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Summary

Photon-gluon fusion (PGF) processes are an important source of information
about the polarisation of the gluons inside the nucleon. In the HERMES ex-
periment at DESY charmed mesons are produced almost exclusively through
PGF in deep-inelastic collisions of polarised electrons with a polarised nu-
cleon target. The charged D∗± mesons mainly decay into a (anti)D0 me-
son and a pion, with subsequent decay of the (anti) D0 meson into various
combinations of kaons and pions.This study is devoted to the semileptonic
decay D∗− → D0 π− → K+ e− ν̄e π−. Using the results of Monte Carlo
calculations performed with AROMA (production of charmed hadrons) and
PYTHIA (other processes) domains in the kinematic variables and recon-
structed masses are determined for which the ratio of events from D∗− decay
and events from other processes is maximal using the ∆M method. This in-
formation will be used in the data analysis to obtain samples for extraction
of the gluon polarisation. An optimisation of the ratio is found to be 3.5
with a loss of 65% of events in the events from D∗− → D0 π−.
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Introduction

The HERMES experiment at the German accelerator center DESY is involved
with measuring the spin of the nucleon. The idea of spin arose at the be-
ginning of the previous century, when observed atomic spectra did not fit
the standard theory of that time. The so-called anomalous Zeeman effect
was explained by postulating a fourth1 quantum number called spin, ms.
By assuming that this number can have two values, the ’anomalous’ spectra
could be explained. G. Uhlenbeck postulated that this extra degree of free-
dom must be related to an intrinsic angular momentum of the electron [1].
When the hyperfine structure was discovered in 1947 by W. Lamb and R.
Retherford, the spin formalism could be extended to nucleons.

In nuclear scattering experiments in the 1950’s a large number of ’elemen-
tary’ particles were observed. In 1961 M. Gell-Mann used a symmetry group
that would classify the differences and similarities of the particles. He called
it ‘The eightfold way’, because of the many occurrences of particle octets
with related quantum numbers. The eightfold way led to the postulation of
hadron constituents, called quarks.

Deep-inelastic scattering (DIS) experiments in the 1960’s showed that
the nucleons possess a substructure and are built up of partons. J. Bjorken
and R. Feynman developed the parton model in 1968, and explained so-called
scaling behaviour of the structure functions. Scaling means that at high four-
momentum transfer the scattering process can be described as the absorption
of the virtual photon by a free parton. Furthermore it was observed that the
partons carry about 1

3
of the total momentum of the nucleon. This can be

explained by assuming that one is scattering on three point-like particles
inside the nucleon, which are identified as the quarks of Gell-Mann. Later
it showed that scaling is only an approximate property, and violations were

1Next to the principal quantum number, n, orbital angular momentum q.n., l and
magnetic q.n., ml
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found in the scaling of the structure functions2. This called for the need of
a dynamical quark model.

Due to the existence of a particle called the ∆++, which is made of three
up quarks with total spin 1

2
, a new quantum number was postulated to save

the Pauli exclusion principle. This new degree of freedom was named colour
and comes in six values: R, G, B and the anti-colours, R, G, B. Together with
the dynamical quark model, the colour property introduced a new gauge
theory, quantum chromodynamics or QCD. This theory of strong nuclear
interactions claimed the existence of mediating vector bosons, the quanta of
the colour field, gluons. Direct evidence of the gluon was observed at DESY

in 1979.

Results from experiments in which polarised energetic muons were in-
elastically scattered off polarised nucleons (EMC [2]), showed that only 20%
of the spin of the proton could be accounted for by the spin of the valence
quarks. These observations were confirmed in subsequent experiments (e.g.
SMC at CERN, E142 at SLAC and later on HERMES at DESY). The spin of the
nucleon can be written as the sum of three parts: 1

2
= 1

2
∆Σ+∆g +Lz. Here

1
2
∆Σ represents the quark spin contribution, ∆g is the gluon spin contribu-

tion and Lz is the orbital angular momentum of the partons. The observation
that the valence quarks can account for only a small fraction of the nucleon
spin, implies large contributions from the gluons and orbital momenta.

The contribution of the gluon spin can be determined in studies of photon-
gluon fusion. Photon-gluon fusion is assumed to be the main process in which
heavy quark anti-quark pairs are created. Because the photon-gluon fusion
amplitude is dependent on the gluon-quark coupling, one may extract infor-
mation about the gluons from these experiments. The reaction amplitude
is dependent on the relative polarisation of the scattered particles, and by
measuring asymmetries it is possible to determine the gluon polarisation ∆g.

The heaviest quarks produced at HERMES are charm quarks, created
mainly via photon-gluon fusion. In this thesis, attention will be focused on
the charmed D∗− meson. One cannot measure these hadrons directly as
they decay before they enter the detector. Therefore it is necessary to study
the decays of these particles. Hence, experimentally one wishes ‘clean’ de-
cay channels where a clear signal can be identified. The D mesons decay
via hadronic processes as well as via semi-leptonic processes. An interesting
semi-leptonic decay mode of the D0 meson is the decay into K+, e−, νe.

2This happens at low partonic momenta (low x)
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The abundance of electrons is relatively small, and electrons can easily iden-
tified among the positrons of the HERA beam. Unfortunately the neutrino,
interacting only via the weak force, is not detectable. So the benefits of the
clean signal are suppressed by the partial reconstruction of events.

Monte Carlo simulations are crucial to give information on the kinema-
tical variables of the particles and their decay products. This information is
needed to select particles which originate from D∗− decay in the data. This
thesis deals with production and analysis of Monte Carlo data of D∗− and
it’s semi-leptonic decay. It is divided into five chapters and an appendix. In
the first chapter theoretical background is presented on polarised DIS and
photon-gluon fusion. The second chapter explains the HERMES experiment.
In the subsequent chapter the used Monte Carlo for this work will be de-
scribed. The penultimate chapter will be devoted to analysis of the Monte
Carlo data for the D∗−. To conclude a summary of results is presented in
the last chapter.
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1. Theory

1.1 Deep-Inelastic Scattering

1.1.1 Kinematics

In quantum electrodynamics (QED) the scattering of a lepton off a nucleon
is, in lowest order perturbation, described as the exchange of one virtual
photon. The Feynman diagram of the process is depicted in Fig. 1.1. When
the photon carries a high momentum and energy, it will scatter off one of
the nucleon constituents, this is deep-inelastic scattering. One way to char-
acterise the scattering process, is by the four-momentum transferred from
the lepton to the nucleon, q = k − k′. k and k′ denote the initial and final
lepton momentum. The four-momentum squared is a Lorentz invariant, q2.
Alternatively Q2 is used which is [3, 4],

Q2 ≡ −q2. (1.1)

A second invariant is the energy of the virtual photon,

ν ≡ P · q
M

. (1.2)

Here P and M are the momentum and mass of the nucleon. The final state
has an invariant mass,

W 2 ≡ (P + q)2 lab
= M2 + 2Mν − Q2. (1.3)

Observables are determined from the following kinematical relations,

Q2 ≡ −q2 lab
= 2EE ′(1 − cos θ)

lab
= 4EE ′sin2 θ/2, (1.4)

ν ≡ q0
lab
= E − E ′. (1.5)
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vi(P, S)

ui(k, s)

vf (P
′, S ′)

uf(k
′, s′)

q

M

Figure 1.1: Lepton-nucleon scattering in lowest order perturbation theory:
The one-photon exchange approximation. P, P ′, k, k′ are the momenta of the
respective particles, q denotes the photon momentum. S, S ′, s and s′ represent
the spin of the particles and M denotes the mass of the nucleon.

