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Chapter 1

Introduction

Deep-inelastic lepton-nucleon scattering (DIS) experiments have shown that nucleons
are composed of point-like particles. It was measured in these experiments that the
cross-sections only weakly depend on the transferred four-momentum. This result was
interpreted as elastic scattering of the lepton from a parton in the nucleon. These
partons were already predicted by Gell-Mann[1] and Zweig[2] and named quarks. The
first model, with which the properties of the baryons and mesons with smallest mass
could be described, contained three quarks and their anti-quarks, namely u (@), d (d)
and s (5). Later the model was extended and the ¢, b and ¢ and their anti-quarks were
added.

The model with which the first DIS experiments were described was named the
quark-parton model (QPM). In this model DIS lepton-nucleon scattering is charac-
terized by two structure functions, which depend on a dimensionless quantity named
the Bjorken scaling variable x [3]. This variable represents the fraction of the nucleon
momentum carried by the quarks in a specific coordinate system named Breit frame. A
more systematic study of DIS lepton-nucleon scattering showed that the quarks could
not account for the total nucleon momentum. The missing part was attributed to the
gluons, which have spin-1. The interaction between the spin—% quarks and the spin-1
gluons is described in QCD (Quantum Chromo Dynamics). With this theory many
properties of hadrons and mesons, which are composed of three quarks and a quark
anti-quark pair, respectively, and their interactions are described successfully. The
contributions of the valence quarks (u,d) and of the sea quarks @, d and s, 5 to the
nucleon momentum have been extracted from semi-inclusive DIS, in which in addition
to the scattered electron an emitted hadron is detected.

In this description of the nucleon, wherein the nucleon consists of quarks which

interact through the exchange of gluons, the question arises how the nucleon spin is
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composed. In the naive QPM the nucleon spin is the sum of the spins of the three
valence quarks. Moreover, the sea-quarks and the gluons may contribute to the nucleon
spin. Finally, the orbital momentum of the quarks may contribute to nucleon spin as
well.

This leads to following expression for the total nucleon spin :

%:%AE+AG+L2, (1.1)

where AY and AG represent the spin contribution of quarks and gluons and L. is
the contribution from the orbital angular momentum of the quarks and gluons.

Information on the composition of the nucleon spin has been extracted from a
QCD analysis of the structure function g;. This structure function is obtained from
the measured cross sections for inclusive scattering of polarized leptons off polarized
nucleons over a wide range of transferred four-momentum squared Q% and the Bjorken
scaling variable z. By integrating g;(x) over x it is concluded that only about 20 % of
the nucleon spin, as predicted by the Jaffe sum rule, is accounted for by the quarks [4].
This implies a sizeable contribution of the gluons and/or the orbital angular momentum
to the nucleon spin.

Thus far, theoretical studies have not yet resulted in an accurate predictions for
AG 1[5, 6] as model-dependent assumptions are needed to evaluate AG.

The contribution of the gluons to the nucleon spin can be determined experimentally
by isolating events produced by Photon-Gluon Fusion (PGF). In this process a ¢g pair
is created that most likely fragments into two mesons. If a meson-pair with small mass
(pions and kaons) is created out of a uii, dd or s5 pair the mesons are characterized by
a large transverse momentum. If a c¢ pair is created the fragmentation either leads to
the formation of two charmed mesons or a charmed baryon and a charmed meson of
opposite charge.

Within the HERMES collaboration several investigations have been made to explore
the possibilities to isolate charm production processes.

The cross section for J/W¥ electroproduction has been determined and found to be
in satisfactory agreement with the existing data [7].

The cross sections for electroproduction of the D** were extracted from the hadronic
decay D** — D°( — K—7")nt and D*~ — D% — K*7~)r~. For this study the
data taken in 1997 were used. The measured cross-sections were found to be in good
agreement with perturbative QCD expectations and the world data [8, 9].

Recently an investigation of A} photoproduction in the decay channel A} — A%z



and A7 — A%7* X has been performed [10]. The cross section for A} photo-production
has been determined and found to be substantionally larger than expected for PGF
alone. In addition double spin asymmeties have been measured with large statistical

uncertainties.

This thesis reports on a measurement of the double-spin asymmetry of D*~ mesons
created in a quasi-real photo production reaction, performed within the HERMES
collaboration at DESY. In contrast to the D* meson production studies mentioned

above, the present work focusses on the semi-leptonic decay channel D*~ — D%~ —
Kte v.m.

In chapter 2 the theory of deep-inelastic scattering (DIS) and its application to
studies of the nucleon spin is briefly reviewed. Then the way to access the gluon

polarization via the double-spin asymmetry is described.

In chapter 3 the results of two Monte-Carlo calculations, performed with the pro-
grams AROMA and PYTHIA, are presented and discussed. The Monte-Carlo data are
used to simulate the semi-leptonic decay of charmed D*~ mesons. With the generated
e, K™ and 7~ events selection criteria are developed with which the fraction of events

from D*~ decay is enhanced with respect to the background.

Chapter 4 is devoted to a brief description of the HERMES experiment and its
detectors. Special attention is given to the HERMES Particle Identification (PID)
system.

In chapter 5 the analysis of data taken in the years 1999 and 2000 is described in
detail, various selection criteria, mainly based on the Monte Carlo calculations, are
applied to select events from D*~ decay. The results are presented in mass difference
spectra AM = Mp«— — Mpo.

The AM spectra and the double-spin asymmetry extracted from these data are
discussed in chapter 6. Surprisingly, not only events from D*~ decay were selected in
the data analysis. A sizeable fraction of the ‘background events’ in the AM spectrum
could be assigned to the decay of K* mesons. This observation may open a new window

to study the contribution of gluons to the nucleon spin.
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Chapter 2

Deep-Inelastic Lepton-Nucleon
Scattering

2.1 Introduction

In this chapter, the formalism for deep-inelastic lepton-nucleon scattering and in par-
ticular the creation of charmed mesons through the photon-gluon fusion process, will
be briefly discussed. In section 2.2, the relevant kinematical variables needed to de-
scribe the cross section for deep inelastic scattering (DIS) of energetic electrons from
nucleons are introduced. Then the formalism for DIS of unpolarized and polarized
electrons from unpolarized and polarized nucleons will be discussed and applied in the
quark-parton model (sections 2.3-2.5). This formalism will be extended by including
the gluons, with emphasis on the production of charmed mesons (section 2.6).

2.2 Kinematical variables

The general expression for the interaction of an energetic electron with a nucleon reads
as

I+N=10+X,

where [ and [” are the incident and the scattered electron, N is the target nucleon and
X represents the hadrons in the final state. In this interaction an uncharged boson
i.e. a photon or a Z° boson, is exchanged. At the energies provided by HERA, the
reaction is dominated by the exchange of a virtual photon. In figure 2.1 this process is

schematically depicted. The four-momenta of the incident and scattered electron are
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indicated by k = ( E, k ) and k¥ = (E’, k'), respectively. The negative square of the
four-momentum of the exchanged virtual photon is equal to

Q?=-q =—(k-K) (2.1)

with ¢ = (v, ¢). Neglecting the electron mass this equation reduces to:

Q% ~ 2EF'(1 — cosf) 2 AEFE'sin0/2, (2.2)

where 6 is the scattering angle of the electron in the laboratory system.

Furthermore, the invariant mass of the photon-nucleon system is
W? = (P + q)* (2.3)

For a fixed target the four-momentum of the nucleon, indicated by P, is equal to the
nucleon mass M in the laboratory frame. This leads to an invariant energy W in the
laboratory frame of

2 Lab

W M? +2Mv — Q3 (2.4)

Commonly, the DIS process is described by dimensionless scaling variables, which
are defined as

_q2 _ Q2
2P.q 2Mv’

where z, ranging from 0 to 1, is a measure of the inelasticity of the process (e.g. © =1

T

(2.5)

corresponds to elastic scattering) and

P-q v
VEP kB (2:6)
y is the fraction of the initial lepton energy transferred by the photon to the nucleon.
When in addition to the scattered electron an emitted hadron is detected, the
reaction is named semi-inclusive DIS. Two additional scaling variables are introduced
to describe this process. The first one represents the fraction of the energy z acquired

by the emitted hadron, which is defined as
PPy L Ep

(2.7)

N
Il

P-q v

E}, is the energy transferred to the hadrons in the final state and P, = (Ep, ph)
indicates the four-momentum of a final-state hadron. The other one is defined as

P, 2%p)

Tp =77 = ’
Pl w

(2.8)



2.3 Inclusive Deep-Inelastic Scattering

parton

Photon

ya
~

Nucleon

pS

L epton

Figure 2.1: Deep-inelastic lepton-nucleon scattering in the parton model, presented
in the laboratory frame and in the Breit frame.

where p| is the longitudinal momentum component of the hadron, and distinquishes
between hadrons from the interaction (so-called current fragmentation with zp > 0),

and hadrons from the target remnant (zp < 0).

2.3 Inclusive Deep-Inelastic Scattering

Assuming one-photon exchange the cross section for DIS of a lepton from a nucleon can
be expressed as the product of a lepton tensor L,, and a hadron tensor M* [11, 12],
d*o a? B

agaa - grg e (2.9)

where () denotes the solid angle and a the electromagnetic coupling constant. The
lepton tensor contains the product of the lepton currents. If the electron and target
nucleon are unpolarized one has to average over the spins in the initial state and to
sum over the spins in the final state. In this case the lepton tensor reads as

1
L = 5¥u(K’, ) yu(k, s)u(k, s)yu(k’,s'), (2.10)

in which s and s’ are the spins in the initial and final states, respectively. The hadron

tensor W, cannot be calculated from first principles. Instead, for hadrons with spin

s = %h this tensor is parametrized in terms of structure functions. Current conser-

vation implies that only two structure functions are required to describe the hadron
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tensor for the interaction of unpolarized leptons with unpolarized nucleons. In this case
the hadron tensor can be decomposed in a spin independent symmetric part (Wfl,) and
a spin dependent anti-symmetric part (W:}/) The spin independent part of this tensor
is given by [11, 12]
quy 1 P-q P-q
WS =Wy [ —gu + 22 Wo— P, — — P,——q,|. 2.11
o l(g“+q2>+ QMQ(“ qu“)( qu) (211)
In this equation g,, denotes the metric tensor.

The structure functions W; and W5 parametrize the current for unpolarized hadrons.

They are functions of two invariants P.q and g2, and can be rewritten as
Fi(z,Q* = MW, (P.q,q%), Fy(x,Q*) = vWy(P.q,q?). (2.12)

With the equations (2.10), (2.11) and (2.12) the cross section for unpolarized elec-
tron scattering from unpolarized nucleons can be expressed as
d*o B 4o’
dE'dQY Q4

Similarly, W), can be expressed in the structure functions g(z, Q®) and g(z, Q?).

Maxy

5L VEy(z,Q%)] . (2.13)

1
YR (2, Q%) + —(1 -y

These structure functions are related to the cross-section asymmetries A; and As as

2 oo 2 o
Az = 2 2 As(z = 2 . 2.14
1( 7Q) O_jl“ + O'%” 2( 7Q) %(O’{ + Ug) ( )
2 2 2 2

The terms o7 and o' represent the cross sections for absorption of a transversely
polarized virtual photon and for the interference of the longitudinal and transverse
virtual-photon amplitudes, respectively. The asymmetry A; accounts for the difference
in the cross sections for a reaction involving a helicity change of the nucleon, while
Ay accounts for a change of the photon helicity. The structure functions g (z,Q?)
and go(z,Q*) can be accessed by measuring the cross section for DIS of longitudi-
nal polarized electrons from longitudinally and transversely polarized target nucleons,
respectively. However, usually the double-spin asymmetry is measured.
The double-spin asymmetries are defined as
A= Al A g M (2.15)
o< 4+ 07 ot + o

where (<=) = denotes the case where lepton (—) and nucleon (<= or =) spins are

aligned (anti) parallel.
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Both asymmetries linearly depend on the photon absorption asymmetries A; and
Ag or - equivalently on - the structure functions g; and g,. Neglecting A, which is
small at small scattering angles, i.e. neglecting the contribution of gs to the double

spin asymmetry A, the relation between A and A; reads as

Aj g
S IR S 2.16
D(l +77”7) Fy ! ( )

y(2—y)
y2+2(1—y)(1+R)
of the cross sections for longitudinally and tranversely polarized virtual photons, i.e.

AM2g? 2y(1-y) : -
02 @) are kinematical factors.

where D = represents the depolarization factor. Here, R is the ratio

= Z—i Futhermore, 2 = and n =

2.4 The Quark-Parton Model

In the quark-parton model DIS is described as incoherent scattering of an electron from
the point-like constituent of the nucleon. The description is based on the observation
that at large Q2 and W, the structure functions F; and F, are independent of Q?, and
can be expressed as function of the Bjorken scaling variable z [13, 14, 15].

These observations are explained within the Quark-Parton model (QPM). In this
model lepton-nucleon scattering is described as incoherent elastic scattering of leptons
from partons, the latter being point-like particles with spin %h [16, 17], which were
later called quarks.

In the infinite momentum frame (Breit frame), in which the nucleon momentum
is large compared to the quark masses, the partons carry a fraction = of the nucleon
momentum. Hence, for the quark momentum one has p, = zP. This is illustrated in
figure 2.1.

