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1. Introduction

The spin of the nucleon can be decomposed into contributions from quarks, gluons and
orbital angular momenta

1 1
sZN/h:§:§AE+Ag+Lg+Lg, (1.1)
where, neglecting heavy quarks,

AY = Au+ At + Ad + Ad + As + A3 (1.2)

is the contribution from quark spins, Ag is the gluon spin contribution, and L¢ and L? are
those from orbital angular momenta carried by quarks and gluons [Jaf 90].

Over the last decade several experiments on polarised deep inelastic lepton-nucleon
scattering provided accurate data on the spin structure functions g, (z, @*) of the pro-
ton and neutron as a function of the Bjarken scaling variable x and the squared four-
momentum transfer —(Q? of the exchanged virtual boson. These experiments were based
on inclusive deep inelastic processes, where only the scattered lepton is detected. When
the results for g; are combined with experimental information from weak baryon de-
cays, values can be extracted for AY and for the contributions of the individual quark
flavours assuming SU(3) flavour symmetry. From these analyses one obtains a value of
AY ~ 0.3 which amounts to about 40% of the value expected from relativistic quark
models. Furthermore, the contributions of the individual quark flavours are found to be
Au+ A~ 0.8, Ad+ Ad ~ —0.4 and As + As ~ —0.1. Until now, little is experimen-
tally known about Ag and no measurements exist for L and L.

The HERMES experiment at HERA/DESY started data taking in 1995 with the aim
to determine the spin contributions of the various quark flavours to the spin of the nu-
cleon using semi-inclusive deep inelastic scattering involving the detection of hadrons
in coincidence with the scattered lepton. The experiment is based on two novel tech-
niques: an internal gas target of polarised atomic hydrogen, deuterium or 2He, and a
high current longitudinally polarised positron beam circulating in a high-energy storage
ring. Semi-inclusive measurements offer a means of flavour-tagging the struck quark
which allows to extract the z-dependence of the polarised quark distributions Ag(z)
for each quark and anti-quark flavour. This way, the contributions of each quark flavour
to the nucleon spin can be investigated in different z-regions. Furthermore, the flavour
tagging method does not rely on the assumption of flavour symmetry to extract the po-
larised quark distributions. The SMC experiment at CERN presented first results on the
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polarised valence and sea quark distributions from semi-inclusive measurements in the
kinematic range 0.003 < z < 0.7 and 1 GeV? < @? < 56 GeV? [Ade 98a]. In this work
polarised quark distributions from HERMES are extracted for the up [Au(z) + Au(z)]
and down [Ad(z) + Ad(x)] flavours, and for valence and sea quarks in the kinematic
range 0.023 < z < 0.6 and 1 GeV? < Q? < 10 GeV2. The results represent the most
precise measurement of polarised quark distributions currently existing.

The outline of this work is as follows. Chapter 2 gives an introduction to polarised
deep inelastic scattering and provides the formalism used to extract the quark spin distri-
butions from inclusive and semi-inclusive spin-dependent cross section asymmetries. In
chapter 3 the HERMES experimental apparatus is introduced. The analysis of inclusive
and semi-inclusive charged hadron asymmetries is presented in chapter 4 and the extrac-
tion of the polarised quark distributions from the measured cross section asymmetries is
described in chapter 5. The HERMES results on the polarised quark distributions are
discussed and compared to existing experimental results and to predictions from quark
models and lattice QCD.



2. Deep Inelastic scattering

2.1. Deep inelastic scattering kinematics

Fig. 2.1 shows the lowest order Feyn-
man diagram for deep inelastic lepton- K
nucleon scattering (DIS). The incoming
lepton emits a boson which is absorbed
by the nucleon target. For electro-
magnetic interactions the exchanged
boson is a virtual photon while in weak

q
interactions it is the intermediate vector
boson W* or Z°, for the charged and
P,S W

k,s

the neutral current interaction, respec-
tively. In the kinematic region of the
HERMES experiment with a 27.5 GeV
positron beam incident on a stationary

taraet th tributions f K Figure 2.1.: Feynman diagram of deep inelas-
arget the contributions from weax: cur- tic lepton-nucleon scattering in the

rents can be neglected. one-photon exchange approxima-
The incoming lepton is charac- tion.

terised by its four-momentum & and po-

larisation four-vector s. The four-momenta of the outgoing lepton and the exchanged vir-
tual photon are denoted by £’ and ¢, respectively. The target nucleon with rest mass M
carries four-momentum P and its polarisation four-vector is S. In the HERMES experi-
ment the polarisation states of the scattered lepton and of the hadronic final state are not
recorded.

The negative square of the four-momentum of the exchanged virtual photon is defined
as

Q= =—-(k—-k)?>0. (2.1)

Since the exchanged photon is virtual (¢ < 0) it can be longitudinally or transversely
polarised. In contrast, real photons have zero mass and pure transverse polarisation. The
wavelength of the virtual photon depends on the reference frame. In the Breit frame which
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is defined by ¢ = (0, g) one hast
2m 2m

A= =
lal Q2

so that the transverse size of the nucleon structure revealed decreases with increasing Q2.
The Lorentz invariant dimensionless Bjgrken scaling variable x is defined by
Q2

TE= (2.3)
where v = P - ¢/M. The kinematically allowed range for z is0 < z < 1. In the
Quark Parton Model (see section 2.3), where deep inelastic lepton-nucleon scattering is
described as scattering from free partons, the variable = can be interpreted as the fraction
of the nucleon’s momentum carried by the interacting quark. The squared invariant mass
of the hadronic final state is given by

W?=(qg+P)P>*=M+Q*(1/x—1) . (2.4)

In the limit of elastic scattering one has W2 = M? and consequently z = 1.

In the laboratory system (lab) of the HERMES experiment the target nucleon is at
rest so that P = (M, 0). The variables =, @* and W? are determined from the laboratory
scattering angle # between the three momenta of the incoming and outgoing lepton with
respective energies E and £’

2.2)

Q* ~ 4EFE'sin*(0/2), (2.5)
v = E—-FE. (2.6)

In the laboratory frame v gives the energy transfer from the lepton to the virtual photon.
In Eqg. (2.5) the lepton mass has been neglected compared to its energy.

For studies of a final state hadron A (four-momentum p, = (E,, ps)) in coincidence
with the scattered lepton the hadron momentum p,, is resolved into its three momentum
component p¥ along the virtual photon momentum g and component p perpendicular to
q. The Feynman variable xy. is defined in the virtual photon-nucleon centre of mass frame
and scales the longitudinal hadron momentum to its maximum possible value

2 L
op = % . 2.7)
Further, the Lorentz invariant variable
¢ P a E
p= D Tk (2.8)
q-P v

is introduced which relates the hadron energy £, in the laboratory system to the maximum
possible energy v. The kinematically allowed ranges of z and z are —1 < zp < 1 and
0 <z < 1. ForW > M, the kinematic correlation between z and zp is such that
backward going hadrons (zr < 0) have small z values, whereas for large and positive
values of x the two variables = and z are roughly equal.

Throughout this text i = ¢ = 1 is used.
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2.2. Inclusive deep inelastic scattering

Assuming one-photon exchange the inclusive differential DIS cross section for scattering
a lepton (four-momentum £, spin four-vector s) from a target nucleon (four-momentum
P, spin four-vector S) can be written in the laboratory frame as [Ans 95]

dQUs,S O[2 E'

- ll v
AQdE ~ MQ*E Ly WE7 (29)

where the final state lepton is detected in the differential solid angle d$2 and in the energy
range [E’, E' + dE']. The quantity « denotes the electro-magnetic coupling constant and
L, is the lepton tensor calculable in quantum electrodynamics. The lepton tensor can be
expressed as the sum

Ly = L§) +iL{) (2.10)
of a polarisation-independent part
L) (ks k') = 2 [k by + kukl, — g (k- K —m?)] (2.11)
which is symmetric under 1, v interchange, and a polarisation-dependent part
LM (k,s;K') = 2m ppap 8™ (k — k)7 (2.12)

which is anti-symmetric under p, v interchange. Here, m is the lepton mass, g, is the
metric tensor and ¢, IS the totally anti-symmetric Levi-Civita tensor. The expressions
for the symmetric and anti-symmetric parts, Egs. (2.11) and (2.12), are given after sum-
mation over the polarisation states of the outgoing lepton. The unknown hadron tensor
WH which describes the interaction at the photon-nucleon vertex can be similarly ex-
pressed as the sum

W = WS +iw ) (2.13)
of a polarisation-independent symmetric part Wﬁls,) and a polarisation-dependent anti-

symmetric part W5,

2.2.1. Unpolarised cross section

Using Lorentz covariance, gauge invariance, parity conservation in electro-magnetism
and standard discrete symmetries of the strong interactions the spin-independent term
Wﬁ,sj) can be parameterised in terms of two dimensionless spin-independent structure func-
tions, Fy(z,Q?) and F»(z, Q*), which depend on only two invariants = and Q?:

v v v F
Wi (q; P) = (—g,w + qgg ) Fi + KPM — ?q“> (P,, — ?q>} 72 . (219)
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Figure 2.2.: The proton structure function F. measured in deep inelastic scattering of
electrons (SLAC) and muons (BCDMS, E665, NMC), shown as a function
of (Q? for fixed x [Cas 98]. Only statistical errors are shown. For the purpose
of plotting, a constant ¢(x) = 0.1 i, is added to F3) where i, is the number
of the z-bin, ranging from 1 (z = 0.05) to 14 (= = 0.0009) on the left-hand
figure and from 1 (z = 0.85) to 15 (z = 0.07) on the right-hand figure. For
HERA data in the kinematic range of this figure, see [Cas 98].

The unpolarised differential cross section is calculated by contracting the lepton tensor
LLSZ,) with the hadron tensor Wﬁ) averaging over initial spin states and summing over final

spin states
20 40 (E)’ |1 o o (0 2 o . o (0
WaE ~qQr |y @) cos <5> * g il @) sin (5)] (219

Precise measurements of the structure functions Fiy and Fi for the proton and deuteron
have been performed by BCDMS, NMC, SLAC, E665, ZEUS and H1 covering a wide
kinematic range of 10 ¢ < 2 < 0.9 and 0.1 GeV? < Q% < 5-10% GeV?2. Fig. 2.2 gives
a compilation of the world data on F?} from fixed target experiments. Measurements
with similar accuracy exist for the deuteron. Fig. 2.2 shows that the structure function
F, is approximately independent of Q2 at fixed z. This behaviour is known as Bjarken
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scaling or scale invariance and can be explained by the existence of point-like scattering
centres in the nucleon. However, scale invariance is only exact for z ~ 0.2. For x = 0.2
the structure function F, decreases with increasing values of (Q? whereas the opposite
behaviour is observed for x < 0.2. The issue of scaling violations will be addressed in
more detail in section 2.4.

The unpolarised DIS cross section can be related to the absorption cross sections for
transversely (or) and longitudinally (o1,) polarised photons

d%o
dQ2 dE!

where I represents the flux of virtual photons and ¢ is their degree of longitudinal polari-
sation,

=T [O’T(.’L', QQ) + SO'L(l’, QZ)] R (216)

A1 —y) — 7"y
41 —y) +2y2 + 9227

. (2.17)

with v = 2Mxz/\/Q? and y = v/E. The ratio R = o1,/or of the longitudinal to trans-
verse cross section relates the structure function F; with F, by
Fy(w QQ)

R HN=_"T 7 (1447 -1 2.18
The cross section ratio R has been determined from DIS experiments at SLAC [Abe 99,
Whi 90] in a kinematical range which covers the HERMES kinematical range. Within
the experimental uncertainties i was found to be identical for proton and neutron targets.
At the average Q? = 2.5 GeV? of the HERMES experiment the value of R decreases
from 0.32 at z = 0.02 t0 0.19 at = = 0.7. In the limit of Q2 — oo the cross section o7,
vanishes so that R = 0 and consequently 2z F = F».

2.2.2. Polarised cross section

The cross section for polarised DIS (Eqg. (2.9)) depends on both the symmetric and anti-
symmetric parts of the lepton and hadron tensors. In the cross section difference for
scattering polarised leptons from polarised nucleons with spin four-vector S and —S the
symmetric parts cancel so that this cross section difference can be used to isolate the anti-
symmetric parts of the lepton and hadron tensors. Using the same symmetry arguments as
for the spin-independent tensor Wﬁ) the spin-dependent tensor Wlﬁ,j") can be expressed in
terms of two dimensionless spin-dependent structure functions, g,(x, Q?) and g»(x, Q?):

1 S q)P"
WG P,S) = 2 cyus 4" {sﬂgl T {sﬂ - %} 92} , (2.19)

In the laboratory frame, in which the target nucleon is at rest, the spin four-vector of the
target nucleon reads S? = (0, S) with S? = —1. For longitudinally polarised leptons the
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scattering plane

'X

polarisation plane

Figure 2.3.: Definition of scattering angles in polarised deep inelastic scattering in the
laboratory frame. The four-vectors of the incident and scattered lepton are
denoted by &k = (E,k) and k' = (E’,k’). The lepton scattering angle is
called 6. S gives the target spin direction and ¢ is the angle between the
polarisation plane (defined by k and S) and the scattering plane (defined by
k and k'). « is the angle between the beam momentum & and the target spin
direction S.

cross section difference for the target spin aligned parallel or anti-parallel with respect to
some arbitrary direction .S is given by

dlo(a+m)—ola)] _ 4a*E
dQ dE' - Q®FE
1 1
XTr {[E cosa+ E'cos O] g1 + 2EE' [cos © — cos q - gg} : (2.20)

where cos © = sin  sin a: cos ¢p+cos 0 cos a and the angles «. and ¢ are defined in Fig. 2.3.
The cross section difference for beam and target spins aligned parallel (=) or anti-parallel
(<) corresponds to a = 0 and simplifies to

dz(az - 03) 4o’ E 1
AQdE Q E M

2
{(E + E'cosf) g1 — % 92} . (2.21)
Polarising the target transverse to the lepton beam («v = 7/2) yields another combination
of ¢, and ¢

d?(c7t —o71) 4o’ E 1
dQ dE' - Q? E Mv

2F
{gl +— gg} E'sin 6 cos ¢. (2.22)
v

Fig. 2.4 shows the world data on the spin-dependent structure function ¢} of the pro-
ton as measured in polarised DIS. The structure function is shown as a function of x
for a fixed value of Q? = 5 GeV?2. Measurements with similar accuracy exist for the
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Figure 2.4.: The spin-dependent structure function ¢}’ of the proton measured in deep
inelastic scattering of polarised electrons or positrons (E155 [Hug 99],
E143 [Abe 98], HERMES [Air 98]) and muons (SMC [Ade 98b]), shown
as a function of z for a fixed value of Q? = 5 GeV2. Only statistical er-
rors are shown with the data points. As an example, the E155 systematic
uncertainty is indicated by the error band.

deuteron [Ada 97, Abe 95b] and for the neutron [Hug 99, Ack 97, Abe 97b]. The com-
bined data of the different experiments cover a kinematical range of 0.003 < z < 0.8 for
1 GeV? < % < 60 GeV?. The interpretation of g, in the quark parton model will be
discussed in section 2.3.

The spin structure function g, can be decomposed as [Wan 77]

g?(xaQQ) = g;fVW(nyZ) +g2(I7Q2) (223)
with ¢3VWV given as a function of ¢,

! dt
BV @) = 0w @)+ [ 0T (2.2)
The term g, is due to a twist-3 contribution in the operator product expansion [Ans 95]
and is a measure of long distance, non-perturbative effects like quark-quark or quark-
gluon correlations in the nucleon. Experimental data on g, [Abe 98, Ant 99, Abe 973]
cover a kinematical range of 0.03 < x < 0.8 for 1 GeV? < Q? < 30 GeV? and have

significantly larger experimental uncertainties than the measurements of g;. The data are
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consistent with the leading twist formula Eqg. (2.24) and are close to the quark parton
model prediction of g»(x) = 0. Furthermore, the measurements are compatible with the
Burkhardt-Cottingham sum rule [Bur 70]

/1 92(1', QZ) dr =0 ) (225)
0

which has been verified to leading order in perturbative QCD [Alt 94, Kod 95].

2.2.3. Cross section asymmetries

In the previous section the spin structure functions ¢, and g, were related to the cross sec-
tion difference for scattering polarised leptons from polarised targets with opposite spin
orientation. Rather than measuring a cross section difference, experimentally, a cross sec-
tion asymmetry is determined. For a longitudinally polarised beam ¢, and g, are derived
from the cross section asymmetry A measured for the target spin parallel and anti-parallel
to the beam spin,

2 =z
4 =2-7_ (2.26)
o=+ o0~

and the asymmetry A |, which corresponds to the target polarisation perpendicular to the
longitudinally polarised beam,

ot — o

A =2_"2 (2.27)

oV oot

The measured lepton asymmetries can be rewritten in terms of the virtual photon asym-
metries A; and As:

o

1 3
A = =2 (2.28)
o2 +02
2
Ay = —/— 2, (2.29)
02 + 02

where o' (0%) are the photon-nucleon absorption cross sections for transversely polarised
virtual photons with projection % (%) of the total photon and nucleon spin along the
direction of the photon momentum, and o is the interference cross section between the
transverse and the longitudinal polarisations of the virtual photon. The asymmetries A, 5

are subject to the following positivity constraints

A<t A=< [P0 = VR, (2.:30)

oT - (O’T)2 -
where o = (a% + 0%)/2. In terms of A, , the measured lepton asymmetries are given by

Al = D(A+n4,), (2.31)
AL = d(A - EAy), (2:32)
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where the virtual photon depolarisation factor D and the kinematical factors are

1= -y)e
b= =75 (233)
n = evy/ll—e(l—y)], (2.34)
2¢e
i = Dy (2.35)
€ = nis. (2.36)

Eventually, the asymmetries A, , can be expressed in terms of the structure functions g, -
and the unpolarised structure function F} by

2
g1 — 7 92
A, = DT 237
1 F1 ) ( )
Ay = 0Lt o2 (2.38)
Fy

As mentioned before, g, was measured to be close to zero for the proton and the neutron
in the kinematic region of the HERMES experiment. Additionally, its contribution to A
is suppressed by the kinematical factor v2 which is small (0.003 < ~? < 0.15) in the
kinematical region of the HERMES experiment. Neglecting contributions from v2g, in
Eqg. (2.37) one obtains A; = g,/ F}.

2.3. The quark parton model

The experimental observation that the structure functions for fixed x exhibit only a rela-
tively small dependence on @ was the basis of the quark parton model (QPM) of Feyn-
man [Fey 72] and Bjarken [Bjg 69], where the nucleons probed in a hard scattering pro-
cess appear to consist of point-like scattering centres called partons. The partons active
in lepton-nucleon scattering are identified with the fractionally charged spin-1/2 quarks
postulated to explain symmetries in hadron spectroscopy.

Under the assumption that in the Bjgrken limit (v, Q2 — oc) deep inelastic lepton-
nucleon scattering can be described as incoherent elastic scattering from non-interacting
point-like charged spin-1/2 constituents one can predict the structure functions £ , by
comparing the unpolarised DIS cross section, Eq. (2.15), with the cross section for elastic
electron-muon scattering [Hal 84]. For scattering from point-like constituents the struc-
ture functions F} , are independent of @ at fixed =

Fiao(z, Q%) Y23 Fiy) (2.39)
and, as a consequence of the assumption that the charged partons carry spin 1/2, the
structure functions obey the Callan-Gross relation [Cal 68]

2¢0F () = Fy(x) , (2.40)
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which was experimentally confirmed. Furthermore, by substituting this result in Eq. (2.18)
one obtains R = o1,/o1 = 0 and consequently o1, = 0 in the Bjarken limit.

The QPM model is formulated in the infinite momentum frame, in which the proton
is moving with infinite momentum so that the nucleon and parton rest masses and the
transverse momentum components of the partons inside the nucleon can be neglected
compared to the longitudinal momenta. In this frame the four-momentum of the nucleon
is given by P = (P, 0,0, P) and the four-momentum of a parton inside the nucleon writes
(P = (¢CP,0,0,(¢P), where ( is the fraction of the nucleon momentum carried by the
parton. For elastic photon-quark scattering four-momentum conservation at the photon-
quark vertex implies 0 ~ m? = (CP + ¢)*, where m, is the quark rest mass. In the limit
(2P? = (> M? < Q? one obtains

Q2
2Mv’

(= (2.41)
so that the fractional momentum ¢ carried by the struck quark is identical to the kine-
matical variable z = @Q?/(2Mv) of the virtual photon. Further, if the DIS process can
be described as the incoherent sum of elastic scattering from non-interacting quarks, the
structure functions F , are obtained by summing over all quark and anti-quark flavours f
and integrating over all fractional quark momenta ¢

20 F) (x) Z/ d¢ e Cqr(¢ Zef z qp(x (2.42)

Here, ¢(¢)d( is defined as the probability of finding a quark or anti-quark with flavour f
and fractional momentum in the range [(, ¢ + d(] and e/ is the quark charge in units of
the elementary charge e.

If the proton consisted only of charged constituents, their momenta would be expected
to add up to the proton momentum Zf fol dz = ¢f(x) = 1. However, experimentally a
value of ~ (.54 was found which implies that about half of the nucleons momentum is
carried by partons interacting neither electro-magnetically nor weakly. These partons are
identified with the gluons, the field quanta of the strong interactions.

To interpret the spin structure function g; in the QPM one considers a photon-quark
interaction in the infinite momentum frame with the quark moving along the z-axis. In this
frame the photon-quark collision is collinear and a transversely polarised photon will nec-
essarily flip the spin S? of the quark (since L? = 0 for a collinear collision). Consequently,
the virtual photon can only be absorbed by a quark whose spin is aligned anti-parallel to
the spin of the virtual photon. The unpolarised quark distributions can be decomposed
as qr(z) = q; (v) + g5 (), where qu(’)(x) dz is defined as the probability of finding a
quark or anti-quark with fractional momentum in the range [z, = + dx] and spin aligned
parallel (anti-parallel) to the nucleon spin. The photon-nucleon absorption cross sections
o2 (ag) for anti-parallel (parallel) orientations of the photon and nucleon spins are thus
givenby 0z oc 3" e ¢ and o2 o Y, €2 ¢~ It follows for the spin structure function
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3
2

g1 Which is proportional to the cross section difference 03— 03
1
m(x) =35> ef Agpa), (243)
f

where the polarised quark distributions Ag; have been defined as

Agr(z) = g5 (x) — ¢5 (x) . (2.44)

Eq. (2.43) for ¢; represents the polarised counterpart to Eq. (2.42) for F;(x). The spin
structure function g, does not have an equally transparent probabilistic interpretation but
can be understood from the spin-flip amplitude that gives rise to the interference asym-
metry A, o< g1 + go caused by the absorption of a longitudinally polarised photon by the
nucleon [Ji 95]. In the QPM the second spin structure function g () vanishes [Ans 95].

2.4. Structure functions and parton distributions
in guantum chromodynamics

The parton model predicts that the structure functions should be scale invariant. However,
one can see from Fig. 2.2 that scaling is only approximately fulfilled, i.e. that the structure
functions exhibit a small (Q?-dependence which is not consistent with the QPM picture
that the nucleon consists of non-interacting Dirac particles. In quantum chromodynamics
(QCD) the scaling violations of the structure functions can be explained by the interaction
between quarks and gluons, the field quanta of the strong interaction, which are exchanged
between particles carrying colour charge. In addition to the emission and absorption of
gluons by quarks, three or four gluons can couple to each other with a coupling strength
which in first order perturbative QCD calculation is given by

9 4

as(Q7) PGS (2.45)
with gy = 11— %nf and n s the number of active quark flavours. The QCD scale parameter
A gives the limit where perturbative QCD can be applied and is about 300 MeV. The (2-
dependence of «; corresponds to a dependence on spatial separation since the wavelength
A of the virtual photon in the laboratory frame is proportional to 1/@Q?. For small distances
and corresponding high values of 2, the quark-quark coupling decreases logarithmically
and vanishes in the limit Q? — oo (asymptotic freedom). For this reason, at high enough
values of (92, DIS can be described as scattering from free constituents.

A common way to schematically represent the (Q2-dependence of the quark distri-
butions is shown in Fig. 2.5. At a certain value of Q? = Q32 one measures a quark
distribution ¢;(z,Q3). If one increases the resolution of the virtual photon by going to
higher values of Q* > 2, one can resolve that the quark momentum has changed by
gluon radiation. A quark with momentum fraction x can originate from a parent quark
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Q

Y@ probes q(x,Q)) vH?) resolves softer
quarks q(x,Qz)

Figure 2.5.: Schematical representation of the (Q?-dependence of quark distributions due
to the increasing resolving power of the virtual photon [Hal 84].

with higher momentum fraction y. Similarly, the virtual photon can couple to a quark
which arose from a gluon splitting into a quark anti-quark pair. These processes lead to
the observed behaviour (see Fig. 2.2) that the structure functions decrease at high values
of = with increasing values of Q? whereas they rise at low values of z.

The evolution of the parton distributions and structure functions as a function of 2
can be described quantitatively by QCD. With the definitions

t = In(Q%/A?), (2.46)
(€®) = iZefc, (2.47)
nf 7
reney = [ Y (gt) W) (2.48)

the unpolarised and polarised structure functions F; and g; are in perturbative QCD given
by [Alt 82]

1

Fi(z,t) = 5(62> [P+ +2n, @y}, (2.49)
1

gi(z,t) = §(ez> {A™® @ Ag™® + AP ® AT + 2ny A @ Ag} . (2.50)

Here, ¢SN59 (AcSN59) denote the so-called unpolarised (polarised) flavour singlet (S),
non-singlet (N'S) and gluon (g) coefficient functions. The unpolarised (polarised) gluon



2.4. Structure functions and parton distributions in QCD 15

distribution is denoted by g (Ag), and ¥ (AX) and ¢ (A¢™®) are the unpolarised (po-
larised) singlet and non-singlet combinations of the quark and anti-quark distributions.
The unpolarised singlet and non-singlet combinations are defined as

S(a,t) = Y aqrla.t), (2.51)
!

qNS(Iat) = %_]— q (l‘,t), (252)
;[m } !

and the polarised ones AY. and A¢™® are obtained from Egs. (2.51) and (2.52) by replac-
ing ¢ with Agy.

The Q?-dependence of the unpolarised parton distributions follows the Gribov-Lipatov-
Altarelli-Parisi (GLAP) equations [Gri 72, Alt 77]

d x oo(t) N N

a (1) = o [pqu ® g s] (2,1) | (253)
4 _ sl quq Py b
dt { 9 ] (0 = 5 { P, P, ] ® { p ] (,1) , (2.54)

where P;; are the QCD splitting functions for the unpolarised parton distributions. The
probability that a quark with momentum fraction x originates from a parent quark with
momentum fraction y (> x) is given by as(t) P,,(x/y). The probability that a quark with
momentum fraction x is the result of a gq pair creation from a gluon with higher momen-
tum y is as(t) Pyy(z/y), and similarly for P,,. The splitting function P,, accounts for
the three gluon vertex. Note that ¢ evolves independently from the gluon distribution,
while X is coupled to the gluon distribution.

Given the splitting functions for polarised parton distributions AP35, AP}, AP,
AP,, and AP,, the polarised non-singlet, singlet and gluon distributions evolve formally
equivalent to the unpolarised ones and are calculated from Egs. (2.53) and (2.54) with the
replacements ¢™° — A¢™5, ¥ — AY, g — Agand P;; — AP;;.

The expressions (2.49) to (2.54) are valid in all orders of perturbative QCD. The split-
ting and coefficient functions can be expanded as a power series in a;. At order o (lead-
ing order (LO)) the polarised and unpolarised singlet and non-singlet coefficient functions
are given by 6(1 — z/y) while the gluon coefficient function vanishes. Consequently,
F} (g1) decouples from g (Ag) in LO and Egs. (2.49) and (2.50) become

1

Fie,t) = 5) a1, (2.55)

f
1
gi(z,t) = 5 Zefc Aqy(z,t) . (2.56)
f

Therefore, in LO, the parton model quark distributions ¢ () introduced in section 2.3 are
replaced by an effective Q*-dependent quark distribution ¢ (x, ¢). Beyond LO, the coef-
ficient functions and the splitting functions are not uniquely defined, but depend on the
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renormalisation scheme (see e.g. [Rob 90]). All coefficient and splitting functions have
been computed at next-to-leading order (NLO), the polarised calculations being com-
pleted only recently [Zij 94, Mer 96, Vog 96]. The formalism described above allows a
complete NLO QCD analysis of the scaling violations of g, and F3.

In QCD, the ratio g, /F; is Q*-dependent because the splitting functions, with the
exception of AP, and P,,, are different for polarised and unpolarised parton distribu-
tions. However, in kinematic regions dominated by valence quarks, the Q2-dependence
of g1/ F} is expected to be small [Ger 95] which is consistent with existing measurements
(see e.g. [You 97, Air 98]).

2.5. Sum rules

Important information on the nucleon spin structure can be gained from the integrals of
the spin structure functions. The first moment of ¢, is defined as

1
I (Q%) E/ g1(z, Q%) dz (2.57)
0
and can be expressed as [Ans 95]
(@) = g5 [+ gun| ACT(@) 4 gw(@) AC@). @59

Here, a; are the proton expectation values of the axial-vector currents

o . ,

where the matrices A; (j = 1,...,8) are the generators of SU(3), in the Gell-Mann
notation, Ay = 2I and ) is a column vector in flavour space. Note that a3 and ag are
independent of Q? whereas a, depends upon Q2. In Eq. (2.58) the flavour non-singlet and
singlet coefficient functions denote the first moments

1
ACNSO(Q?) = / dz AN (2, Q?) (2.60)

0

of the corresponding coefficient functions introduced in the previous section. They de-
pend on the number of flavours and have been calculated to O(al) and O(a?) for the
non-singlet and singlet coefficient function, respectively [Lar 91, Lar 94, Kat 95]. For
ny = 3 they are given by

ACN(QY) = 1- % — 3.583 (%)2 —20.22 (%)3 — 0(130) (%)4 (2.61)
%)o@ (%), (2.62)

™

AC3(QY) = 1- % —1.006 (

™ ™
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where ag = a5(Q?).