E and E ′ are the energies of the unscattered and scattered lepton respectively,
with a scattering angle θ. Furthermore the dimensionless Bjorken scaling
variables are defined as,

x ≡ −q2

2P · q
lab
=

Q2

2Mν
, (1.6)

y ≡ P · q
P · k

lab
=

ν

E
. (1.7)

The first variable, x, ranging from 0 to 1, is a measure of the inelasticity of
the process. x = 1 corresponds to elastic scattering. The y variable is the
fraction of the initial lepton energy transferred by the photon to the nucleon.

1.1.2 Interaction

In the one-photon exchange approximation a leptonic current jµ couples to
a hadronic current Jν via a photon propagator, −i gµν

q2 . The matrix element

for this process is described by [5],

−iM = jµ(−i
gµν

q2
)Jν. (1.8)

The lepton current is described by,

jµ = ūf(k
′, s′) (ie) γµui(k, s), (1.9)
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where ui and uf stand for initial and final state spinors. This current is
calculable within QED. The hadronic current is described as,

Jν = v̄f(P
′, S ′) (ie) Γνvi(P, S), (1.10)

in which Γν describes the transition between the extended hadronic states vi

and vf . This current cannot be calculated from first principles as the nucleon
is not a point particle. In the HERMES kinematic range, perturbation theory
does not hold for calculating the internal structure of the nucleon. How-
ever phenomenologically one can describe it by parameterising the hadron
structure.

The cross-section follows from Fermi’s golden rule [5],

dσ

dΩ
=

2πρ(Ef)

F MM∗

∣

∣

∣

∣

Ef=Ei

. (1.11)

Where ρ(Ef ) is the density of final states, and F is a flux factor or current
density of incoming particles. This amounts to the general form,

d2σ

dΩdE ′
=

α2E ′

q4E
LµνWµν. (1.12)

Here α is the fine structure constant, Lµν , is the leptonic tensor, describing
the photon-lepton vertex. This tensor is expressed with the current 1.9,

Lµν = jµjν∗. (1.13)

Wµν is the hadronic tensor, describing the photon-hadron vertex, expressed
with the hadron current 1.10 [6],

Wµν = JµJ∗
ν δ4

(

∑

i

pi − p′n

)

. (1.14)

The delta function ensures conservation of energy and momentum.
One can decompose both tensors in parts symmetric and antisymmetric

in µ and ν, independent and dependent on spin respectively. The hadronic
tensor can be written [6] explicitly as:

Wµν(q; P, S) = W (S)
µν (q; P) + iW (A)

µν (q; P, S). (1.15)
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Both terms of this tensor can be parameterised in a general way [6],

1

2M
W (S)

µν (q; P) = W1(P · q, q2)

(

−gµν +
qµqν

q2

)

+

W2(P · q, q2)
1

M2

[(

Pµ − p · q
q2

qµ

)(

Pν −
p · q
q2

qν

)]

, (1.16)

1

2M
W (A)

µν (q; P, S) = εµνκλq
κ

{

G1(P · q, q2)MSλ+

G2(P · q, q2)

2M

[(

P · q)Sλ − (S · q
)

P λ
]

}

. (1.17)

Usually the functions are presented in a slightly modified form [6],

F1(x, Q2) ≡ MW1(ν, Q
2), (1.18)

F2(x, Q2) ≡ νW2(ν, Q
2), (1.19)

g1(x, Q2) ≡ M2νG1(ν, Q
2), (1.20)

g2(x, Q2) ≡ Mν2G2(ν, Q
2). (1.21)

The response of the nucleon can be described by F1, F2, g1 and g2, called
structure functions. The polarisation independent structure functions F1

and F2 appear to be independent of Q2 in a large region of this variable.
Bjorken predicted this behaviour and called it scaling. He argued that when
ν, Q2 → ∞, and x fixed, the unpolarised structure functions only depend on
the scaling variable x. An interpretation of the scaling behaviour was given
by Feynman. He suggested in his parton model that the lepton is scattering
elastically off free point-like constituents of the nucleon, the partons. In this
framework the Bjorken variable x is the fraction of the momentum of the
nucleon carried by the struck parton1, see Fig. 1.2.

Measurements of the scaling behaviour of the partons have been per-
formed with high precision. (See Fig. 1.3). At very low partonic momenta,
i.e. at low x, scaling is violated. Also at high x scaling is only approximate,
this violation is less than it is at low x. The maximum of the structure func-
tion (‘probability’) shifts to lower values of x when the nucleon is probed at
a higher Q2.

1This is actually only exact in the so-called infinite-momentum frame, where the nu-
cleon is boosted to infinite momentum, hence due to time dilation the partons will not
interact, and will be free particles. Scaling would be violated if this were not the case.
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P

k

(1 − x)P

xP

k′

γ∗

Figure 1.2: Deep-inelastic scattering in the parton model, the struck quark
has momentum xP .

One can explain these phenomena by assuming that the quarks are inter-
acting particles. A hypothesis for the high-x violation is gluon radiation from
quarks: Quarks at high momentum lose energy by radiating gluons. The den-
sity of high-momentum quarks is reduced, and the chance of coupling to a
high-momentum quark is reduced. The low-x violation can be explained by
assuming that the gluons split into quark anti-quark pairs. These qq̄ pairs
are called sea quarks, as opposed to the valence quarks, probed at lower Q2.
One might say that with increasing Q2, the resolution increases, the photon
couples to softer (lower x) quarks. This is depicted in Figure 1.4.

1.1.3 Spin-Dependent Deep-Inelastic Scattering

The particles involved in the scattering have a spin degree of freedom. The
coupling of the virtual photon to the target is spin-dependent. This can
easily be seen as the beam and target particles are fermions with spin 1

2
, the

spin vector projection of a fermion can have only two directions, sz = ±1
2
.