In this picture of incoherent lepton-quark scattering the momentum distribution of
the partons is described by a distribution function ¢s(z), which represents the proba-
bility of finding in the nucleon a quark with a fraction x of the nucleon momentum.

The quark density (u and d) and anti-quark density (% and d) in the nucleon are
normalized such that the number of the various kind of (anti)quarks corresponds to

that of the constituent valence quarks in the nucleons. Hence, for the proton one has

/ (u(z) — a(z))dz = 2, / (d(z) — d(z))dz = 1. (2.17)

For the other quarks the integral is zero.

Including the spins of the partons the distribution ¢s(x) can be written as
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qr(x) = g5 (x) + g5 (2), Agp(x) = g5 (v) — a7 (2) (2.18)
where qf‘:(q:) and qu(x) are the probabilities that the spin of the quark is anti-parallel
or parallel to the nucleon spin.

Within the quark-parton model the structure functions for scattering of unpolarized

leptons from unpolarized nucleons is given by

Fl(x):%Zefqu(x) . Ba) =1 eiq). (2.19)
!

f

The spin-dependent structure functions for polarized nucleons can be written as

g1(z) = %Z@?z‘ Ags(z) , go(x)=0. (2.20)
!

Measurements of the structure function F, have revealed the limitations of the
quark-parton model. The results of these measurements showed that only about 50 %
of the nucleon momentum can be attributed to quarks. A comprehensive description
of the dynamics of the nucleon is given by QCD. In this field theory quarks interact
through the exchange of (massless) gluons with spin s = 1A, which are believed to be

responsible for the remainder of the nucleon momentum.

2.5 Semi-inclusive Deep-Inelastic Scattering

2.5.1 Cross sections in semi-inclusive DIS

More detailed information on the quarks and gluons in the nucleon may be obtained
from semi-inclusive deep-inelastic scattering (SIDIS). In such experiments a hadron is
detected in coincidence with the scattered electron. This process is shown schematically
in figure 2.2.

After absorption of the virtual photon the quark fragments in two or more hadrons.
Moreover, the remaining quarks also lead to the production of hadrons.

These two classes of hadrons can be distinguished according to their momenta. In
‘current fragmentation’ the struck quark is a constituent of one of the created created
hadrons, whereas the ‘target fragments’ are related to the remnants of the nucleon.
The relation between the momentum of the struck quark and the momentum of the
hadron created in the fragmentation process allows one to extract information on the

quark momentum and spin in the nucleon from SIDIS experiments (see section 2.5.2).
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Nucleon remnant
AN

AN AN

Created meson

Figure 2.2: Schematic representation of semi-inclusive deep-inelastic electron-nucleon

scattering.

Two Lorentz invariant scaling variables are introduced to characterize the properties
of the hadrons in the final state. The first one, z = Pl,g—ih is related to the energy of the
hadron in the laboratory frame, i.e. z = Ej,/v. The other one is the Feynman variable
xy, which is in the v* + N center-of-mass system (y* is the virtual photon) given by
Ty R % (see Eq. 2.7 and 2.8).

The hadrons produced in the fragmentation of the struck quark typically have a
large momentum in the direction of ¢ and are characterized by xr > 0 and z > 0.2,
whereas hadrons from target fragmentation are characterized by zp < 0.

The fragmentation process cannot be calculated within QCD because it involves
long distance processes with low @Q?. Instead fragmentation functions are used to
parametrize the fragmentation process. These fragmentation functions D?(z) express
the probability that a quark of flavor f forms a hadron h with an energy that is
a fraction z of the virtual-photon energy. In addition, they are normalized due to

momentum conservation

Z/dzD?(z) = ny Z/zdzD?(z) =1 (2.21)

The fragmentation functions for the various quark flavors strongly depend on their
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masses, charges and their energy fraction z. At the energies of the electron beam
provided by HERA, hadron production through fragmentation of u and d quarks and
their anti-quarks is dominant.

If isospin and charge conjugation are used one can reduce the number of fragmen-
tation functions for these quarks to two. These are

Dt =D =DY =Df =Dr, (2.22)
D™ =Di =D =Df =D~ (2.23)

Combining the cross section for inclusive deep-inelastic scattering in the QPM Eq.
(2.13 and 2.19) and the fragmention functions given in Eq. (2.21) one obtains in lowest

order QCD the following expression for the cross section for producing a hadron A in

DIS:

do” Yre*qr(x, Q*) D (z, Q%)

2N 2
%(ﬁ,Z,Q ) - O—chl('xaQ ) Efezqf(x’QQ)

(2.24)

2.5.2 The double-spin asymmetry in semi-inclusive DIS

The fragmention of quarks of different flavors into hadrons is assumed to be independent
of the quark spin. This allows to extract from Eq. (2.24) an expression for the double-
spin asymmetry in semi-inclusive DIS similar to that for semi-inclusive DIS cross-
section given by Eq. (2.24). This expression is obtained by combining Eq. (2.15),
(2.16) and (2.24). This gives

Aﬁ(x, Q?) 5 YresAqp(x, Q?) [ dzD(z, Q%)
D - Yretqp(z, Q) [ dzDi(2,Q%)

(2.25)

From measurements of the double-spin asymmetry in semi-inclusive DIS the con-
tribution of the various quarks to the nucleon spin can be determined. Such measure-
ments have been performed by the HERMES collaboration at an average Q? value of
2.5 GeV?2. The data were taken in the region 0.023 < z < 0.6 and extrapolated to
lower and higher values of x. From these data and the unpolarized distributions of
quarks, the polarized distributions for quarks were evaluated at a common value of Q3
[18]. The results of these studies are expressed in first moments in table 2.1.

From the results given in table 2.1 it follows that the contribution of the quarks to
the nucleon spin is only 3 = 0.442 4+ 0.026 & 0.078 [18] of the total spin according to
the Quark Parton Model. This observation points to large contributions from gluons
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Au = 0.61=£0.02%0.08 Au = 0.04+0.03+£0.07
Ad = —0.24 £0.03 £ 0.07 Ad = —0.01£0.03 % 0.05
As + As = 0.05£0.03+0.07

Table 2.1: First moments of the distributions of polarized quarks evaluated at Q3 =
2.5 GeV.

and/or the orbital angular momentum of quarks and gluon spin to the nucleon spin.
The gluon spin contribution to the nucleon spin can be determined by measuring the
double-spin asymmetry of hadrons created by the Photon-Gluon Fusion (PGF) process.
The next section is devoted to measurements, aimed at identifying PGF in an effort to

determine the gluon polarization.

2.6 Charmed Quarks Created in Photon-Gluon Fu-

sion

Charmed hadrons created in PGF may be a good probe to study the contribution of
the gluon spin to the nucleon spin. Due to their relatively large mass the density of
charmed (anti) quarks in the nucleon is negligible. Hence, the probability that charmed
hadrons are produced in DIS is very small. Instead, the main production mechanism
of these hadrons in lepton-nucleon scattering is given by photon-gluon fusion. Studies
of the double-spin asymmetry of charmed hadron production are expected to provide
information on the polarization of gluons in the nucleon. The cross section for this
process is largest at small values of Q2. This implies that the electron is scattered over
a small angle and is generally not detected.

Figure 2.3a shows the leading-order process for the production of a c¢ pair in photon-
gluon fusion. Next-to-leading order contributions involve additional gluon-exchange,
gluon-radiation from the quark that has emitted the gluon or gluon radiation from
the quark followed by PGF (Figure 2.3b-2.3e). The dominant next-to-leading order

process is gluon radiation.
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T e o
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Figure 2.3: The leading order (a) and next-to-leading order(b-e) processes for the cé
pair production in photon-gluon fusion.

2.6.1 Double-spin asymmetry in photon-gluon fusion

The cross section for the process vg — c¢c¢ can be factorized in a convolution of the

gluon distribution and the hard photon-gluon fusion process,

2Mv
oNTEX (1Y) = /4 d36797(3) g(wy, §). (2.26)

m?
Similarly, the cross-section difference Ao for photon-gluon fusion with parallel and

anti-parallel spin orientations reads

2Mv
AGN=eX () — /4 43 A6 (3) Ag(,, 3). (2.27)

m2
In these expressions § = s(yg) is the square of the center of mass energy of the

photon-gluon system, g(z,, §) is the gluon structure function and x, is the fraction of

the nucleon momentum carried by the gluon,

~ slvg) 3
% = SNy = T (2.28)

The spin-dependent partonic cross section for creation of heavy quarks in photon-

gluon fusion, expressed in the Mandelstam variables and integrated over the azimuthal
angle is given by [19]
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a, 11— (1—y)?
i (5 + Q)2 2

Q> — 35  2ml(5 + Qz)]qﬁ 12

dA6y = - + = -
0 5+ Q2 it I

[ . (2.29)

where = m?g — tand 4 = m?g — 4 and mg is the mass of the heavy quark.

The sign of Ao is determined by the two terms within brackets. For Q? ~ 0 the
sum of both terms is positive when a cc-pair is created in PGF and negative for a
massless quark-antiquark pair. This implies, at the partonic level, a positive value for
the double-spin asymmetry for a PGF if a c¢ pair is created [19].

The double-spin asymmetry for a PGF reaction in which a c¢ pair is created is
expressed as

AgN=ee  AgW9=C AG | AG
~ G = (IPGF?. (230)

cc _
I O-’yN~>cE ogYg—ce

In this expression the averaging over the range in § probed in the experiment is
replaced by taking the central value for v/§, which is reasonable since the range in §
is small. A lower value of about 4 GeV for § is determined by the threshold energy
Eipresn for the production of charmed hadrons while the maximum value of § is set by
the available energy in the electron-nucleon center-of-mass system, which amounts for
27 GeV electrons to

Lab
Vs Z \JE2 + M2 + 2ME, ~ 7.3GeV, (2.31)

where F, and M are the electron energy and the nucleon mass, respectively.
Hence, effectively the asymmetry is evaluated at an average v/5 of about 5.5 GeV.

2.6.2 Formation of charmed hadrons near threshold

The maximum energy of about 7 GeV available in the electron-nucleon center-of-mass
system is close to the threshold energy for production of charmed mesons, meson-pairs
and hadron-meson pairs that can be formed in the fragmentation of a c¢¢ pair (see
table 2.2). This implies that the production rate of charmed hadrons in the HERMES
experiment is expected to be small compared to the production rate of pions and
strange mesons.

At larger values of /s charmed mesons are also created in the decay of B-mesons
and produced in other processes, e.g. gluon-gluon fusion. At an electron energy F, =
27 GeV the contribution of these processes is negligible.
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ocCC

Figure 2.4: Production of D*~ and D**- mesons in PGF.

Particles | Quark Mass Full Width | Mean Lifetime
Content MeV /c? MeV 10~
D D* | cu cu | 2006.7 + 0.5 <21
Dt D* | e¢d & | 2010.0 + 0.5 < 0.131
D+ Di~ | ¢35 es | 21124 £ 0.7 <19
D, D% | cu eu | 1864.6 &+ 0.5 411.7 £ 2.7
DY, D~ | cd & | 1869.3 + 0.5 1051 + 13
DY, Dy | c5 és | 1968.5 & 0.6 490 + 9
Ne cc 2979.7 + 15 16.03
J /4 ce 3096.8 & 0.04 | 0.087 & 0.005
Af, A} | ude ude | 2284 4 0.6 200 + 6

Table 2.2: Properties of the charmed hadrons which can be produced at center-of-mass

energies available at the HERMES experiment.
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Mesons created in the fragmentation of a c¢ pair can be distinguished into two
categories, depending on their content of (anti)charmed quarks. They either contain a
cc pair (hidden charm) or a c-quark (or ¢-quark) in combination with a u, d, s-quark or
antiquark (open charm). The first category consists of the 7. and J/1) mesons, and the
second one of D, D* and Dy (anti)mesons (table 2.2). Open charm hadron production
probabilities for photon-gluon fusion as a function of lepton beam energy are illustrated
on Fig. 2.5.

The fragmentation of charmed-quarks into charmed-hadrons can be described phe-
nomenologically by the ‘Peterson fragmentation function’, which can be expressed as

[20]
N

Al =2 - )

where z is the energy fraction of hadron H with respect to the charmed quark, N is

D;(z) =

(2.32)

a normalization factor such that Y, [dzD(z) = 1. The parameter € variates in the
range of 0.025- 0.075 and has to be extracted from fits to the data.

For charmed hadrons produced in the fragmentation of ¢ and ¢ quarks, which in
turn are created in PGF, the double-spin asymmetry is equal to that given by Eq.
(2.30). Hence, the double-spin asymmetry measured for charmed mesons contains
information on %. However, the process fraction which is given by the fraction of all
events produced by PGF over all events leading to the same final states, is not unity
for charmed hadrons. As will be discussed in the next section, charmed hadrons, and
in particular charmed mesons in combination with charmed baryons, also produced
in other processes. As mentioned before, the sign of Aﬁé is determined by the parton

asymmetry apgr, which is expected to be positive for charmed quarks [21].

