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Zusammenfassung

Die Produktion reeller W-Bosonen wird in der ep-Streuung bei Hera mit einem
totalen Wirkungsquerschnitt von etwa 1pb erwartet, wobei etwa 10% der Ws in
ein Myon-Neutrino Paar zerfallen. In der in den Jahren 1994-97 und 1999-2000
am H1 Detektor genommenen Datenmenge mit einer integrierten Luminositat
von 101pb~! wird nach Kandidaten-Ereignissen fuer myonische W-Zerfille ge-
sucht.

Ein charakteristisches Merkmal dieser Ereignisse sind isolierte Myonen und
fehlender Transversalimpuls. Die bisher von H1 publizierten Daten zeigten -bei
geringerer Statistik- einen UberschuB von Ereignissen mit einer solchen Topolo-
gie. Neben einer im Vergleich zu den bisherigen Analysen grosseren Datenmenge
wird in dieser Diplomarbeit ein erweiterter Phasenraumbereich betrachtet.

Abstract

Previous H1 publications reported an excess of events with an isolated high
pe lepton and missing transverse momentum. The dominant standard model
contribution to the observed event sample is due to the production of W bosons.
This analysis examines the muonic decay of W bosons produced in e-p collisions
at Hera. It extends previous analyses to the 101pb~! luminosity of the full 1994-
2000 et H1 dataset and investigates events in an enlarged kinematic region. The
expected cross section for W production within the standard model is about 1pb,
with roughly 10% of all Ws decaying into a muon-neutrino pair.
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Chapter 1

Introduction

The analysis presented here uses data taken during the years 1994 - 2000 with
the H1 detector at DESY, Hamburg. The H1 detector is one of the two general
purpose detectors of the HERA storage ring at DESY. HERA collides electrons
respective positrons and protons at a center of mass energy of about 300 GeV
which allows to study deep inelastic lepton-nucleon scattering at an energy scale
one order of magnitude above previous fixed target experiments.

One can think of these scattering events as if the point-like electron or
positron ”probes” the structure of the proton. Because the resolving power
is proportional to the energy in this process the increase of the center of mass
energy in the lepton-nucleon system at HERA allows the structure of the proton
to be evaluated down to smaller distances. At these small distances of the order
10~ '®m one can study the point-like constituents of the proton, the quarks, and
the force carriers (or, more technically, gauge bosons) which confine the quarks
inside the proton, the gluons.

In the current Standard Model of particle physics the proton consists of
three so called wvalence quarks. These carry a significant fraction of the total
proton momentum. The rest of the momentum is split between gluons and
low energetic quark-antiquark pairs called sea quarks, which are dynamically
produced in quantum fluctuations out of gluons.

One of the observations made in deep inelastic scattering events was that
only half of the proton momentum is carried by quarks while the other half is
carried by gluons [8]. The momentum distribution between the constituents of
the proton are described by the structure functions of the proton.

The slope of the structure functions is determined from the measurement of
many thousands of events recorded at HERA and in fixed target experiments.

Another aspect of the high center of mass energy at Hera is that the weak
force which is suppressed at lower energy by a gauge boson mass of nearly
100 GeV begins to contribute measurable to the scattering cross section.

The weak interaction can be tested best in charged current scattering events
where the electron or positron is converted into a neutrino. A few thousand
events of this kind are recorded by H1 in agreement with the standard model.

In contrast to the charged current scattering events where the gauge boson
W of the weak interaction acts as a virtual particle propagating the momentum
transfer Q2 between electron or positron and proton the W can also be produced
as a “real” particle in the final state. Four-vectors of real particles are on mass



shell in E — |p| space (they satisfy p? = E? — p? = m?).

These events are quite seldom at HERA. For approximately 100pb~! lumin-
osity in the eTp dataset and an estimated cross section of 1pb one can expect
100 W production events in the whole H1 positron data taken so far. If one mul-
tiplies the produced number with the branching ratio of 10% for the W decay
into muons, the decay channel considered in this analysis, and takes into account
efficiency losses one ends up with the expectation of 2 to 3 such events in the
data. In the data the H1 collaboration has reported an excess of events with
isolated leptons and missing transverse momentum indicating a neutrino [5].
Events of this topology can best be explained as W production, although the
rate expected from the standard model is lower than that observed.

In previous analyses [31] and also [28] the detection of muonic W decays
was restricted by a set of triggers which are sensitive to a transverse imbalance
of energy in the calorimeter. The electron is mostly scattered by a small angle
thus having small transverse momentum components. Since the muon deposit
only small energies in the calorimeter and the neutrino none the energy required
by the triggers mainly cut in the transverse momentum of the hadronic system
of the scattered quark. This significantly reduces the acceptance to about one
third.

In this analysis the fraction of detectable muonic W decays is increased by
using an additional trigger which is sensitive to events with a scattered positron
in the detector. The trigger was developed for the detection of inelastic J/¥
events and requires a muon signal in coincidence with an energy deposit in
the calorimeters compatible with a single electron or positron. This additional,
alternative trigger condition increases the acceptance (of the trigger system) by
roughly 25% and allows the investigation of a different phase space region. It is
interesting to examine whether the excess of events observed at higher hadronic
transverse momenta continues to lower values in this extended phase space.

The thesis is divided into several sections. The first chapter consists of this
introduction. The second chapter contains a short overview over theoretical as-
pects of W production in ep collisions including a brief discussion of production
processes beyond the standard model. The third and fourth chapters continue
with an overview over the experimental conditions. Therein a description of the
HERA machine and the H1 detector components which are most relevant for
the reconstruction of muonic W decay events will be given. The experimental
section ends with a definition of the trigger conditions for the two investigated
phase space regions of the calorimetric and electron triggered event samples.
The fifth and sixth chapters will present a more detailed description of how
muonic W decays look like in the detector and what background contributes to
event samples with isolated muons and missing transverse momentum. These
discussions will be made on the basis of Monte Carlo simulations of the un-
derlying physical processes smeared by the simulated detector resolution. Tt
turns out that a reliable muon identification 1s crucial for this analysis because
the dominating background consist of processes where the required muon is not
produced in the primary ep interaction but is a decay product of pions or kaons
or a hadron which ”fakes” a muon signal. The muon identification in the H1
detector is covered in the seventh chapter which then forms the basis for the
eights chapter which describes specific further cuts to isolate muonic W pro-
duction from the remaining background. The ninth chapter is devoted to the
presentation of the results of the applied selection. Therein a comparison will



be given between the expected number of events on the one hand and the ones
observed in the H1 data on the other hand. Finally the results are summarized
and an outlook is given.

In this thesis natural units will be used in which

h=c=1.



Chapter 2

Theoretical overview of W
production in ep scattering

This chapter describes the mechanisms for W production at HERA. It starts
with the definition of common quantities to most ep processes and proceeds with
a discussion of the standard model W production and two possible extensions of
the standard model, anomalous gauge boson coupling and anomalous production
of single top quarks in flavour changing neutral current processes.

2.1 General kinematics of ep reactions

The interaction
ep — 1 + something

between electrons and protons at HERA can be described by the exchange of a
virtual gauge boson. For low momentum transfers Q* < M2 . it is sufficient to
consider only photon exchange because the exchange of the heavy weak gauge
bosons Z° and W# is suppressed by the square of the propagator OEES TR

The Feynman graph for this reaction is shown in picture 2.1. Here k denotes
the four-momentum of the incident electron, P that of the incident proton and
k’ that of the outgoing lepton.

These four-vectors define the center of mass energy

\/gz (P-i—k’)z.

If the exchanged gauge boson is electrically neutral (photon and Z%) the
process is called neutral current otherwise, if it carries a charge (Wi) the process
is called charged current.

The four-momentum transfer

9/
Q*=—q>=—(k— k)" ~4E.E sin® (56)

is related to the energy and angle of the outgoing lepton. The transfered mo-
mentum Q? describes the wvirtuality of the boson. For low Q7 the photon is



v, Z,W(q)

something
p(p)

Figure 2.1: General electron - proton reaction, the lepton [ describes the scattered
electron in neutral current or a neutrino charged current processes, something
summarizes all particles despite the lepton

almost real, or on mass shell. Using the energy-time uncertainty relation low
virtualities allow for a longer lifetime of the photon. In this case the photon
can fluctuate in a quark-antiquark pair. In these cases in addition to the dir-
ect interaction of the photon with the proton also a resolved process is possible
where one of the quarks out of the photon interacts with the proton. These low
Q? events are referred to as photoproduction.

The size of the proton is of the order 1 fm, which corresponds to Q? in
the order of 1 GeV?. For momentum transfers below this value the mediated
boson does not resolve the proton, the proton remains intact and the scattering
is said to be elastic. For higher 2 the boson does resolve the proton and
usually interacts with a single quark inside the proton. Because the proton can
dissociate in this process these events are called deep inelastic scattering (DIS).

There is a rather smooth transition between the low @2 photoproduction
regime and the deep inelastic scattering events at higher Q? in the region of Q?
in the order of 1 GeV?2.

For H1 the limit is derived from the geometry of the detector. For Q2 e
4 GeV? the scattering angle of the electron is large enough to fall in the geomet-
rical acceptance region of the H1 detector such that the scattered electron itself
can be measured. This then marks the transition between photoproduction
and deep inelastic scattering. For (2 <4 GeV'? the lepton leaves the detector
undetected through the beam pipe.

Another important variable is the inelasticity of the event, defined by

P-q

=—— 0<y<l1
v=p5 05y s

which describes the relative momentum transfer of the electron.

2.2 W production

In the following an overview over processes which are capable of producing the
observed experimental signature of events with an isolated muon and intrinsic



missing transverse momentum originating from a neutrino will be given. Pro-
cesses where the isolated muon has hadronic origin or the reconstructed missing
momentum i1s due to a simple miss-measurement will be treated as background
in more detail in chapter four.

First the W production within the standard model will be discussed followed
by a section about the possible extension to anomalous gauge coupling. The last
section will describe physics beyond the standard model, anomalous production
of single top quarks via flavour changing neutral currents which could enhance
the observed W production rate and furthermore yields a natural explanation
for the high hadronic transverse momenta in the observed isolated lepton events

at H1 [5].

2.2.1 W production in the standard model

The dominant Feynman diagram for the production of real W bosons in ep
collisions is shown in figure 2.2.

\ Ke]

W
q :
v

Figure 2.2: Domunant contribution to real W production

With a total cross section of about 1 pb (see calculations in the theory pa-
pers [7] and [37]) W production is comparatively rare at HERA. Tt would be
therefore desirable to keep as many as possible of the events in the selection.
Unfortunately the experimental signature of hadronic W decays which amount
to a branching fraction of roughly 70% is not that different from photoproduc-
tion events with two or three jets in the final state which have a much higher
cross section. It is therefore extremely difficult to isolate a W signal from this
background [16]. The study of tauonic W decays is aggravated by the large
fraction of tauons which decay hadronically and look quite similar to charged
current scattering events. At the moment the only accessible decay channels are
the electronic and muonic ones which have a much easier experimental signal.
The selection of both channels is described in [31].

This analysis will limit to the muonic decay channel because it is the ex-
perimentally easiest (in the electronic channel the background is considerably
higher due to badly measured deep inelastic scattering events) and also the one
where the observed excess of events with isolated leptons [5] is concentrated.

The experimental signature of such an event consists of a jet formed by the



scattered quark, a muon and missing momentum carried away by the neutrino.
Since the W decay is independent from the scattering process the muon is
expected to be isolated from the jet in the detector and due to the high W mass
both muon and neutrino will have high transverse momenta.

Standard model W production is simulated by the EPVEC Monte Carlo
generator [14] based on the calculations presented in [7].

Some kinematic distributions predicted by EPVEC are shown in figure 5.1
for the discussion of typical event topologies. The simulated event properties are
used for the determination of trigger and selection efficiencies, in the following
all estimations of expected event rates will be taken from the Monte Carlo
simulation. In the calculation of the W production cross section there are
several technical difficulties which lead to a quoted error in the order of 30% [7].
It includes uncertainties from the photon flur factor of the electron, parton
densities which describe the quark distribution of the proton and the cut off
parameter which one has to introduce for the regularisation of divergences. In
reference [37] the resolved part of the W production cross section was calculated
in next to leading order and turned out to be 40% higher than the tree level
one. As described in the same paper the calculated resolved part 1s expected to
dominate the total cross section. Since in the high transverse momentum region
of the observed excess the resolved part falls steeply such that the direct part
becomes more and more important, the difference between tree level and higher
order calculations remains an uncertainty there. The relatively large quoted
error of 30% also covers the differences in the published cross sections. (o & 1.0

in the calculation of [7] and [37], ¢ &~ 1.3 [27])

2.2.2 Anomalous gauge couplings

The dominant Feynman graph (see picture 2.2) displayed in the discussion of
the standard model W production in the previous section is not gauge invariant
alone. A gauge invariant description is achieved after the summation over all
possible tree level Feynman diagrams which describe the process.

The complete gauge invariant set of leading order Feynman diagrams for
standard model W production with subsequent muonic decay at HERA is shown
in picture 2.3.

Tt include a diagram (e) with a W~y vertex which arises from the nonabelian
nature of the electroweak interactions which is described by a SU(2) @ U(1)
gauge group. The standard model makes some simplifying assumptions on the
structure of this triple gauge boson coupling. A general gauge invariant ansatz
contains seven free parameters for the description of the WW+ interaction [21].

After the requirement of C and P parity conservation in the electromagnetic
W W=+ interaction the ansatz simplifies to two remaining free parameters x and
A in the effective Lagrangian

A
L= (W;VWMAV CWRWEA, 4 kWEWE TR 4 —zw;wyw)
miy

with photon field A* and field strength tensor £, = 9,4, — 0, A4,.
In the standard model

10



hence deviations from the standard model are parameterized by
Ak = k—1and A

Because the standard model amplitude of the Feynman diagrams with the
WW~ vertex is relatively small compared to the dominant contribution (dis-
played in picture 2.2), one needs rather big deviations Ax and A in the order
of one to observe an effect at the HERA luminosity. This possibility is dis-
favored since the production of WW pairs at LEP2 has set strict limits on these
parameters recently [19],

Ak 0.08+0.17 (2.1)
A = —0.0440.07.

2.2.3 Anomalous top production

Another possibility for the production of real W bosons is in the decay t — bW
The high top quark mass could naturally explain the high hadronic transverse
momenta observed in the isolated lepton events [5].

The center of mass energy at HERA does not allow for top pair production.

Within the standard model the rate for top production is negligible at Hera
because the possible single top production in charged current reactions as dis-
played in picture 2.4 is highly suppressed. The cross section is tiny due to the
propagator term of the virtual W boson and reduced further by the small ele-
ments Vig and Vi in the Cabibbo-Kobayashi-Maskawa matrix which describe
the coupling of the top to the quarks in the proton.

Despite the unobservable standard model production rate several models
beyond the standard model (as in [17] and [13]) predict flavour changing neutral
currents which would allow sizeable single top production in a process like the
one shown in picture 2.5.

