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The Standard Model of particle physics predicts that the branching ratio for the
rare decay B® — 7777 is 3.1 x 1078, though untested models which could supersede
it predict large enhancements. This dissertation describes the search for this rare
decay in 210.4 fb~! of B°B° data collected at the Y(4S) resonance in the Babar
detector at the Stanford Linear Accelerator Center. In the analysis, one neutral B
meson is fully reconstructed in a hadronic mode and recoil events which are consistent
with each tau decaying in a mode 7 — 7v, pv, or [vi are selected. There is no
evidence for signal. The result is consistent with a downward fluctuation by 1.1
statistical standard deviations of the expected Standard Model background. Taking
the expected background, the number of observed events and the expected statistical
and systematic errors into account yields 2.7 x 1073 as the upper limit for B® — 777~

at the 90% confidence level.
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Chapter 1

INTRODUCTION

1.1. New Physics in Dilepton Neutral Meson Decays

The search for new physics in neutral pseudoscalar meson decays to a lepton pair
has a hallowed history. The charm quark was discovered by direct production in
1974 [7,8], but its possible existence had been inferred four years earlier through its
effect on the neutral meson decay K; — p*p~ [9]. Do undiscovered particles from
new models of particle physics alter the expected rate for B® — 77777

See Table 1.1 for the measured branching ratios for neutral meson decays to a
lepton pair. These decays are examples of flavor changing neutral processes in which
the final state flavor quantum number is different than the initial state flavor, and
they are mediated by flavor changing neutral currents (FCNCs). These processes
can proceed in the Standard Model (SM) only at higher order in perturbation theory
and are therefore characterized by low branching ratios. Discovery has only been
claimed for the decays K; — ete and K; — ptp . In all other kinematically
allowed neutral pseudoscalar meson decays to a lepton pair, only upper limits on the
branching ratios have been established. The Kg decays to a lepton pair violate C'P

conservation (see the following section) and are therefore even further suppressed.



Meson | ete” ‘ whp B v ‘
Kg <14x1077 <32x10°7 X -
Kp, (978 x 10712 | (7.27+0.14) x 1077 | x -
D° <6.2x10°6 <41x10°° X -
B | <61x108[5]| <83x1085] - | <22 %1074 [6]

Table 1.1: Branching ratio measurements of FCNC- and helicity-suppressed neu-
tral pseudoscalar meson decays to dilepton pairs from [2] unless otherwise indicated.
Limits are 90% confidence limits. An x indicates that the decay is kinematically
forbidden while a - indicates that no measurement has been reported. All three B°
measurements were made at Babar.

In addition to FCNC suppression, neutral pseudoscalar decays to a lepton pair
are also suppressed by kinematic constraints. A spin zero meson decay to spin 1/2
fermions must produce fermions in the same helicity eigenstate: either both are left-
handed or both are righthanded. Otherwise the decay violates angular momentum
conservation. But all observed processes change flavor only through the electroweak
process of W boson emission. In the relativistic limit of zero mass leptons, these
processes create only lefthanded leptons [~ and righthanded antileptons [T so that
the total angular momentum is one. This helicity suppression is total in the case of
massless a lepton pair, but is not total in the case of massive leptons. The branching
ratios for a given pseudoscalar are ordered by mass in ratios m2 : m?, : m? : m;.

Despite FCNC and helicity suppression, particle physics as it was known in 1970
predicted the occurrence of the decay K; — p™p~ at a far higher rate than was
observed experimentally. Undiscovered particles are generally discovered either by

direct onshell production, typically at the high energy frontier of accelerator tech-



nology, or through their effects as offshell virtual particles in loop processes at low
energies. The latter type of discovery requires precision measurements to detect the
often subtle influence of virtual particles. Glashow, Iliopolous and Maiani posited [9]
that the unexpectedly low rate for K; — pu*p~ was due an undiscovered particle, the
charm quark, which contributed to the K; — pu™p~ amplitude and nearly exactly
canceled the expected amplitude. This interference, they surmised, accounted for the
low rate for K; — p™p~ in what came to be known as the GIM mechanism. Four
years later, in 1974, the charm quark was directly produced and observed in a bound
state J/(cc).

For K% and D°, the decay to a tau pair is prohibited by energy conservation.
With the direct production of B mesons, a neutral meson decay to a tau pair first
becomes kinematically possible. The helicity suppression in B — 777~ is milder
than in any other lepton pair case, with the enhancement over B® — ete™ of order
m?2/m? ~ 107. But the greatest cause for interest in B — 777 is the potential for
discovery of particles in physics beyond the SM.

The Higgs mechanism in the SM employs a single SU(2) doublet which yields,
after electroweak symmetry breaking, a single neutral scalar Higgs boson. In some
models beyond the SM, at least two Higgs doublets are required. Their residue after

symmetry breaking includes two charged scalars which could provide a new tree level



flavor changing interaction. Models beyond the SM can yield B — 77~ branching
ratio predictions at up to two orders of magnitude larger than in the SM.

In the SM, the prediction is [3]

BM(B® - rt77) =31 x 1078 [ 5 ] l /5 r [ [Vidl r (1.1)
1.55ps | | 180MeV | |0.004

This is the same order of magnitude as the current upper bound on B(B® — e*e™) and
B(B® — utp~). But electrons and muons are both longlived and directly observable.
Unfortunately, the tau decay length (c7) is only about 0.1 mm, making it difficult to
detect directly, and a tau pair decays to final states involving at least two and up to
four undetectable neutrinos. This makes tau pair reconstruction difficult as there are
no kinematic constraints which force the observable parameters into isolated regions

of phase space. The consequences for measuring B® — 777~ will be considered in

the next two sections.

1.2. CP Violation and the Babar Detector

The Babar detector was not built to measure B — 77 . It was built to
optimally measure the phenomenon of charge-parity conservation violation (C'P-

violation), which explains why matter rather than antimatter has come to dominate



the particle content of the universe. Had physical interactions respected C'P sym-
metry, no mechanism could have produced the imbalance between the two forms of
matter we observe today. The magnitude of the asymmetry provides clues about
whether the SM alone can account for all of the asymmetry or if there exists undis-
covered physics which must account for part of it.

In the SM, C P-violation can occur in the electroweak interaction of quarks. The
electroweak flavor eigenstates are actually mixed version of the physically realized
mass eigenstates: g; lav: — Vijqi'*** where Vi; is the Cabibbo-Kobayashi-Maiani (CKM)
matrix. The CKM matrix is a complex unitary rotation matrix whose 18 free param-
eters are reduced to four by unitarity and arbitrary quark phases. These free param-
eters are not fixed by SM theory. In a standard parameterization [2], one parameter ¢
is an imaginary phase which appears as e? in five of the elements Vij. One can show
that C'P-conservation in the SM cannot occur unless all CKM elements are real and,
in fact, the magnitude of the C'P asymmetry depends on ¢§. If § = 0, C'P-violation
cannot occur in the SM. Since VIV = 1, there are nine unitarity constraints relating

the elements Vj;. One of them involves terms which are a product V;qVj;:

VudVy + VaucVay +ViaVyy = 0 (1.2)

In the complex plane, this equation represents a so-called unitarity triangle. One of

the interior angles of this triangle, 5 = arg(—V.4V;/ViaVy}) is accessible experimen-



tally through observation of neutral B(bd) meson decays. f3 is a function of all four
CKM parameters, but in particular if 0 vanishes so does 3.

Neutral B mesons oscillate between B and B states with a frequency Amp =
mp —mp through an electroweak process. The oscillation occurs by double W boson
emission from quark vertices, so the amplitude for the process depends on the CKM
elements V;; and Vj,. If two neutral Bs are produced simultaneously, as they are at
Babar, and one is reconstructed in a C'P eigenstate, then the other must also be a C'P
eigenstate. The decay rate f(At) depends on the proper time At which has elapsed
between the two decays. Due to neutral B oscillation, the decay rates are damped
harmonic functions of At with amplitudes determined by the CKM elements. If one
denotes the by f, the decay rate for B and by f_ the decay rate for B, then one can
define the CP asymmetry (f. — f-)/(f+ + f-). This asymmetry can be shown to

be [3]

Acp(At) = —nssin2f8sin(AmpAt) (1.3)

where 1y = 41 for C'P even modes and 7y = —1 for C'P odd modes. The flavor of
the B meson (B or B) can be determined experimentally by observation of its decay
products.

The amplitude of oscillation sin 23 can be measured if the proper time between

B decays can be measured in many events. Since the required time resolution is



unobtainable through experiment in the center of mass Lorentz frame, At must be
measured indirectly by the displacement of the two vertices in a frame in which the
entire event is boosted. The Babar detector and PEPII storage rings were built to
produce a displacement of B decay vertices with a boost of v = 0.56. Then if the
displacement Az can be sufficiently well resolved, At = yAz/c can be measured.

The Babar Collaboration published its first result with 529 C'P eigenstate events
in 2001 [10] measuring sin 23 to be inconsistent with zero and thereby observing C'P
violation in B meson decays, but at a level consistent with the SM. In 2005, with
7730 C'P eigenstate events, the preliminary unpublished result is sin28 = 0.722 +
0.040(stat) &+ 0.023(syst).

The primary design goal of the Babar detector has been achieved in measuring
sin 23, leaving many other phenomena of interest to measure. A good measurement
for any signal phenomenon of interest requires that the signal be separated from the
background by observable parameters. Since the decay products of B® — 77~ con-
tain between two and four neutrinos, which are undetectable in collider detectors,
measuring it requires that all decay products from background B decays are carefully
accounted for in each event. The design goal of the Babar detector had two nega-
tive consequences for measuring BY — 777~ with respect to careful accounting of
particles.

First, the large boost required to separate B decay vertices has the effect of boost-

ing many B decay products out the uninstrumented forward end of the detector, where



the beam pipe and steering magnets must be placed. Second, while Babar was built
to detect K7, mesons from B — J/¢ K|, decays, these K s typically have high momen-
tum and are therefore more likely to interact at detectable levels with sensitive areas
in the detector. Babar was not built to detect low momentum Ks. Therefore many
B decays which lose particles through the forward end of the detector or produce
low momentum Krs may mimic B — 777~ decays with multiple neutrinos. The
consequences for measuring B® — 77~ will be explored more fully in the following

section.

1.3. B° - 7t~ Background at Babar

Before elaborating a full analysis of B® — 7777, we first investigated the nature
of the background to this mode in the Babar detector. We studied the simulation
truth versions of decays in the generic neutral B simulation sample which passed a
simplified B — 777~ analysis after detector simulation. The rough analysis first
reconstructed a neutral B from a hadronic decay and then searched in the recoil for
the electron, muon and pion multiplicities required for a ditau decay.

The background sources are categorized as events with K which have not been
detected but are within the detector acceptance, events with extra particles which

have gone outside the detector acceptance, events which may be classed as kinematic



Category 90% Confidence Interval
Unidentified Ky, 0.54 £0.14
Acceptance 0.30 £0.13
Kinematic 0.09 £ 0.08
Unidentified K*, Kg, 7° 0.06 £ 0.07

Table 1.2: The 90% confidence intervals for the proportions of background by type
remaining in the BOBObar generic simulation sample after all B — 777~ re-
quirements are imposed.

background and events with an undetected Kg, charged kaon or neutral pion. See
Table 1.2 for the proportions represented by each of these categories in the background
sample.

We next used a simplified set of B — 777~ requirements which reconstructed
tau pair modes with four and six (as well as two) tracks to study the background
sample. Due to the abundance of high multiplicity neutral B decays, the signal to
background ratio for the four and six track modes was considerably higher than for
the two track modes. These higher multiplicity modes were therefore abandoned.

The branching ratios [2] for typical background modes with undetected K, are
of order 103 and 10~*. These modes are easily generalized: the b quark in the
signal B candidate undergoes a cascade decay b — W ~¢(— Ws) which produces
two oppositely charged virtual W bosons and a strange quark. The strange quark
hadronizes into a K, which does not interact sufficiently with the detector material to
be identified. For the [I'4v modes, the typical background due to particles lost outside

the detector acceptance come from hadronic modes in which a 7 from a 7 is lost. For
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the other two modes, two oppositely charged tracks are lost forward. These modes
are typically of order 1072 and 10~*. Many of the events categorized as irreducible,
which have branching ratios of oder 10=* and 10~° might by eliminated by the neural
net selection, which is sensitive to kinematics. A few typical background modes, their
category and branching ratio are found in Table 1.3.

The two principal sources of background arise due to deficiencies inherent in the
design of the Babar detector. Both exhibit the large missing energy and signal side
multiplicities found in the signal ditau decay. The K background arises from very
low momentum K7 which are not distinguishable from electronics noise in the IFR
or EMC. The acceptance background arises from the v5 = 0.56 boost necessary for
the study of CP violation and the large opening in the forward region of the detector
mandated by the PEPII dipole magnets.

See [11] for a full description of the neutral hadron selector criteria and perfor-
mance, where a study found that 28% of all K, are expected to produce zero hits in
the neutral hadron detectors (Resistive Plate Chambers). The authors found that in
a sample of inclusive B® — J/v events, the K, efficiency was found to rise from 0.05

linearly with momentum up to a peak at 0.65 at approximately 2.2 GeV.



Mode ‘ Category ‘ Branching Ratio [2] ‘
BY — D(=| Ky [rn®)nn® | Missing K, 7.7 x 1074
B — D(—| Ky, [rn%)lv Missing K7, 2.0x 1073
BY — D(=| K 'V lv) Missing K7, 1.4 x 103
BY — D(— KL7r7r0('y))lV Acceptance 1.0 x 1073
B® = D(—| Kn [xn®)lv Acceptance 1.4 x 1073
B — D(=| K7 |rn%)nm® | Acceptance 5.0 x 10~*
B° — plv Kinematic 2.5 x 1074
B = D(— nr0)lv Kinematic 5.0 x 107>
BY — mlv Kinematic 1.8 x 107

11

Table 1.3: Typical background modes to a B — 777~ analysis and their branch-
Kinematic background is rejected either by rejecting high momentum
candidates or by using a neural network analysis.

ing ratios.

1.4. Outline of the Dissertation

This dissertation is divided into seven chapters. The first four chapters are pri-

marily background material describing the process B® — 777~ and the experimental

apparatus used to measure it. Chapter 1 (this chapter) introduces the measurement,

provides some historical context and gives a brief description of the limitations inher-

ent in measuring B® — 77~ with the Babar detector.

Chapter 2 outlines several models of particles physics, including the currently

accepted paradigm, and reviews the literature for theoretical predictions for B —

7t77 in each model. Chapter 3 describes the Babar detector design, function and

performance. Chapter 4 covers the simulation of both the underlying physics events

(for signal B® — 777~ and background events) and the propagation of these events

through the Babar detector in time. It should be emphasized that none of the material
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in Chapters 1-4 is original research. Rather, it is descriptive material necessary for
an understanding of the material in Chapters 5-7. These latter chapters document
the original research carried out by the author and present the techniques used to
measure the rare decay B® — 777 at Babar.

Chapter 5 details the strategy for isolating the signal B® — 77~ events away
from the background events as far as this is possible in the Babar detector. The strat-
egy evolved from a deeper and deeper understanding of the characteristic signature
of the signal event simulation as it appears in the detector, together with an under-
standing of how the typical events can mimic the signal events. Chapter 6 outlines
the methods used to obtain a branching ratio measurement which incorporates the
statistical uncertainties and systematic biases inherent in the measurement.

The analysis was a blind analysis, so that the selection and limit setting procedure
are finalized before observing the data yield with the full selection. Blind analyses
help remove systematic biases which result from tuning too closely to data, and when
coupled with data control samples they also help disentangle systematic biases from
statistical fluctuations in the data background. Chapters 5 and 6 therefore do not
include data with the full selection. Chapter 7 presents the unblinded data and the

results of the world’s first measurement of the rare decay B® — 7777,
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Chapter 2

B° —» 7t~ THEORY

2.1. Imtroduction

The partial width I' for any two body decay is determined by Fermi’s Golden Rule
to be I' = pM?/8mm? where p is the momentum of either daughter in the center-of-
mass frame, m is the mother mass and M is the amplitude for the process mediating
the decay. The branching ratio is then B = 71" where 7 is the lifetime of the mother.