Assuming isospin symmetry the matrix element a3 equals the ratio |gs /gv| = 1.2573+
0.0028 [Cas 98] of axial vector (g, ) to vector coupling (gv). Further, by assuming SU(3),
symmetry for the axial-vector flavour octet current, a3 and ag can be expressed in terms
of the decay constants F' = 0.4594+0.008 and D = 0.798 + 0.008 [Cas 98] obtained from
neutron and hyperon 3-decays:

CL3:F+D, CL8:3F—D. (263)

The matrix element a, cannot be calculated from the decay constants, but can be deter-
mined from Eq. (2.58) using the measured values of I'*™ together with Eq. (2.63).

In the QPM the axial-vector current matrix elements are related to the first moments
Agy = fol dz Agy(x) of the polarised quark and anti-quark distributions by

ag = AY = Au+ Au+ Ad+ Ad+ As + As, (2.64)
a; = Ags=Au+Au—Ad—Ad, (2.65)
as = Ags = Au+ A+ Ad+ Ad — 2(As + A3) . (2.66)

Thus, in the QPM, a, equals the fraction AXY of the nucleon spin carried by quark
spins. In QCD the Adler-Bell-Jackiw anomaly [Adl 69a, Bel 69] causes a gluon contribu-
tion to ay(Q?) [Alt 88, Car 88, Efr 88] which makes AY: dependent on the factorisation
scheme, while ag is not. In the Adler-Bardeen [Adl 69b] factorisation scheme [Bal 95]

QS(QZ)

S Ag(Q2). (2.67)

ao(QZ) =AY — TLf
In this scheme AY is independent of @2, but cannot be obtained from the measured
ao(Q?) without an input value for Ag. In the MS scheme AY is equal to ao(Q?) but
then AY depends on Q% [Che 96]. The differences between the two schemes do not van-
ish in the limit Q2 — oo since as(Q?)Ag(Q?) remains finite for Q> — oo [Alt 88].

2.5.1. Bjgrken sum rule

The Bjarken sum rule [Bjg 66] derived from current algebra relates the difference 'y — T}
of the integrals of the proton and neutron spin structure functions g, to the neutron -
decay constant g, /gv:

ga

ACN(Q?), (2.68)
gv

riQ*) —rie?

1
6

where AC™S is given by Eq. (2.61). At Q% = 5 GeV? and with az(mz) = 0.118 £ 0.003
(where my is the Z° mass) one obtains I'Y — I'} = 0.182 + 0.003 in comparison with the
experimental world average of 0.170 + 0.012 [Abe 98]. It follows that the Bjgrken sum
rule is experimentally confirmed with a precision of about 10%.
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Figure 2.6.: Summary of experimental tests of the Bjgrken and Ellis-Jaffe sum rules
[Hug 99]. The horizontal (vertical) axis is the integral T’} (T'}). The pre-
diction of the Bjgrken sum rule is shown by the 45° band and the Ellis-Jaffe
sum rule predictions are indicated by the small ellipse. The overall best fit
to the experimental data and the 1o and 2o contours are shown.

2.5.2. Ellis-Jaffe sum rule

Separate sum rules for I'} and I'} can only be derived when assumptions about a, are
made. In the QPM the first moments ACNS and AC*® of the coefficient functions are
equal to unity. Assuming isospin symmetry and SU(3)  symmetry (Eq. (2.63)) the ex-
pression (2.58) can be written

n 1
= 5 )

This relation was first derived by Ellis and Jaffe [Ell 74]. With the additional assumption
that As + A5 = 0 they obtained numerical predictions for ™. Since A = ag +
3(As + As), the assumption As + As = 0 is equivalentto AY = ag = 3F — D. The
QCD-corrected Ellis-Jaffe prediction for As + As = 0 becomes

ga
av

n §(3F - D)] + %(As + AS5). (2.69)

9a

p(n) /2 1 _
@) = g5 | +)| 2

T 12

Lor- ] acw@)+ Jor - 3@
(2.70)
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With ag(myz) = 0.118 4 0.003 it follows from Eq. (2.70) that I'} = 0.164 + 0.005 and
' = —0.018 4 0.004 at Q% = 5 GeV? compared to the experimental world average of
'Y =0.1304+0.006 and 't = —0.040+0.008 [Abe 98] at the same scale, so that this sum
rule is significantly violated. Fig. 2.6 summarises the results on I"; for the proton, neutron
and deuteron from various experiments and compares the experimental results with the
expectations from the Ellis-Jaffe and Bjgrken sum rules. The integral I'{ for the deuteron
is related to I'} and '} by I'} 4+ I'} = 2I'{/ (1 — 3wp) where wp = 0.05 £ 0.01 is the
probability of the deuteron to be in a D-state.

2.6. Semi-inclusive deep inelastic scattering

2.6.1. Semi-inclusive cross section and asymmetries

In semi-inclusive DIS, [N — [’hX, a final state hadron / is detected in coincidence with
the scattered lepton. Applying the quark parton model outlined in section 2.3, the hadron
fragments are produced following the ejection of a quark by the virtual photon probe.
The quark is ejected along the direction of the virtual photon in the laboratory frame
and its energy is of the same order of magnitude as the energy of the photon [Alt 82].
If quarks could be liberated, then, for sufficiently large 2%, a free quark would emerge
from the target. However, due to the confinement property of QCD the struck quark and
the target remnant will fragment into hadrons. Hadrons produced from the fragmenta-
tion of the struck quark are defined as current fragments while those produced from the
fragmentation of the target remnant are called target fragments. Since the fragmentation
process involves long distance (small Q?) processes the fragmentation functions cannot
be calculated by perturbative QCD.

The process of the fragmentation of the struck quark is parameterised by fragmen-
tation functions D’;(x, Q?, z) which are defined as the probability density that a struck
quark ¢, probed at a particular = and Q?, fragments into a hadron & with energy fraction
z. In order to study the fragmentation functions D}L(x, Q?, z) the current fragments must
be selected. To achieve this several methods are used in literature. These include selecting
hadrons which are (a) forward in the v*N centre of mass system (xzr > 0), (b) forward in
the Breit frame, or (c) fast in the laboratory system (e.g. z > 0.2). These kinematical cuts
cannot unambiguously identify the current fragments, but allow a significant enhance-
ment of the correlation of the detected hadron with the struck quark. The separation of
the two fragmentation regions improves with increasing values of .

In LO QCD the differential cross section do”/dz for the production of a particular
hadron A from the current fragmentation region can be expressed in terms of fragmenta-
tion functions and unpolarised quark distributions

Lt e a0 Db, Q% 2)
_— pu— 2'
oL dz (z,Q%2) Zf e% C]f(CU,QQ) ) (2.71)
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where oncr, denotes the inclusive DIS cross section. Further, based on Egs. (2.55) and
(2.71), the LO semi-inclusive structure function F/* is defined as

Fl(z,Q% 2) = %Ze? qr(z, Q%) D?(aj, Q% 2) . (2.72)
f

Under the assumption that the fragmentation process is spin-independent, i.e. that the
probability to produce a hadron of type % by scattering from a quark ¢, is independent
of the relative orientations of the quark spin and the nucleon spin, the LO semi-inclusive
spin structure function g7 can similarly be written as

oi(n, @ 2) = 5 37 Mgy, @) Dy, Q% 2). (273)
!

Assuming g2 = 0 it follows for the z-integrated semi-inclusive spin asymmetries

=0 [dz gz, Q% 2)
[dz F(z,Q2,2)
B > e Aqy(r,Q?) [dz D}L(x,QQ,z)
Zf e? qr(z,Q?) [dz D?(x, Q?, 2)
Eq. (2.74) relates the measured spin asymmetries A” to the polarised and unpolarised
quark distributions and fragmentation functions. The region over which z is integrated is
determined by cuts on the hadron kinematics to select hadrons from the current fragmenta-

tion region. Given the fragmentation functions D’; and the unpolarised quark distributions
qr, Eq. (2.74) together with the corresponding expression for the inclusive asymmetry

2= 7 A (xaQZ)
A 2y 92=0 91(z, Q%) _ Zfef qr
1(%@ ) Fl(x,QZ) Zf 6? Qf(I,QZ)

can be used to extract the polarised quark distributions Ag, from a set of measured inclu-
sive and semi-inclusive asymmetries.

Al(z, Q)
(2.74)

(2.75)

2.6.2. Fragmentation functions

The fragmentation functions are subject to constraints imposed by momentum and prob-
ability conservation. The total energy of all hadrons emerging from the struck quark ¢
must be that of ¢

Z/O dzz Dj(z) =1, (2.76)
h

and the mean multiplicity of hadrons of type i emerging from the parent quark ¢, with
Z > Zmin IS given as the integral

/ 1' dz D}(z) . (2.77)
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Since the fragmentation proceeds by strong interactions, the number of independent frag-
mentation functions is reduced by isospin and charge conjugation invariance. In particular
the fragmentation functions of » and d quarks into charged pions can be expressed by two
independent fragmentation functions called favoured (D) and unfavoured (D)

Dt = Df' =D =Df =DT, (2.78)
D~ = DI =DF =D¥ =Dr' . (2.79)

The fragmentation functions D" and D~ have been measured in charged lepton DIS from
identified pions in the forward region [Gei 98a, Arn 89]. This was achieved by taking
the sum and difference of the measured scaled energy distributions N;'dN™" /dz and
N7'dN™ /dz from a deuterium target, where N, is the number of DIS events and N™ is
the number of coincident pions. At large values of x, where sea quarks can be neglected,
a simple expression for Dt and D~ follows

D* (2.80)

1 4dN7ri _dNT
~ 3N, dz dz |~

The data show that with increasing values of z the u quark preferentially fragments into a
7 rather than into a 7, as expected from charge conservation. As z decreases D' and
D~ become nearly equal since current fragment hadrons are more and more diluted by
target fragments.

As discussed in section 2.4 gluonic radiation in QCD introduces a logarithmic @ 2-
dependence in the quark distributions g;. Similarly, processes such as gluon brems-
strahlung from the final quark line as shown schematically in Fig. 2.7 (a) introduce a
(Q*-dependence in the fragmentation functions. Such scale breaking effects have been ex-
perimentally verified (see e.g. [Arn 85b, Arn 86, Jon 91]). Given the z-dependence of the
fragmentation functions at some initial scale Q3, the evolution of the fragmentation func-
tions can be calculated by perturbative QCD. If the fragmentation functions are combined
with the cross section for the inclusive production of each parton type in a given physical
process, predictions can be made for scaling violations, expressed as the ()2-evolution of
final state hadron multiplicities. LO and NLO QCD expressions for the scale dependence
of fragmentation functions into light mesons are presented e.g. in [Bin 95] and [Rol 96].
Predictions based on these fragmentation functions are in excellent agreement with ex-
perimental data at different scales. An overview of the analysis of the scaling violations
of hadron multiplicities and fragmentation functions can be found in [Cow 94].

The assumption of factorisation states that the quark fragmentation should be inde-
pendent of photon-quark scattering process and thus should be independent of . The fac-
torisation property can be broken by processes such as gluon exchange between the initial
and final quark lines as shown in Fig. 2.7 (b). Tests of factorisation utilise precise mea-
surements of the total hadron multiplicity o/, do™/dz. Within small bins in 17 a rise of
the charged hadron multiplicity with increasing values of z is observed [Arn 85a, Arn 86].
However, since the variables =, @ and W are correlated (W? = M? + Q*[1/z — 1]),
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(@) (b)

Figure 2.7.: Example of a QCD effect which produces scaling violations (a), and an
effect which causes factorisation violation (b).

a variation of the multiplicity as a function of x for fixed W can also be interpreted
as a variation with Q? for fixed W, so that it is experimentally difficult to distinguish
between scaling violations (Q%-dependence of D}L) and a breakdown of factorisation (z-
dependence of D?). Alternatively, factorisation breaking can be investigated by com-
paring the observed dependence of the multiplicity on = to the expectation from the
QPM (with exact factorisation) and to predictions based on QCD calculations includ-
ing higher order effects which lead to factorisation breaking. While the QPM expectation
of opney, do™/dz = 35, € qp(x)D}(2)/ Y2 €} q7(x) does not provide a satisfactory
description of the data, the experimental results show the same qualitative behaviour than
the QCD calculation [Aub 82].

If the fragmentation of quarks is independent of their formation, the fragmentation
functions measured in neutral current lepto-production should be the same as those mea-
sured in charged current neutrino-nucleon scattering or in ete~ annihilation (environ-
mental independence). Experimentally, the multiplicity distributions measured in ete™
annihilation are consistent with those measured in DIS processes [Bre 99, Adl 97], show-
ing that the integrals of the fragmentation functions are the same. The data thus support
the environmental independence of quark fragmentation in charged and neutral current
lepto-production and in e*e~ annihilation.

2.6.3. Fragmentation models

As mentioned before perturbative QCD fails to calculate the fragmentation functions. In-
stead, phenomenological models have been developed to predict the fragmentation func-
tions. This section summarises two of the most important models, the independent frag-
mentation model [Fie 78] and the string fragmentation model [And 83]. Both models are
implemented into the JETSET-7.4 Monte Carlo generator [Sjo 94]. Based on these mod-
els fragmentation functions have been calculated which were then used in the extraction
of the polarised quark distributions from the measured spin asymmetries. The LUND
model has been extensively tested in e*e~ annihilation and in DIS. The model contains
free parameters which have to be adapted to the experimental conditions. These param-
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eters are determined from tuning the model to particle production rates and event shape
data. For a review on the tuning and test of the LUND model in e*e~ annihilation see
e.g. [Abr 96]. A comparison of the model with event shapes measured in DIS at HERA is
givenin [Adl 97]. The LUND model is found to give a good description of the data. Both
the LUND and the independent fragmentation model have been tuned to HERMES data.
The tuning procedure is described in [Gei 98a, Tal 98] and summarised at the end of this
section. In the following a brief description of both fragmentation models is given. For a
complete description of both models as realized in the JETSET generator see [Sj0 94].

Independent Fragmentation

The independent fragmentation (IF) model is based on a hierarchical process in which
each parton is assumed to fragment independently from the others. In the model, the
struck quark g, combines with the anti-quark ¢; of a quark anti-quark pair ¢, created
out of the vacuum to form the so-called first-rank primary meson with energy fraction
2p. The remaining energy fraction (1 — zo = 2;) is assigned to ¢;. The next anti-quark
is produced when the colour field breaks again creating the pair ¢2¢>, and g, combines
with ¢, to form a rank-2 primary meson. This process continues down to a certain energy
cut-off E..;,, when the last remaining quark is neglected. The primary mesons may be
unstable and decay into long-lived secondary particles.

The model contains a number of parameters which have to be determined in order to
make quantitative predictions?. The first one concerns the sharing of the energy of the
quark: Independent of the rank, the probability f(&) that a meson carries a fraction £ of
the remaining energy plus longitudinal momentum E + py, is always the same. The form
of f(&) is based on theoretical models or chosen to give agreement with data. In the IF
model f(£) = 1 — a + 3a(1 — £)? with the normalisation [ f(¢) d€ = 1, and a to be
determined from fits to data. A second parameter , describes the relative probability
for creating a quark pair u@, dd or s5 as the colour field breaks. Neglecting heavier
quarks one has v, + 74 + v, = 1 and by isospin symmetry uz and dd pairs will be
created equally (probability v = ~, = 4) leaving the probability of creating an ss pair
vs = 1 — 2v. The parameter ~, has been measured [Arn 84] and is set to 0.3~. A third
parameter, ., is the fraction of primary mesons that are pseudo-scalar. The assumption
is made that the only other primary mesons are vector mesons so that their fraction is
1 — aps. The IF model uses a,s = 0.5. The parameter » controls the suppression of
diquark-antidiquark pair production in the colour field, compared with quark-antiquark
production and is » = 0.1 determined from data. This ratio controls the relative meson
and baryon multiplicities. Another parameter concerns the transverse momentum. The
IF model assumes that the members of each gq pair created in the colour field have equal
and opposite transverse momenta with a Gaussian distribution. Any primary meson will
have a transverse momentum equal to the vector sum of the transverse momenta of the
quark and anti-quark the meson is made of. This leads to primary mesons with a Gaussian

2All values given for model parameters in this section refer to the JETSET default values.
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distribution of transverse momenta. The width of the transverse momentum distribution
can be adjusted in the model.

Many properties of fragmentation functions are described successfully by the IF model.
The most serious conceptual weakness of the model is its lack of Lorentz invariance. The
fragmentation process is explicitly carried out in the hadronic centre of mass frame and
the transformation into a different reference frame affects the results of the fragmenta-
tion procedure. Furthermore, since the quark of highest rank is neglected, the colour and
flavour quantum numbers are not conserved.

String Fragmentation

In QCD a linear confinement is expected at large distances. This provides the starting
point for the string fragmentation (SF) model, which is the most successful model nowa-
days to match the experimental data. The SF model is most easily illustrated for the
production of a back-to-back gg pair. As the partons move apart, the physical picture is
that of a colour flux tube being stretched between the ¢ and the ¢. If the tube is assumed
to have a constant field energy « per unit length, this leads to a confinement picture with a
linearly rising potential, V'(r) = xr. From hadron mass spectroscopy, the string constant
k is known to be k ~ 1 GeV/fm. At a certain distance the field energy is sufficiently
large to produce a quark-antiquark pair ¢;¢; so that the original string is divided into two
substrings, which now fragment independently from each other. For each string, this it-
erative procedure continues until a string-connected quark-antiquark pair is close to the
mass shell of a hadron.

A number of parameters are shared between the IF model and the SF model. These are
the flavour production ratios (vy,, 4 and ,), the ratio between pseudo-scalar and vector
meson production (a,s) and the ratio between quark and diquark production (r).

In the SF model the production of a gq pair is governed by a quantum mechanical
tunnelling mechanism and the production probability for this tunnelling process is pro-
portional to

K

exp (—”mQL) , (2.81)

where m? = m? + p*, m is the quark mass and p is the transverse momentum of the
quark with respect to the string. The string itself has no transverse momentum, so p , of
each quark produced in a pair is balanced by its partner. The resultant hadrons receive
their p, from the vector sum of the transverse momenta of their constituent quarks. The
width (p, ) of the p, distribution can be adjusted in the JETSET code. The fraction ¢
of the disposable energy plus longitudinal momentum E + p;, assigned to a hadron is
controlled by the so-called LUND symmetric fragmentation function

o =1 _f)a exp (%) , (2.82)
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where a and b are free parameters.

The SF model contains several features which distinguish it from the IF model. In par-
ticular, the use of a relativistic string model for fragmentation, whereas the IF model does
not give any dynamical picture of the fragmentation process. The treatment of several jets
is relativistic in SF and the model avoids problems related to matching quantum numbers
of different jets. It also allows for the possibility of gluon radiation and gq pair produc-
tion, leading to extra jets. The probability of gluon radiation is taken from QCD, and the
problem of divergences in the cross section is circumvented by using cut-off parameters
such that soft or collinear gluons are absorbed into the single quark fragmentation. A
weakness of both models is that they do not naturally accommodate baryon production,
in particular for a target fragment jet.

Tuning of fragmentation parameters

The default free parameters of the JETSET LUND model are the constants a and b of
the LUND symmetric fragmentation function given in Eq. (2.82) and the width (p , ) of
the transverse momentum distribution of the produced hadrons. The default parameters
were determined by tuning the model to high energy e*e~ annihilation data which re-
quire the simulation of jet and multi-jet events [Ing 97]. While the fragmentation process
is experimentally found to be equivalent for both e*e~ and DIS interactions, these pa-
rameters refer to the simulation of QCD effects which are included in the Monte Carlo.
As HERMES does not have high enough energy to produce jets, it is necessary to adjust
the free parameters such that the simulation gives an accurate description of the exper-
imental data. The procedure for fitting the parameters to the experimental data is de-
scribed in [Gei 98a, Tal 98]. An iterative fitting procedure was used whereby the event
generator was run for a particular set of parameters and the difference between the gen-
erated and the measured z and p distributions was minimised. The optimum parameters
found after this tuning procedure were (p,) = 0.34 (0.36) GeV, a« = 0.82 (0.32) and
b = 0.58 (0.24) GeV—2 compared to the default values given in parenthesis [Gei 98a].
The result of the tuning procedure is to create more low energy string breaks, resulting
in more low energy hadrons produced in the fragmentation process. A comparison of
the experimentally measured z distribution of charged hadrons with the prediction from
the tuned and from the default JETSET generator can be found in [Gei 98a]. The tuned
JETSET model successfully describes the measured z distributions.
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3. The HERMES Experiment

The HERMES experiment [HER 93] is located at the HERA positron-proton collider? at
DESY in Hamburg, Germany. The experiment is arranged such that the 27.5 GeV longi-
tudinally polarised positron beam interacts with polarised pure atomic gas targets internal
to the HERA positron ring without interference from the proton beam. The positron
beam is self-polarised transverse to the beam plane by the emission of synchrotron radi-
ation. Spin rotators provide longitudinal beam polarisation at the HERMES interaction
region. Positron polarisations exceeding 50% are routinely achieved and measured using
two independent Compton backscattering polarimeters. In 1995 an optically pumped po-

Beam direction

HERA-B [Transverse Polarimeter

zeus () H1

Spin rotator 2

Longitudinal Polarimeter—f HERMES Spin rotator 1

Figure 3.1.: The HERA storage ring with its four experiments ZEUS, HERA-B, H1
and HERMES. The locations of the positron beam polarimeters are shown.
The arrows indicate the transverse or longitudinal polarisation direction of
the positron beam.

larised 3He target was used. In 1996/97 the experiment was performed with an atomic
beam source of polarised hydrogen. The typical nuclear polarisation was 90% (50%) for
the hydrogen (*He) source. In addition, various unpolarised gas targets have been used
with the maximum target thickness limited only by the impact on the lifetime of the stored

THERA has been operated with positrons in 1995 to 1997. Sine 1998 HERA was also running with
electrons.
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positron beam. The HERMES spectrometer is a forward angle detector and was designed
for measuring both inclusive and semi-inclusive processes. It contains a dipole magnet
and tracking chambers upstream of the magnet, in the magnetic field and downstream of
the magnet providing charged particle tracking and momentum reconstruction. Particle
identification is accomplished using a lead-glass calorimeter, a pre-shower counter, six
transition radiation detector modules and a No/C,F, threshold gas Cerenkov counter?,
The kinematic range accessible is 0.004 < z < 1and 0.2 < Q? < 20 GeV2. The lumi-
nosities obtained with polarised targets are in the range of 0.5 — 5 x 1032 nucleons/(cm?-
Sec).

3.1. The polarised positron beam

3.1.1. Self-polarisation of the positron beam

The HERA positron beam becomes polarised transverse to the beam plane through the
emission of synchrotron radiation (Sokolov-Ternov mechanism) [Sok 64]. For positrons
moving in a plane perpendicular to a constant magnetic field B,, the polarisation P,
increases in time according to [Cha 81]

Py(t) = Puax [1 —e77] (3.1)

where 7 is the polarisation build up time and P,,., the equilibrium polarisation. For
positrons (electrons) the polarisation direction is anti-parallel (parallel) to the guide field.
In a planar storage ring, in the absence of depolarising effects, the equilibrium polarisa-
tion is Psy = 92.4%. The build up time 741 is a strong function of the beam energy
and of the bending radius p in the magnetic field and is 40 min for a beam energy of
27 GeV. In HERA the magnetic field seen by the positrons is more complicated than a
simple homogeneous vertical field and the polarisation mechanisms can be counteracted
by depolarising effects. The build-up of polarisation can be divided into two separated
processes, namely the Sokolov-Ternov mechanism and the depolarisation due to spin dif-
fusion, resulting from the classical stochastical motion of the stored positrons [Bar 94].
In the presence of depolarising effects the value of the asymptotic polarisation and the
build-up time are determined by the relative strength of both processes

-

Pma,x — PST'&a (32)
Tdep + TST

o= TST'A, (3.3)
Tdep + TST

where the strength of the depolarisation is described by the time constant 74.,. The mea-
surement of the build-up time 7 allows one to calibrate the polarimeter since the equi-
librium polarisation P,,.. can be calculated from the measured time constant (rise time

2T@e description of the HERMES apparatus refers to the setup used in 1995 to 1997. In 1998 the threshold
Cerenkov counter has been replaced by a ring-imaging Cerenkov counter.
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calibration)

Poox =7 @ ) (3.4)

TsT
This value can then be compared to the measured polarisation. As the HERMES experi-
ment requires longitudinal polarisation a pair of spin rotators [Bar 95] has been installed
which rotates the spin from the vertical into the longitudinal direction upstream of the
HERMES interaction region and back to the vertical direction downstream of the inter-

action region. The average positron beam polarisation was about 55% in 1995 to 1997.

3.1.2. Beam polarimetry

In order to maximise the positron beam polarisation, the orbit of the positron beam is
optimised empirically which requires a reasonably fast polarimeter. Furthermore, the po-
larisation measurement has to be done in parallel to the running experiments and without
affecting these. A common method to achieve this is through the use of a Compton-laser
polarimeter. In this technique, a circularly polarised photon beam is scattered off the
polarised positron beam. The polarisation of the positron beam can be determined by
measuring the asymmetry in the spin-dependent Compton cross section for left and right
circularly polarised laser light. For transversely polarised positrons a spatial asymmetry
is measured with respect to the orbital plane of the positrons, while for longitudinally
polarised positrons the asymmetry is measured in the energy-dependent cross section.

In the rest frame of the positron the Compton cross section for scattering circularly po-
larised photons from polarised positrons can be written as a function of the initial positron
and photon polarisations P and S

do ,
d—Q(P, S) - E[) + 51(0)21 + 53 [Pyzgy —|— PZEZZ] y (35)

where the positron polarisation direction is specified in Cartesian coordinates P = P, P =
(P;, P,, P,) and that of the incident photon by the Stokes vector S = (Sy, S1, S2, S3)
[Fan 49]. The magnitude of linear light polarisation is given by Sy, = /S? + 5% and
that of circular light polarisation by S.;,. = |Ss|. A positive (negative) value of S; in-
dicates left-handed (right-handed) helicity S3;, (Ssr). For normalisation of the Stokes
vector S, = 1. The functions X, ¥}, ,, and X,, are functions of the initial and final
photon momenta and the scattering angles and can be found in [Bar 93]. The quantity
S1(0) is calculated from Sy;,, and the azimuthal orientation of the linear polarisation ¢y,
with respect to the scattering plane defined by the momenta of the incoming and outgoing
photon. From Eq. (3.5) on can derive the cross section asymmetry measured by switching
the helicity of the laser light

O(ya E’Y)L - U(ya E’Y)R Ell |: EQy E2z:|
Ay, E,) = =AS — +AS; |P,—=—+ P, , 3.6
v, £,) o(y, By +o(y, E,)r ! 20 Y o 2o (3.6)

where AS; = (S3;, — S3r)/2 and similarly for AS;. In the following Eq. (3.6) will be
explored to measure the transverse and longitudinal positron polarisation.
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The Transverse Polarimeter

The Transverse Polarimeter [Bar 93] measures the degree of transverse positron polarisa-
tion using the spatial asymmetry of the spin-dependent Compton cross section for scat-
tering circularly polarised photons from transversely polarised positrons. Light from a
continuous argon ion laser with a wavelength of 514 nm is directed against the positron
beam and the energy F., and vertical position y of the backscattered photons are mea-
sured. A Pockels cell switches the circular polarisation direction with a frequency of
83.8 Hz. From Eq. (3.6) the cross section asymmetry for scattering circularly polarised
photons from transversely polarised positrons (P, = 0) can be written as

) Doy
A(y, E’Y) = ASl— + AS3Py— .
2o 2o

(3.7)
The transverse positron polarisation P, is obtained from the difference Ay in the mean
vertical positions (y) of the distributions measured with left and right circularly polarised
light:

Ay(E,) = M = AS; P, 11, (E,) . (3.8)
The analysing power I1, (E.) is derived from the spin-dependent Compton cross section
and is equal to the shift of means Ay for AS; P, = 1. The analysing power has a maxi-
mum value of 180 um at £, = 8 GeV.

The energy E,, and the vertical position y of the backscattered Compton photons are
measured using a tungsten-scintillator sandwich calorimeter. Conceptually, the calorime-
ter can be considered to consists of two identical halves, one on top of the other. The
scintillator plates of the upper and lower calorimeter halves are separated by a thin alu-
minium foil to provide light isolation. The scintillation light from each half is collected
with wavelength shifters along the top and the bottom of the detector (channels T and
B). The energy of an incoming photon is derived from the sum of the energies in the two
halves F., = Er + Eg and the vertical position is measured using the energy asymmetry

_ Er— Eg

= ——. 3.9
Er+ Eg (3:9)

v (y)
The energy resolution of the calorimeter is dominated by sampling fluctuations and photo-
electron statistics leading to o(E)/E = Pi/\/E/GeV @ P, with P, = (22.7 £ 0.5)%
and P, = (3.4 £ 0.2)% [Ruh 97]. The vertical position resolution depends on the energy
and the vertical impact point and is o, = 0.5 mm at £/, = 3 GeV in the centre of the
calorimeter and approximately scales according to 1/ \/E The positron polarisation is
measured every minute with an absolute statistical error of typically (1 — 2)% depending
on the beam current. The fractional systematic error of the beam polarisation measure-
ment is dominated by the rise time calibration error and was § P,/ P, = 4.0% in 1995 and
3.4% in 1996/97.
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The Longitudinal Polarimeter

For scattering circularly polarised photons from longitudinally polarised positrons, the
integrals over X} and X,, vanish in Eq. (3.6) so that the general form of the asymmetry
integrated over y is given by

o(Ey)L — o(B,)r

(B T o(Bn AS3P, Yo, 0(E,) , (3.10)
where Yo, (E,) = [ dy [22.(y, E,)/Z0(y, E,)]. Eq. (3.10) shows that the longitudinal
beam polarisation P, is proportional to an energy dependent count rate asymmetry A(E.)
measured for switching the sign of S;. The analysing power X, ,,(£,) can be found
in [Bar 93]. It has a maximum value of about —0.6 at the highest possible Compton
photon energy E, m.x = 13.6 GeV for the given beam energy of 27.5 GeV.

