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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 andC4F10 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 foru, ū, d, d̄ 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 such asρ, φ, Λ, K0
s 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 particle
was discovered by an experiment at Brookhaven National Laboratory in 1963 and
was calledΩ−. In the same year (and after the discovery ofΩ−), Gell-Mann
[1] and Zweig [2] 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-
tionsF1(x,Q2), F2(x,Q2) which depend on the properties of the target:

F1(x,Q2) → F1(x),

F2(x,Q2) → F2(x),

wherex is Bjørkenx andQ2 the squared invariant mass of the virtual photon.
Since this feature was found by a suggestion by Bjørken, the scaling was called
Bjørken scaling.

In the same year, to give an explanation of the the Bjørken scaling, Feynman
proposed [3] 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 E80 [4, 5] and E130 [6] 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
functionsg1(x) was extracted from the asymmetry data and was integrated over
x. The experiment covered the region of0.1 < x < 0.64 and extrapolated outside
the measured region. Though their conclusion was consistent with a theoretical
prediction by Ellis and Jaffe, the extrapolation at lowerx was not clear while the
behavior of the polarized structure function can be expected to fall smoothly at
higherx. Precise measurements of the polarized structure function extended to
lower x was performed by European Muon Collaboration (EMC) [7, 8] in 1987.
The result showed that only 12 % of the proton spin was contributed from the
quark spins. This fact led to the so-calledspin crisis. Afterward the polarized
spin structure functiong1 was measured at Spin Muon Collaboration (SMC) [9]
and at SLAC [10, 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

2
=

1

2
∆Σ + ∆G + Lq + Lg, (1.1)

where∆Σ and∆G are contributions from the quark and gluon spins respectively
andLq andLg 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 polarizations ofu, d, s 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(∆u, ∆d, ∆ū, ∆d̄, ∆s = ∆s̄) 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 data for3He because 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 chapter2, the spin structure of the nucleon is de-
scribed. The HERMES experiment is described in chapter3. The Ring Imaging
Čerenkov detector at HERMES is presented in chapter4. In chapter5, asymme-
tries measured at the HERMES experiment are described. The quark polarizations
and helicity distributions determined by using these asymmetries are presented in
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Experiment
Year Collaboration Main Results Ref.
1950s A number of new particles were discoverd.
1967 SLAC WeakQ2 dependence of DIS cross section with in-

creasingQ2.
Scaling of unpolarized structure function.

1976, 1978 SLAC E80 Measurement of double spin asymmetries in polar-
ized DIS.

[4, 5]

1983 SLAC E130 Consistent with the theory by Ellis and Jaffe. [6]
1988 EMC Spin crisis: The quarks in nucleon carried only 12 %

of the nucleon spin.
[7, 8]

Theory
Year Theorist Prediction Ref.
1964 Gell-Man and

Zweig
Quark Model: proposed independently by Gell-Man
and Zweig.

[1]

1969 Feynman Parton Model: the nucleon is constructed by three
constitutent particles.

[3]

1972 Feynman Quark Parton Model: The parton is consistent with
the quark

[14]

1973 Ellis and Jaffe Sum Rule:
∫

dxg1(x) ' 0.2. [15]

Table 1.1: Overview of investigations of the nucleon structure.

chapter6.
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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. Figure2.1shows 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:

l + N → l′ + X (2.1)

wherel and l′ are the incoming and the scattered lepton respectively,N the nu-
cleon andX the final hadronic state. In inclusive measurementsonly the scattered
lepton is detected, while at least one hadron in the final hadronic systemX is de-
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:

Q2 = −q2 = −(k − k′)2 lab
= 4EE ′ sin2 θ

2
, (2.2)

x =
Q2

2P · q
lab
=

Q2

2Mν
, (2.3)
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*

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

wherek
def
= (E, ~k) andk′ def

= (E ′, ~k′) are four-momenta of the incoming and
the scattered lepton respectively,θ the polar angle of the scattered lepton,M the
mass of the nucleon,P andq four momenta of the target nucleon and the virtual
photon exchanged between the lepton and the nucleon, andν the energy of the
virtual photon. The former variableQ2 expresses the negative square of the four-
momentum of the virtual photon. The latter variablex is the Bjørken 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
scatteringx is equal to 1, whilex < 1 corresponds to inelastic scattering. A
squared invariant mass of the hadronic final systemX is

W 2 = (P + q)2 lab
= M2 + 2Mν − Q2. (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 ≤ 2 GeV for the resonance region,
W > 2 GeV for the DIS region.

(2.5)

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

18



carried by the hadronh is introduced:

z =
PµP

µ

Pµqµ

lab
=

Eh

ν
. (2.6)

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

xF =
| ~pL|
|~q|

, (2.7)

where ~pL represents the longitudinal hadron momentum in the hadronic center
mass system. The other kinematic variables are presented in Table2.1.

2.1.2 DIS cross section

The DIS differential cross section for inclusive measurement in the lowest order
QED can be written as [16]

d2σ

dΩdE ′ =
α2

2MQ4

E ′

E
LµνW

µν , (2.8)

whereα represents the electromagnetic coupling constant andLµν andW µν the
lepton and hadron tensors, respectively. The both tensors can be split into sym-
metrical and anti-symmetrical parts (indicated as superscripts(S) and(A) respec-
tively) as

Lµν = L(S)
µν + iL(A)

µν , (2.9)

Wµν = W (S)
µν + iW (A)

µν , (2.10)

where

L(S)
µν = 2

[
kµk

′
ν + kνk

′
µ − gµν(k · k′ − m2

e)
]
, (2.11)

L(A)
µν = 2meεµναβsα(k − k′)β, (2.12)

wheregµν is the metric tensor,me the mass of the lepton,εµναβ the totally anti-

symmetric Levi-Civita tensor ands lab
= 1

me
(|~k|,

~k
|~k|

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

kµ = (E, ~k) Four-momentum of the incident proton

k′µ = (E′, ~k′) Four-momentum of the scatterd lepton

θ, φ Polar and azimuthal angles of the scatted lepton

Pµ lab= (M,~0) Four-momentum of the target nucleon

Inclusive DIS

ν = Pµqµ

M

lab= E − E′ Energy of the virtual photon

qµ = kµ − k′µ = (ν, ~q) Four-momentum of the virtual photon

Q2 = −qµqµ
lab∼= 4EE′ sin2 θ

2 Squared invariant mass of the virtual photon

W 2 = (Pµ + qµ)2 lab= M2 + 2Mν − Q2 Squared mass of the final hadronic state

x = Q2

2Pµqµ

lab= Q2

2Mν Bjørken scaling variable

y = Pµqµ

Pµkµ

lab= ν
E Fractional energy transfer of the virtual photon

Semi inclusive DIS

z = PµP µ

Pµqµ

lab= Eh

ν Fractional energy of the virtual photon carried by a hadronh

~pL = ( ~ph · ~q
|~q| )

~q
|~q| Longitudinal momentum of a hadron inγN c.m. frame

~pT = ~ph − ~pL Transverse momentum of a hadron inγN c.m. frame

xF = | ~pL|
|~q|

∼= 2 ~pL

W Feynman scaling variable

Table 2.1: Definition of kinematic quantities in DIS.
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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:

d2σ

dΩdE ′ =
α2

2MQ4

E ′

E
L(S)

µν W µν
(S), (2.13)

where

W (S)
µν = 2

(
−gµν −

qµqν

Q2

)
F1(x,Q2) +

(
Pµ +

P · q
Q2

qµ

) (
Pν +

P · q
Q2

qν

)
F2(x,Q2)

P · q
,

(2.14)

whereF1(x,Q2) andF2(x,Q2) are dimensionless unpolarized structure functions
which are Lorentz-invariant and explain the internal structure of the nucleon. In
the Bjørken limit (ν (energy of virtual photon) → ∞ and Q2 → ∞ with x
finite), the two structure functions are scaling as

F1(x,Q2) → F1(x), (2.15)

F2(x,Q2) → F2(x). (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 Bjørken
and therefore the scaling is called Bjørken scaling. Furthermore these structure
functions are related each other, which is known as Callan-Gross relation [17]:

2xF1(x) = F2(x). (2.17)

These structure functions were measured with various fixed targets at EMC [18],
BCDMS [19], E665 [20], NMC [21] and SLAC [22], and in e-p collisions at H1
[23] and ZEUS [24, 25]. Figure2.2 [26] shows the structure functionF2(x,Q2)
measured by these experiments.

From Eq. (2.11) and Eq. (2.14), the unpolarized differential cross section can
be written as

d2σ

dΩdE ′ =

(
dσ

dΩ

)

Mott

π

EE ′x

(
F2(x,Q2) +

2µ

M
F1(x,Q2) tan2 θ

2

)
, (2.18)
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Figure 2.2: The structure function measured as a function ofQ2 for variousx. The
data are offset by− log10(x) for better presentation.
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where
(

dσ

dΩ

)

Mott

=
4α2E ′2

Q4
cos2 θ

2
. (2.19)

The Mott cross section is the Rutherford cross section at relativistic energy which
includes effects of the lepton spin.
Eq. (2.18) can alternatively be expressed in terms of the photo-absorption cross
sectionsσL(x,Q2) and σT (x,Q2) for longitudinally and transversely polarized
virtual photons on a nucleon:

d2σ

dΩdE ′ =
α

2π2Q2

µ2(1 − x)

E2x(1 − ε)

(
σT (x,Q2) + εσL(x,Q2)

)
, (2.20)

where

ε =
1 − y − 0.25γ2y2

1 − y + 0.25y2(γ2 + 2)
, (2.21)

where the assumption of2m2
e ¿ Q2 is used andγ ≡ Q2

ν2 . The ratio of the photo

absorption cross sectionsR(x,Q2) = σL(x,Q2)
σT (x,Q2)

was measured by the several ex-
periments [27]. The ratioR can be related to the unpolarized structure functions
F1(x,Q2) andF2(x, Q2) as

R(x,Q2) =
1 + γ2

2x

F2(x,Q2)

F1(x,Q2)
− 1. (2.22)

Hence the structure functionF2(x, Q2) can be written withF1(x,Q2) andR(x,Q2)

F1(x,Q2) =
1 + γ2

2x(1 + R(x,Q2))
F2(x,Q2). (2.23)

In the Bjørken limit, the photo-absorption cross sectionσL vanishes due to helicity
conservation. In this limit,R(x,Q2) → 0 and Eq. (2.23) is close to Eq. (2.17).

Polarized Cross Section

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

W (A)
µν =

εµναβqα

ν

[
Sβg1(x,Q2) +

(
Sβ − S · q

P · q
P β

)
g2(x,Q2)

]
, (2.24)
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Figure 2.3: The definition of angles. Here~k and ~k′ are momentum vectors of the
incoming and scattered lepton respectively,~S is the spin polarization
vector of the target, anglesθ and φ represent the polar angle with
respect to~k and azimuthal angle which is defined by an angle between
scattering plane and polarization plane. The additional angleα is the
angle between~k and~S.
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appears in the DIS cross section. Hereg1(x,Q2) andg2(x,Q2) are the polarized
structure functions andS represents the spin polarization vector of the nucleon
target. The definition of angles between the various vectors is shown in Figure2.3.

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

d2σ
→⇐

dxdQ2
− σ

→⇒

dxdQ2
=

8πα2

Q4

y

E
·
[
(E + E ′ cos θ) g1(x,Q2) − Q2

ν
g2(x,Q2)

]
,(2.25)

where→⇒ and→⇐ indicate that the target and beam spins are aligned parallel (α = 0
in Figure2.3) or anti-parallel (α = π), respectively. When the target is trans-
versely polarized, the cross section difference can be written as

d2σ→⇑

dxdQ2
− σ→⇓

dxdQ2
=

8πα2

Q4

y

E
· E ′ · sin θ cos φ

[
g1(x,Q2) +

2E

ν
g2(x,Q2)

]
.(2.26)

The polarized structure functiong1 has been measured by fixed target experiments
at E142 [28], E143 [29] E154 [30], E155 [31, 32], EMC [7, 8], SMC [33, 34] and
HERMES [35, 36]. The measurements of other polarized structure functiong2

were performed by fixed target experiments at E142 [28], E143 [37], E154 [38],
E155 [39, 40]. Figure2.4and Figure2.5show thex-weighted polarized structure
functionsxg1(x) andxg2(x) respectively.

TheQ2 dependence of the polarized structure functiong1 for proton and for
neutron is shown in Figure2.6. There is no evidence of strongQ2 dependence of
g1.

