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Abstract

Production of orbitally excited (L = 1) states of B mesons, B**, is studied using a
sample of nearly ten thousand partially reconstructed B mesons collected with the
CDF detector from pp collisions at /s = 1.8 TeV. Ambiguities in the reconstruction
of the B flavor and momentum are resolved. The fraction of b quarks that hadronize
into an L = 1 state is measured to be 0.28 +-0.06(stat )+ 0.03(syst), and the collective
mass of the B** states is measured to be m(B;) = 5.71 +0.02 GeV /c? given the mass
splittings between the four states.

Thesis Supervisor: Paraskevas A. Sphicas
Title: Professor



Acknowledgments

On the path to this thesis I interacted with many great people.

None of it would have been possible without the guidance, insight and energy
of my advisor, Paris Sphicas, whose standards are higher even than my own. He is
undoubtedly one of the greatest minds working in high-energy physics today.

On more than one occasion I followed in the footsteps of Petar Maksimovi¢, whose
star is rising. Ken Kelley made vital contributions to the analysis, and I borrowed
a crucial idea from Bob Mattingly. Discussions with Tushar Shah were varied and
always fascinating, and Troy Daniels, Wasiq Bokhari, Baber Farhat, Paul Ngan, Steve
Tether, Gerry Bauer, Sham Sumorok and Jeff Tseng made it an honor to be a part
of the MIT-CDF group.

Joe Kroll, Barry Wicklund, Pat Lukens, Jonathan Lewis, Fritz DeJongh, Manfred
Paulini, William Trischuk, Simona Rolli, Fumi Ukegawa and numerous other members
of the CDF collaboration contributed time and effort. Rowan Hamilton and Steve
Hahn supplied me with fine literature, and Randy Herber is a true wizard.

I am indebted to Jerry Friedman and Larry Rosenson for being the nicest people
at MIT. Steve Pavlon is a true friend, and Peggy Berkowitz is always there to help.
Bruno, Joost and Han supplied distraction when I needed it most.

Gratitude beyond words is reserved for my parents, Nada and Zeljko, who imposed
few constraints, and for baba Savka, deda Branko, deda Mirko and Nana for giving
me love, strength, wisdom and curiosity.

This work is dedicated to Sandra and Vanja, who flourished where most would

have withered.



Contents

1 Introduction 18
1.1 The Standard Model . . . . . . .. .. ... o 19
1.1.1 B°-B® Mixing . . . . . . o v 21
1.1.2  Symmetries and CP Violation . . . . . ... ... ... .... 23

1.2 Heavy-Light Mesons and Heavy Quark Symmetry . . . . . .. .. .. 26
1.2.1 Relativistic Quark Model . . . . . . .. ... ... ... 30

1.3 Production of B Mesons in pp Collisions . . . . . . .. .. ... ... 33
1.3.1 Structure Functions . . . . . . . .. ... 33
1.3.2 Hadronization of b Quarks . . . . . .. ... .. ... 33
1.3.3 Production Mechanisms . . . . .. .. ... ... ... ... 38

2 The CDF Experiment 40
2.1 The Accelerator . . . . . . . . . . .. 40
2.2 The Detector . . . . . . .. 42
2.2.1 Coordinates and Track Parameters . . . .. .. .. ... ... 42
2.2.2 OVerview . . . .. ... 44
2.2.3 Silicon Vertex Detector (SVX) . . . .. ... .. .. ... ... 45
2.2.4  Vertex Time Projection Chamber (VTX) . . . . . . .. .. .. 48
2.2.5 Central Tracking Chamber (CTC) . . . . . .. ... ... ... 49
2.2.6 Calorimetry . . . . . .. .. 50
2.27 Muon Chambers . . . . .. .. ... .. ... ... 52
2.2.8 Triggers . . . . . .. 53



2.2.9 Monte Carlo Simulation of the Detector . . . . . . . . .. ..

3 Finding B Mesons

3.1

3.2

3.3
3.4

Lepton+Charm Dataset . . . . .. .. .. ... ... ... ... ..

3.1.1

Event Selection Requirements . . . . . . .. ... ... .. ..