For B — 7+7~,

B(BO - T+T?) - 1677::713 |MBO~>T+T_ |2 V 1 - 4m72'/m23 (21)

This holds regardless of which physics model one adopts. Variations in predictions for
the branching ratio for this unobserved decay in different models manifest themselves
in the amplitude Mpo_,,+,-.

A general amplitude can be constructed by factoring the amplitude into a product
of a tau current and a quark current [12]. The amplitude is then decomposed into
tau scalar, pseudoscalar, vector, axial vector and tensor components with Wilson

coefficients Cg, Cp, Cy, Cy and Cp. Since the B meson is a pseudoscalar (parity
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odd), the vector quark current is zero. The vector tau current vanishes on contraction
with the axial quark current. Therefore Cy, = 0. The tensor quark current is zero, so

Cr = 0. From [12], the amplitude is given to be

o, N, )
Mposrine — z’meBGFKCP+mﬂoA> (Tys7) + Cs7r (2.2)
B

where 7 and 7 are the tau spinor and tau adjoint spinor, fp is the B meson decay
constant and G is the Fermi constant employed to scale the Wilson coefficients.

The branching ratio is then

G2
BB = rtr7) = éTBmeé\/l —4m2/m3% (2.3)

2m,;

x ch + 0A> (Fys7) + cm] 2 (2.4)

mp
Variations in the predicted rate for B® — 777~ will manifest themselves in the Wilson
coefficients C'y, Cp and Cl.

This chapter considers the decay B° — 77~ in several models for fundamental
particle interactions. In the Standard Model, the decay is helicity suppressed. This
leads to a low prediction (O(107®)) for the branching ratio. In the Two-Higgs-Doublet
model, a new mechanism for the decay (charged Higgs exchange) allows an enhance-
ment in the branching ratio by a factor tan* 3, where tan 3 is a free parameter of
the model. In the minimal supersymmetric model, which subsumes the Two-Higgs-

Doublet Model, a further mechanism for B® — 77~ (chargino and gluino exchange)
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allows for an enhancement by a factor tan® 3. Many models contain leptoquarks, hy-
pothetical particles which carry both lepton and baryon number and couple leptons
directly to quarks. In these models the rate for B® — 77~ is enhanced by the square

of the coupling of the b to the 7 (A33) and the coupling of the d to the 7 (\3;).

2.2. The Standard Model

Outline of the Standard Model

The Standard Model (SM) of the electroweak and strong interactions in particle
physics is defined by the Lagrangian Lg,,. The guiding principle in constructing Lgp,
is local gauge symmetry: it is invariant under an arbitrary local gauge transformation
of the underlying symmetry group U(1) x SU(2) x SU(3) of the SM [13] [14]. This
principle ensures that the interactions contained in the SM are renormalizable, an
indispensable property of any viable theory because it allows the perturbative calcu-
lation of observable quantities. Most SM predictions for observables have been verified
by experimental observation, and no experimental result has decisively contradicted

the SM [15].
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Lepton‘Q‘ J HQuark‘ Q ‘ J HBoson‘ Q‘J‘

e -1(1/2 u 2/3 1 1/2 ] @) | 0 |0
Ve 0]1/2 d |-1/3|1/2] A(y) | 0 |1
w -1 1/2 c 2/3 | 1/2 Z 0 |1
vy 0| 1/2 s -1/3 012 W o 411
T -1 1/2 t 2/3 |12 W= | -1 |1
vr 0]1/2 b 1/3 | 1/2 || Gr(g) | O |1

Table 2.1: The charge and spin of fermion (left) and boson (right) fields in the SM
Lagrangian. The W, Z and A fields are generated by the electroweak group (U(1) x
SU(2)) generators, and the eight fields Gy are generated by the strong interaction
group SU(3) generators.

In the underlying symmetry group of the SM | the subgroup U(1) is Abelian, but
the subgroups SU(2) and SU(3) are not. If 7; (j = 1,2,3) and A\, (k = 1,...,8)
are the generators for SU(2) and SU(3) respectively, then [7%,77] = ie;j7" and
[N, M] = if;;x A" define the Lie Algebra for SU(2) and SU(3). The € and f are the
structure constants for SU(2) and SU(3) respectively. Then any element of the SM
gauge group can be written ujusuz where uy = exp(—if(z*)), us = exp(—ic;(z#)77)
and uz = exp(—ifBg(z*)\F) are the elements of U(1), SU(2) and SU(3) respectively.
The functions 6(x*), o;(x*) and fi(z*) are explicitly space and time dependent, as
demanded by local gauge symmetry.

The field content of the SM is summarized in Table 2.1, The only scalar field in
the SM, the Higgs field ®, is vital to the theory since, by virtue of its coupling to other
fields it generates the mass of the particles associated with the fields. The fermionic

fields are the leptons and quarks. The vector fields are generated by requiring gauge

!The notation in this section follows closely that of [13].
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symmetry: one distinct vector field is required for each generator of the underlying
symmetry group. For the U(1) x SU(2) electroweak transformations, the Higgs field
and the fermionic fields which undergo electroweak interactions are arranged into

SU(2) doublets or singlets. The Higgs field is a complex doublet

Oy + 1D,
o = . (2.5)

Dy + 1P
The lefthanded lepton fields are arranged in doublets, while the righthanded fields are
arranged in singlets. Similarly, the quarks are arranged into lefthanded doublets and

righthanded singlets. The SU(3) strong transformations act on quark SU(3) color

triplets. Explicitly,

VeL qns Vrr,
) ) y€Ry MR, TR (26)
€L KL TL
ur, cr tL
) ) y UR, dRa CRasRatRabR (27)
dL SL bL
T
( qr dg @ ) (q =u,d,c,s,t, b) (2.8)

where r, g, b denote red, green and blue color charge. Since leptons do not carry color
charge, they do not participate in the strong interaction and are therefore not subject

to SU(3) transformations.
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Local gauge invariance means that when the fields are transformed by a local gauge
transformation, the Lagrangian remains invariant. This requires the introduction
of gauge derivatives which incorporate the vector boson fields in such a way as to
counteract the effect of gauge transforming the fields. Also introduced in the gauge
derivatives are the gauge group U(1) x SU(2) x SU(3) coupling constants ¢, g, g3,
which are undetermined in the SM and must be measured by experiment. The SM

Lagrangian contains terms for each field:

£S’M = L(I) + Lvectors + £leptons + £electroweak + Lstrong (29)

quarks quarks

and the term due to the scalar field is

m

Lo = (D) (D'D) (@' — ¢5)? (2.10)

0
where m is the Higgs boson mass and ¢ is the vacuum expectation value of the Higgs
field. D, is the U(1) x SU(2) gauge derivative described below. The remaining terms
in the SM Lagrangian will be developed below.

After transforming the Higgs field in U(1) space, ® — &' = u; P, the U(1) sym-

metry is obtained by requiring the existence of a vector gauge field B, and the use
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of the U(1) gauge derivative. The transformations which preserve the Lagrangian are

- = ud (2.11)
By B, = B,+——0,0 (2.12)
1 uwo 1 aY W :
1
0, —» DYV = 0, + 5191V By (2.13)

where ¢ is the U(1) coupling and Y is the U(1) charge (also called weak hypercharge).
Transforming the Higgs field in SU(2) space ® — &' = uy® requires the existence
of three further vector gauge fields W, W? and W2, combined together as the SU(2)

operator W, = Wjr* (i = 1,2,3) where the 7° are the SU(2) generators. Then

O = ud (2.14)
/ P2 i
Wy =W, = uW,u;+ gQ—TZ(GMUQ)uZ (2.15)
1
0, — DiU(z) = 0, + iz‘gQTWM (2.16)

where g, is the SU(2) coupling and T is the SU(2) charge (also called weak isospin
charge). Weak isospin T is 1/2 for weak isospin doublets and 0 for weak isospin
singlets. The third component of T', denoted T3, is +1/2 for neutrino and up type
quark fields and —1/2 for lepton and down type quark fields. Weak hypercharge is
related to weak isospin charge T3 and electric charge @ by Y = 2(Q — T3).

Finally, rotating the quark triplets in SU(3) space requires the existence of eight

vector gauge fields G, ..., G35, one for each generator of SU(3). The SU(3) operator
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Gy = G X', where the X' (i = 1,...,8) are the SU(3) generators. The simultaneous

gauge transformation required to preserve the Lagrangian is

O d = uyd (2.17)
/ ty 2, i
G, — G, = uGuy+ ;2(8uu3)u3 (2.18)
1.
9, — DSV = 9, + §2g3Gu (2.19)

where g5 is the SU(3) charge. The introduction of the vector bosons B,, W, and G,

requires that there be a dynamical term in the Lagrangian

1 1 1
Edynamical - _ZBMVB#V - gTr(Wul/Wlw) - §TT(G;LVG#V) (220)

since these are the dynamical terms in the Lagrangian for vector bosons. The field

strength tensors are defined by

B, = 9.B,—0,B, (2.21)
Wa = 0, = DV, + Siga[IV,, V)] (2.22)
G = 0uGy— 0,6y + 5i0s[G o). (2.23)

The commutator term in B, is zero since U(1) is Abelian. Since SU(2) and SU(3) are

non-Abelian the commutators [W,, W,] and [G,, G,| are nonzero. As a consequence,
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there are no self-couplings of the B, field but there are cubic and quartic self-couplings
of the W, and G, fields.

The vector mass terms are generated by SU(2) symmetry breaking, discussed
below. Together the dynamical term and the mass terms for the vector fields comprise
the vector boson Lagrangian L, ors-

According to the SM, nature chose to physically realize the fields mixed versions

of B, and W,: the fields 4, Z,, W/f and W . These fields are related by

A, sin @y cos Oy wp
- (2.24)
Z, cos By —sin By, B,
W+ 1 1 Wl
o= 8 (2.25)
W, i —1 w2

The mixing angle 6y is one of the undetermined parameters of the SM which has been
measured experimentally. When these definitions are used to solve for the fields B,
and W, in terms of the physical fields, the terms B,, B* and W, W*"" in Liynamical
yield the interactions of the physical fields: the cubic interactions AW TW ™ and
ZWTW ™ and the quartic interactions WW ZZ, WW AA, and WW ZA. The term

G, G" yields the cubic GGG and quartic GGGG gluonic self-interactions.
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The B,, W, and G, vector boson mass terms are explicitly excluded from the
Lagrangian term Lgypamicar- In the SM they are generated when the SU(2) symmetry
is broken when the Higgs field chooses a particular orientation in SU(2) space. This

electroweak space symmetry breaking takes the form

0
d — (2.26)

Po + %h’(xu)
where ¢ is the vacuum expectation for ® and h(x,) is a local excitation above the
vacuum. With this expression for ® and the U(1) and SU(2) gauge derivatives, the
Lagrangian Le contains W and Z mass terms as well as AW W~ and hZZ direct
couplings which are proportional to the masses. The A mass term is zero (as required
for photons), and there is no tree level hAA coupling. Likewise, the G mass term
is zero (rendering gluons massless) and there is no tree level hGG coupling. These
properties of L4 are due to the unbroken U(1) and SU(3) symmetries. Also appearing
in Lo is the term 9,ho"h — m?h?, the Klein-Gordon Lagrangian for a scalar field h
with mass m, and the cubic and quartic self-interactions hhh and hhhh of the Higgs

scalar.
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The fermions obtain mass by coupling to the Higgs field ®. The electroweak
Lagrangian for leptons Lyepions gives mass to e, i, 7 (but not their neutrinos) with the

terms ml(lElR + lElL) for [ = e, pu, 7. Together with the dynamical term, this yields

T
VL o Ver + )
Eleptons = Z (O'#ZDu) +ZR(O"UZD#)ZR
l:evﬂ‘ﬂ— lL eL
T

VL

- Z C] (I)ZR + cc (227)
I=e,u,T lL

where the symbols o = (1,0) and ¢* = (1,—0) are defined by the Pauli matrices
01,02,03. Note that the SU(2) gauge derivative does not act on righthanded leptons,
which are not arranged in SU(2) doublets as the lefthanded leptons are. This corre-
sponds to the experimental observation that righthanded lepton fields do not couple
to the W field. After SU(2) symmetry breaking, and using the U(1) x SU(2) gauge
derivative, Ljepions contains Dirac Lagrangians for all leptons with mass terms deter-
mined by the constants ¢; as well as the direct couplings hlElR +CC, WlEl/lL + CC,
ZlTLlL, Zl}}lR, AlTLlL and Al}}lR. The Higgs couplings are proportional to the mass
terms ¢;. The lepton masses (or, equivalently, their couplings to the Higgs scalar) are
undetermined in the SM.

The electroweak Lagrangian for quarks is similar to that for the leptons, but
two factors somewhat complicate it. Whereas neutrinos are massless in Liepions, Up

type quarks wu; (u,c,t) must be given mass by coupling to ®. Furthermore, while
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electroweak ;

generational mixing of leptons is disallowed in Lieptons, it is required in £f750% in

order to conform to experimental observations. The electroweak quark Lagrangian is

T
Eelectroweak o Z tiL, (~# D wir, i L D ) 1 m D -
quarks - o't M) + uiR(U t u)UzR + diR(U t u)dzR
! diL dzL
T
d Uiz
- |G dd;p + CC (2.28)
' dz'L
T
Ui,
- Z bz G%Gab @auiR + cc (229)
) djL

b

The introduction of the matrices G* and G¢ (which operate in flavor space) account
for the mixing of flavor eigenstates in mass eigenstates, and the use of the antisym-
metric tensor € (€17 = €95 = 0 and €15 = —€9; = 1) allows up type quarks to couple to
® and thereby obtain mass. After symmetry breaking, LEc!oveak contains the Dirac
Lagrangian for quarks (with mass terms) as well as the interactions hqzqR + CC,
ZquL, Zq}%qR, quqL, Aq}%qR, and Wu}LdjL. The G* and G¢ mixing matrices can
be diagonalized with unitary matrices G* = UZM“UR and G = DEMdDR where the
mass matrices M are diagonal. Then the quark interactions with the W gauge boson
can be written WUZLV;'J'djL where V = ULDE is the Cabibbo-Kobayashi-Maskawa

(CKM) matrix. The strength of each interaction is determined by the weak hyper-

charge Y, weak isospin T" and the CKM elements V;;.
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| Leptons | Quarks | Bosons (Cubic) | Bosons (Quartic) |
Wilg+CC | hglqr+CC W W WWZZ
ZI I+ ZIGR | Zabar + Zahar hZZ WW AA
Al + AlLlg | Aqlar + Aghar AWW WW ZA
Wil v, +CC | Wul,djr, + CC IZWW WWWW
Giidl a1 GGG GGGG
hhh hhhh

Table 2.2: The interactions allowed in the Standard Model.

Finally, the strong interaction Lagrangian involves only the SU(3) vector bosons

G|,- The Lagrangian is

r t t
qr dr qr qr
stron ~qp -
Lovarks = ; y g (6"1D,,) g | —Ma | qq g (2.30)
q=u,a,s,c,0,
b v v v

strong

where the quark masses m, are generated by coupling to the Higgs field above. L,/ .rc

gives the gqG couplings and the Dirac equation for quarks. Properties of this and
the dynamical Lagrangian term G, G* have had success in explaining the strong
interaction properties of confinement and asymptotic freedom. See Table 2.2 for a
complete list of interactions allowed by the SM Lagrangian.

B° — 777~ in the Standard Model

Since the SM is a renormalizable field theory, the amplitude for B® — 777~
may be calculated perturbatively. If an interaction is not explicitly prohibited by

kinematic or conservation considerations, it is expected to occur in the SM. We can
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therefore proceed from first order in perturbation theory to higher orders to discover
the dominant process which mediates B® — 77

Three observations from Table 2.2 are most helpful in determining the process by
which BY — 77~ proceeds in the SM. First, the only interactions involving quarks
or leptons are cubic interactions. Second, there is no cubic interaction gg'X where X
is neutral. An interaction ¢¢’X would give rise to a tree level flavor-changing neutral
current (FCNC), which the SM does not admit. This forces the initial state quarks to
interact at distinct interaction vertices. Third, there is no direct interaction involving
both a quark and a lepton. The following argument applies to the general case of a
neutral meson decaying to a lepton pair.