The helicity2 of the virtual photon is λ = ±1. In order to obey conservation
of angular momentum, only a quark with the spin direction opposite to that
of the photon can absorb it. The distribution of quarks and anti-quarks
with their spin aligned with the nucleon spin is designated q+, the quark
distribution of quarks and anti-quarks with oppositely aligned spin is denoted
q−. Distribution functions of polarised quarks with flavour f can then be
defined as: ∆qf (x) ≡ q+

f (x) − q−f (x). In the naive quark parton model one
can write the structure functions F1(x) and g1(x), in terms of the sum and

2Helicity is the direction of spin projected onto the direction of momentum, λ = σ · p
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Figure 1.3: Proton structure function F2 plotted against Q2 for different val-
ues of x. Scaling violations can clearly be seen at lowest x values. Figure
taken from [7].

the difference of the quark distributions q+ and q−:

F1(x) =
1

2

∑

f

e2
f (q

+
f (x) + q−f (x)) =

1

2

∑

f

e2
fqf (x), (1.22)

g1(x) =
1

2

∑

f

e2
f(q

+
f (x) − q−f (x)) =

1

2

∑

f

e2
f∆qf (x). (1.23)

Here it is assumed that the quarks are nearly massless and collinear3. De-
viations in the structure function g1 can be an indication of other sources

3Collinear: the spins are arranged along one line.
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x0

Q2
0

(a)

x′ < x0

x0

Q2 >> Q2
0

(b)

Figure 1.4: Probing at higher Q2, the photon is more likely to strike softer
quarks. The resolution of the probe has increased, this is depicted by the
reduced radius of the circle.([3, 5, 4])

of spin. In practice it is hard to obtain specific information from scaling
violations of g1, due to model dependencies and extrapolation errors [3, 8].

It is assumed that the total spin of the nucleon can be decomposed into
several contributions of sources of spin,

Sz =
1

2
∆Σ + ∆g + Lz. (1.24)

In this equation ∆Σ =
∑

f ∆qf is the total4 quark spin contribution, ∆g de-
notes the gluonic spin contribution and Lz is the orbital angular momentum
of the partons. The polarised gluon distribution is defined in a similar way
as the polarised quark distribution functions: ∆g(x) ≡ g+(x) − g−(x).

One can relate macroscopic quantities as the nucleon spin to microscopic
quantities like the polarisation of the partons via so-called sum-rules. From
QCD calculations in combination with operator product expansion an inte-
gral for the total polarisation can be evaluated. This integral, known as the
Ellis-Jaffe sum rule, is calculated for the proton (p) and neutron (n) to be [9]:

Γp(n) =

∫ 1

0

dx g
p(n)
1 (x) =

1

12

{

∆CNS

(

(−) + a3 +
1√
3
a8

)

+ ∆CS
4

3
a0

}

.

(1.25)

4Containing valence-quarks and sea-quarks.
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The functions ∆CNS and ∆CS refer to the non-singlet and singlet states
of the quarks, calculable from QCD. In the quark parton model the aj are

related to the quark distributions ∆qf =
∫ 1

0
dx∆qf (x) as:

a0 = ∆Σ = ∆u + ∆ū + ∆d + ∆d̄ + ∆s + ∆s̄, (1.26)

a3 = ∆q3 = ∆u + ∆ū − (∆d + ∆d̄), (1.27)

a8 = ∆q8 = ∆u + ∆ū + ∆d + ∆d̄ − 2(∆s + ∆s̄). (1.28)

a3 and a8 are calculated via hyperon decay rates and beta decay. a0 cannot
be calculated in this way, but may be extracted by measuring Γp(n). By
assuming that ∆s and ∆s̄ are zero, one can then also solve the equations for
the separate quark flavours.

When taking QCD in to account, a correction due to the gluons arises.
As this is anomalous with respect to the quark parton model interpretation
it is called the axial anomaly [9],

a0 = ∆Σ − nf
αs(Q

2)

2π
∆g(Q2). (1.29)

One can see that determination of a0 does not yield a direct value for ∆Σ,
but rather it contains the gluonic contribution as well. The EMC experiment
at CERN found that a0 is low. At the time this result was interpreted within
the quark parton model, in which it was assumed that a0 = ∆Σ. But as seen
in QCD, the small value may be due to the fact that the gluons contribute
a sizable amount. In which case the measured value a0 would be low but
not ∆Σ and ∆g. It is therefore important to search for different approaches
to either ∆Σ or ∆g. An investigation into ∆Σ was done previously by a
semi-inclusive flavour decomposition of the nucleons [4].

Since leptons do not couple directly to gluons, it is not possible to measure
∆g directly. A mechanism to obtain information about the gluon polarisa-
tion is photon-gluon fusion. Experimental signatures for photon-gluon fusion
include high transverse momentum final states and heavy quark production.
The high transverse momentum channels are overwhelmed by background
from QCD-Compton radiation. This effect is negligible when looking at
heavy quarks.
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g

γ∗

q

q̄

(a)

q

γ∗

g

q

(b)

Figure 1.5: (a) Photon-gluon fusion and (b) QCD Compton to O(α · αs).

1.2 Heavy Quark Production Near Thresh-

old

1.2.1 Photon-Gluon Fusion

The main process contributing to heavy quark production in lepton-nucleon
scattering at HERMES is photon-gluon fusion (Fig. 1.5a). A virtual quark
anti-quark pair, produced by a fluctuating gluon, is put on mass-shell by
absorbing the virtual photon. At HERMES charmed mesons and baryons
are produced at low values of Q2. The formal limit for so-called photo-
production is Q2 → 0. The reason for studying photo-production of charmed
mesons is the relative cross-section of charmed mesons is largest in the photo-
production region [10].

The center-of-momentum energy of the photon-gluon system can be writ-
ten as,

ŝ = (pg + q)2 = (PQ + PQ̄)2, (1.30)

where pg is the gluon momentum, q is the photon momentum, PQ/Q̄ are the
momenta of the produced quark and anti-quark respectively.

The gluon momentum fraction of the total nucleon momentum is,

xg =
pg · q
P · q = xBj

(

1 +
ŝ

Q2

)

, (1.31)

where xBj is the Bjorken x variable as defined in Eq. 1.6.
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Due to the large mass of the charm quark it is possible to give a per-
turbative description of photo-production of charm in QCD [10, 11]. The
unpolarised and polarised partonic photon-gluon fusion cross-sections for
photo-production have been calculated to leading order [8, 12, 13] to be,

σ̂γg(ŝ) =
2πααs(Q

2)

ŝ

[

−β(2 − β2) +
1

2
(3 − β4) ln

1 + β

1 − β

]

, (1.32)

∆σ̂γg(ŝ) =
2πααs(Q

2)

ŝ

[

3β − ln
1 + β

1 − β

]

. (1.33)

The parameter β =
√

1 − 4m2
Q/ŝ is the center-of-mass velocity of the pro-

duced quarks.
In Fig. 1.6 the partonic photon-gluon fusion cross-section is plotted as a

function of the center-of-mass energy in this system. The cross-section has
a sharp rise at the heavy quark production threshold, and then decreases
asymptotically. The cross-section for photo-production of a heavy quark
anti-quark pair on a nucleon can be written as a convolution of the gluon
density and the partonic cross-section (Eqs. 1.32, 1.33) [8, 12, 13],

σγN→qq̄X =

∫

dŝ σ̂γg(ŝ) g(xg, ŝ), (1.34)

∆σγN→qq̄X =

∫

dŝ ∆σ̂γg(ŝ) ∆g(xg, ŝ). (1.35)

1.2.2 Asymmetry

The photo-production cross-section (Eqs. 1.34, 1.35) depends on the (po-
larised) gluon density. Hence by measuring heavy quark production cross-
sections of polarised electrons on a polarised nucleon one can extract infor-
mation on the gluon polarisation. However in practice a cross-section asym-
metry is determined. The asymmetry for longitudinally polarised nucleon
target and lepton beam is defined as:

A‖ ≡
σ

⇐

→ − σ
⇒

→

σ
⇐

→ + σ
⇒

→
. (1.36)

Here ⇒,⇐ denotes the polarisation direction of the target and → designates
beam polarisation.
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Figure 1.6: The photon-gluon fusion cross-section at partonic level as func-
tion of the center-of-mass energy in the qq̄ system. Calculated from (1.32).

