Search for Doubly-charged Higgs Boson
Production in the Decay
H"H™ "~ — puTuTpu~pu~ with the DO

Detector at /s = 1.96 TeV

A Dissertation Presented
by
Marian Zdrazil

to

The Graduate School
in Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy
in

Physics

Stony Brook University

August 2004



State University of New York
at Stony Brook

The Graduate School

Marian Zdrazil

We, the dissertation committee for the above candidate for the Doctor of Phi-

losophy degree, hereby recommend acceptance of the dissertation.

Professor Michael M. Rijssenbeek
Dissertation Advisor, Department of Physics and Astronomy

Professor Robert L. McCarthy
Chairman of Defense, Department of Physics and Astronomy

Professor George F. Sterman
Committee Member, Department of Physics and Astronomy

Professor Thomas K. Hemmick
Committee Member, Department of Physics and Astronomy

Dr. Srinivasan Rajagopalan
Outside Member, Brookhaven National Laboratory

This dissertation is accepted by the Graduate School.

Dean of the Graduate School

i



Abstract of the Dissertation
Search for Doubly-charged Higgs Boson
Production in the Decay
H"H™ ™ — putuTpu~pu~ with the DO
Detector at /s = 1.96 TeV

by
Marian Zdrazil
Doctor of Philosophy
in

Physics

Stony Brook University

2004

This work presents a search for the pair production of doubly-charged
Higgs Bosons in the process pp — H""TH™™ — utpu™p~p~ using inclusive
dimuon events. These data correspond to an integrated luminosity of about
113 pb™! and were recorded by the D@ experiment between August 2002
and June 2003. In the absence of a signal, 95% confidence level mass limits
of M(H{*) > 118.6 GeV/c* and M(HET) > 98.1 GeV/c? are set for
left-handed and right-handed doubly-charged Higgs boson, assuming 100%
branching into muons and hypercharge |Y'| = 2 and Yukawa coupling h,, >
107, This is the first search for doubly-charged Higgs bosons at hadron
colliders. It significantly extends the previous mass limit of 100.5 GeV/c? for
a left-handed doubly-charged Higgs boson measured in the muon final states

by the OPAL collaboration.

iii



Contents

1 Introduction 1

2 Phenomenology of a doubly-charged Higgs boson 3
2.1 Doubly-charged Higgs Bosons in extensions of Standard Model 3

2.2 Experimental limits on the doubly-charged Higgs bosons . . . 10
2.2.1 Indirect signals . . . . . . .. ... ... L. 11
2.2.2 Direct signals . . . ... ... 22

3 Experimental apparatus 31

3.1 Tracking system . . . . . . . . . ... 35
3.1.1 Silicon Microstrip Tracker . . . . . . . ... ... ... 37
3.1.2  Central Fiber Tracker . . . . . . . . ... ... ... .. 51
3.1.3  Preshower Detectors . . .. .. ... ... ... .... 62

3.2 Calorimetry . . . . . . . ... 62
3.2.1 Calorimeter geometry . . . . . . . . ... ... ... .. 68
3.2.2 Calorimeter readout . . . . .. ... ... 72

3.3 Muonsystem . . .. ... Lo 72
3.3.1 Central Muon Detectors . . . . ... ... ... .... 74
3.3.2 Forward Muon System . . . . ... ... .. ... ... 75

v



3.3.3 Triggers and electronics upgrades . . . . . . ... ...

3.4  Luminosity counters and Forward Proton Detector. . . . . . .

Data set selection
4.1 Data set definition . . . . . . . . ...
4.2 Preselection . . . . . . ...

4.3 Dimuon event selection . . . . . . . .. ...

Monte Carlo Simulation

5.1 Signal Monte Carlo simulation . . . . . .. ... ... .....

5.2 Background Monte Carlo simulation. . . . . .. .. ... ...
52.1 7Z — pp background . ... ..o
522 7Z— 771 background . . . .. ...
5.2.3 tt and diboson backgrounds . . . . ... ... ... ..
5.2.4 bbbackground . . . . .. .. ...
5.2.5 W+jets background . . . . .. ...

Reconstruction efficiencies
6.1 Tracking efficiency . . . . . . . . ... ... ... .. ... ..
6.1.1 Combination of tracker and toroid measurements
6.1.2 Using only muon information from toroids . . . . . ..
6.2 Efficiency to reconstruct loose muons . . . . . . ... ... ..
6.3 Isolation efficiency . . . .. ... ... .. ... ... ...
6.4 Trigger efficiency . . . . . .. . ... L.
6.5 Kinematic and geometric acceptance . . . . . . .. .. ...
6.6 Cosmics . . . . . . . ..

6.7 Time dependence of efficiencies . . . . . . ... ... .. ...

79
80
84
86

90
91
92
92
95
98
98
117



7 Comparison of data and MC 160

7.1 Normalization of Monte Carlo todata . . . . . . . .. ... .. 161
7.2 Correction of track q/pr indata . . . ... ... ... ... 165
7.3 Smearing of MC track momentum . . . . . . . ... ... ... 165
74 Cutflow tables . . . .. .. ... ..o 166
7.5 Invariant mass and acolinearity distributions . . . . . . . . .. 168
7.6 Remaining events . . . . . . . .. ... L. 174
7.7 Signal distributions . . . . .. .. ..o 176
8 Like-sign background 178
8.1 Like-sign events after preselection . . . . . . .. ... ... .. 178
8.2 Charge mis-identification background . . . . . . . . . ... .. 180

8.2.1 Charge mis-identification rate using Monte Carlo with

‘as-built’ detector geometry . . . . ... 182
8.2.2 Shape of distributions in PMCS . . . . . . . . ... ... 183
8.2.3 Cosmic ray muon runs . . . . . . . . . ... ... ... 185

8.2.4 Comparison with the charge mis-identification rate from

J —eecevents . . . ..., 185

8.3 WH+jets background . . . . . . . ... 187

9 Cut optimization 189
9.1 Preselection cut . . . . . . . .. 190
9.2 Isolation cut . . . . . . . . . . 192
9.3 Acolinearity cut . . . . . . ... 194
10 Candidate events 203
10.1 Candidate details . . . . . . . . . .. ... 203

vi



10.2 Interpretation of candidate events . . . . . . . . . . ... ... 207

10.2.1 First candidate event . . . . . . . . . . . . . ... ... 207
10.2.2 Second candidate event . . . . . . . . ... ... .. .. 210
10.2.3 Third candidate event . . . . . . . . . . . . . ... .. 210
11 Limit setting 214

11.1 Confidence Level computation for searches with small statistics 215

11.2 Modified Frequentist Approach Confidence Levels . . . . . . . 216
11.3 Calculation of limits . . . . . . . . . . ... ... ... .... 221
12 Systematic uncertainties 224
12.1 Systematic uncertainty of normalization . . . . . .. .. ... 224
12.2 Other systematic uncertainties . . . . . . . . .. ... .. ... 226
13 Results and Conclusions 227
A SMT cluster efficiencies 230
A.1 Method of SMT cluster efficiency calculation . . . . . . .. .. 231

A.2 Estimation of uncertainties on cluster efficiency measurements 233
A.3 SMT cluster efficiencies . . . . . . . ... . ... ... ..... 235
A.4 Readout abort feature ON in crate 0 X 61 . . . . . . .. .. 240

A.5 Selection of the optimal ADC cut applied on a per strip and

per cluster basis . . . . . .. ... 243
CFT cluster efficiencies 245
B.1 Method of CFT cluster efficiency calculation . . . . . .. ... 246
B.2 Beam position measurement . . . . . ... ... ... ... .. 249
B.3 Cluster efficiencies and the 20 ADCcut . . . . . .. ... ... 252

vil



B.4 Cluster efficiency and a timing change . . . .. ... ... .. 260

CFT cluster positions and errors 268
C.1 Geometry of the CFT clusters . . . . . ... ... ... .... 268

C.2 Calculation of track position predictions and uncertainties for

the new CFT clusters . . . . . .. . ... ... ... ...... 271
C.2.1 Singlet clusters . . . . . .. .. ... ... .. ... .. 271
C.2.2 Doublet clusters . . . . . . ... ... 272
C.2.3 Clusters with fiber multiplicity higher than two . . . . 273
C.3 Improvement of track position measurement . . . . ... ... 274
SMT Offline calibration database 286
D.1 Imtroduction . . . . . . . . . ... 286
D.2 SMT offline calibration database access code . . . . . . . . .. 288
D.3 SMTCalibrator access methods . . . . ... ... ... .... 291
D.4 SMT calibration data transfer process . . . . . . . . .. .. .. 293
D.5 SMT Calibration database space estimate . . . . . . ... .. 295
D.5.1 Preliminary space estimates for SMT_CALIB table . . . . 296

D.5.2 Rationale used to estimate number of rows per table . 296

D.6 SMT Offline Calibration database status . . . . .. .. .. .. 304

D.6.1 Instructions to turn on the database access code . . . . 304
D.7 SMT Offline Calibration database access code tests . . . . . . 305
D.8 Trailor . . . . . .. 306
7Z — putp~ mass resolution 308
E.1 Discrepancy between Monte Carlo and data . . . . . . . . .. 308
E.2 SMT and CFT cluster residuals . . . . .. .. ... ... ... 311

viii



E.2.1 Dependence of noise on pseudorapidity . . . . . . . .. 314

E.2.2 Dependence of cluster size and residuals on n and the

ADCecut . . . . . .. 315

E.3 Role of the SMT in high-p tracking . . .. .. ... ... .. 319
E.4 Smearing of SMT and CFT cluster positions . . . . . .. ... 322
E.5 Model describing the CFT residuals . . . . . .. ... .. ... 325
E.6 Primary vertex constraint . . . . . ... ... ... ... ... 331
E.7 Reconstructed dimuon mass in ¢ sectors . . . . . .. ... .. 335
Massive neutrinos and Left-right symmetric model 348
F.1 Introduction to the neutrino oscillations . . . . .. . ... .. 348
F.1.1 Neutrino oscillations in vacuum . . . . . .. .. .. .. 349
F.1.2 Oscillation with unstable neutrinos . . . . . .. .. .. 350
F.1.3 Neutrino oscillations in the matter . . . . . . ... .. 352

F.2 Neutrino mass in SU(2);, x U(1)y models . . . .. ... ... 355
F.3 Neutrino mass in L-R symmetric models . . . . . . .. .. .. 361
F.3.1 Higgs and gauge sectors; symmetry breaking . . . . . . 362
F.3.2 Majorana neutrinos; see-saw mechanism . . . . . . .. 367

X



List of Figures

2.1 Leading-order diagram for the pair production of doubly-charged

2.2

2.3

2.4
2.5

2.6

Higgs bosons in pp scattering, where both Higgs bosons decay
into muons. . . ... Lo
Three possible subprocesses for muonium to antimuonium con-
version. (a) represents a second-order exchange of ordinary
Dirac neutrinos. (b) is a similar process but with Majorana
neutrinos instead. (c) represents the ¢-channel exchange of a
doubly-charged Higgs boson. All diagrams can be reordered
to describe the process e”e™ — pu~ ™. ... oL
Lowest order Feynman diagrams contributing to ete™ — ete~
scattering. The contribution from doubly-charged Higgs is
given in the third diagram. . . . . . . . ... ...
The decay 1 — e~ ete™ mediated by a A=~ .. . . . . ... ..
The radiative muon decay y — ey mediated by A** (la-
beled as L because contribution from a singly-charged Higgs
(L=A** or A*) is possible too). . . . ... ... .. ... ..
One-loop diagrams mediated by doubly-charged Higgs bosons
that contribute to (¢ — 2) (labeled as L because contribution

from a singly-charged Higgs is easily possible too). . . . . . . .



2.7 Tevatron: (a) NLO cross-sections and (b) ratio of the NLO
to LO cross-sections as a function of the mass of the doubly-
charged Higgs boson, M(A*+) [55]. . . . .. ... ... ...

2.8 Production cross sections of doubly-charged Higgs pair pro-
duction at the Tevatron and the LHC as a function of its
mass [B5]. . ...

2.9 K-factors of doubly-charged Higgs pair production at the Teva-

tron and the LHC as a function of its mass [55]. . . . . . . . .

3.1 Cross sectional view of the Run II DO detector. . . . . . ..
3.2 Cross sectional view of the DO tracking system. . . . .. ..
3.3 Isometric view of the D@ silicon tracker. . . . . ... .. ...
3.4 SMT barrel geometry. . . . . . . .. ... ...
3.5 Side view of one half of the central silicon detector. . . . . . .
3.6 A double sided 2° ladder with 9 readout chips. . . . . . . . ..
3.7 SMT read out chain. . . . . . . ... ... ... ... ...,
3.8 Momentum resolution and impact parameter resolution versus
pseudo-rapidity. . . . . . ...
3.9 Design of the Central Fiber Tracker. . . . . . ... ... ...
3.10 Overlap region of the Central Fiber Tracker, |n| > 1.63. . . . .
3.11 The VLPC cassette with readout electronics board attached. .
3.12 Momentum resolution as a function of pseudo-rapidity, assum-
ing 35 micron primary vertex resolution. . . . . . . ... ...
3.13 A schematic view of a calorimeter cell [58]. . . . . .. .. ...
3.14 The DO calorimeter [75]. . . . . . . .. .. ... ... .....

3.15 Side view of the calorimeters [75]. . . . . .. ... ... .. ..

pal

29

71



3.16 Layout of calorimeter channels in depth and n [59]. . . . . ..
3.17 The Run II DO Muon Detector [76]. . . . . .. ... ... ..

4.1

5.1

5.2

9.3

Number of SMT, CFT and (SMT+CFT) hits associated with
global tracks, before the track quality criterion is imposed on

the number of SMT and CFT hits. . . . . . . .. . ... ...