The flavour changing processes are described by the Lagrangian [22]

y 14
ef—2pd (

L = — Kiuy — theuyys) UAF +
~ 107 .. u .. .
etm (Ktey — ihtenys) cAF + hermitian conjugate

with CP conserving coupling parameters x and CP violating k.

Current experimental limits on the {uy and tcy couplings are taken from the
branching ratios of top decays { — wy and ¢t — ¢ in the Tevatron data and from
top-charm associated production v — tc¢ at LEP2. The sensitivity of HERA is
much higher for the anomalous coupling of the top to the u quark due to the
more favorable parton density. The most stringent existing bound &, < 0.28
( [2], with 95% confidence level) limits the anomalous single top cross section
t0 Tanotop < 1pb, high enough to produce a detectable signal. An H1 analysis
of anomalous single top production gave preliminary results [1].

11
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Figure 2.3: Leading order Feynman diagrams for standard model W production
(with subsequent leptonic decay)
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Figure 2.4: Standard model production of single top quarks in ep collisions

Figure 2.5: Anomalous production of single top quarks at HERA wvia flavour
changing neutral currents
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Chapter 3

HERA accelerator

The construction of the Hadron-Elektron-Ringanlage (HERA) was finished in
1990. HERA is a ring accelerator residing in a tunnel with 6.4 km circum-
ference at Deutsches Elektronen Synchrotron (DESY) in Hamburg-Bahrenfeld
some meters below the ” Volkspark”.

It consists of two storage rings, one for electrons or positrons and one for
protons. For simplicity both electrons and positrons will be referred to as ”elec-
trons” in the following.

A sketch of the HERA ring is shown in picture 3.1.

HERA

Experimentierhalle

) v‘
Experimentierhalle
West

Experimentierhalle
SUD/ZEUS

Figure 3.1: Sketch of HERA ring accelerator with enlargement of pre-
accelerators

After being pre-accelerated in small linear accelerators and in the DESY and
PETRA rings the electrons and the protons are fed into the HERA storage ring
where they get accelerated to the final beam energies of 27.6 GeV for electrons
and 820 GeV, since 1998 920 GeV, for protons.

The electron and proton beams are brought into collision in the interaction
regions of the two general purpose detectors H1 and ZEUS located in the north
and south experimental halls respectively.

14



year luminosity [pb~!]
delivered by HERA  recorded by H1  good data quality
1994 4.7 3.5 2.7
1995 10.1 6.2 3.8
1996 13.3 8.9 7.9
1997 32.4 27.3 21.3
1999 25.7 22.3 18.1
2000 66.8 59.4 47.2

Table 3.1: Amount of etp data taken in individual years, "good data quality”
requires stable run conditions and the operation and high voltage supply of ne-
cessary subdetectors

The electrons and protons are stored in up to 220 bunches in the two rings
with a time interval of 96ns between two consecutive bunch crossings. The
typical number of colliding bunches was &~ 175. The space between these is
filled with pilot bunches of electrons and protons which are not colliding with
any bunch from the other beam. Since no ep reactions should take place in
the pilot bunch crossings they allow for beam-wall and beam-gas background
studies. Every bunch consists of approximately 10'! particles. The particle
density within a bunch follows in longitudinal direction a Gaussian distribution
with a width of 6. &~ 1 cm and o, ~ 10 cm [29] for the electron and proton
bunches respectively. This translates in a Gaussian distribution of event vertices
around the nominal interaction point.

In 1994-97 positrons were accelerated to an energy of 27.6 GeV and protons
to 820 GeV leading to a center of mass energy of /s = 301 GeV in the collision.
During this period HERA delivered data with 60.5pb~! integrated luminosity to
the H1 experiment. In 1998 the proton beam energy was increased to 920 GeV
leading to a center of mass energy of /s = 319 GeV. Between 1998 and 1999
HERA was run with electrons and delivered 24.8pb~! to H1. This relatively
small data set is not used in this analysis. For the 1999-2000 running period
HERA was again filled with positrons and operated with the increased proton
beam energy of 920 GeV. Additional 92.5pb~! positron data were delivered by
Hera in that time.

A summary of the luminosity yield over these years is given in table 3.1. The
three columns in this table quote the luminosity delivered by Hera, the amount
recorded by H1 and the fraction of the recorded luminosity which has a sufficient
data quality. The luminosity describes how many physics processes happen in
the H1 detector and is measured with Bethe-Heitler processes (ep — epy) which
have a well known cross section. In practice not all ep events in the H1 detector
are available for analysis. Due to occasional problems in the event read out
chain of the data acquisition system the luminosity recorded by H1 and written
on tape is lower. From these a further fraction is lost when subdetectors fail
or the high voltage supply breaks down. Individual runs are also rejected if
there are very noisy ("hot”) cells in the calorimeter or a problem with the Hera
machine occurs after a short time of running. Events from runs which fulfill
these criteria are said to have a good data quality and are available for this
analysis. They amount to 35.7pb~" in the 1994-97 and to 65.3pb~' in the 99-

15



2000 running period adding up to 101pb~' in the 94-00 e data set used in this
analysis.

As already mentioned in the introduction this analysis will concentrate on
the positron data - but will nevertheless still continue the common practice to
refer to the positrons as electrons in the following.

16



Chapter 4

H1 detector

The H1 detector is built around the northern collision point of the HERA ring. It
is designed to measure the direction, energy and charge of the particles resulting
from the ep collisions in its center. From these information also a particle
identification can be derived. The detector is asymmetric with a concentration
of the instrumentation in the forward region defined as the direction of the
proton beam. Unlike most other collider experiments the center of mass system
of the colliding particles is not at rest in the laboratory frame but boosted with
Yem(ep) = 2.86 along the proton direction. In the following the direction of the
electron beam will be often referred to as backward region.

A sketch of the detector is shown in figure 4.1 together with the H1 co-
ordinate system. Its origin is located at the nominal interaction point where
the bunch crossing of the electron and proton beam takes place. The z-axis is
chosen in direction of the proton beam with the polar angle ¢ defined as the
angle between the particle trajectory and the proton beam. The x-axis points
to the center of the HERA ring and the y-axis upwards. The azimuthal angle
¢ 1s defined such that ¢ = 0° on the x-axis and ¢ = 90° on the y-axis.

In the design of the detector prime attention has been given to the clean
identification of electrons and to their energy measurement. To facilitate this
the electromagnetic [4] and hadronic calorimeters [5] are put inside a large coil
[6] which produces the magnetic field for the track momentum measurement in
the drift chambers [2,3] which surround the interaction point in the innermost
part of the detector. With this technique the amount of dead material in front
of the calorimeters is kept small and together with the high granularity of the
liquid argon calorimeter it allows for a good separation of electrons from had-
rons by their shower shape. The iron return yoke [10] of the coil is instrumented
with limited streamer tubes for muon identification. The instrumented iron is in
addition equipped with a tail catcher system which allows to identify hadronic
energy ”leaking” out of the calorimeter. The muon system is complemented in
the forward region by the forward muon toroid [11] a toroidial magnet surroun-
ded by additional drift chambers on both sides suiteable to measure tracks of
particles near the proton beam direction. The angular covering is increased by
the plug calorimeter [13] in the very forward region and an electromagnetic calor-
imeter in the backward region [12]. In 1995 the former backward electromagnetic
calorimeter (BEMC) was replaced by the spaghetti calorimeter (SpaCal) which
has a higher granularity and also a hadronic section. The remaining holes in the

17



HERA Experiment H1

m Beam pipe and beam magnets
Central tracking chambers

[9] Muon chambers

Instrumented iron (iron stabs + streamer tube detectors)

Forward tracking and Transition radiators lﬁ‘ Muon toroid magnet

[4] Etectromagnetic calorimeter (lead) N Warm electromagnetic calorimeter
E Hadronic calorimeter (stainless steel) } Hiauid Argon Plug calorimeter (Cu, Si)

@ Superconducting coil (1.2T) Concrete shielding

Compensating magnet Liquid Argon cryostat

Helium cryogenics

Figure 4.1: Schematic view of the H1 detector, taken from the design paper [3]
where also a more detailed description is given

geometrical acceptance of the detector are mainly due to the beam pipe, with
small contributions from cabling, cooling and structural supplies. The main de-
tector system measures approximately 12 m length x 10 m width x 15 meters
height and weights & 2800 tonnes.

Due to the short bunch crossing period of 96 ns and a high proton induced
background from beam-gas and beam-wall interactions an efficient multi level
trigger system is needed to keep the data flow manageable. For the rejection of
non-ep background produced ”upstream” of the detector by the proton beam
two scintillator walls with good timing resolution are installed in the backward
region which supply a veto condition for the trigger.

4.1 Tracking system
The tracking system provides track triggering and reconstruction. The drift

chambers form the innermost part of the detector such that the particles can
be measured before they loose energy in the calorimeters or develop showers in
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some dead material.

The tracking chamber is divided into three angular regions each optimized
for the measurement of particle tracks into its angular region. The forward
tracking detector (FTD) is displayed together with the central tracking detector

(CTD) and the backward drift chamber (BDC) in the enlarged clipping of the
detector center shown in picture 4.2.
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Figure 4.2: Enlarged view of the H1 tracking system in r — z projection

The geometrical acceptance regions of the tracking detectors are summarized
in the following table

| detector | Omin  Omaz |

FTD 5° 25°
CTD 10° 165°
BDC 150°  177.5°

Tracks in the proton direction near the beam pipe are measured by the
forward tracker and the ones in the central region of the detector are measured
by the central tracker. These tracks are then called forward tracks and central
tracks respectively. For tracks with polar angles between 10° and 25° degrees
both central and forward tracker measure short track segments which are then
linked to a combined track.

The reconstruction software of the tracking detectors searches for possible
track segments in the wire hits of the drift chambers and calculates their curvature
in the magnetic field. The transverse momentum of a unit charged particle is
then determined by the curvature radius R as

pr[GeV] = 0.345 R[m]

(for a magnetic field of 1.15 Tesla in the H1 detector). Because the spatial
resolution of the drift chambers is constant for all tracks while the curvature of
high momentum tracks differ only by a small amount from an entire straight
line, the momentum resolution of the tracking detectors degrades for higher pr,
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roughly as

o(pr)
pr

~ 1% - pr [GeV].

The reconstruction is such that the transverse momenta of the tracks tend to
get underestimated rather than overestimated. Only for stiff high momentum
tracks with pr > 25 eV the transverse momentum is sometimes overestimated.

It should be noted that often short track lengths do not allow for a precisely
determined curvature and the obtained value for the transverse momentum is
then dominated by the extrapolation and constraint to the event vertex. The
momentum measurement of the tracks therefore depend on the vertex recon-
struction. This dependence gets stronger in the forward region when individual
track segments in the forward tracking detectors have to be combined with each
other or a track segment in the central tracker.

4.1.1 Central tracking detector (CTD)

The central tracking detector covers the largest part of the polar angle range. Its
main component are two large concentric drift chambers with wires parallel to
the beam axis. The central jet chambers (CJC) provide a space point resolution
of 0,4 = 170pm in the transverse r¢ plane yielding a good resolution of the
azimuthal track angle. Both drift chambers are built as gas-tight mechanically
distinct units with a length of Az = 2200mm starting at z = —1125mm. The
inner one (CJCI) extends from r; = 203mm to r, = 451lmm, the outer one
(CJC2) from r; = 530mm to r, = 844mm. By comparison of the signals read
out from both wire ends a longitudinal precision of one percent of the wire
length can be achieved in z, corresponding to o, = 22mm. The measurement of
the polar angle is complemented by the central inner z chamber (CIZ) and the
central outer jet chamber (COZ) which improve the z resolution to o, = 300um.
The inner z chamber is located at the inner surface of CJC1 and has the cross
section of a regular 16-edge polygon with an edge length of 9 cm and wires in
four planes parallel to the edges. The outer z chamber separates the inner CJC1
from the outer CJC2. It has a 24-fold symmetry with an edge length of 12 cm,
like the inner z chamber also with four parallel wire layers.

Next to the inner and outer z chambers the central tracker has multi-wire
proportional chambers (CIP and COP) which provide a fast timing signal with
a good time resolution for trigger purposes.

An overview of the radial structure of the central tracking detector is given
in picture 4.3.

The sense wires collect the low energetic drift electrons set free from the gas
atoms in the drift chamber when charged tracks traverse the chamber volume.
They are put on positive potential as anodes to accelerate the negatively charged
electrons. The sense wires are separated by two potential wires which isolate the
sense wires from each other and improve the shape of the drift field. The planes
of sense wires and potential wires parallel to the beam line are tilted by about
30° with respect to the radial direction such that the ionisation electrons which
get deflected by the Lorentz angle in the presence of the magnetic field drift
approximately perpendicular to stiff high momentum tracks. This improves the
resolution and helps to resolve ambiguities in the track reconstruction. Since the
measurement of the drift time to each wire fixes the position of the corresponding
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Figure 4.3: v — ¢ view of the central tracking chamber

ionisation only up to a circular area mirror tracks can occur as a second solution
to the real tracks as illustrated in figure 4.4.

The sense wire planes are divided into cells by cathode wire planes. The
cathode wires are set to a negative voltage proportional to the distance from
the sense wire plane in order to create a uniform drift field and hence a constant
drift velocity over almost all the cell.

The ends of the sense wire planes are surrounded with field wires at the inner
and outer radii of the central jet chambers which further improve the uniformity

of the drift field.

4.1.2 Forward tracking detector (FTD)

Precise momentum measurement of particle tracks is difficult in the forward
region because tracks with small polar angles do not traverse the full radius in
the transverse plane of the bending solenoid magnetic field.

This has been taken into account by a higher wire density in the forward
tracker. The complete forward tracking detector consists of an integrated as-
sembly of three nearly identical supermodules which are slightly tilted with re-
spect to each other in azimuth. Each supermodule includes, in increasing z:
three different orientations of planar wire drift chambers designed to provide
accurate § measurements, a multi-wire proportional chamber for fast triggering,
a passive transition radiator and a radial wire drift chamber which provides
accurate ¢ measurements and moderate radial position information by charge
division from the wire ends at the inner and outer radii.
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Figure 4.4: [llustration of mirror tracks wn the tracking detectors

The three planar wire drift chambers each have a depth of four wires and
are rotated at 60° to each other in azimuth to provide homogeneous spatial
precision in x and y.

The radial drift chamber extends over twelve wire layers. The radial chamber
also measures the transition radiation X-ray emission produced when charged
particles traverse the dielectric foils inside the upstream transition radiator. The
amount of transition radiation should improve the electron-pion discrimination
because unlike 1onisation losses which depend on the particle velocity 8 and dif-
fer only by a small amount for high energetic electrons and pions the energy loss
due to transition radiation is proportional to the Lorentz factory = £ L

m = fiope
In practice the transition radiation detection was not as useful as estimated and
the transition radiator will be removed in future data taking.
An overview of the assembly of the forward tracker is given in figure 4.5.
By linking short track segments from different supermodules a reasonable
tree dimensional track reconstruction becomes possible.

4.1.3 Backward drift chamber (BDC)

The backward drift chamber was installed as part of the 1995 upgrade of the
H1 detector. Tt replaced the former backward proportional chamber (BWPC).
Since most of the data used for this analysis was taken after this upgrade only
the BDC will be described here. Description of the BWPC can be found in [3].

