spring
of 1998, the threshol@erenkov detector was replaced by the RICH detector. It
enables us to identify kaons in addition to pions.
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5.4.1 Correction of Yields

Before calculating the asymmetry;, the count rateV was corrected. The pur-
pose is to remove the background suckeas™ pair production which could be
misidentified as the DIS events and take into account the RICH misidentification.

Background Correction

The count rate for the DIS events was corrected for background processes such
asete™ pair production. Generally the'e™ pair is generated via a decay mode of

7% — 2,7 — ete~. Another contribution comes from high energy bremsstrahlung
photons. Similarly the photon is convertedare™ pair. If the leading leptonis a
positron, it is not possible to identify the background process. However, under the
assumption that detection efficiencies is equal for both charges, twice the num-
ber of events, where the leading lepton is an electron, were subtracted from the
sample of DIS events. The count rate for hadrons were also corrected in the same
manner.

Hadron Yield Unfolding

The hadron yield was corrected by inverse P-matrix which accounts for the iden-
tification efficiency of the RICH detector. The inverse P-matrix is a function of
the particle momentum and the number of tracks in the event. The measured
hadron yieldN,,..s(z, p) can be unfolded with the inverse P-matrix to hadron
yield N (z):

N'@) = 3 3 (B, [Nheas(epi)] (5.21)

k=m,K,pn=1 1

where(P; 1) represents the element of the inverse P-matrix.forack event and

the second and last sum run over the number of tracks and all the momentum bin
defined in Tabléb.4 The inverse P-matrices for one, two and three tracks are
shown in Figurés.3- 5.8

5.5 Extraction of Born Asymmetries

The measured asymmetriﬂﬁ were corrected for higher order QED effects and
acceptance effects. The corrected asymmetries can be used to determine the asym-
metriesA;, Born asymmetries.
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Figure 5.3: Inverse P-matrix for 1 track per a detector half.
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Figure 5.4: Inverse P-matrix for 2 track per a detector half.
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Bin 1 2 3 4 5 6 7 8 9 10
Pow[GEV] | 4.0 50 6.0 7.0 80 90 100 11.0 12.0 13.0
P [GEV] |50 60 7.0 80 9.0 100 11.0 12.0 13.0 14.0

Table 5.4: Definition of the binning in momentum

5.5.1 Azimuthal Acceptance Correction

The measurements of the asymmety was performed by integrating over the
azimuthal angles. However the polarized and unpolarized semi-inclusive cross
section depends on the azimuthal acceptance since partons have non-zero intrinsic
transverse momenta. Hence the asymmeirywas corrected for the azimuthal
acceptance effect ag@,[77]:

Aﬁ = C(];(Aﬁ)measy (522)

where

3
ay + > al'logiy(z)] - (5.23)

i=1

Clh(w) = 1+ (logyg(x) — logyo(x}))

The values of the coefficients used in the above equation are given ind&ble

5.5.2 Smearing Correction and QED Radiative Correction

The interaction between the particles and the detector materials such as multiple-
scattering in the detector may affect the kinematic quantities of the particles. Ad-
ditionally the misalignment of the detector and imperfection of calibrations lead
to systematic bias to true kinematics of the particles. These detector effects were
simulated by using HERMES Monte Carlo (HMC) based on GEANT program
[78] which takes the HERMES detector acceptance into account.

As mentioned in Sectio.3 the DIS process is described by one photon ex-
change. However contributions from higher order processes are included in the
sample of the DIS events. For example, Bremsstrahlung photons can be emit-
ted by the incoming and the scattered positron in Next-to-Leading Order (NLO).
To correct for these radiative effects, the Monte Carlo generator RADGEN [
based on POLARDAQ, 81] which allows to calculate the radiative corrections to
the polarized DIS cross section was used in the HMC.
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Azimuthal acceptance correction for the proton asymmetries

& . d d ol

ht | -1.65 -0.052 -0.180 -0.580 -0.500

h~ | -1.65 -0.041 -0.246 -0.662 -0.486

7t | -1.65 -0.048 -0.233 -0.617 -0.464

7~ |-1.65 -0.038 -0.212 -0.559 -0.408

Azimuthal acceptance correction for the deuteron asymmetries
@ d d ol

rt | -1.65 -0.080 -0.318 -0.879 -0.667

h~ | -1.65 -0.064 -0.358 -0.889 -0.634

7t | -1.65 -0.091 -0.466 -1.145 -0.785

7~ |-1.65 -0.075 -0.440 -1.055 -0.718

K* |-1.65 -0.041 -0.042 -0.282 -0.317

K- |-1.65 -0.034 -0.083 -0.322 -0.312

Table 5.5: Coefficients of the parameterization of the azimuthal acceptance cor-
rection.

5.6 Uncertainty on the Asymmetries

5.6.1 Statistical Uncertainties

Under the assumption that the number of events follows a Poisson distribution for
both spin states, the statistical uncertainty on the semi-inclusive asymrgtry
can be given by

2 2
SAI = o4 SNE | + oA SN
ONF~ ON7

_ 1 L<:Li:§BD:> + L:>Lji:BD<: \/(N;)QN?: + (NE)2N=,
L+n7 (NSLgzD= + N> L5z D<)?

(5.24)

5.6.2 Systematic Uncertainties on the Asymmetries

The systematic uncertainties on the asymmetries are contributed from the uncer-
tainty on the beam and target polarization, assuming 0, the uncertainty ok
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and the RICH systematic uncertainties.

Beam and Target Polarization Uncertainties

The measurements of the beam polarization was performed by Transverse Po-
larimeter during the 1996 to 1998 data taking periods, while the Longitudinal
Polarimeter is mainly used for the measurements since 1999. The fractional un-

certainties[%ﬂ 10051095 [OF 1996 t0 1998 data taking perioc{éj%} 1og, fOT the

year 1999 an(@%} 2000 for the year 2000 are 3.4 %, 1.8 % and 1.9 % respectively.
The systematic uncertainty oty due to the uncertainty of the beam polarization

is calculated as

0Pgp

[0A1]p, = A1~ P73|‘

(5.25)

The contribution of the uncertainty on the target polarization to the asymmetry

can be evaluated as
0Pr

The target polarization for the 1997 and 2000 data sets are known with better pre-
cision with respect to the other data taking periods for the same target. In order to
reduce the systematic uncertainty for the 1996, 1998 and 1999 data taking peri-
ods, normalizations of the inclusive asymmetry were performed. The procedure is
following. In the first step, the inclusive asymmettyis calculated with the fixed
valued of P = 1. In the second step, the asymmetry is normalized by a factor

=+ and calculateg/? defined as

new
PT

1

2
2oy [p;ew.&(x»—A:ef(xn} (5.27)

X = ) ; )
i 1 re .
[p;ew.mlw} 04 (@)’

where 47 is the corresponding asymmetry from a reference data set (When
Ay (z) is the asymmetry for the year 19987 is the asymmetry for the year
1997. Whend, () is the asymmetry for 1998 or 1999 data taking periot}§/ is

the asymmetry for the year 200@)4, andéAqef are the statistical uncertainties
on A, and A7/ respectively and the sum loops over all theins. Pz for the
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smallest value of? is taken as the target polarization for the data taking period.
The resulting systematic uncertainty on the target polarization can be obtained by

s =\ (6Pp)? + (5P, (5.28)

whered Pr is determined as a difference of polarization betweenth@minimum

and wherey? increases by 1 anélP;*’ is the systematic uncertainty of the target
polarization for the reference asymmetry. Thus the systematic uncertainties of
the target polarization were reduced from 7.6 % to 5.5 %, 8.0 % to 7.5 % and
8.0 % to 7.0 % for the 1996, 1998 and 1999 data sets respectively. The fractional
uncertainty of the beam and target polarizations are listed in the [Bable

Assumption related to g,

The systematic uncertainty ofy due to the assumption g = 0 was estimated.
A parameterization of the experimental datdrom the fixed target experiments
at SLAC, CERN and DESY is available (see FigdrE):

gb = £0.03527 (1 — z)°7, (5.29)
g9 = 40.01527 (1 — 2)%7. (5.30)

The systematic uncertainty due to the assumpjios 0 is given by

(1 +9°
R

92

b (5.31)

The Cross Section RatioR
The systematic uncertaintyR contributes to the systematic uncertainty on the
asymmetryA; as

€
1+eR

6A1], = | A, - SR (5.32)

Azimuthal acceptance correction

The contribution from the azimuthal acceptance correction to the systematic un-
certainties ord; is calculated by

[641] 0 = |41 - 6C2, (5.33)

acc

where the uncertainty of the correction fac(dJ is estimated to be 2 %T].

103



Contributions related to RICH Systematic Uncertainties

The systematic uncertainty due to the RICH systematic uncertainties described in
Section4.3.1was estimated. The systematic uncertainties on the P-matrix arise
from imperfection of RICH description in HMC. The systematic uncertainty on
A; from this contribution was calculated as

11

7l (A1(P + [AP]y0) — Ar(P))

VA pren = V3 ; (5.34)

whereP and[AP],,. represent the P-matrix and the systematic uncertainty due
to the imperfection in HMC andl; (P) shows the asymmetry obtained by using
the P-matrixP. It is assumed that the asymmetty could be biased in the region
from A, (P) to A, (P + [AP],,.) with the same probability. The fact% is due

to the standard deviation of the uniform distribution.

Total Systematic Uncertainty on the asymmetries
The total systematic uncertainty on the asymmetries is calculated by adding in
guadrature all the contributions described above

SAP = N [5A)2. (5.35)

)

The fractional systematic uncertainties.dpare summarized in Tab28

Contribution Proton Target Deuterium Target
Beam polarization 4.2% 2.3%
Target polarization 5.1% 5.2%
Azimuthal acceptance (SIDIS)  3.0% 3.1%
Radiative correction (DIS) 2.0% 2.0%
Radiative correction (SIDIS) 1.0% 1.0%
Smearing correction 2.0% 2.0%
R 1.1% 1.1%

Table 5.6: The fractional systematic uncertaintiesAgraveraged over.
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5.7 Results

The double spin asymmetries for the proton and deuteron target are shown in Fig-
ureb.8and Figurés. 7 The values are listed in TaleIZ2and[A.13 The results

are compared with ones measured by SM€].[One can see that they are in good
agreement within the errors. Since the asymmetries by both the experiment were
measured in differer®? region ~2.5GeV? for HERMES,~10 GeV? for SMC),

one can confirm the asymmetries are independe@fof

For the proton target all the asymmetries monotonously increaserwithe
positive values of the positive pion asymmetry imply that the contribution ftom
quark to the nucleon spin is also positive since the positive pion is generated by
quark with high probability.

The systematic uncertainties from the RICH contribution are not small enough
to neglect. However the RICH study is still ongoing, and an effort has been de-
voted to describe the RICH performance in HMC with better precision. Further-
more LUND parameters which account for the fragmentation process of quarks
into hadrons, is being tuned to match the hadron multiplicities measured at the
HERMES experiment. Hence it could be expected to have the systematic errors
on P-matrix smaller, as the result, the systematic uncertaintyl;odue to the
RICH systematic uncertainty will be improved.

105



<
0.75 - oA HERMES vs SMC
i 1P + Proton asymmetries
0.5
i . ’ e HERMES
0.25 :* . . [ ] * o SMC
e — i ———
a i Ll [
< -
075 - a™ } - av
" 3 :
; R | %
025 [ 54 ¢ ﬁg = ﬁ; ; $
b %w;m
S o —
o : | L1l | ﬁ | : | L1l | |
< -
075 - A" - ar
0.5 ; + ; °
025 ' b4 ¢ a +
I S S ST X R S
r NN\ =SSN\
Ll [ Ll [
10" . 107 «

Figure 5.6: The inclusive and semi-inclusive asymmetries for the proton target.
The HERMES results are compared with the SMC ones which are in-
dicated as the closed and open circle respectively. The error bars show
the statistical uncertainties and the error bands are the total systematic
uncertainty for the HERMES data.
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Figure 5.7: The inclusive and semi-inclusive asymmetries for the deuteron target.
The closed and open squares are the results from HERMES and SMC.
The upper error bands show the systematic uncertainties due to the
RICH systematic uncertainties. The lower ones correspond to the total
systematic uncertainties except the RICH contribution.
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Chapter 6

Quark Helicity Distributions

In this chapter the quark helicity distributions are determined by using the asym-
metriesA; described in the previous chapter. Effects of the systematic uncertainty
on the unpolarized PDF are estimated. Finally the results are compared with ones
by the other experiments.