The acolinearity distributions before (top) and after (bottom)
re-weighting Monte Carlo Z+jet events to better describe jet
multiplicity observed in dimuon events in data. The acolin-
earity distribution is shown after the isolation cut (S2) (left)
and after the Ay cut (S3) (right). . . . . . ... .. ... ...
The so-called Berends scaling - jet multiplicity in Z(— uu)+jets
events - both for an uncorrected Monte Carlo Z — pu sam-

ple and data using Run II cone algorithm with a radius R =

\/(An)2 + (A¢)? = 0.5 to define jets with transverse momenta
greater than 15 GeV/c? [114]. . . . . . . .. ... .. .. ...
The agreement between MSEL=5, MSEL=1 and D / CDF Run
I data [118]. The upper plot shows contribution of flavor cre-
ation, flavor excitation and gluon splitting to the total b quark
inclusive production cross section. The bottom plot demon-
strates how important are flavor excitation and gluon split-
ting for a correct description of the data (CDF Run I data) in
terms of acolinearity between two produced b quarks. MSEL=5
is unable to describe neither the cross section (top) nor the

acolinearity in a region of small Ay (bottom). . . . ... ..

xii



5.4

9.5

5.6

Invariant mass and acolinearity distributions for like-sign events.
Both samples are generated with MSEL=1, upper two plots with
PARP(67)=1 and bottom two plots with PARP(67)=4. The
Monte Carlo sample generated with PARP (67)=4 describes the
data better in terms of Ay distribution. There is almost no ef-
fect of this parameter on the invariant mass distribution (com-
pare the first plot with the third plot from the top). . . . . . .
If there is any bias due to the parton level pr cut, one should
observe a deviation from the falling exponential. This figure
shows the Monte Carlo muon true pf. distribution (solid/blue
histogram). The sharp edge at pf = 12 GeV/c is due to the
d0_mess preselection (i.e. 2 generated muons are required,
each with true pf. > 12 GeV/c). Muons below 12 GeV/c are
additional muons, they can serve as representatives of an un-
biased spectrum. In the dashed/red histogram the additional
muons spectrum (that are below 12 GeV/c) is scaled up so
that these two spectra are normalized at 12 GeV/c bin. One
can see that these two spectra match very well in terms of
slopes in the vicinity of 12 GeV/c. This indicates, that the
bias due to the parton level cut is indeed rather small.

The b quark production cross section measured by D@ [127]

using Run I data compared to a NLO QCD prediction.

xiil

. 106

. 108



5.7

5.8

9.9

5.10

5.11

Invariant mass and acolinearity distributions for like-sign events.
Both samples are generated with PARP (67)=4, upper two plots
with MSEL=5 and bottom two plots with MSEL=1. The Monte
Carlo bb sample generated with MSEL=1 describes the data bet-
ter in terms of Ay distribution. There is an obvious bias at
low masses in the invariant mass plot (first plot from the top)
due to the cut on parton transverse momentum p=. . . . . .
2MU_A_L2MO trigger efficiency as a function of muon transverse
momenta, for all muons (top), leading muon pr (center) and
sub-leading muon pt (bottom). The fitted function is a tan-
gent hyperbolic. . . . . . . . ... o
2MU_A_L2MO trigger efficiency as a function of the reconstructed

invariant mass. The behavior is assumed to be tangent hyper-

The effect of trigger turn-on on the invariant mass and acolin-
earity distributions for like-sign dimuon events. The upper two
plots show both variables before the trigger turn-on correction
is applied, the bottom two plots after it its application. . . . .
The improvement of an agreement between Monte Carlo and
data in terms of invariant mass and acolinearity distributions
for like-sign dimuon events. The upper two plots show both
variables after the trigger efficiency turn-on correction is ap-
plied, the bottom two after the loose muon reconstruction ef-
ficiency turn-on and the trigger efficiency turn-on corrections

are both accounted for. . . . . . . . .. ...

Xiv

116



5.12

5.13

6.1

6.2

6.3

The transverse momentum spectrum of the second muon in
the event. This muon is most of the time inside a jet. The
lower plot is the same plot as the upper one, except that the
y-axis is in a logarithmic scale. Both plots are courtesy of
Peter Tamburello. . . . . . . . .. ... ... ...
Sub-leading muon transverse momentum. This muon comes

most likely from ajet. . . . ... .. ... ...

Transverse momentum distribution for muons based on toroid
system. The possibility for using a harder cutoff to define
the loose muon pr is investigated. The applied value of ~
30 GeV/c is based on the dip observed at ~ 30 GeV/c. The
bottom plot is a zoom-in of the upper one. . . . . .. . . ..
Tracking efficiency determined for data (a,b) and Monte Carlo
(c,d) as a function of pseudorapidity n and azimuth angle ¢
of the muon. The distributions are based on combined global
tracking and toroid information. . . . . . ... ... ... ..
Invariant mass of dimuons calculated using combined infor-
mation from central tracker (tight muon) and toroid system
(loose muon), both for toroid muon pr > 15 GeV/c (top),
and toroid muon pr > 30 GeV/c (bottom plot). A match of
the muon to a central track is required on the left and this

requirement is dropped on the right. . . . . . ... ... ...

XV



6.4

6.5

6.6

6.7

6.8

6.9

6.10

Tracking efficiency determined for data (a,b) and Monte Carlo

(c,d) as a function of pseudorapidity n and azimuth angle ¢ of

the muon. Muon information is based on toroid measurement

only for loose muons with pr > 15 GeV/c. . . ... ... ... 135
Tracking efficiency determined for data (a,b) and Monte Carlo

(c,d) as a function of pseudorapidity n and azimuth angle ¢ of

the muon. Muon information is based on toroid measurement

only for loose muons with pr > 30 GeV/c) . . ... ... ... 136
Invariant mass calculated from the toroid system muon infor-
mation, with muon pr > 15 GeV/c (top), and muon pr >

30 GeV/c (bottom). There is no track matching requirement

on the left and a track matched to a loose muon is required

on theright. . . . ... ... oo 137
Difference of scintillator times for both types of (tight and
loose) muons in A layers of the muon system (top), and BC
layers (bottom) for muons with matched tracks (left) and all
dimuons (right), the requirement of a track matched to a loose
muon is dropped here. . . . . ... ... 138
Invariant mass calculated for tracks matched to a local muon

(top) and all dimuon events (bottom). The mass window is
defined as 60 < M, <120 GeV/c% . .. ... ... .. ... 141
Invariant mass calculated for events where both muons are
isolated (top) and all events with two muons (bottom). . . . . 142
Invariant mass calculated for events with and without 2MU_A_L2MO

trigger requirement. . . . . . .. ..o oL Lo 146

Xvi



6.11
6.12

6.13

6.14

6.15

7.1

7.2

Reconstructed muon multiplicity in signal HT™ Monte Carlo
Invariant mass calculated for cosmics events selected out of the
dimuon skim, the invariant mass with no trigger requirement
(top), the 2MU_A_L2MO trigger required (bottom). . . . . . . . .
Cosmic candidate events: acolinearity distribution (top) and
(ni' +nh) distribution (bottom) with (right) and without (left)
the 2MU_A_L2MO trigger requirement. . . . . . . . . . . . . . ..
Reconstruction efficiencies (track, loose muon, trigger and iso-
lation) versus time. . . . . ... L

Z — up cross section versus time, BR X o, = (252 4 22) pb.

Distributions in the di-muon mass for data compared to the
sum of Monte Carlo background processes: a) after prese-
lection (S1); b) after the isolation requirement (S2); c¢) af-
ter the Ay requirement (S3); d) after the like-sign require-
ment (S4). The signal expected for a left-handed H**, with
M(H**) =120 GeV/c?, is also shown by the open histogram.
Distribution in Ap between the two muons for data compared
to the sum of Monte Carlo background processes: a) after
preselection (S1); b) after the isolation requirement (S2); c)
after the Ay requirement (S3); d) after the like-sign require-
ment (S4). The signal expected for a left-handed H**, with
M(H**) =120 GeV/c?, is also shown by the open histogram.

XVil

. 147

158

. 159

172

173



8.1

8.2

9.1

9.2

Invariant mass and A¢ distributions for the 101 like-sign events
remaining in data after the preselection (points with error
bars), compared to PYTHIA simulation (histogram). The five
(three) events remaining after the isolation (or A¢) selection
are shown separately. . . . . .. ... ... ... L.
n (top) and number of CFT hits (bottom) distributions for
leading transverse momentum tracks in Monte Carlo charge
mis-identification events, 7 is calculated from the primary ver-

tex position. . . . ..o Lo

Distributions in the dimuon invariant mass (top) and Ay
between the two muons (bottom) for data compared to the
sum of Monte Carlo background processes: a) after preselec-
tion (S1); b) after the isolation requirement (S2); ¢) after the
Agp requirement at 2.1 (S3); d) after the like-sign require-
ment (S4). The signal expected for a left-handed H**, with
M(H**) =120 GeV/c?, is also shown by the open histogram.
Distributions in the dimuon invariant mass (top) and Ag
between the two muons (bottom) for data compared to the
sum of Monte Carlo background processes: a) after preselec-
tion (S1); b) after the isolation requirement (S2); ¢) after the
Agp requirement at 2.51 (S3); d) after the like-sign require-
ment (S4). The signal expected for a left-handed HE*, with
M(H**) =120 GeV/c?, is also shown by the open histogram.

Xviil

197

198



9.3

9.4

9.5

Distributions in the dimuon invariant mass (top) and Ay be-
tween the two muons (bottom) for data compared to the sum
of Monte Carlo background processes: a) after preselection
(S1); b) after the isolation requirement (S2); c) after the Ay
requirement at 7w (no cut is applied) (S3); d) after the like-
sign requirement (S4). The signal expected for a left-handed
H*:, with M(H**) = 120 GeV/c?, is also shown by the open
histogram. . . . . . .. ..
Confidence level of the signal (top), CLs = CLs,p/CLg, and
confidence level of the background CLg (bottom) as a function
of the mass M(H*%) of a left-handed doubly-charged Higgs
bosons, if the Ay cut is applied at 2.1. The dashed curve
is the confidence level if no candidate events are taken into
account. The mass limit is set at 117 GeV/c% . . . . .. ..
Confidence level of the signal (top), CLs = CLg,5/CLg, and
confidence level of the background CLg (bottom) as a function
of the mass M(H**) of a left-handed doubly-charged Higgs
bosons, if the Ay cut is applied at 2.51. The dashed curve
is the confidence level if no candidate events are taken into

account. The mass limit is set at 118 GeV/c%. . . . . . . ..

Xix



9.6 Confidence level of the signal (top), CLs = CLg,5/CLg, and
confidence level of the background CLg (bottom) as a function
of the mass M(H**) of a left-handed doubly-charged Higgs
bosons, if the Ay cut is applied at m, i.e. no acolinearity cut
is applied at all. The dashed curve is the confidence level if

no candidate events are taken into account. The mass limit is

set at 99 GeV/c® . .. 202

10.1 Display of candidate event (1) in the transverse (r¢) view (top)

and the (rz) view (bottom). . . . .. ... ... ... .. 204
10.2 Display of candidate event (2) in the transverse (r¢) view (top)

and the (rz) view (bottom). . . . . ... ... ... . ... 205
10.3 Display of candidate event (3) in the transverse (r¢) view (top)
)

and the (rz) view (bottom). . . . .. ... ... ... 206

11.1 The reconstructed dimuon invariant mass after the full detec-
tor simulation for events with doubly-charged Higgs bosons
generated at masses of a) M(H**) = 100 GeV /c?, b) M (H**) =
120 GeV/c?, ¢) M(H*) = 140 GeV/c?, and d) M(H**) =
200 GeV/c2. . . . 222

13.1 Confidence level of the signal, CLs = CLg,5/CLg, as a func-
tion of the mass M (H**) of a) left-handed and b) right-handed
doubly-charged Higgs bosons. The mass region below 100.5 (100.1) GeV /c?
is excluded by LEP. The impact of systematic uncertainties is
included in the limits. The dashed curve shows median ex-

pected CLg for no signal. . . . . . . ... ... ... .. ... 227



1.1

1.2

1.3

1.4

2.1

2.2

2.3

24

SMT cluster efficiencies for devices in barrel 2, p-side (top)
and n-side (bottom). . . . . ... ...
SMT cluster efficiencies for devices in barrel 5, p-side (top)
and n-side (bottom). . . . . ... ... L
Distribution of cluster efficiencies for devices in SMT barrels
1 to 6, p-side (top) and n-side (bottom). . . . . ... .. ...
Distribution of cluster efficiencies for inner F-disks (disks 5, 6,

7 and 8), p-side (top) and n-side (bottom). . . . ... .. ..

The ’road method’ is used to obtained isolated tracks for an
unbiased measurement of cluster efficiencies. . . . . . .. ..
Track reconstruction efficiency as a function of azimuth angle
¢ (top) and track n (bottom). A clear dip in the track 7
distribution can be observed at around n=10. . . . ... ...
Beam position in x and y coordinate, which is an alternative
description of the (r, ) plane. The vertical axis is given in
centimeters. The data sample spans over several runs, this is
why the distribution is not a symmetrical Gaussian. It also
shows that the beam position does not change too frequently
and too radically. One can safely assume that the there are two
Gaussians only, one with beam coordinates [—324 um, 322 pm|
and the other with [103 pm, 322 pm]. . . . . . . ... .. ..
Cluster efficiency as a function of the size of the window where
the cluster is searched for. This plot shows cluster efficiency
for the CFT layer 10 only (5" cylinder, stereo layer). The

6 0,¢s has been chosen to define the cluster efficiency window.

poel

253



2.5

2.6

Cluster efficiency as a function of the azimuth angle ¢ when
the 20 ADC cut is applied. The upper plot shows a multi-
plicative product of cluster efficiencies in all axial layers, the
second plot from the top shows the same for stereo layers,
the third plot from the top shows a multiplicative product of
cluster efficiencies in all measured layers (layers 1 to 14). The
bottom plot is a prediction of what the final cluster efficiency
of the CFT would be if one assumes two misses to be allowed
in the tracking algorithm. The algorithm of calculating clus-
ter efficiency for the entire tracker, when two missing hits are
allowed, is described in Equation 2.1. . . . .. ... ... ..
Cluster efficiency as a function of the pseudorapidity 1 when
the 20 ADC cut is applied. The upper plot shows a multi-
plicative product of cluster efficiencies in all axial layers, the
second plot from the top shows the same for stereo layers,
the third plot from the top shows a multiplicative product of
cluster efficiencies in all measured layers (layers 1 to 14). The
bottom plot is a prediction of what the final cluster efficiency
of the CFT would be if one assumes two misses to be allowed
in the tracking algorithm. The algorithm of calculating clus-
ter efficiency for the entire tracker, when two missing hits are

allowed, is described in Equation 2.1. . . . ... ... .. ..