The photon-nucleon asymmetry is defined as,

Aqq̄
γN ≡ ∆σγN→qq̄X

σγN→qq̄X
=

∫

dŝ ∆σ̂γg(ŝ) ∆g(xg, ŝ)
∫

dŝ σ̂γg(ŝ) g(xg, ŝ)
. (1.37)

The partonic cross-section and the gluon distribution can be deconvolved
assuming that in a small interval of the invariant mass5, ŝ, the gluon distri-
butions, g and ∆g are nearly constant [14]. One can then write,

Aqq̄
γN ≈ ∆σ̂γg

σ̂γg

∆g

g
= âPGF

∆g

g
. (1.38)

5As is the case in HERMES.
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âPGF is called the asymmetry for photon-gluon fusion at partonic level, and
is specific for the partonic process.

In practice an asymmetry of lepton-nucleon scattering is determined. The
relation of the lepton-nucleon asymmetry to the photon-nucleon asymmetry
is given by,

Aqq̄
lN = D Aqq̄

γN , (1.39)

here D is the photon depolarisation factor, which tells how much of the
polarisation is transferred from the lepton to the photon.

1.3 Fragmentation

As soon as the quarks are produced in the photon-gluon fusion they form
hadrons because of colour-confinement. The process in which the hadron
formation takes place is called hadronisation or quark fragmentation. Frag-
mentation is poorly understood, especially near a production threshold [12].
The charm quarks in HERMES are produced near threshold, this poses some
problems in correct modelling as at low Q2 no perturbative QCD calculation
can be made.

The hadrons formed by the fragmenting charm quarks can also contain
quarks of the target nucleon. The produced charmed hadrons will include
D-mesons and baryons, e.g. the Λ+

c . The LUND string model is one of a
few models which are implemented in the used Monte-Carlo to describe the
fragmentation process. It will be described briefly in chapter 3.

The kinematical phase space which is used, depends on the mass of the
produced quarks, and it’s visibility is limited by the detector. The center-
of-mass energy in HERMES is not much higher than the mass of two charm
quarks. This means that the average momentum of the quarks in the rest
frame is small. The quarks are produced back-to-back in the photon-gluon
center-of-momentum frame. Therefore, due to the boost in the HERMES

kinematics, the charmed mesons will be emitted at low forward angles with
respect to the beam.

The basis of the analysis presented in this thesis is the D∗− meson orig-
inating from photon-gluon fusion events. HERMES has a center-of-mass en-
ergy of 7 GeV. A D∗ meson has a mass of 2.010 GeV [7]. Considering
that charmed particles are produced in pairs, in which each particle carries
one charm quark, the threshold energy for creating charmed mesons is thus
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around 4 GeV. At HERMES kinematics this means that the total momentum
of the charmed particles can be at most 3 GeV in the center-of-mass frame.

1.4 Decay Modes

1.4.1 Hadronic Decays

The D∗ mesons decay via the strong or electromagnetic interaction into the
D mesons. These mesons decay into a multitude of hadronic final states
listed in Table 1.1. Unfortunately analysis of these modes is hindered by a
large background (cf. [15]).

1.4.2 Semi-Leptonic Decays

The semi-leptonic decay of D∗− has an advantage over the other ones, and is
thus taken as a basis for analysis. In Table 1.2 the semi-leptonic modes with
highest branching ratios are stated.

The neutrino indicates that this decay should go via the weak interaction.
The diagrams of the decay channel investigated in this thesis are drawn in
Fig. 1.7. In the weak decay an electron is formed, which can be easily de-
tected in the background of scattered HERA beam positrons. Together with

Decay Branching
Channel Fraction (%)

D∗+ → D0π+ 67.7 ± 0.5
→ D+π0 30.7 ± 0.5
→ D+γ 1.6 ± 0.4

D0 → K−π+ 3.80 ± 0.09

→ K0π0 2.28 ± 0.22

→ K0π+π− 5.92 ± 0.35
→ K−π+π0 13.1 ± 0.9
→ K−π+π+π− 7.46 ± 0.31

Table 1.1: Common hadronic decay modes of the D mesons [7]. The charge
conjugated modes are also possible.
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Figure 1.7: (a) Semi-leptonic decay of D∗−. (b) Secondary decay vertex of
first diagram, weak decay of D0.

a relatively high branching ratio, this enables a clean identification. Un-
fortunately the neutrino makes the reconstruction of events only partial. A
reconstruction of the invariant mass of the produced mesons will be broad-
ened due to a missing momentum the neutrino carries away. This also leads
to a shifted invariant mass spectrum. Previous studies in the semi-leptonic
channels have not been straightforward [16, 17]. This is not surprising as the
PGF yield is low compared to background in photo-production.

Decay Branching
Channel Fraction (%)

D0 → K−e+νe 3.58 ± 0.15
→ K−µ+νµ 3.19 ± 0.18

→ K0π−e+µe 1.8 ± 0.8
→ π−e+νe 3.6 ± 0.6

Table 1.2: Semi-leptonic decay modes of the D0 meson with highest branching
fractions [7]. Charge conjugated modes are implied.
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1.5 Background Processes

The background for quasi-real photo-production is roughly two orders of
magnitude larger than the photon-gluon fusion yield [14]. To ensure that this
background is suppressed, good selection criteria must be imposed. There
is a fraction of events that consists of the same final state particles as pro-
duced in the D∗− decay. This main background for heavy quark production
is production of kaons and pions in DIS. A different source consists of parti-
cles produced in the QCD-Compton process which is depicted in Fig. 1.5(b).
The gluon produces a pair of lightly flavoured hadrons with a high trans-
verse momentum. In heavy quark production the contribution by these final
states to the background is negligible. Distinguishing same final states from
charmed hadrons which are not a D∗− meson is necessary to know which
contribution the D∗− has.

The kinematical distribution of non-charmed processes is different from
the photon-gluon fusion events. This also holds for charm background. De-
cays from charmed particles not originating from a D∗−. These differences in
kinematics are used to deselect a large fraction of the background. To know
which differences can be exploited, Monte Carlo simulations are necessary
to explore several kinematic distributions. A few specific restrictions have
shown to offer promising results [18].
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2. HERMES Experiment

2.1 Introduction

The HERMES1 experiment is one of four located at the HERA2 ring of the
accelerator center DESY3 in Hamburg, Germany. Commissioned in 1995,
HERMES was built to investigate the spin structure of the nucleon [19]. Pre-
vious experiments at SLAC and CERN on the spin structure of the nucleon
yielded surprising results. Only 20 % of the spin could be accounted for by
the quarks.