2.2 Quark-Parton Model

To explain Bjørken scaling (Eq.(2.15)), the Parton Model is proposed by Feynman
[3] in 1969. In the model, the nucleon is comprised of three point-like particles
with spin-1

2
which are called partons. If it is 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 Bjørken and Paschos [41] and Feynman [14]. In QPM, the
partons are identical to the quarks which were proposed by Gell-Mann [1] and
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
Bjørkenx as follows:
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The four-momentum of a parton can be expressed as

(ξP + q)2 = (mq)
2, (2.27)

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

ξ =
Q2

2Mν

2

1 +
√

1 + Q2

ν2

(2.28)

=
2x

1 +

√
q + 4(Mx)2

Q2

. (2.29)

In the limit of Q2 À M2

ξ ' x

1 + (Mx)2

Q2

' x. (2.30)

Hence the Bjørkenx 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 functionsF1(x) andF2(x) can be related
to the quark densitiesq(x) with the momentum fractionx as

F1(x) =
1

2

∑

q

e2
qq(x), (2.31)

F2(x) = x
∑

q

e2
qq(x), (2.32)

whereeq represents the charge of the parton in unit ofe and the sum runs over
all the quark flavors. For the nucleon,u, d, s and their anti-quarks are enough
to express the structure functions. Analogously the polarized structure function
g1(x) can be related toq+(−) which are the quark density for the parallel (anti-
parallel) alignment of the quark spin and the target spin:

g1(x) =
1

2

∑

q

e2
q(q

+(x) − q−(x)) ≡ 1

2

∑

q

e2
q∆q(x), (2.33)

where∆q(x) is the polarized quark density. As shown in Figure2.5, g2 is negli-
gible compared to the size ofg1:

g2(x) ' 0. (2.34)

28



2.3 Cross Section Asymmetries

The cross section asymmetry is defined as

A||(x,Q2) =
dσ

→⇐ − dσ
→⇒

dσ
→⇐ + dσ

→⇒
, (2.35)

whereσ
→⇐ andσ

→⇒ indicate the differential cross sectionsd2σ
→
⇐

dxdQ2 and d2σ
→
⇒

dxdQ2 respec-
tively. The two processes are illustrated in Figure2.7. 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

A1 =
σ 1

2
− σ 3

2

σ 1
2

+ σ 3
2

=
g1 − γ2g2

F1

, (2.36)

A2 =
2σI

σ 1
2

+ σ 3
2

=
γ(g1 + g2)

F1

, (2.37)

whereσ 1
2
( 3
2
) are the photo-absorption cross sections for the parallel (anti-parallel)

alignments of the virtual photon and target spins (Figure2.7) andσI is the inter-
ference cross section between the transverse and longitudinal polarization of the
virtual photon. The experimentally accessible asymmetryA|| can be related to the
photo-absorption asymmetriesA1 andA2:

A|| = D(A1 + ηA2), (2.38)

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

D =
1 − (1 − y)ε

1 + εR
, (2.39)

η =
εγy

1 − (1 − y)ε
. (2.40)

From Eq. (2.36), (2.37) and (2.38), A1 can be re-written as

A1 =
A||

D(1 + ηγ)
− ηγ(1 + γ2)

1 + ηγ
· g2

F1

. (2.41)
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Neglectingg2, A1 can be expressed as

A1 '
A||

D(1 + ηγ)
. (2.42)

2.4 Semi-inclusive Measurement of Deep Inelastic
Scattering

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

l + N → l′ + 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 fragments [42]. 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 probability [43]. To select the fast-forward hadron in
the DIS events, the cuts on kinematic variablesz andxF are used.

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

d3σh(x, Q2, z)

dxdQ2dz
=

d2σinc(x,Q2)

dxdQ2
·

∑
f e2

fqf (x,Q2)Dh
f (z, Q2)

∑
f e2

fqf (x,Q2)
, (2.44)

where the sum runs over all the quark flavors,d2σinc(x,Q2)
dxdQ2 is the inclusive differ-

ential cross section,Dh
f represents the fragmentation function which is the prob-

ability that a quark of flavorf hadronizes into a hadron of typeh with an energy
fractionz of the energy of the virtual photon. The fragmentation function is de-
scribed in detail in Section6.2.1. Under the assumption that the fragmentation
functions are spin-independent, the unpolarized and the polarized structure func-
tion can be modified as

F h
1 (x,Q2, z) =

1

2

∑

f

e2
fqf (x,Q2)Dh

f (z,Q2), (2.45)
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gh
1 (x,Q2, z) =

1

2

∑

f

e2
f∆qf (x,Q2)Dh

f (z, Q2). (2.46)

From Eq. (2.36) and the assumption ofg2 = 0, the semi-inclusive photo-absorption
asymmetries can be obtained as

Ah
1(x,Q2) '

∫
dzgh

1 (x,Q2, z)
∫

dzF h
1 (x,Q2, z)

=

∑
f e2

f∆qf (x, Q2)
∫

dzDh
f (z, Q2)

∑
f e2

fqf (x,Q2)
∫

dzDh
f (z, Q2)

(2.47)

2.5 Sum Rules

Then-th momentΓn
1 (Sn

1 ) of the polarized (unpolarized) structure functiong1(F1)
is defined as

Γn
1 ≡

∫ 1

0
dx x(n−1)g1(x,Q2), (2.48)

Sn
1 ≡

∫ 1

0
dx x(n−1)F1(x,Q2). (2.49)

In addition, the first moments of the polarized quark density∆q(x) is defined as

∆q =
∫ 1

0
dx ∆q(x). (2.50)

The proton matrix elementsai are the expectation values of axial vector cur-
rentsJ i

5µ defined by

2Ma0Sµ = 〈P, S|J0
5µ|P, S〉, (2.51)

Ma3Sµ = 〈P, S|J3
5µ|P, S〉, (2.52)

Ma8Sµ = 〈P, S|J8
5µ|P, S〉. (2.53)

They can be related to the first moments∆q as

a0 = ∆Σ = (∆u + ∆ū) + (∆d + ∆d̄) + (∆s + ∆s̄), (2.54)

a3 =

∣∣∣∣∣
gA

gV

∣∣∣∣∣ = (∆u + ∆ū) − (∆d + ∆d̄), (2.55)

a8 = (∆u + ∆ū) + (∆d + ∆d̄) − 2(∆s + ∆s̄), (2.56)
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where
∣∣∣ gA

gV

∣∣∣ is the axial charge of the nucleon [44] and the value can be obtained
from neutronβ decay:

a3 =

∣∣∣∣∣
gA

gV

∣∣∣∣∣ = 1.2670 ± 0.0030. (2.57)

The matrix elementa8 is obtained from hyperonβ decay [45]:

a8 = 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 = S1
1p − S1

1n

=
∫ 1

0
dx (F1p(x) − F1n(x))

=
1

3
+

2

3

∫ 1

0
dx(ū(x) − d̄(x)). (2.59)

The NMC collaboration performed the measurement [46] of SG and reported a
valued of

SG = 0.235 ± 0.026. (2.60)

This result indicates a flavor asymmetry of the light sea quark densities(ū(x) −
d̄(x)).

2.5.2 Bjørken 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

Γ1p =
1

2
· 1

9

(
4∆u + ∆d + ∆s + 4∆ū + ∆d̄ + ∆s̄

)

=
1

9
a0∆CS(Q2) +

(
1

12
a3 +

1

36
a8

)
∆CNS(Q2), (2.61)

Γ1n =
1

2
· 1

9

(
∆u + 4∆d + ∆s + ∆ū + 4∆d̄ + ∆s̄

)

=
1

9
a0∆CS(Q2) −

(
1

12
a3 −

1

36
a8

)
∆CNS(Q2). (2.62)
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where∆(C)S(NS) is the polarized singlet (non-singlet) coefficient function for the
QCD correction. They are given by [47]

∆CS(Q2) = 1 − αs(Q
2)

π
− 1.0959

(
αs(Q

2)

π

)2

, (2.63)

∆CNS(Q2) = 1 − αs(Q
2)

π
− 3.7833

(
αs(Q

2)

π

)2

− 20.215

(
αs(Q

2)

π

)3

,

(2.64)

whereαs is the coupling constant of the strong interaction.
The Bjørken sum rule [48] is the difference of the first momentsΓ1p − Γ1n:

ΓBj
1 ≡ Γ1p − Γ1n =

1

6

∣∣∣∣∣
gA

gV

∣∣∣∣∣ CNS(Q2). (2.65)

An experimental result [32] from E155 collaboration and theoretical prediction
were

ΓBj
1 = 0.176 ± 0.003(stat) ± 0.007(syst), (experiment)

ΓBj
1 = 0.182 ± 0.005, (theory)

(2.66)

where the both are evaluated atQ2 = 5 GeV2. 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
quarks and the gluons are unpolarized inside nucleon,∆s + ∆s̄ = ∆g = 0, and
SU(3) symmetry is true, the first moments of the polarized structure functions are
given by

Γ1p =
a8

9
∆CS(Q2) +

1

12

(
a3 +

a8

3

)
∆CNS(Q2), (2.67)

Γ1n =
a8

9
∆CS(Q2) − 1

12

(
a3 −

a8

3

)
∆CNS(Q2). (2.68)

Theoretical prediction is

Γ1p(Q
2 = 5GeV2) = 0.170 ± 0.005, (theory)

Γ1n(Q2 = 5GeV2) = −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 E130 [6]. They measured the double spin asymmetry for the
deep inelastic scattering of longitudinally polarized electrons off longitudinally
polarized protons. Then the integral ofg1p(x) overx in the measured region of
0.1 < x < 0.64 was calculated as

∫ 0.64

0.1
dx g1p(x) =

∫ 0.64

0.1
dx

1

2x

A1p

F2p

(1 + R) = 0.095 ± 0.008. (2.69)

The contribution from higherx region to the integral is probably small, while
the contribution from lowerx region is more complicated. The integral of the
polarized structure function over the fullx range 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 inx region of0.01 < x < 0.7 [7, 8]. Their experiment is analo-
gous to the experiment by SLAC except for the using polarized high energy muon
beam. The integral ofg1 in the measured region was

∫ 0.7

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

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

∫ 1.0

0
dx g1p(x) = 0.123 ± 0.013(stat.) ± 0.019(syst.), (2.71)

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 u andd valence quark (∆uv, ∆dv), and the non-strange sea polarization
∆q̄(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 (∆uv, ∆dv, ∆q̄) under the assumption that SU(3) symmetric sea
(∆q̄(x) ≡ ∆ū(x) = ∆d̄(x) = ∆s(x) = ∆s̄(x)).

In 1999, HERMES reported the first result of the polarized quark distributions
[50]. The detail of the HERMES experiment will be described in the next chapter.
The polarized quark distributions ofu+ū, d+ d̄ ands+ s̄ were extracted under the
assumption that the contribution of sea quarks is independent of flavor (∆usea

usea
=

∆dsea

dsea
= ∆s

s
= ∆d̄

d̄
= ∆s̄

s̄
). Theh+, h− and inclusive asymmetries were used.

From the spin asymmetryA1 in inclusive measurement, the polarized structure
functiong1 can be obtained by

g1(x,Q2) = A1(x,Q2)
F2(x,Q2)

2x(1 + R(x, Q2))
. (2.72)

The unpolarized structure functionF2 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 of∆uv = ∆u − ∆ū, ∆dv = ∆d − ∆d̄, ∆q̄ and∆g were
determined for each fit.

A functional form of the polarized PDFs assumed by the GRSV group [51] is

∆f(x) = axb(1 − x)cf(x), (2.73)

wherea, b andc are free parameters, andf(x) is the unpolarized PDF. (∆q̄ ≡
∆ū = ∆d̄ = ∆usea = ∆dsea) and (∆s = ∆s̄ = 0) are assumed in SU(3) broken
“valence” scenario.

Another functional form of the polarized PDFs assumed by the Blümlein and
Böttcher [52] is

∆f(x) =
(∫ 1

0
dx∆f(x)

)
A(a, b, c, d)xa(1 − x)b(1 + cx + dx

1
2 ), (2.74)
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wherea, b, c andd are free parameters andA(a, b, c, d) is normalization constants
which depends only on the free parameters. SU(3) symmetric sea distributions
(∆q̄ ≡ (∆ū = ∆d̄ = ∆s = ∆s̄)) are assumed.

The last one assumed by the Asymmetry Analysis Collaboration (AAC) [45,
53] is

∆f(x) =
(
axb − c(xb − xd)

)
f(x), (2.75)

wherea, b, c andd are free parameters. SU(3) symmetric sea distributions(∆q̄ ≡
∆ū = ∆d̄ = ∆s = ∆s̄) are assumed.

There are some problems of these phenomenological fits:

• An functional form needs to be assumed.

• A number of fit parameters is limited.

• An assumption is needed for sea quarks.

• 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 theπ+, π−, K+ andK− asymmetries for the first time. It enable us
to determine the separate contributions of the quark flavors to the nucleon spin
(∆u, ∆d, ∆s, ∆ū, ∆d̄, ∆s̄). It should be emphasized that the flavor decomposi-
tion was donex 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 in [54]. The
detail of the analysis [55] was published in Physical Review D.

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

The proton is one of the ground-state baryons with spin1
2

which is constructed
from uud quarks in QPM. The wave function of a spin-up proton can be given by

|p ↑〉 =

√
1

18
(uud(↑↓↑ + ↓↑↑ −2 ↑↑↓) + udu(↑↑↓ + ↓↑↑ −2 ↑↓↑) + duu(↑↓↑ + ↑↑↓ −2 ↓↑↑)).

(2.76)
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The magnetic moment of the protonµp in this model can be given by

µp =
3∑

i=1

〈p ↑ |Qi

(
e

2mi

)
|p ↑〉

=
2

3
(2µu − µd) +

1

3
µd =

4

3
µu −

1

3
µd, (2.77)

whereQie andmi represent the charge and mass ofi-th quark andµu andµd are
the magnetic moment of theu andd quarks. The magnetic moment of the neutron
µn can be obtained by interchanging theu andd quarks:

µn =
2

3
(2µd − µu) +

1

3
µu =

4

3
µd −

1

3
µu, (2.78)

Then the ratio of two quantities is written as

µn

µp

=
4
3
µd − 1

3
µu

4
3
µu − 1

3
µd

(2.79)

=

4
3

(
−1

3

)
− 1

3

(
2
3

)

4
3

(
2
3

)
− 1

3

(
−1

3

) (2.80)

= −2

3
, (2.81)

wheremu = md is assumed. It is in good agreement with the experimental value:

(
µn

µp

)

exp

' −0.685. (2.82)

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

〈p ↑ |S(u)|p ↑〉 = 〈p ↑ |1
2
σ(u)|p ↑〉 = 2

3
,

〈p ↑ |S(d)|p ↑〉 = 〈p ↑ |1
2
σ(d)|p ↑〉 = −1

6
,

〈p ↑ |S(u) + S(d)|p ↑〉 = 〈p ↑ |1
2
(σ(u) + σ(d))|p ↑〉 = 1

2
,

(2.83)

whereS is the spin operator andσ represents Pauli matrix. It indicates that theu
quark spin is aligned to the proton spin, while thed quark 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 Figure2.8. 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

ADY
LL (x1, x2) =

∑
f e2

f∆qf (x1)∆q̄f (x2) +
∑

f e2
f∆qf (x2)∆q̄f (x1))∑

f e2
fqf (x1)q̄f (x2) +

∑
f e2

fqf (x2)q̄f (x1))
. (2.84)

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

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
ud̄ → W+ anddū → W−. Diagrams forW+(−) production is shown in Fig-
ure2.9. The single spin asymmetry for W productions is given by

App→W+X
LU =

∆u(x1)d̄(x2) − ∆d̄(x1)u(x2)

u(x1)d̄(x2) + d̄(x1)u(x2)
, (2.85)
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App→W−X
LU =

∆d(x1)ū(x2) − ∆ū(x1)d(x2)

d(x1)ū(x2) + ū(x1)d(x2)
. (2.86)

W+

+
W production

−
W production

W−

Figure 2.9: Diagram of W boson production.

high pT 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. Figure2.10shows these
two diagrams of highpT prompt photon production. The double spin asymmetry
for prompt photon production with high transverse momentum is expressed as

App→γX
LL (pT ) ≈ ∆G(xT )

G(xT )

∆q(xT )

q(xT )
aLL(qg → γq), (2.87)

wherexT = 2 pT√
s

andσLL represents the partonic asymmetry for gluon Compton
process. The gluon helicity distribution can be obtained by using the known quark
helicity distributions.

