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Abstract

The BaBar high energy physics experiment has been designed to study CP violation in
the neutral B meson system. Data-taking began at the PFEP—II asymmetric ete™
collider in Spring 1999. The B-physics program for BaBar involves the reconstruction
of the wide range of exclusive final states needed for CP studies. This places stringent
requirements on the performance of the detector. Since many of the modes of interest
include 7% s, it is essential to achieve excellent energy and position resolution for the
GCsI(TI) electromagnetic calorimeter.

CsI(T1) crystals for the BaBar electromagnetic calorimeter were supplied by several man-
ufacturing companies. Collaborative work was undertaken with one of these companies,
Hilger Crystal Materials, to ensure that the crystals met the high specifications required
by BaBar. A new production process was established in order to generate the large size and
number of CsI(TI) crystals needed. The resulting change of scale (larger furnaces, ex-
tended growth/cooling periods, increased mass/material handling) presented considerable
challenges for all aspects of the production environment in order to achieve the necessary
production rate and quality of crystals. The existing working practices were assessed and
redesigned to suite the BaBar crystal production.

A new purpose-built quality assurance (QA) testing laboratory at Hilger was created,
where the trapezoidal crystals were to be precisely dimensioned, tuned for light output,
and wrapped. Specialised QA instrumentation was needed for BaBar crystals, and this
was built locally, based on a design from SLAC. The operational procedures for quality
assurance were established, and new staff were trained in these procedures. The unique
characteristics of Hilger crystals required the careful design of tuning methods to opti-
mise light uniformity and overall light yield. Detailed studies of factors affecting crystal
properties were carried out, including effects of furnace temperature gradients on growth
rate and structural defects, and lattice orientation and distortion in seeds.

The first analysis of the B® — 777 ~7° channel using fully reconstructed Monte Carlo
events has been carried out. The channel is a rare decay, with an estimated branching ratio
of ~ 10~°. Theoretical models indicate that it will play a central role in the determination
of the CP angle ar. However, the backgrounds for o channels (27, 37, 47) are expected to
be high from continuum events, and so the usefulness of B® — 77 ~7° for CP studies
will be largely determined by the level of background suppression which can be achieved.
Methods for reducing the background contamination were developed, and a set of tools
were designed for this purpose. The tools make use of a large number of discriminat-
ing variables, and employ several multivariate analysis techniques in order to optimise
discriminating power. The background-fighting procedure can be applied directly to any
analysis within the BaBar software environment. The essential information which must
be extracted from selected events is the Az distribution which represents the difference
in the decay time distributions of the B° and B°. In order to obtain a good resolution on
Az, a detailed study of methods for vertexing the B candidates was performed. Finally, a
fit to the CP angle o was carried out for the B® — 777~ 7° channel using the two-body
analysis of BY — pr modes.
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CP Violation in the B Meson System

1.1 Introduction

CP violation was first observed in the decays of neutral K mesons, by Christenson et al.,
in 1964 [1], where it was shown that both long-lived and short-lived kaon states decayed to
the CP-even w7~ state. Since that time, a well-formulated theory [2] has been developed

which offers the prospect of many possible tests of CP violation.

In the field theory description, CP violation is accommodated by terms in the Lagrangian
which are asymmetric under a CP transformation, where the complex coupling constants
cannot be removed by any phase redefinitions. These terms originate in the weak sector.
CPT is taken to be a good symmetry in the Standard Model, under the assumptions of
locality and Lorentz-invariance in field theories. One consequence of CPI’ conservation
is that particles and their antiparticles should have the same mass and lifetime, and this is

well supported by experimental observations [3].

1.1.1 The Importance of CP Violation

The most striking observation of an asymmetry between matter and antimatter is that
the Universe is essentially made of matter (the baryon:antibaryon ratio being ~ 10%)[4].
Physicists are reluctant to account for this imbalance through a carefully selected set

of initial conditions for the big bang, although that is one possible explanation. It is



1.1 Introduction 2

more feasible, however, that the Universe was initially matter-antimatter symmetric, and
that the imbalance developed through some physical processes which have yet to be

established.

CP violation provides a possible mechanism to account for some or all of the matter/
antimatter imbalance in the Universe. In 1967, Sakharov [5] stated that, in order for the
imbalance to occur, the following conditions must have been met simultaneously at some

stage in the evolution of the Universe :

1. A baryon number violating process — so that net universal baryon number can
change, since, if baryon number (B) were an exact symmetry of nature, the present

baryon asymmetry must simply reflect initial conditions.

2. CP violation — so that (1.) proceeds differently for baryons and antibaryons, since

B is odd under C' and CP, any change in B requires C' and CP non-invariance.

3. The Universe out of thermal equilibrium — so that the rates of baryon production
and annihilation are not balanced, since B is also odd under 7', and non-equilibrium

conditions are necessary to break 7" invariance by providing an arrow of time.

This argument indicates that CP violation has important cosmological significance. How-
ever, the source of CP violation in the Standard Model is not large enough to account fully
for the universal matter/antimatter asymmetry, which suggests there may be other sources

of CP violation beyond the Standard Model [6].

Within the Standard Model, CP violation is related to some of the most fundamental
questions facing present understanding. C'P violation enters the Standard Model through
a single parameter, a phase in the CKM matrix. The CKM phase is one of the least
constrained parameters in the Standard Model. Many observables are dependent on this
parameter, so a desirable experimental situation exists in which many independent tests

are possible. This can provide an over-determination of the Standard Model which, in
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1.1 Introduction 3

turn, allows checks to be made for inconsistencies. It is the aim of BaBar to carry out such

an experimental program by studying CP-violating effects in the B system.

The CKM matrix itself is related to the mechanism through which fermions acquire mass
in the Standard Model, and to the existence of three generations of fermions [7]. A
better understanding of CP violation in the Standard Model may therefore provide some
insight into these issues. Furthermore, it is not difficult to extend the Standard Model to
accommodate new sources of CP violation; all that is required is that any new terms in

the Lagrangian are not constrained to be CP symmetric.

1.1.2 The Origin of CP Violation

CP violation is a purely quantum mechanical effect which will occur in any process
in which interference takes place between different amplitudes for the same process.
The necessary and sufficient conditions for CP violating process are that two or more
intermediate states must exist, whose amplitudes transform under the CP operation, and
have non-zero relative phase [8]. There are three situations for which these conditions can

be met :

e Direct CP violation — in decay, if a process and its CP conjugate have different

amplitudes,

e Indirect CP violation — in the mixing of neutral mesons when the mass eigenstates

of a neutral meson system are not equal to CP eigenstates,

e (P violation in the interference between decay and mixing — in decays to final states

common to a meson and antimeson.

Direct CP violation effects are expected in a number of charged meson ( K, B and D)
decays, but it would be hard to extract information about the weak phase from them. Indi-

rect CP violation occurs in the mixing of neutral mesons, K, B and D. In the B system,
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1.2 CP Violation in Decay 4

the combination of large B° B° mixing [9], and the long half-life compared to mixing time

[10],[11], offers experimental opportunities for measuring significant asymmetries.

1.2 CP Violation in Decay

The simplest experimental consequence of a CP-violating process is that the decay rates
of a particle to some final state f, and its antiparticle to the CP conjugate state f should

be different. So for B mesons, CP violation would imply,
Ap=([I1|B) # A7 = (JIH|B), (1.1)
and hence,

a1 o AP £ AR (12)
Ay !

The action of the CP operator on the states | B > and |f > is defined by,
CP|B) = e*8)[B), (1.3)
CP|f) =e¥E[f), (1.4)

where ¢(€) and e%(¢/) are the intrinsic phase factors associated with the states | B > and

|f > respectively [12].

In the Standard Model, a single amplitude A differs from its CP conjugate amplitude A
only by a phase factor, which would not result in an observable CP asymmetry. If several
amplitudes contribute to B — f, each with an overall C'P-violating phase, then the total

amplitude is a linear superposition of the sub-amplitudes,
Ap = 3 A0iton), (1.5)

Zf — 62i(§f*§B)ZAiei(5i*¢i). (1.6)

where ¢; are phases which change sign under CP transformation, i.e., weak phases from

the CKM matrix, and ¢; are non-CP-violating phases, such as those arising from final state

THERESA CHAMPION



1.2 CP Violation in Decay 5

strong interactions. The term (¢ ~¢2) allows for the phase freedom described above, and

therefore has no observable effect. Now the ratio of the amplitudes becomes,

% _ > Aiei(&'*dﬁi) a9
Af ) A, ei0i+é) |’ :
and the difference in the amplitudes is given by,
|Af? = [A7]* = =23 AiAjsin(¢; — ¢;) sin(6; — 6;). (1.8)

i’j

This expression summarises clearly the three conditions for C'P violation to occur (see
section 1.2.1). For the difference in amplitudes to be non-zero, there must be differences

between the ¢; phases, and also between the J; phases.

Direct CP violation is expected to occur in both charged and neutral B decays, and is
indicated by a non-zero asymmetry between the measured rates for a decay and its CP

conjugate, e.g., for charged B decays,

_ B = /) -T(B =)
YTTB S )+ D(B-— ) 7 0. (19

For neutral B decays ay # 0 cannot unambiguously be attributed to C'P violation in

decay, since it competes with the two other types of CP violating effects.

In B decays, purely leptonic and semileptonic channels are dominated by a single term,
so are unlikely to exhibit any measurable direct CP violation. Non-leptonic decays
often have two terms (tree + penguin), so could exhibit significant direct CP violation,
but it is very difficult to have a clean relationship between measured asymmetries and
CKM phases. Strong phase shifts and absolute values of various amplitudes are model

dependent (long distance physics).
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1.3 CP Violation in Neutral Meson Mixing

Neutral pseudoscalar mesons, which consist of self-conjugate quark pairs, exhibit spon-
taneous oscillation between particle and antiparticle states. This phenomenon provides
a mechanism for producing interfering amplitudes, and thus offers conditions with the
potential for CP violation to occur. The size of mixing effects varies greatly in different
meson systems, with BYB® providing the most promising area for study. Substantial
effects have been observed for both K°K0 and BB, but to date no mixing has been

. —0
seen in the DYD" system, where the effects are expected to be small'.

The formalism for mixing in the neutral kaon system is the same as that for the neutral
B mesons, except for the distinction that the kaon eigenstates differ markedly in lifetime,
while the B eigenstates have similar lifetimes. The formalism for mixing is shown below

with reference to the B system.

b W d b u,c,t d
— T AT > > >

u,c,ty 4 u.c,t W %

d V\/va b 'g u,;c,t g

Figure 1-1. Box diagrams for B° B mixing.

In the B rest frame, the time evolution of basis states B and B, is governed by,

d (B’ B° Hi Hio BY i BY
dt \ B° B° Hor Ha/) \B° 2 "\B°

'The size of the the CP effect depends inversely on the width of the process under study, which for D mesons is

Cabbibo allowed, (¢ — s) and therefore large.
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Here, the effective Hamiltonian is a non-Hermitian matrix, as only a subset of final states,
which are common to both B® and B°, is being considered. M and I', however, are
Hermitian, and are the mass and decay matrices respectively. CPI" invariance constrains
the masses and lifetimes of the particles to be the same, so that M;; = My, and I'y; =

[yo.

The eigenstates and eigenvalues of ‘H can then be found by rewriting the Hamiltonian in

the form,

0 HIZ
Hzl 0

Expressing the eigenvectors in the form,
BL) = pIB°) +4|B’), (1.12)
Bi) = plB") —alB"), (1.13)
where ¢ and p are complex, and |¢|* + |p|* = 1 for normalisation,

and solving the eigenvalue equation,

0 H
(o)) =0)
Hoy 0 q q

7\ H
<_> N (i> , 12 =HioHor . (1.15)
p Hio

gives,

If CP is conserved, then ¢/p is a pure phase factor. So the condition for CP violation in

mixing is then,
2

_ HZI
HIQ

‘9 41, (1.16)

p

‘Mfz 310
My — —F12

CP violation in the neutral kaon system has already been measured in semileptonic kaon
decays:
[(KY — ntty) — (K, — 7+07)

ag(€) = —0 _
D(K) — 7 lty) + T(K, — ntlw)

: (1.17)
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ag(p) = (3.0440.25) x 1073, ax(e) = (3.33+£0.14) x 1072, (1.18)

The experimental result is entirely consistent with CP violation due to mixing alone.

14 CP Violation in the Interference between Decay and Mixing

The most promising area for observing a large C'P asymmetry in the B system is expected
to be in the interference between decay and mixing, where amplitudes are comparable in
magnitude. This situation occurs in decays into final states which are common to B° and

EO

Bhys — [, (1.19)
Blys — B — [ (1.20)

where the notation B, (B, ) denotes an initially pure B°(B") state.

The decay amplitudes for these processes are defined, respectively, by,

Ar = (f|H|Bjys) (121)
Ap = (f|H|Bpys) - (1.22)

Squaring the modulus of each amplitude gives the corresponding decay rate,

Ry, . = [(fIH|Bpy)l*

phys

= e "AP{L+ NP+ (1= [N ?) cos(Ampt) —2Zm Ay sin(Ampt)l}23)

Rpo = |(JH|Bly)P

phys

= e "AP{L+ NP = (1= |Xs]?) cos(Ampt) +2Tm As sin(Ampt)R4)

Zf q‘ ‘Zf iA
Np=2 L = |2 | LB, (1.25)
! Ay ‘P Ay

4
p
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and A¢ = ¢y — ¢p is the relative phase between ¢/p and A;/A;.