3.1.2 Soft Pion Veto . . . . . . . . . ..

3.1.3 Removal of D®* — K*n~ntn~ Duplicates . . . . ... ...

Generating Monte Carlo Events . . . . . ... ... .. .. ... ...

3.2.1

Trigger Parametrization . . . . .. ... ... ... .. ...

Finding B** Mesons . . . . . . . . .. ... ...

Correcting the Momentum of B Mesons . . . . . ... .. .. ....

3.4.1

The Standard B+ Correction . . . . . . . ... ... ... ...

3.4.2 The Improved B~ Correction . . . . . ... ... ... ....

3.4.3 Summary of B Momentum Corrections . . . . . .. ... ...

4 Sample Composition

Cross-Talk . . . . . . . .

4.1

4.2 Sample Composition Parameters. . . . . . . . ... ... ... ...

4.2.1

Decays Through Excited D States . . .. ... .. ... ...

4.2.2 Relative Charm Reconstruction Efficiencies. . . . . . . . . ..
4.2.3 Difference Between 7(B°) and 7(Bt) . . ... .. ... ...
4.2.4 Calculating e(m;) from the Data . . . . . ... ... ... ...

4.3 Summary of Sample Composition . . . . . .. ... ... ... ...

5 Backgrounds

5.1
5.2
5.3
5.4
5.5

NB:

PU:

UE:

HA:

BD:

Fake B Events . . . . . . . .. .. ...
Pile-Up Events . . . . . . . .. . ...
Underlying Event in B Events . . . . .. ... .. ... .....
b Hadonization Products . . . . . .. .. ... ... ... ....

B Decay Products . . . .. .. .. ... ...

56
57
59
63
64
64
66
66
70
70
73
75

76
76
78
79
82
84
85
87



5.6 Optimizing the Search . . . . . . ... .. ... L. 93

5.7 Combining the Components . . . . .. .. .. ... .. ... ..... 94
5.8 Statistical Uncertainty . . . . . .. .. .. ... 0oL 102
The Fit 103
6.1 Definitions . . . . . . . . 104
6.2 A General Case of Flavor Mixing . . . . . .. ... .. ... ..... 105
6.3 Excited BStates . . . . . . ... 107
6.4 B°— B°Mixing . . . . . ... .. 109
6.5 Unknown BFlavor . . . . ... .. .. ... .. .. ... ... 110
6.6 Backgrounds Revisited . . . . . . ..o oo 112

6.6.1 The b Hadronization Products . . . . . .. ... .. ... ... 112

6.6.2 Gluon Splitting . . . . . .. ... oL 117

6.6.3 B* — BK Background . ... ................ 119

6.6.4 BX*Hadronization . .. .. ................... 121
6.7 The x? Function . . . .. ... .. .. . . ... ... ... 122
6.8 The Difference Between B, and By . . . . . . . . . . . . .. ... .. 123
Results 124
7.1 Efficiencies. . . . . . . . . L 124
7.2 Resonance Scan . . . . . . .. ..o 126
7.3 Results of the Mass Fit . . . . . .. ... ... ... ... ... .. 132
7.4 Estimating Measurement Errors . . . . . . .. ... ... .. 139

7.4.1 Significance of the B**Signal . . . . . ... ... . ... ... 140
Conclusion 149
Monte Carlo Tuning Procedure 152
Al Dataset . . . . .. L 152

A1l ThePlan . . .. .. . 156

A.2 Structure of Underlying Event . . . . . . . .. ... ... .. 156



A.2.1 Pile-ups and Luminosity Effects . . . . . . ... .. ... ... 157
A.2.2 Multiple Interactions and Beam Remnants . . . . . .. .. .. 159
A.2.3 Detector Simulation . . .. .. ... ... L. 160
A.24 Scan Through Pythia Parameters . . . . . ... .. ... ... 162
A25 The Near Region . . . . .. ... ... ... ... ....... 164
A3 TheResult. . . . . .. . . 169
A.3.1 Uncertainty on the Tuned Parameters. . . . . . .. .. .. .. 170
A.4 Tuned Monte Carlo Parameters . . . . .. . ... ... ... ..... 175
Event Selection Cuts 178
B.1 Cuts Common to All Signatures . . . . . . .. ... .. ... ..... 178
B.2 Signature-Specific Cuts . . . . . . ... oL 178
The m, Correction 183
List of all B Decay Chains 187
D.1 Numbering Scheme . . . . . . . ... oo 187
D.2 Listof Chains . . . . . . . . . . .. 188