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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(a) (b)

Figure 2.10: Diagram of highpT prompt photon production. (a) gluon compton
scattering (b) quark anti-quark annihilation

gluon fusion. Figure2.11 shows the diagram of heavy quark production. The
double spin asymmetry for heavy quark production is given by

App→QQX
LL =

∆G

G

∆G

G
σLL(gg → QQ̄). (2.88)

g

g

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). Figure3.1
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 effect [56].
The beam polarization is defined as

P =
N↑ − N↓

N↑ + N↓ , (3.1)

whereN↑ andN↓ 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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Figure 3.1: Schematic view of the experiments at DESY.

according to

P (t) = Pmax · (1 − e−t/τ ), (3.2)

Pmax =
8

5
√

3
, (3.3)

wherePmax is maximum polarization value in an ideal case,τ is a variable which
accounts for the ring radius and the energy of the beam. Figure3.2 shows 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 distributions (∆q), 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 Figure3.3. 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 in Table3.1
together with the target informations.
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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-
scattering [57]. A Schematic view of the LPOL is shown in Figure3.4. A pulsed
Nd:YAG laser produces photons with energy ofE = 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.

Nd:YAG laser

screen

lens doublet

laser room cable shaft

screen

polarization analyzer

mirror M 3

interaction point
laser - electron

HERA exit window

stand

3.3 m

shutter

2.5 m

10.6 m

5.6 m

8.4 m

beam& optical system pump

mirror M 2

mirror M 4

Compton photons
calorimeter

HERA  electron  beam

electrons

window

screen

HERA tunnel, section East Right

mirror M 1

mirrors M 5/6

entrance

47.2 m

6.3 m
HERA entrance window

Figure 3.4: Layout of the Longitudinal Polarimeter at HERA.

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. Figure3.5shows 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 Figure3.6.
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Figure 3.5: The internal gas target.

Atomic Beam Source

The Atomic Beam Source (ABS) [58] provides the longitudinally polarized tar-
get based on the principle of Stern-Gerlach separation. The polarized target is
achieved as follows:

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

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

• 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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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 polarizationP T is given
by

P T = α0αrP
a + α0(1 − αr)P

m, (3.4)

whereP a andPm are the polarization of the atoms and molecules respectively,
αr and(1 − αr) 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 Table3.1.

3.3 HERMES Spectrometer

The HERMES experiment uses a forward spectrometer which consists of two
identical halves below and above the beam line [59]. Figure3.7shows a schematic
view of the HERMES spectrometer.
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Beam
Year Type Polarization Fractional Uncertaintiy
1996 e+ 52.8 % 3.4 %
1997 e+ 53.1 % 3.4 %
1998 e− 52.1 % 3.4 %
1999 e+ 53.3 % 1.8 %
2000 e+ 53.3 % 1.9 %

Target
Year Type Polarization Fractional Uncertainty
1996 Hydrogen 74.8 % 5.5 %
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 spectrometer is±170 mrad in the horizontal
direction and from±40 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 (VCs) [60] are silicon gas micro-strip cham-
bers and the Front Chambers (FCs) [61] are drift chambers. Drift Vertex Cham-
bers (DVCs) provide 544 channels per detector half and provide a resolution of
200µm 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 (Figure3.8). The former ones have
the active area of 1880× 520mm2 while the latter ones 2890× 710mm2. The
drift cell size is 15 mm and provides a resolution of 275µm and 300µm 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 of
∫

Bdl = 1.3
Tm. As mentioned, the magnet gap above and below the steel plate allows for the
acceptance of 40 mrad< |θy| < 140 mrad and|θx| < 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 calorimeter [63] 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 block is9 × 9 × 50cm3. As shown in
Figure3.9, the blocks are arranged in a42×10 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

σ(E)

E
= 1.5 ± 0.5 +

5.1 ± 1.1√
E

, (3.5)

whereE is the energy of the track in GeV [64].

Hodoscopes

Three hodoscopes H0, H1 and H2 are used for triggering and separation of positrons
and hadrons. H0 is installed in front of FC1. It is 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× 1 cm3. 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 - 20µm. The chamber contains 90 % Xe
and 10 %CH4 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
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positrons. By the combination of 6 modules, the TRD accomplishes the positron-
pion separation with a factor 100:1 at 5 GeV.

Threshold Čerenkov Detector

In the year 1996 and 1997, the thresholdČerenkov detector has been used to
identify pions. A particle with velocityv larger than the phase velocity of light
in the radiators emitšCerenkov photons at a characteristic angleθ related to the
particle velocity as

cos θ =
1

βn
, (3.6)

whereβ = v
c
, c is the speed of light in vacuum and n is the refractive index of

the material. A gas mixture of 70 %N2 and 30 %C4F10 was used as a radiator.
The refractive index of the radiator isn = 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 3.94< p < 13.6 GeV/c emit thěCerenkov
photons in the radiator, the particles are determined to be pions.

Ring Imaging Čerenkov Detector

From 1998 to 2000, the Ring ImaginǧCerenkov (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 and aC4F10 gas. The particle type can be
determined in the wide momentum range of 2 - 15 GeV/c from the measured
Čerenkov angle. The detail will be described in the next chapter.

3.3.4 Luminosity Monitor

The Luminosity monitor performs the measurement of the luminosityL defined
as

L = φ · Nt, (3.7)

whereφ represents the flux of the beam andNt 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 scatteringe+e− → e+e− and the

54



annihilation of beam positrons with the shell electrons of the target (e+e− → γγ).
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 (Figure3.10). The calorimeters
detect the symmetrically scattered particles in coincidence. An energy deposition
above 4.5 GeV allows to select Bhabha events as well ase+e− annihilation events.
The energy resolution of the calorimeter is given by

σ(E)

E
=

9.3 ± 0.1√
E

. (3.8)

 

 

60 mm
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88 m
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88 m
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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 Čerenkov Detector

4.1 Detector Design

The Ring ImaginǧCerenkov (RICH) detector is designed to identify pions, kaons
and protons [66]. Two symmetrical RICH modules are installed above and below
the positron beam pipe. The schematic view of the upper detector is shown in
Figure4.1. The RICH detector is composed of dual radiators, mirrors and photon
detectors. Details of the components are given in Table4.1.

aluminum box

mirror array

soft steel plate
PM matrix

aerogel tiles

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 × 2 × 1.3m3

Radiators
C4F10 gas n=1.00137

aerogel n=1.0303
size:11 × 11cm2 surface× 1.0cm thickness
number of tiles:17 × 5 × 5 = 425

Mirrors radius:220cm
size:∼ 60 × 40cm2

number of mirrors:8
Photon Detectors 1934×PMTs

active area:145 × 60cm2

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 andC4F10 gas are selected as radiators
since aerogel have a large refractive index, on the other hand gases asC4F10 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 emitsČerenkov photons. ThěCerenkov angle which is defined as an angle
between the particle track and the photon direction is related to particle velocityv

cos θ =
c/n

v
=

1

nβ
, (4.1)

wherec is the speed of light andn the refractive index of the material. The particle
mass is therefore given by

m =
p

cβγ
,

=
pn cos θ

cγ
, (4.2)

if the momentum is known from the spectrometer magnet. Figure4.2 shows
Čerenkov angle versus hadron momentum for each radiator. No particles with ve-
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locity smaller than phase velocity of light can emitČerenkov photons. The veloc-
ity of the particle for emission of̌Cerenkov photons is required to beβ > 0.9705
for the aerogel andβ > 0.9986 for C4F10 gas.

Figure 4.2:Čerenkov angle versus hadron momentum for the aerogel andC4F10

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

pth =
mc2

√
n2 − 1

, (4.3)

whereβ = 1/n for θ = 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 thresholdČerenkov counter. On
the other hand, in the momentum region larger than the threshold, a measurement
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of theČerenkov angle is required to identify hadrons. The maximum momentum
for separation of two types of hadrons is

pmax =

√√√√ m2
2 − m2

1

2 tan θ · nσ(σθ/
√

N)
, (4.4)

wherem1 andm2 are masses of two particles,θ is theČerenkov angle,σθ is the
angular resolution for single photon,N is the number of fired PMTs andnσ is
the number of standard deviation [67]. The value ofnσ = 4.652 is adopted in
the design to achieve a misidentification of≤ 1 %. The number of average fired
PMTs is 11.2 for the aerogel and 13.1 forC4F10. The numerical values ofpth

andpmax are summarized in Table4.2 together with the characteristic values of
HERMES RICH detector.

aerogel (n=1.0303) C4F10 gas (n=1.00137)
averaged NPMT 11.2 13.1
σθ 9.2 9.5
pth(π) 0.6 GeV/c 2.7 GeV/c
pth(K) 2.0 GeV/c 9.4 GeV/c
pth(p) 3.8 GeV/c 17.9 GeV/c
pmax(π/K) 5.9 GeV/c 13.2 GeV/c
pmax(K/p) 10.0 GeV/c 22.3 GeV/c

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

Figure4.3 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 Figure4.4.
The larger (smaller) ring is due to photons emitted in aerogel (C4F10 gas) by
a positive pion at 4.4 GeV/c. For all the fired PMTs theČerenkov angles are
evaluated and hadron type is determined. The detail is discussed in Section4.2.

4.1.1 Aerogel

Silica aerogel is used as a radiator for the RICH detector [68]. The typical re-
fractive index of the aerogel atλ = 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 thěCerenkov 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 hand theČerenkov
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 toC4F10 gas and the outer due to aerogel.
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is 11.4cm× 11.4cm× 1.13cm. The 1680 aerogel tiles were produced at Mat-
sushita Electric Works [69, 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

∆(n − 1)

n − 1
= 2

∆θ

θ
≤ 1%. (4.5)

It is therefore required to be Root Mean Square(RMS) of the indices isσ ≤ 3.0 ·
10−4. Figure4.5shows the distribution of the refractive indices of 1040 selected
aerogel tiles. The standard deviation of the distribution is4.1 × 10−4, 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. Figure4.6shows the
distributions of the refractive index for the two groups. The standard deviations of
the distributions are2.5×10−4 and2.6×10−4, which satisfy the above condition.
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Figure 4.5: Distribution of the refractive indices of the 1040 selected aerogel tiles.
Thex-axis shows the value of(n− 1), wheren is the refractive index
of the aerogel.
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Figure 4.6: Distribution of refractive indices of aerogels for the two groups.

The transmission of light with wavelengthλ in aerogel is given by

T = A · exp
−C · t

λ4
, (4.6)

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 µm4 andA = 0.964 [68]. The term ofλ−4 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 Figure4.7and Figure4.8, respectively.

4.1.2 Mirrors

The mirror array which consists of eight segments is located at the back ofC4F10

gas. Čerenkov 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
Figure4.9. As can be seen in the figure, a photon with wavelength of 300 - 600
nm has a reflectivity above 85 % [71].
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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 reflectedČerenkov 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
Figure4.10. 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 Identification Method

4.2.1 Determination of theČerenkov 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 particle~p
is known, it is only required to determine thěCerenkov angleθ for identifying
hadron (See Eq. (4.2)). 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 4.9: The mirror reflectivity as a function of the wavelength of theČerenkov
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Figure 4.10: The schematic view of PMTs
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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 Figure4.11. The reflection
point S is determined from the detected pointD and the emission pointE of
the Čerenkov radiation which is assumed to be the middle of track inside the
radiator. TheČerenkov angle is calculated from the inner product of

−→
SE and

~p. The Euclid base system with C as the origin is chosen as shown in the right
panel of Figure4.11. The vector̂u represents the unit vector along

−−→
CE and v̂ is

the orthogonal unit vector to the vectorû. From the known lengths and angles
(|−−→CD| ≡ d, |−−→CE| ≡ a, |−→CS| ≡ R,α and~p), the components of the vectors are
written as follows

−−→
CE = (a, 0, 0),
−−→
CD = (d cos α, d sin α, 0),
−→
CS = (R cos β, R sin β, 0).

(4.7)

The vectors
−→
SC,

−→
SD, and

−→
SE can be expressed by linear combinations of the

vectors as
−→
SC = −−→

CS = (−R cos β,−R sin β, 0),
−→
SD =

−−→
CE −−→

CS = (a − R cos β,−R sin β, 0),
−→
SE =

−−→
CD −−→

CS = (d cos α − R cos β, d sin α − R sin β, 0).