The rate time-dependent asymmetry is,

RBOh - REO
ap(t) = =—= 22 = Oy cos(Ampt) + Sp sin(Ampt), (1.26)
RBPhyS + Rgghys
where,
1—|)\f|2 -2 Im)\f
= and, S;=—"-—=". 1.27
! 1+|)‘f|2 ! 1+|)\f|2 ( )
If CP is conserved,
A
| =1, (‘9‘:1 and |2 :1) ,and Ag=0. (1.28)
P Ay
Therefore,
Ar # £1 implies CP violation. (1.29)

ar # 0 if any of the 3 types of CP violation are present. For decays with |\¢| = 1, CP

violation will occur if Zm Ay # 0, in which case,

ap(t) = —Im Ay sin(Ampt). (1.30)

14.1 Comparing CP Asymmetry for Coherent and Incoherent BB States

Two methods for producing B mesons can be considered. At a e"e™ B Factory operating
at the 7°(4S) resonance, the B°B° pair are produced in a coherent L = 1 state, with an
antisymmetric wave function, (whereas, at a hadron collider, the B° B® pair are produced

incoherently).

Each B meson evolves in time according to the model described in section 1.3, but with
the constraint that the two Bs oscillate in phase, so that the time evolution of the system

is given by,

%e_a‘/z-l_iM)(tl+t2){thys(t1)Eghys(tQ) - Eghys(tl)thys(tQ)}7 (131)
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where 7, and ¢, are the proper times associated with each of the B mesons, and assuming
that the B°B° pair are aligned with the z-axis. Expressing this in terms of the flavour

eigenstates,

S(tl, tz) == %ei(r/2+iM)(tl+t2){COS[ATI’LB (tl - tz)/2](B(1)ﬁ2 — ﬁlBg)

—isin[Amp(t —t2)/2](2BY B — 1B%B%)} . (1.32)

g
p

For the coherent B’B" system, the |B),, ) and |BY, ) oscillate in phase, so that at any

time there is always exactly one B° and one BY, since t; = t,. However, following the
decay of one of the two B’ BP, the other continues to evolve until it decays, and t; = 15
no longer holds; this introduces a non-zero sine term, in general, which is the source of

CP violation in mixing.

The total amplitude for a decay in which one of the Bs decays to a final state f; at time

t1,and the other decays to a final state f;, at time ¢,, is given by,

A(tl, tz) = %6<F/2+iM)(t1 +t2) COS(AmB (tl — tz)/2) (AIA_Z — A_IAQ)

—1 sin(AmB(tl - t2)/2) <§A1A2 - %A1A2> (133)

where A; is the amplitude for a B to decay to the final state f; and A; is the amplitude

for a BY to decay to the same final state f;.

The time-dependent rate for producing combined final states f; and f; is,

R(ty,ty) = Ce TUHRIA P41 + |\
+ (]_ — |)\2|2) COS[AmB(tQ — tl)] —2 Im()\g) SiH[AmB(tQ — tl)K}l34)

The time-dependent CP asymmetry is,

ag(tg — tl) = 02 COS(AmB(tQ - tl)) + Sg sin(AmB(tQ — tl)) (135)
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1.5 CP Violation in the Standard Model 11

This expression can be integrated over the variable (t; + ¢5), which for ¢, > 0 and ¢, > 0
can take values in the range |t; — t»| to infinity [13],

+(t1+t2) +(t1+t2)
/ a9 dt = CQ / COS(A’ITLB (tz - tl)) dt (136)
—(t1+t2) —(t1+t2)

Thus, the dependence on the variable ¢, — ¢, can be fitted without a measurement of the
7' (4S) decay time. This is the main motivation for building an energy-asymmetric collider
for the B Factory, since, if it were necessary to integrate over t; — 2, all information on
the coefficient of sin(Ampg(t; —t2)) would be lost, and the experiment would be sensitive
only to those CP-violating effects with |\| # 1. This is a consequence of the coherent
production of the two B states, (in a hadronic environment, where the Bs are produced
incoherently, time-integrated rates are always integrals from ¢ = 0 to infinity and hence

retain information about the sin(Ampgt) behaviour).

1.5 CP Violation in the Standard Model

1.5.1 The CKM Matrix

The CKM (Cabbibo-Kobayashi-Maskawa) matrix is the matrix of weak couplings be-
tween the quarks, and must be unitary if only three generations of quarks exist. The three
magnitudes and one phase of the matrix may be parameterised in many different ways.

The standard parameterisation [14] is given by,

Vuea Vus  Vup C12C13 512€13 s13e%

Vea Ves Vo | = —S512C23 — 012823513@“S C12C23 — 3123233136“5 523C13 )

Vie Vis Vi 512523 — 012023313625 —C12523 — 512023313625 C23C13
(1.37)

where ¢;; = cost);; and s;; = sinf;;, and ¢ and j represent generation labels. The four

parameters are 2, fo3 and 65; and §. With three generations CP violation arises from
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1.5 CP Violation in the Standard Model 12

a single phase, § in the CKM matrix. This parameterisation has the advantages that it
1s an exact representation, and it is readily generalised to more than three generations of
quarks. The magnitudes of the elements of the matrix have been determined from a range

of processes, but the uncertainty on these measurements varies greatly, see table 1.38.

Table 1-1. Current measurements of elements of the CKM matrix [13]

Matrix Process Measurement

element

|Vl nuclear § decay compared to p decay | 0.9744 + 0.0010

|Vius| semileptonic kaon decays 0.2205 £+ 0.0018

|Vap| B — X, v 0.08 £ 0.005 £ 0.02y,
|Vedl vv charm production from d 0.204 £ 0.017

|Ves| v¥ charm production from s 1.01 £0.18

|Vep| B — D*tv 0.039 £ 0.0027 £ 0.0013,

A useful approximation to the CKM matrix was proposed by Wolfenstein [15]. This
expresses the elements in terms of powers of the Cabibbo angle [16], A, up to O(\3),

which emphasises their relative magnitudes. The phase is given by 7.

1% A AN (p —in)
Vekm = —A - A2 + O\ (1.38)
AN(1—p—in) —AN? 1

1.5.2 The Unitarity Triangle

The unitarity of the CKM matrix, under the assumption of only three generations, pro-

duces the following relations,

VudVys + VedVie +VidViy = 0, (1.39)
VusVip + VesViy + VisViy = 0, (1.40)
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VudVay + VeaViy +ViaVyy, = 0. (141)

These relations can be represented graphically as triangles in the complex plane. There are
six such triangles, with the property that they all have the same area, which is proportional
to the amount of CP violation in the Standard Model. Equation 1.39 is most closely
related to CP violating phenomena in the K system, and equation 1.40 is related to the

B, system. CP violation in the B, system is related to equation 1.41.

The triangle corresponding to equation 1.41 relates easily to the Wolfenstein parameter-
isation, where the phase is present in the terms V,; and V4. Dividing (1.41) by A)3
normalises the base of the triangle to unity, and places the triangle apex at the point (p, 7))

in the p, n plane. The angles, «, 3, v, and sides, Ry, R;, of this Unitarity Triangle are given

by,

thVtE] l Ve C’Z] l Vud u*b]

o = arg | — , =arg |— , =arg |— , 1.42
: [ e Rl B 717 ] B 177 R
R, = —2+—2:1_7)‘2/2m R, = (1_—)2_,_—2:1@ (1.43)

A diagram of the Unitarity Triangle in the Wolfenstein parameterisation is given in Fig.1-2.

(o7)

(0

(0,0) (1,0) »

Figure 1-2. The Unitarity Triangle in the Wolfenstein Parameterisation.
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1.5.3 Constraints on the Unitarity Triangle

In the Wolfenstein parameterisation, the four CKM parameters are A\, A, p, n, where A
is taken to be equal to |V,;|. Of these, only A is known to within 1% accuracy, while
p and 7 are the least well-determined, so it is useful to illustrate the current constraints
on the CKM parameters in the p, 1 plane, Fig.1-3. The overlap region of all the shaded
zones represents the likely Standard Model allowed region for the triangle apex, with the

experimental measurements shifted within 20 for each constraint.

HHHH g, constraint  _______ sin(28) limits

>
W/ Ve canstraint N Amy constraint
[ 1 E N
0.9 E \
0.8 E \
: T
0.7 Feul o] N _k?ﬁ
0.6 ETMTH- / SSRPYTT
a.5 R SRR b
. M3 q,\ \\ < :
0.4 < RGNy 5
P
0.3 SR LB
NuSyE < b L ..
X . <] X _'e':i":“ - S
Q.2 N X_MA:xﬁ_\gﬂ\»\’\\\\\?r - .
JENENRENEREEER *3-’§ ;’Vh\‘_ ‘\\\\ \\\ \\\\\;’ Tl . s
0.1 E ! \\\\\\\E\\\\\\\ \\\\\\\\1 BTN
0 Erv o iy e oy e i e I TR A
—1 0.2 -0& -—-04 =072 0 0.2 0.4 0.5 0.8 1

e

Figure 1-3. Diagram of the p,n plane showing constraints on the Unitarity Triangle.

In B°B° mixing, the splitting between B mass eigenstates, Amp,, depends on m,? and
|Via|?, since the top quark dominates the box diagrams. Since |Vj4| is proportional to

|1 — p — in|, constraints on Amp, produce a circular arc in the (p,7) plane, centred on

(10).
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The ratio |“%’| has been estimated from studying the charged lepton spectra in semilep-
tonic B decays to determine the relative contributions of b — u¥.e~ and b — cv.e~. The
charmless decay mode is rare compared to the charmful one, indicating that |V,,| <<
|V.s|. However, these events can be isolated by identifying leptons with energies above the
kinematic limit for b — ¢7.e~. ARGUS [17] and CLEO [18] have shown that charmless
events occur in ~ 2% of cases. The uncertainty is dominated by theoretical uncertainty
in the ratio Z—; Some model dependency is introduced in the fitting technique, and after

allowing for this the result is,

Vub

7| = 0.084+0.02 ; (p*>+n*)Y?=10.36 +0.09 (1.44)
cb

Hence, in the p, n plane this constraint appears as a semicircle (for positive 1) centred on

0).

Information from CP violation in the kaon system can also be incorporated in the overall
constraints, provided it is borne in mind that this implies the origin of CP violation in the
K system is the same as that for the B system. Recent results from the KTeV experiment
[19] have determined the ratio %, to be large; Re(%/) = 28.0 &= 4.1 x 10~*. This result,
which is nearly 7 standard deviations from zero, provides the first strong evidence for

direct CP violation in K decays.

%’ is a poorly predicted quantity within the Standard Model since it depends sensitively
on the cancellation of two unknown bag factors?, whose difference must be small, and
could be zero. Present estimates of these quantities combined with the large value of
the KTeV measurement give stringent constraints on the unitarity triangle. However, an
improvement in the theoretical uncertainties is needed before conclusions can be drawn

about the consequences for the Standard Model.

The hyperbolae produced by the £ constraint limit the unitarity triangle apex to have a

non-zero value of 1. However, if CP violation in kaon decay is due to a different source,

2Bg from QCD penguins and Bg from electroweak penguins
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then the possibility of = 0 still exists. The recent results by CDF [20] appear to rule out
that possibility, with a constraint on sin 2/3 from the decay of B — J/¢{K?2.

Table 1-2. Experimental inputs to the constraints on the Unitarity Triangle

Observable | Process Measurement

Vub /Ves| | B = Xy blv 0.08 = 0.005 £ 0.024,
A Kt — 1ty 0.2205 £ 0.0018

Amp, BY — BY oscillations 0.472 £0.018 ps~!

€K CP violation in K — K* mixing | (2.285 4 0.019) x 1073
Amp, BY — BY oscillations > 10.2 ps ! @ 95% CL

1.6 Summary

A brief history of the development of CP physics has been given, with a discussion of
its importance and relevance to an understanding of the Universe. The phenomenology
of CP violation was introduced in a model-independent way using the neutral B system.
Finally, the role of CP violation in the Standard Model was discussed, and the present

constraints on the unitarity triangle were shown.
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The PE P—II B Factory and the BaBar

Detector

2.1 Introduction

The study of CP violating asymmetries in the B meson system provides an opportunity
for testing the Standard Model explanation of CP violation. While CP violation is
expected to be high in B system, due to the large rate of B° B° mixing [21], the branching
ratios for decays to CP eigenstates are small (typically ~ O(10™*). Prior to 1983,
it seemed unlikely that the experimental testing of CP violation in the B system was
feasible. However, the subsequent discovery of the long B lifetime [10], [11] presented
the prospect of being able to resolve the decay vertices of the Bs with existing technol-
ogy. This is possible only if the BB pair are boosted in the laboratory frame, which, if

produced at the 7°(4S) resonance, requires an asymmetric collider [22].

A B Factory has been developed at SLAC using an asymmetric e* e~ storage ring, PFE P-
IT [23]. The machine operates at the centre-of-mass energy of the 7°(4S) resonance,
which decays to a pair of B mesons essentially at rest in the 1°(4S) rest frame. This
boosts the B mesons in the z direction in the laboratory frame, giving a separation of
~ 200 pum between their subsequent decays. Vertex reconstruction is then used to measure

the separation, and thus the time difference of the BB decays.