The backward drift chamber is displayed in picture 4.2. It consists of eight
wire layers displaced in the z direction and parallel to the r¢ plane, with each
layer divided into eight sectors in ¢ and each sector having 32 drift cells. The
eight layers are paired up and each pair is rotated by 11.25° in azimuth with
respect to the previous pair. The entire structure is then mounted in front of
the spaghetti calorimeter.
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4.2 Calorimeters

The Calorimeters measure the energy (and the absolute momentum |p] ~ F)
of high energetic particles (despite muons) with much better precision than the
tracking detectors. They also allow an estimate of the direction of a particle
and are the only way to measure electrically neutral particles.

Calorimetry at H1 i1s mainly done in the liquid argon calorimeter capable
of measuring electrons and hadrons in the forward and central region between
5% < # < 153°. Full angular covering is increased by the plug calorimeter which
measures the hadronic energy flow in the very forward region 0.6° < ¢ < 3° and
the spaghetti calorimeter in the backward region 153° < # < 177.5° mainly for
the measurement of electrons in low ? scattering events.

All three calorimeters are ”sandwich” constructions with alternating layers
of "passive” absorber plates and ”active” sampling material. High energetic
particles traversing the absorber layer undergo multiple interactions with the
absorber material, producing secondary particles which can interact with the
absorber again to develop a cascade of progressively lower energetic shower
particles. The energy of the shower produced in the absorber layers is then
measured in the inbetween sampling layers. The shower development stops when
ionisation losses of the shower particles exceed the production of new shower
particles, the shower dies out. If neither the high energetic incident primary
particle nor the secondary shower particles leave the calorimeter volume the
shower is said to be “fully contained” within the calorimeter and the energy of
the incident particle is then proportional to the amount of ionisation collected
in the sampling layers.

Electrons passing through an absorber layer rapidly loose energy in brems-
strahlung processes due to their low mass. The energy loss is characterized by
the radiation length X after which the electron lost on average all but % of its
initial energy. Lead the most common electromagnetic absorber has a radiation
length of X¢ ~ 0.56e¢m. Radiated photons with an energy above some MeV
(at the threshold of E = 2m, Compton scattering dominates the energy loss)
will produce new electrons in electron-positron pair production after traveling
a mean distance of approximately one further radiation length. Because of the
small radiation length electromagnetic showers have a fast exponential growth
which allow for thin electromagnetic calorimeters.

The development of hadronic showers is typically much slower so that a
larger depth is required for hadronic calorimeters. Hadrons and mesons interact
with the nuclei of the atoms in the absorber. In these interactions secondary
strongly interacting particles are produced resulting in the development of a
hadronic shower. The characteristic scale over which such a shower growths is
described by the hadronic interaction length A which is much larger than Xg for
most materials. For both lead and steel is A &3 17¢em.

Therefore much absorber material is needed to measure hadronic particles
and electromagnetic calorimeters are placed before hadronic ones nearer to the
interaction point. Hadronic showers differ from electromagnetic ones also in
their greater transverse extension. The shower shape is used for discrimination
by the electron finder.
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4.2.1 Liquid argon calorimeter (LAr)
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Figure 4.6: Liquid argon calorimeter in v — z view (a) showing the division into
individual parts and the orientation of absorber layers in the upper half of and
the cell segmentation in the lower half of (a) and in r — ¢ view (b)

In the upper part the electromagnetic and hadronic sections of the liquid
argon calorimeter can be seen with the horizontal and vertical lines indicating
the orientation of the absorber plates. For the inner electromagnetic section 2.4
mm thick plates of lead are used as absorber, for the outer hadronic section 16
mm stainless steel plates. The gaps between the absorber plates is filled with
liquid argon as sampling medium and instrumented with rectangular cathode
pads for the readout of the ionisation charge. The high density of the liquid
argon results in an efficient ionisation production and a good energy resolution

25



of

Tem (F) - 15%

E 7 \/E[GeV]
ohad(E) 50%

E  ~  JE[GeV]

The calorimeter is non compensating which means that for the same incident
particle energies the signal for hadrons is only & 70% of that for electrons. The
reason for the lower response to strongly interacting particles is that the other
A 30% of the energy are on average lost in excitations of nuclei in the traversed
material. This effect is corrected for by an energy reweighting algorithm in the
event reconstruction software.

The liquid argon calorimeter is built of different ”wheels” | with increasing
7 these are the backward barrel electromagnetic calorimeter (BBE), the central
barrel calorimeter modules (CB1, CB2, CB3), the forward barrel calorimeter
modules (FB1, FB2) and the inner and outer forward calorimeters (IF, OF).
Apart from the BBE which consists of an electromagnetic section only and the
OF which consists of two hadronic sections all wheels have an electromagnetic
and a hadronic section. The wheels are divided in azimuthal angle into eight
octants (see r¢ view of figure 4.6). Between the individual modules there are
insensitive regions indicated by gaps in the picture which are problematic for the
energy measurement due to inevitable energy losses in these regions. The walls
between the wheels are called z-cracks, the ones between the octants ¢-cracks.

For a good spatial resolution of deposited energies the liquid argon calori-
meter is highly segmented, into 45000 cells in total. Both electromagnetic and
hadronic sections are deeper and more segmented in the forward region, where
the particle density is higher due to the beam asymmetry. The cell sizes vary and
are optimized to measure the longitudinal and transverse extension of electro-
magnetic showers which are used for the identification of the scattered electron.
The segmentation of the calorimeter into cells is shown in the lower part of the
rz view in figure 4.6. The depth of the electromagnetic section is &~ 20 — 30
radiation lengths, the total depth of the calorimeter A~ 5 — 8 interaction lengths.

The angular dependence of the depth of the calorimeter in units of interaction
lengths for hadrons and mesons is displayed in figure 4.7.

It sometimes happens that hadronic showers are not fully contained in the
liquid argon calorimeter which leads to an underestimation of the energy of the
associated hadronic system. An estimate of such ”leakage” can be achieved
by the readout of the taul catcher which detects ionisation caused by hadronic
showers in the instrumented iron yoke. A more detailed description of the tail
catcher will be given in the following section as part of the muon system.

4.2.2 Plug calorimeter

The plug calorimeter (Plug) is located in the iron return yoke of the solenoid
magnet. It is situated in the very forward region of the detector and covers
the gap between the liquid argon calorimeter and the beam pipe. Because the
available space in the return yoke is limited to a cylinder with 0.7m length
and 0.7m diameter the calorimeter had to be built very compact. A silicon
instrumented sampling calorimeter with nine passive copper layers was chosen
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Figure 4.7: Amount of material between the interaction point and the instru-
mented iron in strong interaction lengths as a function of the polar angle 0. Due
to support structures, cabling and cryogenic supplies the amount of material is
not simply proportional to 1/sin (0) (picture taken from reference [30]).

and installed in the cylindrical gap. The energy resolution is limited by the
coarse sampling and the incomplete containment of showers and is estimated to

be

U'plug(E) ~ 150%
B VE

4.2.3 Spaghetti calorimeter (SpaCal)

Since the H1 upgrade in 1995 the spaghetti calorimeter (SpaCal) resides in the
backward region of the H1 detector replacing the former backward electromag-
netic calorimeter (BEMC). Since only a small part of the data used in this
analysis was taken with the backward electromagnetic calorimeter, the descrip-
tion will concentrate on the SpaCal here. A description of the BEMC can be
found in [3].

The spaghetti calorimeter owes its name a few millions of scintillating fibers
embedded in a lead matrix. Incident particles shower in the lead causing the
embedded fibers to emit scintillation light. The basic structure of the lead plates
holding the fiber bundles is shown in figure 4.8 with lengths given in units of
millimeters for the electromagnetic section.

Individual lead plates are put together and coupled to a light mixer connec-
ted to a photomultiplier. Such a unit is displayed in figure 4.9.

The electromagnetic section is 28 radiation lengths deep with a spatial res-
olution of a few millimeters and an excellent energy resolution for electrons
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Figure 4.8: Front view of a lead plate with 0.5 mm diameter scintillating fibres
wn the spaghetti calorimeter

Figure 4.9: SpaCal submodule
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oem(E)  T5%
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The hadronic part has a coarse fiber structure reflecting the greater lateral ex-

tent of hadronic showers The hadronic section is approximately one interaction
length in depth and has an energy resolution of

U'had(E) N 55%

E 7 \JE[GeV]

4.3 Muon System

Muon identification in the H1 detector is based on the detection of penetrating
particles behind iron layers. While high energetic muons only loose roughly one
GeV due to ionisation if they traverse one meter in iron, the same meter in iron
means a wall of approximately five interaction lengths for hadrons and mesons
and more than fifty radiation lengths for electrons.

In the central detector region

6° <6 <172°
muons are identified in the instrumented iron yoke while their momentum is

measured in the central and forward tracking detectors.
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In the forward region
3° <0 <17°

muons are measured and identified by the forward muon detector. The forward
muon system is built from drift chamber planes mounted on either side of a
toroidal magnet.

4.3.1 Instrumented iron return yoke

The iron yoke which returns the magnetic flux of the solenoid magnet is built of
ten iron plates with a thickness of 7.5¢m each. The plates are separated by slits
which are on average 2.5¢m wide allowing the gaps to be equipped with limited
streamer tubes (LST). The central muon system is divided into three parts, the
forward and backward end-caps and the barrel in the central region.

For safety reasons the limited streamer tubes are built of the halogen free
plastic Luranyl. They are operated with a non-inflammable gas mixture of 88%
C'O4, 9.5% isobutane and 2.5% argon at normal pressure.

One LST unit contains eight cells with a size of 10 x 10mm?. The anode
is built from a silver coated Cu-Be wire of 100um diameter kept at ground
potential in the center of each cell. The cell walls are made conducting by a
coat of graphite paint and act as cathodes with 4.5kV high voltage applied to
them. Two of such units are put together in a gas tight box which is shown in
picture 4.10.

Pads (Endcap: 28x28cm)
(Barrel:  40x40cm)

or strips perpendicular to the wires, 1.5mm phenol impregnated paper
Al bar 17mm wide with 3mm gap covered with 35um Cu on both sides Ground

|omm

HEENEEEEEENEEEnnEE.

basic profile, painted
silver coated with low resistivity
Al plate Imm Cu-Be-wire, 100pm graphite paint high resistivity cover

gas tight element with 2x8 cells 166.6mm

Figure 4.10: Structure of a limited streamer tube with two units of eight cells
each

A complete streamer tube layer 1s built of several boxes which are mounted
on an aluminum plate. Either stripsor pads are glued onto one side of the planes.
They act as electrodes where influence charges are induced and measured when
passed by a charged particle. The strips are 17mm wide with a spacing of 3mm.
The size of the pads varies from 25 x 25¢m? in the end-caps to 50 x 50cm? in
the barrel region.

In total the iron yoke is instrumented with 16 layers of limited streamer
tubes, 11 of these are equipped with pads.
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The wire orientation in the tubes is parallel to the z-axis in the barrel and
parallel to the x-axis in the end-caps. The strips are mounted perpendicular to
the wires allowing for a two dimensional space measurement in the streamer tube
layers. Wires and strips are read out digitally to provide hitsin the instrumented
iron. The analog signals from the five inner and the six outer pad layers are
summed up to form two tower signals. These towers yield a rough energy
estimate with a resolution of

O'tC(E) N 100%
E T~ VE
and constitute the tail catcher (TC).

The configuration of the layers within the iron yoke is shown in figure 4.11.
All slits contain at least one LST layer with pad electrodes. On the inside three
layers are mounted in a muon box in front of the iron yoke. The muon box is a
mechanically distinct unit holding one pad and two strip layers. The fourth slit
in the iron has a doubled width of bemn and contains two layers, one with pads

and one with pads and strips. On the outer side of the iron another muon box
is mounted.

[ T
Strips

—=——=——= Pads

= Strips & Pads

Figure 4.11: Configuration of the streamer tube layers in the instrumented iron
yoke, the upper half shows a transverse section of the barrel and the lower half
an enlargement of one of the octants. Areas not filled with limited streamer tubes
are marked black

Since the barrel gets broader on the outside while the tubes have a fixed size
some gaps had to be inserted between them as can be seen from the sketch of
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the barrel octant in picture 4.11. The alignment of these gaps is made such that
they do not line up for particles coming from the interaction point.

The geometrical acceptance of the muon system is limited by three holes in
the instrumentation with streamer tube layers. One hole at (¢ &~ 90°, 6 &~ 75°)
is due to a liquid argon transfer line, two further regions at (¢ &~ 90°, # ~ 120°)
and (¢ &~ —90°, 6 & 120°) are occupied by cryogenics supply. These insensitive
regions reduce the overall muon detection efficiency in the instrumented iron by

~ 10%.

4.3.2 Forward muon detector

The forward muon toroid (FMT) is built to detect and measure charged particles
penetrating through the forward end-cap of the main H1 detector at polar angles
in the range 3° < 8§ < 17°. It is designed to provide a good momentum resolution
between 5 GeV and 200 GeV for muons, the lower limit determined by the
energy loss in the liquid argon calorimeter and the iron yoke and the upper one
determined by the maximum field of the toroid and the spatial resolution of the
drift chambers. It achieves a resolution of

Uf’"T’(p) /s 24% for p = 5 GeV and Uf’"T’(p) ~ 36% for p = 200 GeV.

The iron toroid has an inner radius of 0.65m, an outer radius of 2.9m and is
1.2m thick. Its field strength varies from 1.757" at the inner radius to 1.57" at
the outer radius. A schematic view along the beam axis is shown in figure 4.12.

r 0141 02 TOROID 63  ¢264

P muon track
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Figure 4.12: r—z view of forward muon detector on the left with an enlargement
of the second 8 double layer on the right illustrating the avoidance of ambiguities

by the shifted double layer

On both sides of the magnet three double layers of drift cells are mounted.
In two of the cells mounted on either side of the toroid the wires are strung
tangential to the z-axis for the precise determination of the polar angle and one
has radial strung wires which measure more accurately the azimuthal angle.
All cells in the double layer are shifted by half a cell width to resolve left-right
ambiguities.
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4.4 Trigger system

The task of the trigger system is the steering of the data taking. If some con-
ditions indicating interesting physic events are fulfilled in certain subdetectors
the trigger ”fires” and initiates readout and processing of the event information.
Thereby the trigger electronic constitutes an interface between the high colli-
sion rate of 10.4M Hz on the one hand and a limited band width of ~ 10H 2
for the event recording on tape on the other hand. If the trigger rate exceeds
the available bandwidth then the data taking system often has to wait for the
event processing to be finished. During that time the detector is insensitive for
further events in which case deadtime accumulates. The design criterium of the
trigger system is then to keep as much as possible interesting physics events
while not exceeding a fixed rate at the same time. These requirements are met
by a multi level trigger system.

The discussion of the trigger system presented in the following is kept com-
paratively simple. A more detailed description can be found in [25], a study of
the muon triggers with main focus of attention on their use for W analysis is
also in [28].