The process cannot occur at first order in perturbation theory because there is
no quartic interaction in the SM involving either quark or lepton fields. Nor can it
occur at second order: there is no cubic interaction ¢¢'X where X is neutral (for an
s—channel process), and there is no cubic interaction involving a quark and lepton
field (for a t— or u—channel process). At third order, the final state leptons must
meet at the same interaction vertex. But since the only allowed quark interactions
are cubic, this forces the lepton vertex to be a quartic interaction. But this cannot
be in the SM since there are no quartic lepton interactions.

The process can proceed with four interaction vertices. Since the only tree level
flavor changing interaction in the SM (Wu/,d,;,) is charged and the meson is neutral,

there must be at least two such interactions (one mediated by W+ and the other
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Figure 2.1: Standard Model box (middle), penguin (top left and right) and self-energy
(bottom left and right) processes responsible for B® — 77—,

by W), one each at the initial state quark vertices. Then either the Ws or the
undetermined quarks meet at the two remaining free vertices. If the final state leptons
share a common interaction vertex, then either the undetermined quarks may proceed
to the last free vertex (in which case the W's connect the initial state quark vertices)
or the Ws may proceed to the last free vertex (in which case the undetermined quarks
connect the initial state quark vertices). In either case, the ¢g or W W~ vertex must
connect to the final state lepton pair vertex with a h, A or Z line. The resulting
diagrams are called penguin diagrams. See Figure 2.1 (top left and right) for the
penguin diagrams which mediate B® — 7777,

Note also that if a penguin diagram with W emission from the d quark line
reabsorbs the W, such a diagram is called a self-energy diagram. See Figure 2.1

(bottom left and right) for the diagrams. Self-energy diagrams contributing to B® —
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777 are also allowed at fourth order in the SM.

If the final state leptons do not share the same vertex, then the undetermined
quarks must connect the initial state quark vertices and the s proceed to the lepton
vertices (since there is no SM interaction involving both a quark and a lepton). The
only interaction available for the lepton vertices is WZEVZ L, in which case the resultant
neutrino connects the final state lepton vertices. Such a diagram is called a box
diagram. See Figure 2.1 (middle) for the box diagram which mediates B® — 777,

The SM amplitude for a neutral meson decay to a lepton pair was calculated in [16]
for K, — ptp~. In [17] the amplitude was calculated for B, — 777~ (¢ = d, s), and
in [18] QCD corrections at first order in a, were calculated. The QCD corrections
account for single gluon emission and reabsorption by quark lines in both box and
penguin diagrams, and for B® — [T~ were found at most to be 13% effects by the
authors of [18]. A more recent estimate for B — 777~ in [19] found the correction
to be a 3% effect.

In the SM, the penguin diagrams contribute to C'p and Cg, but these are sup-
pressed relative to C'y by a factor of (my/mp)? =~ 2.6 x 1073 [12]. The box diagram

dominates through its contribution to C'4. Box top exchange diagrams dominate
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the contribution from box diagrams with up and charm exchange. From [12],

CSM [y ;fm(%)ww(mt/mwf) (2.31)

where Y(z) = Yy(z) + $Yi(z) includes the order o, correction term. The terms

C2M ~ OZM ~ 0 relative to C5M. From [19], the numerical expression for Y is

(2.32)

1.55
my (mt)
166GeV

Y ((my/mw)?) = 0.997 l

Collecting together these elements and inserting them into the expression for the

branching ratio in Equation 2.4, from [3]

2 2
Vidl
BSM(B® oy 7t77) = 31x10°%|—2 L Vial |° (533
(BX =) % [1.55;93 180MeV | |0.004 (2:33)

2.3. The Two-Higgs-Doublet Model

Outline of the Two-Higgs-Doublet Model (2HDM)

While no experimental observation has successfully challenged the SM as a model
of fundamental particle interactions, there is still a key component which has not yet
been observed: the Higgs scalar h. And while the simplest assumption of a single

SU(2) doublet Higgs field is sufficient to generate mass and thereby explain SU(2)
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symmetry breaking, it is not necessary. Nature may have chosen a more elaborate
scheme.

In the Two-Higgs-Doublet Model (2HDM), the non-Higgs sector field content is
identical to the field content of the SM. But in the Higgs sector, two SU(2) doublets
are employed for SU(2) symmetry breaking and mass generation rather than one
as in the SM [20]. If only one of the doublets couples to fermions and the other is
decoupled, the 2HDM is a 2HDM type 1. If one doublet couples to up type fermions
and the other couples to down type fermions, the 2HDM is a 2HDM type 2. The

Higgs sector of the 2HDM type 2 employs the doublets

H;

H, = (2.34)
HO
Hg

Hy = (2.35)
Hy

to generate mass. H, generates mass for the up type quarks and up type leptons. Hy
generates mass for the down type quarks and down type leptons. Hereafter 2HDM

will refer to 2HDM type 2.
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In the 2HDM, as in the SM, particles obtain mass when SU(2) symmetry is broken.
In the 2HDM, the Higgs fields H, and H, assume particular orientations in SU(2)

space:

0 1 h:
H, — + — (2.36)
2
Uy, V2 hY
H o L hg 2.37
— + — .
d \/5 B ( )
0 hy

where h, and hy are excitations above the vacuum expectations v, and v4. Since there
is no a priori connection between the vacuum expectation values v, and vy, their
relative magnitudes are encoded in a free parameter of the 2HDM, tan f = v, /vq.
There is no experimentally preferred value for tan 3, but in grand unified theories with
SO(10) as the unification gauge group it is found that the third generation Yukawa
couplings unify at the unification scale when tan f is large (of order m;/my) [?].

The fields H, and H, couple to the SM fermions in the natural way (see Equa-
tion 2.55). But in the 2HDM, the quark Yukawa coupling matrix is not necessarily
diagonalizable in the same basis as the quark mass matrix. This is the case for large
tan 3 [21]. This generates off-diagonal entries in the Yukawa matrix, which introduces
flavor changing interaction vertices qq' H™*.

The physically realized particles of the 2HDM Higgs sector are mixed versions of

the scalar excitations h;, 0, hY and hy. Goldstone bosons G* and G° are absorbed
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by gauge vectors. The physical fields are

G™ sinf3 —cosf3 h
— (2.38)
HT cos 3 sinf3 hy
G° sinf3 —cosf3 9
= V2 Im (2.39)
A cos 3 sinf hY
h° sina —cosa hd
= V2 Re (2.40)
H° cosa  sina hY

where the mixing angle « is another free parameter in the 2HDM. Since the Goldstone
bosons are unphysical and are only required in Feynman-t’Hooft gauge, this leaves
the charged Higgs H* and H —, the scalar Higgs h° and H° and the pseudoscalar A°.

BY° — 7t7~ in the 2HDM

The 2HDM provides a mechanism for the enhancement of B® — 777~ over the
SM rate, but not at less than fourth order in perturbation theory. The introduction of
new 2HDM flavor changing couplings g¢' H* and q¢'G™ allow for additional processes
similar to those in the SM. Thus any W= boson in the SM box and penguin diagrams
may be replaced by a charged Higgs boson H* or a charged Goldstone boson G*. In
addition, there are three neutral Higgs scalars A%, H? and h° in the 2HDM which may
replace a Z° or photon line. The amplitude M2IPM __ was first calculated in [17]

and later in [19]. The authors of [19] found the results in [17] to be gauge dependent
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Figure 2.2: Dominant 2HDM processes responsible for BY — 77~ . These are similar
to the SM diagrams but with a gtW= (¢ = b, d) vertex replaced by a qtH* or qtG*
vertex.

and therefore necessarily incorrect.

The dominant 2HDM diagrams which mediate B® — 777~ are shown in Figure
2.2. They are variations of the box and penguin diagrams in the SM but with con-
tributions from the 2HDM Higgs sector. The first is the SM box diagram but with
a single ¢tW* (¢ = b,d) vertex replaced by a qtH* or qtG*, the second is the SM
penguin but with a single gtWW* vertex replaced by a q¢tH* or ¢tG* and the third is
the SM self-energy diagram with a single gtWW¥ vertex replaced by a ¢tH* or qtG*
so that the d quark line changes into a b line by emission and reabsorption of a H* or
G*. Diagrams in which both btW=* and dtW= vertices are replaced by qtH* or qtG*
vertices are suppressed by (m,/my)? ~ 4.9 x 10~* [22]. According to [19], there are

no new contributions to the axial vector Wilson constant C'4 in the 2HDM. But the
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Figure 2.3: Branching ratio B*PM(B% — 7777) plotted against mpg+ (left) and
against tan § (right) in the large tan § limit. The SM value is shown in bold.

constants C'p and Cs are modified due to the 2HDM box, penguin and self-energy

processes so that, for large tan 3, C3EPM = C5M and

. 1
C2HPM _ b 1 2 g Ogrl (2.41)
mW r —

where r = m?%. /m?(m;). The 2HDM branching ratio is then [19]

BHIPM(BO 5 7H77) = 24 x 10—8[ 5 ] l / r [ [Vidl r x (a® +E)2)

1.54ps| | 210M eV 0.008
4, 9 plogT 2
a = 54x10 "tan Bl— — Y ((my/mw)?) (2.43)
—r
|
b = 4.0x 10*4tan2ﬁ1°gr (2.44)
—r

where Y (z;) is defined in Equation 2.32. See Figure 2.3 for a plot of the branching
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ratio versus the charged Higgs mass mpg+ and versus tan 3. The SM and 2HDM
amplitudes interfere destructively, but for large tan § the 2HDM enhancement domi-

nates.

2.4. Supersymmetry

Outline of Supersymmetry

While the SM remains experimentally unchallenged as a model for fundamental
particle interactions, there is a strong motivation to revise it on theoretical grounds.
While experiment has determined that the vacuum expectation value for m; must
be of order 100 GeV, theoretical calculations show that first order corrections to mj
are of order M%;, = (2.4 x 10'® GeV)?, the energy scale at which quantum gravity
must alter the SM if it is to be a complete theory. Keeping the Higgs mass at the
electroweak scale despite an unavoidable Planck scale correction is known as the
hierarchy problem.

Supersymmetry theory [23] introduces a new symmetry @ and develops much in

the spirit of the gauge symmetry of the SM. The supersymmetry )



36

acts on bosonic particle to create fermionic superpartner, and acts on fermionic par-

ticles to create bosonic superpartners. The commutation relations 2

{Q.Q"y = p* (2.45)
@h.Q'=@.qQ = o (2.46)
[P1QY =[P"Q] = 0 (2.47)

define the supersymmetry algebra [23]. Since P* commutes with @, the superparticle
mass is equal to the particle mass if the supersymmetry is unbroken. But the sym-
metry is slightly broken, causing the difference in particle and super partner masses.
Thus in supersymmetry, particles acquire mass after SU(2) symmetry breaking, and
their superpartners acquire different masses from their partners after supersymmetry
breaking.

The huge SM correction to m? comes from the fermionic quark loop in the Higgs
propagator. This diagram arises from the hq}qu interaction in Table 2.2. Unless this
diagram is miraculously cancelled by higher order corrections, the experimentally
preferred value for my, is excluded. Supersymmetry solves the hierarchy problem
since, for each fermionic loop correction to m:, there is a scalar loop correction with
the opposite sign which exactly cancels it. If the supersymmetry is broken, the

cancellation is not exact. But if it is only mildly broken, the Higgs mass remains at

2The notation in this section follows [23]. Throughout, ¢ represents a scalar, ¢ a chiral fermion,
A a gaugino fermion and F' a vector.
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the electroweak scale. The cancellation only occurs if the superpartner of the fermion
quark is a scalar.

From {Q,Q'} = P* one can show [23] that the number of degrees of freedom in a
particle must equal the number of degrees of freedom in the superpartner. From this
requirement and that of renormalizability, it can be shown that there are only two
ways of grouping particles with superpartners: chiral or gauge supermultiplets. Chiral
supermultiplets group Weyl fermions with complex scalars. Gauge supermultiplets
group massless vectors with Weyl fermions. Only chiral supermultiplets allow different
gauge transformation rules for lefthanded and righthanded fermions, so quarks and
leptons must be grouped together with their squark and slepton scalar superpartners
in a chiral supermultiplet. The gauge vectors must be grouped together with their
fermionic gaugino superpartners in a gauge supermultiplet. Supersymmetry posits
that the gauge group generators commute with (), so that the superpartner gauge
quantum numbers (electric charge, weak hypercharge, weak isospin) are the same as
those of the partner.

Whereas a single Higgs doublet was sufficient in the SM to generate mass, super-
symmetry requires at least two. This is due to a divergence (the triangle anomaly) [23]
which is uncancelled in supersymmetry with one Higgs doublet but cancelled with two.
Minimally, supersymmetry employs two Higgs doublets (as in the 2HDM) to generate
mass for the chiral fields. H, generate mass for the up type (s)quarks and up type

(s)leptons. Hy generate mass for the down type (s)quarks and down type (s)leptons.
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The general supersymmetric Lagrangian Lgg allows for undiscovered fermions and
bosons and their superpartners. But beyond the superpartners of the fields already

discovered and the Higgs sector, it does not require them. The Lagrangian is

ESS - 'Cchiral + Egauge + ‘C%ﬁt}\ (248)

The chiral supermultiplet Lagrangian contains kinetic terms for all scalars (Higgs,
sleptons and squarks) and chiral fermions (higgsinos, leptons and quarks), a scalar-

fermion interaction term and a term for an auxiliary field F':

Lonirr = —(D"¢) (D) — i} (6" D)y + LG + FF™, (2.49)

All scalar fields are indexed by 7 and all chiral fermions are indexed by j. The
auxilliary fields are necessary to maintain the required balance between fermionic
and bosonic degrees of freedom in the supermultiplet when the field particles are

offshell. The interaction term is determined by the superpotential W

1. . .
Lhf = —g Wb + WHWi + CC (2.50)

W = %Mij¢i¢j+yijk¢z‘¢j¢k- (2.51)

This is the maximal set of renormalizable interactions between scalars and chiral

fermions [23]. Here W' = 0y, W and W* = 0,05, W. The M* are mass terms and
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the y“* are Yukawa couplings: the W*W; term contains cubic and quartic interac-
tions among scalars as well as scalar mass terms, and the Wijwiwj term contains

fermion mass terms as well as cubic Yukawa interactions. L. contains the SM La-

electroweak and Lstrong

quarks quarks> s Well as their equivalents for sleptons

grangian terms Liepions, £
and squarks. It also contains the supersymmetric analog of Lg, which involves the
doublets H, and Hj.

The gauge supermultiplet Lagrangian contains kinetic terms for the gauge vectors

(B, W, G) as well as gaugino fermions (B, W, G' ). Tt also contains an auxiliary

field D for the gauge fields:

1. . , 1.
[,gauge = ZFZWFWV_i)\JT(5uD”))\J+§DzDi (2‘52)

where ¢ indexes gauge fields and j indexes gaugino fields. The gauge fields and
gauginos are massless before SU(2) symmetry breaking. The D field is required
again in order to maintain the equality betwen the fermionic and bosonic degrees of
freedom. Lg4y4e contains the term Lgynamicar from the SM Lagrangian. Using the
equations of motion for the auxiliary fields, they can be replaced by F; = W} and
D; = —g;(¢*T?¢) where T7 is the jth generator and g; is the jth coupling of the
gauge group.

The superpotential defines all Yukawa interactions in the MSSM. The gauge and

gaugino interactions are determined by the action of gauge covariant derivatives on
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the fields as in the SM. The only remaining term in Lgg contains all gauge invariant
and renormalizable interactions between scalars, chiral fermions and gauginos which

are not, generated by the covariant derivatives D*:

L = —V2g;(¢*TI)N) + CC) + g2 (¢* T ) (¢*T7 ). (2.53)

Lgs is the most general renormalizable Lagrangian which is invariant under a
supersymmetric transformation ¢ — Q¢, v — QU, A — QN\, F — QF [23]. Tt
remains general until the field content {¢, ¢, A\, F'} and superpotential W are specified.