6.1 Formalism of Helicity Distribution Extraction

The measured double spin asymmetry is related to the polarized parton distribu-
tions as

_ f [ dQQng{L o Zf G?cfszAth(ZE,QQ)deD?(I7Q2,Z)
[ JdQdzFl > peh [ dQqp (z, Q%) [dzD"(x,Q?, z)’

where D represents effective fragmentation functions which take the HERMES
acceptance into account. This equation can be rewritten as

¢j [ dQqs(x, Q%) [ dzD(x, Q% 2)  [dQ*Aq(x,Q?)

Al () (6.1)

Alx) = (
1 Ef: Yped [dQ?qp(x,Q?) [dzDh(z,Q?,2) [ dQ*q(x,Q?)
= Pla)- qufm, 6.2

WhereP}”‘(:r) can be interpreted as the probability that the hadron originated from
scattering off a quark of flavof, when a hadror is detected in the DIS event:

Ph(e) = 5 I 1@ @) ] deDj(z, @2, 2

= . 6.3
f Zf’fdQQ(e?”’Qf’(xa Q2>deDh/(.Z‘,Q2,Z) ( )

109



This quantity is called ’purity’. All the measured inclusive and semi-inclusive
asymmetries form the vector as

A(z) =P(z) - Q(z), (6.4)
where
Afll1 (5171) Aqfl /qfl (:UZ>
21( : )@( : ) (6.5)
Apm () Agy, /ay, (T:)
Pi(z) ... Pi(m)
P = : gy : : (6.6)

It must be noted that the above equation holds for the proton. For the neutron,
the corresponding equation can be derived using isospin rotation between proton
and neutron.

A (z) = Pulz)-Q,(2), (6.7)
Py () - Q(x), (6.8)

where the subscripts stands for the quantity for the neutroR,, represents
isospin rotated purities for the neutron and the isospin rotated vec'@yl @for-
respond@. Under the assumption that Fermi motion and shadowing effects are
negligible, the spin asymmetries for the deuteron can be related to that for proton
and neutron as

Ad@) = fpd(x)ppdﬁp(x) + fnd<x>pndjn(x)> (6.9)

wheref,q, and f,,; are dilution factors which take account for the probability that
the incoming positron is scattered off a proton and a neutron inside a deuteron
respectively. The dilution factors is given by

op My Fap

=27, 6.10
fpd o4 Ny 2F2,d ) ( )

Jrna =1 = fpa, (6.11)

whereo, (04) is the unpolarized DIS cross sections for the proton (deuteron) target
andn, (ng) represents the hadron multiplicities on the proton (deuteron). The
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factorsp,, andp,,  represent effective polarizations of the proton and the neutron

in the deuteron, respectively. They are reduced by the effect of the deuteron D-
state as

3
Ppd = Pnd = 11— iwD = 0925, (612)

wherewp represents the deuteron D-state probability and the value,of=
0.05 + 0.01 [82, 183 was used in the analysis. The factor %)ﬁs the Clebsh-
Gordan coefficient of the sub-staté]. The P-states are forbidden by parity
conservation.

Eq. 6.4) can be extended for both the proton and deuteron targets introducing
a mixing matrix\" as

A=N P -Q, (6.13)
1
1
N=1a bl , (6.14)
alr e
where

A5 = fodDpa b = fudPna- (6.15)

Eqg. 613 can be solved by minimizing
X2 = (Ameas - N -P- Q)Tczl(;{meas - N P é), (616)

where A,,... IS the measured asymmetries aiglis covariance matrix of the
measured asymmetries which accounts for the correlation of the various asymme-
tries.

6.1.1 Covariance Matrix

The component@f;{ of covariance matrix for the asymmetridsandA; are given
by

034] = COV(AZ',AJ')
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0A; DA,

= 3N an o) (6.17)
= 86]:[41-1 ;Jéi cov(Ni+, Nj+) + aajéi aajéjj cov(N;-, N;-)

~ ; 8‘2@1 aajéi ;Jéi ;j@j cov(N;, N;)

~ aazéi ;j@i cov(N;, N;), (6.18)

where the sum runs over both spin states (indicafé%g) asNy)). The co-
variance of hadron yield is assumed to be independent of the spin configuration.

Additionally, it is assumed to b+ ~ I N; and]c,%ﬂ ~ | 24| The assump-
tions lead to(0 A;)? = a%l - (6N;)2. HenceC" is given by
i O0A0A,;
OX = (5]\/'16]\72 COV(NZ', NJ> = (5Ai5AjCOI'I'(NZ‘7 Nj> (619)

6.2 Extraction of the Purities

Extraction of the purities were performed using HMC (HERMES Monte Carlo).
A scheme of HMC is shown in Figul@1

In the first step, LEPTO prograr®8§] provides unpolarized DIS events at a
given kinematic point ofz, Q*). The CTEQ5L parameterization was used as in-
put unpolarized parton distribution functions (PDFs). In the second step, JETSET
program B6] processes hadronization and generates hadrons in its final states. In
the hadronization process, the LUND string fragmentation model was used which
will be described in Sectio.2.1 The model is the most suitable to simulate
the HERMES experiment in the kinematic regi@¥Y]] The LUND parameters
were chosen to reproduce the hadron multiplicities measured at the HERMES ex-
perimentB7]. Figurel6.2shows a comparison of the hadron multiplicities of the
experimental data with MC data. The acceptance due to the HERMES spectrom-
eter and detector response are taken into account in HMC.

Using the HMC simulation, the purities are calculated as

N} ()

@) = 5 Ny

(6.20)
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Figure 6.1: Scheme of the parts implemented in HMC
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Figure 6.2: Comparison of hadron multiplicities of the experimental data (closed
circles) with MC data (histograms) with proton or deuteron target. The
multiplicities are shown as a function of
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whereN]’} represents the number of detected hadramiginated from the quark
with flavor f. The purities for inclusive DIS events are related to the unpolarized
PDFs:

ine(py — (@)
Pi"(z) = 5, (@) (6.21)

6.2.1 Fragmentation Models

The fragmentation function which describes the hadronization processes is the
probability that a quark of flavof produces a final state hadrénwhich carries

the momentum fraction of the parent quark. This probabilistic interpretation of
the fragmentation functions is valid for current fragments defined as processes in
which hadrons are produced from the struck quark. Another processes in which
hadrons are produced from the target remnant are called target fragments. The
fragmentation function®(z) satisfy

! h( 2 o
Xh:/(] 2 Dy(Q% 2)dz = 1, (6.22)

Z/OID?(QQ,Z)CZZ = n,(Q%) (6.23)
f

wheren,, is hadron multiplicity. The fragmentation function is defined as favored
fragmentation functiorD when one of the quarks in the final state hadron is the
struck quark, while unfavored fragmentation functibrwhen the struck quark is
not contained in the hadron.

LUND String Model

The LUND string model describes the linear confinement of quarks at large dis-
tances/88] and is implemented in the JETSET. In the model, a quark is linked to
an anti-quark by color field, so-called a string. When the energy due to the field
exceeds the invariant mass of thgpair, a newyq pair is produced. This process
continues until the energy of the pair is close to the mass of the lightest colorless
hadron. Theyg pair forms a color singlet hadron.

Independent Fragmentation Model

The Independent Fragmentation mod®®][is the first model of hadronization
process by R. D. Field and R. P. Feynman. The model is based on a simple as-
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sumption that the struck quark is hadronized independently, that is, without the
effect from the color field. One of the important parameters,isvhich repre-
sents the probability that @; pair is formed from quarks with the same flavor.
From isospin symmetryy, = v, = ~ and from the definition of the probability,
Y. + 74 + s = 1. The ratio of the favored to unfavored fragmentation functions
Is given by

D(z) _ 1(1-2)

D(z) z+~(1—2) (6-24)

6.2.2 Unpolarized Parton Distributions

Parameterizations for the unpolarized parton distributions (PDFs) available are
produced by CTEQ9(Q], GRV [9]] and MRST BZ]. As mentioned above, the
CTEQSL parameterization was used for the extraction of the purities. Recently
the CTEQG6.1M parameterization is provided with the inclusion of 40 eigenvector
basis PDF set$®f], while the CTEQS5L parameterization, which is a LO fit, does
not include their uncertainties.

CTEQG6 Parameterization of unpolarized PDFs

The CTEQ6.1M parameterization of unpolarized PDFs is based on a fit to the
world data which are the measurement of the structure function with high energy
muon and electron beams and the measurement of the Drell-Yan deuteron/proton
ratio, as well as information from the inclusive jet cross sectiopprcollision.

The following functional form was used for the fit:

fla,Q2) = AbaM-D(1 — 2) 37 (1 4 eia) (6.25)

where@; = 1.3 g}e\/2 andA{ is a free parameter for the parton flavor= v —
u,d —d,g,u + d. An additional parameterization allows to discriminate between
thew andd distributions:

Cz(xa Qg) B B B

———= = Box”'(1 — x)”* + (1 + Bzx)(1 — x)"". 6.26

T o) = B (L= )% (14 Baa)(1 - ) (6.26)

The s ands distributions were determined by a linear combination ofitleedd
distributions as

s(w, Q) = 5(z, Q) = 0.2(a(x, Qp) + d(x, Q))- (6.27)
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Uncertainty analysis based on the Hessian method

In this section, how to determine the uncertainties of a physical quaxtitich
depends on the unpolarized PDFs is introduced. The quaXtis/characterized
by the 29 parameters (6 parameters for the 4 parton flavors and 5 parameters for
andd separation) described in the previous subsection. However 9 parameters are
held fixed for lack of freedom of data samples. Hence remaining 20 parameters
(defined asiy, . . . , ay) are free parameters.

The best estimate of the 20 parameters was extracted using effggtjye
function defined as

X, ata — X eor 2
Xglobal an ( dat th ZI) ) (628)

Odata

where X, and Xy,..,, represent the quantitfy measured at an experiment and
calculated from a theoretical prediction with the 20 parameters, respectively. For
simplicity, we denotex” instead ofy?,,,,;- x> can be expanded around its mini-
mumy? as

9 2 1 20 20
X - O + Z a - Y + = Z Z Hzgyzy] (629)
=1 j=1
82X2
Hij = ; 6.30
J 8az~8aj ( )

wherey; = a; — a, a is the value at minimum an#;; is called Hessian matrix.
Assuming that the first derivatives gf are equal to zero at? (the second term
vanishes) and the terms with more than third derivativeg?afan be negligible,
Eq. 6.29 is rewritten as

20 20

1
X =xp+ = Z > Hiyiy;. (6.31)

11]1

Since the Hessian matrix is symmetrical;{ = H;,), it has 20 eigenvectors':
Z Hijolh = el (6.32)

By replacingy; with z; = \/6250 y;vi and from Eq. [6.3]), the following equa-
tion is obtained:

20
A=Yz (6.33)
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This equation indicates that increases uniformly in all the direction in pa-
rameter space. This parameter sets are called eigenvector PDF sets and have two
displacements from best fit in the plus and minus directions along the vector in-
dicated asS;" andS; . Totally 40 PDF bases sets were evaluated to represent the
uncertainties on the input data for the fit.

The uncertainty of the quantity from the uncertainty on the unpolarized PDF
is calculated as follows: Assuming that more than second terms of the Taylor-
series expansion ok are sufficiently small, the uncertainty of can be given
by

20 OXx
AX = —Z;. 34
; 92 (6.34)
The square oA X can be obtained by

20 20 2 2
(AX) =322y (gﬁi) Ay (gi) | (6.35)

Usingg—i = %3%32@, (H Yy = % évikvjk andy; = >; Uij\/gzj' Eq.
(6.39 can be re-written as

0X 0X
AX)? = Ay H™Y = 6.36
Furthermorg A X')? is expressed in terms of 40 PDF basis sB8(94):
1 20 2
(@x? = § (Sbxes) - X0 (6.37)
=1

Figurel6.3 shows the comparison between CTEQ5L and CTEQ6.1M which
are evaluated at a fix value @ = 2.5GeV2. There is no big difference between
the PDFs. Therefore we assumed that the error on LO is approximately the same
as on NLO.