XXI11



2.7 Cluster efficiency as a function of the azimuth angle ¢ when

2.8

the 20 ADC cut is removed. The upper plot shows a multi-
plicative product of cluster efficiencies in all axial layers, the
second plot from the top shows the same for stereo layers,
the third plot from the top shows a multiplicative product of
cluster efficiencies in all measured layers (layers 1 to 14). The
bottom plot is a prediction of what the final cluster efficiency
of the CFT would be if one assumes two misses to be allowed
in the tracking algorithm. The algorithm of calculating clus-
ter efficiency for the entire tracker, when two missing hits are
allowed, is described in Equation 2.1. . . . .. ... ... ..
Cluster efficiency as a function of the pseudorapidity 1 when
the 20 ADC cut is removed. The upper plot shows a multi-
plicative product of cluster efficiencies in all axial layers, the
second plot from the top shows the same for stereo layers,
the third plot from the top shows a multiplicative product of
cluster efficiencies in all measured layers (layers 1 to 14). The
bottom plot is a prediction of what the final cluster efficiency
of the CFT would be if one assumes two misses to be allowed
in the tracking algorithm. The algorithm of calculating clus-
ter efficiency for the entire tracker, when two missing hits are

allowed, is described in Equation 2.1. . . . ... ... .. ..

xx1il



2.9 Track reconstruction efficiency as a function of time. Track
reconstruction efficiency is about the same before and after
the timing change has been made. The change takes place
after the measurement number 10. . . . . . . .. ... .. ..

2.10 Cluster efficiency as a function of the layer number, before and

after the timing change is introduced. . . . . . . ... .. ..

3.1 CFT Clusters - doublets (left) and singlets (right). . . . . ..
3.2 The predicted position pulls for tracks with pr = 1.0 GeV/c -
singlets (left) and doublets (right) in axial layers, a-dependent
(top) and a=0 (bottom). . . . ... ... ... L.
3.3 The predicted position pulls for tracks with pr = 1.0 GeV/c -
singlets (left) and doublets (right) in stereo layers, a-dependent
(top) and a =0 (bottom). . . .. ... ...
3.4 The predicted position pulls for tracks with pr = 0.5 GeV/c
for singlet clusters in axial layers only, a-dependent (top) and
a =0 (bottom). . ... ...
3.5 The predicted position pulls for tracks with pr = 0.5 GeV/c
for singlet clusters in stereo layers only, a-dependent (top) and
a =0 (bottom). . ... ...
3.6 The predicted position pulls for tracks with pr = 1.0 GeV/c
for singlet clusters in axial layers only, a-dependent (top) and
a =0 (bottom). . ... ...
3.7 The predicted position pulls for tracks with pr = 1.0 GeV/c
for singlet clusters in stereo layers only, a-dependent (top) and

a =0 (bottom). . ... ...

XX1V



3.8 The predicted position pulls for tracks with pr = 0.5 GeV/c
for doublet clusters in axial layers only, a-dependent (top) and
a=0 (bottom). . .. ...

3.9 The predicted position pulls for tracks with pr = 0.5 GeV/c
for doublet clusters in stereo layers only, a-dependent (top)
and a =0 (bottom). . . ... ... L

3.10 The predicted position pulls for tracks with pr = 0.5 GeV/c
for doublet clusters in axial layers only, a-dependent (top) and
a =0 (bottom). . .. ...

3.11 The predicted position pulls for tracks with pr = 0.5 GeV/c
for doublet clusters in stereo layers only, a-dependent (top)

and a =0 (bottom). . . ... ...

4.1 The Entity Relation Diagram of the SMT Offline Calibration
Database [159]. . . . . . . . .. .. ..

4.2 The SMT Calibration data transfer process flow. . . . . . ..

4.3 Names of all database servers needed to access calibration

databases must be specified in calibration_management_t.rcp

file. . . .

5.1 Reconstructed dimuon mass in Monte Carlo Z — pu + Drell-
Yan (top) and the data (bottom). The resolution in Monte
Carlo is o = 4.8 GeV/c?, whereas in data it is 0 = 11.6 GeV /c?.
This represents a factor of more than two. Only information

from the central tracker is used to calculate the invariant mass.

XXV

310



5.2

5.3

5.4

9.5

5.6

The ADC information from singlet clusters (only one fiber) as
a function of track n in Monte Carlo (top) and the data (bot-
tom). The vertical axis is in ADC counts. The distribution
for doublet clusters is similar. . . . . . ... ... ...
The ratio of number of singlet and doublet CFT clusters as a
function of track 7, with and without the 20 ADC cut applied
on a per cluster basis. The ratio observed in Monte Carlo is
flat, it is approximately 0.78. . . . . . . . ... ... ...
Track residuals for singlet and doublet clusters in the data as
a function of track n, with (top) and without (bottom) the
20 ADC cut applied on a per fiber basis. . . . . .. ... ...
The dependence of singlet cluster residuals (vertical axis, in
microns) in a given track 7 region (there are nine of them)
as a function of the probability € (horizontal axis) for a fiber
to pass the ADC cut. The ideal situation similar to current
Monte Carlo (e = 1) predicts residuals for singlet clusters to be
(79 +4) pm. That is in a very good agreement with previous
results from Monte Carlo, given in Table 5.3. The Monte Carlo
value for singlets is 75 microns. The dependence is shown with
(red circles) and without (blue triangles) the 20 ADC cut, both
dependences fall onto the same line. That is not a trivial fact.
It demonstrates the strength of the model. . . . . . . . ...
The dimuon mass is divided into 10 sectors in ¢, the sector
it belongs to is decided based on the leading track’s azimuth

angle ¢. The horizontal axis is expressed in GeV/c2. . . . . .

XXV1



5.7

5.8

9.9

5.10

Invariant mass in the sector ¢ ¢ ( 0, /5 ). Dimuon mass
is shown for both curvatures (top), positive curvature (cen-
ter) and negative curvature (bottom). The horizontal axis is
expressed in units of GeV/c2. . . .. ... L
Invariant mass in the sector ¢ € ( /5, 27/5 ). Dimuon mass
is shown for both curvatures (top), positive curvature (center)
and negative curvature (bottom). The horizontal axis is ex-
pressed in units of GeV/c?. The horizontal axis is expressed
in units of GeV/c% . ...
Invariant mass in the sector ¢ € ( 7, 67/5 ). Dimuon mass is
shown for both curvatures (top), positive curvature (center)
and negative curvature (bottom). The horizontal axis is ex-
pressed in units of GeV/c?. The horizontal axis is expressed
in GeV/c2. . ..
The mean value of the fitted Gaussian (the Gaussian plus an
exponential background is fitted to the dimuon mass distribu-
tion) as a function of leading track’s ¢, for a positive (top)

and negative (bottom) curvature of leading tracks. . . . . ..

XXVvil



5.11

5.12

The mean value of the fitted Gaussian (the Gaussian plus an
exponential background is fitted to the dimuon mass distribu-
tion) as a function of leading track’s ¢, for positive curvature
leading tracks, when the silicon tracker’s geometry is shifted
by 300 microns upwards. The amplitude of a sin wave observed
in Figure 5.10 decreases by a factor of two (upper plot). The
bottom plot shows the mean of the Gaussian fit as a function
of p before the CFT geometry has been shifted. . . . . . ..
The comparison of invariant mass with (bottom) and without
(top) the average (q/pt) correction calculated from the zero

magnetic field run. . . . .. ..o

XXViil



List of Tables

3.1
3.2
3.3

5.1

5.2

9.3

5.4

9.5

5.6

SMT numbers (module means ladder or wedge). . . . . . . ..
SMT detector types (module means ladder or wedge). . . . . .

Design parameters of the Central Fiber Tracker. . . . . . . . .

Background Monte Carlo samples used in the analysis with
cross sections and integrated luminosities corresponding to the
number of generated events. . . . . . ... ... ...
Properties of the Z — up background sample. . . . . . . . ..
Summary of W+jet(s) and Z+jet(s) Monte Carlo samples
studied in this analysis. . . . . . . . . .. ... L.
Number of expected events from W +jet(s) Monte Carlo sam-
ple. The selection criteria is described in the text. . . . . . . .
Number of expected events from W+jet(s) Monte Carlo sam-
ple. The sub-leading muon is required to be isolated, the
leading muon (muon from the W decay) is not required to
beisolated. . . . . . ...
Number of W+jets events normalized to the luminosity of the

data sample after each cut in this analysis. . . . . . . ... ..

XXIX



6.1

6.2

7.1

7.2

Run ranges for time-ordered sub-samples of the dimuon data
set. All bad SMT, CFT, muon system and calorimeter runs
are removed. Runs with the bad dimuon trigger and events
that correspond to bad luminosity blocks are removed from
the sample too. . . . . . . . ...
Track reconstruction, trigger, isolation and loose muon effi-
ciencies (%), number of Z-candidates, integrated luminosity
(pb~1), number of preselected events and a percentage of good

luminosity blocks in each of the sub-samples. . . . . . . . . ..

Number of events remaining after each selection and the ex-
pected background from Monte Carlo simulation. The errors
are only statistical uncertainties from Monte Carlo generation.
The contribution from Wbb and Zbb final states is negligible.
The contribution from W (— puv)+jets background is less than
0.1 events after (S4); calculation of the estimate is described
in Section 5.2.5. . . . ..o
Kinematic variables of four Z — pu Monte Carlo events that
pass the final selection (S4). The invariant mass, Ay, trans-
verse momentum of all muons and number of jets in an event

are given in the Table. . . . . . . . ... ... ... ... ...

XXX



7.3

8.1

9.1

9.2

Number of expected signal events after each cut and efficiency
for each mass point. The first row gives the number of ex-
pected events using the NLO cross section for left-handed H**
boson. The value of ¢; at each mass point is the width of the
narrower of two Gaussians fitted to the reconstructed mass
distribution. The simulation is done in 10 GeV/c? mass steps,
but only every second mass point is shown. Only statistical

uncertainties are given in the Table. . . . . . . . . . .. . ...

Number of events with at least one like-sign muon pair remain-
ing after each selection and the number expected background
events from the Monte Carlo simulation. The uncertainties are
the statistical uncertainties from the Monte Carlo. The pro-
cedure used to estimate the number of bb events is described

in the text. There is no contribution from WW events.

Number of events after the last selection (S4) in data, Z — uu
Monte Carlo and signal Monte Carlo (My++ = 120 GeV/c?).
The expectation rate is normalized to the luminosity of the
data sample. . . . . . ...
Signal efficiencies, mass limits, number of expected events in
data, number of expected events in the two most important
like-sign backgrounds, Z — uu and bb, for three different Ay

cuts at 2.1, 2.51 and 7 (no acolinearity cut is applied).

XXX1

. 179

. 195



10.1

10.2

10.3

1.1
1.2

2.1

Run, event number and the invariant masses of the three pos-
sible pairings of muons for the candidate events. Muons are
numbered clockwise in the (r¢) plane, starting with the muon
that is most to the left. The charges of the muons are given in
parentheses (charges are calculated from the track curvature
measurement in the central tracker’s solenoid field). . . . . .
Transverse momentum pr, charge, pseudorapidity n, azimuthal
angle ¢ and number of SMT and CFT hits for all muons in
the candidate events. Muons which fail the selection criteria
are put in parentheses. . . . . . .. ... ... .. L.
Transverse momentum pr, central tracker charge, muon sys-
tem charge, pseudorapidity n, azimuthal angle ¢ and number
of SMT and CFT hits for both muons in Event (3), which
is charge mis-identification candidate. Muons which fail the

selection criteria are put in parentheses. . . . . .. ... . ..

Cluster efficiencies for inner F-disks (disks 5 - 8), p-sides only.
SMT cluster efficiencies for several ADC cuts applied on a
per strip/cluster basis. Average number of clusters per device
is calculated and the contribution of noise cluster to the effi-
ciency is estimated. Only inner barrels (barrel 2 to 5), layers
1 and 2, p-sides, are used in this calculation in order not to

introduce any bias to the measurement. . . . . . . ... ...

CFT cluster efficiencies in all measured layers, the 20 ADC

cut is applied. Occupancies and fake rates are given. . . . . .

XxXxil

241



2.2

2.3

24

4.1

4.2
4.3

4.4

4.5

4.6

4.7

4.8

4.9

CFT cluster efficiencies in all measured layers, the 20 ADC
cut is removed. Occupancies and fake rates are given. . . . . 262
CFT cluster efficiencies in all layers before the timing change
has been made. . . . . . . ... oL 265
CFT cluster efficiencies in all layers after the timing change

has been made. . . . . . . ... 266

The total space requirements for the SM'T Calibration Database.