2.6.3 Additional production mechanisms for charmed hadrons

In the previous subsections it was argued that the contributions of intrinsic charm (c¢)
pairs and of the decay of B-mesons created in the fragmentation of (bb) pairs can be
discarded. However, additional contributions to charmed hadrons are due to processes
in which the charmed quark is contained in the target remnant and in addition an anti-
charmed meson is produced. For example, this occurs in the production of a charmed
meson in combination with a Ac baryons, which contains two valence quarks from the
target-remnant and a c-quark. In a PGF reaction on a proton the following processes

may occur

w— A, + D+ 7" and Ap— AL+ D + 7t
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Figure 2.5: Open charm production probabilities for photon-gluon fusion in lepton
proton scattering as a function of lepton beam energy. Results are ob-
tained from the AROMA (see Chapter 3) simulation using the ‘Peterson

fragmentation function’ [8].
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Figure 2.6: Quark-exchange process which contributes to the production of Af, D°
and D*0,

In these processes the final state contains three hadrons. However, when a D° or D* is
created in association [22] with a A baryon via quark-exchange the final state contains
only two hadrons, see Fig. 2.6,

vp — AL + D° and yp — AL + DO

The latter process is particularly important near threshold. This follows from the
Monte Carlo calculations with AROMA, performed by Volk [8].

2.6.4 Decay of the D*~ meson

In table 2.3 the main decay-modes of the D*~ and the D° mesons are given. The main
decay channel of the D*~ is D*~ — D%r~, which accounts for 68% of the total decay.
The D° decay has several branches, including two or three particles in the final state.
Within the HERMES collaboration several of these decay channels have been studied.
The cross section 0 — D*~ on a 'H-target has been measured Brons [9], Volk [8]
and Scarlett [23]. This cross-section was extracted from the number events measured
for the hadronic decay D*~ — D7~ — K*Tn~ 7, selected in the reconstructed mass
difference spectrum AM = M(D*~) — M(D°). This mass difference spectrum is
shown in fig. 2.7. The highlighted region of AMj indicates the area where the signal
D*~ — KTn~ 7~ is expected. Futhermore, a study of the hadronic decay D° —
K*r= 7" is in progress.
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Figure 2.7: Mass-difference spectra for the hadronic decay of D*~ mesons obtained
for the HERMES 1997 data. The solid histogram represents candidates
for D*~ decay, and the dashed histogram indicates background sample.

It is evident that number of D* mesons observed at HERMES using 1997 data is
small. It is the objective of the present work to explore the prospects of extracting infor-
mation on AG/G using the semi-leptonic decay channel (D*~ — D7~ — 7~ K*e™1,)
using the all data collected by HERMES in the years 1999-2000.
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D*~ decay fraction (%) hadronic D° decay fraction (%)
D= D7~  683+14 — D= Ktn~ 3.85 £ 0.09
D=7Y 30.7+2.5 KoY 2.12+£0.2
Kontq~ 54+0.4
Ktr—n° 13.9+0.9
K-ntatn™ 7.6+0.4

semi-leptonic decay

K*e i, 3.6+ 0.2
Ktu o, 3.240.2

Table 2.3: Selected decay-channels for the D*~ and DY mesons.
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Chapter 3

Monte Carlo Simulations

3.1 Introduction

In the previous chapter the production of charmed hadrons with real and quasi-real
photons in the energy domain covered by the HERMES experiment was discussed.
Experimental studies on the hadronic decay of D** and A/, particles at HERMES have
shown that the cross sections for creating these hadrons with 27 GeV electrons are small
[7, 8, 10]. Furthermore, these studies showed that the background in the reconstructed
invariant-mass spectra and mass-difference spectra (AM) was relatively large. This
background depends on the decay-mode of the hadrons. Hence, the ratio between the
contributions of D** decay and the background to the invariant mass spectra, is not
necessarily the same for the semi-leptonic and hadronic decay. Therefore, dedicated
Monte Carlo simulations for the semi-leptonic decay of the D*~ are needed to determine
the fractions of the events in the invariant-mass and AM spectra stemming from the
decay of charmed particles and from other processes.

Such calculations were performed with the AROMA [24] and PYTHIAG6 [25] pro-
grams. With AROMA the production and semi-leptonic decay of D** mesons were sim-
ulated. These particles were also generated with PYTHIAG6. However, in the later case
PFG accounts only for a small fraction of the generated events. Therefore, PYTHIA
was mainly used to study the various processes contributing to the background in the
invariant-mass spectra. Using the combined results of these Monte Carlo simulations,
selection criteria were developed to optimize the fraction of the events from D*~ pro-
duction in the AM spectra. These criteria were used in the data analysis.

In section 3.2 a brief description of the programs AROMA and PYTHIA is given.
Then, the results of the calculations performed with both programs are presented and

discussed in section 3.3.
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3.2 The programs AROMA and PYTHIA

The program AROMA [24, 26, 27] simulates the production of heavy quarks, i.e. quarks
with mass > 1 GeV, in lepton-nucleon scattering through the boson-gluon fusion pro-
cess. At the partonic level, the interactions are based on the electroweak cross-sections
given by the standard model. Arbitrary polarizations and different parametrizations
of parton densities can be used. At the moderate electron energies provided by HERA
only photon-gluon fusion contributes to the cross section for the creation of a (c¢) pair.
Hadronization of the partons is simulated using the LUND string model. Generally,
the symmetric Lund fragmentation is used, and the creation of charmed hadrons is
usually calculated with the phenomenological Peterson fragmentation function.

In recent Monte Carlo studies of A, and D* production in the energy domain
covered by the HERMES experiment, performed with the program PYTHIA, no sig-
nificant dependence of the momentum distributions on the fragmentation functions
was observed [8, 10]. The AROMA calculations for the semi-leptonic decay of the
D*~ were performed with the phenomenological Peterson fragmentation function. No
other fragmentation functions, e.g. the symmetric Lund fragmentation function, were
considered because of the conclusions obtained in Refs. [8] and [10].

Tracks of the simulated events were generated in a model of the HERMES detector,
using the HMC program in the version with the set-up of the year 2000. Subsequently,
the tracks of the relevant particles were reconstructed with the HRC program. The
background in the invariant mass and AM spectra due to other processes was studied
using Monte Carlo data generated with the program PYTHIAG [25, 28].

3.3 Monte Carlo Simulations

3.3.1 Analysis of Monte Carlo data calculated with AROMA

To simulate the invariant mass M and AM distributions for the semi-leptonic decay of
the D*~ meson within the phase-space covered by the HERMES detector, 10.000 events
were generated with the AROMA program. The process studied is D*~ — D7~ —
Kte p,m~ in which 7, goes unobserved. Only events with one 7, one K and one
e~ within the acceptance of the HERMES detector were analyzed. Furthermore, the
following constraints were applied to the Monte Carlo data

e The invariant mass of the two particle K Te™ system is in the range 0.6-2.1 GeV.
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Figure 3.1: Calculated momentum distributions of charged particles created in the
semi-leptonic decay of the D*~ meson with momenta within the accep-
tance of the HERMES detector. Dotted histogram: e~, dashed histogram:
K™ and solid histogram: 7.

e The invariant mass of the three particle system 7~ KTe™ is in the range 0.5-2.5
GeV.

e The momenta of the three particles 7~ K e~ were required to be in the HERMES
acceptance.

For the selected particles, tracks in the HERMES detector were reconstructed with
the code HRC (HERMES Reconstruction Code) [29].

Figure 3.1 shows the momentum distributions for the reconstructed particles. The
dotted, dashed and solid histograms represent the distributions for the electrons, kaons
and pions, respectively. The small range in the momentum distribution of the 7~ is
due to the small mass difference between the D*~ meson and the sum of its decay
products D? and 7~. This results into a pion momentum in the rest-frame of the D*~
of 41 MeV /c only.

In the further analysis only pions with momenta less than 2 GeV/c are taken into
account. Furthermore, the main trigger of the HERMES detector requires a minimum

energy deposition of 1.5 GeV in the Electromagnetic Calorimeter. Hence, two cuts
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Figure 3.2: Reconstructed invariant mass spectra for decay products of the D*~ meson
calculated with AROMA. Left - M(Kte™) , right M(7r~Kte™).

were applied on the simulated data:

Pr— < 2.0 GeV and p.- > 1.5 GeV and pg+ > 2.0 GeV.

In figure 3.2 the invariant masses corresponding to the K+e™ and 7~ K Te™ systems
are shown.

They account for the partially reconstructed masses of the D° and the D*~ mesons,
respectively. The broad distributions reflect the large momenta of the non-observed v..
Since the effect of the missing neutrino momentum is comparable in both distributions
the width of the mass-difference distribution AM = M - g+.- — Mg+.~, shown in
figure 3.3 (left histogram), is much smaller. Therefore, this distribution is more suited
to identify events from the semi-leptonic decay of the D*~ meson and will be used in
the data analysis. Figure. 3.3 (right histogram) shows the AM spectrum for events in
which the pion is not emitted in the decay of the D*~. The AM distribution for these
events (which also stem from the decay of charmed hadrons) is much wider.

3.3.2 Analysis of Monte Carlo data calculated with PYTHIA

In the analysis of the Monte Carlo data generated with the program PYTHIAG, data
files provided by Bailey and Makins were used [30]. To reduce the number of generated
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Figure 3.3: Mass difference AM = M(n"KTe”) — M(K'e™) calculated with

AROMA. The pion is emitted in the decay of the D*~ meson (left his-
togram).The spectrum for the case in which the pion is not emitted in
the decay of the D*~ meson, but as a result of the fragmentation of some
other meson is shown in the right histogram.
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Figure 3.4: AM spectrum extracted from PYTHIA.

data, an event selector was employed in these calculations. Only events meeting the
following requirements were accepted and stored in the output files.

e Three particles, one electron, one kaon and one pion were required.
e The invariant mass difference Mg — Mg, < 0.5 GeV.

e The energy of the pion is in the range 0.2 GeV < E, < 2.2 GeV.

Figure 3.4 shows the AM spectrum extracted from the PYTHIA simulation. No
indication for the contribution from the semi-leptonic decay of D*~ mesons is visible
in this spectrum. To obtain a signature for events from the decay of D*~ mesons the
background has to be reduced. This can be achieved by reducing the physics phase
space of the decay particles such that the number of ‘background events’ is strongly
suppressed relative to the events from D*~ decay. In the next section the strategy,
leading to a reduction of the background with a minimum loss of events from D*~

decay, is discussed.

3.3.3 Strategy in the analysis of the Monte Carlo data
The MC data generated with AROMA and PYTHIA were used to define a number

of criteria with which events from D*~ decay are enhanced in the AM spectrum with
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Figure 3.5: The px+ versus p,- momentum for semileptonic decay products in
AROMA. The pion is emitted in the D*~ decay (left histogram). The
pion is not emitted in the D*~ decay (right histogram).

respect to those from other processes. These criteria are based on some characteristic
features of the phase space for the D*~ — 7~ + D" — 1~ +e~ 4+ K1 decay. This phase
space was investigated using the results of the simulations peformed with AROMA.
Subsequently, the effect of the selected criteria on the ‘background’ was determined
using the PYTHIA data. Firstly, the relation between the electron and kaon momenta
was studied. If both particles are emitted in the decay of the D meson, these momenta
are correlated, as is shown in figure 3.5 (left histogram). This correlation is limited
due to the emission of a (non observed) third particle in this decay.

In figure 3.5 (right histogram) the same distribution is displayed for events in which
the pion is not emitted in the decay of the D*~ meson, but from a D° or another
charmed hadron. No significant differences are visible between both distributions.
Taking the sum of the electron and kaon momenta p, + px > 4.5 GeV/c, in addition
to the electron and pion momenta cuts, 85% of the events in which the pion is emitted
in the D*~ decay is accepted. This fraction is 50% for the events for which the pion is
not emitted in the decay of the D*~.

Next, the emission angles of the electron and kaon relative to pion momentum

are examined. It is expected that these angles are small for events from the decay
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D~ — 74+ DY — 7= + e~ 4+ K*. Due to the small mass difference between both
charmed mesons (AM = Mp.- — Mpo = 0.146 GeV /c?) , the pion and D° acquire
almost no momentum in the D*~-rest frame. Hence, the transverse momentum of both
particles with respect to the D*~ and D° momenta is small. This implies that Op._p -
and 0, ., _
to the D%-momentum. Furthermore, the transverse momenta acquired by the K+ and

are effectively the angles of the electron and kaon momenta with respect

e~ are small relative to the D°-momentum. Hence, the average emission-angles of both
particles with respect to the D° and with respect to the 7~ are small. This is reflected
by the results of the calculations performed with AROMA, which are displayed in
figure 3.6(left histogram). The curves in this figure are in accordance with the relation:
(I —cos (b, p ) x (1—cos(f, , _)) < (0.016)%/2

Only 2.2% of the events of figure 3.6 (left histogram) is beyond the domain limited
by the following conditions:

1 —cos (Op,,p _)>0.03
1 — cos (Hpe_pﬁ_) > 0.03

(1 —cos (O, p _))x(1—=cos(, , ))<(0.016)%/2)

In figure 3.6 (right) the same distribution is shown for events in which the pion is
not emitted in the decay of the D*~ meson, but originated from the decay of other
particles produced in the AROMA simulation. Of these events 54% is beyond the
selected domain for the emission angles.

Finally, correlations in the distribution of the reconstructed D mass versus the
pion momentum were investigated. Figure 3.7 shows these distributions for events in
which the pion is emitted in the decay of the D*~, and those stemming from other
processes, respectively. The horizontal and vertical lines mark the selected domain.
From the events in which the pion is emitted in the D*~ decay 84 % is accepted.

The selection criteria discussed above have also been applied to the data extracted
from the simulations with PYTHIA. The results are shown in the figures 3.8 and 3.9.
These figures clearly indicate that the background is largely suppressed by setting
constraints on the various variables discussed above.