(4.8)

Because the incident angle of theČerenkov photon to the mirror should be the
same as its reflection angle, the outer product of the unit vectorsŜC and ŜE
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should satisfy the following equation:

ŜC × ŜE = ˆSD × ŜC, (4.9)

ŜC · ŜE = ˆSD · ŜC. (4.10)

Eq. (4.9) and Eq. (4.10) can be expressed from Eq. (4.8) as follows

a sin β|−→SD| = d(− cos α sin β + sin α cos β)|−→SE|, (4.11)

(a cos β − R)|−→SD| = (d (cos α cos β + sin α sin β) − R) |−→SE|. (4.12)

The ratio of each side of Eq. (4.12) to those of Eq. (4.11) is

a cos β − R

a sin β
=

d(cos α + sin α sin β) − R

d(sin α cos β − cos α sin β)
. (4.13)

Eq. (4.13) can be simply written as

ad sin(α − 2β) + R(a sin β − d sin(α − β)) = 0. (4.14)

β can be calculated from the equation by using Newton-Raphson iterations with
numerical calculations. The vector of the track ofČerenkov photon

−→
ES can be

obtained anďCerenkov angle can be determined as

θ =
cos−1 −→ES · ~p
|−→ES| · |~p|

. (4.15)

4.2.2 Likelihood Technique

TheČerenkov angle is experimentally determined for each radiator and compared
with the theoretically calculateďCerenkov anglesθth assuming a particle type.
From Eq. (4.1) θth can be related to the momentump and the massm of the
particleh as

θth = cos−1




1

n
·

√√√√1 +

(
mh

ph

)2

 . (4.16)

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

L(〈θi〉) = exp



−(θth

i − 〈θi〉)2

2σ2
〈θ〉



, (4.17)
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where〈θ〉 is the average value of̌Cerenkov angleθ determined experimentally
andσ〈θ〉 represents the average angle resolution. It can be related to the single
photon resolutionσγ as follow

σ〈θ〉 =
σγ√

〈NPMT 〉 − 1
, (4.18)

whereNPMT represents the number of fired PMTs. When the RICH detector per-
forms as the thresholďCerenkov detector, the likelihood is set toLs.th. = 0.5.
Furthermore if the number of fired PMTs is below the background level, the like-
lihoodLmin is calculated as

Lmin = L(θth + 2σγ) = exp(−2 · (〈NPMT 〉 − 1)) =

{
0.5 · 10−5 for aerogel
0.2 · 10−8 for C4F10 gas

(4.19)

Figure4.12shows 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 asN i

t , where a superscripti and a subscriptt are identified particle type
and true particle type respectively. For instanceNπ

K represents the number of kaon
identified as pion; true particle type is kaon but is misidentified as pion.

A matrix N is expressed as

N =




Nπ
π Nπ

K Nπ
p

NK
π NK

K NK
p

Np
π Np

K Np
p


 . (4.20)

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

∑

i

N i
t ≡ Nt, (4.21)

∑

t

N i
t ≡ I i. (4.22)
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Figure 4.12: The algorithm of the likelihood calculation.p′th is the momentum
threshold,BPMT represents the number of the fired PMTs due to
background.
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They form vectors~I and ~N :

~N = (Nπ, NK , Np), (4.23)
~I = (Iπ, IK , Ip). (4.24)

The vector ~N corresponds to true hadron yield, while the vector~I represents
measured hadron yield. The identification probabilityP i

t is defined as the ratio of
N i

t to Nt:

P i
t =

N i
t

Nt

. (4.25)

A matrix P (P-matrix) is written as

P =




P π
π P π

K P π
p

PK
π PK

K PK
p

P p
π P p

K P p
p


 . (4.26)

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

∑

i

P i
t = 1. (4.27)

The P-matrix is related to the vector~I and ~N as

~I = P · ~N . (4.28)

If the P-matrix is nonsingular, the following equation can be obtained:

~N = P −1 · ~I. (4.29)

The P-matrix is a function of the momentum of the particle since the precision
of the determination of thěCerenkov angle depends on the momentum. In case of
non single track, the precision decreases due to the overlapping of theČerenkov
rings. Hence the P-matrix is prepared for one track, two tracks and more than two
tracks separately. Figure4.13shows normalized track number per a detector half.
As can be seen, one track events (' 88% ) 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 andC4F10 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.

Figure 4.14:Čerenkov angles for aerogel (left plot) andC4F10 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) )andC4F10 gas (right plot)). The
yellow and black histograms correspond to the experimental data and
the MC data, respectively.

of the Čerenkov angle and photon yield. Figure4.14 and 4.15 show the com-
parison of the measured and the simulatedČerenkov 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 Figure4.16- 4.18. The
values of the P-matrices are listed in TableA.1 - A.3. There is a sudden dip for
kaon efficiency aroundp =10 GeV/c. It corresponds to the threshold momentum
of kaon forC4F10 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:

TheČerenkov angle was calculated based on assumption that theČerenkov pho-
ton hits at the center of a PMT. The systematic uncertainties arising from this as-
sumption can be evaluated shifting theČerenkov photon detection point randomly
within a PMT pixel surface (Figure4.19).

73



0

0.5

1

5 10 15

PπPπ

0

0.5

1

5 10 15

PπPK

0

0.5

1

5 10 15

PπPp

0

0.5

1

5 10 15

PKPπ

0

0.5

1

5 10 15

PKPK

0

0.5

1

5 10 15

PKPp

0

0.5

1

5 10 15

PpPπ

0

0.5

1

5 10 15

PpPK

0

0.5

1

5 10 15

PpPp

p (GeV)

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 4.18: P-matrix for 3 track extracted by the Monte Carlo simulation.
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Figure 4.19: Distribution of̌Cerenkov 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 thěCerenkov angle.

Edge Effect of Aerogel Tiles:

The aerogel tiles were produced with the typical dimensions11 × 11 × 1cm3.
However, it was found that the aerogel tiles have the sharply curved surface (Fig-
ure4.20). The contribution of the effect is discussed in detail in [72]

Chromatic Aberration:

The refractive index for aerogelnaerogel = 1.0304 was measured at a wavelength
λ = 400 nm. However, it varies with the wavelength ofČerenkov light. The
contribution from this was estimated by varying the refractive indices using the
following equation:

naerogel = 1.02804 + 0.789308 × 10−3 × exp (0.368298 × Eγ), (4.30)

nC4F10 = 1.001287 + 1.723 × 10−7 × Eγ + 5.495 × 10−6 × E2
γ , (4.31)

whereEγ represents the energy of theČerenkov light.

77



0 10 20 30 40 50
0

0.5

1

1.5

2

distance from the center (mm)

th
ic

kn
es

s 
(m

m
)

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 radiatorC4F10 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 ofČerenkov Photon:

The emission point of̌Cerenkov photon in the radiator can be not determined
in the experiment. ThereforěCerenkov 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 particle
track in the radiator to evaluate the effect of the assumption.

Angular resolutions for single photon from these sources are listed in Ta-
ble4.3.1.

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) C4F10 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 such asρ, φ, Λ, K0

s are used. The
decaying particle has the information on the particle types of the tracks. Here
the details are given taking (the decay mode)φ → 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 theφ decay, the peak should
be found around 1020 MeV corresponding toφ meson mass. The efficiency for
kaons can be evaluated from Eq. (4.25). Figure4.21 shows 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 Section4.3, true hadron yield~N is related to measured hadron
yield ~I via

~N = P−1 · ~I. (4.32)

The P-matrix has the systematic uncertainties∆P described in the previous sec-
tion. The propagation of the systematic uncertainties to hadron yield can be eval-
uated by replacingP with (P + ∆P ) 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 Figure4.22. The numerical values are presented
in TableA.5. 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 particle: 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. Figure4.23presents 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 withx. It could be under-
stood as follows. From Eq. (2.2) and Eq. (2.3), the Bjørken scaling variablex is
re-written as

x
lab
=

2EE ′

M(E − E ′)
sin2 θ

2
=

2E

M
sin2 θ

2

(
E

ν
− 1

)
. (4.33)

Thusx effectively determines the energy of the virtual photon. At smallx, the
energy of the virtual photonν is large, while at highx, ν 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 Figure4.16 - 4.17). Hence the fractional uncer-
tainties on hadron yield decrease withx.
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Figure 4.22: Fractional uncertainties on hadron yield arising from the RICH sys-
tematic uncertainties as a percentage.
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Figure 4.24:ν distributions for pion. The top three panels show the distri-
bution at x = 0.033, 0.047, 0.065, the middle three panels at
x = 0.087, 0.119, 0.168, and the bottom three panels atx =
0.245, 0.342, 0.466. 84
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Figure 4.25:ν distributions for kaon. The top three panels show the dis-
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Chapter 5

Double Spin Asymmetries

In this chapter, the photo absorption asymmetriesA1 are 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 finallyA1 are determined from the Eq. (2.42).

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 EPIO [73]
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 calledburst. The HERMES decoder (HDC) allows to
convert the raw data in EPIO format into ADAMO [74] format. Then the decoded
data are reconstructed based on existing detector calibrations by the HERMES
reconstruction program (HRC) [75]. They are synchronized with the slow control
data and produce inputs for the so-calledµDST (micro-Data Summary Tape). The
data are summarized inruns 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 length isfill 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 theµDSTs 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 Section3.1,
the beam polarization is about 60 % during data taking with the polarized targets.
The requirements for the beam conditions for the analysis are

5 mA ≤ IB ≤ 50 mA,

30% ≤ PB.

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 Table5.3.

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 Section3.3, the
acceptance cuts of|θx| ≤ 170 mrad and 40 mrad≤ |θy| ≤ 140 mrad are applied.
Cuts ofdvert ≤ 0.75 cm and zvert ≤ 18 cm require that tracks are originated
in the target cell. Cuts on the position of the calorimeter (|xcalo| ≤ 175 cm and
30 cm ≤ |ycalo| ≤ 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 |θx| ≤ 170 mrad

Vertical scattering angle 40 mrad≤ |θy| ≤ 140 mrad

x position of calorimeter |xcalo| ≤ 175 cm

y position of calorimeter 30 cm≤ |ycalo| ≤ 175 cm

Longitudinal vertex position |zvert| ≤ 18 cm

Transverse vertex position dvert ≤ 0.75 cm

Kinematic cuts for inclusive DIS

Squared invariant mass of the virtual photon 1.0GeV2 ≤ Q2

Invariant mass of the final hadron state 10.0GeV2 ≤ W 2

Separation from hadrons PID > 1

Energy deposit in the calorimeter 3.5 GeV≤ Ecalo

Fractional energy transfer y ≤ 0.85

Kinematical cuts for semi-inclusive DIS

Separation from hadrons PID < 0

Feynman variable 0.1≤ xF ≤ 1.0

Fractional energy of the hadron 0.2≤ z ≤ 0.8

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

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 1.0GeV2 ≤ Q2 is used as well as a cut on the
squared invariant mass of the final hadronic state of 10.0GeV2 ≤ W 2. A cut on
energy deposit in the calorimeter is required to be 3.5 GeV≤ Ecalo in order to
select the scattered positron. The criterion on the fractional energy transfery ≤
0.85 selects the DIS events for first order QED process. The distribution of the
selected DIS events is shown in Figure5.1 in the kinematicx − Q2 plane.

0.03 0.1 0.4
x

Q
2  [G

eV
2 ]

y=
0.8

5

W
2 =10

 G
eV

2

Q2=1 GeV2

θ=0.04

θ=0.22

0.7
0.8
0.9

1

2

3

4

5
6
7
8
9

10

10
-1

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 calledPIDdet is defined for each detector as

PIDdet = log10

Pe+

det

Ph
det

, (5.1)
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wherePe+(h)
det represents the conditional probability that a signal from the detector

is due to positron (hadron). The quantity can be related to the particle fluxφ:

Pe+(h)
det =

φe+(h) · Le+(h)
det

φe+ · Le+

det + φh · Lh
det

, (5.2)

whereLe+(h)
det is the probability that the positron (hadron) gives a signal in the

detector. Then Eq. (5.1) is rewritten as

PIDdet = log10

Le+

det

Lh
det

+ log10

φe+

φh
. (5.3)

Various combinations of thePIDdet are defined as

PID3 = PIDcal + PIDPre + PIDRICH (5.4)

= log10

Le+

RICH · Le+

Cal · Le+

Pre

Lh
RICH · Lh

Cal · Lh
Pre

+ log10

φe+

RICH · Le+

Cal · φe+

Pre

φh
RICH · Lh

Cal · φh
Pre

, (5.5)

PID5 = PIDTRD (5.6)

= log10

∏6
m=1 Le+

TRDm∏6
m=1 Lh

TRDm

+ log10

∏6
m=1 φe+

TRDm∏6
m=1 φh

TRDm

, (5.7)

where the sum for the TRD runs over the six modules. A quantity PID is defined
by subtracting the flux ratioΦ from the sum ofPID3 andPID5:

PID = PID3 + PID5 − log10 Φ. (5.8)

The distribution of the PID is shown in Figure5.2. 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 0.1≤ xF ≤ 1.0 and the fractional energy of the
hadron of 0.2≤ z ≤ 0.8 were applied. Hadrons produced from the target remnant
are suppressed by the lower limits of theses cuts. The upper limit onz allows to
reject backgrounds from events such as exclusive processes.

The numbers of the DIS events and the SIDIS hadrons are summarized in
Table5.2after applying all the inclusive and semi-inclusive DIS cuts.