295

The preliminary space estimate for the SMT_CALIB table. . . . 297
Rationale used to estimate number of rows in SMT_HDIS, SMT_CHANNELS,
SMT_CHANNEL_STATUSES and SMT_DET_REGIONS tables. . . . . . 298
Rationale used to estimate number of rows in SMT_GAINS, SMT_PEDESTALS
and SMT_DRIFTS tables. . . . . . ... ... ... ... .... 299
The rationale used to estimate number of rows in SMT_GAIN_SETS,
SMT_PED_SETS and SMT_DRIFT_SETS tables. . . . . .. ... .. 301
The rationale used to estimate number of rows in SMT_GAIN_COLLECTIONS,
SMT_PED_COLLECTIONS and SMT_DRIFT_COLLECTIONS tables. . 302
The rationale used to estimate number of rows in staged tables. 302

The rationale used to estimate number of rows in SMT_CALIBRATIONS,

SMT_DRIFT_CALIBRATIONS, SMT_GAIN_CALIBRATIONS and SMT _PED_CALIBRATIONS

tables. . . . .. 303
The rationale used to estimate number of rows in SMT_LOGS

table. . . . 303

XXx1il



5.1

5.2

9.3

5.4

9.5

5.6

The SMT and CFT residuals, i.e. the difference between the
track and cluster position on a given surface, in Z — uu
Monte Carlo and data. The measurement is done separately
for singlet and doublet clusters in the CFT, for clusters on
the p-side, and the 2° and 90° n-side in the SMT. For CFT,
the measurement is also done for clusters that are included
in the track fit and for clusters that are intentionally skipped
from a track fit in order to obtain an unbiased measurement
of residuals. . . . . . .. ..o
Z mass resolution calculated using (a) both SMT and CFT

measurement to find and fit tracks, (b) CFT measurement

The SMT and CFT cluster residuals before and after smearing
are presented. CFT cluster positions are randomly smeared
as follows: singlets by 135 um and doublets by 35 pm. SMT
cluster positions are randomly smeared by a factor v/3x error,
where the error comes from the track measurement. . . . . .
CFT cluster residuals measured in the data, with and without
the 20 ADC cut applied. . . . . .. ... ... ...
Mass resolution in Monte Carlo and data, with and without
constraining tracks to the same vertex. . . .. .. ... ...
The statistics of the time-ordered data sample, which serves
as a tool to investigate the time dependence of the CF'T mis-

alignment. . . .. ...

XXX1V



5.7 The fitted Z mass and the Z mass resolution ¢ of the time-
ordered data sample. Both values are given for a corrected
and uncorrected transverse momenta. No time dependence

has been observed in this sample. . . . . . ... ... ... ..

XXXV



Acknowledgments

First of all, I would like thank all the members of the D@ Collaboration both
for their hard work building and operating the detector and for putting up
with me for the past years.

Special thanks go to my colleagues and friends, Stefan Soldner-Rembold
and Avtandyl (Avto) Kharchilava, for their help, support and advice in many
aspects of the analysis as well as my career decisions.

Thanks to John Hobbs, Nikos Varelas, Suyong Choi, Qizhong Li, Jae Yu,
Andre Turcot and others in the Higgs group and the Higgs group as a whole
for many valuable suggestions.

Thanks to many friends I have made here, who helped me in numerable
ways: Aurelio Juste, Slava Kulik; Ia Tashvilli.

Many thanks to colleagues from the SMT and CFT hardware crowd,
Aurelio Juste, Petros Rapidis, Eric Kajfasz, Marcel Demarteau, Alan Bross,
Fred Borcherding, Drew Alton; Global Tracking Group, Gaston Gutierrez,
Herb Greenlee, Harry Melanson; Offline Calibration Database group, Taka
Yasuda, Vladimir Sirotenko. It was an honor for me to belong to a group
of people who can build, operate, write programs for and finally understand
such a complicated system as the high-energy physics detector.

Thanks to all those D@ Collaborators who take care of the clued0 system.

Special thanks go to my advisor, Michael Rijssenbeek, for reading early
drafts of pieces of this thesis and helping me to give my writings the final
shape.

I would like to thank Peter Bock (Heidelberg) and Thomas Junk (Ur-

XXXVI



bana) for helping us with the limit setting programs and Michael Spira (PSI)
for providing the next-to-leading order cross-sections for the doubly-charged
Higgs boson production.

Finally, warmest thanks to my parents for all they did for me, and to my

friends Viktorie and Iva Reichova.

XXXVl



Chapter 1

Introduction

Even though the standard model of the strong and electroweak interactions
has proven enormously successful, it need not be the case that a single Higgs-
doublet field is responsible for giving masses to the weakly interacting vector
bosons and the fermions. This thesis presents a detailed account of the search
for an exotic doubly-charged Higgs boson in the muon final states at DO .
This thesis presents a detailed account of the search published in [1].

The general layout is as follows. In Chapter 2 we explore the phenomenol-
ogy of models which contain doubly-charged Higgs bosons, describe its prop-
erties, production and decay channels and review several measurements that
set a limit on doubly-charged Higgs bosons. Chapter 3 discusses the exper-
imental apparatus used for this analysis, the D@ Run II detector. Chapter
4 describes how was the dimuon data sample was selected, while Chapter
5 describes the Monte Carlo simulation of signal and background samples.
Calculation of reconstruction efficiencies needed to normalize Monte Carlo
samples to the data and their time dependence is summarized in Chapter 6.

The comparison of the data and Monte Carlo is made in Chapter 7. It also ex-
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plains all corrections that have to be applied to fix track transverse momenta
and smear them in Monte Carlo. The most important part of the analysis [1]
is to understand the like-sign background. This is why a discussion of ma-
jor contributing backgrounds is given in Chapter 8. No search analysis can
be made without optimization of selection cuts, an overview is provided in
Chapter 9. Chapter 11 applies like-sign backgrounds from Chapter 8 and
candidate events from Chapter 10 to calculate the limit on doubly-charged
Higgs boson mass by taking into account systematic uncertainties listed in
Chapter 12. Results and conclusions of this thesis are briefly summarized
in Chapter 13. Finally, appendices A, B, C, D and E present some of the
studies made before and in the course of performing this analysis. They are
included because they all made this search possible. SMT and CFT cluster
efficiency studies, CFT cluster position and uncertainty calculations in the
framework of the D event reconstruction code, development of the SMT
offline calibration database, and Z — pu*pu~ mass resolution are presented in
a great level of detail there. An attractive extension of the standard model
is the left-right symmetric model of weak interactions. These models require
in the Higgs sector a bidoublet ® and two left-right symmetric triplets Ay, .
It was shown that introducing of L-R Higgs triplets provides an opportu-
nity to understand smallness of neutrino masses. This possibility is in detail

discussed in appendix F.



Chapter 2

Phenomenology of a

doubly-charged Higgs boson

Doubly-charged Higgs bosons (AT /A=~ )! arise in many scenarios extend-
ing the weak interaction beyond the Standard Model (SM) and can be rela-
tively light. This chapter reviews the theoretical motivation for these states
and presents current limits from different experiments. A special attention

is paid to the Fermilab Tevatron searches.

2.1 Doubly-charged Higgs Bosons in exten-

sions of Standard Model

Doubly-charged Higgs bosons appear in left-right symmetric models [2, 3],
in Higgs triplet models [4] and in Little Higgs models [5].

Doubly-charged Higgs is denoted as AT+ /A=~ in the theoretical literature, it is usu-

ally named H**/H™~ in the experimental papers.
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It is well known [4] that models with only Higgs SU(2), ® U(1)y dou-
blets provide the most straightforward extensions of the SM that satisfy
constraints deriving from p = M3 /cos? Oy Mz ~ 1 and the absence of
flavor-changing neutral currents. However, there are many more compli-
cated possibilities. For instance, conventional left-right-symmetric models
are often constructed using a Higgs sector containing several triplet repre-
sentations [3]. In those models, it is necessary to assign a very small vacuum
expectation value (v.e.v.) to the neutral member of the left-handed triplet in
order to avoid unacceptable corrections to the W — Z mass ratio. However,
it is certainly not necessary to go to left-right-symmetric extensions of the
SM in order to consider Higgs-triplet fields. Large tree-level deviations of

the electroweak p parameter from unity can be avoided by two means:

e the neutral triplet fields can be given v.e.v. that are much smaller than

those for the neutral doublet fields

e or, the triplet fields and the v.e.v. of their neutral members can be

arranged so that a custodial SU(2) symmetry is maintained.

Only the latter type of models are further considered. By custodial SU(2)
symmetry at the tree level is meant that the hypercharges Y and v.e.v. of all
Higgs multiplets are chosen so that p = 1 is maintained.

A number of models with custodial SU(2) symmetry, have been proposed
in the literature [6]. For example, a Higgs doublet representation with ¥ =
—3 contains a doubly-charged A~™~ and a singly charged A~. If part of
a multiplet with a neutral member, a A~ would immediately signal the

presence of a Higgs representation with total isospin 7" = 1 or higher. Most
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popular are the complex Y = —2 triplet Higgs representations, such as those
required in left-right symmetric models, that contain a A=~ , a A~ and A°.

In assessing the attractiveness of a Higgs sector model containing a A~~ many
constraints need to be considered. For a triplet and higher representations
containing a neutral member, limits on the latter’s v.e.v. required for p = 1 at
tree-level are generally severe. Models with 7'=1and T'= 2 can have p =1
at tree-level by combining representations. However, such models generally
require fine-tuning, in order to preserve p = 1 at one-loop. The simplest way
to avoid all p problems is to either consider representations that simply do
not have a neutral member (e.g. a ¥ = —3 doublet or a Y = —4 triplet
representation), or else models in which the v.e.v. is precisely zero. We will
only consider models of this type in what follows [4].

Further constraints on Higgs representation arise if we require unification
of the coupling constants without intermediate scale physics. In the SM,
unification is possible for a relatively simple Higgs sector that includes a
single |Y'| = 2 triplet in combination with either one or two |Y| = 1 doublets
(the preferred number of doublets depends upon the precise value of as(mz)).
In the case of minimal supersymmetric extension of the Standard Model
(MSSM) [7, 8,9, 10, 11], precise unification requires exactly two doublet
Higgs representations; any extra doublet representations or any number of
triplet or higher representations would destroy unification.

In short, the popular two-doublet MSSM need not be nature’s choice.
We should be on the look-out for signatures of exotic Higgs representations,
the clearest of which would be the existence of a doubly-charged Higgs Boson.

Thus it is important to understand how to search for and study such a
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particle.

Naturally, the phenomenology of the A™~ derives from its couplings. Tri-
linear couplings of the type W~W~ — A~ are not present in the absence
of an enabling non-zero v.e.v. for the neutral member (if present) of the rep-
resentation, and ¢’gA~~ couplings are obviously absent. There are always
couplings of the form Z/y — A~~A**. In addition, and of particular inter-

est, there is the possibility of lepton-number-violating [=/~ — A~™~ couplings

in some models. For Q) = T3 + % = —2 the allowed cases are
IRl — AT (T=0,T3=0,Y=-4),
1 1
lZl}_B — A__(T:§, T3:—§,Y:—3>,
I, — AT (T=1Ty3=-1, Y =-2). (2.1)

Note that the above cases do not include the 7" = 3, Y = —4 represen-
tation that yields p = 1, nor the T" = 1, Y = —4 triplet with no neutral
member, but do include the "= 1/2, Y = —3 doublet representation with
no neutral member, and the popular T'=1, Y = —2 triplet representation.

In left-right symmetric (LR) electroweak theory [12, 13, 14, 15] the doubly-
charged Higgs boson is a member of a triplet Higgs representation which
plays a crucial part in the model. The gauge symmetry SU(2);, ® SU(2)g ®
U(1)p—r of the LR model is broken to the SM symmetry SU(2), ® U(1)y
due to a triplet Higgs A, whose neutral component acquires a non-vanishing
v.e.v.. The Ag, called the 'right-handed’ triplet, transforms according to
Ar = (1,2,3), and it consists of the complex fields A% A} and ALY, If
the Lagrangian is assumed to be invariant under a discrete L — R symme-

try, it must contain, in addition to Ag, also a ’left-handed’ triplet A; =
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(A9 AT ATT) =(3,1,2). Hence the LR model predicts two kinds of doubly
charged particles with different interactions. They are both with |Y| = 2.
Phenomenologies of the right-handed and left-handed isospin triplets are
completely different [16]. In contrast with Ag, the existence of Ay is not
essential from the point of view of the spontaneous symmetry breaking of the
gauge symmetry. The v.e.v. of its neutral member is actually quite tightly
bound by the p parameter, i.e. by the measured mass ratio of the ordinary
weak bosons (see discussion above).

In the case of a |Y| = 2 triplet representation the lepton-number-violating

coupling to left-handed leptons is specified by the Langrangian form [17]

£y =1 hLJ'j ’lzJZTL 07'2 AL ’QDjL +1 hRﬂ'j ’QDZ% C’TQ AR ’lzJjR—‘— h.c. (22)

where 7,7 = e, u, T are generation indices, the ¢’s are the two-component
left-handed (right-handed respectively) lepton fields (Yizr = (V1,07 )LR),
and A is the 2 x 2 matrix of Higgs fields [6]

From the point of view of phenomenology a very important fact is that
the U(1)p_r symmetry prevents quarks from coupling to Ag and Ay [18].
In the process that involve hadrons the triplet Higgses appear therefore only
through higher-order corrections.

The Yukawa Lagrangian form 2.2 leads to large Majorana mass terms of
the form hg,;; < A%v;rv;g for the right-handed neutrinos [19]. These give rise

to the see-saw mechanism [19, 20], which provides the simplest explanation
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to the lightness of ordinary neutrinos, if neutrinos do have a mass. This
subject is discussed in more detail in Appendix F.

Apart from the question of neutrino mass, the LR model is more satis-
factory than the SM also because it gives a better understanding of parity
violation and it maintains the lepton-quark symmetry in weak interactions.
Nevertheless, so far there has been no direct evidence of left-right symmetry
in weak interactions. This also sets a lower bound to the energy scale of the
breaking of that symmetry.

Decays of a A™~ are generally quite exotic [2, 3, 6]. At the Tevatron,
the two production mechanisms with potentially larger cross section are pair
(Drell-Yan process) production, pp — v/Z° X — A™"A*TT X or single
production via WW fusion, pp — W-W~ X — A™~ X. However, existing
phenomenological and theoretical constraints can be only easily satisfied if
the W-W~ — A~ coupling is vanishing. This is why in this analysis we
consider the discovery reach for A=~ A" pair production only.