The setup of the Longitudinal Polarimeter is similar to the Transverse Polarimeter and
is described in [Bec 99]. The light of a pulsed YAG laser with a wavelength of 532 nm and
a pulse length of 3 ns is steered onto the positron beam by means of a computer controlled
mirror system. The laser light is switched between the helicity states by a Pockels cell
at a rate of about 100 Hz and hits the positron beam at about 53 m downstream of the
HERMES target with a crossing angle of 9 mrad. When the intense laser pulse crosses a
positron bunch several thousand Compton photons are backscattered. The energy sum of
these Compton photons is measured in a radiation hard calorimeter which consists of an
array of four (2.2x2.2) cm? NaBi(WO), crystals with a length of 20 cm (19.4 radiation
lengths). The energy resolution of the calorimeter improves with the deposited energy
accordingto o(E)/E = P1/\/E/GeV @ P, with P, = (24.5+0.5)% and P, = (12.3 +
0.5)% [Men 99]. The calorimeter measures the energy weighted integrated asymmetry

A(Ev) =

Aoy = / AE, B, A(E,) = AS;P, / AE, E, S5, 0(E,) (3.11)

The analysing power [dE, E, ¥,/(E,) can be calculated from the spin-dependent
Compton cross section and is —0.184 [HER 95] for the given photon and positron ener-
gies. The fractional systematic error of the polarisation measurementwas 0 P,/ P, = 4.3%
in 1997.

3.2. The polarised gas targets

At HERMES a thin-walled cryogenically-cooled storage cell is placed in the HERA
storage ring [Kra 95] through which the circulating positron beam passes. The cell is em-
bedded in a vacuum chamber (see Fig. 3.2) and consists of an open-ended elliptical tube,
with a feed tube intersecting at the centre. It is constructed from ultra-pure aluminium
with a uniform wall thickness of about 100 xzm and the cell walls are cooled in order to
increase the target density by reducing the velocity of the target atoms. To avoid heating
of the storage cell and particle shower development at the cell walls, the target region is
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Figure 3.2.: Schematic diagram of the target region. See text for further explanation.

shielded by collimators against synchrotron light and beam halo particles. The cell is fed
by polarised pure atomic gas from an optically pumped *He source, or from an atomic
beam source of polarised hydrogen. Compared to a free atomic beam the storage cell
increases the areal target density by about two orders of magnitude. The areal target den-
sities are about 7.5 x 10 nucleons/cm? for hydrogen and 1.2 x 10'°nucleons/cm? for
3He. To maintain the ultra-high vacuum within the accelerator beam line the leaking gas
atoms are pumped at both ends of the storage cell by a differential pumping system. Both
target setups are equipped with a target magnet generating a longitudinal holding field for
the nuclearly polarised gas atoms.

3.2.1. The polarised *He target

In 1995 a polarised 3He target was installed in the HERMES experiment. In this section
the principle of operation of the target is discussed. A detailed description can be found
elsewhere [Lee 93, DeS 98]. The 3He target uses an infrared laser to polarise *He atoms
by meta-stability exchange optical pumping in a glass cell. Inside the glass cell a small
fraction (~ 107°) of the atoms is excited from the ground state to the meta-stable state
23S, using a low intensity radio-frequency discharge. The meta-stable atoms are polarised
by the absorption of angular momentum from circularly polarised laser light incident
upon the sample and are excited to the 22P, state. Hyperfine interactions in the exited
state transfer the polarisation of the electronic cloud to the nucleus so that the meta-stable
sample gets nuclearly polarised. The nuclear polarisation of the 2°P, state is transfered
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to the ground state through meta-stability exchange collisions. The nuclearly polarised
atoms exit the pumping cell through a capillary and are directed to the target storage
cell. To maintain the polarisation of the target atoms, the whole target area is kept in a
longitudinal holding field of 3.2 mT provided by a pair of large Helmholtz coils. During
data taking the target polarisation direction is reversed every 10 minutes by inverting the
circular polarisation direction of the laser light. In order to increase the target density the
storage cell is cooled down to about 25 K.

The nuclear polarisation of the *He atoms is determined in two ways. The pumping
cell polarimeter (PCP) measures the degree of circular polarisation of the 667 nm 3He
transition. This transition occurs as the electronic states of the *He atoms de-excite, hav-
ing been excited by the radio-frequency discharge. The nuclear polarisation of the *He
atoms is obtained from the measured circular light polarisation by a calibration relation.
An independent measurement of the polarisation of the He atoms inside the storage cell
is provided by the target optical monitor (TOM). The gas atoms inside the target cell are
excited by Coulomb interaction with the passing HERA positron beam and emit light
at characteristic wavelength as they de-excite. The circularly polarised light is collected
by a mirror located upstream in the beam pipe and analysed, yielding a measure for the
target polarisation. The main principle difference between the TOM and the PCP lies in
the excitation mechanism of the target atoms. The average nuclear *He polarisation was
55% with a fractional systematic error of the polarisation measurement of 5%.

3.2.2. The polarised 'H target

In 1996 and 1997 the experiment employed an Atomic Beam Source (ABS) of polarised
hydrogen (see Figure 3.3). A detailed description of the ABS is given in [Sto 94, Bra 97].
The ABS is based on the Stern-Gerlach separation of electron spin in an inhomogeneous
magnetic field. Molecular hydrogen is dissociated by radio frequency discharge into hy-
drogen atoms and an unpolarised beam is formed by a cooled nozzle and skimmers. The
atomic beam leaving the dissociator is directed into an inhomogeneous magnetic field
generated by a sequence of sextupole magnets. Atoms with electronic spin along the lo-
cal magnetic field direction are focused while other states are defocused and subsequently
pumped. The selected atomic beam consist of two hyperfine states with opposite nuclear
spin direction. Using high frequency transitions the population of one of the hyperfine
states can be exchanged by a state with opposite nuclear spin direction to form an atomic
beam consisting of two hyperfine states with parallel nuclear spin. Since 1998 the ABS is
used to realize a polarised deuterium target.

The polarisation of the hydrogen atoms inside the target cell is measured by a Breit-
Rabi Polarimeter (BRP). A small fraction of the target gas is extracted from the storage
cell into the BRP to measure the relative populations of the hyperfine states and thus the
nuclear polarisation of the sample. In order to suppress the recombination of hydrogen
atoms the cell is coated by Dri-film or a layer of ice. The cell is operated at a temperature
of about 100 K. A target gas analyser measures the fraction 1 — «, of atoms that recom-
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Figure 3.3.: Schematic diagram of the HERMES hydrogen target. The left side shows
the Atomic Beam Source (ABS) used to inject nuclearly polarised hydrogen
atoms into the storage cell. The right side shows the Breit-Rabi Polarimeter
(BRP) to measure the nuclear polarisation of the hydrogen atoms and the
Target Gas Analyser (TGA) to measure the composition of the target gas.

bined in molecules. The value of o, was 0.93 + 0.04 (0.88 + 0.03) in 1997 (1996). The
target proton polarisation pr inside the cell is calculated from the polarisation pgrp Of the
hydrogen atoms analysed in the BRP according to

Pr = Qg [ar + (1 - ar)ﬁ] *Cp " PBRP (3-12)

where 1 —ag = 0.0140.01 is the fraction of protons entering the cell in molecules and ¢,
is a correction for sampling efficiencies of the BRP and TGA. The quantity £ is defined as
the ratio of the polarisation of protons in molecules from recombination to the polarisation
of protons in atoms and is in the range 0.2 < # < 1.0. During data taking the nuclear
polarisation direction has been reversed every 45 s. The average proton polarisation was
88 (82)% in 1997 (1996) with a fractional systematic error of 4.5 (6.3)%.

3.3. The HERMES spectrometer

The HERMES spectrometer is a forward angle detector, which consists of two identical
halves above and below the positron ring plane. At low angles the spectrometer accep-
tance is limited by a pair of iron plates above and below the beam plane, which shield
the positron and proton beams from the magnetic field of the spectrometer magnet. The
scattering angle acceptance is 40 mrad < |6,| < 140 mrad vertically and |6,,| < 170 mrad
horizontally so that the total range of scattering angles is 40 mrad < 6 < 220 mrad.
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Fig. 3.4 shows a schematic diagram of the experimental apparatus®. A detailed descrip-
tion of the spectrometer is presented in [Ack 98]. In the following an overview of the
individual detector components is given.

3.3.1. Tracking system

The tracking system consists of micro-strip gas chambers (referred to as vertex chambers
(VC1/2)) and drift chambers (DVCs, FC1/2) upstream of the magnet, three proportional
chambers in the magnetic field (MC1/3) and two sets of drift chambers downstream of
the magnet (BC1/2 and BC3/4) (see Fig. 3.4). In total, the tracking system includes
57 tracking chamber planes per detector half with a number of 46880 readout channels.
The initial trajectory of charged particles and the reconstruction of the scattering angle is
provided by the tracking devices upstream of the magnet. To determine the particle mo-
mentum, charged tracks are deflected in the main spectrometer magnet with an integrated
field of 1.3 Tm. A positron momentum resolution dp/p of (0.7 — 1.25)%, depending
on the kinematics, and a scattering angle resolution of (0.3 — 0.6) mrad are achieved.
The resolution in the kinematical variables z-Bjerken and Q? is éz/x = (4 — 8)% and
6Q%/Q* = (1.4—2.2)%. The track reconstruction is based on a fast pattern recognition al-
gorithm and a look-up table for fast momentum determination. For a detailed description
of the underlying tracking algorithms see [Wan 96].

3.3.2. Particle identification detectors

Particle identification (PID) is accomplished using a threshold gas Cerenkov counter,
six transition radiation detector (TRD) modules, a pre-shower counter (a scintillator ho-
doscope preceded by 2 radiation lengths of lead) and a lead-glass calorimeter (see Fig. 3.4).
This system provides clean positron hadron separation and additional pion identification.
A hadron rejection factor of better than 10* is achieved to keep the contamination of the
positron sample with hadrons below 1% over the entire kinematic range. The PID scheme
is described in detail in [Kai 97]. In the following a short description of the individual PID
detectors is given.

Calorimeter

Each half of the calorimeter [Ava 98] is build out of 420 radiation resistant F101 lead-
glass blocks [Ava 96] attached to photo-multiplier tubes (PMTs). The blocks are ar-
ranged in an array of 42x10 modules in horizontal and vertical direction. The cross
section of each module is (9x9) cm? with a length of 50 cm. The calorimeter provides
a first-level trigger for scattered positrons and is used to separate leptons from hadrons.

SHERMES uses a right-handed coordinate system where the z-axis points along the direction of the
incoming positron beam, the z-axis points to the left and the y-axis points upwards. The origin of the
coordinate system is located in the centre of the target cell.
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Lepton hadron separation can be ac-
complished by measuring the ratio
of the deposited energy E over the
particle momentum p. The depth
of each lead-glass block corresponds
to about 18 radiation lengths, so
that the electro-magnetic shower is
fully contained in the calorimeter. In
contrast, hadrons will deposit only
a fraction of their energy in the
calorimeter due to their large nuclear
interaction length.  Consequently,
the ratio of the energy deposit in
the calorimeter (added to the en-
ergy loss in the pre-shower counter)
divided by the reconstructed mo-
mentum p will be close to 1 for
positrons whereas E/p < 1 for
hadrons (see Fig. 3.5). The en-
ergy resolution of the calorimeter
for positrons is o(E)/E = (5.1 £
L.O)%/\/E/GeV + (1.5 £ 0.5)%.
The asymmetric tail of the positron
distribution shown in Fig. 3.5 to-
wards high values of E/p is due
to events where a bremsstrahlungs
photon is emitted by the positron
in material upstream of the spec-
trometer magnet and the energies
of both the bremsstrahlungs-photon
and the positron are summed in the
calorimeter.

Hodoscopes

At HERMES two hodoscopes are
available to provide trigger signals
and particle identification informa-
tion. The hodoscope H1 (see
Fig. 3.4) is used for trigger purposes
only and consists of 42 vertical plas-
tic scintillator paddles per detector
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half connected to PMTs. H1 is mounted upstream of the TRD. The hodoscope H2 is
installed downstream of the TRD and is designed as a pre-shower counter. It consists of
a layer of 11 mm (2 radiation lengths) of lead in front of a scintillator plane identical to
H1. Due to their large nuclear interaction length hadrons produce little energy deposit in
the pre-shower counter while positrons start to develop an electro-magnetic shower and
deposit a larger fraction of their energy. Fig. 3.6 shows the energy deposit in the pre-
shower counter for positrons and hadrons. One can see a clear distinction between the
two particle types.

Transition radiation detector

Transition radiation is emitted if a charged particle crosses the boundary of materials with
different dielectric constants. The emission angle of the radiated photons is § ~ 1/
where ~ is the Lorentz factor. In

£ 18000 hadrons the ultra-relativistic case (v > 1000)
§ 16000 the photons are radiated in a narrow
cone in forward direction and have

14000 energies above several keV. Since a
12000 5 GeV positron has a ~-factor of
10000 10* compared to 36 for a pion of

the same energy, transition radiation
can be used very efficiently to distin-
guish positrons from hadrons. The
TRD is able to provide a pion rejec-
tion factor of better than 100 for a
positron efficiency of 90%. It con-

sists of six identical modules per
10 20 3‘0 - ‘4‘0‘ - 5‘0 o detector half, each one build of a
6.35 cm thick radiator and a 2.54 cm
thick X-ray detector. The radiat-
ing volume is filled with polyethy-
lene/polypropylene fibres with a di-
ameter of 17 — 20 pm surrounded by
air, which corresponds to an average
of 267 dielectric layers per particle track. A multi-wire proportional chamber filled with
Xe/CH, is used to detect the generated photons and allows to assign the measured X-
ray clusters to the reconstructed tracks. Fig. 3.7 shows the truncated mean value* of the
energy deposit in the 6 TRD modules.

8000
6000
4000 positrons

2000

0

Deposited energy [keV]

Figure 3.7.: Truncated mean value of the TRD for
hadrons and positrons (1997 data).

“The truncated mean value of the TRD is defined as the average value of the five lowest module responses.
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Threshold Cerenkov counter

Cerenkov light is emitted if a particle passes through a medium (refractive index n) with
a velocity v faster than the speed of light in this medium ¢/n. The light is emitted along a
cone with half opening angle 6. = arccos(1/5n) with respect to the particle momentum
where 3 = v/c. The number of emitted photons is proportional to sin? .. The thresh-
old Cerenkov counter can be used to identify particles above a certain threshold velocity
v, > ¢/n. Since p = ymyv with the Lorentz factor v = (1 — 5%)~'/2 the threshold ve-
locity is related to a threshold momentum p, which depends on the particle rest mass m,.

The threshold momentum can be

2 4000 £ c_ontrolled by _varying the_cor_nposi-
a -, hadrons tion of the radiator gas which is kept
© 3500 at atmospheric pressure. The counter
- was operated with pure nitrogen in

3000 - 1995 while in 1996/97 a mixture of
2500 - positrons 70% N, and 30% C,F,, was used.

; The resulting threshold momenta for

2000 | pions, kaons and protons to trig-
1500 - ger the Cerenkov counter were 5.6,

- 19.8 and 37.6 GeV in 1995, while

1000 - they were lowered to 3.8, 13.6 and
500 25.8 GeV in 1996/97. The counter

- was mainly used to unambiguously

0 b T distinguish pions with momenta in

2 4 6 8 10 12 14
the range of 5.6 (3.8) GeV < p, <

Number of photo-electrons 19 g (13.6) GeV in 1995 (1996/97)

. from other hadrons. The Cerenkov
Figure 3.8.: Response of the Cerenkov counter light is reflected onto PMTs by an

to positrons and hadrons (1997 data). array of 20 mirrors per detector half

Note that events below 0.35 photo- ang the observed Cerenkov signals

electrons have been suppressed. are assigned to the reconstructed

tracks. Fig. 3.8 shows the response

of the Cerenkov counter to positrons and hadrons. For a given momentum a positron

(mo = 511 keV) is much faster than a hadron. Consequently, the Cerenkov cone for

positrons has on average a larger opening angle and the average number of photo-electrons

N,  sin® . exceeds the number of photo-electrons measured for hadrons. In the hadron

spectrum one can see the single and higher photo-electron peaks. The average number of
photo-electrons is about 3 (6.5) for hadrons (positrons).

In 1998 the threshold Cerenkov counter was replaced by a ring-imaging Cerenkov
counter which provides a measurement of the particle velocity by measuring the open-
ing angle of the Cerenkov cone. Given its velocity, the particle rest mass can then be
calculated from the reconstructed momentum according to mgy = p/(yn).
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3.3.3. Luminosity monitor

The luminosity is measured by detecting Bhabha scattering of the beam positrons from
the electrons of the target atoms (e*e~ — e'e ) and electron positron annihilation into
photons (ee~ — ~). The cross section of both processes is known from QED and is
1.73 pbarn forete~ — ete and 0.398 pbarn for ete~ — ~+ for the given beam energy
of 27.5 GeV and integrated over the acceptance of the luminosity monitor. The symmetric
scattering angle of the final
state leptons is 6.1 mrad with
respect to the beam axis and
both particles in the final state
carry half of the beam en-
ergy. The scattered particles
exit the beam pipe through
an exit window about 7.2 m
downstream of the target and
are detected in two radiation
hard calorimeter modules each

Figure 3.9.: Schematic diagram of the luminosity mon- build of 12 NaBi(WO,) crys-
itor (front view). The hit distribution is in- tals connected to PMTs. The
dicated by size of the boxes, which is pro- modules fit into the horizon-
portional to the number of hits per channel. tal gap of the main calorime-
The shaded area indicates the limitation in ter and are moved close to
the Bhabha scattering angle acceptance due the beam when stable HERA

to the dimensions of the exit window of the running conditions are estab-
beam pipe. lished.  Fig. 3.9 shows a

schematic diagram of the lu-
minosity monitor which shows the hit distribution in the two calorimeters. The coin-
cidence rate is about 130 Hz for a beam current of 20 mA and a 3He target density of
1 x 10* nucleons/cm? which provides a luminosity measurement with a statistical accu-
racy of 1% within about 100 s.

. beam pipe

beam
[ ]

< wwgg ———

60 mm

<« 66mm ——

3.3.4. Trigger

The trigger system induces the readout of all detector components if an event of physical
interest is detected. The trigger requirement for DIS events is the detection of a scattered
positron in the fast detectors and makes use of the signals derived from a small scintillator
HO (installed upstream of FC1), the hodoscope H1, the pre-shower (H2) and column-wise
summed calorimeter signals. The following coincidence of all three conditions is required
to trigger the data acquisition: (a) a signal in the hodoscopes HO and H1, (b) a pre-shower
signal above the minimum ionising level, and (c) an energy cluster of above 3.5 GeV in
the calorimeter. The readout decision is made up within about 400 ns. Besides trigger
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conditions for the detection of DIS events a number of technical triggers are necessary
to study trigger efficiencies and background conditions. Typical trigger rates are on the
order of 50 Hz for a luminosity of 5 x 1032 nucleons/(cm? sec).
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4. Extraction of spin asymmetries

This section describes the extraction of the inclusive and semi-inclusive photon-nucleon
spin asymmetries Agh) on the *He and proton target. After a summary of the data quality
selection, the selection of deep inelastic scattering events is described and the lepton-
nucleon asymmetries Aﬁh) are extracted. Corrections are applied to Aﬁh) for charge-
symmetric background processes, detector effects and radiative events. The photon-
nucleon asymmetries Agh) are then determined and the results are compared to results
from other experiments. A discussion of the systematic uncertainty of Agh) is given.

In this analysis spin asymmetries were extracted for the 1996 and 1997 measurements
with a hydrogen target. The 1995 2He asymmetries, which enter into the extraction of the
polarised quark distributions, had already been analysed and were taken from [Tal 98].
Nevertheless, the extraction of the helium asymmetries is described for completeness.

4.1. Data quality selection

The spin asymmetries are extracted from the measured count rates, the values of the beam
and target polarisations and the luminosity. In the data quality selection an event sample
is selected where the spectrometer, the beam and target polarimeters and the luminosity
monitor were fully operational. In addition, selection cuts are imposed to ensure high
polarisation.

The data quality selection applied in this semi-inclusive analysis corresponds to the
data selection used for the extraction of the spin structure functions g% and g¥ which were
published in [Ack 97] and [Air 98], respectively. The complete list of data quality criteria
can be found in [Ako 97, Tal 98] for the helium data and in [Gut 99a, Has 99] for the
proton data. In the following the most important selection criteria are summarised.

The data quality was determined for each burst! which corresponds to a time interval
of about 10 seconds. Most of the quality criteria were identical for the different years of
data taking. Differences were caused by changes in machine performance, the spectrom-
eter setup and the use of different targets.

Target performance The target polarisation direction was flipped on a short time scale.
Bursts were excluded from the analysis if the target spin state was undefined due

LA burstis a technical term related to the data acquisition system.
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to the spin flip. In addition to a reliable polarisation measurement the target po-
larisation value was required to be in the range 30 (80)% < pr < 60 (99)% in
1995 (1996/97).

Beam current and polarimeter performance The positron beam current was re-
quired to be in the range 8 (5) < I, < 32 (50) mA in 1995 (1996/97). For each
fill a fit was made to the minute by minute measurements to smooth the statistical
fluctuations [Bel 96]. In addition to the requirement for a reliable polarisation mea-
surement a cut was imposed on the fitted beam polarisation value to be in the range
40 (30)% < pp < 70 (80)% in 1995 (1996/97).

Luminosity measurement The event rate measured by the luminosity monitor was
required to be in the range 40 (5) Hz < Ryuwi < 210 (60) Hz in 1995 (1996/97).

Tracking system High voltage trips of tracking chambers and PID detectors were re-
corded and checked. Alternatively, cuts were imposed on the plane efficiencies
and track reconstruction efficiencies separately for front- and back-chambers. In
1995 bursts were included in the data sample with tracking efficiencies inside the
range 80 (94)% < erronT (eBACK) < 100 (100)%. In 1996/97 the high voltage
monitoring was included into the data stream and used to decide on the performance
of the tracking chambers.

Trigger and PID detectors Since the DIS trigger is based on the hodoscope H1, the
pre-shower detector and the calorimeter, the functionality of these detectors has to
be guaranteed. Furthermore, these detectors are used for PID together with the
threshold Cerenkov counter and the TRD. The gains of the pre-shower detector and
the calorimeter were continuously recorded with a laser gain-monitoring system.
Furthermore, the PID detectors were included into the high voltage monitoring.
Efficiency cuts were imposed on the TRD and the Cerenkov detector.

In addition to the cuts described above both detector halves were required to be simul-
taneously operational for the analysis of semi-inclusive events. The selected data set was
checked against the time stability of various kinematical distributions and of the yield of
inclusive and semi-inclusive DIS events. After the data quality selection approximately
the same number of bursts was available for the parallel and anti-parallel beam and target
spin states in each year.

4.2. Event selection

This section describes the selection of deep inelastic scattering events from bursts which
passed the data quality cuts. The track selection and the kinematical cuts were identical
for the helium and the hydrogen asymmetries. Due to improvements in the PID scheme
the particle identification was slightly different in 1995 and 1996/97. The event selection
is summarised in table 4.1.
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Table 4.1.: Overview of the event selection. The table shows the cuts which were used for
the track selection and particle identification. In addition, the table comprises
the cuts imposed on the kinematics of identified positrons and hadrons (see
text for explanation).

Track selection
Quantity Range Unit
16, | 0,170] mrad
|6, | [40,140] | mrad
Horizontal position at calorimeter | [—175,175] | cm
Vertical position at calorimeter [30,100] | cm
Longitudinal vertex position [—18,+18] | cm
Lateral vertex position [0,0.75] | cm
Momentum > 0.5 GeV
Particle identification
Quantity Hadrons | Leptons
PID 1995 (1996/97) <—-1(0) [>2(2)
Positron kinematics
Quantity Range Unit
Q? >1 GeV?
W2 (semi-incl. events) > 4(10) | GeV?
y [0, 0.85]
E Calorimeter > 3.5 GeV
Hadron kinematics
Quantity Range Unit
2 [0.2,1]
TR [0.1,1]

4.2.1. Track selection

A cut was imposed on the horizontal and vertical projection of the scattering angle ¢, =
arctan(p,/p.) and 6, = arctan(p,/p.) according to |#,| < 170 mrad and 40 mrad <
|0, < 140 mrad. Here Pz, Py and p, denote the horizontal, vertical and longitudinal
projections of the particle momentum p. The cuts on 6, and 6, ensure that each track
is well separated from the detector edges, so that the track reconstruction efficiency and
the efficiency of the PID detectors is high. The cut on the horizontal (—175cm < z <
175 cm) and vertical calorimeter position (30 cm < |y| < 100 cm) ensures that there is
no transverse shower leakage in the upper or lower half of the calorimeter. The cut on
the longitudinal (—18 cm < zy < 18 cm) and transverse vertex position (y/z% + y2 <
0.75 cm) selects events with vertices inside the target cell and well separated from the cell
wall. Finally, the track momentum was required to be > 0.5 GeV.
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4.2.2. Particle identification

For the particle identification (PID) the responses of all four PID detectors are combined.
Rather than imposing hard cuts on the individual detector signals, the responses are con-
verted into a conditional probability £, which is defined as the probability that a given
signal is recorded by detector D when a particle of type i passes the detector. These
conditional probabilities can be derived by comparing the detector response functions for
leptons and hadrons generated from either test beam data or from clean particle samples
obtained from restrictive hard cuts on the other PID detectors in the HERMES experi-
ment. The conditional probabilities from a number of »n detectors can be combined into
an overall conditional probability

c=1]xc. (4.1)
D=1

The probability P¢ that a particle is of type i is related to the conditional probabilities £
by the incident particle fluxes ¢ :
P (42)
where j runs over all incident particle types.
For the separation of leptons from hadrons the quantity PID is introduced as the
logarithm of the ratio of conditional probabilities £ that the particle is a lepton (/) or a
hadron (h)

Ll
PID = log,, Th (4.3)
This quantity is related to the true probabilities P! and P" by
fpl ¢h
P.[D = ]'Ogl() ﬁ + ]'Ogl() E . (4.4)

Since the ratio ¢" /¢! is approximately independent of the kinematics £’ and 6, the effect
of the flux factor is to introduce a global shift of the log,, [Pl/Ph] distribution against
the PI1D distribution by log,,[#" /#'.

The signals of the threshold Cerenkov detector, the pre-shower counter and the calori-
meter are combined into a logarithmic likelihood called PI D5 which is defined as

Lhpp - Lhpp - L
PID; = log, =t RE—CAL (4.5)
" ‘C}éER ’ yﬁRE ) ‘C}éAL
For the analysis of the 1996/97 proton data the responses of the six individual TRD
modules were combined into a logarithmic likelihood

6 l
Hm:l £TRD,m

P]DTRD = logm m

: (4.6)
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Figure 4.1.:

PID,

-15 -10 -5 0 5 10

PID likelihood distributions of particle tracks (1997 data). From the top to
the bottom the figure shows the likelihood distributions P1 D3, PI Drrp and
PID; + PIDryrp. The dashed lines shown in the bottom plot for PI D3 +
PIDtgrp indicate the cuts which were used to separate hadrons (PIDs +
PID+ygp < 0) from leptons (P1D3 + PIDrgrp > 2).

and a cut has been applied to the PID; + PIDrgp distribution. Fig. 4.1 shows the
likelihood distributions P1 D5, PI Dygrpy and the sum of both quantities. The dashed lines
shown in the bottom plot for P1 D3 + PIDrgp indicate the cuts used to separate leptons
from hadrons. Particles with PID; + PIDrtrp > 2 were identified as leptons while
those for PI D5 + PIDtrp < 0 were identified as hadrons. The positron cut efficiency
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and hadron contamination was determined by fitting the sum of two Gaussians to the
tails of the positron and hadron distributions in the region around the cuts. For a cut of
PID; + PIDrtgp > 2 the positron identification efficiency was larger than 97% for a
hadron contamination of less than 1.1% over the entire range in = [Has 99].

For the analysis of the 1995 helium data the TRD has been treated in a different way.
The standard particle identification cut used in the analysis of the helium data is a valley
cutinthe PID3 versus Strp plane, where Strp denotes the truncated mean signal of the
TRD. Due to initial problems with the TRD in 1995 a PID down-shifting scheme had to
be used depending on whether the TRD was operational or not. This lead to the following
re-definition of the PI1D value [Ako 97]:

PID; +0.31 - Strp — 5.48 if the TRD was operational,

P = { PID; if either half of the TRD was bad,

where the truncated mean value Stgrp is given in units of keV. Particles with PID > 2
were identified as leptons while those with PID < —1 were identified as hadrons. The
cut efficiencies and contaminations of the positron and hadron samples were determined
by fitting the sum of two Gaussians to the tails of the PID distributions of leptons and
hadrons in the valley around the cut. For the applied cuts the average contamination of
both the positron and hadron samples was found to be less than 1.2% with an efficiency
greater than 97% over the entire range of x [Kai 97, Men 98].