5.4 The Measured Asymmetries

The most interesting asymmetry is the double spin asymmetryA1 which is the
cross section asymmetry for parallel and anti-parallel alignment of the virtual pho-
ton and target spin:

Ah
1(x,Q2)

g2=0
' g1(x,Q2)

F1(x,Q2)
=

∑
f e2

f∆qf (x,Q2)
∫

dzDh
f (z, Q2)

∑
f e2

fqf (x, Q2)
∫

dzDh
f (z, Q2)

. (5.10)

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 asymmetryA|| can be related toA1 as

Ah
1(x,Q2) =

Ah
||(x,Q2)

D(1 + ηγ)
. (5.11)
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Proton Target
1996 1997

N
→⇒ N

→⇐ N
→⇒ N

→⇐

DIS e± 239506 256799 621752 673590
h+ 37938 41249 97807 107679
h− 22165 23740 57272 60666
π+ 15370 16712 41081 45200
π− 10969 11653 29374 30883
K+

K−

Deuterium Target
1998 1999 2000

N
→⇒ N

→⇐ N
→⇒ N

→⇐ N
→⇒ N

→⇐

DIS e± 420841 422793 456418 469372 2439348 2521873
h+ 61314 61751 66100 67438 372849 385427
h− 40669 39730 43924 44756 246931 253671
π+ 30393 30207 32350 33018 179264 184678
π− 24546 24055 26283 26531 144685 148092
K+ 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 state (N

→⇒: The beam and the target spins
are parallel.N

→⇐: The beam and the target spins are anti-parallel).
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The parameterization of the ratio of the photo-absorption cross sectionR = σL

σT
to

the world data [29] was used to calculateD (see Figure2.39). A|| is related to the
measured experimental asymmetryAexp

|| which accounts for the beam(PB) and
target polarization(PT ) and the target dilution factorfD:

Ah
||(x,Q2) =

1

PBPT fD

· Aexp(h)
|| (x,Q2). (5.12)

The dilution factorfD 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 Section6.1. 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
σ

→⇐ andσ
→⇒, the asymmetry is observed with a half size of the real value. The

reason is following. The polarization ofPB = 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 sectionσ

→⇐
exp is contributed

from both the cross sectionσ
→⇐ andσ

→⇒ at shares of 75 and 25 percents. Similarly
in the case of parallel alignments of the beam and target polarization, the equation
σ

→⇒
exp = 0.75σ

→⇒ + 0.25σ
→⇐ 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 asymmetryAh

|| can be obtained by

Ah
|| =

1

PBPT fD

·
N

→
⇐
h

L
→
⇐

− N
→
⇒
h

L
→
⇒

N
→
⇐
h

L
→
⇐

+
N

→
⇒
h

L
→
⇒

, (5.13)

≡ 1

fD

· N
→⇐
h L

→⇒ − N
→⇒
h L

→⇐

N
→⇐
h L

→⇒
PB + N

→⇒
h L

→⇐
PB

, (5.14)

where

N
→⇐(

→⇒)
h ≡

∑

i

(nh
i )

→⇐(
→⇒), (5.15)

L
→⇐(

→⇒) ≡
∑

i

L
→⇐(

→⇒)
i , (5.16)

L
→⇐(

→⇒)
PB ≡

∑

i

(LPB)
→⇐(

→⇒)
i . (5.17)
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Here the sum loops over all the good usable bursts,nh
i is the number of events for

the production of hadronh, andLi andLPB represent the integrating luminosity
and thePBPT weighted integrating luminosity respectively:

L
→⇐(

→⇒)
i =

∫
dtL

→⇐(
→⇒)(t), (5.18)

(LPB)
→⇐(

→⇒)
i =

∫
dtL

→⇐(
→⇒)(t)PB(t)PT (t), (5.19)

where the integral goes over the time length of a bursti, andL, PB(t) andPT (t)
are the time dependent luminosity, beam and target polarization respectively. In
the Bjørken limit, the photo-absorption asymmetryA1 depends only onx. In the
HERMES kinematic region of0.03 < x < 0.6 and1.0 < Q2 < 15.0, the polar-
ized structure function (Figure2.6) is independent ofQ2 or has weak dependence
of Q2 as well as the unpolarized structure functionF1 (Figure2.2). Therefore
the measurements of the asymmetryA|| were performed in eachx bin defined in
Table5.3:

Ah
1(x,Q2)

g2=0
' g1(x,Q2)

F1(x,Q2)
−→ Ah

1(x). (5.20)

Bin number Range average value ofx
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 inx.

The HERMES experiment has been operated with the polarized proton target
for 1996 and 1997 data taking periods. In the periods, the thresholdČerenkov
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 thresholďCerenkov 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 asymmetryA||, the count rateN was corrected. The pur-
pose is to remove the background such ase+e− 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
ase+e− pair production. Generally thee+e− pair is generated via a decay mode of
π0 → 2γ, γ → e+e−. Another contribution comes from high energy bremsstrahlung
photons. Similarly the photon is converted ane+e− pair. If the leading lepton is 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 yieldNmeas(x, p) can be unfolded with the inverse P-matrix to hadron
yield Nh(x):

Nh(x) =
∑

k=π,K,p

3∑

n=1

∑

i

[
(P−1

n )h
k

]
i

[
Nk

meas(x, pi)
]
n

(5.21)

where(P−1
n )h

k represents the element of the inverse P-matrix forn track event and
the second and last sum run over the number of tracks and all the momentum bin
defined in Table5.4. The inverse P-matrices for one, two and three tracks are
shown in Figure5.3- 5.5.

5.5 Extraction of Born Asymmetries

The measured asymmetriesAh
|| were corrected for higher order QED effects and

acceptance effects. The corrected asymmetries can be used to determine the asym-
metriesA1, 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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Figure 5.5: Inverse P-matrix for 3 track per a detector half.
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Bin 1 2 3 4 5 6 7 8 9 10
plow [GeV] 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0
pup [GeV] 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0

Table 5.4: Definition of the binning in momentump.

5.5.1 Azimuthal Acceptance Correction

The measurements of the asymmetryA|| was performed by integrating over the
azimuthal angleφ. However the polarized and unpolarized semi-inclusive cross
section depends on the azimuthal acceptance since partons have non-zero intrinsic
transverse momenta. Hence the asymmetryA|| was corrected for the azimuthal
acceptance effect as [76, 77]:

Ah
|| = Ch

φ(Ah
||)meas, (5.22)

where

Ch
φ(x) = 1 +

(
log10(x) − log10(x

h
0)

) [
ah

0 +
3∑

i=1

ah
i logi

10(x)

]
. (5.23)

The values of the coefficients used in the above equation are given in Table5.5.

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 Section2.3, 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 [79]
based on POLARD [80, 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
xh

0 ah
0 ah

1 ah
2 ah

3

h+ -1.65 -0.052 -0.180 -0.580 -0.500
h− -1.65 -0.041 -0.246 -0.662 -0.486
π+ -1.65 -0.048 -0.233 -0.617 -0.464
π− -1.65 -0.038 -0.212 -0.559 -0.408

Azimuthal acceptance correction for the deuteron asymmetries
xh

0 ah
0 ah

1 ah
2 ah

3

h+ -1.65 -0.080 -0.318 -0.879 -0.667
h− -1.65 -0.064 -0.358 -0.889 -0.634
π+ -1.65 -0.091 -0.466 -1.145 -0.785
π− -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 asymmetryAh

1

can be given by

δAh
1 =

√√√√√

 ∂A1

∂N
→⇐
h

δN
→⇐
h




2

+


 ∂A1

∂N
→⇒
h

δN
→⇒
h




2

=
1

1 + ηγ

L
→⇐L

→⇒
PBD

→⇒ + L
→⇒L

→⇐
PBD

→⇐

(N
→⇐L

→⇒
PBD

→⇒ + N
→⇒L

→⇐
PBD

→⇐)2

√
(N

→⇒)2N
→⇐ + (N

→⇐)2N
→⇒.

(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, assumingg2 = 0, the uncertainty onR
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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

[
δPB

PB

]
1996−1998

for 1996 to 1998 data taking periods,
[

δPB

PB

]
1999

for the

year 1999 and
[

δPB

PB

]
2000

for the year 2000 are 3.4 %, 1.8 % and 1.9 % respectively.
The systematic uncertainty onA1 due to the uncertainty of the beam polarization
is calculated as

[δA1]PB
= |A1 ·

δPB

PB

|. (5.25)

The contribution of the uncertainty on the target polarization to the asymmetry
can be evaluated as

[δA1]PT
= |A1 ·

δPT

PT

|. (5.26)

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 asymmetrỹA1is calculated with the fixed
valued ofPT = 1. In the second step, the asymmetry is normalized by a factor

1
P new

T
and calculatedχ2 defined as

χ2 =
∑

i

[
1

P new
T ·Ã1(xi)−Aref

1 (xi)

]2

[
1

P new
T ·δÃ1(xi)

]2

+ (δAref
1 (xi))2

, (5.27)

whereAref
1 is the corresponding asymmetry from a reference data set (When

Ã1(x) is the asymmetry for the year 1996,Aref
1 is the asymmetry for the year

1997. WhenÃ1(x) is the asymmetry for 1998 or 1999 data taking periods,Aref
1 is

the asymmetry for the year 2000),δÃ1 andδAref
1 are the statistical uncertainties

on Ã1 andAref
1 respectively and the sum loops over all thex bins. P new

T for the
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smallest value ofχ2 is taken as the target polarization for the data taking period.
The resulting systematic uncertainty on the target polarization can be obtained by

δP new
T =

√
(δPT )2 + (δP ref

T ), (5.28)

whereδPT is determined as a difference of polarization between theχ2 minimum
and whereχ2 increases by 1 andδP ref

T 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 Table3.1.

Assumption related tog2

The systematic uncertainty onA1 due to the assumption ofg2 = 0 was estimated.
A parameterization of the experimental datag2 from the fixed target experiments
at SLAC, CERN and DESY is available (see Figure2.5):

gp
2 = ±0.035x−1(1 − x)0.7, (5.29)

gd
2 = ±0.015x−1(1 − x)0.9. (5.30)

The systematic uncertainty due to the assumptiong2 = 0 is given by

[δA1]g2
=

ηγ(1 + γ2)

1 + ηγ
·
∣∣∣∣
g2

F1

∣∣∣∣ . (5.31)

The Cross Section RatioR

The systematic uncertaintyδR contributes to the systematic uncertainty on the
asymmetryA1 as

[δA1]R = |A1 ·
ε

1 + εR
· δR|. (5.32)

Azimuthal acceptance correction

The contribution from the azimuthal acceptance correction to the systematic un-
certainties onA1 is calculated by

[δA1]acc = |A1 · δCh
φ |, (5.33)

where the uncertainty of the correction factorCh
φ is estimated to be 2 % [77].
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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
A1 from this contribution was calculated as

[δA1]RICH =
1√
3

∣∣∣∣
1

2
(A1(P + [∆P ]MC) − A1(P ))

∣∣∣∣ , (5.34)

whereP and[∆P ]MC represent the P-matrix and the systematic uncertainty due
to the imperfection in HMC andA1(P ) shows the asymmetry obtained by using
the P-matrixP . It is assumed that the asymmetryA1 could be biased in the region
from A1(P ) to A1(P + [∆P ]MC) with the same probability. The factor1√

3
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
quadrature all the contributions described above

δAtot
1 =

√∑

i

[δA]2i . (5.35)

The fractional systematic uncertainties onA1 are summarized in Table5.6

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%
g2 0.6% 1.4%

Table 5.6: The fractional systematic uncertainties onA1 averaged overx.
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5.7 Results

The double spin asymmetries for the proton and deuteron target are shown in Fig-
ure5.6and Figure5.7. The values are listed in TableA.12 and A.13. The results
are compared with ones measured by SMC [49]. One can see that they are in good
agreement within the errors. Since the asymmetries by both the experiment were
measured in differentQ2 region (∼2.5GeV2 for HERMES,∼10GeV2 for SMC),
one can confirm the asymmetries are independent ofQ2.

For the proton target all the asymmetries monotonously increase withx. The
positive values of the positive pion asymmetry imply that the contribution fromu
quark to the nucleon spin is also positive since the positive pion is generated byu
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 uncertainty onA1 due to the
RICH systematic uncertainty will be improved.
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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-
metriesA1 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

Ah
1(x) =

∫ ∫
dQ2dzgh

1∫ ∫
dQ2dzF h

1

=

∑
f e2

f

∫
dQ2∆qf (x,Q2)

∫
dzD̃h

f (x,Q2, z)
∑

f ′ e2
f ′

∫
dQ2qf ′(x,Q2)

∫
dzD̃h

f ′(x,Q2, z)
, (6.1)

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

Ah
1(x) =

∑

f

e2
f

∫
dQ2qf (x,Q2)

∫
dzD̃h

f (x,Q2, z)
∑

f ′ e2
f ′

∫
dQ2qf ′(x,Q2)

∫
dzD̃h

f ′(x,Q2, z)
·

∫
dQ2∆q(x,Q2)

∫
dQ2q(x,Q2)

≡ P h
f (x) · ∆qf

qf

(x), (6.2)

whereP h
f (x) can be interpreted as the probability that the hadron originated from

scattering off a quark of flavorf , when a hadronh is detected in the DIS event:

P h
f (x) =

∑

f

∫
dQ2e2

fqf (x,Q2)
∫

dzD̃h
f (x,Q2, z)

∑
f ′

∫
dQ2e2

f ′qf ′(x,Q2)
∫

dzD̃h
f ′(x,Q2, z)

. (6.3)
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This quantity is called ’purity’. All the measured inclusive and semi-inclusive
asymmetries form the vector as

~A(x) = P(x) · ~Q(x), (6.4)

where

~A =




Ah1
1 (xi)

...
Ahm

1 (xi)


 , ~Q =




∆qf1/qf1(xi)
...

∆qfn/qfn(xi)


 , (6.5)

P =




P h1
f1

(xi) . . . P h1
fm

(xi)
...

.. .
...

P hm
f1

(xi) . . . P hm
fn

(xi)


 . (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.

~An(x) = Pn(x) · ~Qn(x), (6.7)

= P ′
n(x) · ~Q(x), (6.8)

where the subscriptsn stands for the quantity for the neutron,P ′
n represents

isospin rotated purities for the neutron and the isospin rotated vector of~Qn cor-
responds~Q. 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(x) = fpd(x)ppd
~Ap(x) + fnd(x)pnd

~An(x), (6.9)

wherefpd andfnd 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

fpd =
σp

σd

=
np

nd

· F2,p

2F2,d

, (6.10)

fnd = 1 − fpd, (6.11)

whereσp (σd) is the unpolarized DIS cross sections for the proton (deuteron) target
andnp (nd) represents the hadron multiplicities on the proton (deuteron). The
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factorsppd andpnd 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

ppd = pnd = 1 − 3

2
ωD = 0.925, (6.12)

whereωD represents the deuteron D-state probability and the value ofωD =
0.05 ± 0.01 [82, 83] was used in the analysis. The factor of3

2
is the Clebsh-

Gordan coefficient of the sub-states [84]. The P-states are forbidden by parity
conservation.