3.3.4 Mass-difference spectra

The effect of the various cuts on the mass-difference spectra AM is shown in the
figures 3.10, 3.11 and 3.12 for the calculations performed with AROMA and PYTHIA,
respectively. It is clear from these figures that the shape of the spectra calculated with
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Figure 3.6: Angular distribution of decay products in semi-leptonic decay of D*™ me-
son as evaluated with AROMA. The pion is emitted in the D*~ decay (left
histogram). The pion is not emitted in the D*~ decay (right histogram).
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Figure 3.7: Reconstructed invariant mass of the (K *e™) system versus the momentum

of the pion p.- obtained with AROMA. The pion is emitted in the D*~
decay (left histogram), while the pion is not emitted in the D*~ decay
(right histogram).
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Figure 3.10: Mass-difference spectra for decay products of the D*~ calculated in
AROMA after various cuts on the data.

AROMA for events in which the pion is emitted by the D*~ are not strongly affected,
and that the yield is not strongly reduced by the respective cuts applied to the Monte
Carlo data. In the contrary, the backgound simulated with PYTHIA is reduced by
about a factor 3000.

This result is presented in a more quantitative way in table 3.1. In this table the
fractions of the events, being left after the various cuts, are given for both calcula-
tions. Table 3.2 shows the same numbers after normalization to the number of events
extracted from the HMC code without any further selection. This table directly in-
dicates that from the events in which the pion is emitted in the decay of D*~ about
70% is left over after all cuts, and that this fraction is only 15% and 2% for the other
processes respectively. The respective cuts are:

A p- <2GeV, p- > 1.5 GeV, px+ > 2 GeV, p- + pr+ > 4.5 GeV
B. 1—cos (0, p ) <003, 1—cos(t,_, )<0.03 and

(I —cos(Bp,,p ) x (L —cos(fy_p ) <(0.016)%/2)
C. M(Kte ) > 0.8 GeV, p,- < 1.6 GeV

because the RICH detector is able to identify only kaons within momentum range
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Figure 3.11: Mass difference spectra of decay products calculated in AROMA, in
which pion is not emitted in the D*~ decay.
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Figure 3.12: Mass-difference spectra for the events tagged as ‘non-charm’ in PYTHIA
after different cuts.
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AROMA AROMA PYTHIA conditions
(signal) | (7~ not from D*7) | (non-charm)

638 1262 1805 non

594 634 265 A

532 296 91 B

446 194 36 C

298 o4 D AM < 0.17GeV

Table 3.1: Number of events extracted from AROMA and PYTHIA after applying

different cuts.

AROMA AROMA PYTHIA conditions
(signal) | (7~ not from D*7) | (non-charm)

1000 1000 1000 non

851 502 146 A

833 234 50 B

699 153 20 C

467 42 3 AM < 0.17GeV

Table 3.2: Number of normalized events extracted from AROMA and PYTHIA after
applying different cuts.

pr+ > 2 GeV/e.

In the last linees of tables 3.1 and 3.2 an additional condition AM < 0.17 GeV
has been applied. This cut is based on the mass-difference spectra shown in figure
3.10, which clearly shows that the yield of the AM spectra calculated with AROMA
is almost independent of this cut, whereas the yield in the AM spectrum extracted
from the calculations with PYTHIA is shifted to small values of AM with a maximum
at AM = 0.18 GeV. This shift is partly due to the reduction of the phase-space and
partly due to an (unexpected) contribution from kaons with a mass of ~1.5GeV. At
AM < 0.17 GeV the relative background is reduced to a fraction 0.3%, compared to
46.7% for events in which the pion is emitted in the D*~ decay.



Chapter 4

The HERMES Experiment

4.1 Introduction

The HERMES (HERa MEasurements of Spin) detector is located in the east sector of
the electron(positron)-proton collider at DESY. HERMES only uses the electron beam
in combination with a ‘fixed” target of polarized or unpolarized gas. The HERMES
experiment was designed to determine the spin structure of the proton and neutron by
measuring deep-inelastic scattering (DIS) of polarized electrons/positrons from polar-
ized nucleons. First data-taking at HERMES started in 1995 and ended in September
2000. Run number 2 started in 2002, and it is planned to continue until summer 2007.

4.2 The HERA electron-proton collider

HERA consists of two storage rings. The lepton ring (polarized electrons or positrons)
has a lenght of 6.3 km and is operated at a fixed energy of 27.5 GeV. In the proton ring
protons are being accelerated up to an energy of 920 GeV, with momenta in opposite
direction with respect to the electron momenta (Fig. 4.1).

At the start of a fill the electron beam current is about 30 to 40 mA. The average
life-time of the beam is approximately 12 hours. In standard operation the beam is
dumped at a beam current of about 10 mA. The electrons are stored in 189 bunches
with a separation of 96 ns. In the storage ring electrons are polarized in a direction
transverse to their momenta due to the Sokolov-Ternov effect [21]. To rotate the
electron spin to a direction parallel or antiparallel to their momenta spin rotators are
installed in front and behind the HERMES detector. They are build up of interleaved
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Figure 4.1: The HERA storage ring with the experiments ZEUS, H1, HERA-B and
HERMES.

horizontal and vertical dipole magnets. In this way a beam of longitudinal polarized

electrons with either negative or positive helicity, is obtained.

The beam polarizations (transverse as well as longitudinal) are measured by a set
of Compton polarimeters. The polarimeter for the transversely polarized electrons [31]
is located in the west area of HERA.

Both polarimeters use the spin dependence of the cross section for Compton back-
scattering of left or right handed polarized laser light from the electrons in the beam.
The center of gravity of back-scattered photons is measured by a position-sensitive
calorimeter. The top-bottom asymmetry of the position distribution is used to obtain
the polarization of the beam [32, 33].

The longitudinal polarimeter (LPOL) [34] is placed in the accelerator tunnel some
50 m down stream of the HERMES experimental area. It has a capability to measure
the polarization of individual bunches. Per bunch, thousands of photons are being
back-scattered by laser pulses of high intensity and their energy-weighted spin asym-
metry is used to derive the beam polarization for each bunch [34]. The average beam
polarization of the HERA lepton beam during Run [ is in the range 40 - 60 %.
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Figure 4.2: Schematic overview of the HERMES target showing the HERA beam-line

and storage-cell target.

4.3 Internal gas target

The internal gas target consists of an aluminum tube with a length of 400 mm, a width
of 29 mm and a height of 9.8 mm. To increase the target density the diameter of the
target cell in the year 2000 was reduced to 21x8.9 mm. It can be filled with polarized
or unpolarized gas. The target is positioned in the HERA positron beam. Both ends of
the tube are open, such that the electron beam passes through the target cell without
interaction with the cell walls (Fig. 4.2).

The polarized ' H and 2H atoms are produced with an Atomic Beam Source (ABS)
[35]. The production process is based on Stern-Gerlach separation of atomic hydrogen
or deuterium. The ABS is capable to produce about 6 x 10'¢ atoms per second for H
and 4 x 106 for D. At a target cell temperature of 100 K the target thickness can

reach the value of 10! nucleons/cm? for hydrogen and deuterium.

For an unpolarized target, the thickness can be as large as 6 x 10'® nucleons/cm?.
This leads to a luminosity of 1.2 x 103 cm™2 - s7! at a beam current of 32 mA.
Unpolarized data taking is typically used at the end of the fill to collect a large amount

of data for unpolarized DIS.

In the storage cell the atoms might be slightly depolarized due to the interactions
with the wall. Therefore, the polarization of the target is being controlled permanently.
A small fraction of target-gas atoms is analysed in a Breit-Rabi polarimeter [36].
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Figure 4.3: Schematic side view of the HERMES spectrometer. The horizontal and
vertical scales indicate the sizes in meters.

4.4 The HERMES spectrometer

The HERMES spectrometer is a ‘forward-spectrometer’. It is divided in two identical
halves, one above and one below the beam. The acceptances in the horizontal and
vertical planes are # < 170 mrad and £40 mrad < # < 4 140 mrad. Behind the
magnet the horizontal acceptance is increased to 100 mrad.

In the HERMES coordinate system the z-axis is defined in the direction of the
lepton beam, the z-axis towards the center of the lepton-ring and the y-axis pointing
vertically upwards. The layout of the spectrometer can be divided in three sections,
the front region, the magnet and the back region (Fig. 4.3). As compared to the
origonal layout shown in Fig. 4.3 a number of modifications have been carried out: 1)
the vertex chambers were removed (1998); 2) an array of silicon detectors was installed
in the HERMES front region (2001); 3) the Cerenkov detector was replaced by a RICH
detector (1998). A detailed description of the HERMES experiment is given in Ref.
[37].
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Detector DVC | FC1/FC2 MC1,2.3 BC 1,2,34
Dist. from the target (mm) | 1 1100 | 1530,1650 | 2725,3047,3369 | 4055,5800
Width of the cell (mm) 6 7 2 15
Resolution (microns) 220 225 700 275 / 300

Table 4.1: Main characteristics of the HERMES tracking detectors.

4.5 Tracking detectors

The set of detectors placed in front and behind of the magnet provides the information
needed for the reconstruction of the vertex position within the target, the determination
of the lepton scattering angle and the emission angles of the created particles. They
include the vertex chambers (VC - micro strip gas counters), the drift vertex chambers
(DVC) and the front drift chambers (FC). The drift chambers in the back region (BC)
and the multi-proportional counters in the magnet (MC) complete the tracking system.
Due to radiation damage the VC was removed in 1998. The drift vertex chambers are
conventional horizontal-drift type chambers. The efficiency of all chambers is about
the same and varies from 96 to 99% for the DVCs and from 98 to 99% for BCs and
FCs.

From the coordinates of the interaction points in the ‘tracking detectors’ in front
and behind the magnet first partial tracks are reconstructed by using the ‘tree-search
algorithm’ [29]. All combinations of front and back partial tracks are inspected to
determine whether they match the specified tolerance at the x — y plane in the center
of the magnet. Those combinations that match are combined to a full track.

The magnet chambers (MC) are used for the reconstruction of the tracks for par-
ticles with small momenta that not completely pass the magnet and BC. The magnet
chambers are multi-wire proportional chambers. They consist of three modules each:
U, X and V. Each submodule consists of an anode plane, a plane at ground potential
and two cathode planes.

The reconstructed tracks in HERMES are divided into ‘short” and ‘long’ tracks.
The track is named ‘long’ when it is reconstructed using the information of all tracking

chambers, including BC1-4. ‘Short’ tracks are the tracks of particles, which passed
through DVC, FC and MC detectors only (Fig. 4.4).

Some main characteristics of the HERMES tracking detectors are shown in the
table 4.1.
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Figure 4.4: Schematic view on the ‘long’ and ‘short’ tracks inside the HERMES ex-

periment.

4.6 HERMES Particle Identification Detectors

The HERMES Particle Identification Detector system has been developed to distin-
guish between leptons, pions and other hadrons. Till 1998 the system consisted of
a threshold Cerenkov detector, a transition radiation detector (TRD), a pre-shower
counter and an electromagnetic calorimeter. In 1998 the threshold Cerenkov counter
was replaced by a Ring-Imaging Cerenkov Detector (RICH). This enables also the
identification of pions, kaons and protons [38].

The TRD is composed of 6 modules placed below and above the beam-line. Each
module consists of a radiator and a detector. The detectors are proportional chambers
filled with a mixture of Xe and C'H4 gas. Two-dimensional matrices of plastic fibers are
used as radiator. Electrons (positrons) as well as hadrons deposit energy in the TRD.
Since the integrated energy-loss converted into transition radiation is proportional to
the Lorentz-factor and electrons have much smaller masses than hadrons the energy-loss
dE/dz is larger for electrons than for hadrons. This results in a ratio of the responses
of the TRD to electrons and hadrons of about a factor two [39]. Since the spectra are
broad and partially overlap information of more modules is used to distinguish between

signals from electrons and hadrons. Therefore, the analysis of TRD signals is based on
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a truncated mean average method. This method rejects the largest signal produced in
the 6 modules and takes the average of the signals from the remaining 5 modules. This
suppresses the contribution of high energy hadrons into the lepton energy distribution.

The preshower detector consists of 1 cm of lead and 42 plastic scintillator modules
with a width of 9.3 cm each, length of 91 cm and thickness of 1 ¢cm. The radiator
initiates electro-magnetic showers. There is a significant difference between the energies
deposited by leptons and hadrons in the detector. Since 1 cm of lead corresponds to
0.064 nuclear interaction length hadrons usually induce low ionizing signals in the
preshower.

The electromagnetic calorimeter [40] is composed of two arrays of radiation resistant
lead glass blocks, one above and one below the beam line. FEach block is connected
to a photomultiplier tube. The energy resolution of the calorimeter is given by the
following parametrization [41]

o(E) 10.0£20 51+1.1

— %] = Eaoev] E[Gev]+(2.0j:0.5). (4.1)

E

Before the RICH detector was installed the quantity PID3 has been used to distin-
guish tracks from leptons and hadrons,
Pl . Pl Plh
PIDg = loglo W, (42)

cal™ pre” cher

where P, is the conditional probability that the signal of detector b was the response
of a particle a passing through the detector. These probabilities are being determined
by comparing the detector response functions for every track to the standard detector
response function called ‘parent distributions’.