For a vanishing A=~ — W~W ™ coupling, the only two-body decays that
might be important are A=~ — A™W~, A=~ — A~A~ and, if the lepton
coupling is present, A~~ — [7[~. Typically, the A=~ and A™" have similar
masses, in which case A=~ — A~A~ is likely to be disallowed. Thus, the
focus is on the A“W~ and [~[~ final states. Decays into A* would only be
relevant if the singly-charged Higgs boson is lighter than the doubly-charged
Higgs boson. In many models, it is possible for the A~ to couple to like-
sign lepton pairs, [~[~. If the W~W~ — A~ coupling is vanishing (or very
small), it is then very likely that the doubly-charged Higgs will dominantly

decay to like-sign leptons via the lepton-number-violating coupling.
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Figure 2.1: Leading-order diagram for the pair production of doubly-charged

Higgs bosons in pp scattering, where both Higgs bosons decay into muons.

The possible decay modes are decays in the e, u and 7 channel. Since these
decays violate lepton flavor conservation, decay modes with mixed lepton
flavor (e.g. A** — etu®) are also possible. An exact measurement of the
branching ratio for this kind of decay process gives a very impressive limit
on the coupling constant.

Fora T =1,Y = —2 triplet we find [2, 3, 6]

FA7W7 o g Mg** 53

= 2.4
A 160 mi, (2.4)

|1 (2.5)

where (3 is the usual phase space suppression factor, and h; stands for
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| hu | = cu mi-- (2.6)

with ¢; a dimensionless coupling constant to be estimated from the ex-
periment. These constants are the subject of a further discussion in this
paper. Their relative ratio provides an insight into the branching ratios of
A" — 7" intol=e, porT.

Alternatively, if the A=~ — [7{~ and A=~ — W~W ™ couplings are both
vanishing or very small, then the A~ can have a sufficiently long lifetime
that it will decay outside the detector. Identification of the A~ AT pair
via the associated dE /dx distributions in the tracker would then be possible

(if the detector design allows to do that).

2.2 Experimental limits on the doubly-charged
Higgs bosons

In this section we consider contribution of a doubly-charged Higgs boson
A~7/ATT exchange in several physics processes. It was demonstrated that
the effective Hamiltonian that is typically used to interpret the results of
muonium-antimuonium oscillation experiments also describes the t-channel
exchange of a A=~ [17]. And a limit on the existence of the A~~ can
be extracted from the most recent muonium oscillation results [16]. The
effect of A=~ exchange on high-energy Bhabha scattering is discussed, and
a limit is extracted from the published cross sections of several experiments
at SLAC, DESY, as well as LEP searches at OPAL and L3 [16]. The case

of a non-diagonal coupling of the A~~ to the charged leptons (non-diagonal
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in lepton flavor) is considered. A limit is extracted from the result of the
most recent search for the rare decay p — 3e [16]. Finally, the contribution
to the anomalous magnetic moment of the muon (g — 2), is discussed and
the limit is derived from very recent measurement published by the Muon
(9 — 2) Collaboration in Brookhaven [21]. These measurements represent
indirect searches for a doubly-charged Higgs boson, it is possible however,
to search for A~ directly. Limits from LEP experiments are given [22, 23].
This thesis presents a direct search for a doubly-charged Higgs in the muon

channel at DO.

2.2.1 Indirect signals

Low-energy bounds on the doubly-charged Higgs can be derived from the
good agreement between theory and experiment in many process expected
in the Standard Model, and from non-observation of reactions which are
forbidden or suppressed in the SM. These processes represent indirect signals
for a doubly-charged Higgs, from their results are derived present low-energy

bounds on the doubly-charged Higgs couplings and mass.

A. Muonium-Antimuonium transitions

The origin of the apparent family structure of all known fermions is a com-
plete mystery. It has been known since the discovery of the kaon that the
weak eigenstates of the quark sector do not respect this family structure.
However, no analogous behavior has ever been observed in the lepton sector.

Most searches for lepton-flavor violation have concentrated upon processes
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which change lepton flavor L; by one unit (e.g. K — pe or  — ev)?. There
have been relatively few searches done for those processes that change lepton
flavor by two units.

An example of such a transition is the process ete™ — u~p~, or the trans-
formation of muonium (ute~ = M) into antimuonium (u~e™ = M). The
latter process is the exact analog of neutral kaon mixing. There is a number
of physical models that incorporate lepton-flavor-changing processes. Feyn-
man diagrams for three processes that mediate the conversion of muonium
into antimuonium are shown in Figure 2.2.

Figure 2.2(a) represents the second-order exchange of ordinary massive
Dirac neutrinos. Since the external (lepton) masses are at least as large as
the internal (neutrino) masses, this process is more analogous to B? — B°
mixing than to neutral-kaon mixing. Several authors have calculated the
effective Hamiltonian for B-meson mixing. Changing quark labels to lepton
labels, we can write that the effective Hamiltonian for second-order neutrino

exchange is given by the expression [24]

Heff = G_\/% w_“,ya ( 1+75 ) we qb_uf)/a ( 1+75 ) we+ (27>

a7 (L= ) e u Yo (1= ) Y + hec.

where the coupling constants G, and Gp are complicated functions of
lepton masses, neutrino masses and mixing angles.
The process presented in Figure 2.2(b) is quite similar to that represented

by Figure 2.2(a) except that Majorana neutrinos are exchanged instead of

2A change of lepton flavor ALy is defined as the change in lepton number for each

species of lepton.
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Figure 2.2: Three possible subprocesses for muonium to antimuonium con-
version. (a) represents a second-order exchange of ordinary Dirac neutrinos.
(b) is a similar process but with Majorana neutrinos instead. (c) represents
the t-channel exchange of a doubly-charged Higgs boson. All diagrams can

be reordered to describe the process e"e™ — pu~pu~.
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Dirac ones. The limit on the coupling constant can be derived from the
absence of neutrinoless double-beta decay [25].

The third process shown in Figure 2.2(c), involves the t-channel exchange
of a doubly-charged Higgs boson.

The mass of the doubly-charged Higgs boson My, is certainly large on
the scale of the momentum transfer that is associated with muonium to
antimuonium oscillation. The effective Hamiltonian for M — M conversion

can therefore be written as [17]

HA: ggjwigg‘uﬂufya(1_‘_75)1/)6175/17&(1—}—75)1/)6—]—h,c, (28)
A

with the coupling constant defined as

Gee Gup  YGee Guu [ mw ]2 Gr (29)

Gy = =
VoIV 2 ' Ma

where ¢ is the SU(2) coupling constant and myy is the W boson mass.

Using Equation 2.9, the current limit on G5 can be converted into a

limit on the ratio of couplings to M3 (at 90% CL) [26]

Jee Gt < 5.8 % 1077 GeV 2. (2.10)
MA++
Processes that exhibit lepton flavor violation may be the most spectacular

to contemplate but are not necessarily the most sensitive ones to use in

experimental searches.

B. Bhabha scattering

The doubly-charged Higgs boson could contribute to both Bhabha and Mgller

scattering, even if they were too heavy to be directly produced at the given
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collider energy. They can therefore be detected via deviations from the SM
expectations for the total cross sections and angular correlations. In the
presence of off-diagonal flavor couplings, they may even produce states which
are not expected in the realm of the standard model.

Doubly-charged scalar Higgs boson contribution to Bhabha scattering at

the tree level, shown in Figure 2.3, involves the t-channel exchange

T*Z{]
}wm ~, Z© ¥
2 N e~ —F—L"— e~ e~ - et

=4

Figure 2.3: Lowest order Feynman diagrams contributing to ete™ — ete™
scattering. The contribution from doubly-charged Higgs is given in the third

diagram.

of a A™7 . Mpgller scattering involves the s-channel exchange which is
experimentally less interesting.

If we assume that My is large as compared with the center-of-mass energy
of the scattering process, the effective Hamiltonian for Bhabha scattering

process can be written as [27]

2

HBhabha = 29% @EeR ’}/a weR 'J}eR Va ¢eR + h.c. (211)
A

where we have chosen to express all fields as chiral fields. From Equa-
tion (2.11) is trivial to extract the cross section for unpolarized Bhabha

scattering [27]
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do
OHiggs(cosO) = (cosD)
2
_ Ta B 5
= 0 [4 Ao+ A_(1—cosb)
+ A (1+ cosb )? ], (2.12)

where the coefficients Ag, A_ and A, are defined as

$ grgi t
Ay = [Z]1 —
0 [t]‘ +€2 tz‘v
w1 S
PR
Sz
1 s g2 s s 2025
A, = |12y I 22 e
* 2| +t+62[sz tz]+62Mi|
1 S gt .S S ..
—|1+-+==| —4+— . 2.13
Falate L2y 213

The various quantities used in Equation 2.12 are defined as follows: 0 is
the scattering angle in the center of mass (c.m.) frame; s is the square of
the c.m. frame energy; t = —s (1—cosf )/2; 57 =s— Mz +iMsT 7 (M,
and I'z are the mass and decay width of the Z° boson, respectively); t; =
t— M% +iMyI'y (M and T'; are the mass and decay width of the Z° boson,
respectively); g, = e tg Oy (e and Oy, are the electric charge and electroweak
mixing angle, respectively); and g, = —e cotg 20y .

Equation 2.12 is valid only for the case MZ > s. If s is comparable to or
larger than M3, the coefficient A, must be modified to account for effect of
the A™~ propagator.

From the Bhabha scattering cross-section at SLAC [28, 29] and DESY [30,

31] the following bound on the g.. was established
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e at 90% confidence limit:

2
Jee <80 x107° GeV 2 (2.14)
M2

e at 95% confidence limit:

2

Jee < 9.7 %1070 GeV 2 (2.15)
MA++

LEP experiments have searched for pair production of doubly-charged
Higgs Bosons in e*e™ scattering. From this search, mass limits of M (A{) >
100.5 GeV/c? and M (AEF) > 100.1 GeV /c? were obtained by OPAL [32] and
a limit of M (Af&)) > 99.4 GeV/c? by L3 [33], for 100% branching ratio into

muons®.

C. Muon decays

Many of the best limits on lepton-flavor violation come from searches for
rare decay modes of the muon [34]. If the coupling of the doubly-charged
Higgs is purely diagonal in the lepton flavor as described in Equation 2.2,
the A™~ does not mediate muon decay at the tree level.

We consider the case when the doubly-charged Higgs boson couples non-
diagonally to the charged-lepton sector [35, 36]. In such a case, the doubly-
charged Higgs can mediate the decay p — e~ eTe™. This process is shown in
Figure 2.4.

A very stringent coupling constant limit can be obtained from an existing
limit on branching ratio for the u — 3e process [37].

The non-diagonal coupling can be defined by the following Lagrangian
form [3§]

3All limits in this note are given at 95% CL, unless specified otherwise.
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Figure 2.4: The decay p — e~ ete™ mediated by a A7~ .

L = Geu 92@@ ’QEM ’}/a ( 1 + 5 )we'&e’ya( 1+ V5 ) 77Z)M + h.c. (216)
SN2

where the coupling constant g., is presumably suppressed by the sine of
a mixing angle as compared to the regular diagonal coupling constants.

Equation 2.16 can be used to calculate the y — 3e branching ratio [17]

Lt — e efe”)

BR(u — 3¢) = - 2.17
(= 3e) L(p= — emvute) 217)

_ ggu gge -9 [ Gep Gee 12 MW ]4

16 G2 M} e My '

The best published limit on the branching ratio of p — 3e is BR(u —
3e) < 6.8 x 1071 at 90% confidence level [40]. The limit on ge,ge./M3Z can
be found using Equation 2.18 [41]

Jeu Gee

VT =32 1071 GeV 2 (2.18)
A++

This appears to be the most stringent limit on the existence of doubly-

charged Higgs boson.
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Another interesting lepton-flavor violating process is the radiative muon
decay, p — ey [42, 43, 44, 45]. This process is forbidden in the SM, but
it can be mediated at the one-loop level by doubly-charged Higgs boson as

depicted in Figure 2.5.

e |
E L
p= - — > o = ——— ,,1“1:-—3—
L=y
Ld'rd.r.

Figure 2.5: The radiative muon decay p — ey mediated by A** (labeled
as L because contribution from a singly-charged Higgs (L=A** or A%) is

possible too).

The branching ratio of the radiative decay is indeed constrained to be

very small [46]

BR(p — ey) < 4.0 x 107" (2.19)

However, one should keep in mind that being this a one-loop process,
the matrix element is suppressed by a factor (1/47)2. This is why decay
i — 3e gives a stronger bound. Nevertheless, u — ey applies to different
combinations of generation indices, because one can observe any lepton flavor
in the loop. That makes this process to be equally interesting.

From non-observation of this decay follows [40, 41]
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e g _ _
# <2.0x 1071 GeV 2. (2.20)

A++
D. Anomalous magnetic moment of the muon

The anomalous magnetic moment of the electron and the muon are two of
the most accurately measured quantities in physics. The Muon (g-2) Collab-
oration in Brookhaven [47] has measured the anomalous magnetic moment
of the negative muon a,- = (¢ —2)/2 to a precision of 0.7 parts per million
(ppm) at the Brookhaven Alternating Gradient Synchrotron (AGS).

The measurement is based on muon spin precession in a magnetic storage
ring with electrostatic focusing [48, 49, 50, 51, 52]. Protons from AGS are
sent on a fixed target, where pions are produced dominantly. They decay
into muons in-flight (¢7 of a pion is 6.7 m). Muons are fed into a uniform,
doughnut-shaped magnetic field and travel in a circle (central orbit radius is
7.11 m). After each circle, muon’s spin axis changes by 12°, and it keeps on
precessing in the same direction (precession period is 4.37us). After circling
the ring many times, muons spontaneously decay to electron (plus neutrino)
in the direction of the muon spin.

Inside the ring, there are 24 scintillating counter detectors on the inside of
the ring. The (g — 2), parameter is then azimuthal angle measured between
electron direction of flight and muon momentum orientation, divided by the
magnetic field B = 1.45 T the muon is traveling through in the ring.

The (g—2),, value of the negative muon magnetic anomaly was announced
on January 8, 2004.