4.4.1 Level 1

After the bunch crossing each subdetector sends a subset of digitized inform-
ation to the central trigger logic. Since the subdetectors need some bunch
crossing periods of 96 ns for signal shaping (drift time and integration time of
preamplifiers with cables introducing further delays) the system has to cope
with information from several consecutive bunch crossings simultaneously. The
signals of the different subdetectors are synchronized to the HERA clock such
that pieces transmitted separately and at different times can be assigned to the
same event later on and stored in a pipeline. After 24 BC or & 2us the inform-
ation from all subdetectors is complete and the first trigger level (L1) decision
1s evaluated.

The L1 decision is based on the combination of conditions from different
subdetectors. Each such condition describes whether a certain threshold was
exceeded in the measurement and constitutes one of 192 trigger elements. The
trigger elements are fed to the trigger logic where they are combined to 128
subtriggers according to rules given in the trigger setup. Individual setups with
sets of subtrigger conditions can be used for different purposes and running
conditions.

Since not every fulfilled subtrigger condition is intended to keep the event
(e.g. high rate triggers for very common physics processes, monitor triggers
which supervise the efficiency of other subtriggers) each individual subtrigger
can be prescaled. This means that at a prescale factor n, the subtrigger is taken
into account for the trigger decision only every n-th time it is set. Due to
interactions of the beam particles the beam currents in HERA decrease with
time after each fill. The data taking during one fill is called a luminosity run
which is divided into four phases with rather stable run conditions. Because the
trigger rates decrease with the beam currents the rate suppression with prescales
can be relaxed during a run. For each phase a different set of prescale factors
is applied.

At first for each fulfilled subtrigger condition an associated counter gets
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incremented. If one of the counters equals its prescale factor the counter is
reset, the filling of the pipelines is stopped and the event gets validated by the
next trigger levels. This starts the dead time in which succeeding events are lost
since the pipelines are stopped. Otherwise the event is rejected immediately.
This process is dead time free.

4.4.2 Level 2

When the first trigger level decides to keep the event for further processing a
complete read out of the entire detector information is started. This process
depends on the multiplicity of the event and usually takes 1 — 2ms.

During the readout the second trigger level (I.2) decision is evaluated in
parallel. The operation of L2 is therefore said to be synchronous. The second
trigger level performs more complex operations on the information available for
L1. Tt is realized by two separate subsystems, the L2 topological trigger (L2TT)
and the L2 neural network (L2NN) which both supply additional 16 L2 trigger
elements. The decision of L2TT is based on topological correlations between
different subdetectors, mainly energy clusters in the 8 — ¢ plane, and describes
the agreement of the event topology with a predefined reference topology. L2NN
is a two layer neural network which is trained to recognize specific event signa-
tures for different physics processes, the output represents the significance for
the event to belong to one of the trained classes.

For every such value above a programmable threshold an L2 trigger element
is set. After a fixed time of 20us these trigger elements are used to validate
the positive decisions of the first trigger level. If none of them is confirmed the
readout 1s stopped immediately, the event gets rejected and the restarting of
the pipelines terminates the dead time of the detector.

4.4.3 Level 3

The third trigger level was foreseen to perform more complex operations on the
available data within a few 100us. A L3 reject would stop the time consuming
readout of the full detector information and reduce the input rate for L4. This
trigger level has not yet been used.

4.4.4 Level 4

The level four trigger operates on the full event information from all subdetect-
ors. After the read out commences a processor farm performs a partial event
reconstruction using the final algorithms of the H1 reconstruction software pack-
age HIREC. The partially reconstructed event allows for an efficient rejection of
remaining typical background from beam-gas and beam-wall interactions which
reduces the necessary bandwidth of the storage system by a~ 80%. A small
fraction (about 1%) of the events is always kept for monitoring purposes.

Since L4 operates asynchronous to the previous trigger levels it does not
introduce further dead times as long as the number of submitted events does
not exceed a critical rate of & 50H z determined by the available computing
power and the complexity of the reconstruction tasks.

The events which passes the level four filtering are then written to raw data
tapes.
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| subtrigger trigger elements

ST15 (Mu_Bar || Mu_-ECQ) && DCRPhi_THig && zVtx_sig

ST3 SPCLe_IET > 2 && SPCLe_ToF_E_2

SThH6 (SPCLeIET > 1 || SPCLe IET_Cen_2) && DCRPhi_Ta && Mu_Any
ST61  (SPCLeIET > 2 || SPCLe_IET_Cen_3) && DCRPh_THig && zVtx_sig
ST66 Lar_Etmiss > 2 && Lar_IF > 1

ST67 Lar_electron_1

ST71 zVixsig && DCRPhiTc && Lar_BR

ST77 Lar_Etmiss > 1

Table 4.1: Trigger elements required by the subtriggers used for the detection for
muonic W decays

4.4.5 Level 5

The fifth and final level of the H1 trigger and data acquisition system performs
the complete event reconstruction of the L4 raw data. On L5 HIREC runs in
parallel on a dedicated multiprocessor workstation which needs & 1 cpu s per
event. The processing is done off-line after the data taking. At good terms the
entire L4 output data can be reconstructed within a few hours after they have
been taken. After the reconstruction the events are classified as candidates for
selected physics processes. Events which fall in at least one such physics class are
then written to production output tape (POT). A subsample of event properties
sufficient for most analyses is copied to data summary tapes (DST) which are
small enough to be stored on disk.

4.5 Subtriggers used for this analysis

For a clean physics sample with well defined trigger efficiency it is necessary
to limit the set of used triggers in the analysis. The subtriggers used for the
detection of muonic W decays are listed in table 4.1. The table shows the trigger
elements required by the applied subtriggers.

Some trigger elements are defined by two bits with three thresholds, ”small”
"medium” and ”high”. In the above list ”TE > 1”7 means the requirement of a
medium or high threshold and ”TE > 2”7 accepts only the high one.

4.5.1 Triggers elements derived from energy deposits in
LAr

Neighboring cells in the liquid argon calorimeter are combined to so called {rig-
ger towers (TT). Their analog signals are summed up and digitized to form
big towers (BT). Several thresholds are introduced in this process to suppress
electronic noise and background.

For this analysis there are five important trigger elements provided by the
LAr trigger.

o LAr-Etmiss
The LAr-Etmiss TE describes the imbalance of transverse momentum
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measured in the calorimeter. From the energies measured in the big towers
the quantity

2 2
- (o) ()

BT _ BT . BT BT
P E7 sind;" cosg;

BT _ BT . 4BT _. BT
Pyi = E;77 sind;] sing;

is calculated with angles 087 and ¢27 of the known BT positions. Each
big tower energy must exceed a threshold which depends on the position
in the detector in order to enter the above sum. The two big towers
closest to the beam pipe are not included since they are very sensitive
to background from beam-gas and beam-wall interactions. In the central
barrel the thresholds are relatively high (6 GeV') due to high electronic

noise.

The LAr-Etmiss trigger is implemented with three thresholds, 4.5 GeV
(low), 6 GeV (medium) and 7.5 GeV (high).

LAr-electron

LAr-electron is set if the energy in one trigger tower exceeds a certain
threshold value. Since the energy of hadronic showers is mostly spread
over several trigger towers and an electron in the liquid argon requires
Q*? > 100 GeV? which limits the rate, a minimum threshold of 6 GeV (for
Lar-electron_1) can be used without prescale.

LAr-TO
LAr-TO is a timing signal derived from the trigger towers. It indicates
whether the signal of the trigger towers is synchronized with the bunch
crossing.

LAr-IF
LAr-TF is set for events with high energy deposits in the IF cells in the
forward region near the beam pipe

Lar-BigRay

The Lar-BigRay TE is provided by the L2 topological trigger. It combines
the requirement of energy deposits in the liquid argon with a link to a
central track. The trigger element is set if the energy in any one trigger
tower exceeds 1 GeV and is matched in azimuthal and polar angle with a
ray (see below) from the DCr¢ trigger.

4.5.2 Trigger elements of the SpaCal

This analysis uses two inclusive electron trigger (IET) trigger elements of the
spaghetti calorimeter. For these trigger elements sixteen cells in the electro-
magnetic section of the SpaCal are summed up to trigger towers which are
in dependence of their distance r to the beam pipe divided into the inner (r
< 16cm) and outer (r > 16cm) ones. The trigger towers overlap each other
such that the entire cluster of an electron i1s contained within one trigger tower
(sliding window technique).
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A third trigger element combines the total energy in the electromagnetic
section of the SpaCal with timing information derived from the analog readout.

e SPCLe IET
The SPCLe_IET TE is set if the energy in a trigger tower in the outer part
of the electromagnetic SpaCal exceeds a fixed threshold. At least 2 GeV
are required for SPCLe_IET > 1 and 6 GeV for SPCLe_ IET > 2.

¢ SPCLe IET _Cen
SPCLe_IET_Cen requires energy in the inner part of the SpaCal. The
thresholds are set to 2 GeV energy in a trigger tower for SPCLe_IET _Cen_2
and 6 GeV for SPCLe_IET _Cen_3.

¢ SPCLe_ToF _E2
SPCLe_ToF_E2 is set if the total energy in the electromagnetic section of
the SpaCal exceeds 12 GeV and is synchronized with the nominal bunch
crossing time.

4.5.3 Track based trigger elements

e zVitx-sigl
The inner and outer proportional chambers (CIP, COP) of the CJC and
the first multi-wire proportional chamber (MWPC) of the FTD are used
to form track candidates for a fast determination of the event vertex.
Each particle coming from the interaction point passes two double layers
of proportional chambers; either in CIP and COP or in CIP and the
first MWPC of the forward tracker. The hits in these chambers are then
combined to rays, straight lines in the rz plane. The z coordinate of the
point of intersection with the beam pipe is filled in the z-vertex histogram.
The rays which were formed from the correct combination of hits produce

a significant peak above the combinatorial background which are randomly
distributed (see illustration in figure 4.13).

Figure 4.13: z-vertex histogram

The trigger element zVtx-sigl is activated if a significant peak is found,

(npeak B N{g”) > 1.5.

A/ Mpeak
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with npeqr the maximum number of entries in one bin and N, s all the
other entries.

¢ DCRPhi_Ta
This trigger searches for tracks in the CJC which have a distance of closest
approach of less than 2 cm from the beam axis and are therefore unlikely to
originate from beam-wall background. To keep the trigger logic reasonable
small only 10 (seven in CJCI and three in CJC2) out of 56 signal wire
layers of the CJC are used for this trigger. The DCRPhi_Ta TE is set if
at least one track with a transverse momentum above 420 MeV 1s found.

¢ DCRPhi_Tc
DCRPhi_Tc extends the DCRPhi_Ta trigger element by the requirement
that at least three tracks with a transverse momentum above 420 MeV
have to be found.

e DCRPhi_THig
The DCRPhi_THig TE is determined in the same way as the DCRPhi_Ta
TE despite that it uses a higher threshold of 800 MeV.

4.5.4 Trigger elements for muons

Muon specific trigger elements are derived from the limited streamer tubes in
the central region and hits in the drift chambers in the forward muon toroid.

The subtriggers used in this analysis are based on muon triggers in the
instrumented iron only. Five out of the sixteen limited streamer tubes provide
a trigger signal to the central trigger logic. The definition of trigger elements in
different regions of the central muon system is shown in picture 4.14.

B
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Figure 4.14: Dwvision of the instrumented iron in trigger sectors

A trigger element is set if the number of hits in the five layers exceed a fixed
number of coincidences. Due to the higher hadronic background, especially in
the forward region, the number of required hits increases in the end-caps in
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order to achieve a similar trigger rate as in the barrel. The minimum number
of required coincidences in the different regions is listed in the following table.

| trigger element minimum number of hits |
MU_FIEC 4
MU_FOEC 3
MU_BAR = {FUBa,BUBa,FLBa,BLBa} 2
MU_BOEC 3
MU_BIEC 3

From these trigger elements two logical “or” combinations are derived.

e Mu_ECQ
The trigger element Mu_ECQ is the combination of the trigger elements
MU_FOEC || MU_BOEC || MU_BIEC in the end-caps, excluding the high

rate inner forward end-cap.

e Mu_Any
Mu_Any is set if any of the five trigger elements in the instrumented iron
is active.

4.5.5 P& triggered W — uv sample

Events with high energy deposits in the LAr calorimeter are mainly triggered
by the set of subtriggers ST66, ST67, ST71, ST77. STG67T is sensitive to compact
energy deposits typical for electrons and is mainly used for high Q? neutral cur-
rent analyses. The other subtriggers were developed for the analysis of charged
current events. Since the low charged current cross section limits the available
event statistics for a precise determination of the trigger efficiency the pseudo
charged current technique was developed [34] which uses a high statistics neutral
current sample. After the neutral current events are triggered by the electron
energy deposit in the LAr the electron signal is electronically removed from all
subdetectors and the events get indistinguishable from charged current ones.

The trigger efficiency of the combined set is displayed in diagram 4.15 as a
function of

2 2
Pffllo = (Z Eisinﬁicosqbi) + (Z Eisinﬁisinqbi) ,

the transverse component of the vectorial sum over the energy clusters in the
liquid argon calorimeter. The efficiency rises at Pi%° ~ 8 GeV and reaches
a plateau value above P£*° &y 16 GeV. The trigger efficiency for events with
lower P5° is increased by additional use of the muon trigger ST15.

For the simulated muonic W decays the trigger efficiency is ¢ a2 85% for an
event sample with P&*° > 12 GeV .

4.5.6 Electron triggered W —pur sample

Events with an electron in the LAr calorimeter are triggered by the subtrigger
ST67. The trigger efficiency is almost 100% (as determined in [24]). Muonic
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Figure 4.15:  Trigger efficiency of the combined set of LAr triggers
ST66,ST67,5T71,5T77 as a function of the calorimetric pt and polar angle

W decays with an electron in the SpaCal are mainly triggered by ST56. This
subtrigger 1s based on the combination of signals in the central tracking detector
and the instrumented iron together with energy in the electromagnetic section
of the SpaCal. As for electrons in the liquid argon the trigger efficiency of the
SpaCal calorimeter is nearly 100% [33] The trigger efficiency of the DCRPhi_Ta
trigger element is determined as a function of polar angle and transverse mo-
mentum of the track from neutral current events with one isolated central track
which 1s due to the electron. The efficiency is calculated as the fraction

number of events triggered by MT and TE

e = number of events triggered by MT

with the independent set of monitor triggers (MT) ST66, ST67, ST77. In the
same way the Mu_Any trigger efficiency was determined from an event sample
with high pr muons and energy deposits in the LAr. It is parameterized by the
polar angle of the muon and the number of hits in the instrumented iron.

The efficiency of both components is displayed in figure 4.16.

The combined trigger efficiency of ST67 and ST56 is & 70% for muonic W
decays with an electron in the detector and a muon with pp > 12 GeV in the
instrumented iron. The trigger efficiency is increased to &~ 85% by additional use
of the subtriggers ST3 and ST61 which have higher thresholds for the energy in
the SpaCal but do not require a muon and the muon trigger ST15. The efficiency
gain by the SpaCal subtriggers ST3 and ST61 is determined from Monte Carlo
simulation of muonic W decays with an average prescale of roughly 1.2 taken
into account for both.