To probe the nucleons, polarised positrons with a momentum of 27.5
GeV are scattered off a nuclear target. This target consists of polarised
nuclei contained in a gas-cell. The target nuclei range from hydrogen or
deuterium to unpolarised heavier nuclei as nitrogen and krypton. With the
unpolarised targets HERMES is capable of measuring nuclear interactions,
such as formation times of hadrons inside nuclear matter in deep-inelastic
scattering. The particles from the DIS enter the HERMES spectrometer,
which consists of various detectors for tracking and particle identification.
During experiments with polarised targets, the target polarisation and gas
consistency are monitored through a system which includes a polarimeter
and a target gas analyser.

HERA also provides a 920 GeV proton beam, used by the three other
experiments on the HERA ring. H1 and ZEUS are collider experiments that
employ the proton and positron beams, and HERA-B is a fixed target ex-
periment that only makes use of the proton beam.

1
HERA Measurement of Spin

2Hadron Elektron Ring Anlage.
3Deutsches Elektronen Synchrotron
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Figure 2.1: Schematic overview of HERA with all experiments on the main
accelerator and storage ring and the pre-accelerators. The positrons travel
through the outer ring.

2.2 Accelerators and Storage Ring

Before the positrons and protons enter the main accelerator HERA, they
are pre-accelerated. The particles pass though several stages depicted in
Figure 2.1: The positrons are created and are accelerated in LINAC II to gain
500 MeV. The particles are injected in PIA (positron intensity accumulator),
and a beam of 60 mA is transported to DESY II, where they are accelerated
to 7 GeV. The particles are injected into the storage ring in bunches, with a
well defined spacing (and thus timing). Subsequently the positrons are fed in
PETRA II4 until 70 bunches are injected. PETRA II boosts the momentum
to 14 GeV, and injects into HERA, until 210 bunches are filled. HERA, then
ramps the momentum to 27.5 GeV.

4Positron Elektron Tandem Ring Anlage, second upgrade. In the first machine the
gluon was discovered in 1979.
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2.2.1 Self Polarisation: Sokolov-Ternov Effect

Due to the Sokolov-Ternov effect the particles in the ring become transversely
polarised. Charged spin- 1

2
particles have two polarisation states which are

separated in energy in a magnetic field. There is an asymmetry in transition
probability for parallel and anti-parallel spin states. It takes a while for all
particles to align spins. Typically the self-polarisation build-up in time can
be described by the following equation, if there are no depolarising effects
present:

P = A(1 − e−
t
τ ), (2.1)

with
1

τ
=

5
√

3

8

cλcre

2π

γ5

ρ3
.

A is the equilibrium polarisation value, λc is the Compton wavelength, re

the classical electron radius, ρ the magnetic bending radius, and γ is the usual
relativistic Lorentz factor. The value τ describes the typical polarisation
time.

The typical beam polarisation is around 50%. The rise time for this
polarisation is about 22 minutes. HERMES utilises spin rotators to rotate
the spin from transversely polarised to longitudinally polarised. Spin rotators
are placed on either side of the experiment, so that polarisation can build
up5.

2.3 Target

In the experiment an internal gas target is used. The gas is polarised in an
atomic beam source (ABS). The polarised gas is fed into a thin walled open
ended elliptical tube, the target cell[20]. The target cell is contained in a
magnetic holding field for keeping the nuclear polarisation. The holding field
is produced by a superconducting magnet around the target cell. Optionally
one can switch-off the polarised gas injection and start an unpolarised gas
flow for ‘nuclear effect’ measurements.

The ABS injects a low density polarised gas (1014 − 1015 cm−2) into
the target cell. In the ABS the gas molecules are dissociated using a RF

5Due to the Sokolov-Ternov effect only transverse polarisation is built up.
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discharge. The atomic flow is passed through a cold nozzle (100 K), is colli-
mated and sent through a Stern-Gerlach sextupole magnet to separate mag-
netic hyperfine states. With an RF-field the hyperfine states are populated
and depopulated adiabatically to gain a high density of a specific polarisa-
tion state. Electronic polarisation is transferred to nuclear polarisation via
hyperfine interactions. Next the states will be separated again, and after this
a last field transition is made to have an optimal polarisation of the target
nuclei.

2.4 Spectrometer

The final state particles from the reaction are measured using the HERMES

spectrometer. Pictured in figure 2.2 is the HERMES spectrometer which has
a forward angle because of the boost of the colliding system in the laboratory
frame. The angular acceptance of the detector ranges from 40 to 220 mrad.
The detectors in the spectrometer can be divided in two kinds, tracking and
the particle identification. Both will be discussed in the next section.

2.4.1 Tracking

The momenta of charged particles are extracted from their deflection in the
magnetic field of the spectrometer magnet, using information from the track-
ing detectors. The main detectors used for tracking are briefly described.

Lambda Wheels

The newest elements of the spectrometer are the Lambda wheels. These
silicon strip detectors are located very close to the interaction region, and the
angular acceptance is increased especially for the decay products of lambda
particles.

Drift Chambers

The drift chambers contain parallel wire-sets in a space filled with a gas
mixture. Particle tracks are determined from measuring the distance of the
track to a wire. The electro-magnetic field of a passing particle creates slow
moving electrons which will drift to the anode, read-out by a DAC. This type
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Figure 2.2: A side-view of the HERMES spectrometer with all its components
after upgrades in 2001.

of chamber is used in front of the magnet and behind, referred to as drift
vertex chamber (DVC), front chambers (FC’s) and back chambers (BC’s).

Proportional Chambers

Inside the magnet region proportional chambers are used for so-called short
tracks. Particles which do not make it through the magnet can thus still
provide us with momentum information.

2.4.2 Particle Identification

Particle identification is achieved using a combination of three detectors.

Ring Imaging Čerenkov Hodoscope

Especially electrons (positrons) and hadrons need to be separated in HER-

MES, in order to distinguish beam particles from scattered particles. A clear
separation can be made with a Ring Imaging Čerenkov Hodoscope or RICH.
Furthermore a number of hadron types can be clearly identified as well within
a certain momentum range. The principle upon which a RICH works is
Čerenkov radiation emitted from charged particles. When a charged particle
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moves in a medium with index of refraction n, with a greater speed (vp) than
the speed of light in that medium (cm), it radiates energy under a specific
angle according to

cos θc =
cm

vp

=
1

βn
. (2.2)

In order to separate different kinds of particles, note that the threshold mo-
mentum6 differs only in the mass of the particles, specifically,

pt = βtγtmc, (2.3)

where βt = 1/n and γt =
√

1 − β2
t . Even if particles have the same mo-

mentum, the threshold momentum will differ according to their mass. This
principle is used in the RICH to clearly separate protons, kaons and pions
roughly in a momentum-range from 3 GeV and above [19, 4].