6.2.3 Sources of Systematic Uncertainty on the Purity

The systematic uncertainties on the purities are described in this section. The dif-
ference from two LUND parameter sets is assigned as the error from the fragmen-
tation model. Another contribution is due to the error on the unpolarized parton
distributions. These errors in turn contribute to the quark polarization which will
be described in Sectid2.4
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Figure 6.3: CTEQ5L(LO) vs CTEQ6.1M(NLO) as a functionzofThe PDFs are
evaluated at a fixed value 6f> = 2.5GeV?. The bands represent the
systematic uncertainties for the CTEQG6.1M parameterization.
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JETSET parameterCurrent Setting Old Setting
PARJ(1) 0.02 0.10
PARJ(2) 0.20 0.16

PARJ(5-7) 0.00 0.50
PARJ(21) 0.37 0.01
PARJ(23) 0.03 0.01
PARJ(24) 2.50 2.00
PARJ(33) 0.80 0.80
PARJ(41) 1.74 0.82
PARJ(42) 0.23 0.24
PARL(3) 0.44 0.44

Table 6.1: JETSET parameters for the current and old setting.

Fragmentation Model

The systematic uncertainties due to the fragmentation model are estimated by
comparing the results from the two JETSET parameters of the current and old
setting. The two parameter sets are listed in T&Ze3[50].

Unpolarized Parton Distributions

The systematic uncertainties due to the error on the unpolarized PDFs are es-
timated by using the 40 eigenvector sets as described in Sé&oh In the
extraction of the hadron yield, addition@F bins are introduced. The binning in

@ is listed in Tabld6.2 New hadron yield$N")?<* are calculated as

Bin 1 2 3 4 5 6 7 8
Q7. [GeV |10 15 20 25 30 35 40 45
Q% [GeV’] |15 2.0 25 30 35 40 45 50

Bin 9 10 11 12 13 14 15
Q?,[GeV’] |50 6.0 7.0 80 9.0 10.0 15.0
Q% [Gev’] |60 7.0 80 9.0 105 150 -

Table 6.2: Definition of binning i}
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. qoregsL(z, QF)
where the sum loops over all tiig# bins andAq},06.1,, represents the error on
the PDF for the-th eigenvector. Thus the 40 purities are obtained following the

Eq. ©.20.

RICH Patrticle Identification

The contribution from the RICH systematic error should be taken into account
since the JETSET parameters were tuned to the experimental multiplicities mea-
sured with the RICH detector. The contribution was not considered in this analy-
sis. However the systematic uncertainty due to RICH can be canceled in the quark
polarization extraction because the uncertainties on the asymmetry and purity are
strongly correlated each other. At this moment it has not been established yet how
to extract the RICH uncertainty on the purity. So in the following analyses the
RICH uncertainty will not be taken into account.

6.2.4 Resulting purities

The resulting purities are shown in Figuéed for the proton target and in Fig-
ure[6.5 for the neutron target as a function of The solid and hatched bands
represent the systematic uncertainties due to the fragmentation model and due to
the error on the unpolarized PDFs. The puritiesdé@nds quarks are increased

by a factor of 4. The: quark contributions for the purities are enhanced due to the
squared fractional charge of the quark by a factor of 4 and the puritiegjoark
increase withe. Forz < 0.1, where sea quarks dominateguark contribution
becomes sensitive to the purities. The contributionsarids quarks are sensitive

to K~ andK™ purities. However these quark contributions for all the purities are
small in the full range of.

6.3 Extraction of the Quark Polarization and the
Helicity Distributions

As described in Sectidé.], the quark polarizations can be obtained by minimiz-
ing

X2 = (Ameas - N : P : Q)Tczl(;{meas - N : 7) : é) (639)
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Figure 6.4: The generated purities for the proton target. The solid and hatched
bands represent the systematic uncertainties from the fragmentation

model and the error on the unpolarized PDFs.
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In the calculation of?, the systematic covariances are excluded since it was found
to bias the result of the fil95]. To solve the above equation, two semi-inclusive
asymmetries for the proton and four for the deuteron were used together with the
inclusive asymmetries for the both targets:

Apeas = (Ap, AT VAT Ag, AT AT AT AT, (6.40)
We assumed
A5 =0. (6.41)

The assumption on s quark will be described in Sedéghl Furthermore, the
contribution from all the sea flavors fer> 0.3 is assumed to be zero:

At(z) = Ad(z) = As(z) = As(z) =0 for z > 0.3. (6.42)

Under these assumptions, the vector of the quark polarizations is given by

a0 - (Yo S0 0. S0 ). e

u u S

Then the solution of EqI§13 can be obtained by using a linear regressifj.|
Q= (NPY'CIHNP)) WP CiM (Aneas — PN Q). (6.44)

Where@ﬁx is the constrained polarizations by E§.41) and Eq. [6.42). The
covariance matrix of the quark polarizations can be given by

C(é) = [((N'P)T(CA)IN’P)l (./\/"p)T(CA)fl CfAOt

€ WP (WPyTernP) .
(6.45)

whereC%* represents the sum of the statistical and systematic covariance matrix
of the asymmetrie’{* = C5* + C3Y°).
The helicity distributions\¢(x) are evaluated at a fixed value @f:

_ Ad

Aq(z) .

(z) - q(x, Q% = 2.5GeV?). (6.46)
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6.3.1 Systematic Uncertainties of the Quark Polarizations

The systematic uncertainties of the quark polarizations due to the error on the
unpolarized PDFs were estimated according to B34 using the 40 purities
described in Sectidf.2.2 The contribution due to the fragmentation model was
determined to calculate the difference of the quark polarizations using the two
parameter sets described in Secito?.3

The total systematic uncertainties of the quark polarization are the sum of all
the contributions.

6.4 Resulting Quark Polarizations and Quark He-
licity Distributions

The resulting quark polarizations are shown in Fidau@ The polarizations of

andd quarks were determined with high precision. The polarization qbiark

is positive and increases with On the other hand, the polarizationduark is
negative. The polarizations of sea quatks! ands quarks, are consistent with
zero within the errors. The weighted helicity distributions are presented in Fig-
urel6. 1 The results are compared with two theoretical predictions from the GRSV
parameterization (LO, “valence” scenari®l[ and the Blimleing-Bottcher pa-
rameterization$2]. The GRSV result was extracted using the spin asymmetries
Ay of inclusive measurements for the proton, neutron and deuteron from HER-
MES [35], EMC [7], SMC |33] and SLAC BZ]. In the extraction, they set the ra-

tio of the photo absorption cross sectiBiir, Q*) zero. For the comparison with

our results, their results are scaled W{t;bé The another parameterization was
performed by Blimlein and Bittcher. They performed QCD fits on the polarized
structure functiony; evaluated from the spin asymmetries. Then the helicity dis-
tributions were extracted from the parameterization under an assumption of SU(3)
flavor symmetry and a flavor symmetric sea. The HERMES results are in good
agreement with the two fits. It should be stressed that HERMES decomposed the
separate spin contributions of quarks and anti-quarks to the nucleon: $pm

by bin, thanks to the asymmetries data from semi-inclusive hadron measurement.
On the other hand, the theoretical predictions are constrained by the assumption
of the functional form. Strong assumptions on the sea quark are also made in the
fits. The values of the quark polarizations anaveighted helicity distributions

are listed with the statistical and the systematic uncertainties in
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6.4.1 Assumption on the strange quark polarization

To conserve the strangeness,

/ " da (s(2) — 5(2)) = 0 (6.47)

is only required. It is not necessary to ber) = s(x). Furthermore there are

no constrains ol\s(x) and As(x). Thoughs quark is the valence quark in the
positive kaon, the production of the positive kaon dominantly occurs in events
where au quark was struck. The evidence is shown in the positive kaon purity
(see Figurl6.4). On the other hand, sensitivity to the production of the negative
kaon asymmetry in events whesequark was struck is better since the negative
kaon is constructed from both sea quarkssj. The assumption oAs = 0 is
further motivated by the chiral quark soliton mod@f].

The extraction of the quark polarization under the different assumptions on
the polarized PDF for the strange quark was performed. Fig&@®5] shows the
resulting quark polarization. One can see that there is no big discrepancy due to
the different assumptions on the polarized PDF for the strange quark.

6.4.2 z-dependence of the Asymmetries

To check whether the sample of semi-inclusive DIS events are pure DIS events for
the extraction of the Born asymmetriesdependence of the asymmetries were
studied. The identified DIS events could originate from target fragmentation and
non-partonic processes such as diffractive interactions especially at .
These contributions causedependence of the asymmetries. Bhdependence

was calculated using the unpolarized (CTEQ5L) and polarized (HERMES) PDFs
and the fragmentation functions as

[ [dxdQ*g,(x, Q?, z;)
[ [ dxdQ*Fy(z, Q?, =)
[ [ dzd@Q?* Y, efc5qf(x, Q%)D?(Qg, zi)Acc(z, z;)
[ [ dzdQ? 3y e3¢ (v, Q3) D}H(Q3, i) Acc(x, 2)

AM(z)

(6.48)

where the fragmentation functioms”f from [98] were used and\cc(z, z;) Is ax
distribution for each:-bin normalized by satisfying dzAcc(z) = 1. Here the
CTEQSL parameterization was used as an input of the unpolarized PDFs. The
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asymmetries are evaluated at a fix@§l = 2.5GeV?. Figurel6.9 shows the fa-
vored and unfavored fragmentation functions together with the ratio of the two
fragmentation functions. As can be seen in the figure, the contribution from un-
favored quarks is suppressed compared to favored quarks by a factor of about 2
to 10 at higher:. Thex distributions for the positive pion measured in eagh

are shown in Figur&.10 These distributions are extracted from the experimental
data. One can see that the peaks are shifted to highst increases.

The resulting asymmetries as a function:0fire shown together with the
asymmetries from the HERMES experimental data in Fifid for the proton
and Figuré6.12for the deuteron. They are in good agreement within the statisti-
cal uncertainties. The negative pion asymmetry for the proton decreases. with
This is due to the suppression of the unfavored fragment processes athifgrer
example the positive contribution from u quark. The results show that there is no
importantz-dependence of the asymmetries. Therefore the contribution from the
background processes can be negligible within the present statistical precision.

6.4.3 Comparison with Results from the Other Experiments

In this section, the quark polarizations obtained at the HERMES experiment are
compared with other experiments.

Comparison with SMC Results

As mentioned in Sectidd.6.], the SMC results are based on a fit of the valence
quark helicity distributiong\u,,, Ad, and the sea quark helicity distributiaxyg.