The experiment aims to reconstruct B mesons into a wide range of final CP eigenstates

[24], [25]. For the P E P—II machine this means a high integrated luminosity. The design
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requirements of high luminosity and asymmetry for the PE P-II B Factory have, in turn,
had a strong impact on the design of the detector [26],[27]. In order to reconstruct the
many proposed exclusive final states the BaBar detector must provide precision vertexing,
excellent particle identification (PID), and high quality tracking and calorimetry [28].
Since, for CP studies, the final state is common to both B° and B° decays, the flavour
of the B at the time of its decay is not directly known. The method for establishing the
B, flavour is known as tagging : for certain decay modes (most notably semi-leptonic
decays) the flavour of the other B meson which was produced from the 7°(4S) can be
determined, and this is used to infer the flavour of the BY, at the time when the first of
the Bs decays. The time difference between the decays of the two Bs, together with the
tag sign (4 according to the charge of the b quark of the BYy), provide the information

necessary for extracting a CP asymmetry.

An overview of the PEP—II B Factory and the BaBar detector is given below, and
the aims of the experiment are discussed. The roles of the individual subsystems are
reviewed, and features of their design are described. The electromagnetic calorimeter
is then discussed in some detail, including the requirements which are placed on the

properties of its constituent crystals in order that performance for physics is optimised.

2.2 PEP-II B Factory

The PEP-II B Factory is a high luminosity asymmetric e* e collider which is supplied

from the SLAC linear accelerator. The centre of mass energy is /s = 10.58 GeV, which

corresponds to the 7°(4S) resonance. The beam energies are 9.0 GeV for e~ and 3.1 GeV

for e, which provides a boost of 3y = 0.56 for the B meson system. The initial
2.1

design luminosity is 3 x 1033 cm 2s!, which corresponds to BB production ~ 3 Hz.

The luminosity is given by,

L£=21710"¢ (1+ %) <[ E> cm %5t
+_

o) \ 5
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where the terms are defined in table 2-1.

Table 2-1.

P EP—II Parameters.

Machine Parameters

Luminosity £ (cm?s™') 3 x 10%3
Tune shift ¢ 0.03
Number of bunches 1658
Bunch spacing (m) 1.26
Beam crossing angle 0 (head-on)
0z (pm at IP) 155

oy (pum at IP) 6.2

Beam Parameters e e

o, (cm) 1.0 1.15
Beam energy E (GeV) 3.1 9.0
Beam current 1 (A) 2.14 0.98
ﬁ; (cm) 1.5 2.0
€z (€y)(nm) 64(2.6) 48(1.9)

The high luminosities needed to achieve the physics goals at BaBar are achieved by a

combination of strong beam focusing and high beam currents. This has necessitated the

design of unusual beam optics, with a number of machine elements coming very close to

the interaction region. The beam current is divided into a large number of bunches, each

having a low current, so that beam instability is reduced.

30

20

g T
Q4
Qi D

E

9 GeV

Figure 2-1.

the magnetic field.

Plan view of the PE P—II interaction region, showing the focusing of the beams in
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The P EP-I interaction region is illustrated in Fig.2-1. The strong focusing of the beams
is provided by the Q1 quadrupoles close to the interaction point. The asymmetry of the
collider means that the beams must be well-separated even in the regions very close to
the interaction point. This is achieved using a series of magnets which provide further
focusing. The B1 magnets provide horizontal separation of the beams. The Q2 magnets

provide focusing of the low energy beam, and Q4 and QS5 focus the high energy beam.

The beam pipe which houses the interaction region is constructed from cooled Beryllium
tubing. It consists of two concentric tubes, the inner one of diameter 50 mm and thickness
0.8 mm, and the outer one of diameter 54 mm and thickness 0.4 mm. A cylindrical
support tube of diameter 430 mm surrounds the beam pipe, and provides the mounting
point for the Q1 and B1 magnets, as well as the silicon vertex tracker. The assembly of

these components is illustrated in Fig.2.2.

Figure 2-2. Three-dimensional view of the PEP—II interaction region, showing the inner

magnets (green) and beam support tube (yellow), (diameter 430 mm).

The high currents of PFE P—II mean that machine backgrounds will be significant, and
typically an order of magnitude larger than previous machines. The main sources of
machine background are synchrotron radiation, and lost beam particles from beam gas
interactions, from bremsstrahlung or Coulomb scattering. The two main consequences
for the detector performance are high occupancy levels and potential radiation damage.

The trigger system has been designed to cope with the high occupancy levels, and is
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discussed in section 2.10. The problem of radiation damage is a particular concern for the

electromagnetic calorimeter and is discussed in section 2.7.

2.2.1 Production Cross-Sections at 7°(4S)

The cross-sections for the production of fermion pairs at the 7°(4S) are shown in table 2-2.
The cross-sections for quark production are approximately proportional to the square of
the quark charge. At the 7'(4S) resonance, the production of bb is further enhanced by
about a factor three. A scan of the 1°(4S) resonance [29] is shown in Fig.2-3, together
with the 7°(3S); here, R is the ratio of eTe™ — ¢g to e"e” — up events, measured
for a range of centre-of-mass energies. The 7°(4S) resonance signals the threshold for bb

production, hence the increase in the (non-resonant) value of R above the 7'(4S).

° t T#4S)
= |k h
Attt iy

10.4 10.5 10,6 107 108 10.9 110 ILI 1.2 I3 1.4 115
MASS (GeV/c?)

Figure 2-3. R = BR(eTe™ — ¢q)/BR(ete” — uu) as a function of centre-of-mass energy

in the region of the b-flavour threshold.
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Table 2-2. Production cross-sections at \/s = My (4s)- The eTe™ cross-section is the effective
cross-section expected within the experimental acceptance.

ete”™ — ‘ Cross-section o (nb) ‘ number of events for 30 fb !

bb 1.05 3.15 107
e 1.30 433107
55 0.35 1.17 107
ul 1.39 4.63 107
dd 035 1.17 107
- 0.94 3.13 107
ptp~ 1.16 3.87 107
ete” ~ 40 132 107

2.3 The BB Detector

2.3.1 Design Requirements

The design of the BaBar detector is dominated by the asymmetry of the collider, and
the need to accommodate machine components close to the interaction region. In order
to achieve the aims of the CP physics programme, the following design attributes are

required for the detector :

e The maximum possible acceptance in the center-of-mass system.
The asymmetry of the beams in BaBar causes the decay products to be boosted for-
ward in the laboratory frame. This puts the solid angle in the forward direction at a
premium. Although the boost is relatively small, optimizing the detector acceptance

leads to an asymmetric detector.

e Excellent vertex resolution
The B mesons travel almost parallel to the z-axis, so that their decay time difference
is measured via a difference in the z-components of their decay positions. The
experiment needs to achieve high-precision vertex information in order to help in

the discrimination of beauty, charm and light quark vertices. Vertex resolution is
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Figure 2-4. A cross-sectional view of the BABAR detector (length 6.29m).

degraded by multiple scattering effects, so the design must also address minimising

multiple scattering by reducing material in front of the main tracking systems.

e Optimal tracking over a wide range of momenta (~ 60 MeV < p; <~ 4GeV), in

order to reconstruct exclusive final states which require tracking.

o Efficient neutral particle reconstruction, which requires that the calorimeter to have
excellent energy and position resolution. Photons and 7° s need to be detected over

the wide energy range ~ 20 MeV < E <~ 5 GeV.

e Excellent PID is needed to discriminate between e, u, m, K and p over a wide
kinematic range, and is necessary for the correct tagging of the flavour of the B-
mesons. Additionally, 7— K discrimination at high momenta ( 2—4 GeV) is essential

in order to distinguish between the decay channels B® — 7+7~ and B® — K*rT,
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B’ — prand B® — Kpand B® — K*r. Neutral hadron identification capability

is also required.

A cross-sectional view of the BaBar detector is shown in Fig.2-4. The asymmetry of the
detector can clearly be seen. The high energy e~ beam enters from the left, and the low

energy e” beam from the right.

The BaBar detector consists of six major subsystems :

1. A Silicon Vertex Tracker (SVT), which provides precise position information for

charged tracks, and is the sole tracking device for very low energy charged particles.

2. A Drift Chamber (DCH), which gives the main charged track momentum measure-

ment, and contributes to PID by measuring energy losses.

3. A Detector of Internally Reflected Cerenkov light (DIRC), which is a uniquely

designed device for 7K discrimination, and charged hadron PID.

4. An Electromagnetic Calorimeter (EMC), for the detection of neutral electromag-
netic particles, efficient electron identification, and information for neutral hadron

identification.
5. A superconducting magnet, providing a 1.5 T solenoidal magnetic field.

6. An Instrumented Flux Return (IFR), which offers muon identification (> 0.6Gel")

and neutral hadron identification.

The main features of each of the subsystems are described in the following sections.
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2.4 The Silicon Vertex Tracker

2.4.1 Design Requirements

The primary purpose of the silicon vertex tracker is to provide precise measurements of
the decay vertices of the two B mesons, which are required to establish the separation
in time of their decays. Given the boost of the 7°(4S) and the B lifetime, the mean
vertex separation is ~ 250 um. Therefore the design resolution on the B separation
required by the SVT is of the order of 80 um, which is a precision of better than one
half the mean separation. This resolution is readily achievable with silicon micro-strip
detectors. However, obtaining a better precision will assist with pattern recognition,
vertex reconstruction and background rejection. The silicon vertex tracker was designed
to reach the best resolution within practical constraints. Multiple scattering sets the lower
limit for the useful point resolution: resolutions of 10-15 ym for the inner layers, and
30—40 pym for the outer ones, will ensure that the impact parameter resolution will be

dominated by the uncertainty given by multiple scattering [30].

As the impact parameter resolution is dominated by the precision of the measurement
closest to the interaction point, both high efficiency and good point resolution are needed
for the inner layers, requiring redundancy for this measurement. Also an outer point
redundant measurement is needed to allow a better alignment with the drift chamber
measurements. The third detector, placed in the middle region, will help the track re-
construction in particular when the tracks’ helices are completely contained in the silicon

vertex tracker volume.

The reliability of the detector and its ability to withstand the high radiation environment of
P EP—II, have been given particularly high priority, since the detector has been mounted

in an area of poor accessibility.
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Figure 2-6. Cross-section diagram of the SVT.

Figure 2-7. A three-dimensional view of the silicon vertex tracker mounted around the interac-

tion region
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2.4.2 Structure

The SVT has five layers of double-sided silicon strip detectors surrounding the beampipe.
Each layer is divided in azimuth into modules. The inner three layers have six detector
modules, and are traditional barrel-style structures. The outer two consist respectively
of 16 and 18 detector modules, and employ a new arch structure in which the detectors
are electrically connected across an angle. The bend in the arch modules increases the
solid angle coverage and avoids very large track incidence angles. The inner sides of the
detectors have strips oriented perpendicular to the beam direction to measure the z coor-
dinate (z-side), whereas the outer sides, with longitudinal strips, allow the ¢ coordinate

measurement (¢-side).

2.5 The Drift Chamber

2.5.1 Design Requirements

The drift chamber provides the main tracking system for BaBar. It provides up to 40
coordinate measurements per track, ensuring high reconstruction efficiency for tracks with

transverse momentum greater than 100 MeV/c.

The performance goals of the drift chamber, are to provide spatial resolution better than
140 pum, averaged over the cell in the R-¢ plane, and to supply PID for low momentum
tracks by d F'/dx, with a resolution of 7% (for 40 measurements). For tracks with momen-
tum above 1 GeV/c, a resolution of 0, ~ 0.3% x p, is expected. The angular acceptance
in the forward region must extend down to the beam-line components, i.e., 300 mr. In
addition, the drift chamber is designed to provide one of the principal triggers for the

experiment.
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For low momentum tracks, the momentum resolution is limited by the multiple scattering
in the inner cylinder of the drift chamber as well as in the silicon vertex tracker. The mate-
rial in the drift chamber also affects the performance of the DIRC and the electromagnetic
calorimeter. The mechanical structure of the drift chamber is built using light materials
and the gas mixture is Helium-isobutane, to provide good spatial and dF/dz resolution

and reasonably short drift time, while minimizing the material.
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Figure 2-8. A two-dimensional view of the drift chamber

2.5.2 Structure

The BaBar drift chamber is a 280 cm-long cylinder, with an inner radius of 23.6 cm and an
outer radius of 80.9 cm. The flat endplates are made of aluminum. Since the BaBar events
will be boosted in the forward direction, the design of the detector is optimized to reduce
the material in the forward end. The forward endplate is made thinner (12 mm) in the
acceptance region of the detector compared to the rear endplate (24 mm), and the read-
out electronics is mounted on the rear endplate to minimize the material in the forward
region. The inner cylinder is made of 1 mm beryllium, which corresponds to 0.28%

radiation lengths (Xj). The outer cylinder consists of 2 layers of carbon fiber on a Nomex
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core, corresponding to 1.5% X,. The drift cells are arranged in 10 superlayers, each

consisting of 4 layers set in axial and stereo orientations.

2.6 The DIRC

2.6.1 Design Requirements

The DIRC (Detection of Internally Reflected Cerenkov light) is a new type of Cerenkov-
based detector [31] devoted to PID. In particular, the DIRC is designed to provide ex-
cellent kaon identification, both for tagging, where kaon momenta extend up to about
2.0 GeV/c, and also at higher momenta for reconstruction of rare decays. A good 7/K
separation therefore requires resolutions on the Cerenkov angle for a track of 2mr or
better. The single photoelectron resolution, intrinsically limited by geometry and quartz
achromaticity, is of order 9 mr, largely independent of the track momentum and dip
angle. Designed track resolutions are obtained by combining measurements from the
large number of photoelectrons generally observed for each track. As an example, the
expected number of photoelectrons for an ultrarelativistic particle at 60° of dip angle is
larger than 50. This number drops to around 25 at some smaller dip angles, but momentum

spectra are then much softer.