As discussed in section 3.3.2 the threshold Cerenkov counter allows to identify pions
in a limited momentum range. Using different gas radiators this momentum window was
setto 5.6 (3.8) GeV < p < 19.8 (13.6) GeV in 1995 (1996/97). A hadron was identified
as a pion if its momentum was inside the above limits and at least one Cerenkov photon
was detected. Due to the width of response function of the Cerenkov counter (see Fig. 3.8)
the requirement for one Cerenkov photon was realized by a cut on the Cerenkov signal of
> 0.25.

4.2.3. Kinematical cuts

The inclusive event kinematics was calculated from the energy E’ and scattering angle
6 of the final state positron (see section 2.1) which was defined as the highest energetic
positively charged particle with lepton PID and energy E’ > 3.5 GeV. Deep inelastic
scattering events were selected by imposing a cut on the negative four momentum transfer
squared Q* > 1 GeV?2. To avoid events where the nucleus is exited to a resonant state,
the invariant mass squared of the hadronic final state was required to be W? > 4 GeV?,
In a region with high fractional energy transfer y from the lepton to the virtual photon,
radiative corrections become large. In order to exclude this region a cut of 3 < 0.85 was
applied. Fig. 4.2 shows the resulting distribution of inclusive DIS events in the x versus
Q? plane.

In semi-inclusive events, where a final state hadron is detected in coincidence with the
DIS positron, a cut of z > 0.2 and zr > 0.1 was imposed to select hadrons with a high
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Figure 4.2.: Distribution of inclusive DIS events in the = versus (9 plane after cuts on the
variables Q? > 1 GeV?, W2 > 4 GeV? and y < 0.85. The lines labeled with
6 = 40 mrad and # = 220 mrad indicate the limitations in the kinematical
plane due to the scattering angle acceptance of the spectrometer.

probability of coming from the current fragmentation region. To calculate xr the mass of
the hadron has to be known. For the Lorentz transformation from the laboratory system to
the photon-nucleon centre of mass system, a pion mass was assumed for all hadrons since
most unidentified hadrons are pions as can be proven with Monte Carlo simulations. In
order to improve the separation of the current from the target fragmentation region it was
additionally required that W2 > 10 GeV? for semi-inclusive events.

4.3. Extraction of the asymmetry A|(|h)

The unpolarised cross section oy is related to the time integrated count rate N, by

N()(l’, QZ) = O'[)/dt a(t,x,QQ) g(t,x,QQ) ‘C(t) ) (47)
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where a is the detector acceptance, £ is the event reconstruction efficiency and £ is the
luminosity. The asymmetry A (z, Q?) was defined in Eq. (2.26) as the cross section
asymmetry for parallel and anti-parallel orientations of beam and target spins. Since
oy = (a?: + 03) /2 the polarised cross section can be written as

o =) = o [1 +(—)p A”] , (4.8)

where p = pg - pr is the product of beam and target polarisations. The count rates for the
two spin states can then be expressed by

NE(@ Q) = aoﬂdta(t,x,QZ)S(t,x,QZ) £0) [L+p(t) Ay(z, Q%] (49)

~=
N @ Q%) = o ﬁ dt a(t,z, Q%) £(t, 2, Q%) L(t) [L — p(t) 4/, Q)] (4.10)
=
The detector acceptance « is independent of time and of the relative orientation of target
and beam spin. Likewise the reconstruction efficiency is independent of the relative spin
orientation. Variations of the reconstruction efficiency £ are small and happen on a time
scale which is much larger than the spin flip period. The effect of these small variations
in £ on the extracted asymmetries has been investigated in [Lac 98] and was found to be
negligible. Consequently, the count rate n; for burst number : can be written as

e =oya ey 1 (+) 57 4], (4.11)

where [; is the measured luminosity and p; the measured polarisation. The integrated
count rates are obtained by summing over all bursts. With the definitions

NFE = 37 (4.12)
#® = S 79, (4.13)
;¥ = 3 -p)”® (4.14)

the time integrated asymmetry A, is given by

N€L* - N*L®
" et (4.15)
N<Ly + N~Ly
The statistical error 6 A of A is calculated from the statistical uncertainty of the count
rate SN which is taken to be v/IN since the number of scattering events is Poisson dis-

tributed. It follows

DA 2\ 2 DA 2\ 2

SA; = ( LaN:») +<—L 5N«:)
ON= ONE

L7 + L¥LF

_ A (V32 NE 4 (VR NE
(N%’Lf; + N3L;§)

A=

(4.16)
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The semi-inclusive asymmetries Aﬁ are technically extracted in the same way as the in-
clusive asymmetry A;. In the semi-inclusive case the count rate Ng(g) refers to the
number of events where in addition to the DIS positron a hadron A from the current frag-
mentation region is detected. The asymmetries Aﬁh) are extracted as a function of z. The
binning in x consists of 9 bins with the boundaries 0.023, 0.040, 0.055, 0.075, 0.1, 0.14,
0.2, 0.3, 0.4 and 0.6 and was chosen such that the number of events is about the same in
each bin. Within each z-bin the asymmetries are integrated over % (and z in case of the
semi-inclusive asymmetries).

4.4. The 3He and proton asymmetries Aﬁh)

Fig. 4.3 shows the results for the inclusive and semi-inclusive charged hadron and pion
asymmetries Aﬁh) for the *He [Tal 98] and the proton target?-3. The asymmetries shown in
the figure were corrected for charge-symmetric background processes, but not for accep-
tance effects, kinematical smearing or radiative events (see section 4.5). The HERMES
data represent the first measurement of semi-inclusive pion asymmetries on *He and pro-
ton targets and of semi-inclusive hadron asymmetries on 3He.

The proton asymmetries are shown separately for the 1996 and 1997 data set. One
can see from Fig. 4.3 that in the range 0.075 < x < 0.3 the asymmetries for negatively
charged hadrons and pions measured in 1997 seem to be lower than the respective asym-
metries measured in 1996. Detailed studies have been performed in order to investigate
this observation [Bai 99]. In the end, no reason could been identified which would prove
that the fluctuation is non-statistical. The total x?/NDF calculated from the inclusive and
the charged hadron asymmetries for a total of 27 measured bins is x2/27 = 1.0. If the
same quantity is calculated for the 2~ asymmetry alone, one obtains x?/9 = 1.6. The
deviation of the 1996 and 1997 asymmetries Aﬁ* in bin number 4 corresponds to 2.5
standard deviations.

4.5. Correctionsto Aﬁh)

In this section the corrections are discussed which were applied to the measured raw
asymmetries Aﬁh). The asymmetries were corrected for misidentified positrons from
charge-symmetric background processes, for acceptance effects and kinematical smearing
in the variable = and for contributions to the asymmetry from radiative events.

2The 1997 and 1996 proton asymmetries are based on the HERMES data productions 97b2 and 96¢1,
respectively, and the 3He asymmetries are based on the data production 95e5.

3The helium asymmetries shown in the plot were calculated from the values of A |/ D from Ref. [Tal 98]
by multiplying with the depolarisation factor D(z, Q%) which was evaluated at the mean value of z and
Q? in each z-bin.
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4.5.1. Background corrections

The asymmetries A were corrected for misidentified positrons from charge-symmetric
processes such as e™e~ pair production. Photo-production is a potentially large source of
background to the DIS process. While for this process the scattered positron will usually
be scattered through small angles and will escape into the acceptance gap of the spec-
trometer, the production of a 7° and its subsequent decay through 7% — ~vv, v — ete™
may lead to a misidentified DIS positron event. Similarly, a high energy bremsstrahlungs
photon may convert into an e™e~ pair and the positron may be misidentified as a DIS
positron.

Assuming equal probabilities of identifying positrons and electrons from these charge-
symmetric background processes, the misidentified positrons can be removed from the
data sample by subtracting events where the leading lepton is an electron instead of a
positron. The correction was done such that if an electron passed all the cuts for a DIS
positron (other than the requirement of positive charge), then one DIS positron event, with
identical kinematics as the electron event, was subtracted from the event sample. For a
positively (negatively) charged hadron in coincidence with the electron, a negatively (pos-
itively) charged hadron was subtracted. The ratio of the number of electrons to positrons
passing the DIS cuts depends on z and decreases rapidly from about 6% for the lowest
x-bin to zero for the highest x-bin. For x > 0.1 the ratio is already below 0.5%.

The size of the correction to the asymmetry A is about 5% for the lowest z-bin and
decreases towards higher values of x. In the region of = > 0.1 the correction is below
0.5%.

The correction arising from the contamination of the positron sample with hadrons
is small compared to the correction from the background of charge-symmetric processes
[Has 99] and was therefore neglected.

4.5.2. Corrections for acceptance and kinematical smearing

Apparatus effects can lead to a systematical difference between the reconstructed and the
true asymmetry. This systematical difference is mainly caused by the limited spectrom-
eter acceptance and differences between the true and the reconstructed event kinematics,
which is called kinematical smearing. The main source of kinematical smearing is multi-
ple scattering of final state particles inside the spectrometer. Additional sources of kine-
matical smearing are miscalibrations and alignment offsets of the tracking devices as well
as the track reconstruction algorithm itself.

The extracted inclusive and semi-inclusive proton asymmetries Aﬁh) have been cor-
rected for acceptance effects and for kinematical smearing in the variable . It was shown
in [Fer 97] that acceptance and smearing effects in x are negligible for the helium asym-
metries, since Aﬁle is small and nearly constant as a function of x. Therefore, no correc-
tions were applied to the helium asymmetries.

Corrections for acceptance and kinematical smearing were derived from Monte Carlo



54 4. Extraction of spin asymmetries

simulations where both the generated and the reconstructed event kinematics are known.
Polarised deep inelastic scattering events were generated with the PEPSI Monte Carlo
generator [Vel 92]. The inclusive proton asymmetry A} used as input to the Monte Carlo
generator was taken from a fit to the measurement by [Abe 98]. The scattered positron
was reconstructed with the HERMES Monte Carlo (HMC) which includes a complete
detector simulation based on the GEANT package [GEA 94]. The angular acceptance
and kinematical cuts used in the reconstruction were identical to those used in the analysis
from experimental data. For each z-bin, an acceptance correction factor
Aﬁ”

Nacc = —A“T‘CC (4.17)
was calculated from the comparison of the asymmetry Aﬁ“ obtained from all generated
events with the asymmetry A{““ extracted from all accepted events. Here, both asym-
metries Aﬁ“ and A‘/l*cc were determined from the generated positron kinematics. The
smearing correction factor

Aﬁ,CC

Nsm = 7A“?CC’R (4.18)

was derived from comparing the asymmetry A1 with the asymmetry AﬁCC’R extracted
for all accepted events from the reconstructed kinematics. The product of both correction
factors nvc = nsm nacc relates the true asymmetry Aﬁ” to the reconstructed asymmetry

A“T‘CC’R by

Al = e A“?CC’R . (4.19)

To derive the acceptance and smearing corrections in the variable = to the semi-
inclusive asymmetries, the multiplicities n”" () and n* (z) of positively and negatively
charged hadrons in coincidence with the DIS positron have been determined from PEPSI
using the tuned LUND string fragmentation model. Based on these multiplicities the
subsample of semi-inclusive DIS events was selected from the sample of inclusive DIS
events and the acceptance and smearing corrections were calculated for the respective
semi-inclusive asymmetry.

The smearing corrections to the measured asymmetries were calculated separately
for the 1997 and 1996 data set, since different tracking methods had been used in the
two years. In 1997 the vertex chambers and drift vertex chambers were included into the
track reconstruction (STD reconstruction) while they were not considered in 1996 (NOVC
reconstruction).

Table 4.2 shows the smearing correction factors n&é(m) for the inclusive asymmetry
and the semi-inclusive charged hadron asymmetries on the proton [Gut 99b], which were
obtained for the STD reconstruction method. The correction factors 771(\/'1"”23 vary between
0.91 and 1.03. Most of the correction is due to kinematical smearing. The acceptance
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Table 4.2.: Corrections to inclusive and semi-inclusive asymmetries for detector accep-
tance and kinematical smearing for the STD reconstruction method [Gut 99b].
The combined acceptance and smearing correction factor 771(\2% is shown for

each z-bin. All errors are statistical.

T e £ stat. | ply, £ stat. | pf + stat.
0.033 || 0.946 £ 0.009 | 0.913 £ 0.011 | 0.981 £ 0.027
0.047 || 0.975 %+ 0.009 | 0.931 & 0.011 | 0.967 & 0.025
0.065 || 0.967 & 0.009 | 0.930 & 0.010 | 0.944 4+ 0.022
0.087 || 0.955 £ 0.009 | 0.925 4 0.009 | 0.930 £0.018
0.119 || 0.937 £ 0.009 | 0.929 + 0.007 | 0.931 £0.011
0.168 || 0.931 £ 0.008 | 0.960 4+ 0.005 | 0.961 £ 0.007
0.245 || 0.934 + 0.007 | 0.996 & 0.004 | 1.000 &= 0.005
0.342 || 0.966 £ 0.008 | 1.019 4+ 0.004 | 1.019 £ 0.005
0.465 || 0.989 £ 0.005 | 1.026 4+ 0.004 | 1.023 £ 0.005

correction is small and in the range 0.98 < ng‘gc(x) < 1.02. The differences between
the correction factors obtained for the NOVC and STD reconstruction methods are typi-
cally less than 0.5% and thus smaller or of the same size than the statistical error of the
correction factor.

4,5.3. QED radiative corrections

In chapter 2 polarised deep inelastic scattering was discussed in the one-photon exchange
approximation (Born approximation). The measured deep inelastic scattering cross sec-
tion includes contributions from higher order electro-magnetic and electro-weak pro-
cesses in addition to the one-photon exchange. In order to derive the Born asymmetry
these contributions have to be subtracted from the measured asymmetry. Fig. 4.4 shows

Figure 4.4.: Higher order Feynman diagrams for deep inelastic lepton-nucleon scatter-
ing: (a) bremsstrahlung from the initial lepton line, (b) bremsstrahlung from
the final lepton line, (c) vertex correction and (d) vacuum polarisation.
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Table 4.3.: QED radiative corrections AAf“ to the inclusive *He [Ryc 96] and pro-
ton [Aku 98b] asymmetries A with associated systematic uncertainties.

Helium-3 Proton

T AAJC+ syst. AAJC+ syst.
0.033 || 0.0043 4+ 0.0021 | —0.00088 £ 0.00004
0.047 || 0.0031 +0.0008 | —0.00071 £ 0.00002
0.065 || 0.0024 4+ 0.0003 | —0.00059 £ 0.00002
0.087 || 0.0019 £ 0.0001 | —0.00042 + 0.00002
0.119 || 0.0015 % 0.0002 | —0.00018 £ 0.00001
0.168 || 0.0012 4+ 0.0003 0.00011 £+ 0.00001
0.245 || 0.0010 £ 0.0003 0.00031 % 0.00002
0.342 || 0.0009 4 0.0004 0.00044 + 0.00001
0.465 || 0.0009 £ 0.0004 0.00049 + 0.00003

the Feynman diagrams of the most important higher order QED contributions to the one-
photon exchange at HERMES energies. These are processes with the emission of a
bremsstrahlungs photon from the initial or final lepton line, lepton vertex correction and
vacuum-polarisation.

The formalism to calculate the radiative corrections to the spin-dependent cross sec-
tion was developed in [Kuc 83, Aku 94] and implemented into the program POLRAD 2.0
[Aku 97]. In the calculation the Born asymmetry is obtained from the measured one ac-
cording to

Aﬁ;ORN _ AﬁAEAS _ AAﬁ{C , (4.20)

where AA}TC represents the contribution to the measured asymmetry from radiative events.
The correction term AAﬁ‘C is obtained from comparing the one-photon exchange cross
section with the fully radiated cross section. Since the polarised part of the inelastic
scattering cross section depends on g, an iterative correction procedure is required. In
the first step of the iterative procedure, a fit to the experimental asymmetry AﬁAEAS IS

used to build the polarised structure function g%o). Based on g%o) the contributions to the
spin-dependent cross section are constructed and used to evaluate the radiative correction
AAﬁ{C(gEO)). From this result a new model for g, is calculated according to

oo LT gumas g g0 4.21
and g%” serves to calculate the more accurate correction term AAﬁC(gEI)). This process is
repeated until convergence is reached, which already occurs within about four iterations.

The results for the radiative corrections AAﬁ‘C to the inclusive proton and 3He asym-
metries are presented in table 4.3. The correction term AA‘TC is relatively small and
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varies between 0.0043 (—0.0009) at = 0.033 and 0.0009 (0.0005) at = 0.46 for the
helium (proton) asymmetry. The dominating sources of systematic uncertainties of the
radiative correction procedure are the uncertainties in the parametrisations of the struc-
ture functions and of the elastic and quasi-elastic form-factors. Electro-weak processes
were neglected in the radiative correction procedure, but their contribution to Aﬁ“EAS was
estimated using POLRAD 2.0 and was included in the total systematic uncertainty of
AAﬁ‘C. A detailed discussion of the systematical uncertainties of the radiative correction
procedure is given in [Aku 98a]. In this analysis, radiative corrections were applied to the
inclusive asymmetries but not to the semi-inclusive asymmetries. The corrections to the
semi-inclusive asymmetries are significantly smaller than for the inclusive asymmetries
and are thus negligible [Aku 94].

4.6. The 3He and proton asymmetries Agh)

Based on Eqgs. (2.31), (2.37) and (2.38) the virtual photon-nucleon asymmetry Agh) can be
expressed in terms of the measured asymmetry Aﬁh) and a contribution from the structure
(h).

function g, ’:
(h) (h)
1 A g
A(h) — I — 1 2y 22 . 4.22
Assuming géh) = 0, it follows
AP = Al DA+ (4.23)

which was used to calculate Ag") from Aﬁh) after applying the corrections discussed in
the previous section. The uncertainty in the measured values of g»(x) was included in the
systematic uncertainty of Agh). The depolarisation factor D(z, Q%) and the kinematical
factors n(z, Q?) and (z, Q%) were calculated from their average values for the two spin
states. While the kinematical factor 7 is relatively small (0.001 < 5y < 0.13), the
depolarisation factor D is rather large and is a steep function of x. The depolarisation
factor is shown in Fig. 4.5 for inclusive and semi-inclusive DIS events at the average
value of z and % in each z-bin. The figure compares the depolarisation factors D and
D= for each spin state with the average depolarisation factor D = (Dz + Dz‘)/2. The
deviation of D= or D= from D is below 2% over the entire z-range and smaller than
the systematic error of D related to the uncertainty of R. Note that due to the different
kinematics of inclusive and semi-inclusive events the values of D, n and - are different for
the inclusive and semi-inclusive asymmetries even though they are not explicitly labeled
with the superscript (h).

Fig. 4.6 shows the inclusive asymmetries A, and the semi-inclusive asymmetries A”
for positively and negatively charged hadrons on both targets. The inclusive asymmetries
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Figure 4.5.: The virtual photon depolarisation factor D for inclusive (e*) and semi-
inclusive DIS events with positively (k™) and negatively (h~) charged
hadrons given at the mean value of = and ? of each x-bin. The figure
shows the depolarisation factors D and D~ for each spin state and the av-
erage depolarisation factor D = (D@ + Dg‘)/Q. The depolarisation factors
D and D~ are shifted slightly in z to make them clearly visible.

are based on 2.2 x 10° (2.3 x 10%) deep inelastic scattering events with 284 x 102 (306 x 10?)
positively and 178 x 102 (175 x 10%) negatively charged hadrons in coincidence with the
scattered lepton for the *He (*H) target. The proton asymmetries are given separately
for the 1997 and 1996 data set in tables B.2 and B.4, and the helium asymmetries are
presented in table B.6. Fig. 4.6 includes the inclusive results measured at similar energy
at SLAC [Kol 99, Abe 98, Abe 97b, Abe 95a] and the hadron asymmetries on the proton
measured by SMC [Ade 98a]. The experimental error of the world data on the charged
hadron asymmetries on the proton has been significantly reduced by the addition of the
HERMES data. The SMC asymmetries were extracted under the assumption Ag") =0
instead of géh) = 0 used in this analysis. The asymmetries of both experiments are in
good agreement. The HERMES data represent the first measurement of semi-inclusive
hadron asymmetries on *He.

As can be seen from Fig. 4.6 the proton asymmetries are positive and increase steeply
as a function of z, while the helium asymmetries are slightly negative and close to zero
over the measured range of z. As the wave function for *He is dominated by the con-
figuration with the two protons paired to zero spin, most of the asymmetry from 3He is
due to the neutron [Fri 90]. In LO QCD (and assuming g, = 0) the inclusive asym-
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Figure 4.6.: The inclusive and semi-inclusive asymmetries for positively and negatively
charged hadrons on the proton (top) and *He (bottom) target. The inclusive
asymmetries are compared to the SLAC results for g, /F; (open triangles).
The hadron asymmetries on the proton are compared to SMC results (open
squares). The error bars represent the statistical uncertainties and the bands
the systematic uncertainties of the HERMES data. The error bars shown for
the SLAC and SMC data indicate the total uncertainty.

metry A, is related to the polarised and unpolarised quark distributions by A, (z, Q?)

> e?c Agy (,Q%)/ 32, €7 ¢5(x, Q7). Since_ t_he proton asymmetry is dpminated by the
contribution from (Au + Au)/(u + @) a positive value of A} together with the small and
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slightly negative value of A} is a first indication for a positive u quark polarisation and a
negative d quark polarisation.

4.6.1. Systematic error of the *He and proton asymmetries Agh)

The systematic error contributions to A; can be subdivided into two classes. First, there
are systematic errors which are related to the HERMES experiment. These comprise
the systematic uncertainties of the beam and target polarisation measurements, those of
radiative and smearing corrections, and the systematic error assigned to A¢ due to the
small non-statistical fluctuations of the yield of deep inelastic scattering events in the 1995
helium data. Second, there are systematic error contributions to A; which are related to
external quantities. These are the uncertainties in the measurements of R and g5.

In the following the contributions from the different systematic error sources are quan-
tified. Unless explicitly stated otherwise, all formulae given for the inclusive asymmetries
hold in the same way also for the semi-inclusive asymmetries.

Beam polarisation The beam polarimeters were calibrated using the rise time calibra-
tion method (see section 3.1.1). The fractional systematic error of the beam polari-
sation measurement as determined from the rise time calibration was (6ps/pB) gisg =
3.3% [Tip 97] for the years 1995 to 1997. In addition there were systematic error
contributions from a number of corrections which had to be applied to the mea-
sured raw polarisation. These contributions added up to a fractional error of 2.2%
in 1995 [Bar 96, Ruh 96] and 0.9% in 1996 and 1997 [Tip 97], which was added
quadratically to the rise time calibration error resulting in a total fractional error
dpp/pp Of 4.0 (3.4)% in 1995 (1996/97). The systematic error of A; due to dpg is
given by

DA, = \/<6A1> (6ps)”* = As - opp : (4.24)

aJDB PB

Target polarisation The fractional systematic error dpt/pr of the target polarisation
measurement was 5% [Ack 97] for the helium target and 4.5% for the 1997 hy-
drogen target [Air 98]. In 1996 the fraction 1 — «, of atoms that recombined in
molecules was measured to be (12 + 3)% [Tal 98]. Since the polarisation of pro-
tons bound in hydrogen molecules is not well known, this lead to a relatively large
systematic uncertainty in the polarisation of the target protons. To reduce this sys-
tematic uncertainty, the asymmetries measured in 1996 were normalised to the high
statistics proton asymmetries measured in 1997, where the molecular fraction was
small and did not dominate the systematic error of the measured target polarisation.
For the 1996 asymmetries a scale error of 4.3% was introduced from the statistical
uncertainty of the normalisation factor obtained from the fit to the 1997 asymme-
tries. The scale error was added quadratically to the 1997 target polarisation error
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of 4.5% which yields a total fractional error of 6.3% for the 1996 measurement. For
each year the systematic error of the asymmetries was then calculated according to

 opr
pT‘

[0A], = A (4.25)

Cross section ratio R The systematic error contribution of R arises from the depo-
larisation factor D which is a function of R. From A, = A, /[D(1 +n)] it follows
with Eq. (2.33)

9

[0A]p = 1+¢eR

A, R, (4.26)

The value of R and its uncertainty R were taken from the parametrisation of

[Whi 90].

Yield fluctuations In 1995 the yield of deep inelastic scattering events exhibited small
non-statistical fluctuations. The size of these fluctuations and their contribution to
the systematic uncertainty of Agh) is discussed in [Ako 97, Tal 98]. For the inclu-
sive and semi-inclusive charged hadron asymmetries on He the systematic error
[0 A ]ymeLp due to the observed yield fluctuations is given by

54, _YIELD — 0.00256 , (4.27)
'5A?*'YIELD — 0.00575, (4.28)
bA’f’YIELD — 000547 . (4.29)

Non-statistical yield fluctuations have not been observed for measurements with the
hydrogen target.

Radiative corrections The radiative corrections to the measured asymmetries were
discussed in section 4.5.3 and the correction factors are given in table 4.3 together
with the associated systematic uncertainties. Radiative corrections have been ap-
plied to the inclusive asymmetries but not to the semi-inclusive asymmetries where
the corrections are negligible. For the inclusive proton asymmetry the systematic
error of the correction term AAﬁ‘C was taken from [Aku 98b]. For the helium asym-
metries the systematic error from [Ryc 96] was used.

Acceptance and smearing corrections The statistical uncertainty dnc of the com-
bined acceptance and smearing correction factor 7y was taken as its systematic
error. Consequently,

0A] = Ai0nuc - (4.30)

c
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Spin structure function g The systematic error of A; due to non-zero values of g,
was estimated from the uncertainty of the measurement of g,. Fig. 4.7 shows
the SLAC results for z:¢5 () [Abe 98, Ant 99] and z¢5 () [Abe 97a] which were
obtained in a similar z and @?-range than the HERMES data. Within their ex-
perimental uncertainties the SLAC results are compatible with the QPM predic-
tion of go(z) = 0 the region = < 0.5. It has been shown in [Ade 98a] that the
data for g5 seem to favour the twist-2 Wandzura-Wilczek calculation ¢g3VWV(z) =
—g1(x) + fxl dy g1(y)/y at high values of = [Ade 98a] whereas for ¢5 the experi-
mental error is too large to draw any conclusion about the validity of the Wandzura-
Wilczek parametrisation. Each of the figures for xg5 and x g5 shows two lines drawn
symmetrically around g, () = 0 which were used to parametrise the experimental
uncertainty xzdg, of xgs in order to estimate the systematic uncertainty of A,. For
x — 1 these parametrisations follow the behaviour of the Wandzura-Wilczek term
g53"WV(x) which approaches zero in this limit. Following Eq. (4.22) the systematic
error of A; due to dg, is given by

my(1+97) dgs

for the proton and the neutron asymmetries. To transform [0 A}]  and [§A7], into
the uncertainty [6A{Ie] o of the helium asymmetry, the latter is split into proton and

neutron contributions according to Eq. (5.16). The systematic error of the helium
asymmetry due to dg- is then given by

Ay = \/f2p2 BAYZ, + f2 p2 [SAVLE, (4.32)

where f,, (f,) is the neutron (proton) dilution factor and p,, (p,) is the effective
neutron (proton) polarisation in the 3He nucleus. No measurements exist for g2.
For the error calculation it was assumed that §¢% (z) = dg,(z). Under the additional
assumption that f* = £, and f{; = f, [Fun 98] the systematic errors of the semi-
inclusive hadron asymmetries are identical to those of the inclusive asymmetries.

The inclusive and semi-inclusive asymmetries generated with PEPSI using the para-
metrisation of [Glu 96] for the polarised quark distributions and the tuned LUND frag-
mentation model agree well with the measured asymmetries. Therefore, in the system-
atic error calculation (e.g.: [0A4:],, = (6ps/pr) A1) the high statistics PEPSI generated
asymmetries were used as input for A, instead of the measured asymmetries. This was
done so in order to avoid fluctuations of the systematic error due to the statistical fluctu-
ations of the measured asymmetries. The Monte Carlo generated asymmetries have been
used as input to the systematic error calculation for the following sources of systematic
errors: beam and target polarisations, cross section ratio R and the combined acceptance
and smearing correction.

Fig. 4.8 gives an overview of the relative size of the various systematic error contri-
butions to A;. The plot shows the fractional error contributions §? = (5A4% /6 AT°T)? for
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Figure 4.7.: Spin structure function measurements for (a) xg5 [Abe 98, Ant 99] and (b)
xgy [Abe 97a] shown as a function of . The points are displayed at the aver-
age measured Q? of each x-bin. Overlapping data have been shifted slightly
in x to make errors clearly visible. The proton data refer to the results of the
experiments E143 (results are shown separately for the 4.5° and 7.0° spec-
trometer) and E155. The average % of the proton data set is 3 (5) GeV? for
E143 (E155). The errors bars give the statistical and the bands the system-
atic uncertainties of the E143 measurement. The systematic error of E155
is negligible and not shown. The neutron data refer to the combined SLAC
results of the experiments E142, E143 and E154. The average (Q? for the
combined neutron data is 3 GeV? and the errors bars shown are statistical.
The systematic errors of the neutron data are negligible and not shown. The
lines drawn symmetrically around zg»(x) = 0 were used to parametrise the
uncertainty zdg(x) of the measurement of xgs(z).
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Figure 4.8.: Decomposition of the systematic error of the inclusive asymmetries A} (sep-
arately for 1997 and 1996) and Al'¢, shown as a function of z. In each plot,
the vertical distance between two adjacent lines represents the fractional sys-
tematic error contribution 62 = (§A% /5 ATOT)2, where 6 A% is the systematic
error related to a given source 7 and 6 AT9T = />, (6A4%)? is the total sys-
tematic error. By definition of 47 the different contributions add up to one:

Zi5i2:1-
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Figure 4.9.: Decomposition of the systematic error of the inclusive structure function ra-

tios g7/ F (separately for 1997 and 1996) and gi'¢/ F'¢, shown as a function
of z. In each plot, the vertical distance between two adjacent lines represents
the fractional systematic error contribution 67 = [§(g:/F1)¢/(g1/F1)"°)?,
where 6(g,/F,)* is the systematic error related to a given source 7 and

6(g1/F1)TOT = \/>,[0(g1/F1)']? is the total systematic error. By defini-
tion of 67 the different contributions add up to one: >_. 47 = 1.
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the inclusive helium and proton asymmetries, where § A? is the systematic error related to
a given source i and 6 ATOT = />, (0 A%)? is the total systematic error. Due to different
systematic errors of the target polarisation measurements in 1996 and 1997, the system-
atic error decomposition is shown separately for the proton asymmetries of each year. For
AY (1997) the dominating sources of systematic errors are those of the target and beam
polarisation measurements and the uncertainty of R. The same holds for A} (1996) with
the only difference that the target polarisation error is larger as compared to 1997. For low
values of = the systematic uncertainty of A} due to d¢5 () is suppressed by the kinemat-
ical factor nv(1 + 7?) (see Eq. (4.31)) whereas its error contribution becomes important
for high values of z. Since the helium asymmetry is anyway small this effect is even more
important for A, For the helium asymmetry the dominating source of the systematic
error is the yield fluctuation for low values of = while it is the uncertainty of g3 for high
values of x.