Eq. (6.4) can be extended for both the proton and deuteron targets introducing
a mixing matrixN as

~A = N · P · ~Q, (6.13)

N =




1
. ..

1
ah1

D bh1
D

. .. .. .
ahm

D bhm
D




, (6.14)

where

ahi
D = fpdppd, bhi

D = fndpnd. (6.15)

Eq. (6.13) can be solved by minimizing

χ2 = (~Ameas −N · P · ~Q)TC−1
A (~Ameas −N · P · ~Q), (6.16)

where ~Ameas is the measured asymmetries andCA is covariance matrix of the
measured asymmetries which accounts for the correlation of the various asymme-
tries.

6.1.1 Covariance Matrix

The componentsCij
A of covariance matrix for the asymmetriesAi andAj are given

by

Cij
A = cov(Ai, Aj)
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=
∑

µ,ν

∂Ai

∂Nµ

∂Aj

∂Nν

cov(NµNν) (6.17)

=
∂Ai

∂Ni+

∂Aj

∂Nj+

cov(Ni+ , Nj+) +
∂Ai

∂Ni−

∂Aj

∂Nj−
cov(Ni− , Nj−)

' 1

2

[
∂Ai

∂Ni+

∂Aj

∂Nj+

+
∂Ai

∂Ni−

∂Aj

∂Nj−

]
cov(Ni, Nj)

' ∂Ai

∂Ni±

∂Aj

∂Nj±
cov(Ni, Nj), (6.18)

where the sum runs over both spin states (indicatedN
→⇐(

→⇒) asN+(−)). The co-
variance of hadron yield is assumed to be independent of the spin configuration.
Additionally, it is assumed to beNi± ' 1

2
Ni and| ∂Ai

∂Ni+
| ' | ∂Ai

∂Ni−
|. The assump-

tions lead to(δAi)
2 = ∂Ai

∂Ni±
· (δNi)

2. HenceCij
A is given by

Cij
A =

δAiδAj

δNiδNj

cov(Ni, Nj) = δAiδAjcorr(Ni, Nj). (6.19)

6.2 Extraction of the Purities

Extraction of the purities were performed using HMC (HERMES Monte Carlo).
A scheme of HMC is shown in Figure6.1.

In the first step, LEPTO program [85] provides unpolarized DIS events at a
given kinematic point of(x,Q2). The CTEQ5L parameterization was used as in-
put unpolarized parton distribution functions (PDFs). In the second step, JETSET
program [86] 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 Section6.2.1. The model is the most suitable to simulate
the HERMES experiment in the kinematic region [87]. The LUND parameters
were chosen to reproduce the hadron multiplicities measured at the HERMES ex-
periment [87]. Figure6.2shows 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

P h
f (x) =

Nh
f (x)

∑
f Nh

f (x)
, (6.20)
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whereNh
f represents the number of detected hadronh originated from the quark

with flavor f . The purities for inclusive DIS events are related to the unpolarized
PDFs:

P inc
f (x) =

e2
fqf (x)

∑
f e2

fqf (x)
(6.21)

6.2.1 Fragmentation Models

The fragmentation function which describes the hadronization processes is the
probability that a quark of flavorf produces a final state hadronh which carries
the momentum fractionz 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 functionsD(z) satisfy

∑

h

∫ 1

0
z · Dh

f (Q2, z)dz = 1, (6.22)

∑

f

∫ 1

0
Dh

f (Q2, z)dz = nh(Q
2) (6.23)

wherenh is hadron multiplicity. The fragmentation function is defined as favored
fragmentation functionD when one of the quarks in the final state hadron is the
struck quark, while unfavored fragmentation functionD̄ when 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 theqq̄-pair, a newqq̄ pair is produced. This process
continues until the energy of the pair is close to the mass of the lightest colorless
hadron. Theqq̄ pair forms a color singlet hadron.

Independent Fragmentation Model

The Independent Fragmentation model [89] 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 isγf which repre-
sents the probability that aqq̄ pair is formed from quarks with the same flavor.
From isospin symmetry,γu = γd ≡ γ and from the definition of the probability,
γu + γd + γs = 1. The ratio of the favored to unfavored fragmentation functions
is given by

D̄(z)

D(z)
=

γ(1 − z)

z + γ(1 − z)
. (6.24)

6.2.2 Unpolarized Parton Distributions

Parameterizations for the unpolarized parton distributions (PDFs) available are
produced by CTEQ [90], GRV [91] and MRST [92]. As mentioned above, the
CTEQ5L parameterization was used for the extraction of the purities. Recently
the CTEQ6.1M parameterization is provided with the inclusion of 40 eigenvector
basis PDF sets [93], while the CTEQ5L parameterization, which is a LO fit, does
not include their uncertainties.

CTEQ6 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 section inpp̄ collision.
The following functional form was used for the fit:

f(x,Q2
0) = Af

0x
(Af

1−1)(1 − x)Af
2 eAf

3x(1 + eAf
4 x)Af

5 , (6.25)

whereQ2
0 = 1.3GeV2 andAf

i is a free parameter for the parton flavorf = u −
ū, d − d̄, g, ū + d̄. An additional parameterization allows to discriminate between
theū andd̄ distributions:

d̄(x,Q2
0)

ū(x,Q2
0)

= B0x
B1(1 − x)B2 + (1 + B3x)(1 − x)B4 . (6.26)

Thes ands̄ distributions were determined by a linear combination of theū andd̄
distributions as

s(x,Q2
0) = s̄(x,Q2

0) = 0.2(ū(x,Q2
0) + d̄(x,Q2

0)). (6.27)
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Uncertainty analysis based on the Hessian method

In this section, how to determine the uncertainties of a physical quantityX which
depends on the unpolarized PDFs is introduced. The quantityX is characterized
by the 29 parameters (6 parameters for the 4 parton flavors and 5 parameters forū
andd̄ separation) described in the previous subsection. However 9 parameters are
held fixed for lack of freedom of data samples. Hence remaining 20 parameters
(defined asa1, . . . , a20) are free parameters.

The best estimate of the 20 parameters was extracted using effectiveχ2
global

function defined as

χ2
global =

∑

n

ωn

(
Xdata − Xtheory

σdata

)2

, (6.28)

whereXexp andXtheory represent the quantityX measured at an experiment and
calculated from a theoretical prediction with the 20 parameters, respectively. For
simplicity, we denoteχ2 instead ofχ2

global. χ2 can be expanded around its mini-
mumχ2

0 as

χ2 = χ2
0 +

20∑

i=1

∂χ2

∂ai

yi +
1

2

20∑

i=1

20∑

j=1

Hijyiyj + . . . , (6.29)

Hij =
∂2χ2

∂ai∂aj

, (6.30)

whereyi = ai − a0
i , a0

i is the value at minimum andHij is called Hessian matrix.
Assuming that the first derivatives ofχ2 are equal to zero atχ2

0 (the second term
vanishes) and the terms with more than third derivatives ofχ2 can be negligible,
Eq. (6.29) is rewritten as

χ2 = χ2
0 +

1

2

20∑

i=1

20∑

j=1

Hijyiyj. (6.31)

Since the Hessian matrix is symmetrical (Hij = Hji), it has 20 eigenvectorsvk
i :

20∑

j

Hijv
k
j = εkv

k
i . (6.32)

By replacingyi with zi =
√

εi
∑20

j yiv
i
j and from Eq. (6.31), the following equa-

tion is obtained:

∆χ2 =
20∑

i

z2
i . (6.33)
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This equation indicates thatχ2 increases uniformly in all the direction inzi 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+

i andS−
i . Totally 40 PDF bases sets were evaluated to represent the

uncertainties on the input data for the fit.
The uncertainty of the quantityX from the uncertainty on the unpolarized PDF

is calculated as follows: Assuming that more than second terms of the Taylor-
series expansion ofX are sufficiently small, the uncertainty ofX can be given
by

∆X =
20∑

i=1

∂X

∂zi

zi. (6.34)

The square of∆X can be obtained by

(∆X)2 =
20∑

i

z2
i

20∑

j

(
∂X

∂zj

)2

= ∆χ2
∑

j

(
∂X

∂zj

)2

. (6.35)

Using ∂X
∂zi

=
∑

j
∂X
∂yj

∂yj∂zi, (H−1)ij =
∑

k
1
εk

vikvjk andyi =
∑

j vij

√
1
εj

zj, Eq.
(6.35) can be re-written as

(∆X)2 = ∆χ2
∑

i,j

∂X

∂yi

(H−1)i,j
∂X

∂yj

. (6.36)

Furthermore(∆X)2 is expressed in terms of 40 PDF basis sets [93, 94]:

(∆X)2 =
1

4

(
20∑

i=1

[X(S+
i ) − X(S−

i )]2
)2

. (6.37)

Figure6.3 shows the comparison between CTEQ5L and CTEQ6.1M which
are evaluated at a fix value ofQ2 = 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 Section6.2.4.
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Figure 6.3: CTEQ5L(LO) vs CTEQ6.1M(NLO) as a function ofx. The PDFs are
evaluated at a fixed value ofQ2 = 2.5GeV2. The bands represent the
systematic uncertainties for the CTEQ6.1M 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 Table6.2.3[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 Section6.2.2. In the
extraction of the hadron yield, additionalQ2 bins are introduced. The binning in
Q2 is listed in Table6.2. New hadron yields(Nh

q )new
i are calculated as

Bin 1 2 3 4 5 6 7 8
Q2

low [GeV2] 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Q2

up [GeV2] 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Bin 9 10 11 12 13 14 15
Q2

low [GeV2] 5.0 6.0 7.0 8.0 9.0 10.0 15.0
Q2

up [GeV2] 6.0 7.0 8.0 9.0 10.5 15.0 -

Table 6.2: Definition of binning inQ2.
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(Nh
q )new

i (x) =
∑

k

Nh
q (x,Q2

k) + Nh
q (x, Q2

k) ·
∆qi

CTEQ6.1M(x,Q2
k)

qCTEQ5L(x,Q2
k)

, (6.38)

where the sum loops over all theQ2 bins and∆qi
CTEQ6.1M represents the error on

the PDF for thei-th eigenvector. Thus the 40 purities are obtained following the
Eq. (6.20).

RICH Particle 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 Figure6.4 for the proton target and in Fig-
ure 6.5 for the neutron target as a function ofx. The solid and hatched bands
represent the systematic uncertainties due to the fragmentation model and due to
the error on the unpolarized PDFs. The purities fors ands̄ quarks are increased
by a factor of 4. Theu quark contributions for the purities are enhanced due to the
squared fractional charge of the quark by a factor of 4 and the purities ofu quark
increase withx. For x < 0.1, where sea quarks dominate,ū quark contribution
becomes sensitive to the purities. The contributions ofs ands̄ quarks are sensitive
to K− andK+ purities. However these quark contributions for all the purities are
small in the full range ofx.

6.3 Extraction of the Quark Polarization and the
Helicity Distributions

As described in Section6.1, the quark polarizations can be obtained by minimiz-
ing

χ2 = (~Ameas −N · P · ~Q)TC−1
A (~Ameas −N · P · ~Q). (6.39)
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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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Figure 6.5: The generated purities for the neutron target. The purities are isospin
rotated, that is, for exampleu quark corresponds tod quark in neutron.
The error bands are the same as for the proton purities.
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In the calculation ofχ2, the systematic covariances are excluded since it was found
to bias the result of the fit [95]. 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:

~Ameas = (Ap, A
π+

p , Aπ−

p , Ad, A
π+

d , Aπ−

d , AK+

d , AK−

d ). (6.40)

We assumed

∆s̄ = 0. (6.41)

The assumption on s quark will be described in Section6.4.1. Furthermore, the
contribution from all the sea flavors forx > 0.3 is assumed to be zero:

∆ū(x) = ∆d̄(x) = ∆s(x) = ∆s̄(x) = 0 for x > 0.3. (6.42)

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

~Q(x) =

(
∆u

u
(x),

∆d

d
(x),

∆ū

ū
(x),

∆d̄

d̄
(x),

∆s

s
(x)

)
. (6.43)

Then the solution of Eq. (6.13) can be obtained by using a linear regression [96].

~Q =
(
(NP)TC−1

A (NP)
)−1

(NP)TC−1
A (~Ameas − PN ~Qfix), (6.44)

where ~Qfix is the constrained polarizations by Eq. (6.41) and Eq. (6.42). The
covariance matrix of the quark polarizations can be given by

C(~Q) =
[(

(NP)T (CA)−1NP
)−1

(NP)T (CA)−1
]
Ctot

A

[
(CA)−1NP

(
(NP)TC−1

A NP
)−1

]
,

(6.45)

whereCtot
A represents the sum of the statistical and systematic covariance matrix

of the asymmetries (Ctot
A = Cstat

A + Csys
A ).

The helicity distributions∆q(x) are evaluated at a fixed value ofQ2
0:

∆q(x) =
∆q

q
(x) · q(x,Q2

0 = 2.5GeV2). (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 Eq. (6.37) using the 40 purities
described in Section6.2.3. The contribution due to the fragmentation model was
determined to calculate the difference of the quark polarizations using the two
parameter sets described in Section6.2.3.