The Minimal Supersymmetric Model (MSSM)

Any supersymmetry model must be phenomenologically viable. This means that
it must include all fields which are already known to exist, it must specify a super-
potential which excludes interactions in Lgg which violate conservation laws already
observed to hold true, and it must specify the terms in Lgs which break the symmetry
and render sparticle masses at values above the current experimental reach.

At a minimum, the supersymmetry field content must include all SM fields (less
the Higgs doublet ®) and the SM interactions. It must also include all supersymmetric
partners of the SM fields as well as the two Higgs doublets H, and Hy. See Tables
2.3 and 2.4 for the minimal additional content in the MSSM.

The scalar content ¢ of the MSSM includes squark fields, slepton fields and Higgs

fields H, and H;. The chiral fermion content ¢ includes the SM quark fields, SM
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‘ Slepton ‘ Q ‘ J H Squark ‘ Q ‘ J H Gaugino ‘ Q ‘ J ‘

é 1[0 i 2/3 10

Te 010 d |-1/3|0] A(y) 0 | 1/2
fi 100 ¢ 2/3 | 0 Z 0 | 1/2
7, 010 5 -1/3 10 Wt |41 1/2
7 110 t 2/3 |0 w- -1 1/2
A 010 b 13 10| Grlg) | 0 | 1/2

Table 2.3: The minimal additional field content of the MSSM, excluding the Higgs
sector. These are the superpartners of the leptons, quarks and gauge vectors from
Table 2.1 (which are also included in the MSSM).

lepton fields and the higgsino fields H, and H,;. The gaugino fermion content A
includes the superpartners of the SM gauge fields B, W+, W=, W° and G. The
gaugino vector content includes the SM gauge fields B, W, W~ W? and G.

The superpotential for the MSSM is

] 1
| 2|
Wussu = UjrY; eH, — djry; Hy (2.54)
djL d]L
1
. Ui,
—liRy} ) Hy+ p(eH,) Hy (2.55)
le

Here y¥, y¢ and y} are Yukawa couplings. Note in particular the flavor changing
Yukawa interactions involving the scalars H, and Hy, which are not present in the
SM.

While there are many interactions in the MSSM, and therefore many poten-

tially free parameters, large subgroups of interactions occur with the same coupling
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‘ Higgs ‘ Q ‘ J H Higgsino ‘ Q ‘ J ‘
Hf [ +1]0 HY | +1|1/2
H° | 0 |0 H? 0 |1/2
HY | 0|0 Y 0 |1/2
H; | -110 H; 1| 1/2

Table 2.4: The MSSM Higgs sector.

strength. For example, consider three flavor changing (s)quark interactions mediated
by a charged H, or its superpartner: y;ici;LHjﬁjR, yfci}Lf[jujR, and yfd}LﬁjﬁjR.
All three interactions occur with the same coupling y;-i.

In all observed processes, lepton number L and baryon number B are conserved.
The MSSM explicitly excludes interactions which violate L or B conservation by
postulating a new conservation law. It first defines R-parity Pr = (—1)3(B-1)+29
where S is spin. If this multiplicative quantum number is conserved, as the MSSM
stipulates, then B and L are also conserved. Since particles have P = +1 and
sparticles have P = —1, Py conservation has some interesting phenomenological
consequences: the lightest supersymmetric partner (the LSP) is stable against decay,
sparticles are produced in even numbers at colliders colliding P = +1 particles, and
sparticle decays contain an odd number of sparticles in the final state.

The MSSM adopts the 2HDM Higgs sector in its entirety. At tree-level, the masses
of h%, H°, A° and H¥ are fixed by MSSM parameters. Radiative corrections impose

an upper limit of 130 GeV on myo given reasonable assumptions about the stop

masses [23]. As this upper limit is approached, the remaining Higgs sector masses
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become large and the MSSM couplings approach those of the SM in what is called
the decoupling limat.

In principle, any sparticles in Tables 2.3 and 2.4 which share the same spin, electric
charge and color charge may mix to produce mass eigenstates. The neutral gauginos B
and W may mix with the neutral higgsinos H? and H? to form any of four neutralinos
Ni, Ny, N3 or Ny. The charged gauginos W and W~ may mix with charged higgsinos
H} and HJ to form any of four charginos Cy", Cy, C3 or Cy. The gluino cannot
mix because it is the only neutral fermion which carries color charge. The squarks
and sleptons are not expected to mix except in the third generation, where the left-
and righthanded fields mix to produce mass eigenstates th, ts, l~)1, 52, 71 and Ty.

B? — 777~ in the MSSM

The amplitude for B® — pTu~ in the MSSM was first calculated in [21], again
in [22] and again in [24]. Tt is easily translated to B® — 7777,

The MSSM incorporates the 2HDM and therefore inherits the 2HDM mechanism
for enhancing B® — 777~ over the SM rate. In addition, the MSSM introduces two
further mechanisms: the flavor changing supersymmetrized q¢ H*, q¢'G* and q¢ W+
couplings, and the flavor changing mass insertion ¢¢' due to off-diagonal entries in
the squark mass matrix. Neither mechanism occurs at less than fourth order in
perturbation theory or in processes with Feynman diagrams topologically distinct

from those of the SM.
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The MSSM couplings q¢' H=, q¢'G* and ¢q¢'W= allow for the decay of a quark into
a squark of a different flavor with the emission of a chargino with higgsino, goldstino
or wino content. Thus any qq'W vertex in the SM box and penguin diagrams could
be replaced by a qq'C, or a qq'C, vertex. Moreover, if the MSSM squark mass matrix
is not diagonalizable in the same basis as the quark mass matrix, off-diagonal entries
in the squark mass matrix entries induce flavor changing mass insertions g¢' [21]. A
neutral Higgs penguin diagram with gluino exchange between initial quark lines (with
dczg and bl~)§ vertices) and a mass insertion bd also contributes to B® — [t~ in the
MSSM. See Figure 2.4 for Feynman diagrams of B — 777~ through chargino and
gluino exchange.

The authors of [22] found that the box diagram with chargino or gluino exchange
does not appreciably alter the Wilson coefficient C'4 over the SM value. Nor do the Z
penguin diagrams with chargino or gluino exchange alter Cp or C'4 over the 2HDM
values. But for large tan 3, the neutral Higgs (h°, H°, A°) penguin diagrams with
chargino exchange or gluino exchange with mass insertion enhance Cp and Cg by a
factor of tan® 3.

For simplicity, we consider only the case when the gluino exchange diagram is
negligible. In the limit of diagonal squark matrix, the gluino exchange penguin con-

+

tributes nothing to the process B — 77~ and the chargino exchange penguin

dominates.
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The Wilson coefficients for chargino exchange are found to be CiI55M = C5M

and [22]
MSSM MSSM 2HDM ms mf 307
Cp =Cy = C% + DT R— tan BAtmélCo(mél,mgl,m52X2.56)
w My
where the three point function CY is
1
Co(z,y,2) = ’ logf - logy (2.57)
rT—ylxr—=z2 AT z

and A, = A, + pcot 8. Here A, is the top Yukawa coupling. The corresponding
branching ratio is enhanced by a factor of tan® 3 in the MSSM, and is calculated to

be [22]

BMSSM(BO _ 7477 = 2.4><10—8l 5 H L er (2.58)

1.54ps | | 210MeV 0.008
x (¢ + d?) (2.59)
m; -
¢ = a+5.4x10"—%tan® BA,me, Co(me,, my,, my,(2.60)
Ma

2
d = b+4.0x 104:’2—% tan® BA;me, Co(me,, my,, my, [2.61)

The gluino exchange penguin amplitude is found also to increase as tan3 3 [22].
But this amplitude may interfere either constructively or destructively with the
chargino exchange penguin. For some regions of parameter space, the interference

is destructive (see the following section).
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Figure 2.4: Dominant MSSM processes responsible for B — 7777, At left is the
penguin with gluino exchange with flavor changing mass insertion. At right is the
penguin with chargino exchange.

B? — 77~ in Constrained MSSMs

In order to account for the mass differences between particles and their superpart-
ners, the terms in Lgg which break supersymmetry at the electroweak scale must be
specified. In the MSSM, these are the gaugino, higgsino, slepton and squark mass
terms as well as the squark-Higgs and slepton-Higgs couplings. The mechanism of
supersymmetry breaking in the MSSM is still unknown, but is thought to be due to
radiative corrections to the sparticle masses due to particles in a hidden sector which
do not interact with the SM particles. One can specify the mechanism of supersym-
metry breaking and thereby further constrain the MSSM. Many of the masses and
couplings in the MSSM can be seen to originate from common values at the unification
scale. When the mechanism of supersymmetry breaking is specified, a specific set of
unification scale masses and couplings can then be evolved down to the electroweak

scale using the renormalization group equations.
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In gravity-mediated supersymmetry breaking, the gravitino (the superpartner of
the graviton) mediates the radiative corrections. This framework is called minimal
Supergravity (mSUGRA). In gauge-mediated supersymmetry breaking, the messenger
particles with SM gauge group quantum numbers mediates the radiative corrections,
and the framework here is called minimal Gauge Mediated Supersymmetry Breaking
(mGMSB). Neither mSUGRA nor mGMSB is fully satisfactory, with the Particle

“not a

Data Group review referring to mSUGRA as “too simplistic” and mGMSB as
fully realized model” [25].

Nonetheless, the amplitude for B® — p*p~ has been calculated in mSUGRA and
mGMSB, first in [26], [27] and [28] and later in [29]. The mechanism for enhancing
the rate for B® — 777~ in mSUGRA and mGMSB is the same as it is in the MSSM
(chargino and gluino exchange) and the enhancement is also proportional to tan® 3.
These models simply constrain the electroweak scale masses and couplings to orig-
inate in common unification scale values which diverge after renormalization group
evolution downward in energy to the electroweak scale.

In mSUGRA, only five parameters are free: the scalar mass mgy at the unification
scale, the gaugino mass m,/, at the unification scale, the scalar cubic coupling A,
at the unification scale, tan 5 and the sign of the superpotential parameter sgn(pu).
The authors of [29] found that, after scanning this parameter space, only a very

small portion of the mg — m; /5 plane is excluded by assuming tan 3 > 35 and B® —

777 > 107%. They further found, however, that the penguin diagrams with gluino
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exchange and chargino exchange may interfere destructively and therefore decrease
the enhancement below the tan® 3 expectation. Even so, in the parameter space
covered the branching ratio was found never to fall below half the SM expectation.
In mGMSB, the authors of [29] found that the enhancement is much lower than
in mSUGRA. Here the free parameters are the sparticle mass scale A, the messenger
mass scale M, the number of SU(5) vector representations in the messenger sector,
tan 5 and sgn(u). In scans of this parameter space, after evolving the parameters
down to the electroweak scale, the branching ration for B® — 777~ was found never

to exceed 1077,

2.5. Leptoquarks

Models Containing Leptoquarks

The symmetry between quark and lepton generations suggests that there may be
a hidden connection between quarks and leptons. There is no compelling theoretical
reason in the SM why there should be the same number of quark generations as lepton
generations, but the SM relies on the equal and opposite contributions from leptons
and quarks to the hypercharge anomaly cancellation [30]. Leptoquarks codify this

connection in a physically realized object.
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The 2HDM and MSSM are only two of many possible extensions of the SM. Other

models include:

e Grand Unified Theories (GUTs). GUTs seek to unify the electroweak, strong

and gravitational interactions based on the groups SU(5), SO(10) or SU(15).

e Composite Models. These models identify substructure in the SM. Quarks and

leptons are made of preons.

e Technicolor Theories. Technicolor introduces a new non-Abelian gauge interac-

tion and requires any scalars to be bound states of fermions and anti-fermions.

All of these models incorporate leptoquarks [31], which carry both lepton number L
and baryon number B and are SU(3) color triplets. The SM does not.

In the context of GUTSs, leptoquarks were first introduced in an SU(4) model
in which lepton number is considered to be a fourth strong interaction color charge,
extending the SU(3) color symmetry [32]. Pati-Salam leptoquarks are then simply
the gauge boson which mediate the SU(4) strong interaction. The SU(4) symmetry
is broken down to SU(3) symmetry, giving mass to the leptoquarks but leaving the
gluons massless. Technicolor theories require all scalars to be bound states of a
fermion and an anti-fermion, and a bound state [g or lqg would be a natural candidate
for a leptoquark. Compositie theories build leptons and quarks from preons, which

therefore must carry lepton number and baryon number. Bound states of two preons
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‘ Leptoquark ‘ J ‘ F ‘ Q H Leptoquark ‘ J ‘ F ‘ Q ‘
So 0| -2 1/3 Vo 110 2/3
So 01-2 4/3 Vo 110 5/3
51/2 0|0 5/3,2/3 Yl/Z 11]-2 4/3,1/3
S1/2 0|0 2/3,-1/3 Vi 11]-2 1/3,-2/3
S1 0|-214/3,1/3,-2/3 %1 1]0]5/32/3,-1/3

Table 2.5: The spin J, fermion number F' = 3B + L and charge @) for leptoquarks
allowed for renormalizable SM gauge group invariant interactions.

could then carry both lepton and baryon number and would also be natural candidates
for leptoquarks.

Assuming that the leptoquark interactions are renormalizable and invariant under
the SM gauge group transformation, the number of leptoquark SU(2) multiplets
is fixed at ten: the scalars 50,5’0,51/2,5’1/2,51 and the vectors %,%,1/1/2,‘71/2,‘/1
[30]. The subscripts indicate the weak isospin quantum number of the leptoquark.
Leptoquarks are either scalars or vectors and carry fermion number F' = —2 or
F =0 (F = L + 3B). Different models incorporate different subsets: superstring Fjg
includes only Sy while the SU(15) GUT includes all ten leptoquarks. See Table 2.5
for the leptoquarks and their quantum numbers. The Lagrangian which includes all

interactions of the leptoquarks with leptons and quarks is given by

Lig = X3S Nplig) (2.62)

1,57 M,n LQ

where )\Zg is the coupling of the lepton from generation i to the quark of generation

j with chirality n to the leptoquark LQ. The lepton chirality m is determined by
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Figure 2.5: Vector (left) and scalar (right) leptoquark processes which mediate B —
7t77. The quark and lepton chirality labels have been suppressed.

angular momentum conservation and Jrg. The F' = —2 leptoquarks couple /g and
the F' = 0 leptoquarks couple [q.

Phenomenological viability requires that some constraints must be placed on some
leptoquark couplings and masses. A given interaction involving a given leptoquark
can be suppressed by i) requiring separate B and L conservation, ii) requiring a
sufficiently small coupling A, iii) requiring the leptoquark mass to be sufficiently large
or iv) requiring the leptoquark to couple only to one generation. For example, FCNC
constraints from the upper limit on B(K° — pe) are satisfied if the leptoquark is not
allowed to couple to both the first and second generation.

B? — 7t7~ in Models Containing Leptoquarks

In contrast to the SM, 2HDM and the MSSM, leptoquarks couple quarks and
leptons directly at tree level and therefore provide a mechanism for B® — 7+7~
at second order in perturbation theory. The process occurs by ¢-channel exchange

of a leptoquark. The authors of [12] identify four leptoquarks (512, So, Vo and Vije)
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)\5'0 /\5‘0 Vo \Vo )\51/2)\51/2 /\V1/2)\V1/2

g(I)LER 3LR3IR LR3I gézR LR “gaR 3L “33R
b )
SGFmS‘O 4GFmV0 SGFmS1 ) 4Gpmv1 )
Vo \) Vo Vo
glLL /\31L)‘33L gRL /\31R/\33L
0 AGpmy, 1/2 2Gpmy,
Vo Vo
gLR /\31L)‘33L
1/2 2Gpm%,0

Table 2.6: Leptoquark couplings which enter the Wilson coefficients for B® — 7+7.

which mediate B® — 77~ with couplings which are not already constrained by other
measurements. See Figure 2.5 for the diagrams. The Wilson coefficients are given to

be [12]

C5? = CM+ (g1f — gih) (2.63)
CE? = CPM+ (—gifi — gi%h) (2.64)
Ci? = CM 4 (g8 + g™ — gb" — gl — gif* + 9" (2.65)

where the superscripts mn indicate the chirality of the lepton and quark fields re-
spectively. The g which contain the unconstrained couplings are given in Table 2.6.