Similarly, for the response of the TRD the variable PID5 is being used,

_ PYZ“RD

Plgp

where PLp, and Phpp are the sums of the conditional probabilities for detection of
leptons and hadrons in the 6 TRD detectors. This particle identification scheme gives
a lepton detection efficiency of up to 97% with hadron contamination < 0.01%. The
hadron detection efficiency is 99% with a contribution of leptons < 0.6 %. The distri-
bution of the PID3 and PIDj for lepton/hadron separation is illustrated in Fig. 4.5.

In 1998 the Cerenkov detector was replaced by the RICH. Since then events from
leptons and hadrons are separated using PID,, which is defined similarly as PID3, but
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Figure 4.5

in the definition of PIDy only information from the calorimeter and the preshower is

included, and pion, kaon and proton identification is achieved with the RICH detector.

The RICH is able to identify pions in the momentum range 0.5-16 GeV, kaons

[42] (see Fig. 4.6).

The RICH detector is a dual-radiator detector. Cerenkov light is produced in CyFiq

between 2 and 16 GeV and protons between 2 and 20 GeV

v

It consists of two symmetric (top and bottom) halves

gas and in silica aerogel Si0O, .

installed below and above the beam line.

v

The Cerenkov photons produced in the aerogel and gas are reflected towards the

PMT‘s by a mirror (Fig. 4.7).

¢/nv of the Cerenkov light produced in both radiators

Each mirror consists of eight segments which are

assembled into 2 x 4 arrays with radius of curvature 2.2 m.
The emission angles cos ¢

are different due to the different refractive indexes for aerogel (1.0014) and the gas

The separation of the various hadrons is based on the difference

[43].

(1.03) Ref.
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Figure 4.6: A cutaway view of the top half of the RICH detector.

between the Cerenkov angles of the light generated in the detector (Fig. 4.8).

Particle identification with the RICH detector is based on ‘inverse ray tracing’ (IRT)
[44]. This method requires two matrixes. The matrix P/ represents the performance
of the detector,

pPr Pp PT
Pk pK pK

PmKp=| = "= * (4.4)
pr PL P
PX P¥ PX

The diagonal matrix elements (P], Pf, P?) represent the probabilities that the
incident hadron (7, K,p) is properly identified. The non-diagonal elements in the
first three rows are inefficiencies in detecting the respective hadron, and the last row
accounts for the non-identified particles.

The elements of the P-matrix are obtained from a Monte-Carlo simulation of the
emission angles of the Cerenkov light produced by various particles in a wide range of
momenta.

From the P-matrix the complimentary matrix Q(m, K, p) can be calculated,

Qr Qf oF oF
Qm K.p)=| Qk QF Qk QX | (45)
&G & @ 9

The labeling of the matrix elements is the same as for the P matrix. The ‘real’
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yield of the various hadrons ﬁ(N i, Np, N) is extracted from the measured ones
T(IK, IL,, I, Ix) according to

N=@Q T (4.6)

4.7 The Luminosity Monitor

To extract the asymmetry from the data taken with different beam /target polarizations
the measured number of events has to be normalized to the integrated luminosity. For

a fixed target experiment the luminosity can be calculated as follows

L= (bbNT; (47)

where ¢ is the flux of the beam particles and N is the number of target nuclei per
cm? within the cross section of the beam. The measurement of ¢, is based on elastic
scattering of the beam leptons from electrons in the target gas. For an electron beam
Moller scattering takes place: e"e™ — e~ e™. If a positron beam is used the scattering

process eTe” — ete” (Bhabha scattering) is followed by the annihilation of electron-



4.7 The Luminosity Monitor

0.25 [~

O [rad]

02 [~

01 [~

0 2 4 6 8 10 12 14 16 18 20
p [GeV]

Figure 4.8: Reconstructed Cerenkov angles versus the momenta of hadrons for aerogel
(top three) and gas radiators (bottom three).



48

The HERMES Experiment

(o))
o

y (mm)
S

o
III|III|III|III|III|III

_60 III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
-100 -75 -50 -25 O 25 50 75 100

X (mm)

Figure 4.9: Hit distribution in the luminosity monitor.

positron pair into photon pairs e*e™ — 7. The cross section of both processes is
known from QED. For this purpose a calorimeter named the luminosity monitor is
installed 7.2 m downstream of the center of the target to the left and right sides of the
beam pipe. Both calorimeter modules consist of 12 NaBi (W Oy)s crystals which have
high radiation hardness. This is required because of the high radiation background in
the detector region [45].

The typical hit distribution in the calorimeters of the luminosity monitor is shown
on Fig 4.9.

4.8 Trigger and Data Acquisition

The HERMES first-level trigger system is used for the selection of different types of
events and to suppress events generated by background radiation. The triggers cor-
respond to deep-inelastic scattering and quasi-real photoproduction processes. Addi-
tional triggers are being used for detector monitoring and calibration.

The deep-inelastic scattering trigger is activated when a hit takes place in all three
(HO, H1, H2) hodoscopes and when in addition an energy of at least 3.5 GeV is de-
posited in two adjacent columns of the calorimeter. The timing of the electron bunches
is taken as a clock for the trigger synchronization. In the measurements with a polar-
ized target the calorimeter threshold was set at 1.4 GeV. These requirements suppress

the rate of hadronic background.
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The photo-production trigger uses signals from hadrons produced in electron-nucleon
scattering at low Q? and their decay to two or more particles. The trigger requires a
charged particle track in both halves of the spectrometer within the time interval set
by the HERA-clock, all hodoscopes and the drift chambers behind the magnet (BC).
The last requirement rejects triggers generated by particles produced in collimators up
stream of the electron beam.

When the trigger makes a positive decision the HERMES Data Acquisition system
starts the read-out of the information of all the detectors related to the event.

The collected data are processed by a fastbus system and can be compressed by
a factor of two. Data are being recorded on a taping robot and backed up locally to
another tape. Writing takes place between two HERA fills.

To make the data storage less complicated the data taking is organised as ‘run-to-
run’ recording. In each run about 60 M B of data is recorded. The time needed to
complete a run depends on the beam and the target conditions. In experiments with
the polarized target the time is longer than in experiments with an unpolarized target,
because the lower target densities correspond to lower trigger rates even with the lower
threshold of the calorimeter.
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Chapter 5

Data Analysis

5.1 Introduction

The results of the Monte Carlo calculations, performed with programs AROMA and
PYTHIA, predict that the fraction of the events originating from D*~ decay in the
data is small [8, 46, 47]. Using the Monte Carlo calculations, several tools have been
developed to reduce the background in the reconstructed D° and D*~ mass and mass-
difference AM = M (D*~)—M (D°) spectra for semi-leptonic decay of the D*~. These
tools are applied in the data analysis discussed in this chapter.

The data used in this analysis were taken in 1999 and 2000. The target was polarized
deuterium. As mentioned in chapter 4, the target density was increased in 2000 by
reducing the diameter of the target cell. Furthermore, the intensity of the positron
beam was improved in the year 2000, which also led to an increase of the luminosity.
Therefore, the majority of the events used in this analysis were taken in 2000. The
data taken in both years were analysed separately.

The strategy followed in the data analysis is in accordance with the one applied to
the Monte Carlo calculations discussed in chapter 2. However, firstly a set of data-
quality requirements are applied to the data and lower thresholds are set on the elec-
tron, pion and kaon momenta. Next, the coordinates of the interaction point and
the minimum distances between the electron, kaon and pion momenta are determined.
Events are only accepted for further analysis if the interaction point is within the tar-
get and the minimum distance between the momentum vectors is smaller than a given
value. The data-quality requirements and momentum cuts are discussed in sections
5.2, and vertex-reconstruction of the three particles in section 5.3.

Then, in section 5.4, the e” K and 7~ e~ K invariant masses, and the (717e~ K1) —

(e~ K™) mass differences are extracted from the selected events.
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Criterion Requirements
Target type Polarized deuterium or proton
Beam polarization 0.3 < |Pyeam| < 0.8
Target polarization 0.8 < |Piarget| < 0.99
First burst Reject
Burts length 0s < Apurst < 11s
Luminosity trigger rate 7.5Hz< L < 1250Hz
DAQ efficiency 0.6 < |egaq| <1

Table 5.1: Data quality requirements for the 1999-2000 data set.

The interpretation of the obtained mass spectra is presented and discussed in chap-
ter 6. From least-square fits of the calculated AM spectra to the data the number of
events that can be attributed to D*~-decay is determined for the two directions of the

target polarisation. From these numbers the double-spin asymmetry is extracted.

5.2 Data selection

The quality requirements applied to the data are given in table 5.1. They include the
conditions set to beam and target polarisation, the structure of the electron burst and
the data aquisition system.

Fig. 5.1 shows the momentum distributions of the three particle types. For each
of the particles involved the ranges of their momenta are reduced, either due to the
thresholds set by the detector or by cuts on the data. The latter are based on the
results of the Monte Carlo calculations. The lower limit of the electron momentum
of 1.5 GeV is determined by the energy threshold of the trigger. Similarly, the RICH
detector determines the lower limits of the kaon and pion momenta of 2 GeV and 0.6
GeV, respectively. Furthermore, the results of the Monte Carlo calculations indicate
that pions emitted in the decay of the D*~ have a maximum momentum of about 2
GeV. Therefore, an upper threshold is set on the pion momentum.

In table 5.2 the thresholds set for the momenta of these three particle types are

summarized.
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Figure 5.1: Momentum distributions of e~ (solid histogram), K+ (dashed histogram),
7~ (dotted histogram).

particle | momentum (GeV) | selection based on :
e” Pe— > 1.5 threshold calorimeter
Kt Pr+ = 2 minimum momentum in RICH
T D <2 Monte Carlo calculations

Table 5.2: The thresholds set for the momenta of these three particle types are sum-

marized.
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Figure 5.2: Distance (d) from a space point P(x,y,z) to a track with origin in @ and

direction 7;.

5.3 Vertex reconstruction

The lifetimes of the D*~ and its decay products are negligible as compared the time
they need to leave the target. Therefore, tracks of all three particles are required to
originate from the target domain. In addition to this standard procedure, it is required
that the momenta of the e~, K and 7~ have a common vertex within the target. This
vertex has been reconstructed from the momenta of these three particles by minimizing
their distances to an abitrary space point P(v), with (¢ = z,y, z) (Fig. 5.2).

Defining a track originating from a point Q(S;) in a coordinate system with origin
in O as §; + a T;, where T; is the unit vector in the direction of the momentum of the
particle, the distance of the tracks to an arbibitrary P(v) is given by

d;(0) = /(T — 5:)2 — (7 — 5)) £:)2. (5.1)
Then, the quadratic sum of the distances of the three tracks to P is given by
¥;(d;(¥))?. This sum is minimal when [29]:

Ve2i(d;(7))* =0 (5.2)
After taking the derivatives one obtains the equation

il = &) — 8i.(0 = §)] =0, (5.3)

or equivalently a set of linear equations. The coordinates of the reconstructed inter-
action point are obtained by solving this set of equations. In figure 5.3 the distributions

of the x and y-coordinates of the interaction point are shown. For almost all events
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Figure 5.3: The distribution of  and y coordinates of the interaction point P(z,y, z),
extracted from the minimum distance from a space point P to the electron,

kaon and pion momenta, .

this interaction point is within the target cell. The distributions of the (minimum)
distances between the tracks at this space point P(x,y, z) are shown in figure 5.4. The
three distributions indicate that for almost all events the three particles have a com-
mon vertex. The area left of the vertical lines in the three figures mark the data that
are accepted for further analysis. This includes the events for which all three distances

are smaller than one centimeter.

5.4 Data selection using the results of the Monte

Carlo Calculations

Figure 5.5 shows the invariant mass spectra for the e K and 7~ e~ KT systems and the
reconstructed mass difference spectrum AM = M, - .- g+ — M- i+, extracted from the
data after applying the cuts on the momenta and putting limits to the reconstructed
minimum distances between the electron, kaon and pion momenta at the interaction
vertex. Only events up to AM = 0.4 GeV are included in this spectrum. According
to the results of the calculations performed with AROMA a small fraction of 0.2 % of
the events from D*~-decay is beyond this range in AM (section 3.3).

The solid histogram in figure 5.5 shows the mass-difference spectrum AM without
any conditions applied, and the shaded area the spectrum with the additional constraint

on the interaction vertex.
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Figure 5.6: The distribution of the kaon versus the electron momentum (left his-
togram) and the AM spectrum (right histogram). In the latter spec-
trum, the open histogram includes all data, while in the one given by the
shaded histogram only the events for which p. + pr > 4.5 GeV applies

are shown.

By comparing this spectrum with that obtained from the Monte Carlo calculations
performed with the programs AROMA (figure 3.3) and PHYTHIA (figure 3.4) it is
evident that it is dominated by the background. The shapes as well as the maximum
of the distribution are similar as those calculated with PYTHIA. This is not surprising
because the results from PYTHIA indicate that the fraction of the events from D*~-
decay is small compared to the fraction from other processes. Although there are
uncertainties in the cross sections for production of charmed mesons near threshold in
PYTHIA, implying that the fraction from D*~ decay may be somewhat larger, it is
clear that a strong reduction of the background is needed in order to extract information
on D* -decay from the data. This background reduction is achieved by applying
various cuts on the data according to the results of the Monte Carlo calulations. In
the following this background reduction is discussed step by step. As in the Monte
Carlo calculations firstly a minimum value has been required for the sum of the kaon
and electron momenta, pg+ + p.— > 4.5 GeV (Fig. 5.6 left). The effect on the AM
spectrum is shown in Fig. 5.6 (right). Similarly as in the previous figure, the open
and the shaded histograms correspond to the spectra without and with this cut. The
difference in the shape of both spectra of figure 5.6b reflects a strong reduction of the
data at larger values of AM, whereas at small AM the reduction is much less. At
AM < 0.2 the reduction is 45 %, whereas at AM > 0.2 this is 88 %. This effect can
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be interpreted as follows. Firstly, the lower limit on the sum of the electron and kaon
momenta reduces the phase space in such a way that the number of events with large
AM is suppressed. Secondly, according to the calculations with AROMA the number
of events from D*~ decay, which are concentrated at small AM, is hardly changed.