Transition Radiation Detector

Hadron/beam-lepton separation is achieved in the transition radiation detec-
tor or TRD. Charged particles radiate energy when traversing a boundary
between two dielectrics. The energy of the radiated photons is proportional
to the relativistic Lorentz factor γ. The scattered beam positrons at HER-

MES have γ > 6000, while hadrons will usually have γ < 200. This enables
the discrimination of beam particles and scattered particles [3, 19, 4].

Preshower Trigger and Calorimeter

The calorimeter consists of photomultiplier tubes, shielded by lead glass
blocks to prevent radiation damage. The calorimeter is preceded by a preshower
detector. The preshower is yet another means of hadron lepton separa-
tion. As charged particles traverse the preshower trigger they release electro-
magnetic radiation into the calorimeter. Particle identification is based on
the difference of deposited energy by leptons and hadrons in the calorime-
ter. [3, 19, 4].

6The momentum at which the particle just starts to radiate.
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3.1 Introduction

In this chapter the Monte Carlo simulations for the production of D∗− mesons
and other processes are presented. First the software used to generate the
the various processes will be introduced. Next, the digitisation and tracking
of the simulated events in the HERMES spectrometer will be discussed.

3.2 Simulation Software

3.2.1 Event Generators

The used heavy flavour Monte Carlo, AROMA, is built on LEPTO [21], a
general DIS generator. The letter generator contains the kinematics of the
(unpolarised) DIS and several parameterisations of parton densities that de-
scribe the data. The scattering cross-sections are calculated using next-to-
leading order (NLO) QCD processes. Hadronisation of the partons is cal-
culated through fragmentation functions. Fragmentation functions are not
calculable from perturbative QCD, as they involve long distance, and thus
low Q2 processes [4]. In LEPTO the LUND string fragmentation model [22]
is used. This model includes quark production from the colour field. The
gluon potential is modelled as a linear function. When the potential energy
reaches twice the quark mass, new quarks can be created.

AROMA 2.2 [23, 24] is a slave program of LEPTO and includes DIS as
well as photo-production kinematics. It uses the hadronisation model and
multiple variables like quark masses and parton densities from LEPTO. Gluon
bremsstrahlung and jets are modelled through parton shower algorithms.
Parton showers are produced by accelerated coloured objects, comparable
to electrodynamics. The gluon participating in the fusion process has been
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given a small initial transverse momentum, implemented with a Gaussian
distribution. This can be understood as Fermi motion of the partons in the
nucleon [22]. Phase space points are calculated making use of a cross-section
formula similar to Eq. 1.34, consecutively they are quasi-randomly sampled.
Not included in AROMA are intrinsic charm and resolved photon processes,
as these play an insignificant role at HERMES kinematics.

Other processes in which the same particles are produced as in the decay
of a D∗− (π−, K+ e−) are simulated with the DIS generator PYTHIA 6.2 [25,
26]. PYTHIA allows for a much broader spectrum of production mechanisms
than AROMA. A full range of physics processes can be found in [26]. For the
analysis presented in this work, previously generated PYTHIA Monte Carlo
data were analysed [17].

3.2.2 Event Selection

To parse only events that correspond to decay products with an invariant
mass close to the D∗− meson, the events have been selected before they are
written to the output file. The Monte Carlo generator (GMC) allows for
settings which describe what events will be parsed or rejected. The option
/GMC/SET UseSelector 1 will tell the generator to look in a so-called se-
lector file to apply initial cuts which are optimised for the generation of a
particular set of particles. For the generation of the D∗− meson, the used
settings were:

• require particles in HERMES acceptance,

• particles use kinematical values from GMC,

• require ”D0” (K+ and e−) to have invariant mass between 0.6 and 2.1
GeV,

• require ”D∗−” (”D0” + π−) to have invariant mass between 0.6 and
2.5 GeV.

To obtain mostly events from a D∗− decay, the PID was assumed to be
perfect, i.e. a particle in the generator can be identified without error.

For the generation of ‘background events’, however, the events were gen-
erated with the following settings [17]:

• require particles in HERMES acceptance,
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• particles use kinematical values from GMC,

• π is any of µ, π, K or p in acceptance with momentum between 0.2
and 2.2 GeV,

• electron is any e+ or e− in acceptance,

• mass difference of ”K, e, π” and ”K, e” is less than 500 MeV.

It is called a semi-perfect PID, to allow for mismatch of particles in the
simulated detectors.

3.2.3 Digitisation

The event files produced by the generator are fed into the digitiser program
(HMC). HMC calculates any interaction of the particles within the detec-
tor. A model of the detector is programmed in GEANT. The detector is
programmed as a series of sensitive volumes. These in turn are divided into
detector volumes and secondary volumes. The detector volume participates
in the simulated detection, while the secondary volume is needed in the simu-
lation of material interactions like multiple scattering. The interactions with
the detector volumes are calculated by means of digitisation of the volume.
The particle will interact with the detector, e.g. with a wire chamber, which
will in turn produce a simulated pulse. The interaction with the detector is
called a hit. All the hits are digitised, and saved in ADAMO tables.

Furthermore the motion of the particles is influenced by the detectors,
this is also calculated within HMC. As the particle interacts with a volume
its track is determined to the next hit position. Secondary particles, like
delta electrons, are also modelled in HMC. Their interactions are digitised
as well.

Radiative corrections are calculated as well. GEANT enables a simulation
of events which is very close to data. In order to digitise the MC events,
correct geometry and GEANT information is supplied to HMC, before the
GMC event file is processed [27].

3.2.4 Track Reconstruction

To reconstruct the tracks of the simulated particles, the interaction points
in the various detectors must be combined to directions in space. The main
steps to go through in order to obtain this information are as follows.
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Figure 3.1: The used Monte Carlo Chain.

• Tree search algorithm

• Track combination

• Momentum lookup

The Hermes Reconstruction Code (HRC) was used for this purpose. In
the tree search routine the most likely track is reconstructed from the inter-
action points. The momentum of the particles is deduced from the bending
angle in the modelled magnetic field [27].

3.3 MC Production

The described software has been installed in the local computing environ-
ment. HERMES Monte Carlo release number 19 was used for the production
of the signal events. The generator (GMC), digitisation and detector sim-
ulation (HMC) and tracking (HRC) parts of the Monte Carlo have been
connected by a dedicated script developed for this purpose. A diagram of
the software chain is depicted in Fig. 3.1. The output files of each subsequent
part, in ADAMO format, were saved to disk before being processed by the
next link. Thus multiple MC runs could be initiated on multiple computers,
enabling a greater production speed.

With the Monte Carlo program AROMA, 2 104 events were produced
which were tracked through HMC and HRC. For the non-charmed back-
ground, 5 106 events, produced by PYTHIA, were taken for the analysis.