This leads to the corresponding branching ratio [12]

2 4
100 GeV
BE(B® = rtr7) = 55x 1077 |2 /s
(B = 77r) X Lops| |200MeV | | mig

L

2 5
X |[mQCp? + SmiCi®* + SlmioCse | (266)

Thus the branching ratio is enhanced by a factor (\3;\33)% but suppressed by a factor

1/m4LQ where L() is the leptoquark which mediates the decay.
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Figure 2.6: Branching ratio BY?(B°% — 777) plotted against my, (left) and against
A0pAs0, (right). The SM value is shown in bold.

If one assumes that the couplings are real and that no more than one leptoquark
mediates the decay, the branching ratio for B® — 777~ due to leptoquark exchange
can be unambiguously calculated. For example, if the d quark has chirality R and
the b quark has chirality L, and the vector SU(2) singlet V; mediates the decay, then

the branching ratio is

(2.67)

2 4
BB - rtr7) = 0.28 x lA?’V?RA?’Vng lloo Gev]

0.01 my;

See Figure 2.6 for the branching ratio as a function of V4 mass and A30, 33, .
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Chapter 3

THE BABAR DETECTOR

3.1. Introduction

Overview

In order to measure any B meson property, the B must first be produced in a
reliable and cost efficient way. Since the lifetime of the B is too short for direct
observation, its properties must be inferred from its stable decay products using
particle detection techniques developed over preceding decades in many experimental
environments. [33]

B mesons are produced at the Stanford Linear Accelerator Center (SLAC) at the
Positron-Electron Project 1T (PEPII) storage ring by colliding high energy bunches of
electron with bunches of positrons. The total number of BB events produced is the
production cross section times the integrated luminosity, and at the time of writing
was approximately 2.3 x 108,

The purpose of the Babar detector is to reconstruct each BB event initiated by
a collision of the e and e~. This requires reconstructing particles originating in

decays which typically occur on timescales of the weak, electromagnetic and strong
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Figure 3.1: The linear accelerator and PEPII storage ring at SLAC.

interactions (107%,107'5, 10722 s respectively). This is accomplished by precisely mea-
suring the four vectors x* and p* and identifying the flavor of particles which live on
timescales larger than the time resolution of reliably obtained detector measurements
(107 s). Particles which live on shorter timescales are reconstructed by four vector
addition from the longlived particle measurements.

Babar detector design, described in detail in [34] and [1], was optimized primarily
for measuring the time dependent CP asymmetry and secondarily for measuring a
broad variety of other B meson properties [34]. Unless otherwise specified, design
and performance parameters are taken from [1].

The ete  Interaction at PEPII

At PEPII, electrons and positrons bunches are prepared such that their center of
mass energy is at the Y(45) resonance peak in the reaction efe~ — Y(4S) — BB.

The rate of BB production is given by R = Logs, where £ is the luminosity and
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opp is the production cross section. If f is the frequency of bunch collision, n; are

the bunch populations and o; are the transverse bunch dimensions, the luminosity is

ning

L=f (3.1)

dro,oy,

Thus a higher event rate is obtained by increasing the bunch populations, increas-
ing the bunch collision frequency and reducing the bunch size. The transverse beam
dimension o; can be written as a geometric mean of of the emittance ¢;, which is deter-
mined by the bunch structure and history, and the amplitude 3}, which is determined
by the quadrupole focusing at the interaction point: o; = \/€; 7.

The Babar detector is located at Interaction Region 2 (IR2) in the collider storage
ring PEPII. The design goal of PEPII is to provide as high a luminosity as possible
for stable BB production at the Y(4S) resonance while remaining sensitive to the
radiation tolerances of the Babar detector. Luminosities are typically of order 1033
cm™2 57! but have been sustained at 103* cm~2 s=! for extended periods.

The 3 km long linear accelerator at SLAC injects electrons and positrons into the
PEPII storage rings, where the beams are stored in stable orbits with bending dipole
and focusing quadrupole magnets. The high energy ring (HER) electron current is
maintained at 0.7 A while the low energy ring (LER) positron current is maintained
at 1.3 A. The electrons and positrons are stored in bunches ordered into a train.

Each bunch is constrained to occupy a single wavelength, so the maximum number of
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bunches in a train at PEPII is the circumference divided by the wavelength or about
3500 (PEPII operates at 476 MHz and has a circumference of 2.2 km). In practice,
a train carries ~ 1600 bunches spaced temporally at ~ 4 ns intervals. Each bunch
typically has populations n of order 10'° — 10'! and transverse widths o, = 147 mm,
o, =5 mm [35].

The LER is injected at lower nominal energy (3.1 GeV) than the HER (9 GeV)
so that collisions at the interaction point are boosted forward in order to measure
the CP asymmetry in the Babar detector. These beam energies are chosen in order
to provide a center of mass energy of 10.58 GeV, the energy of the Y (4S) resonance
peak. For background ete™ — ¢7 (¢ # b) and ete™ — [T~ studies the beam energies
are slightly lowered to produce nominal 10.54 GeV in the center of mass. See Table
3.1 for cross sections for these processes at the Y(4S5) peak.

Since they provide the initial conditions for all events of interest at Babar, the
beam energy, luminosity and direction must all be measured to within small error and
recorded regularly in a database. The absolute luminosity (to within 1% error) and
beam direction (to within 1 MRad) are determined with the frequency and kinematic
distributions in e*e~ and ptp~ events in the Babar detector. The beam energies are
measured by observing the magnetic field strengths required to bend the beams into
collision and yield 5 — 10MeV systematic errors with 2.3 MeV (LER) and 5.5 MeV

(HER) distribution widths.
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| e"fe” — [ o/nb | 0L/Hz | Trigger Efficiency/% |

bb 1.1 3.2 99.9
qq(¢ #b) | 34 10.2 95.8(uds),98.9(c)
ete” ~53 | 159 —
wrp 1.2 3.5 —
T 0.9 2.8 92

Table 3.1: Cross sections, production rates (for £ = 3 x 10* ecm ™2 s7!) and trigger
efficiencies at the Y(4S) resonance [1] [3].

Particle Detection at Babar

The program for any particle detector is, for each stable particle in a given event,
to measure the four vectors x* and p* and identify the particle flavor. For charged
particles, three vectors 2° and p’ are obtained by the measuring a track, manifested as
signals generated by electron-ion or electron-hole pairs, left by the particle traveling
in a magnetic field. In a magnetic field B, the three momentum p, transverse to the

magnetic field line is

pe = agBR (3.2)

where the constant a = 0.3 GeV ! T-! m!, ¢ is the charge of the particle, B is the
magnetic field strength and R is the described radius of curvature. Thus if B is well
mapped and R is obtained with a mathematical track fit, the momentum p; is known
to high accuracy.

In the Babar detector, the tracking system comprises a small silicon vertex tracker

located close to the ete™ interaction point surrounded by a larger gas and wire drift



59

| | | | | Detector G Instrumented

| ‘ ‘ ‘ ‘ \ Flux Return (IFR))

0 Scale 4m 1P Barrel

‘ Superconducting
BABAR Coordinate System 1015w~ 1749 / Coil
y ’ , Electromagnetic

%rngenic S X =114 4050 1149 Calorimeter (EMC)

Imne — [

y | 370 Drift Chamber

Cherenkov ‘ (DCH)

Detector Silicon Vertex

(DIRC) Wﬂ | % | %W E Tracker (SVT)
[ } % IFR

1225 Endcap

Forward
End Plug 3042

Magnetic Shield
for DIRC

Bucking Coll— | 4

Support ——
Tube

e— | frs F— ==l e+

3500

3-2001
8583A50

Figure 3.2: Side view of the Babar detector.

chamber which extends radially from the beamline to 81 cm. See Figures 3.2 and
3.3 for side and end views of the Babar detector. The drift chamber provides precise
location measurements by measuring the time required for the electron to drift in an
electric field to the sense wire. A superconducting solenoid provides the magnetic
field necessary for measuring the momentum of transiting charged particles which
leave signal tracks of electron-hole pairs (in the vertex tracker) and electron-ion pairs
(in the drift chamber).

For neutral particles, the energy p° and three vector z¢ are measured with the

aid of calorimeters. A neutral particle is not deflected by a magnetic field, so the
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Figure 3.3: End view of the Babar detector.

direction of the three momentum can be inferred from the three vector x?. Electro-
magnetic calorimeter material induces photons to pair produce e*e™, each of which
then undergo bremsstrahlung whose daughter photons induce pair production. The
process repeats until the mean energy of the electrons is too low to undergo fur-
ther bremsstrahlung. Thus most of the energy of the incident photon can be fully
contained and detected as a cluster of bremsstrahlung photons in the calorimeter.
The photon energy spatial distribution in clusters of signals also provides information

useful in identifying the particle flavor.
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Hadronic calorimeters are designed to induce strong interactions in the calorimeter
between calorimeter material nuclei and the transiting neutral hadron. The direction
2' of neutral hadrons can be inferred from the spatial distribution of resulting shower
energy deposits in a hadronic calorimeter, but in contrast to the electromagnetic
calorimeter, only a small and unmeasurable fraction of the incident hadron is detected
due to losses to nuclear binding energy.

Surrounding the Babar tracking system and extending radially to about 132 cm
is the electromagnetic calorimeter, made up of scintillating crystals which convert
bremsstrahlung photons from electromagnetic showers to photons which photomulti-
plier tubes at the back of each crystal can measure with high efficiency. The hadronic
calorimeter extends from the solenoid, which surrounds the electromagnetic calorime-
ter, to about 4 m. It is a sampling calorimeter which alternates steel plates with ac-
tive gas filled chambers. Charged particles transiting the chambers create ionization
columns which induce a detectable charge on readout strips. Since muons do not
interact strongly, they pass through the hadronic calorimeter and thus particle flavor
identification is further aided by distinguishing hadronic from muonic tracks.

The four vector measurements z# and p# are complete (except in the case of neutral
hadrons) when a mass hypothesis is assigned with the aid of particle identification
devices. At Babar, two processes are exploited for particle identification: Cherenkov
radiation of the particle and ionization energy loss due to ionizing atoms adjacent

to the particle’s trajectory. Both depend on physical processes whose characteristics
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vary in a known way with the mass of the particle. When a charged particle traverses
a medium at higher velocity v = ¢ than light in that medium (8 > n~!), the particle

emits Cherenkov radiation at a characteristic angle

Oc = cos™H(1/np). (3.3)

For Cherenkov particle flavor identification at Babar, quartz bars between the drift
chamber and the electromagnetic calorimeter direct Cherenkov photons out to an
array of photomultiplier tubes at the backward end of the detector. Additionally, a
charged particle with unit charge induces ionization in neighboring atoms along its

trajectory with a characteristic energy loss [2]

dE 9 Co
% = Clﬁ In ﬁ

+ 3B+ ey (3.4)
where x is the distance traversed and the ¢; are constants which depend on the
material properties and fundamental physical constants. Charge deposited on sense
wires in the Babar drift chamber by ionizing particles aids in particle identification
using the dE/dx relation.

Coupled with knowledge of the particle’s three momentum, measured by the track-
ing system, the measured value of 3 yields the mass of the particle (since m = p/yef).

If the distributions of these measurements of [ are sufficiently narrow, they provide

a powerful discriminant between particle with different masses.
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The measurements of a particle’s x* and p* at it’s origin are fundamentally limited
by interactions which occur between the particle’s origin and its detection location.
Multiple Coulomb scattering of a charged particle in the detector material degrades
its energy and introduces an uncertainty in its location. The RMS of the scattering

angle is given by [2]

by

where by = 0.5168 MeV, by = 26.32 MeV and X, is the radiation length of the
transited material. Thus, particularly for low momentum particles, a measurement
is improved by minimizing the radiation lengths a particle must traverse before it is
measured.

An event trigger uses primitive track and cluster information to reject a very
large amount of uninteresting beam background from useful physics events. For a
list of particles detected in the Babar detector and their properties, see Table 3.2.
Detailed descriptions of the Babar tracking, calorimetry, particle identification and

trigger systems follow.
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Particle | Mass/GeV [2] | c¢r/m [2] | Detection ‘
0% 0 00 Electromagnetic Calorimetry
e 0.000511 00 Tracking & Particle ID
7 0.106 659 Tracking & Particle ID

nt 0.140 7.80 Tracking & Particle ID
K* 0.494 3.71 Tracking & Particle ID
Ky, 0.498 15.5 Hadronic Calorimetry
0 0.135 2.51 x 1078 70 — vy

Kg 0.498 2.68 x 1072 Ks — ntn=, 270

D 1.87 3.15 x 107° D — vKuwr

B 5.28 5.02 x 107° B — IDmKnr

Table 3.2: Masses, lifetimes and detection method for particles typically detected in
Babar. Longlived particles (above) are directly detected, while shortlived particles
(below) are detected by their decay products.

3.2. Charged Particle Tracking

Superconducting Solenoid

The magnetic field necessary for measuring charged particle momenta is generated
by a superconducting solenoid located radially at 1.375 m from the beamline. The
momentum resolution required for the physics goals yields a design with a 1.5 T
magnetic field with uniformity within the active tracking region within 2%. Moreover,
the field must not affect the performance of the PEPII dipole bending magnet B1
and quadrupole focusing magnets Q1, (2.

The coils making up the solenoid are made of Niobium-Titanium filaments wound
into 0.8 mm strands. Sixteen such strands are wound into a cable. The cables are then

embedded in aluminum and coiled around the active detector region in two layers,
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Figure 3.4: Longitudinal section of the Silicon Vertex Tracker..

extending 1.3 km in total. A cryostat filled with liquid He maintains the coils at 4.5
K for superconduction of a 4596 A operating current. A water-cooled bucking coil at
the rear of the detector absorbs flux in order to shield the magnets and the Detector
for Internally Reflected Cherenkov Radiation. The flux return path outside the coil
is provided by a segmented steel structure which also forms the passive component
for hadronic calorimetry.

A magnetic field map measured with probes demonstrated that the azimuthal
component of the field B, remained smaller than 1 mT and the field variation in the
bend plane of a charged particle in the active tracking area is within 2.5%.

Silicon Vertex Tracker (SVT)

Generally, the goal of the SVT is to measure the position and momentum of
charged tracks to high precision as well as providing dF /dx measurements for particle
identification. More specifically the primary physics goal of the SVT is to measure

the location of B and D meson decay vertices formed by multiple tracks to with



66

single vertex precision of 80 pm along the beamline (or better) in order to measure
the time-dependent C'P asymmetry to the desired accuracy.

Fitting hits in the SVT together with hits in the DCH yields highly precise track
measurements, but a secondary physics goal of the SVT is to measure tracks which
pass outside the DCH acceptance yet remain within the SVT acceptance. This stan-
dalone tracking enables the measurement of tracks from transition pions from D*
decays, which generally have very low transverse momentum (p; < 120 MeV) in the
detector frame due to the high boost v3 = 0.56. Finally, the tracks fitted from hits
in the SVT and DCH and extrapolated to the DIRC must yield a low enough er-
ror (of the order 1 mr) in order to allow the DIRC to make useful measurements of
Cherenkov angles for particle identification.

The design of the SVT is constrained by multiple scattering in the beampipe
and silicon of the SVT itself, the Babar-PEPII interface geometry and the expected
radiation dose from PEPII beam backgrounds. Material in the beampipe and SVT
contributes 4% X, and Monte Carlo simulations suggest that multiple scattering due
to this material imposes a lower useful limit on the intrinsic hit resolution of the
silicon microstrip detectors of 10 — 15 pum. The SVT is mounted on the PEPII
B1 dipole magnets used for bending the beams, which imposes an acceptance of
6 € [20.1°,150.2°] on the SVT. Finally the detector must withstand an integrated
radiation dose of 2 mr from beam backgrounds. For a 1 us window at ¢ = m, the

occupancy peaks at around 15% (5%) in the forward (backward) direction.



67

Together with the physics goals, these physical constraints and the desire to min-
imize cost motivated a five-layer SVT design constructed with 340 silicon microstrips
with 0.96 m? active silicon area covering 90% of the solid angle and reading out ap-
proximately 1.5 x 10° channels. The layers are at 32, 40, 54,91, 114 mm radially from
the beam axis. See Figure 3.4 for a longitudinal profile of the SVT.