In the next step of the analysis the range in emission angles of the electron and
kaon momenta with respect to the pion momentum was reduced. Events were only
accepted if (1 — cos(fp,,, _)) < 0.03, (1 —cos(#, , )) <0.03 and

(1 —cos(fp,,p ) x (1 —cos(f, _, _)) < (0.016)?/2 (figure 5.7 left histogram).

In figure 5.7 (right), the spectra before and after applying these cuts are indicated
by the open and shaded histogram, respectively. The effect of this cut on the AM
spectrum is similar to that of the previous one, but the effect is more significant. The
intensity at AM < 0.2 GeV is hardly reduced and a strong reduction is observed at
larger values of AM.

The last step in the reduction of the background includes constraints on the pion
momentum and the invariant mass M,.- x+. The upper values set to both quantities
are indicated in figure 5.8 (left). The result is shown in figure 5.8 (right). It is clear
that not only the yield for AM > 0.2 is reduced, but also for smaller values of AM.
However, this not necessarilly implies a reduction of the number of events from D*~
decay. Note that calculations performed with AROMA do not predict such a reduction.

Figure 5.9 shows the AM spectra obtained after the subsequent steps in the data
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Figure 5.8: Reconstructed invariant mass of the (K*e™) system "M (D°)‘ versus the
momentum of the pion p,— (left histogram) and the AM (right histogram
shaded area) spectrum, in which only events with p, < 1.6 GeV and
Mpo > 0.8 are included.

analysis. This figure can be compared directly to the figures 3.10 and 3.12, where
similar spectra are presented for the Monte Carlo data obtained from calculations
with AROMA and PYTHIA, respectively. They indicate a further concentration of
the events in the domain of small values of AM at each step of the data reduction.
Finally, only events are left in the domain where events from D*~ decay are expected.

In table 5.3 the number of events in the AM spectra, obtained after the subsequent
steps in the data reduction, is presented. This gives a more quantitative impression
of the composition of the AM spectra. The data are presented for three bins in AM.
They cover the ranges 0.14 — 1.6 GeV, 0.14 — 0.4 GeV and 0.14 — 0.2 GeV. According
to the Monte Carlo calculations the fraction of the events from D*~ decay should
increase when the upper limit in AM is decreased. The final data sample contains
only 187 events in the range 0.14GeV < AM; < 0.4GeV as well as in the range
0.14GeV < AM; < 1.6GeV. This number is 105 events in the spectrum AMj3, in
which the upper limit is reduced to 0.20 GeV.

Hence, in the total range of AM included in the analysis AM; = 0.14 - 1.6 GeV
only about 2% of the data is left. In the range AM, = 0.14 - 0.4 GeV this fraction
is 4% and in the smallest range of AM3 = 0.14 - 0.2 GeV, where according to the
calculations performed with AROMA the events from D*~ decay are concentrated,
this is 17%. The calculation with AROMA predicts that in the latter two AM regions
after all cuts the number of events from D*~ is reduced by 50 % and 15 %, respectively.
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Figure 5.9: The AM spectra after applying the successive cuts.

This leads to the conclusion that the background reduction was effective. Never-
theless, according to the results of the Monte Carlo calculations, a sizeable fraction of
the AM, and AM3 domains still stems from the background.

A comparison of the measured AM spectra with those from the Monte Carlo calcu-
lations clearly indicates a systematic increase of the fraction from D*~ decay. However,
it does not give quantitative information on this fraction. Therefore, it is difficult to
draw conclusions about the ratio of events from D*~ decay and background based on
the shape of the AM spectrum.

Furthermore, one has to be careful in drawing conclusions from the shape of this
spectrum, because the various cuts reduce the phase-space for the combination of
electron /kaon/pion momentum and this leads to a shift of the maximum in the AM
spectrum to smaller values. In the next section, the unfolding procedure used to
determine the number of the events stemming from D*~-decay is discussed and the
results are presented.
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Data taken in 2000 Condition
AM; | AMy | AM;3
8258 | 5109 | 618 none

Pr- < 2GeV, p.- > 1.5 GeV

1287 | 1250 | 343 Dee + pr+ > 4.5GeV

and
1 —cos(Op,.p ) <0.03,1—cos(0, , ) <0.03

613 | 611 272
1 —cos(0p,,p ) x 1—=cos(B,,_, ) < (0.016)%/2

and
M(K*te™) > 0.8GeV, p,- < 1.6GeV

187 | 187 | 105

Table 5.3: Number of events in the AM spectrum after various steps in the data
selection. The range spanned in the AM; spectrum is (0.14 - 1.6) GeV,

that for AMs (0.14 - 0.4) GeV and for AM;3 (0.14 - 0.2) GeV.
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Chapter 6

Results and Discussion

6.1 Extraction of the number of events from D* -

decay

In order to make a decomposition of the AM spectrum into the contributions from
D* -decay and other processes, the measured AM spectra have to be compared with
the spectra calculated with the programs AROMA and PYTHIA in a quantitative way.
There are several options to make such a comparison.

1. Extract from the Monte Carlo calculations performed with PYTHIA the contri-
butions to the AM spectrum from D*-decay and other processes, respectively. Nor-
malize these calculated spectra to the data and determine the fractions from the decay
of charmed mesons and other processes. Since the contribution from the D*~-decay is
expected to be small, large amounts of Monte Carlo data have to be generated. This
is time consuming. Furthermore, one has to rely on the cross sections for the produc-
tion of charmed mesons in PYTHIA at energies in the range covered by the HERMES
experiment.

2. Combine the contributions to the AM spectrum from D*~-decay calculated with
AROMA and from the background extracted from the calculations with PYTHIA (the
events from D*~ decay in PYTHIA are not taken into account). Again one has to rely
on the cross sections for creation of charmed mesons. The number of Monte Carlo data
presented in chapter 3 are sufficient for such an analysis.

3. Use, as in option 2, the Monte Carlo data for the production of charmed mesons
and the background from the calculations performed with AROMA and PYTHIA,
respectively. Fit these spectra to the data. Perform these fits at each step of the

analysis. An argument in favour of this method is the fact [10] that considerable
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uncertainties exist in the cross section for charm production by PYTHIA or AROMA.
In this thesis, the last method is applied. The function fitted to the data is

Npredicted = T X Nagroma + Yy X NpyrHI4, (6.1)

where x and y are free parameters. By fitting the Monte Carlo spectra to the data
at each of the three steps in the data analysis given in table 6 the consistency in the
analysis has been checked and the contribution of D*~-decay to the three AM spectra
has been determined.

It is convenient to rearrange Eq. (6.1) such that the two parameters account for a
normalization constant and the fraction of D* -decay in the AM spectrum.

This gives

Npredicted = T X Naroma +Yy X Npyrhra (6.2)
T

= yXx (; X Naroma + Npyruia) (6.3)

= N X (f X Naroma + Npyrura), (6.4)

with N = y and f = g

Assuming that AROMA properly describes the production of charmed particles and
PYTHIA the background, the constant N normalizes the Monte Carlo spectra to the
data and does not change in the various steps of the analysis, while the parameter f
accounts for the fraction of the data that can be attributed to D*~-decay. Hence, by
fitting the three AM spectra corresponding to the three conditions listed in table 6.1
the fraction of events from D*~-decay is obtained.

Note that f is not equal to the fraction from D*~-decay, but a parameter that is
proportional to that fraction. At each step the decomposition of the data in events
from D*~-decay and background is given by

Npredicted = Ncharm + Nbackground
= N X f X Naroma + N X Nprurya. (6.6)

From the Monte Carlo calculations it is known that the contribution of D*~-decay to
the AM spectrum is small when no restrictions are made to the data. This contribution
is negligible if AM > 0.20 GeV. In this domain there is only a very small contribution

0

from the decay D*~ — 7°D~ — 7%7~ e~ K. Therefore, f is taken zero in this

spectrum and the normalization constant N was extracted from a fit of the ”background
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Figure 6.1: Distribution of normalized AM spectrum calculated with the program
PYTHIA (solid histogram) and the data points. The fit is performed in
the range 0.20 < AM < 0.4 GeV.

spectrum” calculated with PYTHIA to the data in the range 0.20 < AM < 0.4 GeV.
The upper limit was set on 0.4 GeV since the statistical accuracy in the AM spectrum
calculated with PYTHIA reduces rapidly above this value after As before, only events
with electron, kaon and pion multiplicity equal to one were included and constraints
were set to the interaction vertex (section 5.3). In figure 6.1 the data and the calculated
spectrum, multiplied with the normalization factor N = 4.4 extracted from the fit, are
shown. Using this normalization factor, the contribution of D*~ decay, expressed in
the factor f, was determined for the lower AM region (0.14 < AM < 0.20 GeV).

In figure 6.2 the fits to the three spectra are shown, and in table 6.1 the param-
eters N and f extracted from the fits are listed. The spectra labeled as A, B and C
are reproduced reasonably well by those obtained from the Monte Carlo calculations.
Deviations are seen at high AM values, which is largely due to an overestimate of the
data in the last channel by the calculated spectrum. If the range is reduced to 0.14-0.19
GeV the results of the fit to spectrum B are xy? = 1.1 and f = 0.026. Using the factors
f obtained from the fits to the data listed in table 6.1, the decomposition of the yield
in events from D*~-decay and background listed in table 6.2 is obtained.

Although the fitted combinations of AROMA and PYTHIA Monte Carlo spectra
do not give an excellent description of the measured AM spectra, they do account for
the gross features. At large AM the PYTHIA background is dominant, whereas at
small AM the charm part contributes significantly. Moreover, the number of charm
events extracted (see table 6.2) is consistent whatever cut (A, B or C) is applied. This
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Results from fit Condition
N f 2
Pr- < 2GeV, pe- > 1.5GeV

4.4 | 0.017+£0.01 | 0.4 Pee + pr+ > 4.5GeV A
and

4.4 1 0.02240.009 | 5.6 | 1 —cos(fp, p ) <0.03,1—cos (0, , ) <0.03

[1—cos (0, p )] x [1—cos(B,_, )] < (0.016)*/2 | B

and

4.4 0.018M00% | 1.6 Mgt > 0.8 GeV, p,- < 1.6GeV C

Table 6.1: Results from fits of the calculated AM spectra to the data showing the
normalization factor and fit parameters obtained for each condition.

Results from fit AM = 0.14—-0.20 GeV
charm | background | sum | ' = CQ’Z—Z” x 100% | data | Condition
52 252 304 17 % 343 A
67 163 230 29 % 272 B
40 92 132 30 % 197 C
Results from fit AM = 0.14—-0.17 GeV
charm | background | sum | ' = CQ’Z—Z” x 100% | data | Condition
31 o7 88 35 % 78 A
42 39 81 52 % 70 B
33 13 46 72 % 33 C
Results from fit AM = 0.17—-0.20 GeV
charm | background | sum | F' = CZZ—Z” x 100% | data | Condition
21 195 216 10 % 265 A
25 124 149 17 % 202 B
7 79 86 8 % 164 C

Table 6.2: Results from fits of the calculated AM spectra to the data showing the
decomposition of the yield in events from D*~-decay and background for

each condition and different AM ranges.
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consistency gives confidence to the analysis and enables us to consider the double spin
asymmetries.

The number of events from D*~-decay follows directly from equation (6.6), with N
and f are taken from table 6.1. It is clear that the fraction of events originating from
D*~-decay systematically increases in the subsequent steps in the data reduction, and
that this fraction is systematically larger when the range in AM is reduced to 0.14
- 0.17 GeV. However, when the maximum fraction of 72 % is reached the spectrum
contains only 46 events, of which 33 events can be attributed to the decay of the D*~

meson.

6.2 Double-spin asymmetry

The motivation of this study is the extraction of the double-spin asymmetry for events
from D*"-decay. From the Monte Carlo calculations it follows that in the AM spectrum
these events are concentrated at AM < 0.17 GeV. Qualitative information on the
asymmetry is obtained by comparing the number of events in this domain at two
values of the beam-target polarisation. Such a comparison is made in figure 6.3. In the
upper part of this figure the data obtained at anti-parallel and parallel beam-target
spins (solid histogram) are compared with the spectrum obtained from calculations
with AROMA (dashed histograms). The data measured in 1999 and 2000 are added.
The dashed histogram in both figures is the same as the one shown in Fig. 3.10, but
scaled by a factor 0.6. This factor accounts for the contribution of the data taken in
1999 (factor 1.2), and the splitting into 2 subsets (factor 0.5). It is assumed that in the
data taken in 1999 the fraction of events from D*~ decay is the same as in the data
taken in 2000. This normalization is appropriate to extract qualitative information on
the asymmetry. In the left panel the data exceed the calculated yields in the region
AM < 0.17 GeV, whereas in the right panel they are below the calculated values. This
leads to the conclusion that the asymmetry is positive.