The DIRC performance depends also on the accuracy of extrapolated track parameters
and their errors, as provided by the tracking software. The best accuracy is obtained with
a Kalman filter fit, which takes into account correctly the effects of scattering and energy
loss in the material along the trajectory, including the material between the last drift
chamber hit and the quartz bar. At low momenta, the uncertainty on the track direction
due to multiple scattering in the drift chamber outer wall, the DIRC supports and the

bar itself, actually dominates the error on the Cerenkov angle measurement. Cerenkov
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resolutions are greatly improved at low momenta by a full constrained fit of the Cerenkov

image. This is particularly relevant for 1/ separation below 750 MeV/c.
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Figure 2-9. Diagram showing the total internal reflection of Cerenkov light inside the quartz bars

2.6.2 Structure

The DIRC uses 144 long thin quartz bars as both radiator and light guide, arranged in a
12-sided polygon around the beam line with an internal radius of 80 cm. At the end of
the bar the light emerges and forms a cone on the detector surface which maintains the
information on the Cerenkov angle, up to a certain number of discrete ambiguities, some
of which can be resolved by the photon arrival-time measurement. Remaining ambiguities
are dealt with by the pattern recognition during Cerenkov angle reconstruction. The
refractive index of quartz is close to 1.474. In a quartz radiator, the Cerenkov threshold
for kaons (~ 460 MeV/c) is well below the value of momentum for which a pion and a
kaon may be unresolved due to ionization loss measurement (d E'/dx) in the drift chamber
(~ 700 MeV/c). The DIRC and drift chamber together form a complementary system for

7/ K separation.
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\*PMT Module

Figure 2-10. A three-dimensional view of the DIRC detector showing the quartz bars and the

standoff box supporting the PMT modules

2.7 The Electromagnetic Calorimeter

2.7.1 Design Requirements

The design of the electromagnetic calorimeter is based on CsI(T1l) crystals with a quasi-
projective geometry over a solid angle corresponding to —0.775 < cosf < 0.962 in
the laboratory frame, and —0.916 < cosf < 0.895 in the center-of-mass frame. Useful
physics coverage is slightly less since one has to stay away from the forward and backward
edges to avoid excessive shower leakage. The properties of CsI(Tl) are summarized in
Table 2-3. In comparison with other scintillating crystals commonly used in calorimetry
CsI(T1) has high density, excellent light output and long decay constant. The crystal
scintillation light is read-out by photodiodes, because of the strong magnetic field in which

the calorimeter lies.
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Figure 2-11. Side-view of the electromagnetic calorimeter showing the distribution of crystals

about the interaction point

The target energy resolution for photons at a polar angle of 90° is !,

1
o __h o0y

E YE(GeV)
The contributing factors to the energy resolution include electronic noise, shower leakage,
absorption by inactive material in front of and between crystals, and shower fluctua-
tions which result in measurement uncertainties due to crystal non-uniformity, and inter-

calibration errors between crystals.

The angular resolution is determined by the transverse crystal size and average distance

to the interaction point,

3 d
09, = _omrad + 2mrad.

YE( GeV)
The electromagnetic calorimeter must have excellent energy resolution in order to be able
to reconstruct the many photons and 7° s for studying exclusive B decays. To detect
photons at low energy the system must have low noise, while high energy photons require

long crystals for shower containment (~ 18 radiation lengths). The leakage must be

'The 4th root of energy in this expression is based on empirical observations, see for example [32].
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Table 2-3. Properties of Thallium-doped CsI.

Properties ‘ CsI(TI) ‘
Radiation Length (cm) 1.85
Moliere Radius (cm) 3.6
Absorption Length for 5 GeV pions (cm) 41.7
Density (g/cm?) 4.53
dE/dz|mip MeViem) 5.6
Light Yield (Photons/ MeV x 10%) 40-50
Light Yield Temperature Coef. (%/C) 0.1
Peak Emission (nm) 565
Refractive Index at Emission Maximum 1.79
Decay Time (ns) 940
Hygroscopic slight
Radiation Hardness (rad) 10*-10*

S 5% to achieve decent energy resolution. It is also important to minimise inactive

~J

material between the crystals.

2.7.2 Structure

The calorimeter consists of a barrel and a forward conic endcap. A backward endcap
was not included as the boost prevents all but a small fraction of neutral particles from

travelling in the extreme backward direction (—0.775 < cos 0;,, < 0.962).

For a typical crystal, the light output varies with the position inside the crystal. Since there
are stochastic fluctuations in the development of electromagnetic showers for an incident
photon of a given energy, this dependence on position can affect energy resolution. The
fluctuations can occur in the longitudinal starting point of the shower, and in its overall
length, and width. The fluctuations in start point are greater for low energy photons,
so non-uniformity affects low-energy resolution. For high energy photons, fluctuations in

start point affect the total containment of the shower. For this reason, the ideal light output
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profile for a crystal, rather than being flat, would benefit from a slight increase towards

the rear of the crystal to compensate for energy leakage associated with fluctuations.

Csl has shown adequate radiation tolerance in previous experiments, however, the new
environment will be harsher, with much higher beam currents, beam gas interactions
and off-axis beam particles. Radiation damage appears mainly as a loss of scintillation
light yield. This is thought to be due to the creation of absorption bands, which cause
a decrease in light attenuation length, rather than due to a change in the scintillation
mechanism itself. The absorption bands appear as a result of formation of colour centres
where impurities or defects are present in the crystal. Another effect of radiation damage
is increased fluorescence and/or phosphorescence in the crystal. This can cause problems

with readout, especially in high event rate systems.

2.8 The Instrumented Flux Return

2.8.1 Design Requirements

The instrumented flux return (IFR) consists of the large iron structure which is segmented
and instrumented with Resistive Plate Counters (RPCs). The iron is needed to act as
a yoke for the magnetic field, and the RPCs provide muon identification for particle
momenta above 400 MeV. Below this value charged particles do not reach the IFR
because of the effect of the magnetic field. The DIRC can in this case be used to cover
the momentum range 250-400 MeV and the SVT for the momentum range 50-130 MeV.

Neutral hadron detection is also provided via the IFR and calorimeter.
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Figure 2-12. Three-dimensional view of the IFR (length 6.29m).

2.8.2 Structure

The IFR is a collection of iron plates whose thickness increases with the distance from the
beamline. The strip type IFR active detectors, the Resistive Plate Chambers, are inserted

in the slots between the iron plates, and provide a digital two-dimensional readout.

The IFR is divided into a Barrel and two Endcaps, which complete the solid angle cover-
age down to 300 mr in the forward direction and 400 mr in the backward direction. The
barrel is composed of six sections longitudinal with the beamline, and each barrel section
is divided into 19 detector layers. The endcaps have 6 different shape sectors, and each

endcap section includes 18 detector layers orthogonal to the beam line.
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2.9 The Superconducting Magnet

A uniform magnetic field is required by the drift chamber in order to achieve high mo-
mentum and mass resolution. The superconducting magnet produces a magnetic field of

1.5 Tesla, which is uniform in the drift chamber to within ~ £2%.

The magnet is a superconducting solenoid which is housed inside the IFR, see Fig. 2-13.

Supercooling with liquid helium provides an operating temperature of 4.5K.
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Figure 2-13. Diagram showing the superconducting magnet housed inside the IFR, (end view).

2.10 The Trigger

Event selection for physics analysis is controlled by the trigger [33]. The trigger rate must
be limited by the data acquisition system bandwidth (2 kHz), and the maximum capacity
for data storage, with a rate of 100 Hz. The primary performance measure of a trigger
system 1is its efficiency for benchmark physics processes. The Level 1 trigger system is

designed to achieve very high efficiency and good understanding of the efficiency. The
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charged track trigger requires at least two tracks in the drift chamber: one long track with
py > 0.18 GeV/c and one short track with p; > 0.12 GeV/c. The energy trigger requires
two clusters in the electromagnetic calorimeter, both with reconstructed energy deposits
above a threshold that is efficient for muons. The orthogonality of the requirements allows
good cross-calibration of trigger efficiency. Under nominal background conditions, this
‘open trigger’ is simulated to produce a rate of 1.5 KHz, while yielding 100% efficiency

inside the fiducial region of the detector for B and 7 physics and > 99% for + physics.

There are three drift chamber trigger objects: long tracks, short tracks and long tracks
with a configurable cut on p;. The calorimeter trigger reports three main trigger objects,
corresponding to three configurable energy thresholds for clusters. The energy lowest

threshold object defaults to > 0.12 GeV.

The global trigger selects events using any combination of these objects, using require-
ments on the number of objects, optionally subject to separation cuts in azimuth and to

matching between tracks and clusters.

The complete trigger consists of both hardware (Level 1) and software (Level 3) compo-
nents. The Level 3 trigger consists of a range of tools for reducing backgrounds while
maintaining the selection of good physics events. A hierarchy of increasingly complex
algorithms obtain accurate precision on track impact parameters from the Level 1 trigger
track segments, the drift chamber hits and the silicon vertex tracker hits. The Level 3 trig-
ger is not expected to reduce significantly the efficiencies provided by Level 1. If machine
backgrounds become so high that Level 1 trigger rate exceeds the data acquisition limit

of 2 kHz then a Level 2 trigger will become necessary.

2.11 Summary

The physics goals for the programme of CP violation studies in the B meson system has

placed stringent requirements on the design and performance of the PEP—II B Factory
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and the BaBar detector. The key aspects of this design have been described, and some

details of the requirements of each subsystem have been provided.
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Crystal Production and Quality Control

for the BaBar Calorimeter

3.1 Introduction

The CsI(Tl) crystals for the electromagnetic calorimeter were supplied from several
commercial crystal manufacturers. The production of crystals is described with reference
to one of the crystal manufacturing companies commissioned by the BaBar Experiment
— Hilger Crystal Materials. The techniques traditionally employed by the company for
growing crystals required re-examination, and considerable development, in order to
provide crystals of the correct specification for BaBar, and methods for quality assurance
and control have been implemented at all stages of production. A particular aspect of
crystal growth - seed quality - has been studied in detail. In addition, specialised crystal
tuning techniques have been designed in order to ensure that the crystals conform to the

required levels of light output and uniformity.

The research work undertaken at Hilger took place in the context of a busy manufacturing
environment facing challenging production targets and deadlines. Material shortages were
also significant throughout the project, which limited the availability of samples for study.
The primary objective of this work, and main contribution to the project, was to improve
the yield of crystals of adequate quality through studies of the complex crystal growing

process. All of these factors necessarily compromised the rigour and depth of the research
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methodology, since changes which were identified as potentially beneficial were often

implemented before thorough studies to establish cause and effect had been carried out.

3.1.1 The Requirements of BaBar

The supply of crystals for the BaBar calorimeter was managed through contracts with
several commercial companies (Crismatec, Kharkov, Beijing, Hilger). This was both
necessary and desirable, since no single manufacturer was capable of meeting the entire
production schedule, and a distribution of the production allowed some flexibility in the

allocation of production targets throughout the duration of the project.

Hilger was responsible for the production of 10% of the barrel (500 crystals) and 50%
of the endcap (400 crystals). This constituted production of 18 different sizes and shapes
of trapezoidal crystals, ranging in length from 30 cm to 32.5 cm. The monthly produc-
tion targets set by BaBar detailed the number of each type of crystal to be produced,
with typically several different types of crystal required for a particular shipment. This
was necessary for the overall project schedule in order to assemble the electromagnetic
calorimeter module-by-module in a timely way, since each individual module contained
several types of crystal. It did however, place additional time constraints on production,

due to the lead time involved in re-tooling machinery for crystals of different types.

There are two important quality criteria for the BaBar electromagnetic calorimeter : the
crystals must have excellent light output properties, and they must be have adequate
radiation hardness in order to withstand the radiation environment of the experiment
for a number of years. The addition of Thallium as a dopant to CsI(Tl) considerably
improves the light yield, however, Thallium-doped CsI(TI) is less radiation hard than
pure Csl [34]. The most significant factor in determining the radiation hardness of a given
crystal is the raw material used to produce it, since impurities can dramatically affect the

scintillation properties [35][36]. Thus, in order to ensure some level of consistency in
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the crystal quality between companies, the raw material, Csl salt, was supplied to all the

manufacturers from a single source (APL).

3.1.2 The Capabilities of Hilger

Hilger Crystal Materials manufactures synthetic crystals for use in infra-red imaging and
radiation detection applications. The company has over 60 years experience of crystal
growing, and has specialised in the production of small, high quality crystals for optical
instrumentation. CsI(T1) crystals have been produced since 1975. The BaBar project pre-
sented the Company with a series of new challenges which placed considerable demands
on the existing production methods. This resulted in a need for extensive re-evaluation
and re-design to be undertaken. Two key aspects of the BaBar contract can be identified
as significant : Firstly, the large dimension (especially length) of the crystals was beyond
Hilger’s previous manufacturing capability, which generated a number of technical prob-
lems. Secondly, the BaBar contract required a much greater rate and volume of production

than historically, resulting in new issues of capacity and production management.

In preparation for BaBar production a number of new and existing resources were allocated
to the project. These included 5 new furnaces and 11 existing furnaces, and a dedicated
clean room with a full-time technician for crystal quality checks, tuning, dimensioning

and wrapping.