The published experimental value is [21]
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a,-(BNL 2001) = 11659214(8)(3) x 107'% (0.7 ppm)

a,-(exp) = 11659208(6) x 107'% (0.5 ppm) (2.21)

in which the total uncertainty consists of 5 x 107! (0.4 ppm) statistical
uncertainty and 4 x 107° (0.3 ppm) systematic uncertainty.

SM prediction for a, consists of QED, hadronic and weak contributions.
The uncertainty on the SM value is dominated by the uncertainty on the
lowest-order hadronic vacuum polarization. The same can be determined
indirectly using hadronic 7 decay data [53]. In principle, the 7 data should
even improve the precision of a,(had) measurement. However, discrepancies
between the 7 and the e™e™ results exist. These two data sets do not give
consistent results for the pion form factor. Using the annihilation of eTe™ to

hadrons data gives the corresponding theoretical value [54]

a,-(SM) = 11659181(8) x 107" (0.7 ppm) (2.22)

The number deduced from 7 decay is larger by 15 x 10719, The difference
between the experimental determination of a, and the SM theory using the
ete™ or 7 data for the calculation of the hadronic vacuum polarization is
2.70 and 1.40, respectively [21].

The new physics contribution could be of the order of

§(a,-(exp) —a,~(SM)) = 2.7 0 = 2.7 x 1077, (2.23)

As we will see, these constraints are not particularly strong. The (g—2)/2

unlike other low energy bounds are square of a coupling constant.
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There are two one-loop Feynman diagrams mediated by doubly-charged

Higgs that could contribute to (g — 2). They are given in Figure 2.6.

o |
L% L
p e i~ I s et

Figure 2.6: One-loop diagrams mediated by doubly-charged Higgs bosons
that contribute to (¢ — 2) (labeled as L because contribution from a singly-

charged Higgs is easily possible too).

The contribution of both diagrams has been evaluated [38]. They con-
tribute to a,- as [39]
_3 hiu mi

2 e 9.24
i 167 Mz (2.24)

If one assumes that the total discrepancy between the SM and (g — 2)
measurement is caused by extra contribution from A** bosons, the limit on

the coupling is the following

2
Jue < 40 x 1070 GeV 2. (2.25)
M3+

2.2.2 Direct signals

The limits on the existence of doubly-charged Higgs bosons that are obtained

from the study of virtual processes have the property that the limit on the
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mass Mpa is correlated with the size of the coupling g;. This correlation
can be taken off by searching for the production of real A=~ A™T pairs.
The direct signal process ete”™ — ATTA~" would produce rather spectac-
ular four-lepton events (such as u~ p~ put put combinations). This section
reviews coupling-independent limits from published measurements of the pro-
cess ete™ — 4l (by LEP experiments) and it provides an insight into calculat-
ing of the NLO cross-section for the doubly-charged Higgs boson production

at Tevatron and LHC.

A. Limits from ete” — ATTA™~ — 4 | searches at LEP
The tree level differential cross section for the process ete™ — ATTA™™ is
given by the expression [6]

2 2 2
do _ma G4 sm29)[1—%]3/z,

d(cos@) 4s s

(2.26)

where /s is the total center of mass frame energy of the e*e— system; 6
is the polar angle of the outgoing A~~ with respect to the incident electron
direction; and QA is the charge of the Higgs boson (Qa = 2). The total
cross section for the process can therefore be written as [17]

4o g 4M3

3s s

o= 13/2. (2.27)

In the limit M /s — 0, the total cross section is equal to the cross section
for the production of muon pairs.

Each of the Higgs bosons then decays into a same-sign pair of leptons
with a characteristic decay width I that is described by Equation 2.5.
For a mass M(A**) of about 100 GeV/c?, Yukawa couplings of h,, < 0.5
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are still allowed. The requirement that the A** is not stable and decays
within ~ 1 ¢cm then according to Equation 2.5 corresponds to h,, > 1077,

The lower limit for left- or right-handed doubly-charged Higgs bosons
decaying via any single lepton channel A** — [I (¢ = 7, p,e), assuming a
100% branching ratio in that channel, is M (A*%) > 98.5 GeV/c?(OPAL) and
97.3 GeV/c?(L3). DELPHI [22] has searched in the channel A** — 757%,
obtaining a limit of Ma++ > 97.3 GeV/c%

OPAL has also searched for the production of single doubly-charged Higgs
bosons, which constrains the Yukawa coupling to electrons, he, to be less

than 0.071 for M(H®*) < 160 GeV/c? [23].

B. Doubly-charged Higgs searches at Tevatron and LHC

At hadron colliders, the lowest order (LO) partonic cross section for doubly-

charged Higgs boson pair production is given by

2 2 /)2 2 2),2

. _ iaey TP ooy egeavqua(l — M7 /Q%) + (vg + ag)va
ULO(qq — ATTA ) = 902 B [equ_'_ (1 — M%/Qz)z —I—M%FQZ/Q4 ]
(2.28)

with v, = (2 I3, — 4eysty)/(2swew), ag = 2 I3,/(2swew) and va =
(2 I3 — 2easly)/(2swew ), where I3,(I3a) denotes the third isospin compo-
nent and e,(ea) the electric charge of the quark ¢ (doubly-charged Higgs
boson A™7) and sy = sinfy, oy = cosby. Q2 is the squared partonic
center of mass frame energy, « is the QED coupling evaluated at the scale
@, Mz the Z boson mass and 'z the Z boson width. The Higgs velocity is

defined as § = /1 — 4M3% /Q>.

The hadronic cross sections can be obtained from convoluting the partonic
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cross section with the corresponding (anti)quark densities of the (anti)protons

dﬁqq
dr

Tro(pn/vp — AAT) = | 1 irS N (@2 = 1) (2.29)

where 7y = 4M3 /s with s being the total hadronic center of mass energy
squared, and £ denotes the ¢g parton luminosity.

Next-to-leading order (NLO) QCD corrections to the AT A~ pair pro-
duction cross-section have recently been calculated [55]. Both at the Teva-
tron and the LHC, QCD corrections are found to be of moderate size. They
increase the LO cross section by about 20 — 30%. The residual theoretical
uncertainties are of the order of 10 — 15% which is sufficient for experimental
searches for these particles at the Tevatron and LHC.

The standard QCD corrections are: virtual gluon splitting, gluon emission
and quark emission. They are identical to corrections applied in case of the
Drell-Yan process.

The LO cross section is modified as follows [55]

o = OLO—FAO'qq—FAO'qg (230)
s aLua .
Aoy = 0 (tn) / dr Z £ dz ULo(Q2ITZS>wqq(Z)
0 dr T()/T

qg
0 T

where the coefficient functions can be expressed as [56]

) dz &LO(Q2 = T28)wy(2)

. 4 7 o, In(1=2)
weg(2) = _qu()l”T +§{[§ —4]5(1—Z)+2(1+Z)(T)+}

s

wee(2) = —% Py(z) In( %) + %{1 + 62 — 72°} (2.31)
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and where 1 denotes the factorization scale, g the renormalization scale

and P,,, P,, the splitting functions [57]

Pul) = 3{qaa+5 002}
P (2) % {Z2+(1-2)?2) (2.32)

The numerical results were calculated by Margarete Miihlleitner and
Michael Spira using CTEQ6L1 (CTEQ6M) parton densities at (next-to-
)leading order with the strong coupling a, adjusted accordingly, i.e. a2 (M)
0.130, oNE9(My) = 0.118. The electroweak quantum numbers of the doubly-
charged Higgs boson A~~ have been chosen to be isospin Isn = —1 and
charge QA = —2.

The NLO cross section at the Tevatron for the left- and right-handed
states, and the ratio between the NLO and LO cross-section (K-factor) as a
function of M(A**) are shown in Figure 2.7.

The renormalization and factorization scale has been chosen as p2% =
p% = Q% which is the natural scale choice for Drell-Yan like processes.

For comparison, Figures 2.8 and 2.9 show the cross section and K-factor

(K = onpo/oLO) as function of doubly-charged Higgs mass. The curve
for the Tevatron is truncated at Ma = 500 GeV/c?, since the cross section
gets too small above and it thus phenomenologically irrelevant.

The QCD corrections increase the LO cross section by 20—30% which can
be inferred from Figure 2.9. The residual renormalization and factorization
scale dependence at NLO amounts to about 5 — 10 % and it serves as an
estimate of the theoretical systematical uncertainty in this analysis. This

uncertainty is comparable to NNLO corrections. The uncertainties of the
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Figure 2.7: Tevatron: (a) NLO cross-sections and (b) ratio of the NLO to LO
cross-sections as a function of the mass of the doubly-charged Higgs boson,

M(A*%) [55].

parton densities have to be added. This why the final theoretical uncertainty
on the NLO cross section amounts to 10 — 15 % [55].

The pair production cross-section for left-handed doubly-charged Higgs
bosons in the mass range 100 < M(A**) < 200 GeV/c? is about a factor
two larger than for the right-handed states due to different coupling to the
intermediate Z boson.

The search for doubly-charged Higgs boson decaying into muons via the
process qq — V*/Z — ATTA™ — ptputpp~ is presented in this thesis.
The leading-order diagram is shown in Figure 2.1.

Using dimuon events with muons of opposite charge, which originate
mainly from Z — ptu~ decays, we first study the experimental sensitivity

to a possible A** signal. This data sample is also used to determine muon
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Figure 2.8: Production cross sections of doubly-charged Higgs pair produc-

tion at the Tevatron and the LHC as a function of its mass [55].
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Figure 2.9: K-factors of doubly-charged Higgs pair production at the Teva-

tron and the LHC as a function of its mass [55].
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reconstruction efficiencies and to study the description of the experimental
resolutions by the Monte Carlo simulation. A search for doubly-charged
Higgs production in muon final states is then performed by selecting events

that contain like-charged muon pairs.



Chapter 3

Experimental apparatus

D® Run II detector is a large, multipurpose detector for studying pp collisions
which has been operating at the Fermilab Tevatron since March 2001. The
design was optimized for the study of high-p; physics and high mass states,
and stresses the identification and measurement of electrons and muons, the
measurement of the direction and total energy of high-p; jets, and the deter-
mination of missing transverse energy. Emphasis is also placed on identifying
and tracking individual particles within jets.

Detectors for colliding beam experiments are composed of several dif-
ferent particle-detection devices. They all have their specific strengths and
weaknesses. The general layout is optimized however, to achieve optimal
efficiency of detecting products of high-energy collisions inside the detector.
This is naturally dictated by the physics processes governing the interaction
of different particles with the material.

The tracking system is the closest to the interaction point. These devices
are designed to measure with a high efficiency and a great accuracy the three-

dimensional trajectories of particles passing through them. The tracking
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detectors are immersed in a magnetic field. This permits a determination
of the momentum of the charged particle using the curvature (its bending
radius) in the magnetic field.

The tracking system is surrounded by the calorimetry. Calorimeters are
detectors that measure the energy of a particle that is passing through them.
An ideal calorimeter should be so thick that it will absorb all the energy of
incident particles. The energy of a particle is measured through the energy
deposit in the active material of the calorimeter. This is somewhat incon-
sistent with the tracking detectors. They should contain as little material
as possible in order to minimize effects like multiple scattering and energy
loss. Both effects alter the precision with which the calorimeter can estimate
energy of an incident particle. Additionally, it complicates reconstruction
of particle energies because one has to take into account the energy deposit
prior to the calorimeter (that is not read out). A calorimeter is typically made
thick enough to stop all known particles except for muons and neutrinos.

Muons are identified by the use of the tracking system outside the calori-
meter. Any charged particles that penetrate the calorimeter are likely to be
muons. Their momentum is measured using the toroidal field created in the
muon system. Neutrinos are not detected at all. Their presence is however
inferred from an imbalance in the total detected momentum perpendicular
to the beam.

The the DO detector is illustrated in Figure 3.1. In D® Run I detector
the central magnetic field was absent. The absence of a magnetic tracker im-
plied the need for an excellent calorimeter. D@ uses a liquid argon sampling

calorimeter made with depleted uranium absorber plates. The D@ Run II
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detector combines both, a very good calorimetry and a precise momentum
measurement using a solenoidal magnetic field. In addition, the extensive
muon system is installed surrounding the calorimeter. Measurement of the
muon momentum is provided by magnetized iron toroids that is placed be-

tween the first two muon tracking layers.

Forward Mini-drift ‘ Ceritral Saiitillator ‘ ‘ Forward Scintillator
chambers

Gy ST b g e e e Y (LR T

‘New Solenoid, Tracking System | | | Ll [

Si, SciFi, Preshowers o s 10

Figure 3.1: Cross sectional view of the Run II D@ detector.

The DO detector is about 13 m high x 11 m wide x 17 m long with a
total weight of about 5,500 tons [58, 59]. The entire detector assembly rests
on rollers so that it can be rolled from the assembly area to the collision hall.
The platform provides rack space for detector electronics and other support

services.
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The electronic noise and grounding is an issue at D@ . In order to mini-
mize the electronic noise, most of the clocked devices are kept out of platform.
They are moved to the Movable Counting House (MCH), where the analog
signals are brought. The MCH contains the digitization electronics, Level 1
trigger, high-voltage power supplies and distribution boxes, etc. The MCH
also moves with the detector when rolling in to reduce the length of cables
needed to read out the detector. The detector data cables are lead out into
the second floor of MCH, into so-called fixed counting house.

The DO detector was constructed to study high mass and high-p; phe-
nomena, such as super-symmetric squarks, gluons and charginos, top physics,
the b-sector, properties of the W boson, searches for the Standard Model
Higgs boson and beyond. The detector has performed extraordinarily well
in Run I. The top discovery and other published physics results are a living
reminder of that.

In preparation for Run II both collider experiments have undergone sig-
nificant upgrades to improve their physics performance and make them com-
patible with high luminosity running. The major change to the accelerator
affecting the operation of the experiments was an increase in the number of
bunches from 6 to 36, with a corresponding decrease in bunch crossing time
to 396 ns.

With the improvement in the Tevatron luminosity and the experience
gained in operating the D@ detector and in analyzing the data from Run I,
the DO collaboration has upgraded the detector to insure the fullest exploita-
tion of the physics opportunities for the Tevatron Run II.