Relative Charm Reconstruction Efficiencies 194



List of Figures

1-1
1-2
1-3
1-4

1-5
1-6
1-7

2-1
2-2

2-3
2-4
2-5

2-6

Processes that transform Bnto B%and vice versa. . . . . . .. . ... 21
Two paths for the decay B® — J/¥K2. . . . . . .. .. .. ... ... 25
Predicted spectrum and dominant decays of lowest-lying B meson states. 28
Hadronization of a heavy @ by pulling a pair of light quarks out of

VACUUITL. + « e v e v v e e e e e e e e e e e e e e e e e e 35
Flavor correlation of pions produced during hadronization of b quarks. 37
Leading order (a?) processes for b production in pp collisions. . . . . . 38
Some of the next-to-leading order (a2) processes for b production in pp

collisions. . . . . . ., 39

A schematic of the TeVatron collider. . . . . . ... ... ... .... 41
A schematic of one quarter of the CDF detector. The detector is

cylindrical and forward-backward symmetric. The interaction region

is in the lower right corner. . . . . . . . .. ... Lo oL 45
A schematicof an SVX barrel. . . . . . . . .. ... 47
A schematicof an SVX ladder. . . . . . . . . ... ... ... ... 47

Cross-sectional view of the CTC. The slanted lines are cells made up of
12 (axial) or 6 (stereo) wires. The division into nine radial superlayers
is clearly visible. . . . . . . ..o 50
Impact parameter resolution of CTC-SVX tracks as a function of trans-

verse momentuIm. . . . . . . . . . o e e e e e e e e e e e e e 51



3-1

3-2

3-3

3-4

3-5
3-6

3-7
3-8

3-9

4-1

5-1

5-2

Topology of a semileptonic Bdecay. Visible particles are shown as solid
lines. The pion(s) originating at the secondary vertex come from the
decay of excited states of D mesons and B — v£DX decays. . . . . . 58
The spectra of invariant mass of D candidates in the data. A soft pion,
Ts, 1n the signature comes from a D* in the decay chain. The sidebands
are shaded, and the estimated number of real B events in the signal
region is shown in each plot. . . . . .. .. ... oL Lo 61
The structure of the Monte Carlo generators. Generated events are
reconstructed using the same Bfinding code used on the data. . . .. 65
The ratios of lepton p, distributions in the data and the Monte Carlo
for electrons and muons showing the trigger turn-on. The fit to an
error function is also shown. . . . . . . ... .o 67
The generated B(2P) invariant mass spectrum. . . . . .. .. .. .. 68
Reconstructed B**invariant mass, measured relative to the threshold
for Bw decay. The top plot shows the effect of the lost photon from
B* — B decays. At the bottom is the analogous quantity for partially
reconstructed B mesons. . . . . ... ... 69
Fraction of the original B momentum carried by the £D system. . . . 72
Reconstructed B** invariant mass, measured relative to the threshold
mass: (top) after B~y correction, and (bottom) after correcting the
direction of the B momentum. . . . . . . ... .. ... ... T4
The resolution and the mean shift of the ¢ value for pions from B**decay

after various corrections of the /D momentum and direction. . . . . . 75
The relevant semileptonic Bdecay chains. . . . . . . .. .. ... ... 7

The dN/d(Az) distribution of tracks in Bevents. The narrow peak at
|Az| = 0 characterizes our z resolution. The wide (20 cm Gaussian)

background is attributed to tracks from other pp collisions. . . . . . . 89
The dN/d(A¢) distribution of tracks close in 5 to the Bmesons. . . . 90