In order to measure the spatial location of a hit, each layer has microstrips running
parallel to the beam (z-strips) and transverse to the beam (¢-strips). For the inner
three layers, which require 10 — 15 pm hit resolution at normal incidence, simulation
studies motivated placing the readout strips at a distance of 100 um (the pitch) from
each other and using one floating strip between readout strips in order to reduce the
interstrip capacitance. For the outer two layers, which require a lower hit resolution
of 40 pm at normal incidence, 200 pm pitch and one floating strip were found to be
sufficient. The microstrips comprise 300 um thick n-type substrates with p* and n*
implants with leakage currents of 50 nA/cm?, depletion voltages of 25 — 35 V and
bias voltages at 10 V above depletion. These are arranged in modules interconnected
mechanically by carbon epoxy rods. Signals are sent from the microstrips via fanouts
to ATOM (A Time Over Threshold Machine) integrated circuits mounted on carbon
fiber cones which both water cool the integrated circuits and provide the mechanical
interface to the B1 magnets. The time a microstrip spends over a preset threshold is
read out to upon a L1 trigger accept signal to the DAQ, enabling a very wide dynamic

response due to the quasi-logarithmic relation of time over threshold to signal charge.
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Tracks are reconstructed from hits in the SV'T by a pattern recognition algorithm.
For each microstrip the charge is inferred from the time over threshold signal. Clusters
are formed from groups of adjacent charged microstrips within a 200 ns window
around an event time determined by the DCH. Clusters are also formed allowing for
one uncharged microstrip. The cluster time and charge are then the means over strips
making up the cluster. For pitch p, strip charge ) and strip position = the cluster

position is determined by

_ mtT, | p(Qn—

which weights interstrip distances by charge. Tracks are constructed by minimizing

the x? in a Kalman fit of all SVT clusters together with hits found in the DCH.
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Figure 3.5: Longitudinal section of the Drift Chamber.

Drift Chamber (DCH)

Situated immediately radially outside the SVT, the DCH also also measures the
position and direction of charged particle tracks, thereby improving the overall track
reconstruction over the reconstruction provided by the SVT alone. The DCH also
enables reconstruction of particle decays which occur outside the SVT but within the
DCH active volume, in particular the decay K¢ — 77~ . Finally, the DCH provides
dE /dx measurements for particle identification.

The primary constraints on the DCH are a requirement for the lowest possible
multiple scattering in the walls and interior and an ability to withstand the high
doses of beam induced radiation in the active volume.

The inner radius of the DCH (see Figure 3.5) lies at the interface with the support
tube which houses the SVT. The wall there is a 1 mm thick Be cylinder which is only

0.28%X, thick. The outer radius of the DCH lies at 81 c¢m from the beamline and is



70

made of a C fiber material 1.6 mm (0.6%X,) thick. The endplates are annuli made
of Al 24 mm (back) and 12 mm (front) thick. The interior of the DCH holds 28, 768
sense, field, guard and cleaning wires in and ambient mix of He and C4H;, in the
ratio 80 : 20 at 4 mb flowing at a rate sufficient to replace the entire volume every 36
hours. The gas and wires are 0.2%X thick.

Sense wires are made of goldplated W-Re while the other wires are goldplated
Al. The field wires are arranged in hexagonal arrays around each sense wire, making
up a drift cell approximately [[.9 mm x19 mm. The field wires are held at ground
potential and the sense wires at 1960V to guide electrons from ionization clusters onto
the sense wires. There are a total of 7104 such cells, arranged into 40 layers which
are then formed into 10 superlayers. Of the 40 layers, 24 are arranged at a slight
angle from the beamline in order to provide stereo information for determining the
z and polar angle 6 with respect to the beamline. The axial information is provided
in the remaining layers, yielding the track curvature r, the radial distance from the
beamline r and the azimuthal angle ¢.

Due to the forward boost, the electronics for the DCH are mounted on the back-
ward endplate. The primary purpose of the DCH electronics is, for each cell with
a sense wire registering a signal, to provide the drift time (to locate the ionization
cluster), the integrated charge collected on the cell’s sense wire (to measure dE/dzx)
and to provide the L1 trigger with hit information. Service boards connect the sense

wires to the front end assemblies where the amplifier/digitizer boards provide the
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Figure 3.6: Track parameter resolutions obtained from two halves of a cosmic ray
event [1].

drift time and analog signal shape. There are 48 amplifier/digitizer boards divided
into 16 wedges with three boards per wedge. Inner wedges service 60 channels, outer
wedges service 45 channels and intermediate wedges service 48 channels. High voltage
is provided to the sense wires by the service boards.

Track Reconstruction

Track reconstruction begins with segments of four DCH sense wire hits. The four
hits provide an event beginning time ¢y, and together these measurements are used
in a Kalman filter algorithm by utilizing a detailed magnetic field map and detector
material model to determine the geometrical parameters of a helical trajectory.

The fitted helix is then extrapolated into the rest of the DCH and hits which are
consistent with the track candidate are associated to it and the fitting procedure is
repeated to provide a refined ¢;. Then the refined helix is extrapolated into the SVT
and hits there are associated to the DCH track candidate if they are consistent with

the expected error using a model of the material in the SVT and the DCH. The track
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candidate is then refit with all associated hits in both DCH and SVT. Any remaining
hits in the SVT which haven’t been associated to a DCH track are fit as standalone
tracks.

After the final fitting of the helix, it is extrapolated to find the point of closest
approach to the beamline. At the point of closest approach, the values dy, ¢y, 2 (radial
distance of closest approach, azimuthal angle and distance along the beamline) and
w,tan A (inverse transverse momentum w = 1/p; and dip angle) are determined. The
former three quantities determine the spatial location of the track origin while the
latter two are sufficient to determine the momentum transverse and parallel to the
beamline. Errors on these track parameter measurements are obtained by comparing
the two halves of a cosmic ray track passing close to the interaction point (see Figure

3.6). The transverse momentum resolution is found to be

ot — (0.13 £ 0.01)%p; + (0.45 £ 0.03)% (3.7)

Pt
If the DCH efficiency is defined as the probability that a track reconstructed in
the SVT (and within the DCH acceptance) is also reconstructed in the DCH, then the
efficiency is consistently higher than 95% for p; > 0.3 GeV at 1960 V. For p; < 0.2 GeV
the DCH efficiency drops dramatically. But the standalone SV'T efficiency, obtained
with Monte Carlo studies, is higher than 80% down to p; = 0.07 GeV. As discussed

in Chapter 1, background events with two oppositely charged particles lost forward



73

2359
§ 1555 T 2285 || Extarnal
Support
S
s | / | 127
Q20

Intaractian F'oint—/ ‘

197a

Figure 3.7: Electromagnetic calorimeter in longitudinal section.

easily mimic the signal. These particles are therefore characterized by low p; and, if
they leave any hits in the tracking system, are reconstructed with low efficiency. The
single vertex precision is measured to be 70 pm in the z direction, better than the

design goal of 80 pm.

3.3. Electromagnetic and Hadronic Calorimetry

Electromagnetic Calorimeter (EMC)

The purpose of the EMC is to detect and measure electromagnetic showers in-
duced by charged particles and photons in the energy range [0.02,9] GeV with high
energy and angular resolution. The primary physics goals which justify these require-
ments are semileptonic B flavor tagging for CP studies and high neutral pion and eta

detection efficiency and mass widths for rare B decays.
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Several constraints influenced the design of the EMC. Simulation studies indicate
that rare B decays require the statistical contribution to the energy resolution to
be order 1 — 2%. Neutral pion mass widths are dominated by EMC photon energy
resolution at low energy and angular resolution at high energy, and both of these must
be minimal. Finally, the EMC is constrained to operate within a 1.5 T magnetic field
and a high beam-induced radiation environment with stable and reliable performance
for its design lifetime.

See Figure 3.7 for a cross section of the EMC. Thallium doped CsI crystal cells
provide the scintillation material for photon detection. A total of 6580 CsI(T1) wedges
are inserted into thin carbon fiber composite modules, which are in turn mounted to
Al supports and inserted into the crystal support barrel. In the EMC barrel, 48
rings of cells contain a total of 5760 crystals while in the EMC forward endcap, 8
rings contain the remaining 820 crystals. The Al crystal support barrel mounts just
outside the DIRC and extends radially 48 cm with inner and outer walls 2.5 cm thick.
The whole structure is enclosed in a Faraday cage of thin Al sheets to eliminate stray
electric fields.

The crystal cells are tapered wedges 4.5 cm square at the inward end and 6.0cm
square at the outward end. Within these crystals the electromagnetic show develops
laterally on the order of the Moliere radius (3.8 ¢cm) and longitudinally on the order
of the radiation length (X, = 1.85 cm). Since the wedges are 16.0 — 17.5X| in radial

dimension, all electromagnetic showers are expected to be fully contained (less some
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leakage) in the active volume of the EMC. Each wedge is polished on its surfaces and
wrapped in a thin white reflecting material in order to guide scintillation photons
to the backward end of the wedge where two photodiodes are mounted. The pho-
todiodes are 85% quantum efficient at the CsI(Tl) scintillation wavelength 565 nm.
Preamplifiers then filter and provide amplification of the signal in inverse relation to
the energy, giving high gain to low energy signals. After passing through a compara-
tor and digital conversion, the signal is transmitted to readout modules via optical
cables. A L1 trigger accept signal induces readout in a 1 ns window from crystals
with a minimum energy of 1 MeV. The average occupancy of the cells is 16%, from
noise and beam background.

Nonuniformity in the initial construction and radiation induced damage require
that the energy readout from each cell must be calibrated on a weekly basis. Both
light yield and leakage corrections are determined from control samples. After 20 fb=*
of integrated luminosity, it had been determined that the forward endcap lost 7% in

gain from radiation damage [1].
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EMC Cluster Reconstruction

Shower clusters are reconstructed from a minimum of one seed cell with energy
larger than 10 MeV. Adjacent cells are associated to the cluster if they read out at
least 1 MeV or the seed cell energy is at least 3 MeV. Multiple local maxima (or
bumps) within a cluster may identify two overlapping showers. The energy of a bump
b is calculated from a weighted sum over associated crystal cells x, at a distance r,

from the local maximum, by an iterative process:

B, = S w,E, (3.8)
z€b
Em672.5rw/rM
L= 3.9
v Emleb Exl€72'5“'/rM ( )

where r,; is the Moliéere radius, which is approximately 2.3 cm in Csl. The cell weights
w, are initially set to unity, but are adjusted iteratively based on cell energy and
distance from the local maximum. Once the energy distribution { E, },¢; is converges,

the location of the bump is calculated to be a logarithmically energy weighted average

Ry = Y uR (3.10)
z|vz >0
v, = 4.0+ In(E,/E). (3.11)

The reconstruction concludes by extrapolating tracks from the DCH to the EMC face
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and computing the distance of the intersection to the nearest bump location. If that
distance is larger than a predefined cutoff value, the bump is assumed to be caused
by a neutral object.

The energy and angular resolutions of the EMC are obtained with data control

samples to be

op _ @322020% o ) g5+ 0.12)% (3.12)
B VE/GeV
oofmr = SSTEOOD o600+ 0.05) (3.13)

JE/GeV

just above design goals. See Figure 3.10a for the photon energy resolution obtained
from a variety of control samples.

Instrumented Flux Return (IFR)

The principal goal of the IFR is to detect neutral hadrons (mainly K7, and n) and
to identify muons for use in flavor tagging B and D meson decays for CP studies.
The general structure of the IFR and the neutral hadron detection performance will
be evaluated here, while the muon identification performance will be evaluated in the
next section.

The flux return (see Figure 3.8) for the field generated by the superconducting
coil is made of a hexagonal barrel and two endcaps. The barrel extends from 1.82 m

from the beamline to 3.045 m at the minimal point. The endcaps are 1.149 m thick.
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Figure 3.8: The flux return steel barrel (left) and endcaps (right).

The IFR structure provides mechanical support for the detector components inside
it. Overall, the steel in the flux returns weighs 870 metric tons.

Twenty steel layers in the barrel, with widths varying between 2 cm and 10 cm, and
19 in the endcaps alternate with air gaps of 3.5 cm width. The steel provides the high
Z material necessary to induce interactions between atomic nuclei and neutral hadrons
traversing the steel. The charged secondary showers induced by these interactions are
detected in the active elements of the hadronic calorimeter known as Resistive Plate
Chambers (RPC’s). More than 806 planar RPC’s are installed in the air gaps in the
barrel and endcaps. Cylindrical RPC’s are also installed around the EMC barrel and
inside the superconducting coil in order to detect hadronic showers which initiate

before reaching the IFR.
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The RPC is a sandwich of two highly resistive (10! —10'? Q/ cm) bakelite sheets,
each 2 mm thick. The gap between them is filled with Ar, Freon and Isobutane
in the proportion 57 : 39 : 5 respectively. The voltage between the bakelite sheets
is maintained at 8kV so that, when a charged particle traverses the gap it induces
breakdown. The ionization column so generated leaves a charge on Al strips mounted
on the back of the bakelite sheets atop a thin graphite layer and another thin insu-
lating layer of mylar. In the barrel, there are 32 z—strips and 96 ¢—strips for each
module. Mounted in the gaps are 3300 electronics Front End Cards (FEC’s) servicing
a total of approximately 5.3 x 10* channels from the RPC’s. The FEC’s shape and
discriminate pulses from the strips and provide single bits of data for the state of a
strip: above or below threshold.

Tracks are extrapolated from the DCH into the IFR using the known magnetic field
and expected ionization and scattering losses. If they do not associate with clusters
in the IFR, then the clusters are assumed to be from neutral hadron showers. Monte
Carlo studies indicate that 64% of all K, particles with p > 1 GeV produce a single hit
in the cylindrical RPC’s or two or more hits in the planar RPC’s. While the neutral
hadron direction can be firmly established with the spatial information available from
the z— and ¢—strips, its energy cannot. In control samples, the detected K angular

resolution is found to be oy ~ 60 mr.
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Figure 3.9: The Detector for Internally Reflected Cherenkov radiation..

3.4. Particle Identification

Detector for Internally Reflected Cerenkov Radiation (DIRC)

The primary purpose of the DIRC is to provide separation between different par-
ticle species e, u, T, K, p. The design goal was to obtain 40 separation between 7 and
K in order to tag the flavor of B mesons for CP studies in the momentum range
above 0.7 GeV, where dE/dx measurements provided by the tracking system begin
to lose separation power, up to 3 GeV. The design also required that the DIRC not
substantially reduce the energy resolution in the EMC, the system directly outside

the DIRC in the radial direction.
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The DIRC is located directly outside the DCH, occupying 8 cm (17%X,) radially.
See Figure 3.9 for a diagram. Within two cylindrical Al shells sit twelve boxes con-
taining bars of fused silica running along the beam direction. The surfaces of these
bars are highly polished to induce total internal reflection of photons striking them.
Charged particles traversing these silica bars (n = 1.473) radiate Cherenkov photons
which are propagated to the either end of the DIRC by a series of total internal
reflections down the length of the bars.

The forward end of the DIRC is provided with a mirror to reflect the photons to
the backward end, where the photons are collected with an array of 896 photomulti-
plier tubes situated in a standoff box filled with 6000 liters of highly purified water.
Each photomultiplier tube is provided with an octagonal light catching device to re-
flect photons which have initially missed back into a tube. The overall Cherenkov
photon efficiency in the DIRC is dominated by the photomultiplier photon efficiency,
which yields approximately 28 photoelectrons for each Cherenkov photon emitted by
a particle at normal incidence with § = 1. The photomultiplier tubes operate at 1140
V and provide pulse height and arrival time after amplification and pulse shaping
with an eight channel integrated circuit.