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 Figure6.6. The polarizations ofu
andd quarks were determined with high precision. The polarization ofu quark
is positive and increases withx. On the other hand, the polarization ofd quark is
negative. The polarizations of sea quarksū, d̄ ands quarks, are consistent with
zero within the errors. Thex weighted helicity distributions are presented in Fig-
ure6.7. The results are compared with two theoretical predictions from the GRSV
parameterization (LO, “valence” scenario) [51] and the Bl̈umleing-B̈ottcher pa-
rameterization [52]. The GRSV result was extracted using the spin asymmetries
A1 of inclusive measurements for the proton, neutron and deuteron from HER-
MES [35], EMC [7], SMC [33] and SLAC [32]. In the extraction, they set the ra-
tio of the photo absorption cross sectionR(x,Q2) zero. For the comparison with
our results, their results are scaled with1

1+R
. The another parameterization was

performed by Bl̈umlein and B̈ottcher. They performed QCD fits on the polarized
structure functiong1 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 spinx bin
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 andx weighted helicity distributions
are listed with the statistical and the systematic uncertainties in TableA.14.
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6.4.1 Assumption on the strange quark polarization

To conserve the strangeness,

∫ 1

0
dx (s(x) − s̄(x)) = 0 (6.47)

is only required. It is not necessary to bes(x) = s̄(x). Furthermore there are
no constrains on∆s(x) and∆s̄(x). Thoughs̄ 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 Figure6.4). On the other hand, sensitivity to the production of the negative
kaon asymmetry in events wheres quark was struck is better since the negative
kaon is constructed from both sea quarks (ū, s). The assumption of∆s̄ = 0 is
further motivated by the chiral quark soliton model [97].

The extraction of the quark polarization under the different assumptions on
the polarized PDF for the strange quark was performed. Figure6.8[95] 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 asymmetries,z-dependence of the asymmetries were
studied. The identified DIS events could originate from target fragmentation and
non-partonic processes such as diffractive interactions especially at highz [90].
These contributions causez-dependence of the asymmetries. Thez-dependence
was calculated using the unpolarized (CTEQ5L) and polarized (HERMES) PDFs
and the fragmentation functions as

Ah(zi) =

∫ ∫
dxdQ2g1(x,Q2, zi)∫ ∫
dxdQ2F1(x,Q2, zi)

=

∫ ∫
dxdQ2 ∑

f e2
fδqf (x,Q2

0)D
h
f (Q2

0, zi)Acc(x, zi)∫ ∫
dxdQ2

∑
f e2

fqf (x,Q2
0)D

h
f (Q2

0, zi)Acc(x, zi)

(6.48)

where the fragmentation functionsDh
f from [98] were used andAcc(x, zi) is ax

distribution for eachz-bin normalized by satisfying
∫

dzAcc(z) = 1. Here the
CTEQ5L parameterization was used as an input of the unpolarized PDFs. The
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asymmetries are evaluated at a fixedQ2
0 = 2.5GeV2. Figure6.9 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 higherz. Thex distributions for the positive pion measured in eachzi

are shown in Figure6.10. These distributions are extracted from the experimental
data. One can see that the peaks are shifted to higherx asz increases.

The resulting asymmetries as a function ofz are shown together with the
asymmetries from the HERMES experimental data in Figure6.11for the proton
and Figure6.12for the deuteron. They are in good agreement within the statisti-
cal uncertainties. The negative pion asymmetry for the proton decreases withz.
This is due to the suppression of the unfavored fragment processes at higherz, for
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 Section2.6.1, the SMC results are based on a fit of the valence
quark helicity distributions∆uv, ∆dv and the sea quark helicity distribution∆q̄.
A symmetric sea polarization is assumed. To compare with the results from SMC,
the three parameter fit

~Q = (∆uv, ∆dv, ∆q̄) (6.49)

was performed with HERMES data incorporating the full covariance of the asym-
metries. The quark helicity distributions are evaluated at a fixed value ofQ2

0 =
2.5GeV2. The comparison plot is shown in Figure6.13. The HERMES results and
SMC ones are in good agreement within the errors. The statistical uncertainties
of ∆uv(x) for HERMES are smaller than SMC ones.
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lower panel represents the ratio of the two fragmentation functions.

131



 xBj at 1st zbin, pi+

0

500

1000

1500

10
-1

x

x

x

x

x

x

x

x

x

z1 z2 z3

z4 z5 z6

z7 z8 z9

 xBj at 2nd zbin, pi+

0

500

1000

10
-1

 xBj at 3rd zbin, pi+

0

200

400

600

800

10
-1

 xBj at 4th zbin, pi+

0

200

400

600

10
-1

 xBj at 5th zbin, pi+

0

200

400

10
-1

 xBj at 6th zbin, pi+

0

200

400

10
-1

 xBj at 7th zbin, pi+

0

200

400

10
-1

 xBj at 8th zbin, pi+

0

100

200

300

400

10
-1

 xBj at 9th zbin, pi+

0

100

200

300

10
-1
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Figure 6.11: The asymmetries as a function ofz for the proton target. The closed
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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Comparison with JLAB results

The Jefferson Lab Hall A Collaboration (indicated as JLAB in the following) per-
formed measurement of the neutron spin asymmetryAn

1 and quark polarizations of
∆u+∆ū

u+ū
and ∆d+∆d̄

d+d̄
[99]. They measured the inclusive double spin asymmetry for

3He target in three kinematic region of(x,Q2[GeV2]) = (0.33, 2.7), (0.47, 3.5)
and(0.60, 4.8), and extractedAn

1 fromA
3He
1 by using the world proton and deuteron

fits for the structure functionF2 and the photo absorption cross section ratioR.
Assuming the contributions froms ands̄ quarks can be negligible, they extracted
the quark polarizations by using the world data ofgp

1

F p
1

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

∆u + ∆ū

u + ū
=

4

15

gp
1

F p
1

(4 +
d + d̄

u + ū
) − 1

15

gn
1

F n
1

(1 + 4
d + d̄

u + ū
),

∆d + ∆d̄

d + d̄
=

4

15

gn
1

F n
1

(4 +
u + ū

d + d̄
) − 1

15

gp
1

F p
1

(1 + 4
u + ū

d + d̄
).

To compare with the results from JLAB, the five parameter fit of

~Q = (∆u + ∆ū, ∆d + ∆d̄, ∆ū, ∆d̄, ∆s) (6.50)

was performed under the assumption of∆s̄ = 0. The fit incorporates the full
covariances of the various asymmetries. Figure6.14shows the comparison of the
HERMES results with JLAB ones. They are consistent within the statistical and
systematic uncertainties.

6.5 Moments of Helicity Distributions

Then-th moment∆(n)q(Q2) of the helicity distribution∆q(x,Q2) is calculated
as

∆(n)q(Q2) =
∫ 1

0
dxxn−1∆q(x,Q2). (6.51)

In the HERMES measured region (0.023 < x < 0.6), the moments are evaluated
as

∆(n)q(Q2
0) =

∫ 0.6

0.023
dxxn−1∆q(x,Q2) = Σi

(
∆q

q
(xi)

∫ ξi+1

ξi

q(x, Q2)

)
, (6.52)
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whereQ2
0 = 2.5GeV2 is the average value ofQ2 determined experimentally,ξi

and xi+1 represent the boundary ofi-th x bin and i runs over allx bins. We
assumed that the quark polarization is constant in eachx bin. The CTEQ5L pa-
rameterization was used for the unpolarized PDF. The covariant matrices of the
moments are given by

C(∆q) =
∑

i,j

∫ ξi+1

xii
dxxn−1q(x,Q2

0)
∫ ξj+1

ξj

dxxn−1q(x,Q2
0)C(~Q). (6.53)

The results for the first moment of the helicity distribution are listed in Table6.3.
The positiveu quark contribution and the negatived quark contribution with re-

∆q σstat σsyst σPDF σtotal

∆u 0.601 0.039 0.049 0.020 0.066
∆d -0.226 0.039 0.023 0.016 0.065
∆ū -0.002 0.036 0.023 0.012 0.044
∆d̄ -0.054 0.033 0.011 0.015 0.038
∆s 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 region (0.023 < x < 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 moment foru quark
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 thresholdČerenkov detector has been oper-
ated. It allows to separate pions and non-pion particles. In 1998, HERMES in-
stalled a Ring ImaginǧCerenkov (RICH) detector. The RICH detector can iden-
tify pions, kaons and protons. The RICH detector uses dual radiators, aerogel
with the refractive indexnaero = 1.0303 andC4F10 gas withnC4F10 = 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 spin(∆u, ∆d, ∆s, ∆ū, ∆d̄ and∆s) 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 ofu quark in the proton is positive and increases with
x. The polarization ofd quark in the proton is negative. The polarizations of
ū, d̄ 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 asρ, φ, Λ, K0
s . 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
CTEQ5L 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 CTEQ5L 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 atQ2 = 2.5GeV2:

∆u = 0.601 ± 0.066 (3.3σPDF )
∆d = −0.226 ± 0.065 (4.1σPDF )
∆ū = −0.002 ± 0.044 (3.7σPDF )
∆d̄ = −0.054 ± 0.038 (2.5σPDF )
∆s = 0.028 ± 0.035 (4.4σPDF )

(7.1)

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 positiveu quark polarization and the negatived quark polarization
with respect to the proton spin are observed with good accuracy. It should be
stressed that this flavor decomposition was donex bin by bin, thanks to the asym-
metries data from semi-inclusive hadron measurement. The five parameter fit
(∆u, ∆d, ∆s, ∆ū, ∆d̄) was performed in the present analysis, which is less re-
strictive than any of earlier experiment.

140



Acknowledgements

First of all, I would like to thank my supervisor Prof. Toshi-Aki Shibata. He
introduced me to the physics of quarks and gluons, and gave me the opportunity to
participate the analysis group of the helicity distributions at HERMES. He kindly
arranged so that I can stay at DESY for about two years. I appreciate him for
giving me detailed advice on my analysis.

I would like to thank Dr. Yoshiyuki Miyachi. He spent so much time to give
me the introduction of programming and gave me a lot of ingenious ideas for the
analysis. For his tremendous supports I managed to finish my thesis.

I would like to thank all the members in my analysis group for many fruitful
discussions and advices. I would especially like to thank Dr. Marc Beckmann
who was actually my teacher during my stay in DESY. My analysis codes are
based on his ones. He always answered my questions kindly and encouraged me.
I would also like to thank Dr. J̈urgen Wendland. Mutual cross checking between
us was very useful for improvements in the analysis. Discussions with HERMES
collaborators during my stay at DESY were very helpful. I would like to thank
Mr. Hidekazu Tanaka. Several discussions with him were helpful to me.

I would like to thank all the members in my laboratory. I would like to express
my special thanks to Mr. Yoshimitsu Imazu who helped making some plots for
my thesis.

At last, I would like to thank Dr. Elke Aschenauer who is spokesperson of
HERMES. She devoted great efforts to run the experiment.

141





Appendix A

Tables

143



G
eV

/c
P

π π
P

K π
P

p π
P

X π
P

π K
P

K K
P

p K
P

X K
P

π p
P

K p
P

p p
P

X p

1t
ra

ck
2.

0
−

3.
0

0.
96

4
0.

01
2

0.
02

4
0.

00
0

0.
03

1
0.

79
6

0.
17

4
0.

00
0

0.
03

6
0.

02
5

0.
93

9
0.

00
0

3.
0
−

4.
0

0.
91

4
0.

01
2

0.
01

8
0.

05
6

0.
01

1
0.

95
8

0.
02

5
0.

00
6

0.
01

2
0.

03
1

0.
81

2
0.

14
5

4.
0
−

5.
0

0.
97

2
0.

01
5

0.
00

1
0.

01
3

0.
00

8
0.

96
9

0.
01

1
0.

01
3

0.
00

5
0.

02
0

0.
80

7
0.

16
9

5.
0
−

6.
0

0.
98

8
0.

00
8

0.
00

0
0.

00
3

0.
00

7
0.

97
5

0.
00

9
0.

00
8

0.
00

5
0.

01
5

0.
95

3
0.

02
7

6.
0
−

7.
0

0.
99

4
0.

00
5

0.
00

0
0.

00
1

0.
00

5
0.

97
3

0.
01

8
0.

00
4

0.
00

4
0.

02
6

0.
95

8
0.

01
2

7.
0
−

8.
0

0.
99

6
0.

00
3

0.
00

0
0.

00
1

0.
00

4
0.

95
2

0.
04

1
0.

00
3

0.
00

3
0.

06
2

0.
92

8
0.

00
8

8.
0
−

9.
0

0.
99

7
0.

00
2

0.
00

0
0.

00
1

0.
00

3
0.

91
6

0.
08

0
0.

00
2

0.
00

2
0.

11
1

0.
88

2
0.

00
5

9.
0
−

10
.0

0.
99

8
0.

00
2

0.
00

0
0.

00
0

0.
00

6
0.

87
1

0.
12

0
0.

00
3

0.
00

2
0.

16
7

0.
82

6
0.

00
4

10
.0
−

11
.0

0.
99

6
0.

00
2

0.
00

2
0.

00
0

0.
01

8
0.

49
7

0.
48

5
0.

00
0

0.
00

2
0.

01
4

0.
98

4
0.

00
0

11
.0
−

12
.0

0.
98

2
0.

01
7

0.
00

1
0.

00
0

0.
07

1
0.

74
5

0.
18

3
0.

00
0

0.
00

1
0.

00
0

0.
99

8
0.

00
0

12
.0
−

13
.0

0.
95

0
0.

04
9

0.
00

1
0.

00
0

0.
15

9
0.

77
4

0.
06

7
0.

00
0

0.
00

1
0.

00
1

0.
99

8
0.

00
0

13
.0
−

14
.0

0.
92

1
0.

07
8

0.
00

1
0.

00
0

0.
23

5
0.

73
6

0.
03

0
0.

00
0

0.
00

2
0.

00
0

0.
99

8
0.

00
0

14
.0
−

15
.0

0.
88

7
0.

11
3

0.
00

1
0.

00
0

0.
29

8
0.

69
0

0.
01

2
0.

00
0

0.
00

0
0.

00
1

0.
99

9
0.

00
0

G
eV

/c
δP

π π
δP

K π
δP

p π
δP

X π
δP

π K
δP

K K
δP

p K
δP

X K
δP

π p
δP

K p
δP

p p
δP

X p

1t
ra

ck
2.

0
−

3.
0

0.
00

0
0.

00
1

0.
00

0
0.

00
0

0.
00

2
0.