In the lower part of this figure the same comparison is made between the data and
the AM spectrum calculated with PYTHIA, where the PYTHIA data are normalized
by factor a of 2.2. In the AM region of 0.17-0.20 GeV the fraction of the data stemming
from the decay of charmed mesons is found to be 8%. Hence, this part of the spectrum
is expected to be dominated dominated by ‘background’ events. However, this region
shows an unexpected and striking result.

In the domain AM = 0.17—0.20 GeV, the number of events in the left panel (anti-
parallel spins) is significantly smaller than the number of events from PYTHIA, and
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Figure 6.2: Results of fits (see table 6.1) of spectra calculated with the programs
AROMA (dashed line) and PYTHIA (dotted lines) and the sum of two
(solid line) to the AM spectra extracted from the data. Note the system-
atical increase of the fraction of events originating from D*~-decay in the
AM range 0.14 - 0.17 GeV.



6.2 Double-spin asymmetry

69

in the right panel it is significantly larger. This indicates a large negative asymmetry,
implying that another process (not involving charmed particles) must dominate the
AM spectrum in this domain. At AM > 0.20 GeV, the number of events in both
panels is approximately equal.

In table 6.3 the data extracted from the measurements with target-spin parallel
and anti-parallel to the helicity of the electrons are presented for the three intervals in
AM (column 2 and 3). The data taken in 1999 and 2000 are added.

The double spin asymmetry for the production of charmed mesons is defined in
equation (2.30). This asymmetry is related to the experimental asymmetry and can
be rewritten in the number of events measured in the two directions of the target
polarization normalized to the intergrated luminosity. Hence,

Aﬁzp
Acorrected — ’ 6.7
I Ptargetpbeam ( )
Ny _ Nig
Ty Tap NyyLygy — NyoL
Aﬁxp B I S ) My (6.8)

T+ NiyLyp + Ny

The latter expression has been used to extract the double-spin asymmetries (table
6.3 column 4) with % = 1.005. In the last column this asymmetry is normalized
to the target and beam polarization. The integrated value of Py get Ppeam = 0.47 was
used.

The asymmetry for the background is extracted from the data measured in the
domain AM > 0.2 GeV, where the contribution of D*~-decay is negligible. This
asymmetry is found to be zero.

In figure 6.4 the double-spin asymmetries extracted from the combined data sets
obtained in 1999 and 2000 are displayed as a function of the fraction attributed to the
decay of D*~. This fraction F' is obtained from fits to the data of the results from
the Monte Carlo calculations listed in table 6.1 and defined as F' = CZZ—;T x 100% (see
table 6.2). The data points at F'=35 %, 52 % and 72 % correspond to the data in the
range AM = 0.14 — 0.17 GeV, and those for F=10 %, 17 % and 8 % to the AM range
0.17-0.20 GeV, for the cuts A, B and C, respectively. Note that they are obtained after
the subsequent cuts on the kinematical variables, labeled as A, B and C in table 7.
Therefore, the three values for one bin in AM are not independent. The data point
at F'=0 in the Fig. 6.4 reflects the asymmetry for the background (table 6.3 bottom
part).
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Figure 6.3: The AM spectra at two values of the beam-target polarizaton (solid
histograms) compared with spectra (dashed histograms) calculated with
AROMA (top) and PYTHIA (bottom).
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AM = 0.14 - 0.17 GeV

Nevents Asymmetry
Niy | Nig Ar Aﬁorrected
A | 48 | 45 | 0.03+0.11 | 0.06+0.20
B | 43 41 | 0.02+0.11 | 0.044-0.22
C| 25 16 | 0.214+0.15 | 0.45+0.31
AM = 0.17 - 0.20 GeV
Nevents Asymmetry
Ny | Ny A Aﬁorrected
A | 138 | 177 | -0.13£0.05 | -0.26+0.11
B| 97 | 134 | -0.16+0.06 | -0.33+0.13
C| 31 52 | -0.25%0.10 | -0.53+£0.22
AM =0.2-1.6 GeV
Nevents Asymmetry
Ny | Ny Acr Aﬁorrected
no | 4562 | 4616 | -0.01£0.01 | -0.0240.02

Table 6.3: Double-spin asymmetry measured for three ranges of the AM. Details are

given in the text.
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Figure 6.4: Asymmetry, corrected for the beam and target polarization as a function
of the charm fraction for different AM ranges: AM = 0.14 — 0.17 GeV
(closed circles), AM = 0.17 — 0.20GeV (squares) and AM > 0.20 GeV
(diamond).

6.3 Discussion

The asymmetries measured for both intervals in AM confirm the qualitative interpre-
tation based on figure 6.3. In the first interval the asymmetry has a positive value
of Aﬁ"”“ted = 0.45 £+ 0.31 and in the second interval the asymmetry is negative,
Aﬁo””“t@d = —0.53 £ 0.22. These observations have consequences for the extraction of
the asymmetry for the creation of charmed mesons. Obviously, the assumption that the
asymmetry stems from the decay of charmed mesons superimposed on a background
with zero asymmetry is not correct, and the significant negative asymmetry in the
AM range 0.17-0.20 GeV disturbs the anticipated regular increase of the asymmetry
as a function of the charm fraction (F'). This excludes a fit of a linear function to the
seven values of A extracted from the data and an extrapolation of A to F' = 100

%. Instead the smallest and largest values of A that are in accordance with the data
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Decay product Parent particle Fraction
K+ K*9(892) or K*7(892) | 95 %
T K*°(892) or w 40 %
e 0 100 %

Table 6.4: Events that contribute to the AM domain 0.17-0.20 GeV.

were estimated. The lower and upper limits of A at F' = 100 % were estimated by
discarding the processes that cause the negative asymmetry in the domain AM = 0.17
- 0.20 GeV. A fit of a linear function to the four remaining data points and extrapola-
tion to F' = 100 % gives a value of Aﬂm'" = 0.2940.22 (corrected for beam and target
polarisation) at F' = 100 %. Furthermore, an estimate of the maximum value of the
asymmetry Aq“”‘“’ = 0.51£0.44 was obtained by fitting a linear function to the three
data points corresponding to the domain AM = 0.14 — 0.17GeV (c.f. Fig. 6.4), and
subsequent extrapolation to F' = 100 %. This gives for the lower and upper limits of

the asymmetries the values of Aﬁ"“’” = 0.07 and Ah‘p P = 0.95, respectively.

The upper limit of the asymmetry has no significance. From the value of Aﬁ"wer =

0.07 a lower value of % was estimated. At the kinematic conditions of the HERMES
experiment the average asymmetry apgr for creation of a c¢¢ in a photon-gluon-fusion
reaction by completely polarized gluons is apgr = 0.6 - 0.7 [19]. This gives a lower
limit of % > 0.1 (See Eq. 2.30), and indicates that % is positive.

A negative asymmetry A = -0.3240.18 was obtained by fitting a linear function
to the three data points in the domain AM = 0.17 — 0.20 GeV. As discussed above,
the influence of the (unexpected) large negative asymmetry measured at in the range
AM range 0.17-0.20 GeV hindered the extraction of % from the data taken at AM
= 0.17-0.20 GeV. On the other hand the measured negative asymmetry may open new
windows to the determine the gluon polarization. For example a negative asymmetry
can originate from strange mesons created in photon-gluon fusion. Therefore, it is of
interest to study the origin of the e, Kt and 7~ particles that are responsible for the
events in the AM domain 0.17-0.20 GeV. This information has been extracted from
the calculations performed with PYTHIA. An inspection of the events that contribute
to the AM domain 0.17-0.20 GeV gives the following results. 95 % of the kaons in this
AM domain originate from the decay of K*°(892) or K*(892) mesons, 40 % of the
pions are emitted in the decay of a K*°(892) or w meson, while 100 % of the electrons

originate from 7 decay (see table 6.4).

Figure 6.5 illustrates these findings. The solid histogram represents the AM spec-
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Figure 6.5: The AM for background generated with PYTHIA. The dashed histogram
- extra conditions on the parents of the decay products.

trum calculated with PYTHIA, after applying the three steps in the data reduction
(this is the same spectrum as displayed on the bottom part of Fig. 6.3 as a dashed
histogram). The dashed histogram is obtained by requiring in addition that the e~ and
K™ are decay products from the particles mentioned above; no condition on 7~ is set
, because this particle can originate from the decay of various particles. Note that the
shape and the width of the two spectra in the AM range 0.17 - 0.20 GeV is similar,
and that these particles account for about 50% of the total number of events in this
AM spectrum.

From this information a few decay paths can be reconstructed. For example, the
parent is a K*°(892) or K** with an energy of 1410 MeV, 1430 MeV or larger and
decays into

K*(892) + 1 - 7~ + KT + e (e") or
w(782) + KT — 7~ +7t + Kt + e (ef) .

These decays are illustrated in the Fig. 6.6.
Thus far, the procedure followed in the data analysis was to enhance the contribu-

tion of events from D* -decay in the mass and mass-difference spectra. At first view
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Figure 6.6: The decay of strange mesons K* in comparison with the decay of D*~-

mesons when the same final state particles are detected.

it is surprising that in this AM spectrum a small peak shows up from a decay process
for which this AM has no meaning. The explanation for this observation is found in
the formula AM = M(r~Kte™) — M(K"e™). Independent of the decay process AM
has a small value when the pion momentum is small. In the decay D*~ — DO 7~ the
pion momentum is only 0.041 GeV when the D*~ has zero momentum. Therefore, the
AM spectrum for the decay of this particle has a maximum slightly above the pion
mass. In the decay of a K*(892) at rest the maximum pion momentum is 0.286 GeV,
which is small in comparison to the momenta of the particles in the laboratory frame.
This explains the peak at 0.18 GeV in AM.

To study the decay processes shown in figure 6.6 in more detail an appropriate data
reduction has to be applied to reduce the background. This reduction should be based
on the selection of the same particles as in the analysis of the D*~ decay, but starting
from the invariant mass M (K *7~) and requiring in addition that an e~ is emitted by
the 7°. Figure 6.7 shows this calculated M (K *7~) spectrum. As in the analysis of the
Monte Carlo data for the D*~ decay, conditions were set on the electron momentum
(1.5 GeV) and the kaon momentum (2 GeV). Events in which the electron is emitted
in the decay of a 7° meson show a sharp peak around the mass of the K*(892). The

spectrum of the remaining events gradually decreases with inrease of M (K *7~). This
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Figure 6.7: Calculated M(K*7~) spectrum. Dashed line - e~ emitted from 70, K
and 7~ from K*(892). Solid histogram indicates all events.

indicates that the selected particles likely correspond to the decay of K* and K mesons
in the domain 1.3 — 1.7 GeV as shown in Fig. 6.6.

The prominent peak in the calculated M(K*7~) spectrum offers good prospects
for a more detailed Monte-Carlo study, similar as for the D*~ decay, to further reduce

O one K* and one

the background. Then, the existing set of data (events with one 7
e~ ) can be analysed applying conditions extracted from the Monte-Carlo calculations.

The spectrum shown in figure 6.7 allows already to make an estimate of the number
of events that one may expect in the M(K*n~) spectrum extracted from the data.
From the comparison of the calculated AM = M(n~K*e™) — M(K'e™) spectrum
to the data (Figure 6.1) a normalization factor N = 4.4 was extracted (Table 6.1).
Applying this factor to the calculated M (K*7~) spectrum results in about 380 events
in the peak (0.85 GeV < Mk, < 0.95 GeV) and about 700 events in the total spectrum.

This allows an accurate determination of the double-spin asymmetry.



Chapter 7

Summary

Measurements of the double-spin asymmetry in deep-inelastic electron scattering on
a proton and a deuteron have shown that the valence quarks account for only about
20 % of the nucleon spin. This observation suggests an important contribution to the
nucleon spin from gluons and/or the orbital angular momentum.

Information on the contribution of the gluons to the nucleon spin can be obtained
from the cross-section asymmetry for photon-gluon fusion (PGF) induced by longitu-
dinally polarized leptons on a longitunal polarized target nucleon. In this process a qg
pair is created and possibly one or more gluons of smaller energy. The ¢q pair most
likely fragments into two mesons of opposite charge. It is also possible that the quark
created in the PGF reaction and two quarks from the target nucleon form a baryon.
In the latter process also two mesons are created, one of which contains the anti-quark
created in the PGF process.

At the electron-beam energy of 27 MeV provided by HERA and the fixed target
used in HERMES experiment the maximum centre-of-mass energy of the positron-
nucleon system is about 7 GeV. This implies that the momenta of the created hadrons
in the centre-of-mass system of the virtual photon and the nucleon strongly depend on
the mass of the quarks involved. Hadrons created in a PGF reaction involving valence
quarks generally have a large transverse momentum, whereas this momentum is small
for charmed hadrons. This is because the invariant energy of the electron(positron)-
nucleon system is close to the threshold for creation of a c¢ pair.

In previous studies on the decay of charmed hadrons within the HERMES col-
laboration, the cross-sections for the production of J/W, D* D mesons and the A.
baryon were measured. It was shown in these studies that the cross sections for creat-
ing charmed particles at an electron energy of 27 MeV are small. Futhermore, it was

observed that the background in the reconstructed mass and mass-difference spectra
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is large and strongly depends on the decay mode of the created particles.