A symmetric sea polarization is assumed. To compare with the results from SMC,
the three parameter fit

—

Q = (Au,, Ad,, Ag) (6.49)

was performed with HERMES data incorporating the full covariance of the asym-
metries. The quark helicity distributions are evaluated at a fixed valdg of
2.5GeV?. The comparison plot is shown in FiglBe[3 The HERMES results and
SMC ones are in good agreement within the errors. The statistical uncertainties
of Au,(z) for HERMES are smaller than SMC ones.
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circles are results from the HERMES experimental data and the open
squares are the results from the PDFs and the fragmentation func-
tions as described in the text. The error bars show the statistical
uncertainties and the bands the systematic uncertainties for the ex-

perimental data.
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Figure 6.12: The asymmetries as a functionzoffor the deuteron target. The
closed circles are results from the HERMES experimental data and
the open squares are the results from the PDFs and the fragmentation
functions as described in the text. The error bars show the statisti-
cal uncertainties and the bands the systematic uncertainties for the

experimental data.
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Figure 6.13: Quark helicity distributions for the valence quarks
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ties and the error bands the systematic uncertainties for the HERMES
results.
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Comparison with JLAB results

The Jefferson Lab Hall A Collaboration (indicated as JLAB in the following) per-
formed measurement of the neutron spin asymmaé?trgnd quark polarizations of
Sutld and AgidAd [99]. They measured the inclusive double spin asymmetry for
He target in three kinematic region ¢f, Q?[GeV?]) = (0.33,2.7), (0.47,3.5)
and(0.60, 4.8), and extracted!” from A} by using the world proton and deuteron
fits for the structure functio;, and the photo absorption cross section ratio

Assuming the contributions fromands quarks can be negligible, they extracted
the quark polarizations by using the world dataﬁafand proton and deuteron

structure function data. The calculation is based on the quark parton model and
the quark polarizations are given by

Au+Au 4 g d+d, 1 g} d+d
L_uzig;p@H +_)_7971(1+4 +_)7
u+u 15 F} U+ U 15 FT u+u
Ad+Ad 4 g7 u+u 1 ¢y u+a
feroe_ 4 4+ )——&(1+4 ).

d+d  15F" d+d 15FF d+d

To compare with the results from JLAB, the five parameter fit of
Q = (Au+ Au, Ad + Ad, Au, Ad, As) (6.50)

was performed under the assumptionof = 0. The fit incorporates the full
covariances of the various asymmetries. Fidlufielshows the comparison of the
HERMES results with JLAB ones. They are consistent within the statistical and
systematic uncertainties.

6.5 Moments of Helicity Distributions

The n-th momentA ™ ¢(Q?) of the helicity distributionAg(z, Q?) is calculated
as

Wa(@) = [ dre" Do, @) (6.51)

In the HERMES measured regiof.(23 < x < 0.6), the moments are evaluated
as

Q) = [ dr e @) =5 (000 [ ae.09) . 652

12
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whereQ? = 2.5GeV? is the average value @)? determined experimentally;
andx;,, represent the boundary &fth x bin and: runs over allz bins. We
assumed that the quark polarization is constant in edgim. The CTEQ5L pa-
rameterization was used for the unpolarized PDF. The covariant matrices of the
moments are given by

CURDY [ v @) [ e e GC@). (659

The results for the first moment of the helicity distribution are listed in T&aBle
The positiveu quark contribution and the negativequark contribution with re-

Aq O stat O syst OPDF  Ototal

Awu | 0.601| 0.039 0.049 0.020 0.066
Ad | -0.226| 0.039 0.023 0.016 0.065
Awu | -0.002| 0.036 0.023 0.012 0.044
Ad | -0.054| 0.033 0.011 0.015 0.038
As | 0.028 | 0.033 0.009 0.008 0.035

Table 6.3: The first moment of the helicity distributions. The moments are calcu-
lated in the HERMES measured regidni@3 < = < 0.6).

spect to the proton spin are observed with good accuracy. The sea quark polar-
izations are consistent with zero within the statistical and systematic errors. The
effect of the uncertainty on the unpolarized PDFs to the first moments are evalu-
ated in the same way to the analysis procedure employed in the extraction of the
helicity distributions. The fractional uncertainty on the first momentfguark

is ~ 3% and that ford quark is~ 7 % . Thus it was found the effect of the
uncertainties on the first moment were sufficiently small.
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Chapter 7

Conclusion

HERMES investigates the spin structure of the nucleon with Deep Inelastic Scat-
tering (DIS) of 27.6 GeV longitudinally polarized positron and longitudinally po-
larized gas targets. The experiment was motivated to solve the “nucleon spin
problem” found by the EMC experiment. About 2 million DIS events for the
proton target and 7 million DIS events for the deuteron target were accumulated
during the 1996 to 2000 data taking periods and analyzed.

For the year 1996 and 1997, the threshGlerenkov detector has been oper-
ated. It allows to separate pions and non-pion particles. In 1998, HERMES in-
stalled a Ring Imaging€erenkov (RICH) detector. The RICH detector can iden-
tify pions, kaons and protons. The RICH detector uses dual radiators, aerogel
with the refractive indexi,.,, = 1.0303 andC,F,o gas withnc,r,, = 1.00137.

We employed the semi-inclusive measurements using information from the RICH
detector. It enables us to determine semi-inclusive cross section asymmetries be-
tween parallel and anti-parallel configuration of the beam and target spins.

Using the asymmetries for the proton target from the 1996 and 1997 data tak-
ing period and for the deuteron target from 1998 to 2000, the separate quark con-
tributions to the proton spifAu, Ad, As, A, Ad andAs) are extracted. The ex-
traction of the quark helicity distributions is based on Leading Order (LO) QCD
which is described as one photon exchange between the positron and the target
nucleon. The polarization of quark in the proton is positive and increases with
x. The polarization ofi quark in the proton is negative. The polarizations of
@, d ands quarks are consistent with zero within the statistical and systematic un-
certainties. The results are compared with ones by other experiments, JLAB and
SMC. They are in good agreement within the errors.

The evaluation of efficiency of the hadron identification with RICH was car-
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ried out by hadron tagging using decaying particles such,asA, K°. The
method to estimate the uncertainty on the asymmetries from the hadron misiden-
tification with RICH was established. This uncertainty is propagated to the quark
helicity distributions.

The effect of the uncertainty on the unpolarized PDFs was evaluated. The
CTEQSL parameterization for LO used in the analysis is provided without the
uncertainties, while the CTEQ6.1M parameterization for Next-to-Leading Order
(NLO) includes estimates of the uncertainties in 40 eigenvector basis PDF sets.
Assuming that the error of the unpolarized PDF on LO is approximately the same
as NLO, uncertainty on the CTEQ6.1M parameterization is assigned as uncer-
tainty on the CTEQSL parameterization. To estimate the uncertainties of the
quark helicity distributions due to the error on the unpolarized PDF, 40 purities
were produced with 40 eigenvector basis PDF sets. Then 40 times production
of the quark helicity distributions were performed. According to the uncertainty
calculation provided by CTEQ group, the effect of the uncertainties on the final
quark helicity distributions were evaluated.

The first moments of the helicity distribution in the measured region were
evaluated a)? = 2.5GeV?:

Au = 0.601 £ 0.066 (3.30ppr)
A = —0.002 £ 0.044 (3.70ppr) (7.1)
Ad = —0.054 + 0.038 (2.50ppr)
As = 0028 + 0.035 (4.40ppr)

It was confirmed that the effect of the uncertainties on the first moments were
sufficiently small.

To summarize, the hadron identification was carried out in the full momen-
tum range at HERMES for the first time. Using these data, the quark helic-
ity distributions were extracted with much higher precision than earlier experi-
ments. The positive: quark polarization and the negatidequark polarization
with respect to the proton spin are observed with good accuracy. It should be
stressed that this flavor decomposition was dobé by bin, thanks to the asym-
metries data from semi-inclusive hadron measurement. The five parameter fit
(Au, Ad, As, Au, Ad) was performed in the present analysis, which is less re-
strictive than any of earlier experiment.
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Table A.1: P-matrix for 1 track extracted by the Monte Carlo simulation.
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Table A.2: P-matrix for 2 tracks extracted by the Monte Carlo simulation.
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Table A.3: P-matrix for 3 tracks extracted by the Monte Carlo simulation.
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KT P _ _ K~ _ 5
T N NKT o N I NT NN NP AR
0.033] 60693 10548 17.4% 7335 12.1p62516 5646 10.8% 1915 3.6%
0.047| 70103 13129 18.7% 9572 13.7068352 6090 10.4% 1836 3.1%
0.064| 70374 14050 20.0% 10257 14.6967391 5836 10.2% 1723 3.0%
0.086| 56963 12199 21.4% 8689 15.3045008 4520 10.0% 1321 2.9%
0.118| 49192 11112 22.6% 8208 16.7087803 3672 9.7% 1172 3.1%
0.165| 31226 7298 23.4% 5643 18.1992784 2232 9.8% 650 2.9%
0.237| 15394 3729 24.2% 3233 21.0%0664 943 8.8% 268 2.5%
0.338| 3169 801 25.3% 726 22.9%2096 176 8.4% 40 1.9%
0.447| 684 152 22.2% 158 23.1% 442 38 86% 8 1.8%

Table A.4: The ratio of kaon and proton fluxes to pion flux.
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—

—

=] = Tot = = Tot
e (). (). () (). (). ()
0.033| 1.163 1.160 1.161 | 1.435 1.452 1.443
0.047| 1.049 1.026 1.038 | 1.232 1.223 1.227
0.064| 0.926 0.928 0.927 | 1.143 1.120 1.132
0.086| 0.905 0.860 0.883 | 1.077 1.123 1.100
0.117| 0.847 0.859 0.853 | 1.102 1.107 1.104
0.165| 0.837 0.809 0.823 | 0.957 1.018 0.988
0.237| 0.758 0.754 0.756 | 0.976 0.975 0.975
0.337| 0.688 0.809 0.753 | 0.843 0.832 0.837
0.449| 0.586 0.499 0.540 | 0.753 0.751 0.752

= = Tot = = Tot
v (W) (e (B (B (), (§),
0.033]| 6.147 5.852 5.997 | 11.265 11.352 11.308
0.047| 4.895 4.451 4.667 | 9.763 9.653 9.708
0.064| 3.784 3.909 3.848 | 9.379 9.074 9.225
0.086| 3.559 2.687 3.110 | 8.741 9.665 9.197
0.118| 3.129 2.820 2971 | 9.542 10.369 9.953
0.164| 2.349 2.950 2.656 | 8.074 9.322 8.710
0.236| 2.546 2411 2476 | 9.515 9.957 9.741
0.337| 2.864 2.719 2.782 | 6.223 9.134 7.557
0.447| 3.003 0.731 1.700 | 13.869 5.639 8.202

= = Tot = = Tot
e (), (%), (%), (&), &), (&),
0.033| 1.608 1.735 1.668 | 6.238 6.103 6.163
0.047| 1.424 1.587 1.504 | 7.312 6.529 6.913
0.064| 1.543 1.213 1.368 | 6.324 6.694 6.508
0.087| 1.243 2.038 1.630 | 6.190 6.205 6.190
0.117| 1.059 1.588 1.318 | 5.195 4.363 4.776
0.164| 1.715 0.917 1.286 | 5.601 4.274 4.925
0.238| 0.822 1.085 0.945 |4.,511 5.104 4.805
0.333]| 0.458 0.774 0.550 | 16.053 8.434 10.868
0.422| 0.558 1.899 1.258 | 4.563 12.127 6.375

Table A.5: The fractional uncertainties of the hadron yield.
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x P,l’jn c P%’n. c Pén c Psﬂ c PSZ nc F)gl nc
0.033] 05790 0.2034 0.1123 00583 0.0236 0.0234
0.048 | 0.6087 0.1803 0.1135 0.0541 0.0217 0.0218
0.065 | 0.6402 0.1566 0.1150 0.0491 0.0197 0.0194
0.087 | 0.6760 0.1305 0.1155 0.0442 0.0169 0.0170
0.118| 0.7186 00997 01154 0.0383 0.0141 0.0140
0.166 | 0.7714 0.0670 01112 0.0293 0.0105 0.0106
0.240 | 0.8267 00421 0.1006 0.0178 0.0065 0.0063
0340 | 0.8736 00259 0.0864 0.0076 0.0033 0.0033
0447 | 0.9078 00135 0.0727 0.0029 0.0015 0.0015

« P P; Pp PT Pr PT
0.033] 0.6476 0.1690 0.0831 0.0683 0.0143 0.0176
0.047 | 0.6782 0.1493 0.0780 0.0655 0.0118 0.0172
0.065| 0.7121 01295 0.0731 0.0606 0.0094 0.0152
0.087 | 0.7481 0.1059 0.0680 0.0576 0.0073 0.0131
0.118| 0.7912 0.0786 0.0640 0.0506 0.0056 0.0101
0.166 | 0.8421 00519 0.0570 0.0381 0.0037 0.0073
0239 | 0.8895 00312 00484 00244 00021 0.0044
0.338 | 0.9315 00190 0.0371 0.0097 0.0008 0.0018
0450 | 0.9602 0.0088 0.0265 0.0035 0.0003 0.0008

z pr pPg P PT Pf PT
0033 05172 0.2523 0.1445 0.0513 0.0160 0.0187
0.047 | 05314 02375 01504 0.0488 0.0143 0.0176
0.064 | 0.5480 0.2194 0.1594 0.0440 0.0126 0.0165
0.087 | 0.5674 0.1981 0.1693 0.0414 0.0100 0.0138
0.118 | 0.6027 0.1621 0.1813 0.0352 0.0076 0.0110
0.165| 0.6580 0.1169 0.1814 0.0287 0.0058  0.0092
0238 | 0.7199 00788 01751 0.0172 0.0035 0.0055
0.338| 0.7690 0.0518 0.1668 0.0084 0.0015 0.0025
0447 | 0.8002 00294 0.1659 0.0029 0.0005 0.0012