39



DCRPhi_Ta efficiency | Mu_Any efficiency

1.27 w 1.27
s s —+ +
: . + . T
L [ S sl o o o SR L
of 1 TTHg _ T T
0.6; % O_ijH
0.4; + 0_4;
0.2; 0.2;
O: Lo b b b b b b b O:\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
0 [degrees] 0 [degrees]

Figure 4.16: Trigger efficiencies of the DCRPhi_Ta and Mu_Any trigger ele-
ments as a function of the polar angle for tracks above 2 GeV transverse mo-
mentum and muon candidates with at least six iron hits. The different sized
error bars represent the concentration of evaluated events in the backward re-
spective forward region in the monitor sample, belween 120° < # < 140° no
muon event activated the monitor trigger
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Chapter 5

W —ur event topology

At HERA W production is a rather rare but spectacular process.

ep— (e) WX
%

In most ep events both scattered electron and proton remnant remain un-
detected. Since an unknown energy fraction is lost in the beam pipe in these
cases the use of energy and momentum conservation laws for the event recon-
struction is limited. It is usually impossible to fully reconstruct the kinematics.

The geometrical acceptance of the H1 detector, which reaches near to the
beam pipe, allows a kinematic reconstruction limited to the transverse plane to
be made. Undetected particles are known to leave the detector under very small
angles and it is thus usually a good approximation to assume that they do not
contribute to the transverse momentum balance of the event. One of the most
important event properties in this context are the transverse momenta of the
measured particles and this is also the attribute where W —pur events produce
a rather unique signal.

The high W mass converts to kinetic energy of the leptons in the decay. One
will detect an isolated muon (not associated with a jet) with high transverse
momentum prp , ~ %MW. In case of a neutrino one measures a significant
imbalance in the reconstructed transverse momentum of the event,

PT,miss = | Z ﬁT,paMicle|

particles

the missing transverse momentum, of the order Pr miss = prp ~ %MW.

Kinematic distributions of muonic W decays are simulated by the EPVEC
Monte Carlo generator, the upper plots of figure 5.1 show the generated trans-
verse momentum distribution of muon and neutrino.

The left lower plot displays the transverse momentum spectrum of the had-
ronic system X. The trigger condition P§¥° > 12 (GeV limits the selection
efficiency to about one third. The efficiency is increased by considering also
the electron triggered channel. Approximately 25% of W production events are
expected to have a scattered electron detected in either the SpaCal or the LAr,
the scattering angle is depicted in the right lower plot of figure 5.1.
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Figure 5.1: Transverse momentum distributions of muon, neutrino and had-
ronic system X as expected from Monte Carlo simulation. In the lower right
corner the simulated polar angle distribution of the scattered electron is shown.
Approzimately 10% of the events have an electron in the LAr and ~ 18% in the
SpaCal.

The topology of the events triggered by the set of subtriggers acting on the
energy deposits in the liquid argon calorimeter differs significantly from those
triggered by an electron in the detector. These two channels will be therefore
treated separately. For comparison with former analyses which investigate only
the P& triggered muonic W decays events with an imbalance in the calori-
meter and an electron in the detector are first considered for the P& channel.
All events which failed the selection for the P£%¢ triggered sample are then con-
sidered for the electron triggered channel. Thus the latter sample accumulates
not only events with Pff’lo < 12 GeV, but also a small fraction of events which
failed one of the other cuts in the former one.

In the following discussion of signal and background event properties a
preselected sample will be used defined by either an imbalance in calorimet-
ric energy deposit or an electron in the detector together with an isolated high
prou > 12 GeV muon candidate (with weak muon identification criteria applied
based on a typical muon pattern in the forward muon detector, the instrumented
iron or the liquid argon calorimeter) and high reconstructed missing momentum
PT miss Z 12 GeV.
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5.1 Py triggered W —puv sample

Events in the Pff’lo triggered sample are defined by the requirement of a min-
imal calorimetric imbalance of P > 12 GeV for which the set of subtriggers
{ST66,ST67,ST71,ST77} is efficient. As will be described in the next chapter
this condition is also usefull to distinguish between W decays and other pro-
cesses. The same threshold was choosen as in the previous analysis.

Since the electron does not have a significant transverse momentum in most
of the W production events, the required energy deposit in the calorimeter is
mainly due to the hadronic system X. The W recoils against the X system such
that muon and neutrino get Lorentz boosted in the opposite direction to X.
This results in a ”Mercedes-starlike” event topologie in the transverse plane. A
typical event of this kind is displayed in figure 5.2.

100570 Date 11/06/2001

T &= %7-5 X $RU.U eV B=IT.5 kG

Figure 5.2: Typical muonic W decay event in Pff’lo triggered sample
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5.2 Electron triggered W —urv sample

Events in the electron triggered sample must have an electron in the H1 detector.
They are triggered either by subtrigger ST5H6 for events which have an electron
in the SpaCal or by ST67 for higher )? events with an electron in the liquid
argon.

Since all events in this channel are required not to be already included in
the Pg° triggered sample, the events considered here have low P§%° values
such that the W gets a small transverse momentum and muon and neutrino
are "back-to-back” in r¢. A typical representative for these events 1s shown in

figure 5.3.

Run 253317 Event 102874 Date 25/06,/2001

_BETh=

E[CeV] (DCLU)

Figure 5.3: Typical muonic W decay event wn electron triggered sample, the
scattered electron is in the SpaCal with 0, ~ 172°
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Chapter 6

Background

On the one hand W production with subsequent muonic decay has a clear ex-
perimental signature (as described in the previous chapter). On the other hand
various processes with much higher cross sections can contribute to an event
sample with muons and missing transverse momentum. For the background
types discussed in the following the muon candidate typically has hadronic ori-
gin (despite events with cosmic muons and muon pair production) and the trans-
verse momentum imbalance is due to a missmeasurement (with the exception
of charged current events).

6.1 Non ep background

6.1.1 Beam-gas and beam-wall interactions

Events with halo muons from beam-wall or beam-gas interactions are a frequent
process at HERA. Fortunately it is rather easy to get rid of these events. Most of
them occur outside the detector and are rejected by the veto walls of the trigger
system. The rest usually still has hits in the veto walls but is not rejected
when the events happen by chance in the time window around nominal bunch
crossings. These muons typically coincide with a simultaneous ep event which
triggers such an overlay event. The halo muon track is nearly parallel to the
beam pipe and clearly does not have an origin near the interaction point.

The H1 collaboration has developed a set of algorithms for non ep back-
ground finding [15] which searches for typical patterns in the events and flag
them accordingly. In this analysis no such events were found after application
of the default set of finders.

6.1.2 Cosmics

Every second some thousand cosmic muons hit the H1 detector. Most of them
are not recorded because pure muon triggers have very high prescale factors.
Only a small fraction will activate one of the triggers used in this analysis.
”Cosmics” typically have one straight track penetrating the entire detector or
a muon track opposite an energy cluster in the calorimetric if the cosmic muon
”showered”. Events with isolated cosmic muons are reliably recognized by stand-
ard H1 routines, the cosmic muon finder algorithms in the Qbgfmar package [15].
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More difficult to reject are overlap events of a cosmic muon with an ep
reaction. An example of such an event is shown in picture 6.1.

Run 186751 Event 75989 C(Class: 2 4 6 8 20 22 Date 25/06,/2001

1

Figure 6.1: Typical cosmic muon event found wn the HI data

Events like the one shown with hits opposite in r¢ in the instrumented iron
are still recognized by the cosmic muon finders used for this analysis. Cosmic
muons can only contribute to the event sample if the muon showers in the
detector or escapes through a hole in the geometrical acceptance so that it does
not produce two opposite iron signals.

One cannot exclude a contribution of cosmic muons completely but the prob-
ability to have unrecognized cosmics in the event sample selected in this analysis
1s small.

6.2 Jet photoproduction (vp)

The Feynman graph describing the dominant contribution to photoproduction
at HERA is shown in figure 6.2

In these processes the gluon or photon fluctuates in a quark-antiquark pair
which then hadronizes to two jets in the detector. Both jets can be produced
with rather high transverse momenta. Since electron and proton remnant are
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Figure 6.2: Leading order Feynman diagrams for photoproduction, in the left
for the direct and in the right for the resolved process

scattered only marginally the jets typically balance each other in r¢ showing a
”back to back” topology.

If a high energetic hadron does not loose all its energy in the calorimeter
and reaches the instrumented iron it can fake a muon signal. In this scenario
it 1s then likely that the total transverse momentum of the event gets badly
reconstructed and the event can enter the P£° triggered sample.

Events of this kind are simulated by Pythia [36].

6.2.1 Photoproduction of light quarks

A typical example for a simulated photoproduction event in the P& triggered
sample is shown in figure 6.3.

In this event one of the light quarks probably hadronized to a single meson
which decayed to a muon and a neutrino.

6.2.2 Photoproduction of bb and c¢ pairs

The production rate of the heavy quarks types cé and bb is more than an order
of magnitude lower than for the light {uu,dd and s5} quarks. On the other
hand b and ¢ quarks can decay to muons which nets an enriched sample in the
selection.

By requirering the muon candidate to be isolated many of the muons from
¢ and b decay are rejected and the heavy quark contribution becomes much
smaller than the photoproduction of light quarks.
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Run 246159 Event 121320 Date 28/06,/2001

Figure 6.3: Photoproduction event selected for the P54 triggered channel

6.3 Low ()? scattering

These events are in the transition region from photoproduction to deep inelastic
scattering. Both direct and resolved processes can occur in low Q? scattering.

From the scattering kinematics of a direct process, using the Jaquet - Blondel
method,

Q?:?f";,ogyg 1. (6.1)

the momentum transfer of the electron is too low to produce a high transverse
momentum hadronic system originating from the scattered quark. Because the
tracking detectors tend to underestimate but not to overestimate low trans-
verse momenta the direct processes are unlikely to enter the sample with a high
transverse momentum muon candidate.

Resolved photon events can produce an experimental signature similar to
photoproduction events, but at lower cross section. Therefore in the Pg°
triggered sample the photoproduction contribution is expected to be much

higher.
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With @2 high enough to have the electron scattered in the SpaCal and still
a relatively large cross section these events dominate the background in the
electron triggered W —pv sample.

Run 246159 Event 109178 Date 28/06,/2001

E[CeV] (DCLU)

Figure 6.4: Low Q7 event selected for the electron triggered channel

In picture 6.4 one typical such event is displayed.
Low @Q? events are simulated by the RapGap Monte Carlo generator [26].

6.4 Deep inelastic scattering (DIS)

In the higher 2 regime only direct processes happen. The events can contribute
to the sample if an isolated hadron or meson in the jet formed from the scattered
quark produces a muon signal in the instrumented iron.

Since in deep inelastic scattering only two particles, quark and lepton, are
involved in the primary interaction the events look relatively simple. There is
usually one concentrated hadronic system which balances the scattered lepton
in the transverse plane. The muon candidate usually lines up in the r¢ plane
with the direction given by lepton and jet.

Deep inelastic neutral and charged current scattering is simulated by the
Django Monte Carlo generator [11].
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6.4.1 Neutral current (NC) events

In high Q7 neutral current events the scattered electron and quark generally
have higher transverse momenta according to equation 6.1. In these events the
reconstructed missing Pr often only amounts to a relatively small transverse
momentum fraction of the electron and hadronic system. The electron usually
still lines up in r» — ¢ and balances the hadronic system as for events without
a reconstructed missing Pr. The mismeasured Pr can be due to electron en-
ergy lost in the uninstrumented intersection region between different calorimeter
modules. The shower pattern of electrons in the cracks may also significantly de-
viate from the expectation such that the electron gets misidentified as a hadron
and 1its energy wrongly reweighted. Isolated high energetic hadrons penetrating
the calorimeter, reaching the instrumented iron and faking a muon signal there
are as well likely to cause high missing transverse momenta.
One simulated typical event of this kind is shown in picture 6.5.

Run 250551 Event 1044894355 Date 1/06/2001

Figure 6.5: Typical neutral current event

Since the electron does not vanish down the beam pipe in these events and
the energy missmeasurement which leads to the missing Pr often only amounts
to a small fraction of the total energy the reconstructed event ¥ FE — P, is gen-
erally near twice the electron beam energy.
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6.4.2 Charged current (CC) events

The charged current process is supressed by the lower cross section but generates
events with high missing transverse momenta and a P$*? spectrum which also
extends to high values.

6.5 Lepton pairproduction

p

Figure 6.6: Lepton pairproduction Feynman diagram

The production of lepton pair events is similar to the photoproduction pro-
cess despite that instead of a gluon a photon must be exchanged by the proton.
Since this requires an electromagnetic instead of a strong interaction the cross
section is much smaller.

Lepton pairproduction is simulated by the LPair Monte Carlo generator ( [9]
with description of matrix element calculation in [38]).

6.5.1 Muon pairproduction

The muon pairproduction background gets the dominant one after applying
harsh muon identification criteria (see section muon identification). Although
the cross section is the smallest of all contributing backgrounds this background
is one of the hardest to get rid of in end. Clearly one will require the events to
show only one isolated muon candidate, but this background still contributes
with events showing only one isolated muon while the other one being inside a
jet (unlikely) or going down the beam pipe (likely).

One typical event of this kind is shown from the Monte Carlo sample in
event display 6.7.

The missing transverse momentum of these events mainly arises from mis-
measured track momentum of the one visible muon whereas the one which goes
down the beam pipe does not contribute much to the imbalance in transverse
momentum. Therefore the missing P usually is parallel (or anti-parallel) with
the 1solated muon in the r — ¢ plane.
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Run 225018 Event 110924 Date 28/06,/2001

Figure 6.7: Muon pairproduction event fulfilling cut requirements, second muon
lost in backward region

6.5.2 Tau pairproduction

The contribution of the tau pairproduction background is generally of the same
order of magnitude as the muon pairproduction one. Although the branching
ratio of muonic tau decays is less than 20%, the veto against events with two
1solated muons does not work for semileptonic tau decays, so that in the end the
muon and tau pairproduction background contributions become comparable.
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Chapter 7

Particle 1dentification and
reconstruction

7.1 Electron identification

An electron candidate is identified by the presence of a compact and isolated
cluster of energy in the electromagnetic sections of the liquid argon or spaghetti
calorimeter. A set of estimator variables is defined which describe the shower
shape. These are evaluated by different algorithms in the QESCAT package
[12] for electron finding. In this analysis the default H1 electron identification
implemented in QESCAT 1s used for electron candidates in the LAr calorimeter
whereas for electron candidates in the SpaCal a more sophisticated identification
is required to reject background with an electron-like signal in the backward
region.