00
0

0.
00

2
0.

00
0

0.
00

1
0.

00
0

0.
00

0
0.

00
0

3.
0
−

4.
0

0.
00

1
0.

00
0

0.
00

0
0.

00
0

0.
00

2
0.

00
2

0.
00

0
0.

00
0

0.
00

1
0.

00
0

0.
00

0
0.

00
1

4.
0
−

5.
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

1
0.

00
1

0.
00

1
0.

00
1

0.
00

1
0.

00
0

0.
00

6
0.

00
5

5.
0
−

6.
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

1
0.

00
1

0.
00

1
0.

00
0

0.
00

1
0.

00
0

0.
00

4
0.

00
4

6.
0
−

7.
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

1
0.

00
1

0.
00

0
0.

00
1

0.
00

1
0.

00
3

0.
00

5
0.

00
2

7.
0
−

8.
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

1
0.

00
6

0.
00

5
0.

00
0

0.
00

1
0.

00
6

0.
00

8
0.

00
1

8.
0
−

9.
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
7

0.
00

6
0.

00
1

0.
00

1
0.

01
0

0.
01

2
0.

00
1

9.
0
−

10
.0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

1
0.

00
9

0.
01

0
0.

00
0

0.
00

0
0.

01
0

0.
01

2
0.

00
1

10
.0
−

11
.0

0.
00

1
0.

00
1

0.
00

0
0.

00
0

0.
00

1
0.

00
9

0.
01

0
0.

00
0

0.
00

1
0.

00
2

0.
00

2
0.

00
0

11
.0
−

12
.0

0.
00

3
0.

00
3

0.
00

0
0.

00
0

0.
00

6
0.

01
2

0.
00

6
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

12
.0
−

13
.0

0.
00

7
0.

00
6

0.
00

0
0.

00
0

0.
00

9
0.

01
3

0.
00

4
0.

00
0

0.
00

0
0.

00
0

0.
00

1
0.

00
0

13
.0
−

14
.0

0.
00

8
0.

00
8

0.
00

0
0.

00
0

0.
01

1
0.

01
5

0.
00

4
0.

00
0

0.
00

1
0.

00
0

0.
00

1
0.

00
0

14
.0
−

15
.0

0.
01

2
0.

01
2

0.
00

0
0.

00
0

0.
02

0
0.

02
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

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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x Nπ+
NK+ NK+

Nπ+ Np Np

Nπ+ Nπ−
NK− NK−

Nπ− N p̄ N p̄

Nπ−

0.033 60693 10548 17.4% 7335 12.1%52516 5646 10.8% 1915 3.6%
0.047 70103 13129 18.7% 9572 13.7%58352 6090 10.4% 1836 3.1%
0.064 70374 14050 20.0% 10257 14.6%57391 5836 10.2% 1723 3.0%
0.086 56963 12199 21.4% 8689 15.3%45008 4520 10.0% 1321 2.9%
0.118 49192 11112 22.6% 8208 16.7%37803 3672 9.7% 1172 3.1%
0.165 31226 7298 23.4% 5643 18.1%22784 2232 9.8% 650 2.9%
0.237 15394 3729 24.2% 3233 21.0%10664 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 8.6% 8 1.8%

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

∆N
N

)→⇐

π+

(
∆N
N

)→⇒

π+

(
∆N
N

)Tot

π+

(
∆N
N

)→⇐

π−

(
∆N
N

)→⇒

π−

(
∆N
N

)Tot

π−

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

x
(

∆N
N

)→⇐

K+

(
∆N
N

)→⇒

K+

(
∆N
N

)Tot

K+

(
∆N
N

)→⇐

K−

(
∆N
N

)→⇒

K−

(
∆N
N

)Tot

K−

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 2.971 9.542 10.369 9.953
0.164 2.349 2.950 2.656 8.074 9.322 8.710
0.236 2.546 2.411 2.476 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

x
(

∆N
N

)→⇐

p

(
∆N
N

)→⇒

p

(
∆N
N

)Tot

p

(
∆N
N

)→⇐

p̄

(
∆N
N

)→⇒

p̄

(
∆N
N

)Tot

p̄

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 inc
u P inc

ū P inc
d P inc

d̄
P inc

s P inc
s̄

0.033 0.5790 0.2034 0.1123 0.0583 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 0.0997 0.1154 0.0383 0.0141 0.0140
0.166 0.7714 0.0670 0.1112 0.0293 0.0105 0.0106
0.240 0.8267 0.0421 0.1006 0.0178 0.0065 0.0063
0.340 0.8736 0.0259 0.0864 0.0076 0.0033 0.0033
0.447 0.9078 0.0135 0.0727 0.0029 0.0015 0.0015

x P π+
u P π+

ū P π+

d P π+

d̄
P π+

s P π+
s̄

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 0.1295 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 0.0519 0.0570 0.0381 0.0037 0.0073
0.239 0.8895 0.0312 0.0484 0.0244 0.0021 0.0044
0.338 0.9315 0.0190 0.0371 0.0097 0.0008 0.0018
0.450 0.9602 0.0088 0.0265 0.0035 0.0003 0.0008

x P π−
u P π−

ū P π−
d P π−

d̄
P π−

s P π−
s̄

0.033 0.5172 0.2523 0.1445 0.0513 0.0160 0.0187
0.047 0.5314 0.2375 0.1504 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
0.238 0.7199 0.0788 0.1751 0.0172 0.0035 0.0055
0.338 0.7690 0.0518 0.1668 0.0084 0.0015 0.0025
0.447 0.8002 0.0294 0.1659 0.0029 0.0005 0.0012

x P K+
u P K+

ū P K+

d P K+

d̄
P K+

s P K+
s̄

0.033 0.6158 0.1479 0.0999 0.0430 0.0160 0.0774
0.047 0.6512 0.1274 0.0951 0.0360 0.0130 0.0773
0.065 0.6957 0.0983 0.0888 0.0319 0.0095 0.0757
0.087 0.7421 0.0738 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
0.239 0.8755 0.0215 0.0586 0.0100 0.0020 0.0324
0.338 0.9187 0.0103 0.0480 0.0027 0.0009 0.0193
0.449 0.9530 0.0029 0.0333 0.0008 0.0002 0.0098

x P K−
u P K−

ū P K−
d P K−

d̄
P K−

s P K−
s̄

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 0.5256 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 ofx.
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x P inc
u P inc

ū P inc
d P inc

d̄
P inc

s P inc
s̄

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 0.5716 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

x P π+
u P π+

ū P π+

d P π+

d̄
P π+

s P π+
s̄

0.033 0.5713 0.2040 0.1280 0.0617 0.0163 0.0187
0.047 0.5938 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 P π−
u P π−

ū P π−
d P π−

d̄
P π−

s P π−
s̄

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

x P K+
u P K+

ū P K+

d P K+

d̄
P K+

s P K+
s̄

0.033 0.5280 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 0.6693 0.0073 0.2989 0.0031 0.0010 0.0203

x P K−
u P K−

ū P K−
d P K−

d̄
P K−

s P K−
s̄

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
0.117 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 ofx.
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x ∆Pπ+

u ∆Pπ+

ū ∆Pπ+

d ∆Pπ+

d̄
∆Pπ+

s ∆Pπ+

s̄

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

x ∆Pπ−

u ∆Pπ−

ū ∆Pπ−

d ∆Pπ−

d̄
∆Pπ−

s ∆Pπ−

s̄

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 ∆PK+
u ∆PK+

ū ∆PK+
d ∆PK+

d̄
∆PK+

s ∆PK+
s̄

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 ∆PK−

u ∆PK−

ū ∆PK−

d ∆PK−

d̄
∆PK−

s ∆PK−

s̄

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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x ∆Pπ+

u ∆Pπ+

ū ∆Pπ+

d ∆Pπ+

d̄
∆Pπ+

s ∆Pπ+

s̄

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

x ∆Pπ−

u ∆Pπ−

ū ∆Pπ−

d ∆Pπ−

d̄
∆Pπ−

s ∆Pπ−

s̄

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 ∆PK+
u ∆PK+

ū ∆PK+
d ∆PK+

d̄
∆PK+

s ∆PK+
s̄

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

x ∆PK−

u ∆PK−

ū ∆PK−

d ∆PK−

d̄
∆PK−

s ∆PK−

s̄

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 ∆Pπ+

u ∆Pπ+

ū ∆Pπ+

d ∆Pπ+

d̄
∆Pπ+

s ∆Pπ+

s̄

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 ∆Pπ−

u ∆Pπ−

ū ∆Pπ−

d ∆Pπ−

d̄
∆Pπ−

s ∆Pπ−

s̄

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 ∆PK+

u ∆PK+

ū ∆PK+

d ∆PK+

d̄
∆PK+

s ∆PK+

s̄

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

x ∆PK−

u ∆PK−

ū ∆PK−

d ∆PK−

d̄
∆PK−

s ∆PK−

s̄

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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x ∆Pπ+

u ∆Pπ+

ū ∆Pπ+

d ∆Pπ+

d̄
∆Pπ+

s ∆Pπ+

s̄

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

x ∆Pπ−

u ∆Pπ−

ū ∆Pπ−

d ∆Pπ−

d̄
∆Pπ−

s ∆Pπ−

s̄

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 ∆PK+

u ∆PK+

ū ∆PK+

d ∆PK+

d̄
∆PK+

s ∆PK+

s̄

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

x ∆PK−

u ∆PK−

ū ∆PK−

d ∆PK−

d̄
∆PK−

s ∆PK−

s̄

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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x Q2 Ap σstat σsyst

0.033 1.22 0.0996 0.0176 0.0091
0.048 1.45 0.1102 0.0175 0.0093
0.065 1.68 0.1131 0.0181 0.0088
0.087 1.93 0.1941 0.0208 0.0143
0.118 2.34 0.2366 0.0205 0.0178
0.166 3.16 0.2819 0.0216 0.0208
0.240 4.54 0.3854 0.0239 0.0283
0.340 6.56 0.4760 0.0430 0.0344
0.447 9.18 0.6102 0.0750 0.0467

x Q2 Ah+

p σh+

stat σh+

syst Ah−
p σh−

stat σh−
syst

0.034 1.21 0.1097 0.0299 0.00770.0724 0.0341 0.0054
0.048 1.44 0.1640 0.0316 0.01130.1262 0.0365 0.0087
0.065 1.72 0.1361 0.0329 0.00960.0901 0.0382 0.0057
0.087 2.06 0.2075 0.0370 0.01470.0953 0.0442 0.0066
0.118 2.58 0.3011 0.0356 0.02120.1860 0.0445 0.0135
0.166 3.52 0.2851 0.0384 0.02090.1770 0.0498 0.0127
0.239 5.03 0.4223 0.0456 0.02920.2360 0.0639 0.0165
0.338 7.09 0.4046 0.0914 0.02910.5696 0.1339 0.0387
0.448 9.76 0.7586 0.1756 0.05190.4957 0.2715 0.0341

x Q2 Aπ+

p σπ+

stat σπ+

syst Aπ−
p σπ−

stat σπ−
syst

0.033 1.22 0.0800 0.0353 0.00580.0675 0.0388 0.0053
0.047 1.50 0.1336 0.0387 0.00910.1450 0.0431 0.0095
0.064 1.87 0.0829 0.0408 0.00670.0649 0.0461 0.0039
0.087 2.38 0.2312 0.0459 0.01570.0714 0.0536 0.0047
0.118 3.08 0.3163 0.0458 0.02120.0754 0.0547 0.0057
0.166 4.22 0.3017 0.0525 0.02010.1572 0.0645 0.0105
0.238 5.83 0.2784 0.0695 0.01970.2696 0.0889 0.0187
0.337 7.97 0.5566 0.1530 0.03730.3461 0.1995 0.0233
0.449 10.49 0.8651 0.3185 0.05580.4490 0.4343 0.0352

Table A.12: The Born asymmetries for the proton target.
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x Q2 Ad σstat σsyst σRICH

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 4.55 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

x Q2 Ah+

d σh+

stat σh+

syst σh+

RICH Ah−

d σh−

stat σh−

syst σh−

RICH

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

x Q2 Aπ+

d σπ+

stat σπ+

syst σπ+

RICH Aπ−

d σπ−

stat σπ−

syst σπ−

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 0.0050 0.0457 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 0.0096 0.0884 0.0249 0.0045 0.0079
0.165 4.18 0.1207 0.0257 0.0079 0.0013 0.0144 0.0298 0.0035 0.0309
0.238 5.80 0.1089 0.0343 0.0073 0.0166 0.2039 0.0413 0.0116 0.0004
0.338 7.93 0.3179 0.0815 0.0202 0.0416 0.3860 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

x Q2 AK+

d σK+

stat σK+

syst σK+

RICH AK−

d σK−

stat σK−

syst σK−

RICH

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 0.0355 0.0312 0.0661 0.0041 0.0054
0.065 1.86 0.1469 0.0504 0.0083 0.0347 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 0.0120 0.0292 0.0830 0.0029 0.0206
0.165 4.23 0.1436 0.0593 0.0104 0.0099 0.0722 0.0993 0.0069 0.0012
0.238 5.81 0.1445 0.0773 0.0120 0.0052 0.0871 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 0.0866 1.4585 0.7001 0.0859 0.0258

Table A.13: The Born asymmetries for the deuterium target.
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x ∆u
u σstat σsyst σPDF x · ∆u σstat σsyst σPDF

0.033 0.0855 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 0.00870.2525 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

x ∆d
d σstat σsyst σPDF x · ∆d σstat σsyst σPDF

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

x ∆ū
ū σstat σsyst σPDF x · ∆ū σstat σsyst σPDF

0.033 0.3382 0.3342 0.2189 0.03100.0437 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

x ∆d̄
d̄

σstat σsyst σPDF x · ∆d̄ σstat σsyst σPDF

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

x ∆s
s σstat σsyst σPDF x · ∆s σstat σsyst σPDF

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 1.5039 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 ofQ2

0 = 2.5 GeV2. 157
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