3.2 The Crystal Growth Process

The CsI(T1) crystal growth process is one of melt flux growth under gravity, and 1s based
on the traditional Kyropoulus Method [37]. A diagram showing the typical arrangement
of a Hilger furnace employing this method is given in Fig. 3-1. CslI salt, with Thallium

added as Thallous Iodide, is heated in a ceramic crucible inside the furnace to an initial
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temperature of 700°C. The furnace is covered with a metal cap so that the melt is en-
closed. This helps to limit Thallium evaporation, and to maintain a Nitrogen-enriched
atmosphere!. A seed crystal is secured inside a chuck and lowered onto the melt surface
to melt off its bottom face. Its vertical position is then adjusted until surface contact is
just maintained. The crystal grower ensures that full contact is made by checking for an
unbroken meniscus around the seed — this is done by eye with the aid of a torch through a

small observation window in the furnace lid.

Controlled cooling of the melt then takes place, at an initial rate of 5°/hour until the
CsI melting point temperature of 621°C is approached. Once the first growth has been
established, and the crystal is about 12 ¢cm in diameter, the temperature gradient is reduced
to 0.5°/hour. When the crystal diameter is close to the diameter of the crucible, the
temperature gradient is further reduced to 0.1°/hour. The process up to this point takes
about one week to complete. The crystal boule? is then allowed to cool naturally to room
temperature, which takes a further week. The crucible must then be broken to remove the

boule.

Several variations of the Kyropoulus Method are used in practice: the seed may be pulled
slowly from the melt as the crystal forms, or allowed to emerge naturally as the surface
level of the melt falls due to accumulation of solid material. In some processes the seed is
rotated slowly during growth, as this helps to reduce effects from temperature fluctuations

in the melt, and allows a slower and steadier rate of crystal growth.

3.2.1 Issues with the Growth of Crystals for BaBar

Prior to the BaBar contract, Hilger was able to demonstrate its capability to grow boules

which could yield trapezoidal crystals of up to 25cm in length. These crystals were

'the uptake of oxygen by CsI(TI) is thought to contribute to poor radiation hardness
2the term boule refers to the large crystal grown in a furnace, from which one or more BABAR trapezoidal crystals

are cut
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Figure 3-1. Diagram of a crystal growing furnace at Hilger using the Kyropoulus Method.

obtained from vertical sections through a boule. Following this, attempts were made to
grow larger boules in the existing furnaces (of diameter 16 inches), but although boules
of the required depth were attained, a length limit for trapezoidal crystals was imposed
by the presence of unacceptable impurities and polycrystalline regions at the base of a
boule. These features were a result of the power of the heating elements and resulting

temperature profiles of the existing furnaces, rather than their physical size.

As a result, Hilger opted to design a new set of furnaces dedicated to BaBar production,
with a greater capacity (of diameter 20-22 inches), so that wider boules could be accom-
modated, and BaBar crystals of the required length could be cut horizontally from the
top of the boule where the crystal quality was consistently highest. It was estimated that

production targets could be met if a yield of 2-4 BaBar crystals/boule could be achieved.
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The decision to modify the method of producing crystals necessarily raised issues con-
cerning the properties of the resulting BaBar crystals. The prototype crystals supplied to
BaBar by Hilger prior to the start of production were cut vertically, and the properties
of these crystals had been assessed. However, the new method produced crystals whose
properties were not known a priori. The most significant effect on the crystal properties
was due to the differences in the amount and distribution of Thallium which occur in a
horizontally-cut crystal compared to a vertically-cut crystal. The uptake of Thallium by
the boule during growth is sensitive to ambient conditions, and needs careful monitoring
to obtain some level of consistency of doping throughout the crystal. Thallium has a much
lower melting point (440°C) than Csl, so it evaporates rapidly from the melt. However,
a more dominant factor in the absorption of Thallium is the preference of a crystal to
maintain its lattice structure, and remain pure. So, during the initial growth phase, the
abundance of Csl allows the crystal to grow with little Thallium uptake, so that the
relative concentration of Thallium to CsI increases as the melt is used up. Thus, there
is a gradient of Thallium concentration within the boule which is dependent on its growth
over time. In particular, the lowest concentration of Thallium is at the top of the boule.
The horizontally-cut crystals from the top of a boule had both a lower overall Thallium
concentration, and a more uniform profile than vertically-cut crystals, affecting both light
output and uniformity properties. This had consequences for the crystal tuning process,

described in section 3.5.

Another feature of the crystal growth process which has been limited by the increased size
of boules is that of rotating the seed during growth. It was found that using rotation caused
the seed to shear when the boule approached full-grown size. It was not known whether
this was due to resistance due to the high viscosity of the melt at this point, or from the
boule coming into contact with the sides of the crucible. In the event of a seed breaking,
the falling boule would tend to damage the furnace beyond repair, and clearly such a
situation must be avoided. Two solutions were adopted to overcome this problem: seeds

of increasing diameter were tested (30, 50, 75, 90 mm), with the largest of these being
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chosen for future production, and rotation was stopped before the boule approached full
size. However, stopping the rotation during boule growth created a sudden increase in
growth rate, resulting in poor crystal structure. Therefore, rotation was stopped just after

initial growth had been established.

3.3 Seed Quality

The structural quality of a given boule depends strongly on the quality of the seed used
to grow it. It is essential that the seed has a single crystal structure, with no inherent
defects, at the face from which the boule is grown. Both the intrinsic quality of the seed,
and the way it is handled at various stages of production, are significant. Several aspects
of seed quality were investigated to determine where improvements could be made in
the production of boules. Seeds for growing new boules are obtained routinely from the
offcuts of old boules, if these are suitable, or occasionally from a dedicated boule which
has been grown purely for making seeds. In a situation where the availability of good
quality crystal material becomes scarce there is a compromise between the pressure to
meet production targets and the need to maintain a good stock of seeds. If general seed

quality is allowed to degrade then this leads to worse overall crystal yield, and so on.

The orientation of the crystal lattice in the seed used to grow a given boule is known to
play a major role in the resulting pattern of growth [37]. CslI has a body-centred cubic
structure, and has no natural cleavage planes. The orientation of the cubic crystal lattice
with respect to the bottom face of a seed is of interest, since this is the face from which the
boule grows. There are three possible simple orientations which can be defined. These
can be identified using the notation of Miller indices as [100], [110] and [111], and are
illustrated in Fig.3-2.

The rate of growth of a crystal depends on the lattice orientation, since the crystal will tend

to growth most rapidly in directions parallel to its lattice planes, where the least change
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.

(100) (110) (111)

Figure 3-2. Orientations and Miller Indices for a cubic crystal lattice[38]: the shaded surface
represents a surface parallel to the bottom face of the seed, and the cube shows the relative

orientation of the crystal lattice.

in binding energy occurs from the adsorption of atoms to the surface[37]. The [111]
orientation clearly represents the case of highest symmetry, and a seed with this property
will tend to grow with more radial uniformity than seeds with different orientations. As
Csl has no cleavage planes, the lattice orientation is identified by manually indenting the
surface of the seed with a sharp object to produce cleavage lines. The appearance of three
radial lines with similar length and opening angles is an indication of [111] orientation,
(this can be visualised from Fig.3-2 if looking directly at the bottom face of the seed). All

seeds were required to have the [111] property.

3.3.1 Factors Affecting Seed Distortion

An ideal seed would consist of a single crystal, i.e., with the crystal lattice intact through-
out. This is best achieved in practice by ensuring that the seed is as small as possible,
as larger seeds are more likely to have a variety of non-uniformities in their structure,
and these are passed on in the subsequent crystal growth. However, a strong constraint
is placed on the size of the seeds used to grow the large CsI(Tl) boules, as the seed
must be capable of supporting the weight of the fully grown boule. It is unfortunate that
such a purely mechanical constraint should compromise the level of consistent crystal

quality which can be achieved, but there appear to be no other means of supporting the
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boule during the growth. The increase in seed size which has been necessary for the
BaBar production has resulted in a greater occurrence of seeds with imperfections in their

structure.

A cylindrical seed of Csl was secured in a chuck using three grub screws, which are
positioned evenly around its circumference. Usually, the seed was enclosed in a brass
sleeve for protection, so that the screws did not cause any deep indentations in the mate-
rial. However, all seeds which were inspected after completion of boule growth showed
significant indentations and marks. Seeds were further examined under polarised light,
in order to highlight any internal distortions due to the indentations. Among the seeds
studied, a correlation was seen between the occurrence of distortion and the relative
orientation of the crystal lattice to the position of the indentations. When an indentation
coincided with an edge of the lattice the seed had developed a polycrystalline structure
originating from that point; the boule made from such a seed was also polycrystalline.
The evidence for this effect was somewhat anecdotal due to the small number of seeds
which were available for study, so no firm conclusions could be drawn. A new design for
the seed and its support was recommended and implemented, in which the seed and brass
sleeve were slightly tapered towards the base, so that the applied load was spread more

evenly.

3.3.2 Investigation into the Cause of Tilted Boules Using Seed Properties

One of the significant causes of low yield during production was the occurrence of boules
growing with their top face tilted at an angle to the horizontal. Examples of non-tilted and

tilted boules are shown in Figs.3-3 and 3-4.

The effect of tilt was to reduce the size of the region at the top of the boule from which
BaBar crystals were cut, due to regions of undercutting (indentations in the sides of the

boule) developing during crystal growth. If the tilt angle was larger than ~ 30° then no

THERESA CHAMPION



3.3 Seed Quality 48

Figure 3-3. Example of a boule which does not suffer from “tilt”.

Figure 3-4. Example of a boule which suffers from moderate “tilt”; a region in which

undercutting has occurred during crystal growth is clearly shown on the left-hand side of the boule.
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BaBar crystals could be obtained. This situation occurred in about 20% of cases. Also,

boules with large tilt tended to be polycrystalline as a result of their uneven growth.

In order to address this problem, several possible causes of tilt were identified and studied.
The initial focus of the investigation was on factors which may affect the orientation of the
crystal lattice in the seed during growth, since this is known to cause a preferred growth
direction; the resulting uneven distribution of weight may in turn pull the boule down
on one side. As part of this study, 23 seeds were collected after boule growth. While a
seed was still attached to a boule, a scoreline was marked around the seed (using a pair
of callipers) which was parallel to the top surface of the boule, indicating its tilt. The
seed was then detached from the boule. The lattice orientation of each seed was checked
against the tilt direction, but due to the uncertainty and poor repeatability of the method
used to identify lattice orientation (described in section 3.3), there was found to be no
clear relationship. However, it was noted that five of the seeds had a characteristic ridge
(lack of meniscus) at their base, which indicated that full contact had not been achieved
between the seed and the melt during growth. (Other seeds in the sample had been cut too
high from the boule so the information was lost). A diagram illustrating the scoreline and

ridge on a typical seed is shown in Fig.3-5.

For each of the five seeds, the vertical distance from the top of the seed to the tilt scoreline
was measured at intervals around the circumference. The location of the ridge was also
noted. The results are shown in Fig.3-6, where the region between the dotted lines
indicates the ridge location on the seed circumference. The results show that the boule tilt
was aligned with the ridge position, with the highest point on the side of the ridge. This
is consistent with the growth rate for the boule being much higher on the side opposite
the ridge, where good contact was achieved, with the tilt resulting from the consequent

uneven weight distribution.
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Figure 3-5.

position on seed circumference
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Schematic diagram of a seed (sideview) showing “tilt” and “ridge” information.
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Figure 3-6. Plots showing the correlation between the direction of boule tilt and the position of

an undercut (ridge) region at the base of a seed.
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The results of this study were discussed with crystal growers, so that extra care could be
taken in checking for full seed contact with the melt prior to crystal growth. No further

cases of badly tilted boules were reported.

3.4 Cutting, Dimensioning and Polishing BB« Trapezoidal Crystals

Following the crystal growth process, a boule was extracted from the furnace using a
mechanical lifting device, and placed on a platform for visual inspection. A torch was
used to highlight possible defects, such as polycrystalline regions or the inclusion of
impurities. At this stage, any region suitable for yielding a trapezoidal crystal was mapped
out. Also at this stage, in order to carry the seed studies discussed in the previous section,
the crystal grower was asked to mark the seed orientation relative to the boule before the

seed was removed.

The boule was then passed to a horizontal milling machine where it was cut into rough
blocks from which the trapezoidal crystals would be produced. Several custom-made jigs
were required for each trapezoid type in order to cut the faces at the correct angles. A
jig was mounted onto the milling machine platform using a vacuum seal, and a block
was placed on top of this so that the required angle of cutting was achieved. The milling
machine cutting head was then driven slowly across the surface of the block. Milling
was continued in such steps until the trapezoid was of the correct shape, and about 2 mm

oversize in each dimension.

A polishing surface was prepared using a chamois leather cloth dampened with water and
placed on a polishing block. Each face of a trapezoidal crystal was then wiped firmly
across the surface with repeated strokes. The high solubility of CsI in water resulted in a
saturated solution of CslI developing in the cloth, and this proved to be a highly effective
system for polishing the crystal surface. The initial over-sizing of the trapezoids at the

cutting stage allowed for some loss of material during the polishing stage.
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Each crystal was then precisely dimensioned using a purpose-built rig which placed eight
position gauges at key points around the crystal and compared the values obtained with
those of a template crystal. The crystal was then wrapped in two layers of Tyvek, and one

layer of aluminium foil, and placed in a dark storage area prior to tuning.