5-3

5-4

5-5

5-6

5-7

5-8

5-9

5-10

5-11

6-1
6-2

The dN/d(A¢) distribution of tracks far in # from the Bmesons. . . . 91
5%/(S + B) and signal-to-background ratio as a function of the p, cut

on the candidate track. The arrows show the value we choose to cut on. 94
The @ spectrum of the B-track combinations seen in the D° — K*x~

data. The solid (dashed) histograms are the right-sign (wrong-sign)
combinations. . . . .. ... Lo 96
The @ spectrum of the B-track combinations seen in the D° — KTn~7t7r~
data. The solid (dashed) histograms are the right-sign (wrong-sign)
combinations. . . . .. ... Lo 97
The @ spectrum of the B-track combinations seen in the D™ — K¥tr~ 7~
data. The solid (dashed) histograms are the right-sign (wrong-sign)
combinations. . . . .. ... Lo 98
The @ spectrum of the B-track combinations seen in the D%, D° —
K*7~ data. The solid (dashed) histograms are the right-sign (wrong-

sign) combinations. . . . . ... o oo oL L 99
The Q spectrum of the B-track combinations seen in the D°r;, D° —
Ktn~n*tn~ data. The solid (dashed) histograms are the right-sign
(wrong-sign) combinations. . . . . . .. ... Lo 100
The @ spectrum of the B-track combinations seen in the D°r;, D° —
K*7~7°%data. The solid (dashed) histograms are the right-sign (wrong-

sign) combinations. . . . . ... o oo oL L 101
The @ spectrum of the B-track combinations seen in the two signa-
tures with a large number of Bcandidates after all the “uncorrelated”

backgrounds have been subtracted. The solid (dashed) histograms are
the right-sign (wrong-sign) combinations. . . . . . . . ... ... ... 102

The Bdecay chains of most significance to this analysis. . . . . . . .. 103

A general case of flavor mixing. . . . . ... ... Lo 105



6-3

6-4

6-5

6-6

6-7

6-8

6-9
6-10

7-1

7-3

7-4

7-5

The change of the count of hadronization tracks, n"*(Q), generated

by the Monte Carlo resulting from changing the parameters of the
fragmentation model. . . . . . ..o 113
The counts of hadronization tracks, npg (@), in the Monte Carlo with
different sets of parameters. . . . . .. .. .. ... . ... ... .. 114
The asymmetry of hadronization tracks (\A"*) in the Monte Carlo with
different sets of parameters. . . . . .. ... oL 116
(a) The transverse momenta and (b) the angle in the transverse plane
between the two b hadrons in “gluon splitting” NLO b production. . . 117
The dN/dQ distributions of (a) the hadronization and the underlying
event, and (b) the decay products of the other b hadron in “gluon
splitting” NLO b production. . . . . . . . . . . ... .. .. ... ... 118
The underlying event-subtracted dN/d@ distributions of (a) the hadroniza-
tion component, and (b) the decay products of the other b hadron in
“gluon splitting” NLO b production. . . . . .. ... ... ... ... 118
B?* contribution to our data sample. . . . .. ... ..o 0L 120
Expected distributions of B}* hadronization tracks. The left plot com-
pares the expected asymmetries of hadronization tracks around differ-

ent meson flavors. The right plot shows the expected ratio of counts

of the hadronization tracks observed around B, and By. . . . . . . . . 121
Diagram of efficiencies for finding particles from various processes. . . 125
Dependence of € and €* on the B**mass. . . . . . ... ... ... .. 126

Dependence of the fit x? and the fitted B**production fraction on the
parameters of the Gaussian distribution. The z-axis color levels cover
5 units of x? (top plot) and 0.08 units of h** (bottom plot).. . . . . . 128
Dependence of the fit x? and the fitted B**production fraction on the
mean value of the Gaussian distribution. . . . . . . .. ... ... .. 129
Dependence of the fit x? and the fitted B**production fraction on the
width of the Gaussian distribution. . . . . . . . ... ... ... ... 129