Since electromagnetic clusters are more compact than hadronic ones a more
stringent bound is put on the cluster radius and no significant energy not asso-
ciated with the electron cluster is required in the SpaCal. These conditions are
described by the estimators

e Ecra
radius of the electron cluster (calculated as described in [18])

e Ebk
energy in the electromagnetic section of the SpaCal not associated with
the electron cluster

e Ehsk
energy in the hadronic SpaCal section

¢ Eveto
energy in the innermost part of the SpaCal which defines a veto layer
against non-ep background near the beam pipe

In this analysis the four-vector of the electron is reconstructed from the
calorimeter information alone, the energy from the cluster energy and the polar
and azimuthal angles from the position of the cluster center. Although no track
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property name value

LAr electrons
DCA cluster-track Etra < 12cm
SpaCal electrons
DCA cluster-track Etra < 2.5cm
cluster radius Ecra < Hem
energy not associated with electron Ebk 4+ 2 Ehsk < 0.5 GeV
energy in veto layer Eveto <1 GeV

Table 7.1: Electron identification requirements, the variable names are defined
in the H1 lotus code [23], they are only quoted here to help H1 members familiar
with the code to identify them. Energy not associated with the electron cluster
1s counted twice in the hadronic section

information is used for the determination of the electron four-vector a cluster-

track link is always required to reject neutral pions, photons and noise. The

distance of closest approach (DCA) between the extrapolated track and the

cluster in the calorimeter can be smaller for SpaCal electrons than for ones in

the LAr since the backward drift is mounted directly in front of the SpaCal.
The electron identification requirements are summarized in table 7.1.

7.2 Reconstruction of the hadronic final state

The hadronic final state is reconstructed from the information in the liquid
argon and spaghetti calorimeters and the central tracking detector,

Ph = PLAr + PSpaCal — Pnoise + PCTD,

where ppoise subtracts the contribution of calorimeter cells attributed to elec-
tronic noise [35].

The combination of the calorimeter and track information is done by the
FSCOMB algorithm (described in [4]). Since the momentum resolution of
the central tracking detector is superior to the calorimeter for low momentum
particles, for transverse momenta below some threshold (which is taken to be
2 GleV) the particle momentum reconstruction is based on the track measure-
ment. To avoid double counting each track is extrapolated to the calorimeter
and the energy in a cylinder with radius 25¢m in the electromagnetic and 50e¢m
in the hadronic section is assigned to the track. If the measured track mo-
mentum exceeds the energy in the calorimeter the track momentum is taken
and the calorimeter energy is excluded from further processing. If otherwise
the energy in the cylinder is higher the calorimeter information is used and
the track neglected. Hadrons and mesons with transverse momenta above the
2 (GeV threshold are always reconstructed from the calorimetric measurement
alone with their tracks excluded from further processing.

On top of the FSCOMB algorithm operates the jet-finder which searches for
associations of hadronic particles. Each isolated cluster 1s assumed to originate
from a single primary quark or gluon which then hadronized in the detector.
The sum over all reconstructed particle momenta in the cluster defines a jet, the
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equivalent to the four-vector of the primary quark or gluon. For the jet finding
a longitudinally invariant ky clustering algorithm [6] (implemented using the
KTCLUS package [10]) is used with a minimum of pr jer > 5 GeV required for
a jet.

For events where the jet-finder does not succeed to find at least one jet 1t 1s
convenient to define the inclusive hadronic angle

2 )
= 2 arctan | —
o (Pt,h

with

Sho= > (Ei—pa)

7

(=) + ()

summed over all particles in the detector apart from electrons and muons and
take it as an estimate for the polar angle # of the hadronic system. This defini-
tion has the advantage to be more independent from the proton remnant (which
usually contributes with low P;) than simply taking

Py g

P
g = arctan( t’h)
Pz,h
Pz,h =
Poi = LEjcost;

directly.

7.3 Muon identification

As already mentioned in the discussion on backgrounds, the cross section for
photoproduction and inelastic scattering processes exceed the cross section of
lepton pairproduction and W production by some orders of magnitude. There-
fore an effective muon selection is needed to discriminate between real muons
and fake muons, which mean hadronic particles faking a muon-like pattern in
the detector.

The standard H1 muon identification procedure distinguishes between muon
candidates observed in the central detector and ones measured in the forward
muon toroid. The detection of central muons is based on a linking of an inner
track from the drift chambers with an energy deposit typical for a muon in the
liquid argon calorimeter or hits in the instrumented iron. Forward muons are
formed from a track in the forward muon toroid alone without the need of a
link to a track in the central detector.

To the sample of muon candidates obtained from this procedure hadronic
particles can contribute in the following ways [30]:
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e In-flight decay
Both pions and kaons, the hadronic particles most frequently produced at
Hera, decay dominantly into muons after ¢7 & bm. The probability of an
unstable particle to decay within some distance is given by the exponential

P(z)=1—¢ e (7.1)

(with 8 the particles velocity in units of ¢ and v it’s ratio of energy and
mass). Thus the probability for such a particle to decay decreases with
higher momentum and is therefore small compared to the other contribu-
tions in the p; , > 12 GeV sample this analysis examines.

¢ Sail through
Hadrons can pass the calorimeter without any interaction with the prob-
ability

>

P(z) =€~

where x is the traversed distance and lambda the hadrons interaction
length. The depth of the calorimeter in hadronic interaction lengths as a
function of the polar angle was shown in figure 4.7.

The sail through is the dominating source for the misidentification of had-
rons as muons.

e Punch through
Sometimes traversing hadrons pass some distance without energy loss be-
fore they start interacting in the calorimeter or simply have a too high
energy so that they do not loose all their energy within the given interac-
tion lengths. In these cases the hadrons are likely to cause hits in the first
few layers of the instrumented iron.

The fake muons usually appear close to other hadrons in a jet, whereas the
real muons are uncorrelated with any hadronic system. It is therefore convenient
to require the muon candidates to be isolated. For this purpose one defines the
two criteria

° Dtrack
defined as the minimum of \/(77” — mmckl)z + (¢u — ¢>track,)2 with pseu-

dorapidity n calculated according to n = ln% for all “good” tracks i (ful-
filling the Lee West track selection requirements [39]).

L Djet

defined as the minimum of \/(77” — Ujet,)z + (op — (;Sjetl)z for all jets found
by the jet-finder and for the entire hadronic system.

7.3.1 LAr signal

In comparison with electrons and hadrons muons usually deposit small energies
when traversing the calorimeter. Due to their high mass muons do not emit
much Bremsstrahlung like electrons nor due they interact strongly with the
atoms in the traversed material like hadrons. High energetic muons only loose a
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fraction of their energy when they ionize atoms in the traversed material. The
mean energy loss due to excitation and ionisation of charged particles passing
through matter is given as a function of the momentum of the incident particles
by the Bethe-Bloch equation 7.2,

dE 9 9 22 1 2m,c?y? 32 )
1 =A4rNarimec’z In 7 - 37— 5 (7.2)

with z charge of the incident particle in units of the elementary charge, 7 charge
and A mass number of the traversed material and I a specific ionisation constant
of the absorber which can be approximated by I v 16Z2°%V for Z > 1. The
parameter J is another material dependent constant which cannot be described
in general but is tabulated.

The energy loss described by equation 7.2 is meant on-average, an individual
particle can differ from this average. Statistical fluctuations of the energy loss
for particles with a fixed momentum are described by a Landau distribution
with mean given by (7.2). Usually the fluctuation around the mean is relatively
small, because ionizing particles generally cause many ionisations each with a
small energy transfer so that the influence of individual collisions average out,
but higher deviations are possible (the Landau distribution is known for its
“long tail”).

Because of the 3 factors in the Bethe-Bloch formula the (mean) energy loss
depends on the particles mass and momentum. The momentum dependent
energy loss due to ionisation is displayed in picture 7.1 for muons in iron.

T Ty T T TTTII LB A LR RLL| =Nl

B Myonen in Eisen

Energieverlust vgi [MeV (g/cm?)")

11 1eanl L1 trainl 11l 1Lo1ianiu

001 o1 1 10 100
Impuls p,, (GeV/c ]

Figure 7.1: Mean energy loss due to excitation and ionisation for muons in iron
as a function of the muon momentum [20]

For muons with energies above some hundred MeV the energy loss is near
its minimum. These muons are therefore called minimum ionizing particles.
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Within the depth of the LAr calorimeter a total energy deposit between two
and four GeV is expected for muons.

7.3.2 Iron signal

The ten iron plates in the return yoke of the H1 detector yield an effective
shielding for the streamer tubes inbetween of roughly one hadronic interaction
length each.

That means that only a fraction of ~ 7' < 10~* of hadrons penetrating
the liquid argon calorimeter to the muon system is expected to reach the last
layer of instrumented iron.

The distribution of the last layer with an iron hit is shown in diagram 7.2
for a muonic and hadronic sample.

|Iast iron layer with hit (W — pv MC)I | last iron layer with hit ¢ p MC)I
0.6 | [
0.141—
0.5 0.12 J_L
0.4 o1
0.081—
0.3 N
0.06f—
0.2f i
0.041—
0.1f- 3 —
0.021—
OTluul M R e | G-luul|||||||||||||||||||
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Figure 7.2: Dustribution of last layer with hit win instrumented iron for muon can-
didates found in simulated muonic W decay (left) and photoproduction (right),
a value of zero means the particle does not have any iron hits

The distribution of the hadronic sample does not fall steeply exponentially
as expected from the above discussion because of the real muon component in
the sample originating from in-flight-decay of pions and kaons.

It indeed does not make a big difference if one uses the last layer with an iron
hit (distribution shown in figure 7.2) or the total number of iron hits (displayed
in figure 7.6) to suppress hadronic background in the central muon sample.

Hadronic background is far less dominating in the forward muon sample al-
though more hadrons are scattered in the forward region. The reason for this is
that the iron toroidal magnet in the forward muon system itself is nearly twice
as many interaction lengths thick as the instrumented iron which surrounds the
liquid argon calorimeter and that forward muon candidates must have signi-
ficantly higher energy than central muon candidates with the same p; (simply
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because of the small angle and £ = £ for m <« FE). The probability for

siné

wn-flight-decay is then significantly smaller according to equation 7.1.

7.83.3 Selection of muon candidates

The muon finder used in this analysis is optimized for maximum efficiency and
gives flexibility through offering multiple hypothesis for one and the same muon
candidate. So one has to decide how to handle multiple hypothesis usually
arising when a muon gets detected in the overlap of the acceptance regions of
forward tracker and forward muon system around 20°.

A forward muon and a central muon are assumed to belong to the same

physical muon if they differ in \/(nfwd — ncen)z + (¢ rwd — (/)cen)z by no more
than 0.1.

Because of the better resolution the track information of the forward muon
system 1s used in preference of that from the forward tracking detector.

Forward muons

From the hit pattern in the forward muon toroid tracks are formed. Depending
on the number of hits before and after the toroidal iron yoke the tracks are
classified into five different grades describing the reliability of the momentum
measurement and the muon identification. For this analysis forward muon can-
didates are required to have hits on both sides of the toroid linked together to
a good track (grade one or two).

Histograms 7.3 show the distribution of track qualities in the forward muon
toroid for real and fake muons.

|f0rward muon grade (W— pv MC)I |f0rward muon grade (yp MC)I
1F o.7F
I 0.6~
0.8~
0.5
0.6~
L 0.4
04-— 03~
I 0.2}~
0.2~
ol Ly 1y e 1 PN IR . ol bl b b b b e
0 1 2 3 4 5 0 1 2 3 4 5
grade grade

Figure 7.3: Distribution of track qualities in the forward muon toroid (outside
the main H1 detector) for muon candidates found in simulated muonic W decay
(left) and photoproduction (right)
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Because the forward muons loose on average 3 GeVl kinetic energy when
traversing the liquid argon calorimeter and the forward iron end-cap before
reaching the forward muon toroid and being measured, 3 GeV are added to
their measured energy to correct this effect.

Central muons

The decision whether to accept a central muon candidate relies on a set of
different variables; the ones used for this analysis are listed in the following
summary with names as defined by the muon finder in the H1 lotus code [23]

e track quantities

— mutrqu
Quality of the forward, central or combined track associated with the
muon candidate as defined by Lee West. Good tracks are assigned
an mutrqu value of one. Tracks not passing the track selection are
assigned either a value of two if they can be fitted to the primary event
vertex or three otherwise. At H1 vertex fitted tracks are conveniently
called DTRA tracks and non-vertex fitted tracks DTNV tracks.

e calorimeter quantities

— Nmuin
Number of clusters (isolated energy deposits) in the liquid argon
calorimeter inside a cylinder of radius 25¢m in the electromagnetic
and 50c¢m in the hadronic section

— Emuin
Energy deposit around the extrapolated track in a cylinder of radius
25em in the electromagnetic and 50em in the hadronic part of the
LAr calorimeter.

— Ewzm
Mean depth of energy deposit in the calorimeter, calculated from the

: E;r
cluster centers and energies as 722’: —
R

e iron quantities

— Trmui
Theta angle of the iron track reconstructed from the hit pattern in
the limited streamer tubes

— Trmuci
Theta angle reconstructed from the hit pattern in the tail catcher

— nlaymu
Number of limited streamer tube layers with a hit associated with
the muon candidate

— TlayO
Iron layer with the innermost hit, this quantity will be referred to as
“first layer with hit”.
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— Tlay1l
Iron layer with the outermost hit, this quantity will be referred to as
“last layer with hit”.

— Rhomu
Distance of closest approach (DCA) of the extrapolated muon track
in the instrumented iron to the primary event vertex

— z0mu
Distance along the beam pipe between extrapolated iron track and
the primary event vertex (muon track z coordinate taken at the point
of closest approach to the vertex in r — ¢)

According to the values of the above muon properties the muon candidates
get classified into different grades which are summarized in table 7.2.

In figure 7.4 the distribution of the above muon grades (as defined in table
7.2) is shown for muons from W decay and those in a photoproduction sample.
The displayed histograms are taken from Monte Carlo simulations and are filled
with muon candidates having a transverse momentum of at least 12 GeV and
fulfilling a Dje; > 0.5 and Dypqer, > 0.5 isolation requirement.

|central muon grade (W — u v MC)I |centra| muon grade {p MC)I
0.351—
0.8
0.7 0.3~
0.6~ 0.25
0.5~
L 0.2
0.4
0.151—
0.3
0.1
0.2~
o1l 0.05~
0..|....I....I.. L L T G..I....I....I....I....l....l..
0 1 2 3 4 5 0 1 2 3 4 5
grade grade

Figure 7.4: Distribution of muon grades calculated according to the definition
in table 7.2 for muon candidates found in simulated muonic W decay (left)
and photoproduction (right), a grade of zero means a muon candidate fails the
requirements of all grades

Most real muons have an iron track formed from either hits in the limited
streamer tubes or the tail catcher (corresponding to grade one and two) while
most fake muons have not.

The contribution of grade two muons is mainly coming from edges between
different modules in the instrumented iron. Since the tail catcher measures
influence charge it is sensitive also for charged particles passing near by but
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not going through a limited streamer tube. This 1s illustrated in the picture
7.5, where the angular distribution of both muon grades is shown. The white
areas in the plot correspond to the holes in the geometrical acceptance of the
instrumented iron mentioned in the detector section.
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Figure 7.5: Angular distribution of muon grades, each point corresponds to one
simulated muon reconstructed with the appropriate grade, grade one muons are
drawn in blue(darker) grade two ones marked red(lighter)

In diagram 7.6 the distribution of the number of iron hits is shown for simu-
lated muons from W decay (left) and in a photoproduction sample (right). For
this analysis a minimum of three iron layers is required. If additional rejection of
fake muon background is needed one can simply increase the required minimum
number of iron hits of up to six without too much loss of efficiency.