«  PKT pKT pKT pKT pKT pKT
0.033] 0.6158 0.1479 0.0999 0.0430 0.0160 0.0774
0.047 | 0.6512 0.1274 00951 0.0360 0.0130 0.0773
0.065 | 0.6957 0.0983 0.0888 0.0319 0.0095 0.0757
0.087 | 0.7421 00738 0.0807 0.0267 0.0063 0.0704
0.118 | 0.7753 0.0545 0.0799 0.0205 0.0055 0.0644
0.166 | 0.8295 0.0336 0.0693 0.0145 0.0035 0.0497
0239 | 0.8755 00215 0.0586 0.0100 0.0020 0.0324
0.338| 0.9187 00103 0.0480 0.0027 0.0009 0.0193
0449 | 0.9530 00029 0.0333 0.0008 0.0002 0.0098

z pr  pPFEpPFPE PF PE
0.033[ 0.4824 0.2497 0.0920 0.0618 0.0919 0.0224
0.047 | 0.4810 0.2339 0.0860 0.0572 0.1219 0.0200
0.065 | 0.4752 0.2317 0.0820 0.0539 0.1420 0.0152
0.087 | 0.4891 0.2174 0.0787 0.0514 0.1489 0.0145
0.118 | 05256 0.1901 0.0794 0.0472 0.1455 0.0123
0.165 | 0.5972 0.1461 0.0814 0.0403 0.1255 0.0095
0.237 | 0.6796 0.1111 0.0770 0.0298 0.0970  0.0055
0.336 | 0.7660 0.0855 0.0693 0.0160 0.0603 0.0029
0.443 | 0.8191 0.0593 0.0677 0.0073 0.0426 0.0039

Table A.6: The purities for the proton target as a function.of
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x P:;‘TLC P&T‘LC P(’;'IZC P;n() PSZTLC PEZ’I’LC
0.033] 0.4864 0.2510 0.1570 0.0548 0.0254 0.0254
0.048 | 0.5000 0.2361 0.1671 0.0495 0.0236 0.0238
0.065 | 0.5128 0.2213 0.1788 0.0438 0.0218 0.0215
0.087 | 0.5280 0.2031 0.1929 0.0371 0.0196 0.0194
0.118 | 0.5440 0.1813 0.2116 0.0296 0.0167 0.0167
0.166 | 0.5609 0.1492 0.2424 0.0212 0.0132 0.0132
0.239 | 05716 0.1006 0.2946 0.0149 0.0093  0.0090
0.338 | 0.5685 0.0496 0.3606 0.0107 0.0052 0.0053
0.445 | 0.5444 0.0219 0.4217 0.0064 0.0027 0.0028

« P Pr pPp PT PfTPT
0.033[ 05713 0.2040 0.1280 0.0617 0.0163 0.0187
0.047 | 05938 0.1871 0.1296 0.0584 0.0139 0.0172
0.065 | 0.6155 0.1708 0.1338 0.0525 0.0121 0.0154
0.087 | 0.6424 0.1531 0.1350 0.0461 0.0098 0.0136
0.118 | 0.6666 0.1338 0.1423 0.0388 0.0074 0.0111
0.165 | 0.6947 0.1076 0.1558 0.0280 0.0057  0.0083
0.238 | 0.7159 0.0710 0.1843 0.0200 0.0034  0.0054
0.337 | 0.7317 0.0333 0.2169 0.0138 0.0015 0.0028
0.446 | 0.7423 0.0137 0.2332 0.0087 0.0007  0.0015

x Pr Pr P Pdf Pr Pr-
0.033[ 0.3952 0.3204 0.1962 0.0505 0.0166 0.0213
0.047 | 0.3872 0.3192 0.2110 0.0468 0.0147 0.0211
0.064 | 0.3766 0.3188 0.2318 0.0410 0.0125 0.0193
0.087 | 0.3699 0.3098 0.2561 0.0365 0.0106 0.0172
0.118 | 0.3664 0.2931 0.2894 0.0278 0.0080 0.0153
0.165 | 0.3712 0.2505 0.3394 0.0212 0.0059 0.0117
0.237 | 0.3682 0.1812 0.4232 0.0153 0.0038 0.0083
0.337 | 0.3460 0.0928 0.5425 0.0115 0.0018 0.0055
0.446 | 0.2905 0.0407 0.6596 0.0059 0.0011 0.0024

«  PKT pKT pKT pKT pKT pKT
0.033] 05280 0.1801 0.1492 0.0406 0.0191 0.0830
0.047 | 0.5440 0.1649 0.1541 0.0353 0.0140 0.0877
0.065 | 0.5790 0.1411 0.1553 0.0281 0.0113 0.0852
0.087 | 0.6086 0.1192 0.1543 0.0218 0.0084 0.0877
0.118 | 0.6292 0.1006 0.1628 0.0167 0.0071 0.0836
0.165 | 0.6536 0.0786 0.1824 0.0100 0.0050 0.0704
0.237 | 0.6729 0.0499 0.2182 0.0076 0.0031 0.0484
0.337 | 0.6824 0.0216 0.2558 0.0046 0.0017  0.0340
0.444 | 06693 0.0073 0.2989 0.0031 0.0010 0.0203

T pr pPEpPF PE PE PK
0.033] 0.3799 0.3053 0.1318 0.0566 0.1034 0.0230
0.047 | 0.3618 0.3101 0.1309 0.0500 0.1249 0.0224
0.065 | 0.3404 0.3186 0.1334 0.0448 0.1444 0.0183
0.086 | 0.3219 0.3314 0.1344 0.0420 0.1552 0.0151
0117 | 0.3251 0.3280 0.1480 0.0345 0.1526 0.0117
0.165 | 0.3384 0.3095 0.1723 0.0268 0.1418 0.0112
0.236 | 0.3626 0.2521 0.2261 0.0207 0.1309 0.0076
0.334 | 0.3863 0.1653 0.3210 0.0191 0.1027 0.0056
0.440 | 0.3959 0.1017 0.4143 0.0136 0.0722  0.0024

Table A.7: The purities for the neutron target as a function.of
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« AP AP;  AP]  APT  APT  APF
0.033] 0.0014 0.0021 -0.0038 0.0026 -0.0013 -0.0010
0.048| 0.0184 -0.0087 -0.0065 0.0009 -0.0015 -0.0026
0.065| 0.0249 -0.0151 -0.0068 0.0014 -0.0018 -0.0025
0.087| 0.0262 -0.0147 -0.0072 -0.0010 -0.0014 -0.0020
0.118| 0.0225 -0.0131 -0.0050 -0.0027 -0.0006 -0.0012
0.166| 0.0149 -0.0079 -0.0047 -0.0007 -0.0004 -0.0012
0.239| 0.0118 -0.0039 -0.0040 -0.0023 -0.0005 -0.0011
0.338| 0.0046 -0.0030 -0.0007 -0.0007 -0.0001 0.0000
0.449| -0.0031  0.0000 0.0030 0.0004 -0.0002 -0.0002
¢ APT  APF  AP] APT  APF APT
0.033] -0.0289 0.0252 0.0060 0.0004 -0.0013 -0.0013
0.047| -0.0352 0.0243 0.0172 -0.0024 -0.0021 -0.0019
0.064| -0.0344 0.0202 0.0213 -0.0012 -0.0029 -0.0028
0.087| -0.0349 0.0145 0.0280 -0.0038 -0.0021 -0.0016
0.118| -0.0271 0.0100 0.0227 -0.0035 -0.0012 -0.0009
0.165| -0.0297 0.0060 0.0294 -0.0032 -0.0009 -0.0016
0.238| -0.0265 0.0054 0.0241 -0.0011 -0.0009 -0.0010
0.338| -0.0189 0.0043 0.0159 -0.0010 -0.0002 0.0000
0.448| -0.0153 0.0035 0.0121 -0.0001 -0.0003 -0.0001
x  APKT APFT APFT  APFY  APEKT  APFT
0.033] -0.0054 -0.0195 -0.0040 -0.0040 -0.0050 0.0379
0.048| 0.0066 -0.0259 -0.0115 -0.0065 -0.0046 0.0418
0.065| 0.0018 -0.0161 -0.0096 -0.0081 -0.0035 0.0356
0.087| 0.0025 -0.0129 -0.0161 -0.0065 -0.0011 0.0342
0.118| 0.0061 -0.0093 -0.0186 -0.0024 -0.0019 0.0260
0.166| 0.0046 -0.0053 -0.0127 -0.0015 -0.0013 0.0161
0.238| 0.0024 -0.0029 -0.0100 -0.0030 -0.0008 0.0142
0.338| 0.0050 -0.0013 -0.0085 -0.0007 -0.0006 0.0062
0.448| -0.0049 0.0029  0.0002 -0.0004 0.0006 0.0017
x APEF APK  APF  APK APK APK
0.033] -0.0870 0.0335 -0.0144 0.0032 0.0642 0.0002
0.047| -0.1067 0.0502 -0.0185 0.0039 0.0711 0.0000
0.064| -0.0978 0.0515 -0.0269 0.0042 0.0667 0.0024
0.086| -0.1141 0.0627 -0.0196 0.0019 0.0670 0.0022
0.117| -0.0865 0.0433 -0.0239 0.0039 0.0629 0.0001
0.164| -0.0941 0.0459 -0.0186 0.0058 0.0601 0.0009
0.237| -0.0562 0.0360 -0.0158 -0.0003 0.0336 0.0027
0.336| -0.0643 0.0356 -0.0038 0.0017 0.0273 0.0036
0.445| -0.0060 0.0237 -0.0251 -0.0012 0.0108 -0.0021

Table A.8: The systematic uncertainty on the purities for the proton target due to
the fragmentation model.
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« AP AP;  AP]°  APT  APT  APF

0.033] -0.0074 0.0064 0.0134 -0.0013 -0.0059 -0.0052
0.047 | -0.0124 0.0026  0.0310 -0.0131 -0.0040 -0.0042
0.065| -0.0155 0.0017 0.0403 -0.0195 -0.0036 -0.0035
0.087| -0.0165 0.0013 0.0427 -0.0208 -0.0031 -0.0036
0.118| -0.0173 -0.0019 0.0441 -0.0204 -0.0021 -0.0024
0.165| -0.0188 -0.0003 0.0397 -0.0172 -0.0019 -0.0015
0.237| -0.0210 -0.0012 0.0364 -0.0122 -0.0010 -0.0010
0.337| -0.0283 -0.0006 0.0336 -0.0036 -0.0004 -0.0006
0.446 | -0.0152 0.0010 0.0157 -0.0012 -0.0001 -0.0003
e APT APF  APj  APT  APT  APF

0.033[ -0.0016 0.0003 -0.0178 0.0286 -0.0051 -0.0047
0.047| 0.0095 -0.0022 -0.0197 0.0196 -0.0030 -0.0042
0.065| 0.0161 -0.0022 -0.0218 0.0135 -0.0028 -0.0027
0.087| 0.0190 -0.0039 -0.0218 0.0125 -0.0022 -0.0037
0.118| 0.0210 -0.0021 -0.0176 0.0023 -0.0011 -0.0025
0.165| 0.0241 -0.0027 -0.0159 -0.0031 -0.0006 -0.0018
0.238| 0.0226 -0.0014 -0.0079 -0.0114 -0.0007 -0.0012
0.337| 0.0071 -0.0026 0.0037 -0.0067 -0.0003 -0.0013
0.447| -0.0282 0.0000 0.0341 -0.0056 -0.0004 -0.0001
x  APK+ APFT APFT  APFT  APE+  APFT