3.5 Tuning Methods for Crystal Quality Control

In order to maintain good energy resolution and linearity in the BaBar electromagnetic
calorimeter, it is necessary for the crystal light response to be uniform over the entire
crystal axis. In addition, the crystals must have high absolute light yield. The bulk
effects which contribute to these properties (i.e., single crystal structure and Thallium
concentration) have been discussed in previous sections. There is also a contribution
from surface effects, and this can be used to “tune” the crystal properties to within
specifications. The tuning process is one of fine adjustment, and cannot be used to

compensate for very poor bulk properties.

Both the light yield and the uniformity of a crystal were measured using purpose-built
apparatus. The original design of this apparatus for all the crystal suppliers took place at
SLAC. The version for Hilger was built and commissioned entirely at Brunel University.
Following this, the apparatus was transported to Hilger, and comprehensive training in
its use was provided. A diagram of the apparatus is shown in Fig.3-7. It consisted of
a radioactive source (Na22, 10 xCi) in a light-tight box with a photomultiplier tube for
readout. The radioactive source was mounted on a motor-driven vertical axis so that it

could traverse the length of a crystal automatically.

The procedure for measuring both light yield and uniformity required placing a crystal
wrapped with Tyvek and aluminium foil inside the light-tight box above the photomulti-
plier tube. The radioactive source was moved along the crystal axis, and the light output

from the base of the crystal was recorded. A LabView interface was provided via a data
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Figure 3-7. Diagram of the apparatus used to measure light yield and uniformity for a crystal.

acquisition system so that light output as a function of distance along the crystal could be

recorded and plotted. Some examples of these plots are shown on the following pages.

In order for a crystal to pass the uniformity criteria [39], the value of its relative light
output was required to be constant to within a specified range along its axis. The range
was narrower at the top (i.e., front end) of the crystal, where variations in the shower

maximum are critical.
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3.5.1 Development of Tuning Techniques for the BaBar Crystals

The general procedure for tuning crystals for uniformity is well-known [40]. It involves
varying the level of reflectivity/absorption of the crystal surface in selected areas in order
to alter the relative amounts of light transmission and reflection at points along the crystal
axis. However, for any set of crystals with previously unknown uniformity characteristics,
some detailed study with several iterations is needed in order to find an effective and
efficient method for tuning. With the high production rates for BaBar crystals, the tuning
process needed to be completed at an average rate of no more than two hours per crystal
in order to meet production targets, which in turn implied a limit of three uniformity scans
per crystal. Initially, the crystals were prepared for the tuning stage in a highly polished
state, so that a high overall light yield could be obtained. However, these crystals were
found to have very poor uniformity, and they were also very insensitive to attempts to
correct for this using blackened areas on the surface to increase absorption levels. The
high polish effectively allowed the path length of light inside the crystal to be so large
that any local effects were dissipated. Crystals were also found to exhibit large variations
in their light output properties over time. This was traced to the way in which they were
handled prior to tuning, as the exposure of CsI(Tl) to light causes excitation which can
last several hours. To remedy this situation, the crystals were stored in a light-tight box

for at least 24 hours prior to their first uniformity scan.

An effective tuning procedure was then developed in which the surface of a crystal was
roughened in small areas, using fine sandpaper. This was found to have a strong influence
on the uniformity. The areas for roughening were identified from an initial uniformity
scan of a crystal. Roughening the crystal surface in a given area tended to reduce the
light yield contribution from points above it. This allowed regions which had lower than
average light yield to be brought closer to the new average. The overall light yield was
reduced by this process, so it remained important to limit the amount of roughening to the

minimum necessary to achieve acceptable uniformity, while also keeping the number of
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scans per crystal as low as possible. The sample plots on the following pages are typical
results from the tuning process. They demonstrate the effectiveness of the method, since
only two scans (“before” and “after”) were needed in each case to achieve the uniformity
required by the BaBar specification (indicated by the region between the dashed lines on

each plot).
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Figure 3-8. Uniformity scans for a crystal showing variation of relative light yield with distance
along crystal axis, before tuning (black points) and after tuning(white points). The limits of the

BABAR quality specification are given by the dashed lines.

In Fig.3-8 three areas of relatively low light yield were identified and roughened. The
distribution of the points after tuning show how these areas have increased their relative

light yield with respect to the average light yield of the crystal.
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Figure 3-9. Uniformity scans for a crystal showing variation of relative light yield with distance
along crystal axis, before tuning (black points) and after tuning(white points). The limits of the

BABAR quality specification are given by the dashed lines.

In Fig.3-9 the crystal showed an initial uniformity scan which rose almost monotonically
from the base to the top of the crystal. This characteristic was commonly observed in

Hilger crystals, and was corrected by roughening a broad band near the base of the crystal.
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Figure 3-10. Uniformity scans for a crystal showing variation of relative light yield with distance
along crystal axis, before tuning (black points) and after tuning(white points). The limits of the

BABAR quality specification are given by the dashed lines.

In Fig.3-10 the crystal showed considerable non-uniformity prior to tuning, and two
regions were roughened in order to improve uniformity. Following the tuning process
uniformity of the crystal was much improved, but still slightly outside the specified toler-

ance bands. The crystal was deemed to be acceptable, however.
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3.6 Summary

The work carried out for the production of crystals for the BaBar electromagnetic calorime-
ter at Hilger Crystals Materials has been discussed. Improvements to the crystal grow-
ing process were gained through investigations into the quality of crystal seeds. The
equipment and techniques for tuning crystals to BaBar specifications were provided and

developed, so that an efficient and reliable method for tuning was achieved.
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Tools for Background Suppression in

Physics Analyses

4.1 Introduction

The issue of background suppression is an important one for BaBar, where typically
the branching ratios for the channels of interest are small. The challenge is to achieve

background rejection of the order of 10~°, or better.

Many sophisticated techniques and discriminating variables have been developed for back-
ground suppression in previous experiments. These are well known, and applicable to a
range of channels. The BaBar experiment will operate in a unique environment, with the
large boost and need for high precision vertex resolution to reconstruct B decays. The
traditional background suppression methods have been reviewed in this context, and a set

of tools has been developed to exploit the most useful discriminating variables.

The tools have been designed for a general procedure of discriminating signal from back-
ground in any analysis. The method described here has provided the means for employing
a consistent approach to handling the variables across a range of analyses. It has also
assisted with the data management issues present in dealing with the large number of
events required for background studies. The tools have been applied to a particular
channel, B — 7t7~ 7, and this is presented as an example to illustrate the results

which can be obtained.
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4.2 Nature of the Backgrounds

Several sources of background can contribute to an analysis, and the issues associated
with background rejection depend on the particular combination of detector and ma-
chine characteristics, and the features of the channel under study. The backgrounds
can be categorised into various types: continuum, combinatorial within signal events,
background from other B modes, and machine background. Each of these is described
below. Methods for suppressing continuum background have been studied in detail, and

are reported in the subsequent sections of this chapter.

421 Continuum Background

For the e*e™ collider, operating at the 7°(4S) resonance, the expected relative abundances
of ¢g pairs near the nominal energy are given in table 2-2. The relative rates reflect the
dependence on the square of the quark charge, and additionally the 7°(4S) enhances bb
production by approximately a factor 3. Fig. 2.3 shows the profile of the continuum and

the 7°(4S) resonance in the region of the nominal centre-of-mass energy for PEP—II.

4.2.2 Combinatorial Backgrounds

Combinatorial backgrounds arise in both signal events and continuum events, due to
wrong combinations arising in the signal reconstruction process which possess the desired
signal properties. The term “combinatorial background” is taken here to mean the combi-
natorics from signal events, as combinatorics within continuum background is assumed.
Combinatorics are particularly high for channels involving one or more neutral particles,
as there is a significant number of calorimeter energy deposits in each event which can

combine to form a viable reconstructed candidate. This is a particularly serious issue
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for 7° reconstruction. Some events, especially, contain a large number of low energy
deposits in the calorimeter which can create a high multiplicity of B candidates which
satisfy the signal pre-selection criteria. The most effective way to suppress combinatorial
background is to create a x? based on characteristic signal properties. The candidates
can then be ranked according to their y? value, and the candidate with the best y? can
be selected from each event. This method is superior to applying a hard cut on the
discriminating variables, as it maintains higher efficiency. As an example, the x? of pre-
selection variables for the B® — 777~ 7% channel is formed from the 7° reconstructed

mass, Mo, the B® mass,Mp, and the B’ momentum in the 7°(4S) rest frame, p* 5,

M2 M2 p*2
== +—2F+L (4.1)
o 0p  Op

0

where the o2 have been estimated from fits to large samples of signal Monte Carlo events,

(note that this introduces some systematic errors into the selection process).

2500 :
2000 :
1500 :
1000 :

500 =

P R

90 100
x* of signal properties

Figure 4-1. Distributions of a x> of signal properties, for signal (blue), combinatorial back-

ground (red), and (not normalised) u, d, s continuum background (green).
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The 2 distributions for signal, combinatorial background and continuum background are
shown in Fig.4-1. The performance of a cut on this x? for maintaining signal efficiency is

discussed further in section 5.4.

4.2.3 Physics Channels

Backgrounds from physics channels which are similar to the channel under study fall into
two categories: those which have no CP asymmetry, and those which contribute events
having the same or opposite CP asymmetry to the channel under study. An example of
this is seen in the study of the B® — J/i) K? mode, which has background contributions
from both B — J/)(K** — K'1%) and Bt — Jp K**, K** — K%r". The K**
mode has zero CP asymmetry, and therefore it affects the total statisitical power of the
CP measurement, but does not dilute its value. The K*° mode, however, has opposite CP
to that of the signal, so that the measured CP asymmetry is diluted by inclusion of this
background in the selected sample, (a detailed discussion of the effect on CP reach for

this channel is given in [13]).

B decay modes containing several pions and/or kaons are the main physics background
for the B® — 777~ 7° channel. The main tool for dealing with such physics backgrounds
is efficient PID, so that effective K/m separation is possible. The results of some simple
studies of physics backgrounds are given in the next chapter, section 5.3.1. The results
of applying PID techniques can be combined to form discriminating variables for use
in multivariate analysis, e.g., 0,+x+ and o,-x-. Such variables could represent, for
example, the probability that a given particle was a 7", or could simply be a boolean

value set according to whether a particle passed or failed a given PID selection process.
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424 Machine Backgrounds

The special design requirements for PEP—II (described in section 2.2) are expected
to create significant machine-induced backgrounds. The main sources of these back-
grounds are beam gas interactions, synchrotron radiation, and elastic and radiative Bhabha
scattering. These are expected to increase the occurrence of low energy clusters in the
electromagnetic calorimeter, which in turn will increase the combinatorial background

for neutral particles.

Close attention has been paid to engineering design issues, such as effective shielding,
and efficient triggering, in order to limit the effects on machine-backgrounds, which can
degrade physics reconstruction, both in the short-term (e.g., saturation due to high occu-
pancy), and in the long-term (e.g., detector degradation due to radiation damage). Since
the Technical Design Report ?? the estimates of machine-backgrounds have increased by
more than a factor 10. The effects of machine-backgrounds are still uncertain to a great
extent, and will only be understood when P E P has run for some time. This constitutes

a large topic for study, which has not been the focus of the work described here.

4.3 Criteria for Continuum Identification

A powerful method for discriminating signal events from ¢g background events exploits
the differences in their characteristic topologies. In a true signal event, the primary ete™
produce a BB pair via the 7'(4S) resonance. In the 7(4S) rest frame the Bs have low
momenta, and so the decay of each B is fairly isotropic. An additional feature of a signal
event is that there is negligible correlation between the directions of the decay products

coming from each of the two Bs.

In a light quark (u, d, s) continuum event, however, the event shape has a pronounced two-

jet structure, and so there is a strongly preferred direction characterising the whole event.
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The B “candidates” from such an event will therefore tend to have less isotropic decay
shapes in the 7°(4S) rest frame, and there will also be correlations between the directions
of the candidate decay products of the two Bs, since they will tend to lie within the two

jets.

In a cc event the jet structure is still present, but is less pronounced, and so the methods
described here using shape variables will provide less discriminating power for this type

of background.

A set of discriminating variables used for continuum identification and suppression has
been selected. The list is by no means exhaustive, and other variables may be added
subsequently. In addition to characteristic shape variables for the event, the list includes

properties of the CP candidate, and kinematic variables.

The variables in use are described below. Some of them can be applied generally to any
decay, while others require modification according to the number of bodies in the decay.
For the two-body case the characteristic direction is clearly defined by the B decay axis.
For the three-body case a suitable characteristic direction is the normal to the B decay
plane. The best means of calculating these axes depends on the number and type of decay

products in the channel under study.

The choice of reference frame is another issue which must be considered. Since it is the
discriminating power of a variable which is of interest, the effect of a change of frame
need only be viewed in this context, provided the evaluation of the variable remains valid
in the chosen frame. For global event variables it is appropriate to use the 1°(4S) rest
frame, while for variables using properties of the B decay products the B rest frame is

used.