The selection of real muons can be further improved by cutting on the de-
posited energy in the liquid argon calorimeter around the muon track. While
the total energy deposit of muons as minimum ionizing particles is expected
to be rather low between two and four G'eV', muon candidates associated with
hadronic systems typically have higher values due to contributions of nearby
hadrons.
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Figure 7.6: Dustribution of the number of hits in the instrumented iron yoke of
the H1 detector for muon candidates found in simulated muonic W decay (left)
and photoproduction (right)
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Figure 7.7: Distribution of the energy deposit in the liquid argon calorimeter
wside a cylinder of radius 25¢m in the electromagnetic and 50cm in the hadronic
section of the LAr for muon candidates found in simulated muonic W decay
(left) and photoproduction (right)
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property name  value |

forward muons
track quality in toroid Igfmu 1] 2
energy in small cylinder around track Efmuin <8 GeV

central muons

lotus grade (as defined in table 7.2) grmu 1|2
hits in intrumented iron nlaymu > 6
for grade one only { layer with last hit ilayl > 10
energy in small cylinder around track Emuin <8 GeV

Table 7.3: Final muon requirements

Diagram 7.7 show the distributions of the calorimetric energy deposit for
a sample isolated muons with at least 12 GeV transverse momentum for a
Monte Carlo simulation of W decay and photoproduction. Real muons exhibit
a Landau distribution with a a relatively narrow peak and a mean value com-
patible with the expectation from Bethe-Bloch (equation 7.2 and diagram 7.1),
whereas muon candidates in the hadronic sample are widely distributed with a
large fraction not having any energy deposit at all.

In disagreement to the above shown Monte Carlo simulation in reality the
liquid argon calorimeter sometimes misidentifies low energy deposits as noise.
This effect was noticed in J/¥ studies for roughly 15% of the muon events
and would reduce the muon selection efficiency obtained from the simulation
by the same amount. Therefore no minimum energy deposit (neither energy
above threshold nor at least one calorimeter cluster associated with the muon)
is required for muons in this analysis. Muons are said to be compatible with an
isolated minimum ionizing particle pattern if they have an energy deposit below
8 G'eV in a cylinder around their track.

The final requirements for the acceptance of a muon candidate are summar-
ized in table 7.3.

With these cuts on the characteristic muon properties one can get rid of the
majority of background alone without using any further kinematic cuts.

7.4 Neutrino reconstruction

The neutrino four-vector gets reconstructed by using the conservation laws for
transversal and longitudinal momentum, that is the neutrino four-vector is as-
sumed be the missing momentum of the event.

Since beam electron and proton enter the detector along the z-axis with
no initial transverse momentum component, the transverse momentum balance
reads

0 = pr,i + Pe v
B

0 = Zpy,i+py,u
B

where the sum extends over all visible particles in the detector.
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From these individual components the missing transverse momentum p; msss
of the event is calculated as

2 2
Pty = Ptmiss — (pr,z) + (Zpy,z)
B B

Although the beam electron and proton remnant are usually scattered by
such a tiny angle that they leave the detector undetected carrying away a lot of
energy, both contribute only marginally to the transverse momentum balance.
Therefore the transverse components of the neutrino momentum are well defined
regardless how many particles are gone down the beam pipe undetected.

Another variable which is quite independent of the invisible momentum of
the proton remnant is the y . F — p, of the event having an initial value of twice
the electron beam energy,

2L > > Ei—poit+ B —p.y (7.3)

where the sum extends again over all particles observed in the detector. For the
5= E — p, balance one must distinguish between events with a visible electron
scattered into the detector volume and events where the electron is scattered by
such a small angle that it 1s gone down the beam pipe. Equality in the equation
7.3 holds in good approximation if the electron is in the detector otherwise the
right side is smaller by twice the energy of the scattered electron. Therefore the
reconstruction of the event > F — p, can only be done completely for events
where the electron finder has found an electron candidate.

In these events the hypothesis of a (nearly) massless neutrino yields the last
equation,

0 = Eu2 - (px,yz +py,u2 + pz,u2>

necessary to obtain the entire neutrino four-vector. The events are then said to
be fully reconstructed.

In the above sums enter the reconstructed particle energies and momenta
and not detector level objects like calorimeter clusters and tracks. It does indeed
not matter whether one measures the particles with a tracking detector or with a
calorimeter, one only has to combine them correctly and be cautious not to count
things twice. As described in previous sections the electron and jet finders used
in this analysis take care of double counting themselves and one has to deal with
this issue mere for (isolated) particles not identified as electrons. Muons have
their four-momentum determined by the forward and central tracking detectors
while depositing some energy in the liquid argon calorimeter. In this case their
track momentum enters the momentum balance and the energy inside a cylinder
around their track (defined in the same way as used for the muon candidate
selection) is subtracted from the total energy in the LAr which is attributed to
the hadronic system.
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Chapter 8

Event selection

From the W — pv event topology discussed in chapter five one will require an
isolated high p; muon, missing transverse momentum and either a significant
imbalance in the calorimeter or an electron in the detector for a candidate event.

After application of the improved muon identification described in the previ-
ous chapter the expectation for the signal to background ratio is still below one.
Therefore additional cuts are necessary on variables introduced in the following.

The distributions shown for these variables are plotted for an event sample
with an isolated high p; , > 12 GeV muon (of grade one or two), at least
Pt > 12 GeV missing momentum and either Pf‘”o > 12 GeV or an electron in
the detector.

8.1 > FE — p, balance

Related to the neutrino is the Y~ F — p, (im)balance of the event, sometimes
also referred to as the missing longitudinal momentum (although one still needs
the masslessness hypothesis to determine the complete four-vector of missing
momentumy).

The distribution of the event > F — p, is shown in figure 8.1 for signal
and background Monte Carlo events fulfilling the selection requirements of the
P54 triggered sample. Because in most W events the scattered beam electron
vanishes down the beam pipe and the decay neutrino is often emit ed in forward
direction due to the Lorentz boost along the proton direction, the signal is not
well separated from the background. In the figure also the limited resolution
for the measurement of particle momenta which enter the >~ F — p, balance
becomes visible in the fraction of events with an Y F — p, above twice the
electron beam energy.

The Y F — p, balance is more useful for the background rejection of the
electron triggered sample . The distribution of the event >~ F — p, is shown in
figure 8.2.
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Figure 8.1: ¥ F — P, distribution of Monte Carlo events fulfilling the Pff’lo >
12 GeV requirement for signal and background, please excuse the “spiky” distri-
bution for background which s due to limited Monte Carlo statistics and hence
high weights for some individual events
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Figure 8.2: X F — P, distribution of signal and background Monte Carlo events
with an electron in the SpaCal
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8.2 V,/V, ratio

The V,,/V, variable describes the transverse imbalance of calorimetric energy
deposits. It is defined by

v, = Hisint;cosg; e + Eysint;sing; €
vV o= Zv_;'
Vi = | Y il

Vap = | Z v_;|

where the sums extends over all clusters 1 in the liquid argon calorimeter.

The variable was originally developed for a charged current analysis [32]. In
both CC and W decay analyses the majority of background has no intrinsic
neutrino and the missing momentum is faked by a missmeasurement.

Most of these background events have a rather balanced transverse mo-
mentum distribution, the missing p; typically occurs in neutral current and
photoproduction events with high transverse momenta where the missing p;
amounts to a relatively small fraction of the total transverse momentum.

In [32] it has been shown that the Vg,/V, < 0.15 cut has a higher back-

ground rejection power for CC analysis than the previously used gi—z > 0.7
requirement. '

For muonic W decays in the P§¥° triggered sample the W typically recoils
against a jet which produces the required calorimetric energy deposit. In this
sample the neutrino gets Lorentz boosted in the W direction and is therefore
predominantly emitted opposite to the jet whereas the muon does not cause
a high energy deposit in the calorimeter (and is also predominantly emitted
opposite to the jet). Therefore one expects low V,,/V,, values for this sample.

In the data set one high P§%° event gets exclusively rejected by this cut.
This event has a calculated V;,/V, = 0.34 near the chosen cut value of 0.3 and
is shown in picture 8.3.

The distribution of the V,,/V, variable is shown for a simulated P§°
triggered W — pr sample and the sum of standard model background in picture
8.4.

Events in the electron triggered W — pur sample generally have higher
Vap/Vp values. The overall calorimetric transverse momentum of these events
is usually small and a significant contribution to the overall calorimetric energy
deposit of the events is due to the muon. The V,,/V, variable is therefore not
very useful for this sample.

8.3 piy variable

Due to the recoil of the W in most events in the P&° triggered W — pv
sample the decay particles p and v are not in a back to back configuration
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Figure 8.3: Event exclusively rejected by the ‘?}Ip” cut, the calculated ‘?}Ip” of this

events 1s close to the cut value.

in the laboratory frame. From the Lorentz boost which generally acts non
parallel to the neutrino momentum the neutrino gets a momentum component
perpendicular to the muon in r — ¢ space. So,

1 Piw X Py
pt,u =
Pt
_ PepPyy = Py pPry (8.1)

Pt

will be in the order of some GeV. The distribution of th:l, is shown in picture
8.5 for simulated W — pv events and the total standard model background.

A threshold condition on th?l, acts as a kinematic cut on the signal while
suppressing most background events where the missing p; 1s due to a miss-
measurement. In most events of the dominating remaining background to the
W — pr sample, neutral current and inelastic muon pairproduction, the vector
of missing transverse momentum is aligned in r¢ space with the muon traject-
ory. In the case of neutral current events a hadronic system 1s misidentified as
a muon which in combination with an underestimation or overestimation of the
particles momentum by the tracking detectors fakes a neutrino signal. In the
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case of muon pairproduction one muon typically leaves the detector undetec-
ted under small angles. Although this muon does not have a high transverse
momentum and does not significantly affect the imbalance, it makes the events
passing the two muon veto condition (which will be discussed hereafter). If the
other muon track then becomes mismeasured in addition the muon pairproduc-
tion event looks much like a WW decay.

The topologies of the tree kinds of events is once again graphically illustrated
in picture 8.6.

In tau pairproduction background events one tau decays to a muon and the
other one to one or more hadrons. The relatively low tau mass does not allow
for high momentum components of the neutrinos produced in the decay process
relative to the muon and jet.

8.4 No electron in ¢-crack

The effectiveness of the th:l, requirement depends on the assumption that the
missmeasurement of high p; tracks is dominating the error in the reconstruction
of the missing transverse momentum. It is therefore necessary to ensure that no
other circumstances could add further contributions to the transverse missing
momentum and spoil the alignment of the muon and missing momentum vectors
n r — ¢ space.

This analysis therefore rejects events with an electron candidate inside a £2°
wedge around a ¢-crack.

8.5 Two muon veto

To suppress the contribution from muon pairproduction background in the re-
maining sample events with two isolated muon candidates are rejected. This
requirement lowers the efficiency by less then one percent.

One event in the high Pff’lo data is exclusively rejected by the two muon
veto which is compatible with the expectation of 0.25 exclusively rejected muon
pairproduction events from Monte Carlo simulation.

8.6 Final cuts

For the discussed cut variables different sets of threshold values are defined for
the selection of muonic W decay candidate events in the P£*° and electron
triggered sample. In the P£° triggered sample much of the background is
already rejection by the Pff’lo > 12 GeV trigger condition itself such that the
other requirements do not have to be very harsh. In the electron triggered
sample the background level is generally higher, with the dominant contribution
from low Q? deep inelastic scattering events.

8.6.1 Selection of Pi° triggered W — uv events

The requirements for the selection of muonic W decays in the P& triggered
channel is shown in table 8.1.
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Run 276755 Event 27869 Class:

6 78 10 16 24 25 28 Date 25/06,/2001

Figure 8.7: Muon pawrproduction candidate event rejected by the two muon veto

Selection of P& triggered W — pv events
cut value
trigger Pgate > 12 GeV
muon Dt > 12 GeV
. Pt > 12 GeV
neutrino th_V > 6 GeV
Vap/Vp <0.3
event <0.9-2 Epeamle
selection EE-F if electron in LA(r)H SpaCal
no electron in phi crack
number of isolated muons | 1

Table 8.1: Final cuts for Pff’lo triggered W — pv sample
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Selection of electron triggered W — pv events

cut value

trigger electron in LAr || SpaCal
muon Dt > 12 GeV
neutrino Pt,v > 18 GeV

YE— P, < 0.92 Epeam/(€)
event - . .

locti no electron in phi crack

selection number of isolated muons | 1

Table 8.2: Final cuts for electron triggered W — uv sample

A specifically useful variable for this channel is the transverse component of
the neutrino with respect to the muon th:l, which makes uses of the ” Mercedes-
star like” event topology.

8.6.2 Selection of electron triggered W — v events

The applied cuts for the selection of W — puv events with an electron in the
detector is shown in table 8.2.

The most important variable for the discrimination between signal and back-
ground is the event ¥ F — P, which rejects most of the low Q2 background. Since
the fraction of inelastic muon pairproduction background is higher in this sample
as in the sample with a high imbalance in the calorimetric energy deposits it
is necessary to introduce a higher threshold of p;, > 18 GeV for the missing
transverse momentum. Also the veto condition against events with two isolated
muons is important here.
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Chapter 9

Results

9.1 Monte Carlo expectation

The expected event rates and efficiencies quoted in this chapter are estimated
from Monte Carlo simulations of muonic W decays and the different background
processes described in chapter six.

9.1.1 P triggered W — uv sample

Table 9.1 shows the expected efficiency of the different cuts and their power
for background rejection. The inefficiency for signal events and the rejection of
background are weighted with the inverse number of conditions an event failed
such that cut conditions which reject more events exclusively are counted with
a higher weight,

é(eut;) = weighted inefficiency = weighted rejection
- > :
o number of cuts event j failed

(9.1)

summed over all events j rejected by cut 1.