The upgrade of the DO experiment includes:



3. Experimental apparatus 35

A large area silicon microstrip vertex detector

A 2 Tesla superconducting solenoid magnet

e Eight layers of scintillating fiber tracking with axial and +3° stereo

readout

e A preshower detector surrounding the solenoid and in the forward re-

gions, to improve e/~ identification
e Muon pixel counters in both the central and forward regions
e A new forward muon system

e Adapted calorimeter electronics to match the reduced bunch crossing
interval and improvements to the trigger and DAQ systems (front-end

electronics)

The DO detector is comprised of the following main elements.

3.1 Tracking system

The most important part of the upgrade is the central tracking system, shown
in Figure 3.2. It has been entirely replaced. The 2 T axial magnetic field is
provided by a ~ 2.6 m long superconducting solenoid magnet with ~ 0.5 m
inner radius. The solenoid encloses a scintillating fiber tracker and a silicon

microstrip tracker.
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Figure 3.2: Cross sectional view of the D@ tracking system.
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3.1.1 Silicon Microstrip Tracker

The SMT has 792,576 individual strips (6,192 readout chips), with typical
pitch of 50 — 80 pm, and a design optimized for tracking and vertexing
capability at |n| < 3 1. The system has a six-barrel longitudinal structure,
each with a set of four layers arranged axially around the beam pipe, and
interspersed with 16 radial disks.

The basic philosophy of the D@ silicon tracker is to maintain track and
vertex reconstruction over the full n acceptance of DO . This task, however,
is complicated by the Tevatron environment. In a machine with a point
source luminous region the interaction point could be surrounded by detectors
in a roughly spherical geometry. This would allow all tracks to intersect
the detector planes at approximately normal incidence and provide optimal

resolution. The upgraded Tevatron, however, is has the following parameters:

e Luminosity of 1032 cm 2571,

! Rapidity, Y, is a variable used commonly for particle behavior description in inclusive

reactions.

E+pL

In
E—p.

Y =

% - (3.1)

where E and p;, are the energy and momentum component parallel to the beam axis.

Rapidity distributions are Lorentz invariant.

Pseudorapidity, n, is used to approximate the rapidity when the mass and momentum

of a particle are not known, and equals Y when 3 = 1 (massless particle). It is defined as

n = —In(tan(6/2)) (3.2)

where 6 is the polar angle between the particle direction and the beam axis.
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e Length of interaction region o, ~ 25 cm.
e Initial crossing interval of 396 ns.

e Beam transverse sigma of less than 50 pm.

Each of the machine parameters has an effect on the silicon design. The
luminosity sets a scale for the radiation damage expected over the life of the
detector, which in turn dictates the operating temperature. The length of the
interaction region sets the length scale of the device. With a long interaction
region it is difficult to deploy detectors such that the tracks are generally
perpendicular to detector surfaces for all . This requirement led to a hybrid
system, with barrel detectors measuring primarily the r-¢ coordinate and
disk detectors which measure r-z as well as r-p. Thus vertices for high 7
particles are reconstructed in three dimensions by the disks, and vertices
of particles at small values of 1 are measured in the barrels. The crossing
interval sets the design parameters for the electronics and readout as well as
the probability that multiple interactions occur in a single crossing. Finally
the small beam radius compared to a typical B track impact parameter of
300 pm means that fast impact parameter triggers can be contemplated, such
as Silicon Tracker Trigger (STT) and Central Tracker Trigger (CTT).

Given all constraints and design considerations, to be discussed in more
detail below, the following design was adopted. There are six barrels in
the central region. Each barrel has four silicon readout layers, numbered one
through four. The four most central barrels employ only double sided silicon.
Layers 1 and 3 have axial and 90° stereo readout; layers 2 and 4 have axial

and 2° stereo readout. The outermost two barrels, the barrels at high |z|,
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employ single sided silicon with axial readout only in layers 1 and 3. Layers
2 and 4 have, as in the central four barrels, double sided silicon with axial
and 2° stereo readout. The SMT barrel geometry is shown in Figure 3.4.

Each barrel is capped with a disk of wedge detectors, called the “F-disks”.
The F-wedges are double sided silicon wafers with trapezoidal shape, with the
edges at +£15° with respect to the symmetry axis of the wafer. The strips run
parallel to one edge, giving an effective stereo angle of 30°. There are twelve
wedges mounted on a disk. To provide further coverage at intermediate |,
the central silicon system is completed with a set of three F-disks on each side
of the barrel. Each disk is rotated by 7.5° with respect to its more central
disk.

In the far forward and backward regions two large diameter “H-disks”
provide tracking at high |n|. Each H-wedge consists of two single sided silicon
detectors, glued back-to-back. The strips run at 7.5° with respect to the
symmetry axis of the wafers, giving an effective stereo angle of 15°. A total
of 24 wedges are mounted on one H-disk. Figure 3.3 shows an isometric view
of the silicon tracker.

Given the limited radial space available, the four layer silicon detector
design was chosen. In this geometry, disks at fixed locations in z provide an
additional space point on a track, which give great aid in pattern recognition
and track finding. In such a system the disk separation must be kept small to
minimize extrapolation errors. However, each plane of disks also represents
a dead region between the barrels which lowers the overall efficiency of the
detector. Thus, there is a compromise between vertex resolution at large n

(1/disk spacing) and efficiency at small values of 7.
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Figure 3.3: Isometric view of the D@ silicon tracker.

This design clearly puts a premium on a minimal gap between barrel

sections. In the design adopted, this gap is minimized in several ways:

1. Inboard mounting of the electronics. The readout electronics and their
supports are mounted on top of the active detector surface. This means

that extra inter-barrel space is not needed for “ears”.

2. Inboard routing of cables. Cables which supply power, control, and
readout bus signals are routed to the outer radius between detector

layers rather than off the ends of the ladders.

3. Thin disk modules. The disk detectors are designed to be as thin
as possible consistent with mechanical rigidity. In these modules the
electronics is mounted outboard of the silicon with flexible jumpers to

bring the signals to the readout chips.

The 12 cm long barrel segments are separated by 8 mm gaps containing

F-disks at |z| = 12.487, 25.300 cm and 38.113 cm. A set of three more F-
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Figure 3.4: SMT barrel geometry.
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Figure 3.5: Side view of one half of the central silicon detector.
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Barrels | F-disks | H-disks

Channels 387,072 | 258,048 | 147,456
Modules 432 144 96 pairs
Si area 1.3m? | 0.4m? | 1.3m?
Inner radius | 2.7cm 2.6cm 9.5ecm

Outer radius | 9.4cm 10.5em | 26em

Table 3.1: SMT numbers (module means ladder or wedge).

Location Module | Stereo Pitch # of #chips | # of

type angle (°) | (um) modules | /mod | HDIs

Barrel layers:

L1,L3 (outer) | SS 0 50 72 3 72
L1,L3 (inner) | DSDM | 0/90 50/150 | 144 3/3=6 | 144
L2,L4 DS 0/+2 50/60 | 216 5/4=9 | 216

Disk wedges:
F DS +15 50/60 | 144 8/6 288

H SS £7.5 50/50 | 96 6/6 192

Table 3.2: SMT detector types (module means ladder or wedge).

disks is located at each end of the central barrel section, at |z| = 43.113 cm,
48.113 cm and 53.113 cm, as shown in Figure 3.5. The disks greatly increase
the coverage at high |n|.

Tables 3.1 and 3.2 summarize some SMT design numbers.

Readout

The silicon detectors are read out using the SVXIle chip [61], which is fa-
bricated in the UTMC radiation hard 1.2 ym CMOS technology. Each chip
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consists of 128 channels, each including a preamplifier, a 32 cell deep analog
pipeline and an 8 bit ADC. It features 53 MHz read out speed, sparsification,
downloadable ADC ramp, pedestal and bandwidth setting.

Input charge is integrated on the preamplifier for a train (typically 36) of
beam crossings and is reset during inter-bunch gaps. This charge is delivered
to a 32-cell analog pipeline. Upon a Level 1 accept sampling is performed
on the appropriate cells and this analog information is fed to a parallel set
Wilkenson ADCs. Digitization utilizes both edges of a 53 MHz clock. It
provides 8 bits of analog information in 2.4 us. Readout is half as fast.
Typical noise performance is 490e + 50e/pF.

In order to achieve a geometry with 2 mm gaps between the barrels and
the disks, the electronics and cabling have to be mounted inboard of the
detectors. Therefore, the SVXIIe chips and associated circuitry are mounted
on a double-sided, 0.2 mm pitch, kapton based flex circuit, the so called
High Density Interconnect (HDI). The HDI is laminated onto a 300 pm thick
Berilium substrate (heat spreaders) and glued to the silicon sensor. In case
of double-sided silicon, the HDI is wrapped around one silicon edge to serve
both ladder surfaces. The flexible long tail of the HDI allows the routing of
the cable to the outer side of the barrel region. It is through the HDI tail
that the control and readout of the SVXIIe chip take place. In addition, the
analog and digital chip voltages, as well as high voltage for silicon bias are
provided. As an example a double sided 2° ladder with 9 readout chips is
shown in Figure 3.6.

Figure 3.7 shows a sketch of how the read out of the SMT is set up. The

HDIs are connected through 2.5 m long Kapton flex cables to Adaptor Cards
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Figure 3.6: A double sided 2° ladder with 9 readout chips.

(ACs) located on the face of the Central Calorimeter. The ACs transfer the
signals and power supplies of HDIs to 10 m long high mass cables which
connect to Interface Boards (IBs). The IBs supply and monitor power to
the SVXIle chips, distribute bias voltage to the sensors and refresh data
and control signals traveling between the HDIs and the Sequencers. The
Sequencers control the operation of the chips and convert their data into
optical signals carried over 1 Gb/s optical links to VME Readout Buffer
(VRB) boards. Data is read out from the chips, transfered in the VRBs
through the Sequencers whenever a Level 1 accept is issued and held pending
a Level 2 trigger decision.

The trigger information is received via the SCL (Serial Command Link)
by the sequencer crate controller. The SVX sequencer provides timing and

control signals for eight chains of SVX chips. These signals are regenerated
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Figure 3.7: SMT read out chain.

by interface cards located on the side of the central calorimeter cryostat.
The interface cards also control power and bias for the SVX chips, provide
interfaces to the monitoring systems, and individual HDI circuit temperature
and current trips.

Data from the HDI strings are sent from the sequencers to VRB (VME
Readout Buffer) buffer memories located in the moving counting house via
optical fibers. The VBE/MPM readout to Level 3 was replaced by single
board computers in all DO crates. A second single board computer is resident
in the readout crate to collect and process detailed diagnostic information.
Downloads and slow control is provided by a MIL-1553 control system.

A large scale “10% Test” was organized to test major detector compo-

nents with the production versions of final readout components. This test
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was crucial for debugging readout hardware, testing termination schemes,
and adjusting sequencer timings. Bugs were found in the SVX chip that
caused pedestal jumps and readout errors. Additional initialization states
were added to the SVX control sequence to solve these problems.

The test started as a small scale test but gradually grew in complexity
and scale. At the end of the test we were able to reach our goal to successfully
read out one tenth of the silicon detector (~ 80k readout channels) in the
final readout configuration. Hence the name “10% Test”. The aim of the
test was twofold: (a) to test the readout chain from the SVXIle chips to
Level3 trigger system and (b) to certify as many produced assemblies (barrels
and disks) as possible before they were installed at D@ . The work was
rather challenging due to both the complexity of the readout system and the
scope of the whole project: commissioning of the readout system with bit
error rates down to the 10714 level, certification of different assemblies built
(barrel and disks), ensuring the existence of adequate control and monitoring
tools, etc. During this period, many problems were uncovered and solved in
every single readout component, including the SVXIle chips. During this
period, we got an opportunity to read-out two different barrels (~ 55.3 and
69.1k channels), one F-disk (~ 21.5k channels) and one H-disk (~ 36.9k
channels) and finally a barrel+disk combination (~ 90.6k channels). The
readout system was fully exercised, achieving the desired level of performance
in terms of data integrity, noise and, in general, robustness. During that
period we also performed a cosmic ray test, observing for the first time tracks
in one of the barrels, which allowed us to exercise the offline reconstruction

chain. A first-pass alignment with the cosmic ray tracks was performed.



3. Experimental apparatus 47

From the measured residuals it was deduced that all ladders were installed
within their alignment tolerances and that the overall alignment of the barrel
was within the specifications. All this served as a solid ground for a successful
commissioning of the SMT later on in the assembly hall at DO .

Clock, power, and signal quality and timing are critical to proper oper-
ation of the SVXIIe chip. The D@ SMT is read out using low mass kapton
flex cables within the detector volume followed by high quality 50 and 80
conductor “pleated foil” cables on the outside. Both types of cables carry
both power and digital signals. Cable runs range from 15 — 20 meters. A
pair of coaxial cables carries the differential clock. The small intermodule
gap (~ 1 mm) is made possible by routing the HDI readout “tail” cables
between ladders in the barrel. These are trimmed to length and coupled to a
“card edge” style Hirosi connector on the low mass cables. Low mass cables
are routed along the half-cylinder and coupled to the 80 conductor pleated
foil cables at a ring of adaptor cards located between the calorimeter cryostat

(on a so-called “horse shoe”).

Performance Considerations

The details of the design of the silicon tracking detector were mainly driven
by requirements with regard to the momentum and vertex resolution, the
precision on the r — 2z measurement and pattern recognition. The first two
motivations are discussed below in more detail since they are important for

this analysis.

Momentum Resolution

The momentum resolution of the tracker is determined by the strength of
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the magnetic field, its maximum radius, the accuracy of the measurement of
the helix, and the amount of multiple scattering. An overall figure of merit
can be defined as the inverse measurement error (1/0) times the field integral
(B - L) in the r — ¢ dimension times the lever arm (L), i.e. BL?/o. The
silicon provides an accurate measurement of the track angle at small radius,
but the measurement of the sagitta and outer points in the central rapidity
region are performed in the fiber tracker. The silicon serves to anchor the
track at the inner radius. The number and detailed location of the silicon
layers does not have a major effect on the momentum resolution.