The decomposition of the systematic error of the semi-inclusive asymmetries is simi-
lar to the inclusive asymmetries since the dominating sources of systematic uncertainties
[0A /AN = 6pr/pr, [0A1 AN = 6ps/ps, [0A1/A]W = 6R £/(1 + <R) and the
uncertainty assigned to g, are identical for the inclusive and semi-inclusive asymmetries.
Therefore, the systematic uncertainties of the semi-inclusive asymmetries are not shown
separately.

The extraction of the polarised quark distributions is based on Eq. (2.74) for the ratio
gt/ Fl* and Eq. (2.75) for ¢,/ F;. Although the asymmetry A, equals the ratio g, /F; for
g2 = 0, the systematic error of both quantities due to the uncertainty in g, is different.
While A, is related to A and g, by Eq. (4.22), the ratio g, / F; writes

g 1 T4

g2
= il —n)Z2| . 4.33
F - Trm | D + (v n)Fl (4.33)

For high values of = the kinematical factor v(+ — ), which controls the systematic error

(v —n) g
5 F) =—". = 4.34
(91/F1),, ) (4.34)
is significantly smaller than the corresponding factor nv(1 + +?) for A, (see Eq. (4.22)).
Therefore, in the systematic error decomposition of ¢, /F; as shown in Fig. 4.9, the un-
certainty of g, is less important than in the case of A;. The same argument holds for the
systematic error of g%/ F}.
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5. Extraction of polarised quark
distributions

This section describes the analysis procedure for the extraction of polarised quark distri-
butions from a combination of inclusive and semi-inclusive asymmetry data on *He and
hydrogen. Polarised quark distributions are extracted as a function of = for up (u + @) and
down (d + d) flavours, and for valence and sea quarks. The first and second moments of
the polarised quark distributions are computed and are compared to predictions from the
constituent quark model, predictions based on SU(3) ; symmetry and to a prediction from
lattice QCD.

5.1. The extraction formalism

The extraction of the polarised quark distributions Ag is based on the LO QCD expres-
sions (2.74) and (2.75), which relate the photon-nucleon asymmetries Agh) to the polarised
and unpolarised quark distributions and fragmentation functions. The extraction formal-
ism makes use of the asymmetries Agh) as extracted from the measured count rates of
inclusive and semi-inclusive DIS events. Due to the limited acceptance of the HERMES
spectrometer not all DIS events are detected. We therefore introduce Df(x, Q?) as the
probability density that a given inclusive DIS event is detected when the virtual photon
scattered from a quark with flavour f. Similarly, we define D}L(az, Q?, z) as the probability
density that a particular hadron A with energy fraction z is detected in the same process.
With these definitions of Df (z,Q?) and D’;(x, Q)?, z) the measured inclusive asymme-
tries A, and semi-inclusive asymmetries A” can be related to the quark distributions and
fragmentation functions by

Sy €2 Agp(z, Q%) DI (z, Q2 2)
S e aqp(e, Q%) D (x,Q2,2)

Compared to Egs. (2.74) and (2.75) a factor Cr = [1 + R(x,Q?)]/[1 + +*] appears
in this formula since the parametrisations of unpolarised quark distributions ¢ ; used in
Eqg. (5.1) were extracted from fits to F, and not to F;. A derivation of the correction
term C', is given in appendix A.3. The measured asymmetries Agh) (z, Q% z) were inte-
grated in each z-bin over the corresponding Q?-range and the z-range from 0.2 to 1 to

AP (2,Q% 2) = Or(z,Q?) (5.1)
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yield A" (z). In terms of quark distributions and fragmentation functions the measured
asymmetries then write

Agh)(:v) x Z e?» [/ Agy(z, Q) D](ch)(x, Q% 2) dQ*dz| . (5.2)
f

As will be discussed in section 5.2 the fragmentation functions D}h) (z, Q% z) were taken
from the LEPTO generator using the LUND string fragmentation model and were cal-
culated on a 3-dimensional grid in z, Q2 and z where the binning in = was identical to
the binning of the asymmetries. If x; denotes the central = value of bin 4, the asymmetry
Agh) (x;) is proportional to

A§h) (x;) ox Z e?

f

(5.3)

> Agp(wi, Q) DY (21, Q2 21) AQE Az,
7.k

where, compared to Eq. (5.2), the integration has been replaced by a summation to account
for the finite grid size. For the extraction of the polarised quark distributions it has been
assumed that the quark polarisations Aq; /¢ are independent of Q* within the limited z
and Q?-range of the experiment:

This assumption is justified by the weak ()2-dependence predicted by QCD in the given

x and Q?-range and by the experimental result that there is no significant QQ2-dependence
observed in the inclusive asymmetries. Based on Eq. (5.4) it follows with Eq. (5.3)

AQf

Ef: et Aqyp/qr(w;) [2}; ar(wi, Q3) D (i, Q% 1) AQS Az
]7

AP (@) = Cp(z;)

; 6? [Z CH(%;Q?) D;h)(fl?z’,Q?,Zk) AQ? Az,
j.k

(5.5)

Eq. (5.5) gives the formula used to relate the quark polarisations Aqs/qs(z;) to the
measured inclusive and semi-inclusive asymmetries for positively or negatively charged
hadrons on the proton or neutron. In each x-bin, the quark polarisations Aq,/q; were
extracted by minimising

X2 = (An — A)' V! (A, — A), (5.6)

+ - + - + -
where the vector Ay, = (Aipor, Al o7 AL o7, Atpos, Al 06y Al 065 Atties Alpres Alre)
contains as elements the measured asymmetriest, V4 _ is the covariance matrix of the

1Due to different systematic uncertainties of the proton asymmetries measured in 1996 and 1997 the two
sets of asymmetries were treated separately in the fit procedure.
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asymmetry vector A,,, and A contains the asymmetries computed from Eq. (5.5) as a
function of the fit parameters Aqy/qs (see appendix A.1 for details). The nuclear correc-
tions which were applied to construct the helium asymmetries Ag'f{)e from the proton and
neutron asymmetries are discussed in section 5.4 and the statistical correlations between
the different types of asymmetries which enter into the covariance matrix V4 _ are given
in appendix A.5. In the fit procedure no boundary conditions have been applied to the fit-
ted quark polarisations. The known unpolarised quark distributions ¢ ;(z, Q*) were taken
from a parametrisation of Ref. [Lai 97] (CTEQ4LQ, Low Q).

The measured set of inclusive and semi-inclusive asymmetries does not allow to deter-
mine the polarisation of each sea quark distribution ug, u, d_, d, s, 5 separately. In partic-
ular those of the strange quark sea and light quark sea cannot be independently resolved
with an accuracy better than the positivity constraint. To improve statistical significance,
all sea contributions have been expressed in terms of one single function. In view of rather
ambiguous theoretical model predictions [Dia 96, Fri 98], two different assumptions on
the polarised sea quark distributions were considered which are discussed in the following
section.

5.1.1. Assumptions on the polarisation of sea quarks

In various parametrisations of polarised quark distributions (e.g. [Flo 98, Ger 96, Glu 96])
the spin distributions of the different sea quark and anti-quark flavours are assumed to be
SU(3); symmetric:

Aug = Ady, = As = At = Ad = A5 . (5.7)

Since the SU(3); symmetry of the sea distributions is known to be broken in the unpo-
larised case [Haw 98], there is no strong reason that the assumption (5.7) is strictly true.
Furthermore, as the amount of strange quarks in the nucleon is small compared to the
amount of up and down sea quarks, the ansatz of a SU(3) ; symmetric sea may lead to a
result which violates the positivity limit |[As/s| < C''. This problem is not present in an
ansatz which assumes that the polarisation of sea quarks is independent of flavour:

Mg, Buw_ M _Av_An_Ad_As
qs Usg de s v d 5

(5.8)

This ansatz can be motivated by the idea that the sea consists of an equilibrium of ¢q pairs,
which are continuously created and destroyed by helicity-conserving processes.

The assumption given in Eq. (5.8) was used for all calculations unless explicitely
stated otherwise. The sensitivity of the extracted quark polarisations to the assumption
about the sea distributions was derived by comparing the results obtained when assump-
tion Eq. (5.8) was replaced by Eq. (5.7). (See appendix A.2 for details on the formalism.)
As will be shown in section 5.5.1 the sensitivity of the extracted quark polarisations to the
assumption about the sea polarisation is small.
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5.1.2. Different options to separate quark flavours

Two ways to separate the polarisations of the different quark flavours have been studied.
In the valence decomposition the quark polarisations have been decomposed into the

polarisations of valence up and down quarks and the remaining sea polarisation which

includes all quarks and anti-quarks from the sea. In this case the three fit parameters were

JANT Ad, Ags
u, ' dy g

(5.9)

where Eq. (5.8) was used to express the polarisations of the individual sea quark flavours
in terms of a single function Ag,/¢s. In Eq. (5.9) the unpolarised valence quark distribu-
tions are defined as u, = v — @ and d, = d — d, and similarly for the polarised ones. The
unpolarised sea quark distributions are assumed to be charge-symmetric in this analysis,
ie.d=usd=d,and 5 = s.

In the flavour decomposition the quark polarisations were decomposed into the polar-
isations of quarks and anti-quarks of the same flavour. Here, the fit parameters were

Au+Au  Ad+Ad As+ As
uta d+d ’ s+35

(5.10)

where due to the assumption given in Eq. (5.8) the strange quark polarisation equals the
polarisation of the non-strange sea-quarks: (As + A3)/(s + 5) = Ags/¢s.

The first and second moments of the valence spin distributions are predicted by lat-
tice QCD calculations whereas the first moments of the flavour spin distributions can be
derived from inclusive structure function measurements in combination with results from
weak baryon decays. The results will be compared in section 5.6.

5.2. Generation of fragmentation functions

Measurements of fragmentation functions are part of the HERMES unpolarised physics
programme and results exist for the fragmentation functions of « and d quarks into charged
pions [Gei 98a]. However, the fragmentation functions D?(m, Q?, z) for all quark and
anti-quark flavours f = u,u,d, d, s, 5 and for positively and negatively charged hadrons
h = h*,h™ are not yet available. Resting upon detailed comparison with world data
the LUND string fragmentation model was found to be applicable in the HERMES
regime [Gei 98a, Tal 98] and has been used to calculate the fragmentation functions. As
described in section 2.6.3 the free parameters of the LUND model have been tuned to fit
the measured HERMES hadron distributions. The parameters obtained from the tuning
procedure were taken from Ref. [Gei 98a] and are given in table B.14.

The LUND model is implemented into the JETSET-7.4 code [Sjo 94] which is part
of the unpolarised DIS generator LEPTO-6.5 [Ing 97]. The LEPTO generator consists
out of two parts. First, a point in the kinematical plane is selected according to the lepton-
nucleon scattering cross section o (z, @?), and the unpolarised quark densities are used to
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decide on which quark the scattering is performed. Second, the kinematics of the struck
quark as well as the structure of the target remnant is passed to JETSET which generates
the hadronic final state.

The measured asymmetries which enter into Eq. (5.6) for the extraction of the po-
larised quark distributions are corrected for kinematical smearing using a detailed model
of the HERMES detector (see section 4.5.2). Consequently, the fragmentation func-
tions D;") have to be extracted from the generated event kinematics. The track selection
cuts and the kinematical cuts used for the extraction of the fragmentation functions from
LEPTO are given in table 4.1 and are identical to the cuts applied for extraction of the
spin asymmetries from experimental data.

The fragmentation functions f);h) were constructed on a 3-dimensional grid in z, Q?
and z. The binning in = was identical to the binning of the asymmetries. For technical
reasons the binning in Q2 was replaced by a binning in y since the latter is restricted to
the range 0 < y < 0.85. The binning in y consisted of 6 bins with the boundaries 0, 0.1,
0.2, 0.3, 0.45, 0.65 and 0.85, and the binning in z of 8 bins from 0.2 to 1 in steps of 0.1.
The fragmentation functions f)?(m, Q?, z) which appear in Eq. (5.5) were calculated from
the ratio?

Na : [l(N,qs) — U'hX](z, Q% 2)
Ng : [I(N,q;) — I'X](2,Q%)

Di(z,Q% 2) = (5.11)
where Ng : [I(N,q;) — I'X](x, Q*) is the number of generated inclusive DIS events
where the lepton [ scattered from a quark ¢, in the nucleon N, and N, : [I(N,qf) —
I'hX](z, Q% 2) is the number of accepted hadrons h with z > 0.2 and zr > 0.1 in
the same process. The functions D;(z, Q%) were similarly determined from the ratio of
accepted to generated inclusive DIS events for scattering from a quark ¢;.

The systematic uncertainty of the fragmentation functions was derived from compar-
ing different fragmentation models and varying the model parameters in JETSET. Two
sets of alternative fragmentation functions were calculated. The first one was again based
on the LUND string model, but this time the JETSET parameters have been tuned to the
kinematic distributions of pions instead of all hadrons [Gei 98b]. The second set of frag-
mentation functions was constructed using the independent fragmentation model tuned
to HERMES hadron distributions [Gei 98b]. The JETSET parameters used to generate
both sets of fragmentation functions are given in table B.14.

By generating large event samples the statistical uncertainties of the extracted frag-
mentation functions can be suppressed compared to their systematical uncertainties. It
has been verified that the statistical uncertainties of the generated fragmentation functions
were small compared to their systematical uncertainties related to the use of a specific
fragmentation model. For this reason the statistical errors of the fragmentation functions
were neglected.

2Since for each value of z and y the value of Q2 = 2M Exy is fixed we keep the notation D?(m, Q?,2)
instead of D (z,y, 2).
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The sensitivity of the inclusive and semi-inclusive hadron asymmetries to the polari-
sations Agy/q; of the different quark and anti-quark flavours is quantified by the so-called
quark flavour purity:.

et qp(z, Q%) Ngch)(%QQaz)
Zf’ 6361 Qf’ (.ZU, QQ) D‘;I’l) (':E7 Q27 Z)

P (2, Q% 2) = (5.12)

For each kinematical point (z, Q?, 2) the purity PJS") (z,Q?, z) describes the probability
density that a quark of flavour f was probed by the virtual photon when a given inclusive
or semi-inclusive DIS event is recorded. By definition of P}Eh) the different quark flavour

purities add up to one for any final state: Zf P}h) (z,Q?, 2z) = 1. Interms of quark flavour
purities the spin asymmetries given in Eq. (5.1) can be written as

Aqf (IL', QQ)

7(”(% D) (5.13)

AP (2,Q%,2) = Cr(z,Q%) Y P (2,Q%,2)
!

Owing to their physically meaningful interpretation the purities are presented rather than
the fragmentation functions themselves. Figs. 5.1 and 5.2 show the purities P}h) (x) inte-
grated over the Q?-range and z-range from 0.2 to 1 for a proton and neutron target, respec-
tively. Each figure shows the purities Py (x) for inclusive events and the purities P} (x)
for semi-inclusive events with positively and negatively charged hadrons as obtained from
tuned LUND string fragmentation model [Gei 98a] and the CTEQ4L Q parametrisations
of unpolarised quark distributions. In the figures these purities are referred to as SF1. In
addition, the purities are shown for the tuned independent fragmentation model (IF) and
the alternative fit of the string fragmentation model (SF2), which were used to estimate
the systematic error of SF1. Note that in the plot some of the purities have been multiplied
by a scale factor greater than 1 to make them clearly visible.

Since the functions D (x, @) for inclusive DIS events are to a very good approxima-
tion independent of the quark flavour it follows from Eq. (5.12) that the inclusive purities
Py(z, Q) are a function of the unpolarised quark distributions alone:

ef qr(z, Q°)
2 e ap (@, Q%)

The inclusive purities calculated from the unpolarised quark distributions according to
Eq. (5.14) are shown as the solid lines in Figs. 5.1 and 5.2 and are found to be in very
good agreement with the results obtained from the Monte Carlo generated values for
Dy(z,@Q?) and Eq. (5.12).

The results obtained for PJS") (x) allow to draw the following conclusions. The purities
show a strong dependence on = which is mainly introduced by the z-dependence of the
unpolarised parton distributions. For a proton target, inclusive events as well as semi-
inclusive events with positively and negatively charged hadrons are primarily sensitive
to the u quark (0.5 < P{™ < 1). For z < 0.1 the @ quark purities become important.

Py, Q%) = (5.14)
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Figure 5.1.: Quark flavour purities PJE") on a proton target as a function of x for inclusive
DIS events and for semi-inclusive DIS events with positively and negatively
charged hadrons h = h*,h~ and for f = w,u,d,d, s, 5 as extracted from
the tuned LUND fragmentation model (SF1) and the CTEQ4LQ parametri-
sations of unpolarised quark distributions. The purities shown as SF2 and IF
were used to estimate the systematic error of SF1 (see text).
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Figure 5.2.: Same as in Fig. 5.1 but for a neutron target. All quark flavour labels refer to
the proton, using isospin symmetry. Note that some sea quark purities have
been multiplied by a scale factor greater than one to make them clearly visi-
ble. The purities shown as SF2 and IF were used to estimate the systematic
error of SF1.
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Scattering from d quarks is typically suppressed by a factor of about 5 to 10 compared
to v quarks, depending on z. For the light sea quarks the d quark purities are typically
lower by a factor of about 2 to 4 compared to the u quark purities. In case of a neutron
target the scattering from d = u,, quarks dominates at low values of z, while P{") ~ P{"
at high values of . The anti-quark purities P'(P") are ~ 0.2 in the region of z < 0.2
for a proton (neutron) target and are different for different final states ™ or h~. For both
targets the strange and anti-strange quark purities are small (< 0.03) and are significantly
suppressed compared to the purities of the light sea quarks.

These results for the quark flavour purities imply that inclusive and semi-inclusive
polarised DIS on a proton target is suited to measure the polarisation of the u quarks,
while a neutron target is appropriate to measure the polarisation of d quarks. Since for
both targets the sea quark purities are small the statistical precision of a measurement of
the individual sea quark polarisations for the given final states is limited.

5.3. Test of the extraction formalism with Monte
Carlo

The PEPSI Monte Carlo [Vel 92] generator is an extension of the unpolarised DIS gen-
erator LEPTO and can be used to simulate polarised lepto-production. In addition to the
unpolarised parton distributions PEPSI uses parametrisations of polarised parton distribu-
tions to decide to which quark flavour the virtual photon couples in a polarised scattering
event. Both PEPSI-4.19 and LEPTO-6.5 use JETSET-7.4 to simulate the fragmentation
process.

The PEPSI generator was used to perform a consistency check of the formalism for
the extraction of polarised quark distributions from a set of inclusive and semi-inclusive
spin asymmetries. The parametrisation of polarised parton distributions from Gliick et
al. (Standard Scenario, LO) [Glu 96] was selected together with the tuned LUND string
fragmentation model (SF1) to generate inclusive asymmetries and semi-inclusive charged
hadron asymmetries Agh) on a proton and neutron target. Based on the same fragmentation
model, the fragmentation functions D;h) (z,Q?, z) were constructed with LEPTO. Identi-
cal cuts were imposed on the particle kinematics and the detector acceptance for generat-
ing the spin asymmetries and the fragmentation functions. Using the generated fragmen-
tation functions, Eq. (5.6) was solved for the polarised quark distributions Ag s, where
the asymmetry vector A,, = (A, A%, Ah Ay, Al A% ) contained as elements the
Monte Carlo generated inclusive and semi-inclusive asymmetries on a proton and neu-
tron target which were calculated from 107 generated inclusive DIS events per spin state
and target. Since the polarised sea distributions are flavour symmetric (Eq. (5.7)) in the
parametrisation from Gliick, the formalism described in appendix A.2 was used. Further-
more, since Agh) = 0 in PEPSI, the asymmetries A§h) were obtained from the generated

(h) _
lepton-nucleon asymmetries Aﬁh) according to A" =" Aﬁ") /D. Note that for A% = 0
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Figure 5.3.: Comparison of the PEPSI input polarised quark distributions z[Au(z) +
Ati(x)], z[Ad(z) + Ad(z)] and zAgs(z) with those extracted from the gen-
erated particle asymmetries. The solid lines indicate the input distributions
and the full points refer to the polarised distributions as extracted from the
generated asymmetries and fragmentation functions. For comparison, the
statistical error of the quark distributions as extracted from data is indicated
by the shaded bands. All distributions are shown at Q% = 2.5 GeV?2.

the (1 + ~?) factor does not appear in Eq. (5.1) since then Agh) = (1+?) g%h)/Fl(h) (in-
stead of A" = ¢ /F™ for ¢{" = 0) so that the 1 + 2 factor cancels. Further, the
(1 + R) correction vanishes since R = 0 in PEPSI.
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Fig. 5.3 compares the results for the extracted polarised quark distributions z(Au +
Ai), z(Ad + Ad) and xAg, with the PEPSI input parametrisations. Both distributions
are found to be in good agreement. For comparison, the statistical error of the quark
polarisations as extracted from data is shown in Fig. 5.3 as the shaded bands®. The sys-
tematic uncertainty of the extraction procedure can be defined as the difference between
the extracted and the input distributions. As can be seen from Fig. 5.3 this systematic
uncertainty is small compared to the statistical (and systematical) error of the polarised
quark distributions extracted from experiment and has therefore been neglected.

In Eq. (A.6) the unpolarised quark distributions ¢ (z;) are evaluated at the central x
value of bin 4, which is determined by averaging = over collected events within each bin.
To calculate the z-weighted polarised quark distributions zAg(z) from Aq(z) the quark
distributions were multiplied by the central value =z = x;.

When the extraction formalism is applied to the decomposition into valence and sea

quarks the same level of agreement with the input distributions is achieved.

5.4. Nuclear corrections to calculate A}l® from A!
and A}

In Eq. (5.1) the polarised quark distributions Ag(x, @*) were related to the measured
asymmetries A (x, Q?, 2) by*

Xy ¢ 8as(e, Q) DY, Q% 2) _ BW(z, Q%)

Y, € ap(e,Q?) DY (2,Q%,2)  CW(@,Q%2)
(5.15)

AW (3,Q? 2) = Cg(z, Q%)

This formula holds for scattering from a bare proton or neutron target. In case of a *He
target the summation has to take care of all target nucleons. Taking into account the
effective proton and neutron polarisations in the *He-nucleus, p, = —0.028 + 0.004 and
pn = 0.86 + 0.02 [Fri 90], the helium asymmetry can be split in the following way into a
proton and a neutron contribution:

A = 0 p, AW 4 0 p A0 (5.16)

where Ag‘) and A are the asymmetries as they would be measured in scattering off bare
protons and neutrons. The dilution factors féh) (z,Q?%) and fr(lh) (z,Q?) give the proba-
bility that the reaction took place on one of the two protons or the neutron. Under the
assumption that the unpolarised cross section for scattering from 3He is given as the sum

3In the extraction of polarised quark distributions from experimental data the polarised sea distribution
is extracted in the region < 0.3 (see section 5.5.1). Therefore, the error band which represents the
statistical error of the sea quark distribution extracted from data is shown only for 2 < 0.3.

4To reduce the number of subscripts, in this section the notation A is used for the virtual photon-nucleon
asymmetry instead of A;.
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of the proton and the neutron cross sections, ag;) (z,Q% = 20" (z,Q%) + ol (z,Q%),

the dilution factors can be written as

201(,11) o)

A A I AL (5.17)
P 20 oM 208" + oy ’

and it follows from Eq. (5.16)

h h h h
A(h)_2a§))ppA§))+ar(1)pnA§l) (518)
He ™ 95 4 ) ' :

Op + On

The cross section o) can be expressed in terms of FQ(h) and R following Egs. (2.15) and
(2.18) for a proton and neutron target. Since R, = R, within experimental errors and

R =3, e w q; DY it follows with the definitions of B and C(*:

2p, CS" ALY+ p, e AL 2p, BYY + p, B

= ; (5.19)
2 + ¢ 2cs + ¢

h
=

which relates the asymmetry Ag”e) to the polarised and unpolarised quark distributions
and fragmentation functions. Note that this ansatz neglects nuclear binding effects in
3He which lead to small variations of the quark distributions for nucleons embedded in a
nuclear environment (Nuclear shadowing, anti-shadowing and EMC Effect).

5.5. Results on polarised quark distributions

5.5.1. Flavour decomposition

The flavour decomposition was obtained by solving Eq. (5.6) for the quark polarisations
(Au+Au)/(u+1), (Ad+Ad)/(d+d) and (As+A3)/(s+35), where due to assumption
(5.8) the strange sea polarisation (As + As)/(s + 5) equals the polarisation of the non-
strange sea quarks. For z > 0.3 the statistical error of the extracted sea polarisation
Ags/ g5 is larger than the positivity limit |Ags/gs| < Clgl. Therefore, in the region z > 0.3,
the sea polarisation was set to zero and the corresponding effect on the results for the non-
sea polarisations was included in their systematical uncertainties.

The result for the flavour decomposition is shown in Fig. 5.4 and the values are pre-
sented in table B.8. The up quark polarisation is positive and the down quark polarisation
is negative over the measured range of z. Their absolute values increase with increasing
values of = and remain different from zero within the full z-range of the measurement.
The sea polarisation is compatible with zero over the measured range of x.

Table B.9 shows the goodness of the fit and the correlation coefficients of the three fit
parameters (Au-+Au)/(u+u), (Ad+Ad)/(d+d) and (As+As)/(s+35). The correlation
coefficients between the up and down quark polarisations are typically —0.7 so that these

distributions are strongly anti-correlated. In contrast, the correlation coefficients between
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Figure 5.4.: The flavour decomposition (Au + Au)/(u + u), (Ad + Ad)/(d + d) and
Ags/qgs of the quark polarisation as a function of z, derived from the HER-
MES inclusive and semi-inclusive asymmetries on the *He and proton tar-
gets. The sea polarisation is assumed to be flavour symmetric (Eg. 5.8) in
this analysis. The error bars represent the statistical errors and the bands
indicate the systematical uncertainties.

the up quark and the sea quark polarisation are small and about —0.1, and those between
the down quark and the sea quark polarisation are about 0.4. The x2,,/NDF of the fit
(where NDF = 6) varies between 0.1 and 2.4 for the different z-bins with an average
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value of 1.2.

The systematic uncertainties, shown by the shaded bands in Fig. 5.4, were determined
from the systematic uncertainties of the measured asymmetries, the unpolarised quark
distributions, the fragmentation functions and the sea assumption Ag;/gs = 0 for z > 0.3.
The size of the different systematic error contributions will be discussed in section 5.5.3.

The uncertainty due to the symmetry assumption about the sea polarisation was de-
rived by comparing the quark polarisations produced by Egs. (5.8) and (5.7). The quark
polarisations are compared in Fig. 5.5 and change by typically less than 1% when the
assumption Eq. (5.8) is replaced by (5.7).

Polarised quark distributions Aqs(x) were determined by multiplying the extracted
quark polarisations Aq(z)/q;(x) with the known unpolarised distributions at Q* =
2.5 GeV? which were taken from the CTEQ4LQ parametrisation. It was assumed that
the quark polarisations are independent of Q2 within the z and Q?-range of this mea-
surement. The CTEQ4LQ parametrisations are compared to other parametrisations of
unpolarised parton distributions in appendix A.3.

The results for the up, z[Au(x) + Au(z)], and down, z[Ad(z) + Ad(x)], distributions
are shown in Fig. 5.6 and are compared with different sets of parametrisations of world
data in LO QCD: Gliick et al. (Standard Scenario, LO) [Glu 96], Gehrmann and Stirling
(Gluon A, LO) [Ger 96] and De Florian et al. (0.1 < Ag < 0.8, LO) [Flo 98]. These
parametrisations have been obtained from fits of expression (2.56) to the measured val-
ues of the inclusive spin structure functions g, ([Ger 96]), or from a fit of the LO QCD
expression >, e7 Aqp(z,Q%)/ Y, e} qr(w, Q) to the measured inclusive spin asym-
metries A, (z, Q%) assuming that R = 0 ([Glu 96, Flo 98]). The parametrisation from
Ref. [Flo 98] includes as input to the fit the semi-inclusive charged hadron asymmetries
from SMC [Ade 98a] in addition to the inclusive asymmetries.