76



] 6 uoypnbo ur uorpurfop ayy 03 burp.oaon pajybrom s1 sno
nprrpur oyy fo fiousrorffour oy fiousronffo uoryoapas burfiundwodon un ypm umoys s1 sjusas fo soquinu pajoadrs oy pubis oyp 4og DIDP
ay1 ur punof sjusas fo usquinu aYyj ypm paundwiod pup punotbyopqg ppouL pAppUDIS 2Yy) pup SADIBP A| JWONUL PIIPINUILS LOf UMOYS ST SIND
Jfo aouonbas ayy fo uoyponddn ayy uoyfp sjusas pajoadrs fo usquunu oy jpuupyd uonw patabbhiiy 26%& oYy ur sar0uoffo oy 176 9qR],

%401 L %cL100°0 G090°0 %9r9°0 €6°'T %a'4l OF9A TONUL OM}
%8¥20 3 %1910°0 66270 %8610 96'T %Gl A Ul Hodope ou
%861 8 WrE6 €92°0 Wz 16T %SGl A2D 9 < 7pd (IS IBSIEE
%46°¢ 01 %G 6 PO'T %I 96T %8I £0 > woy; IETE
: : : : : : (1)
%4V 0T %r8'8 vO'T %r0'€ 1r'e %6'81 (5) w2957 760 > *d — AR
%6¢€°9 4! %146 63°C %99'€ 1L'C %¢'1¢ A0 g1 < 1 S
%1€ s¥ W 6 LTy BTG 16°'c %6'2a AP 8 > 1"y
%ST'¥ G¢ %4T 6 %% %¥6°1 1e %vve o< Pl ToTyeoyTyuepT
BLV'E g9 %EE6 769 %re'e EL'e %9Ve G0 < TPHg ’ Hont
%€ LT e %EG6 18T %V 01 Ve %L9T 2|l 1 opes
%S el 662 %Ys6 V8L %EET 1L %T 62 Adp g1 <"
%eeT  €0+99T'6 %eT'9  F0+o5gE %EYT  99F %9°9¢ P
- ¥0+eLS T %eey  ¥0+9o5€°9 %666 ¥6'¥F %8'R8E %o:oﬂﬁo 108810
- - %€4°6 F0+oLE L %S61 6L°¢ %S oy AD gl <7 ’
uoryoelor S1oAD uoryoelor sqjuoAs | Adualdljoul syuoas pojosdxo o
pe1ySom pe1ySom pojoadxoe pe1ySom
rIRpP punoadyoeq [eusrs
[PUURYD UONUI PoIoSTII) 2@%& Ul SOIOURIDIR 1)

77



Monte Carlo expectation for P$*° triggered muon channel
muonic W decay 1.93
muon pairproduction 0.04
tau pairproduction 0.02
all other processes <0.1

Table 9.2: Monte Carlo expectation for events in P$¥° triggered W — pv sample

The applied weighting procedure is the reason for the low quoted values for
the inefficiency of the P¥? > 12 (eV trigger condition. The other cuts are
tuned to keep events passing the P& requirement in the selection while being
more inefficient for the other events. Mainly the th:l, > 6 GeV condition is
highly correlated with the calorimetric imbalance and the “Mercedes star-like”
event topology. Most events are rejected by both conditions which together
have a weighted inefficiency of roughly 40%.

The th:l, > 6 GeV requirement has an exclusive inefficiency of approximately
15%), which is high on the one hand but justified by the cutting power against
background on the other hand since this cut improves the signal to background
ratio by almost a factor ten. The ¥ — P, < 0.9-2 Epeqm(e) condition also has
an exclusive inefficiency of approximately 15%. It is expected to cut &2 0.2 events
in the signal and in the background thereby improving the signal to background
ratio significantly. In consideration of the conservatively large estimated error
of 75% on the lepton pairproduction cross section in the former analysis [31] this
cut seems to be a good choice at present and is assumed to make the analysis
more robust.

The number of muonic W decay events fulfilling the selection requirements
and the remaining background from Monte Carlo simulation is summarized in
table 9.2. Processes which does not give a contribution to the final sample in the
Monte Carlo simulation are not explicitly listed in the table, with approximately
ten times the data luminosity available in the Monte Carlo simulation statistical
fluctuations of this background are estimated to be < 0.1.

9.1.2 Electron triggered W — ur sample

With the same weighting procedure applied as for the P&° triggered sample
in the previous section, the rejection of signal and background events by the
different cuts is calculated for the electron triggered muon channel. The results
are shown in table 9.3.
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Monte Carlo expectation for electron triggered muon channel

muonic W decay 0.42
muon pairproduction 0.05
tau pairproduction 0.03
all other processes < 0.5

Table 9.4: Monte Carlo expectation for events in electron triggered W — pv
sample

In the data a preselected event sample is used which contains events with
a good muon candidate. Therefore the observed number of events can only be
compared with the Monte Carlo expectation after application of the complete
muon identification.

After the muon identification one can see a discrepancy in the effectiveness
of the p;, > 18 GeV requirement in the table. Differing from the events with
Pff’lo > 12 GeV the transverse momentum balance of events selected in this
channel 18 dominated by the contribution from the muon track. Hence a devi-
ation of the resolution in the measurement of track momenta primarily effects
the electron triggered event sample. The observed distribution of missing trans-
verse momentain a control sample study (to be found in the appendix) indicates
that the resolution is overestimated in the Monte Carlo simulation and the long
tails in the data are not precisely described.

This still needs some further investigation.

The expected number of selected events is summarized in table 9.4. An
approximate 20% increase in efficiency for the detection of muonic W decays is
expected from the analysis of events triggered by an electron in the detector, but
also a worse signal to noise ratio compared to the PS*° triggered event sample.
Since the photoproduction Monte Carlos used for the background estimation
in the P§%° triggered channel have to harsh precuts to be used in the electron
triggered channel and the available Monte Carlos without a preselection have a
smaller event statistic the uncertainty on the background estimation is higher
in this channel.

9.2 Events in the data

A total of nine candidate events for muonic W decay is found in the 1994-2000
et dataset whereas only 2.5 were expected from Monte Carlo simulation. Table
9.5 shows the contributions of the 1994-97 and 1999-2000 running periods in
comparison with the expected number of events from Monte Carlo simulation.

The distribution of the event ¥ F — P, and missing transverse momentum
Pr miss of the selected events is shown in comparison of the expectation for
muonic W decays and background processes passing the selection in figure 9.1.

9.2.1 P triggered W — uv sample

Seven of the nine events pass the selection requirements of the Pff’lo > 12 GeV
channel.
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FSelected events in the 1994-2000 et dataset (101pb~1) W

data Ystandard model W decay
Pff’lo sample 7 1.99 1.93
electron sample 2 0.50 0.42

Table 9.5: Number of selected events in the data compared to the Monte Carlo
expectation, the dominant contribution to the sum over all standard model pro-

cesses 1s expected from W production
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Figure 9.1: ¥ FE — P, and Pr niss distributions for events selected in the Pf‘”o
(dark points) or electron triggered channel (light points), the expectation for
muonic W decays is displayed as the dark histogram, the background contri-
bution is shown in light on top. FEvent 16793 of run 195308 selected in the
Pt triggered sample is not included in the diagram because its missing Pr is

practically undetermined

The events are shown in the following event displays with their event char-
acteristics quoted next to the display.
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The hadronic transverse momentum Pr x spectrum of the observed events
i1s compared with the standard model Monte Carlo expectation in figure 9.9. In
contrast to the Monte Carlo expectation the events are not concentrated at low
Pr x but distributed to rather high values.
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Figure 9.9: Hadronic Pr distribution of muon events selected in the Pff’lo (light
points) or electron triggered channel (dark points). The expectation for muonic
W decays is displayed as the dark histogram, the background contribution is
shown wn light on top

This observation motivates the hypothesis of anomalous single top produc-
tion which yields a natural explanation for the excess at high hadronic transverse
momenta in terms of a hard b quark jet from the top decay.

A hypothetic top mass is calculated (as the invariant mass of the hadronic
system and the W) for events with fully reconstructible kinematics by an elec-
tron in the detector. For the two events 5066 of run 188108 and 4126 of run
266336 with an electron candidate in the P54 sample the obtained mass values
are near the top quark mass but significantly too low considering the calculated
error bounds. The muon in the first event is measured with the wrong charge for
the assumed single top decay t — bW T — butv and is found to be incompatible
with the top hypothesis.

In the second event the reconstructed mass value is not very reliable. The
electron candidate in the forward region (6, & 17°) is likely to have hadronic
origin, the energy cluster identified as the electron in this event has no good
track link and is not well isolated in the calorimeter. A more detailed study of
this event [1] which considered the electron candidate to belong to the hadronic
system and uses a W mass hypothesis instead of the event ' — P, with the
electron for the event reconstruction has found the event to be compatible with
a top signal.

9.2.2 Electron triggered W — uv sample

Two new candidate events for muonic W decays are found in the channel with
an electron in the detector. They are shown together with the reconstructed
event characteristics in the following event displays.
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The two observed events can still be explained as a mere statistical fluctu-
ation, but it is interesting to note that there is an excess of the same order as
in the Pff’lo sample.

Due to the measured beam electron one can fully reconstruct the event kin-
ematics and calculate the hypothetic W mass for all events in this channel. In
both events the reconstructed mass values are untypical low. The calculated
mass in event 121303 of run 259519 is compatible with the world average value
of the W mass within the calculated uncertainty dominated by the track meas-
urement of the muon momentum. In this event the muon track is partially
measured in the central and forward tracking detectors. A visual scan of the
event revealed that both track segments are rather short. The quoted trans-
verse momentum is taken from the combined track determined by a fit of both
track segments to the event vertex. Fits of track segments within the individual
trackers give transverse momentum values of 4.9 GeV for the central track and
2.8 GeV for the forward track which would reduce the reconstructed missing
momentum to 2.9 GeV and 1.1 GeV respectively.

The muon track in the other event 48729 of run 251377 has a long track
length in the central tracking chamber such that the muon momentum is much
better determined giving confidence in the reconstructed missing momentum.
The quoted error on the calculated W mass is therefore small. Tt makes an
interpretation of the event as W decay difficult. Since the tracking detectors
are known to sometimes underestimate their errors and the mass resolution is
estimated to have a width of roughly 25 GeV in the Monte Carlo simulation
the calculated mass value for the event does not completely exclude the inter-
pretation of the event as W decay.

Events in this sample are unlikely to be decays of top quarks. In the top
decay the b jet produces a high transverse imbalance in the calorimetric en-
ergy deposits such that the majority of events would pass the P&¥° > 12 GeV
requirement and are thus contained in the Pff’lo sample.

9.3 Comparison with previous analyses

The selection efficiency in the P&° triggered sample is nearly identical to that
in the previous analysis based on the thesis by Nick Malden [31].

The former analysis employs a harsher cut on V;,/V, to reduce the photo-
production and neutral current background.

For the rejection of muon pairproduction events the former analysis cuts on
the azimuthal angle A¢,_x between the muon and the hadronic system. In
the inelastic muon pairproduction events with a high Pff > 12 GeV transverse
momentum hadronic system the hadronic system 1s usually balanced in r¢ space
by one of the muons while the other muon vanishes through the beam pipe and
does not effect the p; balance of the event. To keep the efficiency loss for muonic
W decays small the requirement on the acoplanarity angle A¢,_ x is formulated
as a two dimensional cut. It is applied if the number of tracks in the central
tracking detector is two or smaller. Note that the hadronic system is mostly
scattered in the forward region of the H1 detector outside the geometrical ac-
ceptance of the central tracking detector and does not contribute to the number
of central tracks.

In this analysis these cuts are substituted by the th:l, > 6 GeV condition
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) cut value
variable in official in this analysis
Vap/Vp < 0.4, < 0.15if PE¥° < 25 GeV <0.3
P x > 12 GeV -
A¢,_x < 170° if < 2 central tracks -
Piy - > 6 GeV
SE— P, (if e) - < 0.9-2 Ebeam(e)

Table 9.6: Cut values for cuts different in this analysis compared to the previous

analysis [31]

‘ Comparison of selected events in 1994-2000 et dataset (101pb~1) ‘

data Ystandard model W decay
previous analysis 8 2.57 2.11
this analysis 7 1.99 1.93

Table 9.7: Number of selected events in the P£° triggered channel. The table
shows the number of events found in the HI data and the Monte Carlo expect-
ation for the previous analysis [31] in comparison with this analysis.

which is a more general cut condition to ensure that the reconstructed missing
momentum is not simply due to a missmeasurement of the muon track.

The cut conditions which are different in the two analyses are summarized
in table 9.6.

This analysis has an approximately 8.5% lower signal efficiency than the
previous one and an improved signal to background ratio by roughly a factor
five. The lower efficiency of this analysis is mainly due to the ¥ F — P, condition
introduced in this analysis to achieve a higher robustness in terms of fluctuations
of the lepton pairproduction background. (Without this cut the efficiency of
this analysis would be slightly higher than in the previous analysis with an
improvement in the signal to background ratio of still approximately two.)

The Monte Carlo expectation for the event selection in both analyses and
the resulting number of selected events in the data is shown in table 9.7.

In comparison with the previous analysis one event is lost due to the th?l, >
6 GeV requirement. This is in good agreement with the estimated exclusive
inefficiency s 15% of this cut. The lost event is shown in picture 9.12.

No new event is found in the data set which could replace the one lost. The
one event deviation is compatible with a statistical fluctuation in the small data
set.
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Chapter 10

Summary

Nine events with isolated high p, muons and missing transverse momentum are
observed in the H1 data compared to a standard model expectation of a 2.50
from which a contribution of & 2.35 is expected from W production.

The observed events are compatible with muonic W decays, reconstructed
transverse masses and the invariant mass of muon and neutrino calculated for
events with an electron in the detector agree with the expectation from Monte
Carlo simulation.

Measured high transverse momenta of the hadronic system X motivates the
hypothesis of anomalous single top production in flavour changing neutral cur-
rent processes. This idea is currently examined by other H1 analyses.

In comparison with previous analyses the detection efficiency for muonic W
decays is increased by approximately 20% (from 15.2% to 18.5%) in this analysis
by using an additional trigger which is sensitive to muon events with an electron
in the detector. Two new events are found in the electron triggered channel in
101pb~—! of H1 etp data taken during the years 1994-97 and 1999-2000.

For the P§¥° triggered events this analysis is compatible with the results of
the previous analysis. This analysis achieves a signal to background ratio which
is better by roughly a factor of five than the former analysis for the cost of an
approximately 8.5% lower efficiency. One of the eight events observed in the
data set selected by the previous analysis is lost.

The overall detection efficiency is still limited by the trigger setup but can
possibly be increased by the H1 upgrade program currently being installed.
From 2002 on a fast track trigger will allow to trigger events on high p; tracks.

When HI starts data taking after the Hera upgrade in autumn 2001 it is
foreseen to collect the amount of data available for this analysis during each
year. With the higher luminosity coming the event statistic will hopefully be
high enough then to clarify the origin of the observed excess.
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Chapter 11

Appendix

11.1 Control plots

For the Pff’lo triggered muonic W decays a control sample study has already
been done by Nick Malden in his thesis [31]. He got a good background descrip-
tion and nice looking control plots.

Since electron candidates in the liquid argon calorimeter were also already
investigated for the electronic W decays in the former analysis the control plots
will concentrate on events with an electron in the spaghetti calorimeter here.

Events enter the control sample if they have an electron candidate in the
detector fulfilling the electron identification requirements and an isolated muon
with at least 6 GeV transverse momentum whereas no missing momentum is
required.

Picture 11.1 shows the distribution of the energy and polar angle for events
with an electron in the SpaCal. The increase in the number of events with
electrons in the backward direction in the data seems reasonable since the cross
section is larger for smaller momentum transfers Q2. It looks like there is a
cutoff for polar angles 6. > 172° in the Monte Carlo simulation but no such
precut could be found in the generator steering.

In picture 11.2 the missing transverse momentum is shown together with
the event X FE — P, for events with an electron either in the SpaCal or the
LAr calorimeter. The expected number of events in the data agrees with the
Monte Carlo expectation and the shape of the distributions are reasonably well

described.
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