0.033 -0.0097 -0.0057 0.0129 -0.0119 -0.0089 0.0233
0.048 | -0.0222 -0.0080 0.0339 -0.0363 -0.0046 0.0372
0.065| -0.0224 -0.0077 0.0204 -0.0336 -0.0039 0.0471
0.087 | -0.0215 -0.0059 0.0252 -0.0326 -0.0027 0.0375
0.118 | -0.0235 -0.0046 0.0180 -0.0255 -0.0020 0.0376
0.165| -0.0227 -0.0020 0.0226 -0.0198 -0.0019 0.0238
0.237| -0.0231 -0.0022 0.0146 -0.0132 -0.0011 0.0248
0.338| -0.0185 -0.0022 0.0184 -0.0078 0.0003 0.0096
0.444| -0.0148 -0.0016 0.0107 0.0015 0.0000 0.0043
r APK APF APK APK  APK  APK

0.033] -0.0285 0.0120 -0.0713 0.0528 0.0408 -0.0058
0.047| -0.0310 0.0071 -0.0982 0.0539 0.0721 -0.0041
0.064 | -0.0307 0.0057 -0.0990 0.0648 0.0606 -0.0014
0.086| -0.0361 0.0023 -0.0884 0.0630 0.0615 -0.0023
0.117| -0.0321 0.0019 -0.0947 0.0685 0.0545 0.0020
0.165| -0.0374 0.0033 -0.0877 0.0725 0.0495 -0.0001
0.235| -0.0296 0.0075 -0.0938 0.0745 0.0420 -0.0006
0.334| -0.0276 0.0056 -0.0568 0.0550 0.0192 0.0045
0.439| -0.0154 0.0018 -0.0355 0.0410 0.0081 -0.0002

Table A.9: The systematic uncertainty on the purities for a neutron target due to
the fragmentation model.
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x AP;"  APF  APJ°  APT  APT  APT

0.033] 0.0242 0.0169 0.0037 0.0056 0.0020 0.0024
0.047| 0.0221 0.0158 0.0039 0.0055 0.0012 0.0017
0.064| 0.0200 0.0140 0.0038 0.0054 0.0010 0.0014
0.086| 0.0175 0.0120 0.0036 0.0052 0.0008 0.0011
0.117| 0.0142 0.0099 0.0032 0.0051 0.0006 0.0009
0.164| 0.0111 0.0077 0.0025 0.0047 0.0005 0.0007
0.234| 0.0087 0.0053 0.0025 0.0038 0.0004 0.0006
0.347| 0.0068 0.0050 0.0027 0.0034 0.0001 0.0004
0.431| 0.0055 0.0035 0.0033 0.0020 0.0001 0.0006
x APT  API  AP; APT  APT  APT

0.033] 0.0252 0.0222 0.0066 0.0039 0.0021 0.0023
0.047| 0.0238 0.0218 0.0073 0.0038 0.0013 0.0015
0.064| 0.0228 0.0210 0.0076 0.0036 0.0010 0.0013
0.086| 0.0210 0.0196 0.0080 0.0035 0.0009 0.0011
0.117| 0.0188 0.0183 0.0078 0.0037 0.0008 0.0010
0.165| 0.0164 0.0161 0.0071 0.0033 0.0007  0.0009
0.231| 0.0146 0.0131 0.0076 0.0028 0.0005 0.0007
0.334| 0.0151 0.0129 0.0107 0.0021 0.0003 0.0006
0.454| 0.0200 0.0114 0.0180 0.0017 0.0006 0.0004
x  APK" APET APKT APKT APKT  APKT

0.033] 0.0257 0.0135 0.0044 0.0032 0.0017 0.0103
0.047| 0.0220 0.0119 0.0045 0.0030 0.0010 0.0078
0.064| 0.0197 0.0105 0.0043 0.0027 0.0007 0.0071
0.086| 0.0169 0.0082 0.0039 0.0023 0.0006 0.0068
0.116| 0.0137 0.0066 0.0035 0.0021 0.0005 0.0060
0.163| 0.0103 0.0047 0.0028 0.0019 0.0003 0.0048
0.226| 0.0080 0.0034 0.0027 0.0012 0.0003 0.0035
0.326| 0.0056 0.0021 0.0030 0.0007 0.0003 0.0026
0.445| 0.0053 0.0022 0.0043 0.0000 0.0000 0.0018

v APK  APK  APK  APK  APK  APK
0.033| 0.0293 0.0189 0.0053 0.0039 0.0111 0.0018
0.048| 0.0281 0.0193 0.0051 0.0036 0.0094 0.0013
0.065| 0.0275 0.0194 0.0049 0.0035 0.0088 0.0009
0.086| 0.0267 0.0192 0.0048 0.0034 0.0091 0.0007
0.117| 0.0255 0.0198 0.0048 0.0039 0.0089 0.0006
0.163| 0.0247 0.0195 0.0044 0.0041 0.0088 0.0007
0.234| 0.0248 0.0183 0.0042 0.0033 0.0092 0.0006
0.336| 0.0267 0.0226 0.0057 0.0027 0.0100 0.0004
0.449| 0.0280 0.0226 0.0043 0.0000 0.0126 0.0000

Table A.10: The systematic uncertainty on the purities for the proton target due to
the systematic uncertainty on the unpolarized PDFs.
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«  AP;'  AP7T  AP]'  APT'  AP]T  APT'

0.033] 0.0072 0.0061 0.0180 0.0138 0.0021 0.0024
0.047| 0.0071 0.0059 0.0182 0.0140 0.0014 0.0016
0.064| 0.0069 0.0056 0.0185 0.0140 0.0011 0.0013
0.086| 0.0067 0.0052 0.0182 0.0137 0.0009 0.0012
0.116| 0.0062 0.0047 0.0171 0.0136 0.0008 0.0010
0.164| 0.0062 0.0043 0.0154 0.0128 0.0006 0.0009
0.234| 0.0081 0.0039 0.0141 0.0109 0.0005 0.0007
0.322| 0.0131 0.0038 0.0167 0.0098 0.0004 0.0006
0.467 | 0.0231 0.0043 0.0273 0.0082 0.0006 0.0011
APy AP AP APT APT  APT

0.033] 0.0116 0.0046 0.0167 0.0185 0.0020 0.0024
0.047| 0.0120 0.0043 0.0172 0.0198 0.0012 0.0017
0.064| 0.0122 0.0040 0.0180 0.0206 0.0009 0.0014
0.086| 0.0125 0.0036 0.0182 0.0215 0.0008 0.0012
0.117| 0.0126 0.0033 0.0176 0.0226 0.0006 0.0010
0.164| 0.0136 0.0031 0.0163 0.0233 0.0005 0.0009
0.235| 0.0170 0.0027 0.0155 0.0233 0.0005 0.0008
0.329| 0.0240 0.0031 0.0194 0.0277 0.0006 0.0006
0.441| 0.0330 0.0009 0.0298 0.0332 0.0009 0.0014
x  APK" APET APKT APKT  APKT  APKT

0.033] 0.0085 0.0034 0.0192 0.0112 0.0018 0.0100
0.047| 0.0081 0.0032 0.0185 0.0113 0.0011 0.0080
0.064| 0.0077 0.0027 0.0184 0.0106 0.0008 0.0075
0.086| 0.0071 0.0022 0.0180 0.0098 0.0007 0.0075
0.118| 0.0068 0.0018 0.0167 0.0093 0.0006 0.0069
0.161| 0.0066 0.0015 0.0151 0.0085 0.0004 0.0066
0.236| 0.0086 0.0012 0.0139 0.0066 0.0003 0.0060
0.324| 0.0139 0.0007 0.0171 0.0053 0.0003 0.0050
0.445| 0.0259 0.0000 0.0287 0.0014 0.0000 0.0078

v APK  APK  APF  APK  APK  APK
0.034| 0.0091 0.0043 0.0205 0.0141 0.0107 0.0022
0.048 | 0.0091 0.0040 0.0201 0.0156 0.0092 0.0012
0.065| 0.0088 0.0038 0.0206 0.0168 0.0082 0.0009
0.086| 0.0087 0.0035 0.0207 0.0184 0.0078 0.0006
0.118| 0.0089 0.0035 0.0208 0.0206 0.0076 0.0007
0.163| 0.0104 0.0035 0.0211 0.0235 0.0076 0.0006
0.233| 0.0144 0.0035 0.0232 0.0271 0.0088 0.0007
0.331| 0.0267 0.0032 0.0284 0.0420 0.0133 0.0008
0.424| 0.0389 0.0126 0.0489 0.0587 0.0267 0.0000

Table A.11: The systematic uncertainty on the purities for a neutron target due to
the systematic unertainty on the unpolarized PDFs.
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Table A.12: The Born asymmetries for the proton target.
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x Q2 Ad Ostat O syst ORICH
0.033 1.22| 0.0203 0.0078 0.0015
0.048 1.45| 0.0248 0.0080 0.0017
0.065 1.69| 0.0396 0.0085 0.0023
0.087 1.95| 0.0440 0.0100 0.0031
0.118 2.35| 0.0777 0.0099 0.0054
0.166 3.18| 0.1137 0.0107 0.0081
0.240 455 0.1621 0.0121 0.0114
0.339 6.58| 0.2932 0.0228 0.0195
0.446 9.16| 0.3161 0.0412 0.0236

T Q? AZ+ Ug;t a-ilgj—st UJ}!L%J;CH AZ_ Jgt:zt O—?y_st U?%;CH
0.033 1.21| 0.0080 0.0146 0.0007 -0.0125 0.0162 0.0013
0.048 1.44| 0.0112 0.0156 0.0018 0.0074 0.0174 0.0014
0.065 1.73| 0.0484 0.0162 0.0028 0.0380 0.0185 0.0022
0.087 2.07| 0.0754 0.0185 0.0043 0.0179 0.0212 0.0033
0.118 2.60| 0.0350 0.0179 0.0038 0.0739 0.0213 0.0040
0.166 3.56| 0.1326 0.0194 0.0087 0.0775 0.0245 0.0065
0.238 5.04| 0.1469 0.0237 0.0104 0.1712 0.0315 0.0103
0.338 7.12| 0.2372 0.0504 0.0151 0.3001 0.0700 0.0175
0.446 9.61| 0.1901 0.0995 0.0149 0.1499 0.1481 0.0128

2 e T T T T T T T

x Q Ad Ostat szst URICH Ad Ostat Usyst o'RICH
0.033 1.22| -0.0172 0.0175 0.0011 0.0084-0.0113 0.0183 0.0014 0.0029
0.047 1.50| 0.0180 0.0192 0.0022 0.0027-0.0231 0.0203 0.0012 0.0134
0.064 1.87| 0.0130 0.0201 0.0016 0.00500.0457 0.0218 0.0028 0.0154
0.087 2.36| 0.0449 0.0226 0.0029 0.0007 0.0056 0.0245 0.0020 0.0168
0.118 3.07| 0.0966 0.0223 0.0061 0.00960.0884 0.0249 0.0045 0.0079
0.165 4.18| 0.1207 0.0257 0.0079 0.00130.0144 0.0298 0.0035 0.0309
0.238 5.80| 0.1089 0.0343 0.0073 0.01660.2039 0.0413 0.0116 0.0004
0.338 7.93| 0.3179 0.0815 0.0202 0.04160.3860 0.0988 0.0209 0.0388
0.446 10.24| 0.0856 0.1695 0.0115 0.0038-0.1323 0.2159 0.0182 0.0492

z Q* A§+ Ug:t Ugg{;:t O—g;—CH AF 0 at O—gst ORicH
0.033 1.22| 0.0048 0.0479 0.0022 0.0205-0.0471 0.0597 0.0039 0.0309
0.048 1.50| 0.0171 0.0496 0.0043 0.03550.0312 0.0661 0.0041 0.0054
0.065 1.86| 0.1469 0.0504 0.0083 0.03477 0.0097 0.0701 0.0051 0.0198
0.086 2.33| 0.1220 0.0561 0.0079 0.0013-0.0554 0.0811 0.0046 0.0198
0.118 3.08| 0.0399 0.0534 0.0046 0.01200.0292 0.0830 0.0029 0.0206
0.165 4.23| 0.1436 0.0593 0.0104 0.00990.0722 0.0993 0.0069 0.0012
0.238 5.81| 0.1445 0.0773 0.0120 0.00520.0871 0.1411 0.0067 0.0278
0.336 7.76| 0.4389 0.1747 0.0270 0.0125-0.2504 0.3422 0.0202 0.1089
0.448 10.20| 0.4641 0.3692 0.0400 0.08661.4585 0.7001 0.0859 0.0258