Parametrisations that were fitted to spin asymmetries A; under the assumption R = 0
do not fit the polarised up quark distribution extracted from the HERMES data, while
the parametrisation of Gehrmann is in agreement. The parametrisations from Gliick and
De Florian can be brought into agreement with the HERMES results by dividing by
[1 4+ R(z)]. Fig. 5.6 demonstrates the size of the effect for the parametrisation by Gliick.
The Gehrmann parametrisation, which is derived from fits to ¢; instead of A;, does not
need this correction. The explanation for the observed difference is that the ratio R of
the longitudinal to transverse absorption cross section is set to zero in the LO fits. On
the other hand, in the extraction of g; from experiment, the measured values of R are
used which are non-zero. The result of the fit then depends on the input for the fit, either
Ay (as in Ref. [Glu 96, Flo 98]) or ¢; (as in Ref. [Ger 96]). From the relation A; =
22, (1 + R)/F5(1 + +?), which is quoted here for the assumption that g, = 0, it follows
directly that the two choices lead to different results (see also appendix A.4).

In LO QCD the isospin triplet combination Agz(x) = Au(x) + Au(z) — Ad(z) —
Ad(z) is related to the spin structure functions according to Aqsz(z) = 6[¢}(x) — g ()].
Fig. 5.7 illustrates that the semi-inclusive result for Ags(x) is in good agreement with the
parametrisations from Gliick and from Gehrmann which were obtained from inclusive
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The flavour decomposition of the quark polarisations for a SU(3) ; symmet-
ric sea (Eq. (5.7), open circles) and a polarisation symmetric sea (Eqg. (5.8),
closed circles). The closed circles are identical to those shown in Fig. 5.4.
All error bars are statistical. To allow a direct comparison with the results
for a polarisation symmetric sea, the quantity Au/a = Ags/a is shown for
the results based on a SU(3); symmetric sea, where Ag, = Au, = Ad, =
As = Au = Ad = As. The difference between the up or down quark po-
larisations obtained for the two sea assumptions vanishes for x > 0.3 since
the polarised sea quark distributions are fixed to zero in this z-range.
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The polarised quark distributions at Q% = 2.5 GeV? separately for z(Au +
Ati) and 2(Ad + Ad) as a function of z. The experimental results are com-
pared to different sets of LO parametrisations (see text for references). The
De Florian and Gliick parametrisations are divided by (1 + R) to allow a
direct comparison. The error bars shown are the statistical uncertainties and

the bands indicate the systematical uncertainties of the HERMES data.
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Figure 5.7.: The triplet combination zAqs(z) at Q? = 2.5 GeV2. The result is compared
to the same sets of parametrisations as in Fig. 5.6. The error bars represent
the statistical uncertainties and the band indicates the systematical uncertain-
ties of the HERMES data.

measurements alone, as well as with the De Florian parametrisation which includes as
input in addition the semi-inclusive charged hadron asymmetries from SMC.

5.5.2. Valence decomposition

Instead of separating the polarisations of quarks and anti-quarks of the same flavour, in the
valence decomposition the valence quark polarisations are separated from the sea quark
polarisation as discussed in section 5.1.2. The fitted sea polarisation Ags/gs is identical for
the valence and for the flavour decomposition. As in case of the flavour decomposition,
the sea distribution was set to zero for x > 0.3 in the valence decomposition and the
effect on the results of the valence distributions was included in their systematic errors.
The results for the quark polarisations Au, (z)/uy(z), Ady(x)/dy(x) and Ags(x)/gs(z)
are given in table B.11 and were extracted assuming a flavour independent sea quark
polarisation (Eg. (5.8)).

The statistical precision of the total up (u + ) and down (d + d) quark polarisations
is superior to that of the valence up and down quark polarisations because of the strong
correlations with the sea polarisation in the latter case. The correlation coefficients for the
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Figure 5.8.:

- XAu,

~® HERMES
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The polarised valence quark [xAu,(z), zAd,(x)] and sea quark [zAu(x)]
distributions at Q? = 2.5 GeV?. The HERMES error bars represent the sta-
tistical and the bands the HERMES systematic uncertainties. The distribu-
tions are compared to the results from SMC extrapolated to Q? = 2.5 GeV?2.
The SMC error bars correspond to the total uncertainty of the experiment
and were obtained by adding the statistical and systematical errors quadrat-
ically. The solid lines indicate the positivity limit and the dashed lines are
the parametrisations from Gehrmann (Gluon A, LO). Note that some of the
SMC data points were shifted slightly in = to make them clearly visible.
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valence decomposition are given in table B.12. For the valence up and down quark polari-
sations the correlation coefficients are about +0.7 for z < 0.3 whereas they change sign to
—0.7 in the region of x > 0.3 where the sea polarisation is fixed to zero. The up quark and
the sea quark polarisations are strongly anti-correlated (—0.94). This correlation coeffi-
cient is significantly larger than the value of —0.1 obtained for the flavour decomposition.
A similar effect is observed for the correlation between Ad, (z)/d, (x) and Ags(x)/qs(z).
The x2 ... of the fit does not depend on whether the quark polarisations are combined into
distributions of the same flavour or into valence and sea quarks. Therefore, the goodness
of the fit is the same for the valence and for the flavour decomposition.

The polarised valence distributions Au.(z), Ad,(x) and Ags(x) were calculated from
the quark polarisations by multiplying with the CTEQ4L Q parametrisation of unpolarised
quark distributions at Q? = 2.5 GeV2. The upper plots in Fig. 5.8 show the results for
the x-weighted polarised valence quark distributions zAu,(z) and zAd, (z) at Q* =
2.5 GeV2. Since for scattering off sea quarks the contribution from quarks and anti-quarks
with flavour « dominates, the lower plot shows the polarised zAu(z) = xAug(z) sea dis-
tribution. The polarised valence up quark distribution is positive over the measured range
of x and the polarisation increases with increasing values of z. The polarised valence
down quark distribution is negative. Fig. 5.8 includes the results from SMC [Ade 98a]
obtained at Q* = 10 GeV?, which were extrapolated to Q? = 2.5 GeV? by assuming a
@Q?-independent quark polarisation, and are shown here for the HERMES z-range. The
SMC results were derived under the sea assumption presented in Eq. (5.7). The positivity
limit and the parametrisation of polarised quark distributions from Gehrmann are included
in Fig. 5.8. The parametrisation and the SMC results are consistent with the HERMES
results within the statistical and systematic uncertainties. The experimental uncertainty
of Au,(z) and Aa(z) is significantly reduced compared to the results from SMC, while
the experimental precision of the two experiments is similar for Ad, ().

5.5.3. Systematic error of polarised quark distributions

The systematic error of the polarised quark distributions was determined from the system-
atic error of the measured asymmetries, the uncertainties in the fragmentation functions
and unpolarised quark distributions, and from the assumption Ags/qs = 0 for z > 0.3.

The calculation of the systematic error of the polarised quark distributions due to the
systematic error of the measured asymmetries is presented in appendix A.6.

The CTEQ4LQ [Lai 97] parametrisation of unpolarised quark distributions ¢(z, Q?)
has been used as input to Eq. (5.5) to extract the polarised quark distributions. The sys-
tematic uncertainty of the CTEQ4L Q parametrisation was determined from the difference
between the CTEQ4LQ and the LO GRV parametrisation [Glu 95]. The resulting system-
atic error of the polarised distributions was calculated from the difference of the results
obtained for using the GRV instead of the CTEQ4LQ parametrisation of unpolarised dis-
tributions as input to Eq. (5.5).

The LUND fragmentation model fitted to HERMES hadron distributions (SF1) has
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Figure 5.9.: Systematic error decomposition of (8): (Au + Aa)/(u + u), (b): (Ad +

Ad)/(d + d) and (c): Ags/gs, Shown as a function of z. In each figure, the
vertical distance between two adjacent lines represents the fractional system-
atic error contribution 6 = o2 /0%, where o; is the systematic error of the
quark polarisations related to a given source i and oror = />, 07 is the
total systematic error. By definition of 5?7 the different contributions add up
toone: .07 = 1.
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been used to determine the fragmentation functions (see section 5.2). The systematic
uncertainty of the fragmentation functions has been derived from comparing different
fragmentation models and varying the model parameters in JETSET. The systematic
uncertainty of the polarised quark distributions due to the uncertainty in the fragmentation
functions was derived from the maximum deviation of the results obtained from either of
the alternative models IF and SF2 to those extracted from SF1.

For z > 0.3 the sea polarisation Ags/qs was fixed to zero and the corresponding effect
on the results for the non-sea polarisations was included in their systematic uncertainties.
To determine this systematic uncertainty, the up and down quark polarisations have been
extracted in the region = > 0.3 for setting Ags/gs to the upper (+[1 + +?]/[1 + R]) and
lower (—[1 + ~?]/[1 + R]) positivity bound. The systematic error of the up and down
quark polarisation was then calculated from the average deviation of these results to the
values obtained for setting Ags/gs to zero.

The decomposition of the systematic error of the polarised quark distributions is pre-
sented in table B.10 for the flavour decomposition and in table B.13 for the valence de-
composition. Fig. 5.9 shows the fractional error contributions §? = o?/0%,y, Where o;
is the systematic error of the quark distributions related to a given source ¢ and oot =
V' >_; 07 is the total systematic error. One can see from the figure that the dominating
sources of the systematic error of (Au+Au)/(u+u) are the uncertainties of the target and
the beam polarisation measurements which amount to about 70% of the total uncertainty,
depending on z, and the uncertainty in the fragmentation functions which contributes
about 15%. For (Ad + Ad)/(d + d) there are major contributions to the systematic error
from the yield fluctuations (~ 30%), the fragmentation functions (10 — 70%) and some-
what smaller ones from the beam and target polarisation measurements (~ 10%). The
systematic uncertainty of Ags/gs is entirely controlled by the uncertainty in the fragmen-
tation functions. For the valence quark polarisation Au,/u, (Ad,/d,) the assumption
Ags/qs = 0 for x > 0.3 accounts for about 40% (80%) of the systematic error in the
region x > 0.3. For x < 0.3 the dominating sources of systematic errors of the valence
distributions are the uncertainties of the fragmentation functions (50 — 70%) and of the
target and beam polarisation measurements (10 — 20%).

5.5.4. Moments of polarised quark distributions

The moment A(™¢q;(Q3) of the polarised quark distribution Ag(z, Q?) is defined as

1
A (@R) = [ " Aaylo, Q) o (5.20)
0

The first (n = 0) and second moments (n = 1) of the polarised quark distributions have
been calculated at Q% = 2.5 GeV? and are compared to other experimental data and to
model predictions.
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In the measured z-range of 0.023 < z < 0.6 the integral A(™q; was obtained as

A Ti41
A% @) =Y (Z) [ sty a) (5.21)

where (Aqr/qr)|; was assumed to be constant within each bin (x;, z;1,) and independent
of Q*. The unpolarised distributions ¢ ;(z, Q3) were taken from the CTEQ4LQ parametri-
sation. The statistical (systematical) error of the integral over the measured range was
calculated by adding the point to point statistical (systematical) errors quadratically (lin-
early).

Outside the measured z-region extrapolations are required. There is no clear predic-
tion for the low-x extrapolation (see e.g. [Abe 97b] for a discussion of different predic-
tions). For comparison with previous measurements the low-x extrapolation has been ob-
tained from a Regge extrapolation [Hei 73, Ell 88] according to Aqs(z) o< z~*. Here, the
exponent —« is the intercept of the axial vector Regge trajectory, which is expected to lie
between 0 and —0.5 [EIl 96]. As the simplest case Agy(x) oc = with o = 0 was fitted to
the data for x < 0.075. The statistical error of the Regge extrapolation was derived from
the statistical error of the fit. For comparison, the extrapolation to = = 0 was determined
using the parametrisations from Gliick and from Gehrmann. In this second approach, the
low-x contribution was estimated from the average of the results obtained from the two
parametrisations and its uncertainty was taken to be half of the difference between both
values. An upper limit for the low-z contribution to the integrals of the polarised quark
distributions is given by the unpolarised distributions. For the valence distributions this
limit is f0°'023 dx u,(z) = 0.40 and f0°'023 dz d,(x) = 0.26 at Q* = 2.5 GeV?, while one
obtains values greater than 2.5 for the flavour distributions due to the contributions from
sea quarks.

The extrapolation to = = 1 was derived from the Gliick and from the Gehrmann
parametrisations in the same way as for the low-z extrapolation. The systematic uncer-
tainty of the high-z extrapolation (which was derived from comparing the results obtained
with the two parametrisations) is small and was included in the quoted uncertainty of the
total integral. The upper limit for the high-z extrapolation as obtained from the unpo-
larised distributions is given by [}, dz [u(z) + u(z)] = 0.025, [, dz [d(z) + d(z)] =
0.004 at Q% = 2.5 GeV?, and similarly for the valence distributions since the contribution
from sea quarks is negligible for z > 0.6.

The first and second moments in the range 0 < = < 1 are given in table 5.1 for various
combinations of polarised quark distributions. The total integral was calculated from the
sum of the integral over the measured region, the Regge type low-z extrapolation and the
high-x extrapolation as obtained from the parametrisations. The statistical error of the
low-z extrapolation was included into the statistical error of the total integral. A model
dependent uncertainty of the Regge extrapolation at low-z was not included in the quoted
systematic error of the total integral.

The spin carried by up, down and strange quarks is found to be® Au + Au = 0.58 +

SFor simplicity the first moment A(©) ¢ is referred to as Aqj .



89

5.5.  Results on polarised quark distributions

¢20°0 F €200 F820°0— | [100°0 F 200°0—] | [000°0 F 1000 | T00°0 F 2000~ | 2200 F G200 F ¥200— | “P()V
$10°0 F600°0 F65T°0 | [00000F €100 ] | [100°0 F2000 ] 1000 F 2000 | ¥10°0 F600°0 F FZT1°0 ‘npv
CIOFIT0FEC0— [00°0 F 00°0—] [T0°0F 600 ] 20°0F€O0— CTOFIT0F 02 0— v
80°0 F ¢0°0 F 6¢°0 (0000 F 200 ] [200FST0 ] T00FE00 80°0 F SO0 F¥e0 ny
80°0 F 800 F €0 000 F 200 ] |[€00F600 ] 20°0F000 80°0 F 800 FI€0 v,
0T°0 F60°0 F€€0 (0000 F 200 | (€00 F 600 | 200 F 000 0T°0 F60°0 F 1£°0 8hy
90°0 F L0°0 F ¢8°0 (0000 F 200 | [T000F 920 | T10°0F 200 900 F 2000 F 9.0 thy
900 F 90°0 F 0£°0 (0000 F 200 | [10°0 F90°0—] 100 F 100 90°0 F 90°0 F LZ°0 v
70°0 F 70°0 F 20°0— (000 F 000—] | [0000F €0°0—] T00F 000 70°0 F 700 F ¢0°0— PV
€0'0 F20'0 F 10°0— [0000 F000—] | [000F €00—] 10°0F000 €0'0 F20°0 F100— ny
700 F €0°0 F T0°0— (000 F000—] | [1000F €00—] T10°0F 000 70'0 F €0°0 F 10°0— SV + 8V
70°0 F 90°0 F L2'0— (000 F 000—] | [000F¥T°0—] T00F €0°0— 70°0 F 90°0 F 20— PV + PV
€0°0 F 200 F8¢°0 (0000 F 200 | [T00F €10 | 000 F¥0°0 €00 F200Fzeo ny + ny
| [esBajul [e10] z-ybiy Z-MO| uoiBal paanseaw ||

‘9°'0 > T > ¢g0°0 uolfial painseaw ay) 04 UBAIG ale s1nsal 8yl ‘suonnguisip ulds snoLIeA JO SJUBLLIOW Puodas pue 1sil4 :'T'G a|gel

"2\8D G'C = () 10} UBAID aue Ss[esBajul || “(1x3) 89S) eas abueuis ay) Jo Juswainsesw
108.1p ® Jussaidal Jou ss0p SV + SV oy Anjus syl Jey) 8JON "eas JLsWwWAS uonesuejod e Jo uondwnsse syl uo paseq
aJe sannuenb JaYlo |8 Sealaym suonngiisip eas oulswwAs /(g)NSs Buiwnsse pajoeixa sem $hyy UoIeUIgUIOD 13190 ay L
"uonnqLIsIp X4enb sousjeA aAnoadsal sy} JO SJUSWOW PUOISS B 3J0UBP “P 1)V PUR “7 ;)Y SWall 8yl ‘suonestiawesed
aY) WwoJy paurelqo se uolejodexa z-ybiy ayy pue ‘uoirejodexa z-mo| adAl abbay ay) ‘ebuel-r painsesaw ay JoAo0 [ebajul
aU1 JO WNS 3y} WoJy paje|ndaes sem [eibajul [e101 8yl ‘suonesiiswelsed %9n[9 syl pue uuewWIYsS) 8yl WOL) PaALIBP dlom
[ ] s19xorIq Ul UBAIB suonNqLIIUOd T-yBiy 8yl pue Z-mo| 8yl J0J SanjeA ayl ‘InoiAeyaq z-mo| adAy abbisy e Bulwnsse
pale|nofed sem [edBalul syl 01 UOIINGLIIUOD Z-MO] 3y "[edBajul [e101 3Y) 40} pue ‘uoijejodenxs z-ybiy ay) pue z-moj ay) oy




90 5. Extraction of polarised quark distributions

0.02(stat.) 40.03(syst.), Ad+Ad = —0.27+0.06£0.04 and As+ A5 = —0.014+0.03+
0.04, and the total faction of the nucleon spin carried by quark spinsis AY = 0.30+0.06+
0.06. When separating the flavour distributions into SU(3) s triplet (Ag;) and octet (Ags)
contributions, the results are Ag; = 0.85+0.07+0.06 and Ags = 0.334+0.09+0.10. The
first (second) moment of Awu,(z) is 0.59 £ 0.0540.08 (0.1394+0.009 £+ 0.014) and for the
first (second) moment of Ad, () one obtains —0.23+0.11+0.12 (—0.028+0.025+0.022).
The triplet contribution Ags is directly related to the Bjgrken sum rule according to

9a

ACN(QY) (5.22)
gv

AC]:a(QQ) =

where the first moment of the non-singlet coefficient function ACYN5(Q?) is given by
Eqg. (2.61). Higher twist corrections are expected to be small [Ste 95, Mey 96, Ji 97,
Bal 98] and have been neglected. The semi-inclusive result agrees with the prediction
1.00 4 0.06 of the Bjerken sum rule obtained in an estimate of ACN5(Q?) in 4" order
in o, for Q% = 2.5 GeV?2. The large theoretical error of the Bjarken sum rule prediction
comes from the uncertainty in o, which is magnified in 4** order. The numerical values
for ACNS at Q? = 2.5 GeV? are computed in appendix A.7.

In the following section the HERMES results for the first and second moments are
compared to other experimental results and to model predictions.

5.6. Comparison of results

5.6.1. Results from semi-inclusive measurements

The only other measurement of polarised quark distributions from semi-inclusive DIS
has been performed by the SMC Collaboration. The HERMES and SMC results for
the z-dependence of the valence and sea quark distributions were shown in Fig. 5.8. In
this section the integrals of the polarised quark distributions are compared. To allow a
direct comparison of the HERMES and SMC results, the integrals of the polarised quark
distributions were determined in the range 0.023 < = < 0.6, in which both experimen-
tal data sets overlap. For this comparison, the polarised quark distributions from SMC
were extrapolated to Q% = 2.5 GeV? (assuming Q2-independent quark polarisations) and
integrated according to Eq. (5.21). For the integration of the SMC results, the LO GRV
parametrisation was used as input for the unpolarised distributions since the latter had
been originally used in the analysis by SMC. The HERMES and SMC results are com-
pared in table 5.2. There is good agreement of the two experiments.

The published SMC values for the integrals of the valence and sea quark distributions
O Az Aug(z) = 0.73 4+ 0.10 + 0.07, [ dz Ady(z) = —0.47 £ 0.14 & 0.08, and

0.003 0.003

Oy do Awi(z) = 0.010.04 +0.03 [Ade 98a] differ from the values given in table 5.2.

This is due to the following two reasons. Firstly, the integrals of both experiments have
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Table 5.2.: Comparison of the HERMES and SMC integrals of polarised valence and
sea quark distributions in the HERMES =z-range of 0.023 < = < 0.6. The
SMC integrals shown in the table were extrapolated to Q% = 2.5 GeV? and
integrated over the HERMES z-range.

| | HERMES | SMC |
AT —0.01 £0.02 £+ 0.03 0.02 £+ 0.03 + 0.02
Ad —0.02 £ 0.04 £+ 0.04 0.02 £+ 0.03 + 0.02
A3 —0.01 +0.02 £+ 0.02 0.01 £+ 0.03 + 0.02
Au, 0.54 4+ 0.05 + 0.08 0.59 + 0.08 + 0.07
Ad, —0.20 +0.11 £ 0.12 —0.334+0.11 £+ 0.09
AWy, 0.124 +0.009 + 0.014 | 0.146 + 0.016 & 0.012
AW, | —0.024 + 0.025 £ 0.022 | —0.053 & 0.024 + 0.015

been extracted in different z-ranges and at different scales. If the SMC values are inte-
grated according to Eq. (5.21) over the total SMC z-range of 0.003 < = < 0.7 and at
Q% = 10 GeV? theresults are [} dz Au, () = 0.68£0.100.10, [+ - dz Ad, () =
—0.45+0.13+0.13 and fo%703 dz Au(x) = 0.01 £0.04 +0.04. Secondly, the two exper-
iments prefer different intergration methods: Eq. (5.21) used to integrate the HERMES

polarised quark distributions differs from the formula

A, = Z(ml)" Aqg(z;) Az, (5.23)
used by SMC [Pre 97]. In Eq. (5.23), =; denotes the mean x value of bin 7 and Ax; is
the bin width. Eq. (5.23) produces a significantly larger value for the integral of Au, ()
than Eq. (5.21). However, the integration according to Eq. (5.23) might be questionable
since the average value of Au,(z) measured by SMC in the last z-bin of 0.4 < z < 0.7
exceeds the positivity limit at the upper bin boundary of = = 0.7 (see Fig. 5.8). Therefore,
the integration by Eq. (5.23) causes an unphysical contribution to the integral of Au(z).
The same effect is present for the calculation of the second moment of Au,(z).

5.6.2. Constituent and relativistic quark models
In the Constituent Quark Model (CQM) the spin and flavour part of the wave function for
a proton with spin up is given by [Gri 87]

ph) = (2lututdy + 2)utadtuy + 2|d*utuly — |ulutrd’y — |utuld') — |utd ul)

co

—uld'ut) — |d'utut)y — |dTututy ) . (5.24)

The wave function |n") of the neutron is obtained from Eq. (5.24) by exchanging « with
d quarks. These wave functions can be used to calculate the static properties of baryons.



92 5. Extraction of polarised quark distributions

The CQM describes with good accuracy the static magnetic moments of baryons. For a
baryon in the ground state, the magnetic moment must be the sum of the magnetic mo-
ments of the quarks since there is no orbital angular momentum. The magnetic moment
of the baryon is then simply the vector sum of the magnetic moments of its constituent
quarks. The operator for the magnetic moment of the proton can be written as

Hp = My + Wy + g = 20,0 + [0, (5.25)

where /i is the magneton of a quark with flavour f

_€f6

Hy = (5.26)

2mf

and o is the vector of Pauli matrices. The magnetic moments of the proton and the neutron
are found to be

po = (1)l = 5 (s — ) 5.27)
o = (0! ln) = 5 (a0 = ) (5.28)

which leads for m, = my to the prediction

.2
%<:—§, (5.29)
p

in very good agreement with the experimental value of —0.685. For the first moment of
the polarised quark distributions the model predicts®

Au = +-, (5.30)

Ad = —=, (5.31)

and AY = Au + Ad = 1. The CQM therefore overestimates the measured value of Au
by a factor of about 2, whereas the model prediction for Ad is compatible with the results
from semi-inclusive measurements within relatively large experimental errors.

In relativistic quarks models like the MIT Bag model [Gre 89] the contribution of
quarks spins to the nucleon spin is reduced to AY ~ 0.65 [Jaf 90] and the remaining
contribution is accounted for by quark orbital angular momenta. The semi-inclusive result
of AY = 0.30+0.06 £ 0.06 amounts to about 40% of the value expected from relativistic
quark models.

6In the CQM one has As = 0 (since s = 0) and thus AY = Au + Ad.
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5.6.3. Baryon decays and inclusive spin structure functions

The spin carried by up, down and strange quarks can be obtained from inclusive structure
function measurements in combination with results from weak baryon decays.

The axial charge matrix element a, is related to the first moment I'; of the spin struc-
ture function ¢, by Eq. (2.58). Assuming isospin (a3 = |ga/gv|) and SU(3); symmetry
(ag = 3F — D), Eq. (2.58) can be written as

9a

@) = g5 | +)| 2

+36F = D)] AC(QY) + jal@) ACQ).
(5.32)

In the MS factorisation scheme the value of a¢(Q?) equals the value of AX(Q?), so that
AY can be extracted from the measured integrals I'; using Eq. (5.32). Combining the
result for AY = Au + A@ + Ad + Ad + As + A5 with Egs. (2.63), (2.65) and (2.66)
which can be expressed as

ga
gv
Au+ A+ Ad+ Ad — 2(As + A5) = (3F — D) ACY |

Au+ At —Ad—Ad = ACNS |

one obtains a set of three linear equations for the three unknowns Awu + Ad, Ad + Ad
and As + As. A recent global fit to world data yields [EIl 96]

Au+Au = 066+£003=%..., (5.33)
Ad+Ad = —035+003+..., (5.34)
As+ A5 = —0.08+£0.03%..., (5.35)

and AY = 0.23 +£0.04 & ... at Q* = 2.5 GeV2. To compare with the semi-inclusive
result the QCD corrections applied in [Ell 96] have been removed (see appendix A.7). The
symbol + . .. represents further theoretical and systematic uncertainties from higher twist
effects, the low-z extrapolation and a possible (Q2-dependence of A;. These uncertainties
are estimated to be of the same magnitude than the quoted errors.

The results (5.33) to (5.35) can be compared to the first moments of the quark spin
distributions as extracted from semi-inclusive measurements. The semi-inclusive result
for Au + Au = 0.58 &+ 0.02 & 0.03 and Ad + Ad = —0.27 & 0.06 & 0.04 differs
from the inclusive analysis by 1.7 and 1.0 standard deviations, respectively, so that the
results are consistent. The value of As + A5 is found to be close to zero in this semi-
inclusive analysis whereas it is significantly negative in the inclusive analysis. Neither
result represents a direct measurement of As + As but rather depends on the assumption
of SU(3) ; symmetry for the inclusive case and on the sea symmetry condition (Eq. (5.8))
for the semi-inclusive case. The total spin integral AY = fol(Au(x) + Aa(x) + Ad(z) +
Ad(z) 4+ As(z) +A5(x)) de = 0.3040.06 £ 0.06 agrees well with the inclusive result of
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Figure 5.10.: The SU(3); octet combination xAgs(z) at @* = 2.5 GeV? assuming
SU(3); symmetric sea distributions (open circles) or flavour independent
sea polarisations (full circles). The data are compared to the same sets of
parametrisations as in Fig. 5.6. The error bars indicate the statistical er-
rors and the upper (lower) band shows the systematic uncertainties which
correspond to the open (full) circles.

0.234+0.04. The large theoretical uncertainty of the extrapolation at low-z is not included
in the quoted errors.

The Ellis-Jaffe sum rule, which is based on SU(3); symmetry and on the assump-
tion of a zero polarisation of strange quarks, has been found to be violated (see sec-
tion 2.5.2). Models to explain this discrepancy invoke either SU(3) ; symmetry breaking,
a large negative strange quark polarisation, or SU(3) s asymmetric polarised sea distribu-
tions. Semi-inclusive data provide an excellent test of such models. This is illustrated
for two examples: (i) a model with symmetric sea (Eq. (5.7)) and unbroken SU(3); and
(i) a model which is not SU(3) ; symmetric combined with a flavour asymmetric sea ac-
cording to Eq. (5.8). In the first case the octet combination Agg = fOI(Au(:U) + Au(x) +
Ad(z) + Ad(z) — 2(As(z) + As(x))) dz can be related to the hyperon decay constants
F and D according to Ags = (3F — D) ACN® = 0.46 4+ 0.04 at Q* = 2.5 GeV?. The
semi-inclusive result yields Ags = 0.33 + 0.08 4+ 0.08 which is lower than the predic-
tion, but still consistent. A similar deviation shows up at low-x in the comparison of the
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semi-inclusive result of Ags(z) with the fits from Ref. [Flo 98, Ger 96, Glu 96] which
are dominated by inclusive data (see Fig. 5.10). In the second case we assume a flavour
asymmetric polarised sea according to Eg. (5.8) and obtain from the semi-inclusive anal-
ysis the result Ags = 0.33 + 0.09 + 0.10. Following Ref. [Lic 95] Agsg can be calculated
according to
2M\Aqy + 3(3F — D) ACN®

Agg = ) , (5.36)
where \ is estimated from the averaged ratio of the CTEQ4LQ unpolarised distribution
functions according to 1 + A\ = (Ad(z)/A5(x)) = (d(z)/5(x)) = 4.8 4 0.4. The model
yields Ags = 0.35 + 0.07. The results are compatible with both assumptions and do not
allow a definite statement about the question whether the polarised quark distributions
violate SU(3) s symmetry. A direct measurement of the strange sea is required for a final
conclusion about the reason for the violation of the Ellis-Jaffe sum rule.