A plot of the momentum resolution as a function of n for a 1 GeV/c
pr track originating at z = 0 is shown in Figure 3.8. The solid line shows
the resolution for the tracker excluding the H-disks. As |n| increases beyond
1.8, tracks begin to miss the last fiber tracker layer and the effective value
of BL? decreases, rapidly destroying the momentum resolution. Momentum
resolution can only be maintained if the detector resolution also improves as
1/L? as L — 0. We have attempted to preserve momentum resolution in the
forward direction by adding the large area H-disks, with 10 micron resolution,
which cover radii less than 26 cm. These disks do not need to have low mass
and can be made at a lower cost compared to the more delicate ladders and

F-disks. In the region covered by the H-disks the resolution is comparable

to the fiber tracker for radii » > \/ (0.5m)? x 11200/2?1 = 14 cm. The effect of

the silicon vertex detector on the resolution including the H-disks is shown

in the dashed line in Figure 3.8.

Vertex Resolution

Vertex resolution considerations can be understood by considering a simple
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two layer silicon system with identical resolution at the inner and outer radii,
r1 and 9. The impact parameter resolution is given by
1+ (r/r2)?
| G

A similar formula holds for disks where r; and r, are the radii of the
first and last hits on a track passing through several disks. We see that the
impact parameter resolution is dependent on the ratio of inner to outer radii
of the detector. The cost depends strongly on the outer radius.

Given the above considerations we have decided on a compact system with
the inner ladders as close to the beam pipe as is mechanically comfortable
and with an outer radius which is consistent with deploying four layers of
detectors. The size of the beam is less than 50 um.

Vertex resolution is also affected by the detector resolution, ¢,,eqs. This
is primarily a function of the detector strip pitch, which is constrained by
existing interconnect and amplifier technology. Our strip readout pitch is
chosen to be 50 pm.

Naively the resolution is the pitch/y/12. In a system where pulse height
information is available the resolution is improved by the sharing of charge
among two or more readout strips. These charge sharing effects can reduce
the resolution from 14 um (i.e. 50 pm/+/12) to 5-10 um, depending on the
amount of sharing. The effective strip pitch can also be reduced by in-
termediate strips at smaller pitch (25 um) which couple capacitively to the
instrumented strips.

Disks are used to provide full three dimensional vertex reconstruction.
The disk design, with +15° stereo double-sided detectors, was chosen after

careful analysis of the trade off between resolution and mechanical complex-
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ity.

3.1.2 Central Fiber Tracker

The Central Fiber Tracker (CFT) consists of scintillating fibers mounted on
eight concentric cylinders. The fibers are constructed in ribbons each 128
fibers wide composed of two singlet layers. These singlet layers are formed
into the ’doublet’ layers which form the ribbon by placing the fiber of one of
the singlet layers in the space between the fibers of the other singlet layer.
Eight axial layers are aligned along the beam axis. Another eight stereo
layers are divided into two groups of four layers: U and V stereo fibers make
a 3° angle with the beam axis.

The light from the fibers is converted into electrical pulses by visible light
photon counters (VLPCs). These small silicon devices which have an array
of eight photo sensitive areas, each 1 mm in diameter on their surface. They
operate at temperatures from 6 to 15 Kelvin, which enables them to achieve
a quantum efficiency (Q.E.) value well over 80% and a gain from 20, 000 to
50, 000 photo electrons.

The detector is divided into 80 sectors in . Each pie shaped slice have
896 fibers and the entire detector has 71,680 channels. The axial fibers,
which are half of all fibers, are used to form a fast Level 1 hardware trigger.
All CFT fibers are read out on a Level 1 trigger accept and are used for the
Level 2 trigger.

Figure 3.9 shows the design of the Central Fiber Tracker.

The baseline design of the CFT calls for scintillating fibers completely

covering eight concentric support cylinders occupying the radial space of
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Figure 3.9: Design of the Central Fiber Tracker.
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20 to 50 cm. A fiber doublet layer oriented with the fibers in the axial
direction is mounted on each of the eight support cylinders. An additional
doublet layer oriented in either the u or v stereo angle of approximately 3° is
mounted on successive cylinders. The orientation is then: xu-xv-xu-xv-xu-
xv-xu-xv. The diamater of scintillating fibers is 835 microns, 775 microns is
the active volume diameter. The length of fibers ranges from 166 to 252 cm.
Each scintillating fiber is mated, through an optical connector, to a clear
fiber waveguide which pipes the scintillation light to a VLPC. The clear fiber
waveguides vary in length between approximately 8 to 12 meters.

The details of the central fiber tracker design are given in Table 3.3.

The small fiber diameter, only 835 microns, gives the fiber tracker an in-
herent doublet layer resolution on the order of 100 microns, which combined
with the silicon tracker in the axial view gives the D) good momentum res-
olution for charged particles. In order to preserve this resolution capability,
the location of all individual fibers must be known to an accuracy better than
50 microns in the (7, ¢) plane.

The most important factor for the high-p; tracking is the momentum
resolution. It is dominated by multiple scattering of charged particles. To
minimize this effect, the material budget of the CF'T is kept at its minimum.
On the other hand, it is necessary to preserve the rigidity of the system and
roundness of the cylinders, to position precisely scintillating fibers.

The small fiber diameter and a large channel count give the tracker suffi-
cient granularity both to find tracks and to trigger in the complex D@ Run
IT environment. A high doublet layer cluster /hit efficiency is essential to the

CFT performance. The mean number of detected photoelectrons per fiber
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Layer | Radius | no. of fibers | no. of fibers | no. of fiber | fiber pitch active
(cm) per sector per layer ribbons (um) length (m)
A 19.99 16 1,280 10.0 979.3 1.66
AU 20.15 16 1,280 10.0 987.2 1.66
B 24.90 20 1,600 12.5 975.8 1.66
BV 25.60 20 1,600 12.5 982.1 1.66
C 29.80 24 1,920 15.0 973.4 2.52
CU 29.97 24 1,920 15.0 978.6 2.52
D 34.71 28 2,240 17.5 971.7 2.52
DV 34.87 28 2,240 17.5 976.2 2.52
E 39.62 32 2,560 20.0 970.4 2.52
EU 39.78 32 2,560 20.0 974.4 2.52
F 44.53 36 2,880 22.5 969.5 2.52
FV 44.69 36 2,880 22.5 972.9 2.52
G 49.43 40 3,200 25.0 968.7 2.52
GU 49.59 40 3,200 25.0 971.8 2.52
H 51.43 44 3,520 27.5 916.1 2.52
HV 51.59 44 3,200 27.5 919.0 2.52

Table 3.3: Design parameters of the Central Fiber Tracker.
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must exceed 2.5 for a minimum ionizing particle. Indeed, this number is a
product of of the intrinsic photo yield of the scintillator, the light transmis-
sion properties of the fiber and all connectors, and the Q.E. of the VLPC.

Only the fibers themselves are susceptible to any radiation damage. It
was indicated in earlier studies that no more than 30% reduction in light
yield is expected for the innermost fiber cylinder. Other layers are going to
be damaged correspondingly less.

Due to the fiber tracker’s fast response time, the total time of the col-
lection of signals from the central fiber tracker from one interaction is con-
siderably shorter than the 396 ns bunch spacing in Run II. This enables the
fiber tracker to participate in the D@ Level 1 trigger without contributing
any dead time. The trigger is implemented using field programmable gate
arrays, FPGA’s. First, the signals from singlet axial laers are combined into
hits. Coincidence between eight hits form tracks. The tracks are combined
with central preshower clusters to form an electron trigger, and with muon
detectors to form a muon trigger. However, in order to perform this oper-
ation in the 4 ps time allowed for Level 1 processing, the tracker has to be

divided into 80 equal azimuthal sectors for parallel processing.

CFT overlap

As it can be observed in Table 3.3, the first two cylinders are shorter than
the remaining six cylinders by about 86 cm, to allow for the CFT support
structure. Additionally, the region above |n| > 1.63 is called CFT overlap.
Tracks that originate in the geometrical center of the D@ detector, will cross

fewer CFT layers with || increasing, and as a result, the track fit is going
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Figure 3.10: Overlap region of the Central Fiber Tracker, |n| > 1.63.

to be worse and worse. The momentum resolution degrades in this region
significantly, this can be observed in Figures 3.8 and 3.12. This is partic-
ularly important for high-p; tracks and especially for the curvature ¢/pr
measurement.

Figure 3.10 shows the overlap region of the Central Fiber Tracker. Tracks
crossing the CF'T overlap region contribute more frequently to the like-sign
muon background through charge mis-identification of one of the muon tracks

than tracks measured in the central region of the tracker, i.e. |n| < 1.6.



3. Experimental apparatus o7

Readout electronics

The CFT readout electronics are contained on three sets of printed circuit
boards which are located at three different places: (a) VRB boards, (b) Port
Card Board and (c) Stereo/Trigger Boards. The front end boards digitize
the signals and form the trigger tracks. These boards are mounted directly
on the VLPC cassettes and come in two varieties, stereo and trigger boards.
The Port Card Boards read out the digitized values from the SVX chains
and transmit them via fast optical link to the third set of boards, the VME
Readout Buffers (VRB). The Port Card Boards are located in the center
platform of the detector in the collision hall and the VRBs are located in the
moving counting house. Both the Port Card Boards and VRBs are identical
to boards used by the silicon tracker electronics. The front end boards receive
the analog electrical signals from the VLPC cassettes split them and store one
part of the signal in a 32 deep pipeline buffer. On receipt of a Level 1 accept
one of the stored events is digitized using the SVXIlIe chip and transferred
over a fast serial link to the moving counting house where it is available to
the DAQ system. On the trigger boards the other part of the analog signal
is discriminated using the SIFT-IIb chip and the discriminated outputs are
used to form a pre Level 1 axial track list. This list is transmitted to other
detector parts for use in Level 1 triggers and is also pipelined for transmission
to the Level 2/3 on a Level 1 accept.

The VLPC cassette contains 1,024 channels of VLPC readout and is di-
vided into 8 modules of 128 channels each which are interchangeable and
repairable. Figure 3.11 shows the full cassette with readout boards attached.

Since the VLPCs operate at cryogenic temperatures, a liquid Helium cryosys-
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tem is required. The VLPCs share the Helium refrigerator with the solenoid
magnet and the VLPC cassette cryostats operate off a separate control de-
war. Two cryostats, each accomodating up to 51 VLPC cassettes, house the
entire VLPC system. Two cryogens are used in the system. Liquid Helium
from the control dewar allows for VLPC operation at about 6 K and liquid
Nitrogen cools an intermediate heat intercept in the VLPC cassette in order
to reduce the heat load to the liquid Helium. The cassette cold end sits in
a stagnant gaseous Helium volume. Conduction through the gas cools the
VLPCs.

Each VLPC cassette holds two front end boards which are slightly differ-
ent versions of the same board. The board mounted on the right side of the
cassette when viewed from the front is called the Right Hand Board (RHB)
and the one on the left the Left Hand Board (LHB). Each front end board
supports 512 channels of signal from the cassette. The RHB interfaces to the
cryogenic power and control systems for each cassette. Each front end board
interfaces to the bias voltage supply and return for the VLPCs.

The CFT is divided into eighty equal wedges in azimuth known as sectors.
The channels from each sector are input into two front end boards. The
channels from the stereo fibers are input into the stereo boards. The channels
from the axial fibers are input into the trigger boards which also contain the
logic which forms the Level 1 axial trigger tracks. While each board supports
512 input channels the CFT does not use them all, the Central Preshower
detector (CPS) uses the rest.

In the analog signal line from VLPC, after the coupling capacitor, is

placed the SIFT chips. It was developed for a fast logical output needed
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Figure 3.11: The VLPC cassette with readout electronics board attached.



3. Experimental apparatus 60

for Level 1 trigger. Each SIFT chip has 16 input channels and a common
threshold. The chip first amplifies the signal and then buffers it. It outputs
a 3.3 V single ended output for those channels above threshold. The SIFT
chip outputs an analog signal to the SVXIle for digitization. The SVXIle
chip functionality is described in [61]. It was designed for the silicon tracker
readout but is well suited to the fiber tracker readout as well. The signal
amplitude and shape as well as the effective detector capacitance out of the
VLPC or SIFT within range of the SVXIle chip. Detailed information on
the silicon tracker read out system can be found in several places [62, 100]

and does not have to be repeated here.

Momentum resolution

The expected transverse momentum resolution for the D@ tracking system
is shown in Figure 3.12.

The calculation was performed with the following parameters: (a) the
resolution of the scintillating fiber doublet is 100 microns, (b) the resolution
of the silicon barrels is 10 microns, (c¢) the thickness of the barrels supporting
the scintillating fibers is 0.086 g/cm? for barrels 3 and 4 and 0.065 g/cm?
for all other barrels, (d) the radial distribution of the non-active material in
the silicon detectors is taken into account, (e) and the interaction vertex is
known with a precision of 35 microns.

The transverse momentum resolution at pseudorapidity n = 0 is parametrized

as

% = 1/0.0152 + (0.0014 - pr)2. (3.3)
T
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Figure 3.12: Momentum resolution as a function of pseudo-rapidity, assuming

35 micron primary vertex resolution.
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3.1.3 Preshower Detectors

Central and forward preshower detectors located just outside of the super-
conducting coil (in front of the calorimetry) are constructed of several layers

of extruded triangular scintillator strips that are read out using wavelength-

shifting fibers and VLPCs.

3.2 Calorimetry

Calorimeters are used to determine the energies of particles, both charged
as well as neutral, by total absorption in the calorimeter medium. In fact,
the calorimeter is a block of matter which intercepts the primary particles
and due to its size causes them to interact and deposit all their energy inside
the calorimeter volume. The deposited energy is transformed into the sub-
sequent cascade of secondary particles, a so called shower. Such a cascade
of