Table A.13: The Born asymmetries for the deuterium target.
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Au
x T O stat O syst OPDF x-Au O stat Osyst OPDF

0.033 0.0u855 0.1180 0.0856 0.01520.0296 0.0409 0.0296 0.0053
0.048| 0.1368 0.1107 0.0217 0.00370.0515 0.0417 0.0082 0.0014
0.065| 0.1913 0.0978 0.0356 0.00620.0785 0.0401 0.0146 0.0025
0.087| 0.4864 0.0909 0.0784 0.00780.2185 0.0408 0.0352 0.0035
0.118| 0.5086 0.0774 0.0633 0.008§70.2525 0.0384 0.0314 0.0043
0.166| 0.4731 0.0757 0.0436 0.00780.2623 0.0420 0.0242 0.0043
0.239| 0.4445 0.0855 0.0364 0.03950.2652 0.0510 0.0217 0.0235
0.339| 0.5805 0.0650 0.0558 0.00700.3241 0.0363 0.0312 0.0039
0.447| 0.7272 0.1087 0.0684 0.01200.3121 0.0467 0.0294 0.0052

€T % Ostat Osyst OPDF x - Ad O stat Osyst OPDF
0.033| -0.1236 0.1529 0.0390 0.0144-0.0337 0.0417 0.0106 0.0039
0.048 | 0.0588 0.1452 0.0543 0.00500.0167 0.0412 0.0154 0.0014
0.065| -0.1336 0.1307 0.0362 0.0059-0.0394 0.0385 0.0107 0.0018
0.087| -0.2572 0.1303 0.0495 0.0064-0.0789 0.0400 0.0152 0.0020
0.118| -0.4876 0.1185 0.0841 0.0127-0.1552 0.0377 0.0268 0.0040
0.166 | -0.0918 0.1337 0.0675 0.0073-0.0296 0.0431 0.0218 0.0024
0.239| -0.5218 0.1646 0.0822 0.0683-0.1536 0.0485 0.0242 0.0201
0.339| -0.2799 0.1988 0.1694 0.0207-0.0628 0.0446 0.0380 0.0046

0.447| -0.8133 0.4074 0.2454 0.1141-0.1158 0.0580 0.0349 0.0162
axT;

€T i Ostat Osyst OPDF z-Au O stat Osyst OPDF
0.033| 0.3382 0.3342 0.2189 0.03200.0437 0.0432 0.0283 0.0040
0.048| 0.2484 0.3677 0.0471 0.01060.0288 0.0426 0.0055 0.0012
0.065| 0.0166 0.3938 0.1200 0.02030.0017 0.0403 0.0123 0.0021
0.087| -0.7151 0.4585 0.3508 0.0786-0.0624 0.0400 0.0306 0.0069
0.118| -0.8989 0.5391 0.3395 0.1182-0.0621 0.0372 0.0235 0.0082
0.166 | -0.9022 0.8403 0.3491 0.1835-0.0432 0.0402 0.0167 0.0088

0.239| 1.4742 1.6410 0.3868 0.71650.0446 0.0496 0.0117 0.0217
Ad

€ d Ostat Osyst OPDF x - Ad Ostat Osyst OPDF

0.033| -0.2281 0.2819 0.0380 0.0334-0.0338 0.0418 0.0056 0.0049
0.048 | -0.6238 0.2921 0.1076 0.0356-0.0862 0.0404 0.0149 0.0049
0.065| 0.0174 0.2847 0.0513 0.01150.0022 0.0360 0.0065 0.0015
0.087| -0.2239 0.3103 0.0605 0.0264-0.0267 0.0370 0.0072 0.0031
0.118| 0.5412 0.3144 0.1621 0.04290.0577 0.0335 0.0173 0.0046
0.166 | -0.9546 0.4561 0.0734 0.1109-0.0828 0.0396 0.0064 0.0096

0.239| 0.4523 0.8380 0.1470 0.43950.0237 0.0439 0.0077 0.0230
Bs

€ S Ostat Osyst OPDF x - As Ostat Osyst OPDF
0.033| 0.4734 0.7492 0.1871 0.13230.0317 0.0502 0.0125 0.0089
0.048 | 0.6071 0.6361 0.1952 0.05460.0365 0.0382 0.0117 0.0033
0.065| -0.0537 0.5805 0.0441 0.0089-0.0029 0.0313 0.0024 0.0005
0.087| -0.1243 0.6248 0.1422 0.0320-0.0059 0.0297 0.0067 0.0015
0.118| -0.3359 0.6516 0.0756 0.0354-0.0133 0.0258 0.0030 0.0014
0.166| 1.3956 0.8851 0.0912 0.12520.0418 0.0265 0.0027 0.0037
0.239] -1.2674 15039 0.3911 0.1444-0.0230 0.0273 0.0071 0.0026

Table A.14: The quark polarizations and helicity distribution evaulated at a fixed
value of Q5 = 2.5 GeV?. 57






Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Murray Gell-Mann. A schematic model of baryons and meséys. Lett.
8:214-215, 1964.

G. Zweig. An SU(3) model for strong interaction symmetry and its breaking.
2. CERN-TH-412.

Richard P. Feynman. Very high-energy collisions of hadroRfys. Rev.
Lett, 23:1415-1417, 1969.

M. J. Alguard et al. Deep inelastic scattering of polarized electrons by po-
larized protonsPhys. Rev. Lett37:1261, 1976.

M. J. Alguard et al. Deep inelastic e p asymmetry measurements and com-
parison with the bjorken sum rule and models of the proton spin structure.
Phys. Rev. Lett41:70, 1978.

Guenter Baum et al. A new measurement of deep inelastic e p asymmetries.
Phys. Rev. Lett51:1135, 1983.

J. Ashman et al. A measurement of the spin asymmetry and determination
of the structure function, in deep inelastic muon proton scatterirfghys.
Lett, B206:364, 1988.

J. Ashman et al. An investigation of the spin structure of the proton in deep
inelastic scattering of polarized muons on polarized protddscl. Phys,
B328:1, 1989.

D. Adams et al. Measurement of the spin dependent structure fungtion
of the proton.Phys. Lett.B329:399-406, 1994.

K. Abe et al. Precision measurement of the proton spin structure function
g7. Phys. Rev. Lett74:346—350, 1995.

159



[11] K. Abe et al. Precision measurement of the deuteron spin structure function
g¢. Phys. Rev. Lett75:25-28, 1995.

[12] Hideyuki Kobayashi. Study of spin structure of the proton with hadron co-
incidence measurement of polarized deep inelastic scattering. 2000. PhD
thesis, Tokyo Institute of Technology, Japan.

[13] Fumiko Sato. Flavor asymmetry of the polarized light sea quarks from deep
inelastic scattering at hermes. 2001. Master thesis, Tokyo Institute of Tech-
nology, Japan.

[14] Richard P. Feynman. Photon-hadron interactidtsading 1972.

[15] John R. Ellis and Robert L. Jaffe. A sum rule for deep inelastic electropro-
duction from polarized proton$hys. Rey.D9:1444, 1974.

[16] M. Anselmino, A. Efremov, and E. Leader. The theory and phenomenology
of polarized deep inelastic scatterifghys. Rept.261:1-124, 1995.

[17] Jr. Callan, Curtis G. and David J. Gross. High-energy electroproduction and
the constitution of the electric currerhys. Rev. Lett22:156—-159, 1969.

[18] J. J. Aubert et al. Measurement of the deuteron structure funéti@nd a
comparison of proton and neutron structupdys. Lett.B123:123, 1983.

[19] A. C. Benvenuti et al. A high statistics measurement of the proton structure
functions F»(z, Q%) and r from deep inelastic muon scattering at high
Phys. Lett.B223:485, 1989.

[20] M. R. Adams et al. Proton and deuteron structure functions in muon scatter-
ing at 470 gevPhys. Rey.D54:3006—3056, 1996.

[21] M. Arneodo et al. Measurement of the proton and the deuteron structure
functions,Fy” and F,?. Phys. Lett. B364:107—115, 1995.

[22] L. W. Whitlow, E. M. Riordan, S. Dasu, Stephen Rock, and A. Bodek. Pre-
cise measurements of the proton and deuteron structure functions from a
global analysis of the slac deep inelastic electron scattering cross-sections.
Phys. Lett.B282:475-482, 1992.

[23] A. Aktas et al. Measurement of the proton structure funcfivrat low >
in ged compton scattering at helhys. Lett.B598:159-171, 2004.

160



[24] S. Chekanov et al. Measurement of the neutral current cross sectiary and
structure function for deep inelastic e+ p scattering at h&mar. Phys. J.
C21:443-471, 2001.

[25] J. Breitweg et al. Measurement of the proton structure functipat very
low ? at hera.Phys. Lett.B487:53—73, 2000.

[26] Andrew Mehta. Structure function measurements and polarised cross section
measurements from hera. 2004.

[27] K. Abe et al. Measurements @t = o,/0; for 0.03< = < 0.1 and fit to
world data.Phys. Lett.B452:194—-200, 1999.

[28] P. L. Anthony et al. Deep inelastic scattering of polarized electrons by polar-
ized He-3 and the study of the neutron spin structBreys. Rey.D54:6620—
6650, 1996.

[29] K. Abe et al. Measurements of the proton and deuteron spin structure func-
tionsg; andg,. Phys. Rey.D58:112003, 1998.

[30] K. Abe et al. Precision determination of the neutron spin structure function
g7. Phys. Rev. Lett79:26-30, 1997.

[31] P. L. Anthony et al. Measurement of the deuteron spin structure function
gd(z) for 1 (GeV/c)? < Q% < 40 (GeV/c)?. Phys. Lett. B463:339-345,
1999.

[32] P. L. Anthony et al. Measurements of the8 dependence of the proton and
neutron spin structure functiog$ andgy. Phys. Lett.B493:19-28, 2000.

[33] B. Adeva et al. Spin asymmetrigls and structure functiong of the proton
and the deuteron from polarized high energy muon scatteftiys. Rey.
D58:112001, 1998.

[34] B. Adeva et al. Spin asymmetrief of the proton and the deuteron in the
low z and lowQ? region from polarized high energy muon scatteriRgys.
Rev, D60:072004, 1999.

[35] A. Airapetian et al. Measurement of the proton spin structure fungffon
with a pure hydrogen targeRhys. Lett.B442:484-492, 1998.

161



[36] K. Ackerstaff et al. Measurement of the neutron spin structure fungtion
with a polarized He-3 internal targe®hys. Lett. B404:383—-389, 1997.

[37] K. Abe et al. Measurement of the proton and deuteron spin structure function
g2 and asymmetryl,. Phys. Rev. Lett76:587-591, 1996.

[38] K. Abe et al. Measurement of the neutron spin structure fungjijpand
asymmetryA?r. Phys. Lett.B404:377-382, 1997.

[39] P. L. Anthony et al. Measurement of the proton and deuteron spin structure
functionsg, and asymmetryl,. Phys. Lett.B458:529-535, 1999.

[40] P. L. Anthony et al. Precision measurement of the proton and deuteron spin
structure functiong, and asymmetried,. Phys. Lett.B553:18-24, 2003.

[41] J. D. Bjorken and Emmanuel A. Paschos. Inelastic electron proton and
gamma proton scattering, and the structure of the nucleBPhys. Rey.
185:1975-1982, 1969.

[42] Edmond L. Berger. Semiinclusive inelastic electron scattering from nuclei.
Invited paper to be publ. in Proc. of NPAS Workshop on Electronuclear
Physics with Internal Targets, Stanford, CA, Jan 5-8, 1987.