5.6.4. Lattice QCD calculations

The measured first and second moments of Aw,(x) and Ad, (x) can be compared to pre-
dictions from a quenched lattice QCD calculation [Goe 97a]. In this calculation the first
moments of the valence distributions are

Au, = 0.84 £0.05, Ad, =—0.25+0.02 (5.37)

at Q? = 5 GeV? compared to the semi-inclusive result of Au, = 0.57 & 0.05 £ 0.08
and Ad, = —0.23 + 0.11 4+ 0.12 when evolved to the same scale. While the values for
Ad, agree within relatively large experimental errors, the first moment Aw, obtained in
this analysis is significantly lower than the lattice calculation. Note, however, that the
error quoted for the semi-inclusive result does not include the uncertainty related to low-x
extrapolation. This uncertainty is significantly diminished for the second moments where
it is much smaller than the experimental errors related to the integral over the measured
range. The lattice QCD calculation of the second moments yields

AWy, =0.198 +£0.008, AMd, = —0.048 £ 0.003 (5.38)

at Q%> = 4 GeV? compared to the HERMES value of A®My, = 0.131 & 0.009 + 0.013
and AWd, = —0.027 + 0.024 + 0.021 at the same scale. The deviation observed for
the first moment Aw, is also present for the second moment AW, where the deviation
corresponds to 3.8 standard deviations. The relative factors between the measured results
and the lattice predictions for the first and second moments of Aw.(z) are similar to those
observed in the unpolarised case [Goe 97b].

It has been shown in section 5.5.4 that the SMC results are consistent with the HER-
MES results. However, the value for the second moment AW, = 0.155+0.017+0.010
quoted by SMC at a scale of Q? = 10 GeV? [Ade 98a] is in agreement with the lattice
prediction of AMuy, = 0.1894-0.008 at the same scale whereas the HERMES value does
not agree with the lattice calculation.
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6. Summary

The major aim of the HERMES experiment at HERA/DESY s to investigate the spin
structure of the nucleon by polarised deep inelastic lepton-nucleon scattering.

In this thesis, spin asymmetries of the inclusive and semi-inclusive cross sections
for the production of positively and negatively charged hadrons have been extracted in
deep inelastic scattering of longitudinally polarised positrons from longitudinally po-
larised pure atomic hydrogen and 3He gas targets. The data cover a kinematic range
of 0.023 < z < 0.6 and 1 GeV? < @Q? < 10 GeV?. The inclusive asymmetries on both
targets are in agreement with measurements at SLAC and CERN. The semi-inclusive
asymmetries on *He were first measured by HERMES and no data exist for compar-
ison. The semi-inclusive asymmetries on the proton are in agreement with the results
from the SMC experiment at CERN. The experimental uncertainty of the world data on
semi-inclusive charged hadron asymmetries on the proton was significantly reduced by
the addition of the HERMES data from 1996 and 1997.

The measured inclusive asymmetries and semi-inclusive charged hadron asymmetries
on the hydrogen and ®He target were used to determine the polarised quark distributions
of the nucleon. The extraction was based on a leading order QCD formalism whereby the
LUND string fragmentation model was used to unfold the quark to hadron fragmentation
process. Polarised quark distributions were extracted for the up [Au(z) + Au(x)] and
down [Ad(z) + Ad(x)] flavours, and for valence [Au,(z), Ad,(x)] and sea quarks. In
order to reduce the statistical error of the measured sea quark distributions, it was assumed
that the polarisation of sea quarks is independent of flavour.

The up quark polarisation is found to be positive and the down quark polarisation is
negative over the measured range of z. Their absolute values increase with increasing
values of = and remain different from zero within the full z-range of the measurement.
The sea polarisation is compatible with zero over the measured z-range. The HERMES
results for the valence and sea quark polarisations are in agreement with the only other
measurement by SMC [Ade 98a]. The experimental errors of the up quark and the sea
quark polarisations are significantly smaller than those quoted by SMC, while the preci-
sion is similar for the down quark polarisation.

The first and second moments of the polarised quark distributions have been deter-
mined at Q% = 2.5 GeV2. The fraction of the nucleon spin carried by up, down and sea
quarks is found to be Au + A% = 0.58 £ 0.02 + 0.03, Ad + Ad = —0.27 £ 0.06 + 0.04
and As + As = —0.01 + 0.03 + 0.04, and the total faction of the nucleon spin carried
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by quark spins is AY = Au + Au + Ad + Ad + As + As = 0.30 £ 0.06 & 0.06.
The first moment of the flavour triplet combination of the polarised quark distributions
Aqs = Au+ At — Ad — Ad = 0.8540.07 £ 0.06 agrees with the prediction 1.00 £ 0.06
from the Bjarken sum rule at Q% = 2.5 GeV2. The measured value of the flavour octet
combination Ags = Au + At + Ad + Ad — 2(As + A5) = 0.33 £ 0.09 4 0.10 is con-
sistent with results from weak baryon decays using SU(3) flavour symmetry arguments.
Predictions from a quenched lattice QCD calculation overestimate the HERMES results
for the first and second moments of the polarised valence up quark distribution.

Since 1998 the HERMES experiment has been taking data on a polarised deuteron
target and has been equipped with a ring-imaging Cerenkov detector. The high statistics
data from HERMES on polarised deuterium will complement the high statistics data on
the proton and 3He, and will improve the precision with which the polarised quark distri-
butions can be extracted. The ring-imaging Cerenkov detector provides hadron identifi-
cation over the full momentum range and thus enables the measurement of semi-inclusive
kaon and pion spin asymmetries which are expected to provide a first direct measurement
of the strange and light sea quark polarisations.

This analysis contributed to the publication of the HERMES results on the Flavour
Decomposition of the Polarised Quark Distributions in the Nucleon from Inclusive and
Semi-inclusive Deep-inelastic Scattering [Ack 99].
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A. Formalism of the analysis

A.l. Extraction formalism for polarisation
symmetric sea distributions

For polarisation symmetric sea distributions the quark polarisations Aq/qs(x) were re-
lated to the measured inclusive and semi-inclusive spin asymmetries by Eq. (5.5). For
the flavour decomposition the asymmetries Agh) are written in terms of three independent
quark polarisations

Au + A
Py = ——, (A1)
u+u
Ad + Ad
S A.2
Pd d+d ) ( )
Ags
Pgs = q ) (A3)

where the assumption given in Eq. (5.8) is used to express the polarisations of the indi-
vidual sea quark flavours in terms of a single function Ags/q¢s. In order to determine the
parameters p,,, pq and p,, the numerator of Eq. (5.5) is rearranged in the following way

Agh)(l'z) X eiZipu [u_'_ﬂ] (IMQ) Pgs U xz: } D l‘z,Q?,Zk) AQ? Azk

gk

Au(:v,-,Qj)
+ edZ{pd d—f—ﬂﬂ xz;QQ — Pgs xzaQQ } .’L'Z, ?azk) AQ? Azk
Ad(xzan)
+ e qus x,,QQ) D" (in,Qj,Zk) AQ? Az
Jik M
S(IzaQ])
+ ..., (A.4)

where the symbol + ... represents the additional terms from the remaining sea quark
distributions which are rewritten in the same way as the As term. The variable z; denotes
the mean z value of bin 7 which is determined by averaging x over collected events within
each bin. Owing to Eq. (A.4) the quark polarisations p,,, ps and p,, are obtained at the
mean z and ? value of each z-bin.



100 A. Formalism of the analysis

The valence decomposition is obtained similarly by isolating the valence quark polar-
isations Au, /u, and Ad, /d, instead of the flavour combinations (Au+ Aw)/(u+u) and

(Ad + Ad)/(d + d). The sea polarisation Ags/gs is treated identically in both schemes.

Based on the expression (A.4) for Agh), Eq. (5.6) is solved in each z-bin for the respec-
tive quark polarisations using the program MINUIT (Version 94.1) [Jam 94] for function
minimisation and error analysis. MINUIT offers a choice of different algorithms for
function minimisation from which the standard MIGRAD algorithm was chosen.

A.2. Extraction formalism for SU(3) ; symmetric
sea distributions

The extraction of the quark polarisations assuming SU(3)  symmetric sea distributions
(Eq. 5.7) instead of polarisation symmetric sea distributions (Eq. 5.8) requires a technical
modification of the formalism. This modification is outlined in this paragraph.

Provided the quark polarisations Aq;/q; are independent of Q* in the limited = and
@Q?-range of the experiment the polarised quark distributions can be written as

~ AQf(xia Q%)

where @2 is chosen as the average Q% = 2.5 GeV? of the experiment. To obtain the
polarised quark distributions Agq(x;, Q3) the expression (5.3) is expressed as

qr(2i, Q%)) =

(A.6)

Agh) (x;) o Z e?
f

where the ratio q;(z;, Q7)/qy (2, Q3) is taken from parametrisations of unpolarised quark
distributions. For the flavour decomposition the asymmetries are written in terms of three
independent polarised quark distributions

Py = Au+ Au, (A7)
pe = Ad+Ad, (A.8)
Pgs = AQS ) (Ag)

where Eq. (5.7) is used to express the polarised sea distributions of the individual flavours
in terms of a single function Ags. In order to determine the parameters p,, pq and p,
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Eqg. (A.6) is rearranged in the following way

02 )
AP« Y - [S] ) D@ e A0 2
j,k\ - (%) 0 .,
Au(zi, Q)
d 1y Z -
+ eZZ{(fﬂd—pqs) {%H D (i, Q5 21) AQF Az
ik - 19 0 .,
Ad(l‘l,Q])
02 )
PN vza 0 g
As(zi, Q)
.o (A.10)

where the symbol + . . . represents the contributions from the remaining sea quarks. This
way, the polarised quark distributions are obtained at Q2 = 2.5 GeV?. The quark po-
larisations are then determined by dividing by the polarised quark distributions by the
respective unpolarised distributions at Q% = 2.5 GeV?.

The valence decomposition is obtained similarly by isolating the valence quark distri-
butions Aw, and Ad, instead of the flavour combinations Au + Az and Ad + Ad. The
sea distribution Ag; is treated identically in both schemes.

A.3. Parametrisations of unpolarised quark
distributions and A;

The polarised and unpolarised quark distributions Ag; and ¢, were defined in section 2.3
and are related to the structure functions ¢g; and F in LO QCD by Eqgs. (2.49) and (2.50).
Following Eq. (2.18) the inclusive asymmetry A; can be expressed in terms of the spin
structure function ¢, the unpolarised structure function F; and the ratio R = oy, /o by

92=0 gl(xan) _ gl(:v,QQ)
R(z,Q%)  (1+9°)F(z,Q*)/2e(1+ R(z, Q)]
The parametrisations of unpolarised quark distributions used in this analysis were

taken from CTEQ4LQ (NLO) [Lai 97] and alternatively from GRV (LO) [Glu 95]. The
LO parametrisations were obtained from a fit of the expression

Fy(z, Q) = e}z qp(x, Q) (A.12)
!

Ay (2, Q) (A.11)

to world data on Fy(z, @*) which were extracted from cross sections using non-zero val-
ues of R and 2.
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Figure A.1.: Parametrisations of unpolarised valence and sea quark distributions at Q% =

2.5 GeV?2, The different sets of parametrisations correspond to the following
publications: CTEQ4LQ (NLO) [Lai 97], GRV (LO) [Glu 95] and MRS(A)
(NLO) [Mar 95]. Note the different scales on the vertical axes for valence
and sea quark distributions.
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Following Eg. (2.56) for ¢, and Egs. (A.11) and (A.12), the inclusive asymmetry A,
Is given as a function of the polarised quark distributions Ag; and unpolarised quark
distributions ¢, by

1 +R(:c,Q2)] 25 ¢ Agp(w, Q%) _ (A.13)

1+~ > €t dr(z, Q%)

The unpolarised quark distributions ¢, are simply called ¢, in Eq. (5.1) and every-
where else in this text except for this section and section A.4. The distributions ¢, as
defined by F; in Eq. (2.55) are related to ¢; by ¢; = ¢; (1 + +*)/(1 + R). Relation
(A.13), which was derived for the inclusive asymmetry A;, applies in the same way to the
semi-inclusive hadron asymmetries A”. The quark polarisations extracted in this analysis
correspond to the ratio Ags/G;. In terms of Agy and ¢y the positivity limit |4, < 1
writes! |Aqy/q;| < (1+9%)/(1+ R).

The correction factor (1 + R)/(1 + ~?) is given in table B.1 at the average value of
x and Q2 of each z-bin. It decreases from 1.34 (1.34) at z = 0.033 to 0.97 (1.00) at
x = 0.46 for the inclusive (semi-inclusive) asymmetries. Consequently, Gy ~ 1.34 ¢; at
the lowest value of x while ¢, ~ ¢, at the highest z-value.

Fig. A.1 compares different parametrisations of unpolarised valence and sea quark
distributions which correspond to the following publications: CTEQ4LQ (NLO) [Lai 97],
GRV (LO) [Glu 95] and MRS(A) (NLO) [Mar 95]. Despite of the fact that the CTEQ4LQ
parametrisation is NLO, it was prefered to the LO GRV parametrisation because it is
superior to GRV in describing the F, data in the relatively low Q?-range of the HERMES
experiment. The difference of both parametrisations was included in the systematic error
of the extracted quark polarisations.

) = |

A.4. Parametrisations of polarised quark
distributions

In Fig. 5.6 the measured polarised quark distributions are compared to the LO parametri-
sations from De Florian et al. (0.1 < Ag < 0.8, LO) [Flo 98], Gehrmann and Stirling
(Gluon A, LO) [Ger 96] and Gliick et al. (Standard Scenario, LO) [Glu 96]. This sec-
tion outlines the corrections which have to be applied to these parametrisations to allow a
direct comparison with the results presented in this analysis.

The parametrisations of polarised quark distributions were obtained from fits to the
measured spin asymmetries A; or spin structure functions ¢;. In these fits, constraints
were imposed on the first moments of the spin distributions to fulfil the Bjgrken sum rule

LFor the extraction of polarised quark distributions the SMC Collaboration used the GRV LO parametrisa-
tion for the unpolarised quark distributions. However, they assumed that A, = 0 instead of go = 0. As-
suming A, = 0 the (1+~?) factor does not appear in Eq. (A.13) since in thiscase A; = (1+42) g1/ F1
(instead of A; = g1/ F; for go = 0) so that the 1 + ~? factor cancels.
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Figure A.2.:
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LO parametrisations of zAu. (z), zAd, (z) and zAgs(x) at Q% = 2.5 GeV=.
(See text for references.) The left-hand figures show the published distri-
butions. The right-hand figures show the parametrisations Gliick* and De
Florian* which were corrected by (1 + R) to allow a direct comparison with
Gehrmann. All sea quark distributions are SU(3) ; symmetric.
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Ags(Q?) = |ga/gv] ACNS(Q?) and the relation Ags(Q?) = (3F — D) ACYN5(Q?) which
is based on the assumption of SU(3) ; symmetry.

The LO parametrisations introduced above can be subdivided in two classes. The
first class, represented by Gliick and De Florian, obtained Ag;(z, Q?) from a fit of the
expression

~ 1 Zf efc Aqf(x7Q2)
A1(1’,Q ) — 1_'_72 Zf 6? (jf(I;Qz)

(A.14)

to the measured asymmetries A;(z,@?%). In these fits, the LO GRV parametrisation
was used as input for the unpolarised distributions ¢, which were extracted in the way
described in the previous section. It follows from the comparison of Eq. (A.14) with
Eq. (A.13) that the Gliick and De Florian parametrisations of Ag have to be divided by
(1 + R) to allow a direct comparison with the results of this analysis.

The second class of parametrisations is represented by the one from Gehrmann who
fits the expression

g1(z,Q%) = %Z 7 Agg(z, Q%) (A.15)
f

to the measured values of g, (z, Q?). In the analyses from experimental data g, is usually
derived from the measured A, according to g; ~ A, Fy with Fy, = (1++?)Fy/ [2z(1 + R)].
It follows that

1+ R(x, QZ)} 2z g1(z, Q%) {1 + R(x, QZ)] >op €7 Agy(e, Q%)
1+ 72 Fy(z,Q?) | 1472 > e Gr(r, Q?)
(A.16)

M) = |

which is consistent with Eq. (A.13). Consequently, the Gehrmann parametrisation can be
directly compared to the polarised quark distributions extracted in this analysis.

Fig. A.2 displays the LO polarised quark distributions from Gliick, De Florian and
Gehrmann. The figure shows both the published and the corrected Gliick and De Florian
distributions. The latter were obtained from the published ones by dividing by (1 + R).
All parametrisations shown in the figure are characterised by SU(3); symmetric sea dis-
tributions, i.e. Ags = Aug = Ady, = As = Au = Ad = As.

A.5. Construction of the covariance matrix V4
The statistical covariance V(A;, A;) of two types of asymmetries A; and A; is defined as
V(A 45) = ((Ai—(4) (4 —(45)) ), (A.17)

where the symbol (f) denotes the expectation value of the quantity f.
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Figure A.3.: Correlation coefficients p of count rates for inclusive and semi-inclusive DIS
events for a proton and 3He target.

The covariances V(A;, A;) of the different types of asymmetries can be related to the
covariances V(NV;, N;) of the respective particle count rates by

Vi) = 3 it VN
_ 88]‘\21 88]‘\21 V(Ni+, Nj+) + 88]\1;1;_ 88]‘\2]'_ V(N;i-, N;-)
- %[aazéi aaz@i aazéi aa_zvij V(N Ny)
~ aazéi afivii V(N;, N;), (A.18)

where Greek indices run over both spin states. In Eq. (A.18) it was made use of the fact
that the asymmetry A; for a given particle type only depends on the count rates for this
particle in both spin states (denoted as V;+ and NN;-) and that the two spin states are sta-
tistically uncorrelated (V(N;+, N;-) = 0). Furthermore, the approximations V;+ ~ N;/2
and consequently |0A;/ON;+| ~ |0A;/ON;-| were used. Under the same assumptions
the errors of the asymmetries become o4, = |0A;/ON;+| oy, and hence

04; O4;

O—Ni O'N].

so that the correlations p(A;, A;) = V(A;, A;)/ (04, 04;) of the different types of asym-
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Table A.1.: Correlation coefficients p of count rates for inclusive and semi-inclusive DIS
events for a proton and *He target [Tip 99].

Proton Helium-3
z || p(Nes Np+) | p(Ney Nip-) | p(Np— Np+) || p(Ney Np+) | p(Ney Np-) | p(Np—, Np+)
0.033 0.452 0.394 0.130 0.446 0.395 0.128
0.047 0.500 0.414 0.140 0.492 0.417 0.137
0.065 0.517 0.406 0.134 0.507 0.411 0.130
0.087 0.509 0.379 0.120 0.497 0.386 0.118
0.119 0.464 0.328 0.107 0.451 0.336 0.105
0.168 0.375 0.253 0.098 0.364 0.260 0.096
0.245 0.267 0.171 0.083 0.260 0.177 0.083
0.342 0.188 0.115 0.067 0.183 0.120 0.067
0.465 0.130 0.076 0.051 0.127 0.081 0.054

metries equal the correlations p(N;, N;) = V(N;, N;)/(on, on,) of the respective particle
count rates:

The correlations p(XV;, N;) are shown in Fig. A.3 and are given in table A.1 for the
count rates of inclusive and semi-inclusive DIS events. They were calculated from the
measured hadron multiplicities (n,) = (Nj)/(N,) according to [Tip 99]

p(Ne, Ny) = <”hi : (A.21)
(ni)

p(Nhlame) = M (A22)
(ny, ) (n,)

In addition, the asymmetry correlations p(A;, A;) have been determined directly from
PEPSI by generating a random sample of about 500 inclusive and semi-inclusive asym-
metries on both targets, each based on 5 - 10° DIS events per spin state. The correlations
p(A;, A;) extracted from the generated asymmetries are found to be in agreement with
the correlations p(NV;, N;) of the particle count rates. However, the statistical error? of
p(A;, A;) was significantly larger than the error of p(V;, N;) so that the covariance ma-
trix V4 was constructed from the covariances of the particle numbers using Eq. (A.20).

A.6. Systematic error calculation

This section describes the calculation of the systematic error of the extracted quark polar-
isations due to the systematic uncertainties of the measured asymmetries. The systematic

2The statistical error of the correlation coefficient p(A;, A;) decreases with the number M of asymmetries

like 1/v/M.
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uncertainties of the asymmetries were discussed in section 4.6.1. The systematic error of
the extracted quark polarisations Agqy /¢y due to the systematic error of the asymmetries
is calculated using the techniques of the covariance matrix [Bar 89], where a covariance
matrix V35 is constructed which contains the systematic error of the asymmetry vector
A,,. This covariance matrix is then added to the covariance matrix V5" which contains
the statistical covariances of A,,:

Vil =Val +Valt, (A.23)
and Eq. (5.6) is solved using the full covariance matrix given by Eq. (A.23). The system-
atic error ogyg Of the quark polarisations is defined by

Josys — \/ O—%‘OT — O—gTAT y (A24)

where oot IS the error of the extracted quark polarisations using the full covariance
matrix V397, and osrar is the error obtained for V5T In the following the construction
of V"> for each systematic error source i is discussed. The full covariance matrix is
then obtained from the sum V§Y8 = S~ V35,

Beam polarisation The contribution of the fractional beam polarisation error to the
covariance matrix V5Y° was calculated by*

[VPB],,: (%)2 _|_[pPB] (%) (%)
" PB / Risk Y\ Jcor: \ PB /cor,

where the correlation coefficient [p2],. was taken to be one for asymmetries of the
same year and zero for asymmetries of different years. Here, (dpg/pg)rise denotes
the systematic error obtained from the rise time calibration of the polarimeter and
(0ps/pB)cor refers to the systematic error due to the corrections which are applied
to the measured raw polarisation. The values of (0pg/pg)cor are given for each
year of data taking in section 4.6.1.

AjA;, (A25)

Target polarisation The fractional systematic error of the target polarisation was given
in section 4.6.1 for each year of data taking. Its contribution to the covariance matrix
can be written as

WP = [, (‘5L> (‘5i> 4 A;, (A.26)
pr i pr j

where [pPT], ; Isone for asymmetries of the same target and zero for different targets.

3To reduce the number of subscripts, in this section the notation A is used for the photon-nucleon asym-

metry A;. The symbol [V¥®],. = [Vj\;s’pB]  refers to the element of the covariance matrix V3" >7®

[3

in row ¢ and column j, where the indices ¢ and j run from 1 to 9.
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Cross section ratio R There are two contributions from R to the systematic error of
the quark polarisations. The first one arises from the depolarisation factor D which
depends on R and the second one from the (1 + R) factor in Eq. (5.1). It follows
from Egs. (2.33), (4.23) and (5.1) that §A4;/A; = 0R (1 — &)/[(1 + R)(1 + eR)].

The contribution to the covariance matrix then writes
1—¢ 2
Rl = SR| A; A A.27
V= \{mrma i’ (A-27)

where both R and 6 R were taken from [Whi 90].

Yield Fluctuations The systematic uncertainties of the inclusive and semi-inclusive
helium asymmetries due to the yield fluctuations observed for the 1995 data were
discussed in section 4.6.1. They were included into the helium part of the covari-
ance matrix according to

[VYIELD]’U — [5Ai:|YIELD [6Aj]YIELD ) (A28)
Radiative corrections The systematic error § (AAﬁ‘C) of the radiative correction term
AAﬁ{C is given in table 4.3 for the inclusive proton and the helium asymmetries. It

was included into the covariance matrix according to
VRO, = [P7C],; 0(AATC) 5(AAT), (A.29)

where §(AARC) = §(AAFC)/[D(1 + ny)] and [pRC]ij is one for inclusive asym-
metries of the same target and zero otherwise.

Smearing corrections Smearing corrections were applied to the proton asymmetries.
For the smearing corrections the statistical uncertainty dnsy; of the correction factor
nsm Was used as its systematic error. The systematic errors of the smearing correc-
tion factors were included into the proton part of the covariance matrix according
to

VM = [0M], onbAi kA (A:30)

where [p® ] is one for proton asymmetries which were obtained from the same
reconstruction method (1996: NOVC, 1997: STD) and zero otherwise.

Spin structure function g» The systematic error §(g;/F})¢ of the structure function
ratio g, / F due to the experimental uncertainty of g, was discussed in section 4.6.1.
The uncertainty of g, is the only systematic error source which contributes differ-
ently to the systematic error of A; and ¢, /F;. As discussed in section 4.6.1 it is the
systematic of g,/ F; and not A; which determines the systematic error of the quark
polarisations. The contribution of the uncertainty in g, to the covariance matrix is
given by

V2] =10 091/ P 8(g1 /) (A.31)
where [p9], i is one for asymmetries of the same target and zero otherwise.
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A.7. QCD corrections

In this section numerical values are derived for the first moments of the singlet and non-
singlet coefficient functions AC®(Q?) and ACN3(Q?) at Q* = 2.5 GeV?2. The coefficient
functions were used to calculate the Bjarken sum rule prediction for Ag; and the SU(3)
prediction for Agg at the HERMES scale. Furthermore, the correction factors were used
to evolve the values for Au + A%, Ad + Ad and As + A3 given in Ref. [Ell 96] to the
scale of Q? = 2.5 GeV2.

The scale dependence of the strong coupling constant is controlled by the renormalisa-
tion-group equation [Cas 98]

@2 513

QQaQQ s(QQ) = —27ras (Q2) g S(QZ) _ 647r3as (Qz) . (A.32)
where
2
BO = 11— gnf ,
Bl = 5l — ?nf ,
5033 325
Po = 2857 — Tnf 422 27 2 (A33)

and n; is the number of quarks with mass less than the energy scale Q2. When solving the
differential equation (A.32) for a,(Q?) the dimensional scale parameter A is introduced
as a constant of integration. Taking into account terms up to order «! in Eq. (A.32) the
scale dependence of the strong coupling constant reads*

9 4
as(Q7) = Bon(QPA7)
1 2_511n [In(Q?/A?)] N 437
B I(Q2/A?) Biin*(Q%/A?)

(m [In(Q%/A?)] — ) + %5610 - Z] }
(A.34)

For nf = 4 the combined deep inelastic scattering data on the scale dependence of «
yield A "f =Y = 305 + 56 MeV in the MS renormalisation scheme which corresponds to
a§5)(mz) = 0.117 4 0.004 [Cas 98]. Throughout this work n; = 3 is used as relevant for
the Q2-range of the HERMES experiment [Ell 96]. The procedure to calculate A from
Am is described in [Mar 84] where the following approximate relationship is derlved

2/27 9 107/2025
(3) ~ (4) me me
MS MS

4The expression (2.45) for o ,(Q?) corresponds to the solution of Eq. (A.32) for 3; = 0 fori > 1.
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For a charm quark mass m. = 1.25 + 0.15 GeV [Cas 98] the result for A% is 358 +
66 MeV and thus A%/A% ~ 1.17. With this value for A% it follows® from Eq. (A.34)

a® (2.5 GeV?) = 0.351 & 0.040 (A.36)

which corresponds to a” (m) = 0.107 + 0.003.
For n; = 3 the first moments of the non-singlet and singlet coefficient functions are
given by Eqgs. (2.61) and (2.62). For af®) = 0.351 £ 0.040 the numerical results are

ACP(2.5 GeV?) = 0.869 4 0.018, (A.37)
ACNS(2.5 GeV?) = 0.795 4+ 0.045, (A.38)

where the error of ACS and ACNS was calculated from the error of .
In the analysis from Ref. [Ell 96], which is based on the assumption of SU(3) ; sym-
metry, predictions are made for the first moments of the polarised quark distributions

Au+Auw = 0.82+0.03,
Ad+Ad = —0.44+0.03,
As+As = —0.1140.03, (A.39)

which refer to an evolution scale of Q? = cc. These values were derived from AY(c0) =
0.27, Ags(00) = |ga/gv| and Agg(oco) = 3F — D. When the values for AX, Ag; and
Agg are evolved to Q? = 2.5 GeV? according to

AY(2.5GeV?) = AX(c0) AC® (2.5 GeV?),
Ags(2.5 GeV?) = Ags(oco) ACN(2.5 GeV?),
Ags(2.5 GeV?) = Agg(oo) ACNS(2.5 GeV?), (A.40)

the results for the first moments of the polarised quark distributions at Q2 = 2.5 GeV? are

Au+Au = 0.66=+0.03, (A.41)
Ad+Ad = —0.35+0.03, (A.42)
As+ A5 = —0.08+0.02, (A.43)

and AYX = 0.23 4+ 0.04. Furthermore, using Eq. (A.38), the value for the Bjgrken sum
rule prediction at Q% = 2.5 GeV? is

9ga

Ag3(2.5 GeV?) =
gv

ACN5(2.5 GeV?) = 1.00 + 0.06 (A.44)

and the SU(3); prediction for Agg becomes

Agg(2.5 GeV?) = (3F — D) ACY(2.5 GeV?) = 0.46 £ 0.04 . (A.45)

5For n; = 4 one obtains ol (2.5 GeV?) = 0.347 + 0.035 and ol (m) = 0.114 = 0.004.






113

B. Tables of results

Table B.1.: Kinematical factors on the proton target and R-parametrisation. For each
x-bin the table shows the mean value of = and (? for inclusive and semi-
inclusive DIS events averaged over both spin states. The values of R(z, Q?)
were taken from the parametrisation of [Whi 90]. The kinematical factors &,
n, v, and D shown in the table were calculated from the mean values of =,
Q? and R (where necessary).