Given the spatial location of a photomultiplier tube reading out a signal and the
spatial location of the bar traversed by a charged particle which nominally emitted
the signal photon, the Cherenkov angles polar 6~ and azimuthal ¢ geometrically

determine sixteen possible sets of values given the ambiguities introduced by possible
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reflection paths. For each set (Ac, ¢¢), the expected arrival time is computed from
tracking data and compared to the measured arrival time. Imposing a 8 ns window
around the expected arrival time reduces the set of possible angles to a mean of 3.
Combining signals from all photomultiplier tubes yields a distribution of angles which
are each fitted for (6, ¢c). In dimuon data events, the difference in expected and
measured ¢ has a width of 10.2 mr. When all photons for a track are considered,
that width is reduced to 2.5 mr. The difference in signal photon timing has a width of
1.7 ns, very close to the intrinsic limit of 1.5 ns imposed by the photoelectron transit
time. The 7/K separation is found to be 4.20 at 3 GeV, very close to the design
goal. See Figure 3.10b for the Cherenkov angle and timing resolutions obtained from
data control samples.

Tracking and Calorimetry in Particle Identification

The tracking systems provide dE/dz measurements (see Figure 3.10c) for charged
particles and the EMC provides energy deposition information for all particles inter-
acting there. The IFR (described above) also provides p /7 separation.

Since muons do not interact strongly in the steel plates in the flux return, they are
expected to penetrate the entire system with sufficient momentum. Pions, in contrast,
will interact on the scale of the interaction length A\ of the iron in the steel plates.
The parameters found to be useful in discriminating are i) the number of interaction

lengths A traversed in the IFR, ii) the difference between the expected and measured
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Figure 3.10: Measurement performance for the photon energy in the EMC (a),
Cherenkov angle and timing in the DIRC (b) and dE/dz in the DCH (c) [1].

number of interaction lengths traversed (AM), iii) the RMS of the IFR clusters, iv)
the x? of the distribution of IFR clusters around the extrapolated track and v) the
x? of the distribution of clusters around the polynomial fit to the clusters. For muons
with p € [1.5,3] GeV efficiencies of 90% are obtainable with pion misidentification

rates of 6 — 8%.
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Figure 3.11: Schematic diagram of trigger, data acquisition, event reconstruction and
event logging.

3.5. Global Detector Operation

The signals generated by all of the detector subsystems must be collected from
the Front End Electronics (FEE), filtered for events of interest, and stored for future
study. The detector parameters also need to be monitored and controlled by human
operators. These requirements are met with a fast trigger in hardware, a slower trigger
in software and a set of processes running on a farm of processors to coordinate data
collection and detector control. See Figure 3.11 for a schematic diagram of detector
control and data collection.

Beam Background

The HER and LER are brought into collision at the interaction point within the
Babar detector in IR2 with quadrupole and bending magnets Qi and B1. After
the two bunches transit the interaction region they are separated by Bl to prevent

further collisions. Determining the luminous region produced by bunch collisions is
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important for rejecting background not originating there. The distribution of points
of closest charged particle approach to the beamline, determined with the Babar
tracking system in multiple two track events, defines the luminous region.

The beams generate radiation which induces damage in the detector systems and
thereby limits the lifetime and efficiency of the detector. The effect of synchrotron
radiation, generated by the bending of beam particles in bending magnets, is mostly
ameliorated by diverting the photons to a dump. The impact of beam-gas scatter-
ing, due to an imperfect vacuum, however, is significant. When beam particles are
scattered off of gas molecules they lose energy and are therefore sent preferentially to
¢ = 0,7 by the bending magnets. To a lesser extent, radiative Bhabha events induce
electromagnetic showers which generate damage. Finally, a short timescale beam
background class includes background due to beam injection into the storage rings,
beam loss due to an abort and beam collisions with dust particles. All forms of beam
generated background radiation are monitored in the tracking (sensitive to beam gas
background) and calorimetry. If levels exceed a preset threshold the tracking system
can abort the beams; the electromagnetic calorimeter can inhibit injection only.

Event Trigger

The majority of events generating signals in the Babar detector are noise from
beam generated background and must be separated on a very short timescale from

the events of interest for either physics studies or diagnostics and calibrations. The
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purpose of the trigger is to select events of interest with high efficiency (e > 0.99 for
BB) and reject background which, at design luminosity, reaches 20 kHz. The trigger
must also be robust with respect to noisy or dead channels.

The Babar event trigger comprises a high frequency hardware and lower frequency
software trigger. These are respectively termed the level one trigger (L1) and the level
three (L3) trigger, provision having been made for implementing an intermediate
trigger level in the future for handling higher luminosity. At design luminosity, the
L1 output rate is typically of order 1 kHz and the L3 output rate is typically of order
100 Hz. In both L1 and L3, three independent detector subsystems generate trigger
information: the DCH, EMC and IFR.

In L1, the DCH and EMC triggers, each independent and robust, are used for
selecting physics events while the I[FR trigger is used primarily for calibration with
ete™ — ptp~ and cosmic ray events. Every 134 ns these triggers provide trigger
primitives to the Global Level Trigger (GLT), whose function is to construct L1
trigger conditions and determine a trigger time from the primitives. This information
is then passed to the Fast Control and Timing System (FCTS), which is configurable
to mask or prescale trigger conditions from the GLT. If a trigger condition from the
GLT is still valid after masking and prescaling, FCTS issues an L1 Accept signal
and the event information in a time window around the trigger time is collected and

stored.
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The DCH trigger generates three kinds of primitives: short track, long track and
high p;. DCH track segments found within a given superlayer are linked together and
classed according to highest superlayer reached. The EMC generates five primitives:
low energy, medium energy, high energy, forward hit, backward hit. EMC crystals
are grouped into towers and each tower energy is summed over crystals with energy
above 20 MeV. The tower energies then determine the EMC primitives. If at least
four layers in a sector have hits in a 134 ns window, the IFR generates one or more
of eight primitives, each of which describes a particular event topology based on hit
location and multiplicity.

Upon an L1 Accept signal, signals from the detector lying in an event window
around the L1 trigger time are read and analyzed by the L3 software trigger. L3
is implemented on a farm of Sun processors and performs event classification and
partial reconstruction to filter the L1 output to select for events of physics and diag-
nostic interest. The DCH L3 trigger generates the track helix parameters (see above)
based on pattern recognition lookup tables generated with Monte Carlo simulations.
Similarly, the EMC L3 trigger generates clusters with pattern recognition tables and
calculates cluster centroid and shower shape information. The L3 trigger does not
use the IFR.

An L3 DCH Physics Accept is generated if at least one track originates radially
within 1 cm and longitudinally within 7 cm of the interaction point; or if at least

two tracks originate within 1.5 cm and longitudinally within 10 cm of the interaction
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| Type | Composition/% |
q, 1T~ (1 £ €) 22
Other QED, v 18
ete” 25
Beam Background 35

Table 3.3: Composition of the L3 Physics Accept sample at £ = 2.6 x 10** cm 2
st [1].

point. An L3 EMC Physics Accept is generated if at least two clusters each have
more than 350 MeV energy and the total cluster invariant mass is 1.5 GeV or more;
or if at least four clusters are obtained and the total cluster invariant mass is 1.5 GeV
or more. L3 Accepts are also issued for event topologies consistent with calibration
and diagnostic eTe™, ete™v, vy and cosmic ray events.

At L = 2.6 x 10* cm 2 s7!, the L3 Physics Accept frequency is 73 Hz while the
L3 Diagnostics Accept frequency is 49 Hz. The composition of events passing the L3
Physics Accept is found in Table 3.3.

Event Data Processing and Detector Control

The computing environment necessary for efficient data collection and detector
control requires support of L1 and L3 trigger design frequencies, calibration and
diagnostic functionality, data quality monitoring and physical detector parameter
(high voltage, gas flow, accelerator) monitoring. All of this must be coordinated with

a simple user interface for detector control and efficient database management.
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The Front End Electronics (FEE) are physically located on the detector and con-
nected by optical cables to the L1 trigger hardware and the data acquisition VME
crates termed Read Out Modules (ROMs). Upon an L1 Accept from FCTS, the
software running on the ROMs collects signal information from the FEE and, after
ensuring that the L1 Accept t, is synchronized with signal information from the FEE,
passes event information on to a farm of 32 processors running software for Online
Event Processing (OEP) and the L3 trigger. Basic event parameters generated in
OEP are logged and monitored in realtime for comparison to normative reference
sets to ensure high data quality. OEP archives event information for events satisfying
an L3 Accept to a logging process running on a dedicated server for Offline Prompt
Reconstruction (OPR). After OPR, the data are ready for physics analysis.

Detector control is effected in Online Run Control (ORC) with the use of Exper-
imental Physics and Industrial Control System (EPICS) software, which interfaces
directly with hardware signals from the detector and provides a simple GUI interface
to the operator. Independent processes (component prozies) interface the dataflow
and OEP processes with ORC. The proxies present a simple detector state machine
(configure, begin run, running) to ORC in order to convey information about dataflow
process readiness for data acquisition. The proxies also present detector conditions

from ORC to dataflow and OEP and provide the interface between ORC and PEPII.
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Chapter 4

SIMULATION AT BABAR

4.1. Introduction

Simulation of the physics at Babar occurs in three distinct stages: primary event
generation, particle propagation through detector material and finally the electronics
response and trigger simulation. See Figure 4.1 for a diagram of the simulation stages.

Event generation is carried out by generators designed specifically for the process
required in the event. EvtGen [36] simulates B physics at the T(4S) resonance and
was written specifically for B physics experiments. Jetset [37] simulates hadronic
continuum ete~ — ¢q for ¢ = u,d,s,c. For QED processes ete” — ete  and
ete™ — ptp~ Babar employs the generator BKQED, and for ete™ — 77~ the
generator is KoralB [38]. Other processes (cosmics rays, initial state radiation, gamma
gamma events) are handled by specialized programs.

All generators produce the underlying event four vectors in the center-of-momentum
frame. Before passing the underlying event on to particle propagation through the
detector, the event is rotated and boosted to the match the PEPII beam parameters
and placed spatially at the interaction point relative to the detector frame. Then the

event is stored in the StdHep format [39] for detector simulation.
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« multiple scattering
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(GEANT4)
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Electronics and Trigger
« waveform mixing
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(SimApp)

Truth
GHits
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Figure 4.1: The three stages of simulation at Babar.

The detector physics simulation is carried out by Bogus (Babar Object-oriented
Geant4-based Unified Simulation). Bogus is a layer of code written above the more
generalized program GEANT4 (GEometry ANd Tracking) [40], a toolkit for simulat-
ing the propagation of particles through matter in user-specified geometries, which
specializes it to the Babar detector.

Bogus takes the event in StdHep format at time ¢y, and steps it forward in time
through the detector by simulating the effects of the magnetic field, ionization energy
loss, multiple scattering and secondary decays. A highly detailed model of the detector
geometry and materials is necessary for accurate simulation of these processes, and
therefore must be continually updated to reflect the changing configuration of the
detector. Localized energy deposition (GHits) in all parts of the detector are saved
together with the original event information (Monte Carlo truth) for simulation of

the electronics response to the GHits in the final phase of simulation.
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For all detector systems, the simulated digital response to GHits is encoded in
digis. For the EMC, which employs analog signal response, the waveform response
to GHits is simulated. Using data stored from randomly triggered real events, back-
ground digis and waveforms due to electronics noise and spurious physics processes
are mixed together with those due to the underlying physics event. The mixed digis
and waveforms are then subjected to the L1 trigger simulation.

After all three stages of simulation, the event record contains the Monte Carlo
truth, the GHits, the mixed digis and waveforms and the L1 trigger response. The L3
software trigger is applied and reconstruction of simulation event particle candidates
then proceeds precisely as it does on real data. In the following sections we will focus
first on the EvtGen simulation of signal and background events. Next we consider
the GEANT4 simulation of the static and dynamic properties of the Babar detector

which evolves the primary event.

4.2. Primary Event Simulation

The EvtGen Event Generator

The task of generating the full decay tree of two B mesons at the Y(4S) reso-
nance is allocated at Babar to EvtGen, an object-oriented C++ package written with

experience obtained from previous B physics experience at CLEO.
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Particle | ID | Mass/GeV | AT /GeV | AM/GeV | 3Q [ 2S | ¢r/mm | L-KC |
e- 11 0.000510999 | 0 0 301 0 11
e+ -11 0.000510999 | 0 0 3 1 0 0
nu_e 12 0 0 0 0 1 0 12
anti-nu_e -12 0 0 0 0 1 0 0
mu- 13 0.1056584 0 0 3|1 658654. | 13
mu+ -13 0.1056584 0 0 3 1 658654. | 0
nu_mu 14 0 0 0 0 1 0 14
anti-nu_mu | -14 0 0 0 0 1 0 0
tau- 15 1.7770 0 0 3|1 0.0872 15
tau+ -15 1.7770 0 0 3 1 0.0872 | 0
nu_tau 16 0 0 0 0 1 0 16
anti-nu_tau | -16 0 0 0 0 1 0 0
pi0 111 0.134976 0 0 0 0 |0 111
pi+ 211 0.139570 0 0 3 0 | 7804.5 101
pi- -211 0.139570 0 0 3 |0 | 78045 |0
rho0 113 0.7685 0.151 0.48 0 2 |0 131
rho+ 213 0.7685 0.151 0.48 3 2 |0 121
rho- -213 0.7685 0.151 0.48 302 |0 0
KO 311 0.49767 0 0 0 0 |0 102
anti-KO0 -311 0.49767 0 0 0 0 |0 0
K_S0 310 0.49767 0 0 0 0 | 26.762 | 222
K_LO 130 0.49767 0 0 0 0 15510. | 221
K+ 321 0.49368 0 0 3 0 | 3713. 103
K- -321 0.49368 0 0 -3 |0 | 3713. 0
D+ 411 1.8693 0 0 3 0 | 0.315 104
D- -411 1.8693 0 0 -3 [0 ]0.315 0
DO 421 1.8645 0 0 0 0 | 0.1234 | 105
anti-D0 -421 1.8645 0 0 0 0 01234 |0
D*+ 413 2.010 0.000080 | 0.0004 3 2 |0 124
D*- -413 2.010 0.000080 | 0.0004 302 |0 0
D*0 423 2.0067 0.000061 | 0.0003 0 2 |0 125
anti-D*0 -423 2.0067 0.000061 | 0.0003 0 2 |0 0
BO 511 5.2794 0 0 0 0 | 0.462 107
anti-B0 -511 5.2794 0 0 0 0 | 0.462 0
B+ 521 5.2791 0 0 3 0 | 0.502 108
B- -521 5.2791 0 0 -3 |0 ]0.502 0
Upsilon(4S) | 70553 | 10.57500 0.019 0.014 0 2 |0 404

Table 4.1: Particle properties used by EvtGen for a few select particles. Taken from
the EvtGen evt.pdl file.
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EvtGen maintains the particle properties required for simulation in the evt.pdl file.
The particle number (according to Particle Data Group convention), particle mass,
width, maximum mass error, charge, spin, lifetime, and Lund particle number are
maintained in this file, which can be easily updated with most recent measurements.
See Table 4.1 for the evt.pdl listings for a few select particles. Particles are represented
as scalars (spin 0, one state), Dirac particles (spin 1/2, two states), neutrinos (spin
1/2, one state), massive vectors (spin 1, three states), massless vectors (spin 1, two
states), and tensors (spin 2, five states).

A complete decay list for B and D mesons is contained in the DECAY.DEC file,
which defines the branching ratio and decay model for each known decay of stable
particles found at the Y(4S). See Tables 4.3 for a select list of B decays and 4.5 for
a select list of D decays taken from the DECAY.DEC file. Given a B meson to fully
decay, EvtGen first consults the DECAY.DEC file to determine which specific decay
to implement based on the branching ratios maintained for each. Then kinematics
are generated according to phase space and subject to requirements (for example,
spin correlations) imposed by the decay model specified in DECAY.DEC. Then for
each daughter particle which isn’t stable, the process is repeated.

Three categories of decay model are implemented in EvtGen. The incoherent
models do not include spin correlations between decay products and generate spin
averaged particles. The generic phase space model PHSP and the JETSET model,

which implements the interface with Jetset, are the two primary incoherent models.
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For this category EvtGen simply generates decay daughter particles and initializes
their kinematic values randomly such that they satisfy energy and momentum con-
servation laws. In the JETSET model, EvtGen passes the decay to Jetset to simulate
hadronic showering. Decays in which the initial and finals states contain only scalar
particles use incoherent models since there are no spin correlations to simulate. Ap-
proximately 40% of all B decays are decayed with incoherent models.