Another consideration when using each of these variables is the choice of the subset
of the event to which it should be applied. For some variables only the charged tracks

in the event are used, while others apply to all charged and neutral candidates. For
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discriminating purposes a variable may be applied globally to the event, or just to the
B decay, or to the tagging B decay. In this study, the tagging B decay products are
referred to as the “rest of the event”, and a variable which has been applied to the rest of
the event is indicated by the subscript R in variable name. All of the event shape variables

described here have been calculated for the whole event, and for the rest of the event.

e B2, mass (Mp)

In each analysis the CP B decay is reconstructed for each event producing a set
of “candidate” particles. The invariant mass distributions of reconstructed B can-
didates, for signal and ¢q events, are shown in Fig.5-3. As there are no real Bs
produced in continuum background events the distribution reconstructed B° candi-

dates in these events is to first order uniform.

e The Momentum of the B2, in the 7°(4S) rest frame (px5)

In a signal event, the B mesons have unique momenta in the 7°(4S) rest frame which
is smeared by the detector resolution. Whereas the B candidates produced from
continuum events exhibit a wide range of momenta. Additionally, the transverse
momentum of a putative B is confined to a narrower range for signal candidates
than for ¢g candidates, and with a lower average value. The distributions of the CP
B candidate momentum in the 7°(4S) rest frame, for signal and w, d, s continuum
events, are shown in Fig.4-3. It can be seen that this provides a very powerful

discrimination between signal and background.

e The Momenta of the decay products of the B2, (cos (pm))

The decay products from the B2y tend to have high momenta in the B rest frame.
This information is used in the PID methods. In addition, the relative orientation of
the decay products can provide some discrimination, e.g., for a two-body mode the
decay products are back-to-back in the B rest frame for a signal event, while only
approximately colinear in ¢g events, due to the jet structure. A variable, cos (p7),

has been defined for the B — pm — 37 channel, which is the cosine of the angle
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between the putative p and 7 in the B rest frame. Due to its dependence on the B

rest frame, this variable has some correlation with pxp.

e Sum of transverse momenta of the rest of the event with respect to B direction
(p¢+Br)
For a ¢g event the transverse components of momenta for the rest of the event are
small with respect to the B candidate direction, due to the jet structure, whereas for

a BB event there is no such correlation.

e Thrust (7)

The thrust axis of an event is defined by the unit vector n such that the sum of the
scalar products of n with all the particle momenta has a maximum value. Thrust, 7,

is related to the maximum value [41] by,

> |pil
The allowed range of 1" is (0.5, 1), where T ~ 1 corresponds to a highly directional

T = max - 4.2)

event, and T = 0.5 corresponds to an isotropic event.

In a typical background event for a two-body decay, the decay products of the B°
candidate each lie in one of the two jets, and are therefore approximately back-to-
back. Thus the decay axis of the BY candidate is roughly colinear with the thrust
axis for the rest of the event. Whereas, for a true signal event, the B decay axis is
essentially uncorrelated with the thrust axis of the rest of the event, which in that
case comes from the decay of the other B° meson.

For background discrimination, the cosine of the angle between the thrust axis of
the rest of the event and several defined directions for the CP mode is calculated.
The following variables were defined :

— cos(T'B) with the B direction,

— cos(T'm) with the fastest B decay product direction,

— cos(T'N) with the normal to the B decay plane, for a 3-body decay.
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Figure 4-2. B invariant mass, signal (blue), qq

u,d, s (red).
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Figure 4-3. Momentum of the B in the 1 (45)
rest frame, signal (blue), qg u, d, s (red).
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The distributions of thrust for the whole event, and the variable cos(7'r), are shown
for signal and ¢q events in Fig.4-4 and Fig.4-5 respectively.
e Sphericity (S)

As with thrust, sphericity provides good separation of ¢g continuum events and
signal due to the jet structure of ¢q events. Sphericity is a measure of the sum of
the squares of transverse momenta for each track with respect to the event axis.
Defined over the interval (0,1), with highly directional events having low sphericity,
and isotropic events corresponding to sphericity = 1. Therefore, the pronounced jet
structure of ¢g continuum events allows limited separation with signal to be achieved

using this variable.

Sphericity is defined [42] as,
3
S = 5()\2 + A3) 4.3)

where )\, and A3 are the two larger eigenvalues of the diagonalized sphericity tensor,

gaB _ i pquiﬁ
> pZZ

where «, # = 1,2, 3 corresponds to x, 3, z components.

4.4)

The sphericity axis of the system is determined by the direction of the eigenvector
corresponding to the largest eigenvalue, ;. The sphericity axis of the rest of the
event has been used in an analogous way to the thrust axis of the rest of the event to

define the following variables:

(SB) with the B direction,

— cos(S) with the fastest B decay product direction,
— cos(SN) with the normal to the B decay plane, for a 3-body decay,
(

— cos(SS3,) with the sphericity axis of the 37 system.

e Aplanarity and Planarity (apl, pla)

Aplanarity is a measure of the magnitude of the transverse component of momentum

of a system out of the event plane. It is related to the smallest eigenvalue of the
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Figure 4-4. Thrust for the whole event, signal
(blue), qq u, d, s (red).
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Figure 4-5. Cosine of the angle between the
thrust axis of the rest of the event and the mo-
mentum of the fastest pion in the B rest frame,

signal (blue), qq u, d, s (red).
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Figure 4-6. Sphericity for the whole event,

signal (blue), qq u,d, s (red).
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Figure 4-7. Cosine of the angle between the
sphericity axis of the rest of the event and the
sphericity axis of the 3w system, signal (blue),

qq u, d, s (red).
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sphericity tensor [42] by,
3
apl = 5)\3. 4.5

So in the case of a totally planar event A3 = 0, and the aplanarity is zero. Whereas,
for an isotropic event the three eigenvalues are of equal magnitude (%), and the

aplanarity then takes a maximum value of %

The planarity of a system is defined as the difference between the two smaller

eigenvalues of the sphericity tensor,

pla = )\2 - )\3 . (46)

The aplanarity and planarity for the rest of the event, aplr and plap respectively,
provide better signal/background discrimination than the aplanarity and planarity

for the whole event.

e Fox-Wolfram Moments (#,)

There is no natural axis in the final state of e™e~ annihilation, and a common
technique is to find an axis by minimising some observable. This is done in the case
of the sphericity and thrust variables. This method is satisfactory for characterising
continuum events with 2-jet structure, but can result in a poorly defined axis for

events containing three or more jets '

The Fox-Wolfram moments, #,, are independent of the axis used, and this has some
advantages, including discriminating power between 2-jet and multi-jet events. As
‘H, are rotationally invariant, they are independent of the orientation of an event, so

their values are insensitive to gaps in the angular acceptance of the detector.

The Fox-Wolfram moments, H,, are defined [43] as,

EZ

(]

H=Y Pl IPil g, o) 4.7)
i,j

'the occurrence and clear identification of 3-jet events at BABAR is likely to be small, and has been disregarded.
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where P, are the Legendre polynomials, p; ; are the particle momenta, ¢;; is the
opening angle between particles 7 and 7, and E,;, is the total visible energy of the

event.

Neglecting particle masses, if momentum is balanced for 2-jet events then , Hy = 1,
H, =0,H;, ~ 1 for ¢ even, and H, ~ 0 for ¢ odd. So for this application the
ratio of Fox-Wolfram 2nd to Oth moments is taken as the discriminating variable.
Energy-momentum conservation requires Hy = 1, and H; = 0, if all particles in
event are used (assuming calculation with respect to the 7°(4S) rest frame). For 2-jet
events, since final quark momenta are collinear,

He =1 (even),

He =0 (odd?).

e Cones

The topological variable, Cones, is based on a method proposed by the CLEO
Collaboration [44]. The space around a B° candidate is divided into a number of
forward and backward cones centered on the B°, and aligned with its thrust axis.
The momentum flow between adjacent cones, i.e., the scalar sum of the momenta of
all particles pointing in the region, is calculated. At CLEO nine cones were used at

10° increments.

43.1 Considerations for Two- and Three-body Decays

Both two- and three-body decays exhibit well-defined kinematic behaviour which can
be exploited for background suppression. The B decay axis for two-body decays is
simply defined by the direction of either decay particle in the B rest frame. However,
improved resolution, and less bias towards one particle, may be obtained by taking the

difference between the momenta of both decay particles. In general, it is preferable to use
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Figure 4-8. Second Fox-Wolfram Moment for
the whole event, signal (blue), qq u, d, s (red).
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Figure 4-9. Cosine of the angle between the
normal to the B decay plane and the thrust axis
for the rest of the event, signal (blue), qq u,d, s
(red).
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Figure 4-10. Diagram showing the division of space around a B° candidate into cones for

calculating momentum flow.

charged tracks rather than neutral, but the final choice depends on the decay mode being

considered.

Finding the best representation of the B decay axis for three-body decays is more in-
volved. In the B rest frame the three final state particles lie in a plane. In the case of 37,
the decay is usually through the p resonance, so this pseudo-two-body nature allows the
B decay axis to be defined as for two-body decays. However, for non-resonant 37, the
momenta of the three pions may be similar in magnitude, so that no overall direction can
be identified. In this case, the orientation of the B decay in space is best characterised
by the plane defined by the three pion momenta in the B rest frame. The normal to this
plane then specifies a unique direction associated with the B decay. For B — w7 =70
the normal is defined by the cross product of the 3-momenta of the two charged 7s in
the B rest frame, since the charged tracks will always have better-defined directions than
the 7°, (and the 77~ are used to form the B vertex). In other three-body decays, where

there are not exactly two charged decay products, then the two momenta which form the

highest scalar product should be used.
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4.4 Multivariate Analysis Techniques for Discrimination

The use of multivariate analysis techniques within High Energy Physics is widespread, as
there are many applications where events need to be characterised as belonging to one of

two classes for acceptance (e.g., signal) or rejection (e.g., background).

Within BaBar, a common interface to several multivariate methods is provided by the
Cornelius? software package [46]. This offers ease of access to the various methods,
and allows direct comparisons to be made between their performances, as the output of
each method is a probability weighting that a given event comes from a given class. For
two classes of events, the relative probability for an event to originate from class 1 is

defined by, AR (X)
_ 111
- ARX) + LR(X)

where the f; are the fractions of events coming from class i (f;+ fo = 1) and Fj the density

P (4.8)

distribution of the output variable, X, from a given multivariate method, normalized to

unity.

The multivariate analysis methods which can be implemented via Cornelius are the
Parameterised Approach (PA)[47], Fisher Method (FI)[48] and Neural Net (NN)[49];

these methods are briefly described below.

Cornelius was developed by the BaBar Tagging Group, and so its primary application
has been to the discrimination between b and b flavours for the tagging B meson. How-
ever, the methods are completely general, and can be applied to the discrimination of
any two classes where discriminating information is available. The work discussed here
concerns the first application of these multivariate analysis techniques to the process of
background discrimination using the full BaBar simulation (BBsim) in the BaBar object-

oriented C++ software environment.

2Combined Optimal Reconstruction with Neural Network and Likelihood for Identification Usage
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44.1 The Parameterised Approach (PA)

The Parameterised Approach distinguishes two classes (1 and 2) of events using relative
likelihood. For n discriminating variables, the likelihood for an event to belong to class 1
is g*(z1,- - z,), and similarly for class 2. Then the ratio of these likelihoods provides a
characteristic value for the event, with a range [0,1], Xp 4,

g' (w1, -~ - n)

Xpa = .
pA gl(xl,...xn)+92(I17...In)

4.9)

The Parameterised Approach uses a simplification of this expression by assuming that the
discriminating variables are uncorrelated, so that the likelihood expression for n variables

reduces to the product of the likelihoods for the individual variables, e.g., for class 1,

g (@1, ) =[] 9} () - (4.10)
=1

This method provides unbiased optimal discrimination, based on the variables provided,
in the case where no correlation exists between the variables. However, where correlations
do exist then some information is lost, and the discriminating power of the PA method is

diluted.

44.2 The Fisher Method (FI)

The Fisher Method is a linear discriminant analysis, in which n variables are combined
linearly in a single quantity, Xy, to provide the largest separation between the two classes
of events. The maximal separation is achieved by defining an axis in the n-dimensional
space spanned by Xp; such that the distance between the means of each class (X, X3),
is a maximum. This axis of separation between the classes is therefore orthogonal to
the line segment joining the class means. The discriminating quantity, Xy, can then be

determined for the set of discriminating variable values, x, for an event,

X1 — X2

Xpp = V”TZ”Q (% — %) W' (4.11)
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where ny, no are the number of events in each sample, n is the total number of events, and
W 1s the component of the total covariance matrix for the variables which represents the

dispersion of the events within a class with respect to the class mean [50].

The quantity X; can be used to provide a probability that an event comes from a given

class, or can be compared with a chosen threshold value in order to provide a cut criterion.

44.3 The Neural Net (NN)

Aa artificial neural net can provide a non-linear multivariate analysis, which offers poten-
tial improvements in discriminating performance over linear methods, but at the expense

of increased complexity.

The neural net consists of a set of processing elements called neurons, which take as input
a linear weighted combination of the discriminating variables, z. A threshold value, 6;, is
added to the input to provide a signal value 7 for the neuron j,
Z = Z Wik T + 0; , (4.12)
k=1

where w;, are the weightings.

The neuron can then be activated by the evaluation of a non-linear function at the value
Z,
1
a(Z) = 5(1+tanhZ). (4.13)

The neurons are arranged in three layers which define the flow of data through the neural
net. The first layer takes the set of discriminating variables as input, and the final layer
gives the output of the neural net, Xy y. A hidden layer exists in between, containing n
neurons. The output of the neural net is given by,

XNN :a(Zwlja(ijkxk—l—@j)—i—Hl). (414)

j=1 k=1
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444 Separation as a Measure of Discriminating Power

The output of Cornelius is a probability that a given event belongs to a particular class,
as shown in equation (4.8). This probability can either be used to associate an event to a
class by using a fixed cut on its value — the fixed criterion approach, or it can be used to

provide a weighting for the event — the probability approach.