7-6

7-7

7-8

7-9

7-10

7-11

The fitted distributions for the right-sign tracks. The points with error
bars are the values measured in the data; the smooth curves are the fit-
ted contribution from the hadronization tracks; the dotted histograms
are the sum of all backgrounds, and the solid histograms include the
fitted signal as well. . . . . . . . ..o oo
The fitted distributions for the wrong-sign tracks. The points with
error bars are the values measured in the data; the smooth curves
are the fitted contribution from the hadronization tracks; the dotted
histograms are the sum of all backgrounds, and the solid histograms
include the fitted signal as well. . . . . . . ... ... o0
x? of the fit and the fitted B**production fraction as a function of the
mass of the B**states. The left (right) axis is the mass of the two
narrow (wide) states. The z-axis color levels cover 5 units of x? (top
plot) and 0.07 units of A** (bottom plot). . . . . . . . ... ... ...
x? of the fit and the fitted B**production fraction as a function of
the mass of the B**states. The mass shown on the z axis is that of
the narrow J=1 state, and the mass splittings in the top (bottom)
histograms are labelled EHQ (EGF) in the text. . . . . . . ... .. ..
The fitted distributions for the right-sign tracks. The points with error
bars are the values measured in the data; the smooth curves are the fit-
ted contribution from the hadronization tracks; the dotted histograms
are the sum of all backgrounds, and the solid histograms include the
fitted signal as well. . . . . . . . ..o oo
The fitted distributions for the wrong-sign tracks. The points with
error bars are the values measured in the data; the smooth curves
are the fitted contribution from the hadronization tracks; the dotted
histograms are the sum of all backgrounds, and the solid histograms

include the fitted signal as well. . . . . . . ... ... o0

130

131

134

135

136



7-12

7-13

7-14

7-15

7-16

A-1

A-2

The distributions from the two previous figures with combined signa-
tures that have similar composition. . . . . . . ... .. ... ... ..
Results of the toy Monte Carlo generation of backgrounds only. The
three rows show the output distributions and pulls of the three pa-
rameters that are left floating in the fit. The solid vertical lines are
the means of the output distributions; the dashed vertical lines are the
input values. . . . . . . ...
Output values and pulls of 2** if the signal is generated along with the
backgrounds in the toy Monte Carlo generator. The rows correspond

to different input values of A**. The solid vertical lines are the means

of the output distributions; the dashed vertical lines are the input values.145

Output distribution of the fitted B**fraction with only backgrounds
generated. The arrow marks the value measured in the data. . . . . .
Output distribution of the fitted B**fraction with only backgrounds
generated. The parameters in this run have been shifted by one error
in the generator so that the probability of background fluctuation is

maximized. The arrow marks the value measured in the data.

Comparison of the multiplicity of charged tracks (per B meson) in the
data (points) and the Monte Carlo (histogram) as a function of the
distance in 7-¢ from the B meson direction. The bottom plot is the
ratio of the Monte Carlo and data histograms from the top plot. It
shows that the default Monte Carlo generates too few charged tracks
more than 0.3 in AR away from the B meson. . . . . . ... ... ..
Comparison between data and Monte Carlo of the p, spectra of charged
tracks within AR< 1 of the B meson. The bottom plot is the ratio of
the Monte Carlo and data histograms from the top plot. It shows that
the Monte Carlo with the default settings generates too soft a track p,

distribution. . . . . . . .

147

154



A-3

A-4

A-5

A-6

A-T7

Comparison between the data and the Monte Carlo of the p, spectra
of charged tracks far away in AR from the B. The discrepancy seen in
the previous plot is even more pronounced in this region than near the
B, suggesting that the main reason for the disagreement is inadequate
modelling of the underlying event. . . . . . . . . ... ... ...
The dependence of the track multiplicity in B events from Run 1b
on instantaneous luminosity. The solid histogram is the multiplicity
in the |Az| < 5cm region. The shaded histogram is the multiplicity
in Az sidebands as shown in figure 5-1. The points are the resulting
sideband-subtracted multiplicity of tracks that originated at the bb
primary vertex. . . . . . . . ... e e
The ratio of p, spectra of tracks coming from minimum bias collisions
(Az sidebands from figure 5-1) and tracks from the underlying event of
the primary vertex that produced the b quarks. Tracks coming from the
bb vertex are harder, which implies that minimum bias events cannot
be used to model the underlying event in heavy-flavor production. . .
Structure of the Monte Carlo generator. The dotted ellipse is the “fast”
generator we use to test changes in distributions as we vary parameters;
the code in the dashed box is replaced by a crude « - € parametrization
for this purpose. . . . . . . . . ...
The track multiplicity in the far region as a function of the fragmenta-
tion p, width. The Monte Carlo shown in this plot includes multiple
interactions which consist solely of color-connected gluon pairs. The
cross-section for multiple interactions is 1.69 times the default value,
and the model takes into account the structure of the proton. The
shape of the generated p, spectrum and the total multiplicity agree

very well with the ones observed in the data for U{,’"Tag ~ 600 MeV.