ADAMO enables all information to be stored on an event-by-event basis.
For each event the relevant information like produced particle types, mo-
menta and energies is stored. For the analysis of the MC events stored in the
ADAMO tables, these files were translated to ntuple files. For the translation
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a program was written in the HANNA frame. HANNA is a C framework that
synchronises the information in the ADAMO tables per event. The ntuples
are subsequently analysed in the FORTRAN77 environment Physics Analysis
Workstation.
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4. Analysis

4.1 Introduction

In this chapter the analysis of the π−, e−, K+ particles originating from the
semi-leptonic decay of the D∗− is discussed and the results are presented.
The analysis is performed for two types of events: Events from D∗− →
D0 + π− → e−K+π−, and events in which the π− is not emitted in the D∗−

decay. The first category is most interesting because the momenta of the
particles involved are more characteristic for the decay process. If the pion
doesn’t originate from the D∗− decay but from the decay of the D meson,
the first step is either D∗− → D− +γ or D∗− → D− +π0. Hence, in addition
to the π−, K+, e− particles a γ or π0 is emitted.

The analysis is organised as follows. First the data is selected. Next
momentum distributions are investigated and a search is done for correlation
between these momenta. Thirdly, a reconstruction of the invariant mass of
the e−, K+ system is performed. An investigation of correlations between
the reconstructed e−, K+ mass and the pion momenta is performed. Lastly
a reconstruction of the π−K+e− mass is made and the mass-difference dis-
tribution ∆M = Mπ−K+e− − MK+e− is investigated.

First, the results of the calculations performed with AROMA are discussed
in detail, this is followed by a global discussion of the MC data obtained with
PYTHIA.

4.2 Data Selection

The first step in the analysis of the MC events is the data selection. Events
from the semi-leptonic decay of the D∗− meson contain one pion, one kaon
and one electron. Therefore, the same restriction is made for the MC data,
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thus reducing the combinatoric background. Next the ranges of the pion and
electron momenta are reduced. Due to the small mass-difference between the
D∗− and D0 mesons, the pion momentum is smaller than 2 GeV.

4.3 Analysis Strategies

From the kinematical variables determining this decay, a few have been sub-
jected for a further investigation. First of all a comparison is made of the mo-
mentum distributions of the K, e and π originating from a D∗− → D0π− →
K+e−π− decay and other modes with the same particles in the final state.
The kaon and electron from the D∗− → D0 decay will mostly have a com-
bined momentum of greater than 4.5 GeV. Since the pion originates in the
D∗− → D0 decay, a correlation is expected between the pion momentum
and the invariant mass of the D0. Another important analysis method is the
mass difference between the reconstructed D∗− and the D0. When all par-
ticles from D∗− (D0) decay could be detected, the masses of those particles
can be completely reconstructed, and the ∆M = M(D∗−) − M(D0) can be
calculated. The determination of ∆M = M(π, K, e) − M(K, e) is also a
valuable tool if the D∗− and the D0 masses are only partially reconstructed.
Next, the angular dependencies of the decay products have been investigated.
Because of the small mass-difference of the D∗− and the D0, the pion and
D0 acquire almost no momentum in the D∗− restframe. This means the D0

and the π− are emitted approximately in the direction of the D∗−, with the
consequence that the momenta of e−, K+ and the pion are correlated. This
correlation is reflected by the emission angles of the e− and K+ with respect
to the pion momentum.

4.4 Analysis of the data obtained from AROMA

The momentum distributions of the particles emitted in the decay D∗− →
D0π− → K+e−π− are shown in Fig. 4.1a. As is visible from the figure, Monte
Carlo simulations demonstrate that almost all pions from D∗− decay have
a momentum smaller than 2 GeV. Fig. 4.1b shows the momentum distribu-
tions of particles in events in which the pion originates from other charmed
hadrons.

As will be shown later, in PYTHIA calculations (Fig. 4.7) it is observed
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Figure 4.1: Distribution of pion, electron and kaon momenta. Pion originat-
ing from (a) D∗− → D0 π− decay and (b) other decay modes (AROMA).

that the electrons not originating in decay of charmed particles, have a high
abundance below momenta of 1.5 GeV. On the contrary, electrons originating
in a decay of charmed particles are scarce below a momentum of 1.5 GeV
(Fig. 4.1). Hence, a restriction on electron momentum was set in order
to select mostly electrons from D∗− decay. Pion and electron momentum
restrictions are,

pπ < 2 GeV, pe > 1.5 GeV. (4.1)

The momenta of the kaon and electron from the D0 are correlated. Fig. 4.2
shows that the summed momenta of the kaon and electron are most likely
higher than 4.5 GeV. This holds for the events in which the pion originates
from a D∗− decay, as well as for events in which the pion was emitted in other
decay modes. However in events with particles from non-charmed hadrons,
the abundance of slow electrons and kaons is much higher, (cf. Fig. 4.8b).
Considering this, a restriction can be placed on the combined kaon and elec-
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Figure 4.2: Momenta of electron versus kaon calculated from AROMA. Pion
originating in (a) D∗− → D0π− decay and (b) π− from other decay modes.
Restrictions 4.1 are applied.

tron momentum to obtain mostly particles from D∗− decay:

(pK + pe) > 4.5 GeV. (4.2)

Since the pion acquires a relatively small momentum in the rest frame of
the decaying D∗−, the angles between the pion and the D0 will be small. A
comparison of the angles between the decay products of the D0 and the pion
shows a strong correlation if the pions are emitted in a D∗− decay (Fig. 4.3a).
This correlation cannot be seen in events in which the pion originated from
the decay of other particles. The restriction on the angles between the decay
products is,

(1 − cos θπe) < 0.02

(1 − cos θπK) < 0.02

(1 − cos θπe)(1 − cos θπK) <
(0.014)2

2
. (4.3)
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Figure 4.3: Opening angles between the momenta of the e and π versus angles
between momenta of e and K. Pion originating from (a) D∗− → D0 π− decay
and (b) other decay modes (AROMA). Restrictions 4.1, 4.2 are applied.

Figs. 4.3a and 4.3b show that electrons and kaons from D0, met this require-
ment, while the same particles in the final state comming from other decays
range over a much larger domain of the angles.

Next, invariant mass spectra have been reconstructed for the combination
(e−, K+) and π− (e−, K+) momenta. The distributions are broad and the
center-of-mass energy is shifted with respect to the D∗− and D0 masses due
to the missing momentum of the neutrino. The value of the D0 mass stated
in [7] is 1.864 GeV. From Fig. 4.4a it is clearly seen that the reconstructed
value is significantly smaller than the D0 mass. This also holds for the D∗−

meson, with a mass of 2.010 GeV.