[43] J. P. Albanese et al. Quark charge retention in final state hadrons from deep
inelastic muon scatterindg?hys. Lett.B144:302, 1984.

[44] C. Caso et al. Review of particle physidsur. Phys. J.C3:1-794, 1998.

[45] Y. Goto et al. Polarized parton distribution functions in the nucle@hys.
Rev, D62:034017, 2000.

[46] M. Arneodo et al. A reevaluation of the gottfried suRhys. Rey.D50:1-3,
1994.

[47] S. A. Larin. The next-to-leading QCD approximation to the Ellis-Jaffe sum
rule. Phys. Lett.B334:192-198, 1994.

[48] J. D. Bjorken. Applications of the chiral U(6)X(6) algebra of current densi-
ties. Phys. Rey.148:1467-1478, 1966.

[49] B. Adeva et al. Polarised quark distributions in the nucleon from semi- in-
clusive spin asymmetrie®hys. Lett.B420:180-190, 1998.

162



[50] K. Ackerstaff et al. Flavor decomposition of the polarized quark distributions
in the nucleon from inclusive and semi-inclusive deep- inelastic scattering.
Phys. Lett.B464:123-134, 1999.

[51] M. Gluck, E. Reya, M. Stratmann, and W. Vogelsang. Models for the polar-
ized parton distributions of the nucleoRhys. Rey.D63:094005, 2001.

[52] J. Blumlein and H. Bottcher. QCD analysis of polarized deep inelastic scat-
tering data and parton distributionducl. Phys.B636:225-263, 2002.

[53] M. Hirai, S. Kumano, and N. Saito. AAC analysis of polarized parton distri-
butions with uncertainties. 2004.

[54] A. Airapetian et al. Flavor decomposition of the sea quark helicity distri-
butions in the nucleon from semi-inclusive deep- inelastic scattefrhgs.
Rev. Lett.92:012005, 2004.

[55] A. Airapetian et al. Quark helicity distributions in the nucleon for up, down,
and strange quarks from semi-inclusive deep-inelastic scattering. 2004.

[56] A. A. Sokolov and I. M. Ternov. On polarization and spin effects in the
theory of synchrotron radiatioriPhys. Dokl, 8:1203-1205, 1964.

[57] M. Beckmann et al. The longitudinal polarimeter at heNucl. Instrum.
Meth, A479:334-348, 2002.

[58] F. Stock et al. The filtex / hermes polarized hydrogen atomic beam source.
Nucl. Instrum. Meth.A343:334-342, 1994.

[59] K. Ackerstaff et al. Hermes spectrometBiucl. Instrum. Meth.A417:230—
265, 1998.

[60] J. Blouw et al. Design and performance of a large microstrip gas tracker for
hermes.Nucl. Instrum. Meth.A434:227-243, 1999.

[61] J. T. Brack et al. The hermes forward tracking chambers: Construction,
operation, and aging effectblucl. Instrum. Meth.A469:47-54, 2001.

[62] S. Bernreuther et al. The hermes back drift chamhétgl. Instrum. Meth.
A416:45-58, 1998.

163



[63] H. Avakian et al. Performance of the electromagnetic calorimeter of the
hermes experimenducl. Instrum. Meth.A417:69-78, 1998.

[64] H. Avakian et al. Performance of f101 radiation resistant lead glass shower
counters.Nucl. Instrum. Meth.A378:155-161, 1996.

[65] H. Tanaka et al. A gain monitoring system with a nd:yag laser for the photo-
multipliers of the hermes experimemucl. Instrum. Meth.A515:725-732,
2003.

[66] N. Akopov et al. The hermes dual-radiator ring imaging cerenkov detector.
Nucl. Instrum. Meth.A479:511-530, 2002.

[67] T. Ypsilantis and J. Seguinot. Theory of ring imaging cherenkov counters.
Nucl. Instrum. Meth.A343:30-51, 1994.

[68] E. Aschenauer et al. Optical characterization of n = 1.03 silica aerogel used
as radiator in the rich of hermeNucl. Instrum. Meth.A440:338-347, 2000.

[69] H. Yokogawa and M. Yokoyama. Hydrophobic sillica aerogesurnal of
NonCrystaline Solidsl86:23, 1995.

[70] I. Adachi et al. Study of a threshold cherenkov counter based on silica aero-
gels with low refractive indicesNucl. Instrum. Meth.A355:390-398, 1995.

[71] F. Sato. Study of the rich mirror reflectivity. 2000. HERMES-RICH-Internal
Note 00-011.

[72] Y. Miyachi. Aerogel tile effect study in the rich program using the experi-
ment data. 2002. HERMES-RICH-Internal Note 02-04.

[73] 1. McLaren et al. Epio - experimental physics input output pack&jekRN
Program Library Long Writeuppages 1-101, 1993.

[74] CERN Programming Techniques Group. Adamo(aleph data model) - an
entity relationship programming systemCERN Program Library Long
Writeup Version 3.3, 1994.

[75] Wander Wolfgang. Reconstruction of high-energy scattering events in the
hermes experiment. (in german). DESY-HERMES-96-23.

164



[76] P.J.Mulders and R. D. Tangerman. The complete tree-level result up to order
1/q for polarized deep-inelastic leptoproductioNucl. Phys. B461:197—
237, 1996.

[77] K. A. Oganessyan, L. S. Asilyan, M. Anselmino, and E. De Sanctis. Spin-
independent and double-spin cos(phi) asymmetries in semi-inclusive pion
electroproductionPhys. Lett.B564:60-64, 2003.

[78] R. Brun et al. Geant - detector description and simulation tG&IRN pro-
gram library, page Writeup W5013, 1993.

[79] I. Akushevich, H. Bottcher, and D. Ryckbosch. Radgen 1.0: Monte carlo
generator for radiative events in dis on polarized and unpolarized targets.
1998.

[80] I. V. Akushevich and N. M. Shumeiko. Radiative effects in deep inelastic
scattering of polarized leptons by polarized light nucleiPhys, G20:513-
530, 1994.

[81] I. Akushevich, A. llichev, N. Shumeiko, A. Soroko, and A. Tolkachev. Pol-
rad 2.0: Fortran code for the radiative corrections calculation to deep inelas-
tic scattering of polarized particle€omput. Phys. Commuyri.04:201-244,
1997.

[82] B. Desplanques. Deuteron d state probability and energy dependent n n
interactions.Phys. Lett.B203:200-204, 1988.

[83] R. Machleidt, K. Holinde, and C. Elster. The bonn meson exchange model
for the nucleon nucleon interactioRhys. Rept.149:1-89, 1987.

[84] S. K. Singh, W. Leidemann, and H. Arenhovel. The role of electromagnetic
form-factors in meson exchange currerisPhys, A331:509-518, 1988.

[85] G. Ingelman, A. Edin, and J. Rathsman. Lepto 6.5 - a monte carlo gener-
ator for deep inelastic lepton-nucleon scatteri@@mput. Phys. Commuyn.
101:108-134, 1997.

[86] Torbjorn Sjostrand. High-energy physics event generation with pythia 5.7
and jetset 7.4Comput. Phys. Commur82:74-90, 1994.

[87] Felix M. Menden. Determination of the gluon polarization in the nucleon.
DESY-THESIS-2001-060.

165



[88] Bo Andersson, G. Gustafson, G. Ingelman, and T. Sjostrand. Parton frag-
mentation and string dynamicBhys. Repf.97:31, 1983.

[89] R. D. Field and R. P. Feynman. A parametrization of the properties of quark
jets. Nucl. Phys.B136:1, 1978.

[90] H. L. Lai et al. Global QCD analysis of parton structure of the nucleon:
Cteq5 parton distributiong€ur. Phys. J.C12:375-392, 2000.

[91] M. Gluck, E. Reya, and A. Vogt. Dynamical parton distributions revisited.
Eur. Phys. J.C5:461-470, 1998.

[92] Alan D. Martin, R. G. Roberts, W. James Stirling, and R. S. Thorne. Parton
distributions: A new global analysig&ur. Phys. J.C4:463-496, 1998.

[93] J. Pumplin et al. New generation of parton distributions with uncertainties
from global QCD analysisJHEP, 07:012, 2002.

[94] Daniel Stump et al. Inclusive jet production, parton distributions, and the
search for new physicgHEP, 10:046, 2003.

[95] J. Wendland. Polarized parton distributions measured at the hermes experi-
ment. AIP Conf. Proc, 698:595-598, 2004.

[96] R. J. Barlow. A gauide to the use of statistical methods in the physical
sciences. 1989.

[97] M. Wakamatsu. A chiral theory of light-flavor sea-quark distributions in the
nucleon. 2002.

[98] S. Kretzer. Fragmentation functions from flavour-inclusive and flavour-
tagged e+ e- annihilation®hys. Rey.D62:054001, 2000.

[99] X. Zheng et al. Precision measurement of the neutron spin asymmgtry
and spin-flavor decomposition in the valence quark regRinys. Rev. Lett.
92:012004, 2004.

166



	1 Introduction
	2 Spin Structure of the Nucleon
	2.1 Deep Inelastic Scattering
	2.1.1 Kinematics of the Deep-inelastic Scattering
	2.1.2 DIS cross section

	2.2 Quark-Parton Model
	2.3 Cross Section Asymmetries
	2.4 Semi-inclusive Measurement of Deep Inelastic Scattering
	2.5 Sum Rules
	2.5.1 Gottfried Sum Rule
	2.5.2 Bjken Sum Rule
	2.5.3 The Ellis-Jaffe Sum Rule

	2.6 The Nucleon Spin Problem
	2.6.1 Overview of the investigation of quark helicity distributions
	2.6.2 u and d quarks contribution to the proton spin in Constituent Quark Model
	2.6.3 Other Processes to Solve Spin Crisis


	3 The HERMES Experiment
	3.1 The Polarized Positron Beam
	3.1.1 Longitudinal Polarimeter

	3.2 Polarized Gas Targets
	3.3 HERMES Spectrometer
	3.3.1 Tracking System
	3.3.2 Spectrometer Magnet
	3.3.3 Particle Identification Detectors
	3.3.4 Luminosity Monitor
	3.3.5 Gain Monitoring System


	4 Ring Imaging "7014Cerenkov Detector
	4.1 Detector Design
	4.1.1 Aerogel
	4.1.2 Mirrors
	4.1.3 Photon Detector

	4.2 Identification Method
	4.2.1 Determination of the "7014Cerenkov angle
	4.2.2 Likelihood Technique

	4.3 PID Efficiency
	4.3.1 Systematic Uncertainties of P-Matrix

	4.4 RICH Error Propagation to Hadron Yield

	5 Double Spin Asymmetries
	5.1 Data Production
	5.2 Data Selection
	5.2.1 Beam and Target Qualities

	5.3 Event Selection
	5.3.1 Geometrical Cuts
	5.3.2 Kinematic cuts for DIS events

	5.4 The Measured Asymmetries
	5.4.1 Correction of Yields

	5.5 Extraction of Born Asymmetries
	5.5.1 Azimuthal Acceptance Correction
	5.5.2 Smearing Correction and QED Radiative Correction

	5.6 Uncertainty on the Asymmetries
	5.6.1 Statistical Uncertainties
	5.6.2 Systematic Uncertainties on the Asymmetries

	5.7 Results

	6 Quark Helicity Distributions
	6.1 Formalism of Helicity Distribution Extraction
	6.1.1 Covariance Matrix

	6.2 Extraction of the Purities
	6.2.1 Fragmentation Models
	6.2.2 Unpolarized Parton Distributions
	6.2.3 Sources of Systematic Uncertainty on the Purity
	6.2.4 Resulting purities

	6.3 Extraction of the Quark Polarization and the Helicity Distributions
	6.3.1 Systematic Uncertainties of the Quark Polarizations

	6.4 Resulting Quark Polarizations and Quark Helicity Distributions
	6.4.1 Assumption on the strange quark polarization
	6.4.2 z-dependence of the Asymmetries
	6.4.3 Comparison with Results from the Other Experiments

	6.5 Moments of Helicity Distributions

	7 Conclusion
	A Tables