Bin| = [ @ | ¢ | n | ~» D R [1/0+m) | 01+R)/1++%
Inclusive DIS events
1 0.033 | 1.212 | 0.534 | 0.025 | 0.056 | 0.715 | 0.341 0.999 1.336
2 || 0.047 | 1.467 | 0.684 | 0.041 | 0.073 | 0.593 | 0.334 0.997 1.327
3| 0.065 | 1.717 | 0.788 | 0.061 | 0.093 | 0.490 | 0.323 0.994 1.312
4 || 0.087 | 1.991 | 0.849 | 0.083 | 0.116 | 0.417 | 0.308 0.991 1.291
5 0.119 | 2.303 | 0.897 | 0.113 | 0.147 | 0.349 | 0.287 0.984 1.259
6 || 0.168 | 2.660 | 0.934 | 0.157 | 0.193 | 0.285 | 0.250 0.971 1.205
71 0.245 | 3.056 | 0.961 | 0.225 | 0.263 | 0.227 | 0.202 0.944 1.124
8 || 0.342 | 3.743 | 0.969 | 0.289 | 0.332 | 0.204 | 0.158 0.913 1.044
9 || 0.465 | 5.164 | 0.967 | 0.332 | 0.384 | 0.216 | 0.116 0.887 0.973
Semi-inclusive DIS events with positively charged hadrons
1 0.033 | 1.207 | 0.538 | 0.025 | 0.056 | 0.712 | 0.341 0.999 1.336
2 | 0.047 | 1.455 | 0.690 | 0.042 | 0.073 | 0.587 | 0.335 0.997 1.327
3| 0.065 | 1.752 | 0.777 | 0.059 | 0.092 | 0.502 | 0.322 0.995 1.311
4 || 0.087 | 2.142 | 0.820 | 0.076 | 0.112 | 0.456 | 0.305 0.992 1.289
51 0.118 | 2.703 | 0.848 | 0.096 | 0.135 | 0.428 | 0.275 0.987 1.252
6 || 0.165 | 3.672 | 0.857 | 0.116 | 0.162 | 0.433 | 0.211 0.982 1.180
71 0.238 | 5.161 | 0.864 | 0.143 | 0.197 | 0.444 | 0.143 0.973 1.100
8 || 0.339 | 7.228 | 0.867 | 0.172 | 0.237 | 0.452 | 0.098 0.961 1.040
9 || 0.447 | 9.749 | 0.858 | 0.193 | 0.269 | 0.474 | 0.072 0.951 1.000
Semi-inclusive DIS events with negatively charged hadrons
1 0.033 | 1.207 | 0.538 | 0.025 | 0.056 | 0.712 | 0.341 0.999 1.336
2 | 0.047 | 1.455 | 0.690 | 0.042 | 0.073 | 0.587 | 0.335 0.997 1.327
3| 0.065 | 1.752 | 0.777 | 0.059 | 0.092 | 0.502 | 0.322 0.995 1.311
4 || 0.087 | 2.142 | 0.820 | 0.076 | 0.112 | 0.456 | 0.305 0.992 1.289
5 0.118 | 2.703 | 0.848 | 0.096 | 0.135 | 0.428 | 0.275 0.987 1.252
6 || 0.165 | 3.672 | 0.857 | 0.116 | 0.162 | 0.433 | 0.211 0.982 1.180
71 0.238 | 5.161 | 0.864 | 0.143 | 0.197 | 0.444 | 0.143 0.973 1.100
8 || 0.339 | 7.228 | 0.867 | 0.172 | 0.237 | 0.452 | 0.098 0.961 1.040
9 || 0.447 | 9.749 | 0.858 | 0.193 | 0.269 | 0.474 | 0.072 0.951 1.000
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Table B.2.: The 1997 proton asymmetries A'" = Aﬁh)/ [D(1 4+ n)].

Bin x Q? A+ stat.+ syst.

0.033 | 1.21 | 0.0749 £ 0.0076 £ 0.0050
0.047 | 1.47 | 0.1070 £ 0.0088 £ 0.0070
0.065 | 1.72 | 0.1160 £ 0.0097 £ 0.0090
0.087 | 1.99 | 0.1620 £ 0.0105 £ 0.0116
0.119 | 2.30 | 0.1910 £ 0.0112 £+ 0.0151
0.168 | 2.66 | 0.2520 +0.0140 £+ 0.0211
0.245 | 3.06 | 0.3250 £ 0.0177 £ 0.0271
0.342 | 3.74 | 0.4860 £ 0.0299 £ 0.0342
0.465 | 5.16 | 0.6400 £ 0.0415 £ 0.0449

© 00~ O Tt = W N =

Bin|| = | @2 AT + stat.+ syst.

0.033 | 1.21 | 0.0887 + 0.0183 £ 0.0067
0.047 | 1.46 | 0.1160 £ 0.0196 £ 0.0092
0.065 | 1.75 | 0.1330 +£0.0196 + 0.0112
0.087 | 2.14 | 0.1850 + 0.0223 + 0.0139
0.118 | 2.70 | 0.2500 £ 0.0242 £ 0.0170
0.165 | 3.67 | 0.2580 + 0.0286 £ 0.0235
0.238 | 5.16 | 0.4000 + 0.0400 £ 0.0278
0.339 | 7.23 | 0.4900 + 0.0805 + 0.0355
0.447 | 9.75 | 0.5560 + 0.1640 + 0.0468

© 00 ~J O Ot = W N+~

Bin x Q? AP 4 stat.+ syst.

0.033 | 1.21 | 0.0335 £+ 0.0236 + 0.0031
0.047 | 1.46 | 0.0902 + 0.0252 + 0.0038
0.065 | 1.75 | 0.0672 £ 0.0265 £ 0.0049
0.087 | 2.14 | 0.0214 £ 0.0298 £ 0.0068
0.118 | 2.70 | 0.1550 £ 0.0325 + 0.0097
0.165 | 3.67 | 0.1660 + 0.0408 + 0.0147
0.238 | 5.16 | 0.1970 + 0.0587 £+ 0.0214
0.339 | 7.23 | 0.6560 + 0.1220 £ 0.0302
0.447 | 9.75 | 0.1200 £ 0.2490 £ 0.0448

© 00 ~1 O Ot = W N =
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Table B.3.: Systematic error of the 1997 proton asymmetries. The table shows the to-
tal systematic error of Agh) and the contributions from each systematic error
source: Target (pr) and beam (pg) polarisation measurements, cross sec-
tion ratio R (R), radiative corrections (Rad. Corr.), combined acceptance
and smearing corrections (Smear. Corr.), yield fluctuations (Yield Fluct.) and
structure function g, (g-).

Inclusive asymmetry A;

Bin | Total pT PB R Rad. Corr. | Smear. Corr. | Yield Fluct. go
1 || 0.0050 | 0.0033 | 0.0025 | 0.0027 | 0.0001 0.0007 0.0000 0.0006
2 || 0.0070 | 0.0044 | 0.0033 | 0.0041 | 0.0000 0.0009 0.0000 0.0011
3 || 0.0090 | 0.0057 | 0.0043 | 0.0050 | 0.0000 0.0011 0.0000 0.0018
4 11 0.0116 | 0.0073 | 0.0055 | 0.0063 | 0.0000 0.0015 0.0000 0.0028
5 || 0.0151 | 0.0097 | 0.0073 | 0.0077 | 0.0000 0.0018 0.0000 0.0043
6 || 0.0211 | 0.0130 | 0.0098 | 0.0112 | 0.0000 0.0022 0.0000 0.0069
7 || 0.0271 | 0.0168 | 0.0127 | 0.0120 | 0.0001 0.0026 0.0000 0.0119
8 || 0.0342 | 0.0200 | 0.0150 | 0.0132 | 0.0001 0.0035 0.0000 0.0189
9 || 0.0449 | 0.0225 | 0.0170 | 0.0157 | 0.0001 0.0027 0.0000 0.0310

Semi-inclusive asymmetry A"

Bin | Total pT DB R Rad. Corr. | Smear. Corr. | Yield Fluct. g2
1 || 0.0067 | 0.0044 | 0.0033 | 0.0036 | 0.0000 0.0007 0.0000 0.0006
2 || 0.0092 | 0.0058 | 0.0044 | 0.0054 | 0.0000 0.0009 0.0000 0.0011
3 || 0.0112 | 0.0072 | 0.0054 | 0.0063 | 0.0000 0.0011 0.0000 0.0018
4 11 0.0139 | 0.0090 | 0.0067 | 0.0076 | 0.0000 0.0012 0.0000 0.0028
5 || 0.0170 | 0.0111 | 0.0084 | 0.0088 | 0.0000 0.0011 0.0000 0.0043
6 || 0.0235 | 0.0147 | 0.0111 | 0.0127 | 0.0000 0.0012 0.0000 0.0069
7 || 0.0278 | 0.0174 | 0.0131 | 0.0124 | 0.0000 0.0011 0.0000 0.0119
8 || 0.0355 | 0.0212 | 0.0160 | 0.0140 | 0.0000 0.0013 0.0000 0.0189
9 || 0.0468 | 0.0244 | 0.0184 | 0.0170 | 0.0000 0.0017 0.0000 0.0310

Semi-inclusive asymmetry A"~

Bin | Total pT PB R Rad. Corr. | Smear. Corr. | Yield Fluct. g2
1 || 0.0031 | 0.0020 | 0.0015 | 0.0016 | 0.0000 0.0008 0.0000 0.0006
2 || 0.0038 | 0.0023 | 0.0017 | 0.0021 | 0.0000 0.0009 0.0000 0.0011
3 || 0.0049 | 0.0029 | 0.0022 | 0.0026 | 0.0000 0.0009 0.0000 0.0018
4 1| 0.0068 | 0.0040 | 0.0031 | 0.0034 | 0.0000 0.0010 0.0000 0.0028
5 || 0.0097 | 0.0058 | 0.0044 | 0.0046 | 0.0000 0.0009 0.0000 0.0043
6 || 0.0147 | 0.0085 | 0.0064 | 0.0073 | 0.0000 0.0010 0.0000 0.0069
7 || 0.0214 | 0.0123 | 0.0093 | 0.0088 | 0.0000 0.0010 0.0000 0.0119
8 || 0.0302 | 0.0166 | 0.0125 | 0.0109 | 0.0000 0.0012 0.0000 0.0189
9 || 0.0448 | 0.0225 | 0.0170 | 0.0157 | 0.0000 0.0018 0.0000 0.0310
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Table B.4.: The 1996 proton asymmetries Agh) = Aﬁh)/ [D(1 + nv)].

Bin x Q? A= stat. = syst.

0.033 | 1.21 | 0.0863 + 0.0123 + 0.0059
0.047 | 1.47 | 0.0967 + 0.0146 + 0.0082
0.065 | 1.72 | 0.1210 £ 0.0155 £ 0.0105
0.087 | 2.00 | 0.1690 £+ 0.0172 £ 0.0135
0.119 | 2.31 | 0.2140 £ 0.0187 £ 0.0177
0.168 | 2.66 | 0.2340 £ 0.0223 £ 0.0245
0.244 | 3.08 | 0.3260 + 0.0280 + 0.0315
0.342 | 3.77 | 0.3750 £ 0.0483 £ 0.0391
0.465 | 5.25 | 0.5740 £ 0.0682 + 0.0497

© 00~ O Tt = W N =

Bin|| = | @2 AT + stat.+ syst.

0.033 | 1.20 | 0.0825 £ 0.0312 £ 0.0079
0.047 | 1.45 | 0.0999 + 0.0318 £+ 0.0107
0.065 | 1.75 | 0.1490 + 0.0336 + 0.0132
0.087 | 2.14 | 0.1720 £+ 0.0363 + 0.0163
0.118 | 2.72 | 0.2510 £ 0.0384 £ 0.0200
0.166 | 3.68 | 0.2270 £ 0.0469 £ 0.0273
0.239 | 5.18 | 0.4800 + 0.0635 £ 0.0323
0.338 | 7.26 | 0.2340 + 0.1300 + 0.0408
0.449 | 9.81 | 0.8910 + 0.2610 £+ 0.0521

© 00 ~J O Ot = W N+~

Bin x Q? AP 4 stat.+ syst.

0.033 | 1.20 | 0.0905 + 0.0394 + 0.0036
0.047 | 1.45 | 0.1060 + 0.0415 + 0.0043
0.065 | 1.75 | 0.0644 + 0.0426 £ 0.0056
0.087 | 2.14 | 0.1650 £ 0.0485 £ 0.0078
0.118 | 2.72 | 0.2560 £ 0.0523 £ 0.0111
0.166 | 3.68 | 0.2840 + 0.0679 + 0.0167
0.239 | 5.18 | 0.2760 + 0.0929 + 0.0244
0.338 | 7.26 | 0.4380 + 0.1970 £ 0.0340
0.449 | 9.81 | 0.1080 + 0.4130 £ 0.0496

© 00 ~1 O Ot = W N =
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Table B.5.: Systematic error of the 1996 proton asymmetries. The table shows the to-
tal systematic error of Agh) and the contributions from each systematic error
source: Target (pr) and beam (pg) polarisation measurements, cross sec-
tion ratio R (R), radiative corrections (Rad. Corr.), combined acceptance
and smearing corrections (Smear. Corr.), yield fluctuations (Yield Fluct.) and
structure function g (g2).

Inclusive asymmetry A;

Bin | Total pT PB R Rad. Corr. | Smear. Corr. | Yield Fluct. g2
1 || 0.0059 | 0.0046 | 0.0025 | 0.0027 | 0.0001 0.0007 0.0000 0.0006
2 || 0.0082 | 0.0061 | 0.0033 | 0.0041 0.0000 0.0009 0.0000 0.0011
3 || 0.0105 | 0.0079 | 0.0043 | 0.0050 0.0000 0.0011 0.0000 0.0018
4 |1 0.0135 | 0.0101 | 0.0055 | 0.0063 | 0.0000 0.0015 0.0000 0.0028
5 || 0.0177 | 0.0134 | 0.0073 | 0.0077 0.0000 0.0018 0.0000 0.0043
6 || 0.0245 | 0.0180 | 0.0098 | 0.0112 0.0000 0.0022 0.0000 0.0069
7 | 0.0315 | 0.0232 | 0.0127 | 0.0120 | 0.0001 0.0026 0.0000 0.0119
8 || 0.0391 | 0.0275 | 0.0150 | 0.0132 | 0.0001 0.0035 0.0000 0.0189
9 || 0.0497 | 0.0310 | 0.0170 | 0.0157 0.0001 0.0027 0.0000 0.0310

Semi-inclusive asymmetry A""

Bin || Total pT PB R Rad. Corr. | Smear. Corr. | Yield Fluct. g2
1] 0.0079 | 0.0061 | 0.0033 | 0.0036 0.0000 0.0007 0.0000 0.0006
2 || 0.0107 | 0.0080 | 0.0044 | 0.0054 | 0.0000 0.0009 0.0000 0.0011
3 | 0.0132 | 0.0100 | 0.0054 | 0.0063 | 0.0000 0.0011 0.0000 0.0018
4 || 0.0163 | 0.0123 | 0.0067 | 0.0076 0.0000 0.0012 0.0000 0.0028
5 || 0.0200 | 0.0153 | 0.0084 | 0.0088 | 0.0000 0.0013 0.0000 0.0043
6 || 0.0273 | 0.0203 | 0.0111 | 0.0127 | 0.0000 0.0011 0.0000 0.0069
71| 0.0323 | 0.0239 | 0.0131 | 0.0124 0.0000 0.0011 0.0000 0.0119
8 || 0.0408 | 0.0292 | 0.0160 | 0.0140 0.0000 0.0015 0.0000 0.0189
9 || 0.0521 | 0.0336 | 0.0184 | 0.0170 | 0.0000 0.0019 0.0000 0.0310

Semi-inclusive asymmetry AP~

Bin | Total pT DB R Rad. Corr. | Smear. Corr. | Yield Fluct. g2
1 || 0.0036 | 0.0027 | 0.0015 | 0.0016 | 0.0000 0.0008 0.0000 0.0006
2 || 0.0043 | 0.0031 | 0.0017 | 0.0021 0.0000 0.0009 0.0000 0.0011
3 || 0.0056 | 0.0040 | 0.0022 | 0.0026 0.0000 0.0009 0.0000 0.0018
4 11 0.0078 | 0.0056 | 0.0031 | 0.0034 | 0.0000 0.0010 0.0000 0.0028
5| 0.0111 | 0.0080 | 0.0044 | 0.0046 | 0.0000 0.0009 0.0000 0.0043
6 || 0.0167 | 0.0117 | 0.0064 | 0.0073 0.0000 0.0010 0.0000 0.0069
7 | 0.0244 | 0.0170 | 0.0093 | 0.0088 | 0.0000 0.0010 0.0000 0.0119
8 || 0.0340 | 0.0228 | 0.0125 | 0.0109 | 0.0000 0.0014 0.0000 0.0189
9 || 0.0496 | 0.0310 | 0.0170 | 0.0157 0.0000 0.0019 0.0000 0.0310




118 B. Tables of results

Table B.6.: The 1995 3He asymmetries Agh) = Aﬁh)/ [D(1 4+ nv)].

Bin T Q? A= stat. = syst.
1 0.033 | 1.22 | —0.0357 £+ 0.0134 4+ 0.0043
2 0.048 | 1.47 | —0.0086 + 0.0144 4+ 0.0035
3 0.065 | 1.73 | —0.0275 £ 0.0155 £ 0.0037
4 0.087 | 2.00 | —0.0248 + 0.0180 £ 0.0037
5) 0.118 | 2.31 | —0.0337 £+ 0.0194 4+ 0.0043
6 0.166 | 2.66 | —0.0381 + 0.0234 4+ 0.0055
7 | 0.239 | 3.07 | —0.0064 + 0.0299 4+ 0.0078
8 0.338 | 3.79 0.0783 4+ 0.0514 + 0.0116
9 0.450 | 5.25 | —0.0236 + 0.0737 £ 0.0187

Bin|| = | @2 AT+ stat.+ syst.
1 0.033 | 1.21 | —0.0510 £ 0.0320 4+ 0.0061
2 0.048 | 1.45 | —0.0110 £ 0.0330 £ 0.0065
3 0.065 | 1.75 | —0.0300 £ 0.0340 4+ 0.0065
4 0.087 | 2.14 | —0.0350 £ 0.0390 4+ 0.0065
) 0.118 | 2.71 | —0.0240 + 0.0410 £ 0.0069
6 0.165 | 3.68 0.0060 4 0.0490 + 0.0076
7 || 0.238 | 5.18 | —0.1550 £ 0.0670 4 0.0095
8 0.337 | 7.21 | —0.0920 + 0.1380 4+ 0.0128
9 0.447 1 9.81 | —0.1100 £ 0.2890 4 0.0198

Bin|| « Q? AP 4 stat.+ syst.
0.033 | 1.21 | —0.0790 & 0.0370 £ 0.0058
0.048 | 1.45 0.0210 £ 0.0390 £ 0.0057
0.065 | 1.75 | —0.0210 £ 0.0420 £ 0.0059
0.087 | 2.14 0.0270 £ 0.0490 £ 0.0058
0.118 | 2.71 0.0090 £ 0.0530 £ 0.0061
0.165 | 3.68 | —0.0220 % 0.0660 = 0.0068
0.238 | 5.18 0.0640 £ 0.0920 £ 0.0089
0.337 | 7.21 | —0.2290 £ 0.1990 £+ 0.0124
0.447 | 9.81 0.3080 £ 0.6480 4+ 0.0192

© 00 1 O Ot = W N =
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Table B.7.: Systematic error of the 1995 proton asymmetries. The table shows the to-
tal systematic error of Agh) and the contributions from each systematic error
source: Target (pr) and beam (pg) polarisation measurements, cross sec-
tion ratio R (R), radiative corrections (Rad. Corr.), combined acceptance
and smearing corrections (Smear. Corr.), yield fluctuations (Yield Fluct.) and
structure function g (g2).

Inclusive asymmetry A;

Bin || Total pr DB R Rad. Corr. | Smear. Corr. | Yield Fluct. g2
1| 0.0043 | 0.0012 | 0.0010 | 0.0009 | 0.0029 0.0000 0.0026 0.0003
2 1| 0.0035 | 0.0012 | 0.0010 | 0.0010 0.0013 0.0000 0.0026 0.0006
3 || 0.0037 | 0.0015 | 0.0012 | 0.0012 0.0006 0.0000 0.0026 0.0010
4 || 0.0037 | 0.0014 | 0.0011 | 0.0011 0.0002 0.0000 0.0026 0.0016
5 || 0.0043 | 0.0016 | 0.0013 | 0.0011 0.0006 0.0000 0.0026 0.0025
6 || 0.0055 | 0.0017 | 0.0013 | 0.0013 0.0010 0.0000 0.0026 0.0040
7 || 0.0078 | 0.0017 | 0.0013 | 0.0011 0.0014 0.0000 0.0026 0.0069
8 || 0.0116 | 0.0015 | 0.0012 | 0.0009 | 0.0018 0.0000 0.0026 0.0110
9 || 0.0187 | 0.0012 | 0.0010 | 0.0008 0.0020 0.0000 0.0026 0.0183

Semi-inclusive asymmetry A""

Bin || Total pr DB R Rad. Corr. | Smear. Corr. | Yield Fluct. g2
1]/ 0.0061 | 0.0013 | 0.0010 | 0.0010 0.0000 0.0000 0.0057 0.0003
2 || 0.0065 | 0.0019 | 0.0015 | 0.0016 | 0.0000 0.0000 0.0057 0.0006
3 || 0.0065 | 0.0019 | 0.0015 | 0.0015 | 0.0000 0.0000 0.0057 0.0010
4 1| 0.0065 | 0.0017 | 0.0013 | 0.0013 0.0000 0.0000 0.0057 0.0016
5 | 0.0069 | 0.0019 | 0.0015 | 0.0014 | 0.0000 0.0000 0.0057 0.0025
6 || 0.0076 | 0.0020 | 0.0016 | 0.0015 | 0.0000 0.0000 0.0057 0.0040
7 || 0.0095 | 0.0023 | 0.0018 | 0.0015 0.0000 0.0000 0.0057 0.0069
8 || 0.0128 | 0.0022 | 0.0018 | 0.0014 0.0000 0.0000 0.0057 0.0110
9 || 0.0198 | 0.0034 | 0.0027 | 0.0022 | 0.0000 0.0000 0.0057 0.0183

Semi-inclusive asymmetry AP~

Bin | Total pT DB R Rad. Corr. | Smear. Corr. | Yield Fluct. g2
1 || 0.0058 | 0.0012 | 0.0010 | 0.0009 | 0.0000 0.0000 0.0055 0.0003
2 || 0.0057 | 0.0010 | 0.0008 | 0.0008 0.0000 0.0000 0.0055 0.0006
3 || 0.0059 | 0.0012 | 0.0010 | 0.0010 0.0000 0.0000 0.0055 0.0010
4 | 0.0058 | 0.0007 | 0.0006 | 0.0006 | 0.0000 0.0000 0.0055 0.0016
5 || 0.0061 | 0.0007 | 0.0006 | 0.0005 | 0.0000 0.0000 0.0055 0.0025
6 || 0.0068 | 0.0007 | 0.0005 | 0.0005 0.0000 0.0000 0.0055 0.0040
7 1| 0.0089 | 0.0009 | 0.0007 | 0.0006 | 0.0000 0.0000 0.0055 0.0069
8 || 0.0124 | 0.0012 | 0.0010 | 0.0007 | 0.0000 0.0000 0.0055 0.0110
9 || 0.0192 | 0.0016 | 0.0013 | 0.0010 0.0000 0.0000 0.0055 0.0183
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Table B.8.: The flavour decomposition (Au + Aw)/(u + u), (Ad + Ad)/(d + d), and
Ags/qs of the quark polarisation as a function of x derived from the HER-
MES inclusive and semi-inclusive asymmetries on the *He and proton tar-
gets. The sea polarisation is assumed to be flavour symmetric in this analysis.

Bin %i stat.+ syst. %i stat.+ syst. Ags/ g+ stat.+ syst.
1 0.106 &= 0.013 £ 0.008 | —0.137 £ 0.052 £ 0.018 0.017 £ 0.095 £ 0.048
2 0.109 +0.014 4+ 0.007 | —0.068 &= 0.057 &= 0.012 0.112 £ 0.104 £+ 0.026
3 0.144 +0.015 £ 0.010 | —0.133 £0.063 £ 0.012 | —0.056 £ 0.125 £ 0.077
4 0.193 4+ 0.016 & 0.015 | —0.151 £ 0.078 =0.014 | —0.2154+0.172 4+ 0.151
5) 0.216 £ 0.018 £ 0.013 | —0.216 £ 0.092 £+ 0.022 0.128 +0.240 £ 0.121
6 0.267 & 0.021 £ 0.017 | —0.250 £ 0.126 £ 0.036 0.193 £ 0.453 £ 0.149
7 0.362 +0.028 £ 0.023 | —0.256 £ 0.198 £0.059 | —1.222 +1.131 £+ 0.607
8 0.386 &+ 0.045 £ 0.027 0.499 + 0.405 £ 0.097 0.000 £ 0.000 £ 0.958
9 0.667 &= 0.065 £ 0.040 | —1.096 £ 0.813 £ 0.109 0.000 &= 0.000 = 1.024

Table B.9.: Correlation coefficients of the quark polarisations (Au+ Aa) /(u+a), (Ad+
Ad)/(d + d), and Ags/gs in each z-bin. Also shown is the y2. /NDF of the

fit.
Correlation coefficients
o | (3 530) | (e 50 [ (343730 | /P
1 —0.718 —0.081 —0.390 0.89
2 —0.708 —0.008 —0.405 0.18
3 —0.673 —0.047 —0.423 0.09
4 —0.639 —0.084 —0.438 1.92
5 —0.619 —0.055 —0.455 1.38
6 —0.584 —0.090 —0.459 0.84
7 —0.487 —0.298 —0.435 2.35
8 —0.724 0.000 0.000 2.03
9 —0.756 0.000 0.000 0.94
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Table B.11.: The valence decomposition Au, /u,, Ad,/d, and Ags/qs of the quark po-

larisation as a function of x, derived from the HERMES inclusive and semi-
inclusive asymmetries on the *He and proton targets. The sea polarisation

is assumed to be flavour symmetric in this analysis.

Bin

Au, [u,=+ stat.+ syst.

Ad, /d,+ stat.+ syst.

Ags/qs+ stat.+ syst.

© 00 ~J O Ot = W N

0.214 £ 0.122 + 0.067
0.107 £ 0.096 £ 0.026
0.271 £ 0.083 = 0.058
0.376 & 0.081 = 0.079
0.241 £ 0.075 £ 0.045
0.279 £ 0.082 £ 0.038
0.480 £ 0.099 £ 0.057
0.398 £0.046 £ 0.044
0.674 £ 0.066 £ 0.042

—0.468 + 0.306 £ 0.148
—0.376 £ 0.278 £ 0.098
—0.239 £0.272 £ 0.116
—0.080 = 0.303 £ 0.163
—0.520 £ 0.326 £0.114
—0.536 £ 0.430 £ 0.077

0.141 £ 0.659 + 0.334

0.629 £0.510 £ 0.316
—1.247 £ 0.925 £ 0.204

0.018 £ 0.095 £ 0.048
0.112 £ 0.103 £ 0.026
—0.055 £ 0.125 £ 0.077
—0.215 £ 0.171 £ 0.149
0.129 £ 0.240 £+ 0.122
0.192 £ 0.452 £+ 0.149
—1.191 £ 1.127 £ 0.595
0.000 £ 0.000 £ 0.958
0.000 £ 0.000 £ 1.024

Table B.12.: Correlation coefficients of the quark polarisations Auw,/u,, Ad,/d, and
Aqs/qs in each z-bin. Also shown is the x2,,,/NDF of the fit.

Correlation coefficients
Bin || (Auy/uy, Ady/dy) | (Auy/uy, Ags/qs) | (Ady/dy, Ags/qs) || X2;,/NDF
1 0.729 —0.967 —0.863 0.89
2 0.700 —0.955 —0.858 0.18
3 0.696 —0.949 —0.863 0.09
4 0.699 —0.943 —0.871 1.92
5 0.705 —0.936 —0.882 1.38
6 0.734 —0.935 —0.902 0.84
7 0.768 —0.938 —0.922 2.35
8 —0.724 0.000 0.000 2.03
9 —0.756 0.000 0.000 0.94
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Table B.14.: Non-default JETSET-7.4 parameters of the tuned LUND string fragmen-

tation model and of the tuned independent fragmentation model as used to
generate the fragmentation functions. The quark polarisations have been
extracted using the fragmentation functions generated by the tuned LUND
model with parameter settings from [Gei 98a] (SF1). To estimate the sys-
tematic uncertainty of SF1, the fragmentation functions were constructed
from an alternative fit of the LUND model [Gei 98b] (SF2), and from the
tuned independent fragmentation model [Gei 98b] (IF). In the table, the
symbol — indicates that the parameter was set to the default value.
The parameters shown in the table have the following meanings [Sj0 94]:
PARJ (1): Suppression factor of diquark-antidiquark pair production in
the colour field, compared with quark-antiquark production. PARJ (14):
Probability that a spin 0 meson is produced with an orbital angular momen-
tum 1. PARJ (21): Width (p, ) of the transverse momentum distributions
for primary hadrons (see Eq. (2.81)). PARJ (41) [PARJ (42) ]: Parame-
ter a [b] of the symmetric LUND fragmentation function (see Eq. (2.82)).
MSTJ (1) : Choice of the fragmentation scheme (1: String fragmentation, 2:
Independent fragmentation). MSTJ (2) : Gluon jet fragmentation scheme in
independent fragmentation (3: A gluon is assumed to fragment like a pair
of a u, d, or s quark and its anti-quark, sharing the gluon energy according
to the Altarelli-Parisi splitting function, 1: A gluon is assumed to fragment
like a random wu, d, or s quark or anti-quark). MSTJ (3) : Energy, momen-
tum and flavour conservation options in independent fragmentation (0: No
explicit conservation of any kind, 1: Particles share momentum imbalance
compensation according to their energy. Roughly equivalent to boosting
event to the centre of mass frame). MSTJ (42): Type of branching al-
lowed in shower (1: QCD type branchings of quarks and gluons, 2: Coher-
ent branching, i.e. with angular ordering).

Name in JETSET Default value | SF1 | SF2 | IF
PARJ (1) 0.10 — 0.01 —
PARJ (14) 0.00 — — 10.23
PARJ (21) [GeV] 0.36 0.34 | 0.40 | 0.31
PARJ (41) 0.30 0.82 | 0.15 | 1.38
PARJ (42) [GeV~?] 0.58 0.24 | 0.35 | 1.16
MSTJ (1) 1 — — 2
MSTJ (2) 3 — — 1
MSTJ (3) 0 — — 1
MSTJ (42) 2 — — 1
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