This thesis reports on a study of the semi-leptonic decay of D*~ mesons produced in
the interaction of quasi-real photons with the target nucleons. This decay is as follows:
D~ - Dr~ — Kte ..

The advantage of this decay-channel as compared to the hadronic decay is the
presence of the electron. This particle is not frequently produced at the energies of
the HERMES experiment, if a positron beam is used. However, the antineutrino 7,
cannot be observed. As a consequence the mass of the D*~ meson can be only partially
reconstructed. This implies a large width of the reconstructed mass. Therefore, the
asymmetry is determined using the mass-difference spectrum AM = Mp«— — Mpo, .
In this spectrum the effect of the non observation of the 7, is largely removed.

First, Monte-Carlo calculations were performed to study the AM spectrum and the
background. The creation and decay of D*~ mesons was simulated with the program
AROMA and the events which contribute to background with the program PYTHIA.
Using these Monte-Carlo data, selection criteria were developed and applied to the data
in order to reduce the background with a minimum reduction of events from D*~-decay.
They include constraints to the momenta pg+, p.—, p— and to the sum of pg+ and
Pe-. Furthermore, constraints were set to the emission angles of the electron and kaon
relative to the pion momentum. These angles are small for events from the D*~ — 7~
D? — 7=e~K* (7,.) decay. Finally, the correlations between the reconstructed mass of
the DY versus the pion momentum were used to decrease the background in the AM
spectrum.

According to the results of the Monte-Carlo calculations the background due to the
decay of non-charmed mesons is reduced to 0.3% of the initial number of events while
this reduction is only 47% for events from D*~-decay.

The selection criteria extracted from the Monte-Carlo calculations were applied
to the data taken in 1999 and 2000. Both data sets were analyzed separately. The
target in these two years was polarized deuterium. First, the ranges in the momenta
of the particles involved were reduced and it was required that the minimum distances
between KT, e~ and 7~ tracks within the target are < 1 cm. Then, the various selection
ctiteria mentioned above were applied.

To extract the number of events from D*~-decay, the Monte-Carlo data were fitted
to the measured AM spectrum. The fits were performed with two parameters, a
normalization constant and the fraction of the events from D*~-decay. The fits were
performed at each step of the data analysis.

According to these fits the fraction of the events from D*~-decay in the selected
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domain of AM = 0.14 — 0.17 GeV is 72% if all requirements are imposed, while in the
AM range of 0.17 — 0.20 GeV this fraction is only 8%.

Double-spin asymmetries have been extracted from the data in the two domains
of AM mentioned above. They are corrected for beam and target polarization. The
double-spin asymmetry measured in the AM range 0.14 — 0.17 GeV is Aﬁ"”’ecmd =
0.45 4+ 0.31. Whereas in the domain AM = 0.17 — 0.20 GeV, where background
dominates the spectrum, this asymmetry has a sizeable negative value of Aﬁ‘”"’"“ted =
—0.53 + 0.22.

The negative asymmetry of the background likely contributes to the asymmetry in
the AM range 0.14-0.17 GeV as well. This effect and the large statistical uncertainty
in the double-spin asymmetry in the AM region of interest do not allow a reliable

extraction of the gluon polarization from the data.

A simulation of the events in the AM range 0.17-0.20 GeV performed with PYTHIA,
showed that the events in this domain mainly originate from K*°(892) decay, with a
sizeable contribution from the decay of the w(792)-meson. Furthermore, the electrons
stem from 7° decay. Hence, possible decay channels associated with the predictions of
these mesons are

K*°@892) + -7~ + Kt + e 4+ et or
w(782) + KT — 7~ +7nt +e +et + KT

Wherein, according to PYTHIA the K*°(892) and ¥ seem to originate from the decay
of a K*9(1410), K*°(1430) or heavier K*-mesons.

A dedicated study of the double-spin asymmetry for the events containing the same
particles but requiring an invariant mass Mg+~ corresponding to the Mp-o(ggg) mass
may open a window to investigate the origin of the large negative asymmetry observed
in the AM range betveen 0.17 and 0.20 GeV. As PYTHIA suggests that a sizeable
fraction of the heavy K*° mesons mentioned above is produced through PGF, these
large negative asymmetry might even be used to study the gluon polarization. A
preliminary analysis of this decay channel based on the reconstruction of the invariant
mass M (K*7~) shows a clear peak at M = 892 MeV, and contains about 700 events
with a significant negative asymmetry. This gives good prospects for a more detailed

analysis.
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Chapter 8

Samenvatting

Metingen van de tweevoudige spin-asymmetrie in diep-inelastische elektronenverstrooi-
ing aan een proton en een deuteron hebben aangetoond dat de valentiequarks slechts
ongeveer 20% bijdragen aan de spin van het nucleon. Deze waarneming suggereert een
belangrijke bijdrage aan de nucleonspin van de gluonen en/of het baanimpulsmoment.

Informatie over de bijdrage van de gluonen aan de nucleonspin kan worden verkre-
gen uit de asymmetrie van de werkzame doorsnede voor foton-gluon fusie (PGF)
geinduceerd door longitudinaal gepolariseerde leptonen aan een longitudinaal gepo-
lariseerd nucleon. In dit proces wordt een ¢q paar gevormd en mogelijk één of meer
gluonen met minder energie. In de meeste gevallen fragmenteert het g paar in twee
mesonen met tegengestelde lading. Het is ook mogelijk dat het quark dat is gevormd
in de PGF reactie en twee quarks van het getroffen nucleon een baryon vormen. In dit
laatste proces worden ook twee mesonen gevormd, waarvan één het anti-quark bevat
dat gecreéerd is in het PGF proces.

In een reactie tussen positronen met een energie van 27 GeV, die door HERA
wordt geleverd, met nucleonen in een gascel, die wordt gebruikt in het HERMES ex-
periment, is de maximale energie in het massamiddelpunt van het positron-nucleon sys-
teem ongeveer 7 GeV. Dit betekent dat de impulsen van de geproduceerde hadronen in
het massamiddelpuntsysteem van het virtuele foton en het nucleon sterk afhangen van
de massa van de betrokken quarks. Hadronen die zijn geproduceerd in een PGF reactie
waarbij valentie quarks zijn betrokken hebben in het algemeen een grote transversale
impuls, terwijl die component van de impuls klein is voor hadronen met ‘charm’. Dit
komt doordat de invariante energie van het positron-nucleon systeem dicht bij de drem-
pelwaarde ligt voor de creatie van een cc paar.

In voorgaande studies van het verval van hadronen met charm in de HERMES

collaboratie zijn de werkzame doorsneden gemeten voor de productie van J/W, D* D
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mesonen en het A, baryon. In deze studies is aangetoond dat de werkzame doorsneden
voor het maken van deeltjes met charm bij een energie van 27 GeV klein zijn. Ook heeft
men waargenomen dat de achtergrond in de gereconstrueerde massa en massaverschil

spectra groot is en sterk afhangt van het verval van de gecreéerde deeltjes.

Dit proefschrift beschrijft een studie van het semi-leptonische verval van D*~ meso-
nen die zijn geproduceerd in de wisselwerking van quasi-reéle fotonen met nucleonen.
Dit verval is als volgt: D*~ — D7~ — Kte m,m.

Het voordeel van dit vervalkanaal vergeleken met het hadronische verval is de aan-
wezigheid van het elektron. Productie van een elektron met hoge energie heeft geen
grote waarschijnlijkheid in het HERMES experiment, waar een positronbundel wordt
gebruikt. Echter het anti-neutrino, 7., kan niet gemeten worden. Een consequentie
hiervan is dat de massa van het D*~ meson slechts gedeeltelijk kan worden gerecon-
trueerd. Dit impliceert een grote breedte van het gereconstrueerde massaspectrum.
Om deze reden wordt de asymmetrie bepaald met behulp van het massaverschil spec-
trum AM = Mp« — Mpo,—. In dit spectrum wordt het effect van het niet gemeten
neutrino voor een groot deel ongedaan gemaakt.

Als eerste zijn Monte-Carlo simulaties uitgevoerd om het AM spectrum en de
achtergrond te bestuderen. De productie en het verval van D*~ mesonen zijn ge-
simuleerd met het programma AROMA en de gebeurtenissen die een bijdrage leveren
aan de achtergrond met het programma PYTHIA. Gebruikmakend van deze gesimu-
leerde spectra zijn selectiecriteria ontwikkeld en toegepast op de meetgegevens om de
bijdrage van de achtergrond te verkleinen met een minimaal verlies van gebeurtenissen
van D*~ verval. Deze bevatten beperkingen van de impulsen pg+, pr-, pe-, €n op de
som van px+ en p.-. Voorts zijn er beperkingen opgelegd aan de hoeken waaronder het
elektron en het kaon ten opzichte van de pion-impuls worden uitgezonden. Deze hoeken
zijn klein voor het D*~ — 7~ DY — 77e” K+ (,) verval. Als laatste zijn correlaties
tussen de gereconstrueerde massa van de D® meson en de pion-impuls gebruikt om de
achtergrond in het AM spectrum te verkleinen.

De resultaten van de Monte-Carlo berekeningen laten zien dat door deze bewerkin-
gen de achtergrond, veroorzakt door het verval van mesonen zonder charm, gereduceerd
wordt tot 0.3% van het initiéle aantal gebeurtenissen, terwijl deze verkleining slechts
47% is voor de gebeurtenissen afkomstig van het D*~ verval.

De selectie criteria, verkregen uit de Monte-Carlo berekeningen, zijn toegepast op
de meetresultaten van 1999 en 2000. Beide zijn afzonderlijk geanalyseerd. In deze
jaren werd gepolariseerd deuterium als "trefplaat” gebruikt. In de analyse van de

meetgegevens werd als eerste het bereik in de impuls van de deeltjes verkleind en werd
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vereist dat de minimum afstand tussen de K, e~ en 7~ sporen binnen de ”trefplaat”
kleiner is dan 1 cm. Vervolgens werden de bovengenoemde selectiecriteria toegepast.

Om het aantal gebeurtenissen te bepalen dat atkomstig is van het D*~ verval, wer-
den de Monte-Carlo spectra aangepast aan de gemeten AM spectra. Deze vergelijking
werd uitgevoerd met twee parameters, een normalisatie constante en de fractie van de
gebeurtenissen van het D*~ verval, voor elke stap van de analyse van de meetgegevens.

Volgens deze analyse is de fractie van gebeurtenissen van D*~ verval in het uit-
gekozen domein van AM = 0.14 — 0.17 GeV gelijk aan 72% als alle selectie eisen
worden toegepast, terwijl in een AM domein van 0.17 — 0.20 GeV deze fractie slechts
8% is.

Uit de meetresultaten voor de twee genoemde AM domeinen is de tweevoudige
spin-asymmetrie bepaald. Deze zijn gecorrigeerd voor polarisatie van de positronen en
de ‘treftplaat’ nucleonen. De gemeten tweevoudige spin-asymmetrie in het AM domein
0.14—0.17 GeV is Aﬁecomgeerd = 0.45 £ 0.31. Terwijl in het domein AM = 0.17—0.20
GeV, waar de achtergrond het spectrum overheerst, de asymmetrie de aanzienlijke
negatieve waarde heeft van Aﬁecomgmd = —0.53 + 0.22.

De negatieve asymmetrie van de achtergrond draagt waarschijnlijk ook bij aan de
asymmetrie in het AM gebied 0.14 — 0.17 GeV. Dit effect en de grote statistische
onzekerheid in de tweevoudige spin-asymmetrie in het interessante AM gebied staan
niet toe dat er een betrouwbare waarde van de gluonpolarisatie uit de meetresultaten
wordt verkregen.

Een simulatie van de gebeurtenissen in het AM gebied van 0.17-0.20 GeV, uit-
gevoerd met PYTHIA, laat zien dat de gebeurtenissen in dit domein voor het grootste
gedeelte afkomstig zijn van het K*°(892) verval, met een aanzienlijke bijdrage van het
verval van het w(792)-meson. Voorts worden de elektronen in het 7° verval uitgezon-

den. Hieruit volgen als mogelijke vervalskanalen voor deze mesonen,

K*0@®892) + n® -7~ + Kt + e 4+ et en
w(2) + Kt —n 47t +e +et + KT,

waarbij, volgens PYTHIA, de K*°(892) and 7° mesonen afkomstig blijken te zijn
van het verval van het K*°(1410), K*°(1430) of zwaardere K* mesonen.

Een gerichte studie van de tweevoudige spin asymmetrie voor de gebeurtenissen
die dezelfde deeltjes bevatten maar met een invariante massa M+,- overeenkomend
met de Mg+0(892) massa hebben, kan een venster openen om de herkomst van de

grote negatieve asymmetrie, die wordt waargenomen in het AM gebied tussen 0.17 en
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0.20 GeV, te onderzoeken. Omdat PYTHIA suggereert dat een aanzienlijk deel van
de bovengenoemde K*° mesonen met grote massa geproduceerd wordt in foton-gluon
fusie, kunnen deze grote negatieve asymmetrieén zelfs gebruikt worden om de gluon-
polarisatie te bestuderen. Een voorlopige analyse van dit vervalskanaal, gebaseerd op
de reconstructie van de invariante massa M (KT7™), laat een duidelijke piek zien bij
M =892 MeV, en bevat ongeveer 700 gebeurtenissen met een significante asymmetrie.
Dit geeft goede vooruitzichten voor een meer gedetailleerde analyse.
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