The probability models also do not include spin correlations between daughter
particles, which are unpolarized. Such models are slightly more sophisticated than
the incoherent models in that, after generating daughter particles and initializing
phase space, they define probabilities based on the generated kinematics for use in
a veto algorithm. If the probability assigned to the generated kinematics falls below
some randomly generated number on the unit interval, the kinematics are rejected and
regenerated repeatedly until the kinematics pass the veto. For example, the model
D_DALITZ, which models D — K, is a probability model. The probabilities in
this model are obtained from the density of the Dalitz plot of m%, against mj.,,
obtained experimentally from the MARK IIT and E691 experiments, ensuring that
the K* resonance contributions are accurately modeled. Only a handful of decays in
EvtGen are generated with probability models.

Most decays in EvtGen are implemented with amplitude models. These fully
include all spin correlations in the kinematics because they employ the full amplitudes

for the decay. For example, consider the decay a — b(— bibe)c(— cica) [41]. The
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example generalizes easily. Denote the spin degrees of freedom for b by A, and for
¢ by A.. Let M, denote the amplitude for the process p, which is specified in the
decay model for p. First generate kinematics for the a decay and apply the veto
algorithm using the probability P, = |M_p.|* for the specified a decay. Kinematics
are regenerated until they pass the veto algorithm using P,. Next generate b — b,y
kinematics, the spin density matrix for b and the corresponding probability for the

b — b1by decay:

Ap N, A ,)\c Ay Ae
pbb b= Z Ma:bc a:bc)* (41)
1 Y Al
Pb — T Z ’ Mb*)ble (Mb:ble)*' (42)
T Pb

AN,
EvtGen applies the veto algorithm using P, and regenerates kinematics as necessary.
Finally, EvtGen generates kinematics for ¢ — c;co, the spin density matrix for ¢ and

the probability for the ¢ — ¢ycy decay:

Ap, N, A\
gyt = Mb—>b1b2 (Mpy0,)" (4.3)
Y ~Ap, AbsAc ApsAe
pi\ Ae = Z o Mab—)bc(Mab—wc)* (44)
)\b,)\’
PC = TTPC Z pCC)\ Mg\i)clcQ (Mg\—)clcQ)*' (45)
AL

The spin correlations between b and ¢ are captured in the py, p, and p. spin density

matrices. EvtGen applies the veto algorithm using P, and regenerates kinematics as
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necessary. Many amplitude models take parameters specified in the DECAY.DEC
file. For example, the SVV_HELAMP model takes six parameters: the magnitudes
and phases for each coefficient in the helicity state expansion of a vector particle. In
the HQET decay model for semileptonic decays B — D*ly;, the parameters are the
form factor slope p? and form factor ratios R; and Ry. Their default values are taken
from CLEO measurements [4].

For final state QED corrections, EvtGen employs the package PHOTOS [42].
Bremsstrahlung from any final state particle in a decay process p introduces a pho-
ton and alters the four-momentum of the particle, reducing the width I', at higher
momenta and increasing it at lower momenta. If x = E/E,,,, is the energy frac-
tion of the particle, the differential width without bremsstrahlung ng /dx is modified
by a correction term dI',/dz — dI')/dx. In two decay processes (BY — D°ctu(y)
and 7 — evi(vy)) where the analytical expression for dI',/dz is known to O(a?) , the
agreement between the PHOTOS correction term and the analytical correction factor
is good to 1% [43]. Bremsstrahlung with two or more photons is not implemented,
nor is interference due to multiple charged particles in the final state. Bremsstrahlung
simulation is important for the BY7+7~ analysis described in Chapters 5-7 because
the residual photon energy unassigned to reconstructed particles is a strong indication
in the background that unreconstructed neutral pions are present, and it is required
to be minimal for the signal selection. If the bremsstrahlung simulation was deficient,

it would be necessary to assign a systematic error.
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l d,s
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a) Leptonic 7 Decay b) Hadronic 7 Decay

Figure 4.2: Feynman diagrams for the two dominant classes of tau decay. Leptonic
decays (7 — evev, and T — puv,v,) account for approximately 35.2% of all tau decays,
while hadronic decays of the type depicted (7 — 7v,, 7 — pvr, T — vy, T — Kv;
and 7 — K*v,) account for approximately 57.2% of all tau decays.

Signal Simulation: Tau Physics and B’ — 777~ in EvtGen

The tau lepton decays via the weak interaction with a lifetime of 290.6 + 1.1 fs.
Tau decays may be classified as either leptonic or hadronic (semileptonic decays have
not been observed). In both cases, the tau undergoes a transition 7 — Ww,. The W
boson then couples to either a [y, pair (leptonic) or a ¢¢' pair, which hadronizes into
a meson (hadronic). See Figure 4.2 for the Feynman diagrams for tau decay. The tau
mass is 1.7770 + 0.0003 GeV, forbidding decays to top, bottom and charm mesons

but allowing decays to strange and up/down mesons and both muons and electrons.
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The leptonic decays 7 — evev,; and 7 — uv,v, are theoretically very clean and
straightforward to model. In EvtGen they are implemented with the amplitude model

TAULNUNU. The W propagator

9"+ miy
2

P*(q) Z m
w

(4.6)

can first be approximated. Since the virtual W produced in the b — Wq transition is
very light compared to the onshell W (¢? << m¥,), the W propagator can be approx-
imated by P*(q) ~ ig"”/m?,. Then using the Fermi constant G = (v/2/8)g2/m?,,

the amplitude for leptonic decays may be written as a product of two leptonic currents

Gr

Mooty = "Ly (4.7)
" = (v y"(1=7")In) (4.8)
o= ("1 =7 (4.9)

where the 7,1 are represented as Dirac particles (spin 1/2, two states) and the v,, v,
are represented as neutrinos (spin 1/2, one state) in EvtGen. Since the overall mul-
tiplicative factor in any amplitude in EvtGen is irrelevant to the decay kinematics,
the factor is neglected and each amplitude is normalized to its maximum value over
phase space. QED radiative corrections to the partial width are of order a(m?), but
these are accounted for with PHOTOS. The correction for the full W propagator is

of order m?/m?, [44].
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The hadronic tau decays are considerably more complex than the leptonic decays.
Several effects alter the contribution to the total tau width from the many hadronic
decay channels: Cabibbo suppression, phase space suppression, helicity suppression
and isospin suppression [44]. These effects are neglected in the EvtGen amplitudes but
are included implicitly in the widths defined by the branching ratios in DECAY.DEC.

The strange decay widths for 7 — Kv, and 7 — K*v, are Cabibbo suppressed
relative to the nonstrange decay widths by a factor |Vy,/Viuq|? = 0.05. Since the phase
space goes continuously to zero at the tau mass, the heavy meson decays are phase
space suppressed relative to the light meson decays. The suppression is greater for

J = 0 than it is for J = 1 mesons:

dl' o (1 —q¢*/m?)*(1+ 2¢*/m?)’ (4.10)

for meson transfer momentum ¢ and meson spin J [44].

Since the W couples to lefthanded quarks and righthanded antiquarks, hadronic
tau decays predominantly produce mesons whose valence quarks have opposite helicity
and are therefore in a J = 1 state. The nonzero quark masses allow a helicity
suppressed JJ = 0 contribution to final states, with a partial width suppression factor
of order (m, + my)/M where M is the meson mass [44]. Finally, isospin effects
suppress scalar meson decay widths over pseudoscalar meson decay widths by a factor

(mg — mq’)Q/(mq + mq’)2
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The amplitude for hadronic tau decays may be written as a product of a leptonic

current with a hadronic current

Mospy = %quh%u (4.11)
" = (v y"(1-7")In) (4.12)
hi—o = fud" (4.13)
hio = fue (4.14)

for ¢ = d,s. Here V,, is the CKM element V4 or V,,, ¢ is the momentum transfer
and e is the meson polarization vector. Since QCD final state interactions greatly
complicate the amplitude calculation, the hadronic current is parameterized with
decay constants f, which describe the overlap of the valence quarks in the meson.
In EvtGen, the J = 0 hadronic decays (1 — 7v, and 7 — Kv,) are modeled
with the TAUSCALARNU (scalar represented by spin 0, one state) model while the
J = 1 hadronic decays (1 — pv,, 7 = ayv, and 7 — K*v,) are modeled with the
TAUVECTORNU (vector represented by spin 1, three states) model. Nonresonant

decays with two and three pion final states are modeled with the JETSET model.
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In some simulated data at Babar!, the hadronic decays 7 — pv; and 7 — a,v;
were implemented with the TAUHADNU model rather than the TAUVECTORNU
model. In the TAUHADNU model, the hadronic current for resonant two and three
pion final states is parameterized by Breit-Wigner resonance shapes. For the two pion

final state,

hae = V2FI(¢)(ql — db) (4.15)
_ BW, + BBW,,
FI™(¢*) = p1+5 £ (4.16)
2
m
BW, = P (4.17)

m% —q? —iqlp(¢?)
where the ¢, g2 are the four momenta of the pions and ¢ = ¢; + ¢». For the three

pion final state,

W — —i%me [Ffwsl) (qi‘ - q@)] (418)
—i23\J{§BWa1 lFf”(sz) (qéf o q“iq((hq; Q?’))] (4.19)

where s; = (g2 + ¢3)? and s2 = (q1 + ¢3)®. The parameters (3, m,, L', my, Ty, mq,
and I',, are taken from experimental fits to data.
The remaining hadronic tau decays comprise approximately 7.6% of all tau decays

and are modeled with either JETSET or PHSP models. See Table 4.2 for a complete

!Early in the simulation production cycle SP4 the model switched from TAUVECTORNU to
TAUHADNU. All subsequent SP cycles use TAUHADNU.
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list of tau decay modes simulated by EvtGen.
EvtGen uses the SLL amplitude model to simulate B® — 77~. This model is
appropriate for the decay of any scalar or pseudoscalar particle to two leptons. The

amplitude is written as a product of two currents:

Gr

Miii\fllz = ﬁvt;;'%’q”[’uHu (4-20)
L' = (]I =)y (1 = 27)|l,) (4.21)
HY = fp% (4.22)

where f is some multiplicative constant and p’; is the B momentum.
In EvtGen,the signal B® decay specified in DECAY.DEC is superseded by the
specification

decay BO
1.0 tau+ tau- PHOTOS SLL

enddecay

to implement the B® — 77~ decay with final state radiation and the SLL model.
In the init method of the EvtS11 class, SLL ensures that the particle to decay is
a scalar (or pseudoscalar) (spin 0, one state) and that there are two daughters, each
a Dirac particle (spin 1/2, two states). In the decay method, SLL initializes phase
space by assigning momenta to the taus, constructs the leptonic V-A current and the

B four momentum, then returns the amplitude M%lo)‘fwh,.
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‘ BR ‘ Decay Mode ‘ Decay Model

0.1778 | e- anti-nu_e nu_tau PHOTOS TAULNUNU
0.1731 | mu- anti-nu_mu nu_tau PHOTOS TAULNUNU
0.1095 | pi- nu_tau TAUSCALARNU
0.2531 | pi- pi0 nu_tau TAUHADNU

-0.108 0.775 0.149 1.364 0.400
0.09234 | pi- pi- pi+ nu_tau TAUHADNU

-0.108 0.775 0.149 1.364 0.400 1.23 0.4
0.0910 | pi0 pi0 pi- nu_tau TAUHADNU

-0.108 0.775 0.149 1.364 0.400 1.23 0.4
(0.2515) | rho- nu_tau TAUVECTORNU
(0.1790) | a_1- nu_tau TAUVECTORNU
0.00686 | K- nu_tau TAUSCALARNU
0.0134 | K*- nu_tau TAUVECTORNU
0.0450 | nu_tau pi- pi+ pi- pi0 JETSET 41
0.0100 | nu_tau pi- pi0 pi0 pi0 JETSET 41
0.0015 | nu_tau K- pi- K+ JETSET 41
0.0015 | nu_tau KO pi- anti-KO JETSET 41
0.0015 | nu_tau K- pi0 KO JETSET 41
0.0005 | nu_tau K- pi0 pi0 JETSET 41
0.0050 | nu_tau K- pi+ pi- JETSET 41
0.0055 | nu_tau pi- anti-K0 pi0 JETSET 41
0.0017 | nu_tau eta pi- pi0 JETSET 41
0.0013 | nu_tau gamma pi- pi0 JETSET 41
0.0009 | nu_tau pi- pi- pi+ pi0 pi0 PHSP
0.0008 | nu_tau pi- pi- pi- pi+ pi+ PHSP
0.0003 | nu_tau pi- pi- pi- pi+ pi+ pi0 | PHSP
0.0005 | nu_tau pi- pi- pi+ pi0 pi0 pi0 | PHSP
0.0010 | nu_tau pi- pi0 pi0 pi0 pi0 PHSP
0.0039 | nu_tau pi- omega pi0 JETSET 41
0.0010 | nu_tau K- KO JETSET 41
0.0010 | nu_tau K- omega JETSET 41

Table 4.2: The complete list of tau decay modes simulated by EvtGen together with
their branching ratios and decay models. The branching ratios sum to unity. The
parameters in the TAUHADNU decay model are /3, the p mass and width, the p’ mass
and width, and the a; mass and width. The branching ratios in brackets () signify
that the models for 7 — pv, and 7 — ayv, were changed from TAUVECTORNU
to TAUHADNU between simulation production cycles. Taken from the EvtGen DE-
CAY.DEC file.
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In order to validate the simulation of B — 777~ with the SLL model in Evt-
Gen, the resultant tau daughter kinematics can be compared to those generated with
Tauola [45], the program used by KoralB to decay taus. For purposes of the vali-
dation, one B is generated and decayed in EvtGen. In 10° events, for both Tauola
and EvtGen, each tau is required to decay to a e, ju, m or p with equal probability. In
Tauola the 77 polarized randomly to be either +1 or —1 and then is decayed with
the DEXAY subroutine with the requisite momentum for ditau B decay. The 77 is
polarized with the opposite sign and then decayed with DEXAY. This produces taus
with the same helicity as required for a spin zero decay. The tau daughter momenta
and the angle between the tau daughters is plotted in Figures 4.3, 4.4, 4.5 and 4.6.
The correlations between tau daughter momenta are shown in Figures 4.7 and 4.8.

Background Simulation: B and D Physics in EvtGen

The B® (B™) meson decays via the weak interaction with a lifetime of 1.548 +
0.032ps (1.653 & 0.028 ps). The mass of the B (B™) is approximately 5.2790 =+
0.0005 GeV (5.2794 £ 0.0005 GeV) which, together with energy conservation, forbids
B decays to top mesons but allows decays to charm, strange, up/down mesons and all
three leptons. B meson decays may be categorized according to flavor of their decay
products: leptonic, semileptonic and hadronic (or non-leptonic). See Figure 4.9 for

Feynman diagrams for leptonic, semileptonic, and two body hadronic decays.
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Figure 4.3: Tau momentum in the B frame with EvtGen (solid line) and Tauola (error
bars). Clockwise from top left are 77 — eevelels Uy, TT — PV, DYV Uy, TT — ppU Vs

and 77 — WAV U,

TAUVECTORNU are superimposed.
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TT — WV, DV e, 7T — ppv;U. and 77 — 7wy, v, For the p mode, the EvtGen
results using TAUHADNU and TAUVECTORNU are superimposed.
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Figure 4.5: Tau momentum in the B frame with EvtGen (solid line) and Tauola
(error bars). From top to bottom are 77 — env v, TT — epveV,U; and TT —
mpv, ;. Charge conjugate modes are horizontally opposed. Charge conjugate modes
are horizontally opposed. For the p mode, the EvtGen results using TAUHADNU
and TAUVECTORNU are superimposed.
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Figure 4.6: Cosine of the angle between tau daughters in the B frame with Evt-
Gen (solid line) and Tauola (error bars). From top to bottom are 77 — env,v, v,
TT — epv.v,;vV; and 77 — mpv, .. Charge conjugate modes are horizontally opposed.
For the p mode, the EvtGen results using TAUHADNU and TAUVECTORNU are
superimposed.