As the D∗− decays into a D0 and a pion, there should be a correlation
between the reconstructed mass of the D0 and the momentum of the pion.
This correlation is expected to be different from pions not originating from
D∗− decay. The results from the AROMA Monte Carlo, depicted in Fig 4.5,
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Figure 4.4: Invariant mass reconstruction of a D0 meson. Pion from (a)
D∗− → D0 π− decay and (b) other decay modes (AROMA).

show that indeed a correlation exists, which can be exploited to distinguish
particles from the D∗− → D0π− decay from those in other D∗−decay modes.
The decay products from a D∗− use a limited region of the phase-space.
This region can be approximately described by a circle with the following
functional dependence:

(pπ − 1.2)2 + (MD0 − 1.125)2 < 0.36 GeV2. (4.4)

A further restriction was put forward by selecting only the upper left sector
of the circular region, by adding to 4.4:

pπ < 1.2 GeV, MD0 > 1 GeV. (4.5)

The identification of the D∗− from its reconstructed invariant mass is dif-
ficult since the reconstruction is partial. This means a broadening of the mass
peak, and hence more background in this peak. To improve the resolution
of the invariant mass determination a mass-difference (∆M) of the D∗− and
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Figure 4.5: Reconstructed invariant mass of a D0 meson versus pion mo-
mentum. Pion originating in (a) D∗− → D0 π− decay and (b) other decay
modes (AROMA) containing restrictions 4.1, 4.2, 4.3.

D0 is taken. Assuming that the D0 originates from the D∗−, the resolution
of the peak is improved by cancelling effects due to the non-observation of
the neutrino. The final mass-difference spectra are depicted in Fig. 4.6. In
this figure it is visible that the mass-difference distribution of the processes
in which the pion is not emitted in the decay of the D∗−, is much wider than

the distribution for the D∗− → D
0

π− process.

The effects of the restrictions set on the various variables, on the mass-
difference spectra for D∗− decays are shown in Fig. A.1. Each plot includes
one step in optimisation. The same holds for the ∆M for pions not emit-
ted in D∗− decay, which has been plotted in Fig. A.2. The data selections
increase the ratio of D∗− over non-D∗− events in the mass difference spec-
trum drastically. In Table 4.1 the number of events and ratios for D∗− and
non-D∗− events are given.
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Figure 4.6: Difference of reconstructed masses of π− (e−, K+) and (e−, K+).
Pions originating in (a) D∗− → D0 π− decay and (b) other decay modes,
calculated from AROMA.

Optimisation D∗− % non-D∗− % Ratio

None 738 100% 1474 100% 0.500
Eq. 4.1 684 92% 746 51% 0.917
+ Eq. 4.2 658 89% 708 48% 0.929
+ Eq. 4.3 508 69% 218 15% 2.33
+ Eq. 4.4 482 65% 170 12% 2.83
+ Eq. 4.5 200 27% 58 4% 3.45

Table 4.1: Number of events in the ∆M spectra for D∗− and non-D∗− decays
and their ratio, for subsequent optimisations, calculated from AROMA.
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Figure 4.7: Distribution of pion, electron and kaon momenta originating from
non-charmed particles from PYTHIA.

4.5 Analysis of data obtained from PYTHIA

The momentum distributions of ”non-charmed background” calculated from
PYTHIA are compared to those obtained with AROMA in Fig. 4.7. It is clear
from this figure why the constraints on the electron momentum were set,
(pe < 1.5 GeV). The electron spectrum calculated with PYTHIA shows the
largest intensity at small momenta. Hence, this constraint strongly reduces
the background in the ∆M spectra. The PYTHIA Monte Carlo has not
been normalised to AROMA MC. This means that a quantitative comparison
cannot be made. However the shapes of the distributions can be compared.

Fig. 4.8a clearly shows that for a large fraction of the events pe +pK < 4.5
GeV. Similarly Fig. 4.8b shows that a sizeable fraction of events is beyond
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the constraints set on the angles of the kaon and electron momenta with
respect to the pion momentum. Also a reduction of the MK+e− versus pπ

phase space reduces the contributions of events from non-charmed particles
to the ∆M spectrum. The latter spectrum is presented in Fig. 4.8d. Though
all restrictions are included in this spectrum, the width is much larger than
in the ∆M spectrum for the process D∗− → π− D0 → π− K+ e−, indicating
that contributions of the latter process to e−, K+, π− events is small.
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Figure 4.8: Results from calculations performed with PYTHIA. (a) Electron
versus kaon momentum after restriction 4.1. (b) Angles between π, K and
π, e after restrictions 4.1, 4.2. (c) Invariant ”D0” reconstructed mass versus
π momentum after restrictions 4.1, 4.2, 4.3. (d) Mass difference between
(K e π) and (K e) after restrictions 4.1, 4.2, 4.3, 4.4.



48 4.5 Analysis of data obtained from PYTHIA



5. Conclusions

Monte Carlo simulations with the program AROMA have been performed
for the process D∗− → D0π− → K+e−ν̄eπ

−. and other decay modes of
the D∗− in which a pion, kaon and electron are emitted. For both sets of
Monte Carlo data the phase space spanned by the respective momenta is
investigated. By restricting the phase space, and the range in the invari-
ant mass M(K+e−) calculated from these momenta, mass-difference spectra,
∆M = M(K+ e− π−) − M(K+ e−), were obtained in which events with
D∗− → D0π− were largely separated from events in which the pion did not
originate from the D∗− meson. These findings were qualitatively confirmed
by calculations performed with PYTHIA. To make a quantitative comparison
the results obtained with both programs have to be normalised.

All the restrictions up to 4.4 pass 65% of the D∗− → D0π− events. This
is only 12% for non-D∗− events. If restriction 4.5 is taken into account, these
values drop to 27% and 4% respectively.
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A. Results for ∆M

In this appendix the results of the ∆M spectra extracted from the data
obtained from AROMA and PYTHIA are presented. Fig. A.1 shows the re-
sults for the decay D∗− → D0π− → K+e−ν̄eπ

−. Fig. A.2 shows the mass-
difference spectra in which the pions originate in other decays. Fig. A.3
shows the PYTHIA results. Calculations given for subsequent restrictions
(Eqs. 4.1, 4.2, 4.3, 4.4, 4.5).
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Figure A.1: Effects of the restrictions on ∆M for D∗− mesons (AROMA).
(a) No restrictions. (b) Restriction 4.1. (c) Restrictions 4.1, 4.2. (d)
Restrictions 4.1, 4.2, 4.3. (e) Restrictions 4.1, 4.2, 4.3 4.4. (f) Restric-
tions 4.1, 4.2, 4.3, 4.5.
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Figure A.2: Effects of the restrictions on ∆M for non-D∗− mesons
(AROMA). (a) No restrictions. (b) Restriction 4.1. (c) Restrictions 4.1, 4.2.
(d) Restrictions 4.1, 4.2, 4.3. (e) Restrictions 4.1, 4.2, 4.3 4.4. (f) Restric-
tions 4.1, 4.2, 4.3, 4.5.
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Figure A.3: Effects of the restrictions on ∆M for non-charmed mesons
(PYTHIA). (a) No restrictions. (b) Restriction 4.1. (c) Restrictions 4.1, 4.2.
(d) Restrictions 4.1, 4.2, 4.3. (e) Restrictions 4.1, 4.2, 4.3 4.4. (f) Restric-
tions 4.1, 4.2, 4.3, 4.5.
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