155

158

159

161

165



A-8 x? of the agreement with the data for the Monte Carlo runs shown in
the previous figure. The total x? is the sum of the x? values for each
of the four p.ranges. . . . . . . . ... ..o

A-9 The total track multiplicity in the far region as a function of the cross-
section of multiple interactions. . . . . . . .. ... .. ... ...

A-10 x? of the agreement with the data for the Monte Carlo runs shown in
the previous figure. . . . . . .. ..o

A-11 The multiplicity of wrong sign tracks near the B meson as a function
of ep for optimal values of parameters affecting underlying event. The
intersection with the line marking the observed value determines our
optimal value for eg. . . . . . . . . ... ...

A-12 x? of the agreement with the data for the Monte Carlo runs shown in
the previous figure. . . . . . .. ..o

A-13 Comparison between the tuned and the default Monte Carlo of the

track multiplicity as a function of AR with respect to the B direction.

A-14 Comparison between the tuned and the default Monte Carlo of the

track multiplicity as a function of A¢ with respect to the B direction.

A-15 Comparison between the tuned and the default Monte Carlo of the
track p, spectrum in the near region. . . . . . . ... ...
A-16 Comparison between the tuned and the default Monte Carlo of the
track p, spectrum in the far region. . . . . . .. .o
A-17 Comparison between the tuned and the default Monte Carlo of the
total multiplicity of tracks (near and far regions combined).. . . . . .
A-18 Comparison between the tuned and the default Monte Carlo of the

invariant mass distribution of tracks with the B meson. . . . . . . . .

C-1 A diagram of the momenta involved in m, correction. . . . . . . . ..
C-2 Reconstructed B**invariant mass after the mq correction. The top

(bottom) plot shows the lower (higher) p, solution. . . . . .. .. ..

165

166

166

167

168

172

172

173

173

174

174



List of Tables

1.2

1.3

2.1

3.1

4.1

4.2

7.1
7.2
7.3

7.4
7.5

Mass spectrum of B and D mesons predicted by the relativistic quark
model. The predictions are given in the mg — oo limit and after the
1/mg corrections are applied. All masses are in GeV/c%. . . . . . ..

Charge-flavor correlation of hadronization particles and Bmesons.
A comparison of the SVX and the SVX'. . . . ... ... ... ....
Number of Band background events in each decay signature. . . . . .

The Bdecay chains that contribute to the £D*~ decay signatures, and
their relative contributions. . . . . . .. ..o

Summary of the sample composition parameters. . . . .. .. .. ..

Efficiencies. . . . . . . . L
Listing of uncertainties. . . . . . . . .. ... .o
Details of the fit. The parameters in the upper part of the table con-
tribute to the statistical uncertainty, the ones in the lower to the sys-
tematic. The latter are being floated in the fit so the correlations
between them are accounted for when calculating the total systematic
uncertainty. . . . . .. L
Fitted sample composition. . . . . . .. .. .. ... ... .. ...
Parameter values used for the generation and for the fitting in the

worst-case scenario toy Monte Carlorun. . . . . . . . . ... ... ..

16

32
37

46

62

81
87

125
139

141
141



8.1

Al

E.1

E.2

E.3

E4

E.5

E.6

Summary of the measured B** properties. . . ... .. .. ... ... 150

The values of the tuned parameters that result in the best agreement

with the data and their uncertainties. . . . . . . . . . . . . .. .. .. 171

Relative charm reconstruction efficiencies for the decay signature £t D°, D° — K.

195

Relative charm reconstruction efficiencies for the decay signature £+ D°, D° — Krnr.

195

Relative charm reconstruction efficiencies for the decay signature £t D=, D~ — K.

196

Relative charm reconstruction efficiencies for the decay signature £+ D*~, D*~ — D%r,, D° — K.
196

Relative charm reconstruction efficiencies for the decay signature £+ D*~, D*~ — D%r,, D° —» Krnx.
196

Relative charm reconstruction efficiencies for the decay signature £+ D*~, D*~ — D%r,, D° —» Knx°.

196