A measure of the discriminating power of a set of distributions is provided by the quantity
“separation” [51], which is a measurement of the purity of each of the classes being
distinguished. If the distributions of a discriminating variable, x, are given by F(x) and

Fy(x), for class 1 and class 2 events respectively?, then the separation is defined as,

<st>= /(Fl(x) + Fy()) (Eﬂg; J_r ?253;) da. (4.15)

The variable = can be an individual discriminating variable, or the output from one of the
multivariate methods (i.e., Xpa, Xr;, Xnyn), thus allowing the methods to be compared

directly with each other.
In the probability approach, the separation is given by,

P2 —P1

2
S=<(1-2p)?>=<(1-2p)* >, (4.16)
p2+p1> ( p1) ( pz)

<32>:<<

where p; (p2) is the relative probability for a given event to belong to class 1(2).

In the fixed criterion (cut) approach, the separation is a fixed number with the simplified
expression,

<s?>= (1-2w)?, (4.17)

where w is the wrong association probability, i.e., the probability that the criterion asso-

ciates an event to the wrong class, which depends on the chosen cut value.

3the distributions must be correctly normalised and weighted by the a priori probability that an event comes from a

given class.
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4.5 A General Procedure for Background Suppression

A common procedure was developed to provide a set of tools for background suppression
which can be applied to any CP analysis. The procedure makes use of the most general
discriminating variables, and the structure of the common tools was designed to allow
further variables to be added by the user which are specific to a given decay channel.
The code was integrated within the BaBar software framework [52], and each stage in the

procedure was controlled by a framework module, as described below :

Filtering

The filtering stage involves applying a set of preliminary cuts to every reconstructed
continuum event from BBsim production. The aim is to reduce the sample by between
one and two orders of magnitude, providing a condensed sample which contains the
most dangerous ¢g background for the channel considered. A filter for a given CP-
channel passes any event in which at least one B candidate is reconstructed. The cuts
are loose enough to maintain signal efficiency as far as possible, and are typically made
on the masses and momenta of the CP mode candidates. The signal events used in the

background suppression procedure are also passed through the filter.

User Analysis Module

The analysis module takes as input the filtered samples for signal and ¢g background
described above, using any additional cuts the user imposes, and produces a list of B
candidates for each event. This list, together with details of the decay products for each

reconstructed C’P-mode, are then passed to the background suppression module.

Background Suppression

A tool was set up to provide an interface between the various functions used to calculate a
set of background discriminating variables, and the subsequent multivariate analysis tools
which can be used to optimise background suppression [53]. The design goal of this work

was that it should supply a general list of variables which could apply to any channel, and
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that it should be straightforward to add further variables which could be customised for
particular channels. The output of the tool is an ntuple containing the distributions for

each specified variable.

Cornelius Training

For the training stage, an HBOOK ntuple of the discriminating variables must be supplied
to Cornelius, containing samples of both signal and background events. At least 3000
entries are needed in each sample to achieve acceptable performance from the training.
For the neural network approach, samples of at least 5000 events each are required. The
training procedure is discussed in more detail in the following section, where the results

of training on different sets of discriminating variables are compared.

Cornelius Output

Having been trained on a ¢g sample, Cornelius can be instantiated in the user analysis
in order to provide continuum suppression information. For each event, the chosen
discriminating variables are calculated. These results effectively define a point in the
multivariate space which has been characterised by the training process. The probability
of an event belonging to the signal or background class is associated with each point, and
this provides the user with a single selection criterion for suppressing the background. At
this stage, either a cut can be applied on the probability to select a subset of events, or all
events can be kept, with the probability used to weight each event at the subsequent CP

fitting stage.

4.6 Results of Multivariate Analysis Training

The PA method was applied to a set of discriminating variables, as listed in table 4-1.
The initial task of Cornelius was to rank the variables according to their individual
discriminating power, determined by the individual separations, with no consideration

for correlations with other variables. The results of this process are shown in table 4-1,
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where it can be seen that the best individual discriminating variable is the momentum of

the BYy in the 7°(4S) rest frame. The invariant mass of the recontructed BY;, candidate

is another a powerful discriminating variable, and several event shape variables are also

ranked highly.

Table 4-1.
can be found in the text).

Separation < s

2

Variable | <s*> | <s?>error |
pEp 346 x10~' | 7.70 x1073
Mg 342 x107! | 8.01 x1073
cos(Sm) | 335 x10~" | 8.00 x10~3
cos(SB) | 333 x10°!' | 802 x1073
cos(T'w) | 3.18 x10~" | 7.80 x10~3
cos(TB) | 3.17 x107' | 7.85 x1073
H, 277 x1071 | 7.26 x1073
T 268 x107!' | 7.10 x1073
S 1.89 x10°1 | 6.38 x1073
cos(SS3,) | 1.66 x1071 | 6.29 x1073
cos(SN) | 1.60 x10~! | 6.06 x10~3
cos(TN) | 145 x10~" | 5.78 x1073
O - 597 x1072 | 2.39 x1073
O pt K+ 530 x1072 | 240 x1073
Hyp 4.15 x1072 | 332 x1073
Tr 3.87 x1072 | 3.19 x1073
Sk 374 x1072 | 3.12 x1073
27 3.14 x1072 | 2.88 x1073
plag 2.82 x1072 | 2.71 x1073
aplp 247 x1072 | 2.36 x1073
o7 1.60 x1072 | 2.15 x1073
YT 123 x1072 | 1.89 x10°3
cos(BSg) | 1.01 x1072 | 1.71 x1073
cos(Bm) | 6.66 x1073 | 1.40 x1073
piBr 243 x107% | 6.01 x1074
cos(pm) 1.30 x10~% | 5.60 x10~°

> for individual discriminating variables (the variable definitions

An iterative process was then performed in which the variables were used in different

combinations to calculate values of overall separation. The process began by taking the

variable with the highest separation and combining it with each of the other variables
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in turn, until the pair with the highest combined separation was found. This pair was
then combined with each of the remaining variables to find the triplet with the highest
separation, and so on. This algorithm provides a set of variables which is close to optimal.
In order to guarantee that the most optimal set of variables was produced it would be
necessary to employ a slower and more complex algorithm, in which the separation was

calculated for every possible combination of variables.

The results of the combined separations are shown in table 4-2. Clearly, by using certain
combinations of variables greater values of separation are possible than with individual
variables. In the ranking of combinations, though, only one of the event shape variables
has been retained close to the top of the list. This is due to the close relationships which

exist between many of the event shape variables, resulting in large correlations.

The information provided by the individual and combined separations in this ranking

procedure allows judgements to be made about the best set of variables to use for dis-

crimination.
L L L LI T T |: F
E : 0.8 —
» 107 F
10 E 3
2 ?-’ 0.6
of A 0.5 Irps Py Pe’ Ms
10 F o E
i ] 0.4 cosS7r || cosSm|| ps
o 0.3
_3 Mg cosST
10 F E 0.2 |
u ] COSPTY
L 4 0.1 [ p
I R B A N 0 | | |
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Cornelius Output Separation at training stages

Figure 4-11. Results of Cornelius training using the PA method on four discriminating variables:
The left plot shows the distributions of signal events (solid line) and qq background events
(dotted line) for the output of the training process, i.e., in this case the probability that events
are background. The right plot shows the value of separation achieved during the training process

for four sets of discriminating variables.
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Table 4-2. Separation < s?> > for combinations of discriminating variables - each value of
separation in the table refers to the accumulation of the set of variables in the rows above, (the

variable definitions can be found in the text).

| Variable | <s*> | <s?>error |
pEp 346 x10~' | 7.70 x1073
cos(SB) | 544 x107! | 846 x1073
Mp 6.52 x10~! | 8.55 x1073
Hy 6.70 x10~! | 822 x1073
Or K- 6.85 x107!1 | 8.14 x1073
Ot i+ 6.97 x10~! | 8.05 x1073
o7 702 x10~" | 8.05 x1073
YT 703 x10~! | 8.04 x103
27 707 x10°1 | 8.00 x10~3
cos(BSg) | 7.13 x10™" | 7.84 x1073
cos(pm) 7.13 x10°1 | 7.85 x10°3
piBr 7.12 x107" | 7.84 x1073
cos(Bm) | 7.12x107' | 7.81 x1073
plag 708 x1071 | 7.78 x1073
aplr 7.00 x10~! | 7.74 x1073
cos(TN) | 6.88 x10™" | 7.26 x1073
Sk 6.84 x10°1 | 7.27 x1073
Tr 6.73 x10~!' | 7.20 x1073
cos(SS3,) | 6.63 x10~! | 701 x1073
Hyp 6.54 x10°1 | 7.02 x1073
cos(SN) | 637 x10~" | 6.86 x1073
S 6.16 x10°1 | 6.16 x103
cos(TB) | 5.89 x10~! | 5.89 x1073
T 557 x10°1 | 6.81 x10°3
cos(St) | 530 x10™" | 6.75 x1073
cos(Tw) | 5.11x107' | 6.77 x1073

A simple example of the output of training Cornelius, on fully reconstucted events,

is shown in Fig. 4-11, using the PA method and four discriminating variables, pxg, Mp,

cos(S7) and cos(pm). The probability distributions for signal and background events can

be used to calculate the final value of separation, using equation 4.16. The final separation

was found to be 75.2%. As indicated in section4.4.4, this is a measure of the expected

purity of the signal which can be achieved when using Cornelius at the analysis level,

trained on this set of discriminating variables.
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Fig. 4-11 also shows the separation at each stage of the training process. The PA method
is most effective when the variables are uncorrelated, and it can be seen in this example
that adding a fourth variable provides no additional discriminating power. This limitation
of the PA method is illustrated more clearly in Fig. 4-12, where the separation peaks for

a combination of 13 variables, and then falls as further variables are added.

combined separation

02 - —

oY S S S R BRI APRRR U N
5 10 15 20 25 30

number of variables

Figure 4-12. Combined separation for the variables shown in table 4-2 using the PA method.

4.7 Factors Affecting Performance

The effectiveness of the procedure which has been described is dependent on both the
discriminating power of the individual variables, and on the correlations between them.
Some examples of the correlations between some of the variables studies here are shown

in Fig.4-13.

Selecting the final set of discriminating variables to use for background suppression must
also take into account the type of multivariate analysis method employed, as correlations

between the variables are handled differently. Care must be taken when selecting the
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Figure 4-13. Correlations between some Discriminating Variables, signal (blue), u,d, s back-

ground (red).

variables for use with the PA method to ensure that large correlations do not exist. A
neural network method, however, can handle correlations effectively, so in general it is

possible to use more variables in the training process.

While it is tempting to add as many potential discriminating variables as possible, espe-
cially in the case of the neural network method, it is advisable to be conservative since,

for every method, the overall systematic error is necessarily larger for more variables.
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In the case of the Fisher method, it is important to avoid the inclusion of any variable
which is a linear combination of others which are used, since the matrix inversion will not

be possible (e.g., sphericity, aplanarity and planarity).

Another approach, which has not been considered here, is the use of a Genetic Algorithm
[54]. This provides an automated method for optimising sets of simple cuts. It therefore
preserves the main advantage of simple cuts, which is the relative simplicity of inter-
preting systematic effects in the analysis, while offering the benefits of automation and

optimisation.

4.7.1 The Fitting Algorithm

In addition to choosing the best inputs to the multivariate analysis, it is important to
consider the internal factors which may affect the overall performance of this method. The
performance of Cornelius depends strongly on the perceived shapes of distributions
for the classes considered, and this requires a high quality and robust fitting procedure.
The original fitting method [55], which has been used here, was not optimally designed
for low statistics distributions, as would be found in real data. The implementation of a

fitter with a more appropriate smoothing algorithm should improve overall performance.

4.8 Summary

The issue of backgrounds for CP studies with BaBar has been discussed, and the relative
importance of the various types of background has been identified. A number of variables
which are useful for background discrimination have been introduced. It was shown that
many of the topological variables effectively carry the same information, and so are highly

correlated. The essential topological information to extract is that a strong correlation

0

tag Candidates in

exists between the directions of the decay axes of the putative B, and B
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continuum events, while essentially none exists for signal events. The issue then becomes

one of defining these axes in the best possible way.

Several multivariate analysis techniques were described, and examples of their perfor-
mance for background suppression were given. It is expected that such techniques will
play an important role in providing CP analyses with optimal background suppression.
However, both the issue of unknown levels of machine backgrounds, and the need for
training the multivariate methods on realistic data samples, mean that the full implemen-

tation and study of the effectiveness of these methods must wait until real data is available.
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Data Analysis for B’ — 77— =0

5.1 Introduction

An analysis of the channel B® — 7+7~7% has been carried out using Monte Carlo
events which were produced using the full BaBar reconstruction software[56]. The B° —
7 t7~ 7% mode provides a possible source for the measurement of the CP angle o [57].
However, the full study of this channel with data will be a challenging procedure, due
to both the substantial level of background expected, and to the theoretical uncertainties
which complicate the analysis. It is therefore necessary to ensure that the event selection
process is designed to provide a high quality sample of data for the CP extraction stage,
having a low level of background contamination. This chapter describes the details of
the procedure used to select events. Since the ultimate requirement of this process is to
obtain a set of data which will provide good time distribution and b flavour information,
the topics of tagging and vertexing for the B candidates form an integral part of the
study; in particular, the vertexing procedure has been studied in detail, and the results are

reported here.

5.2 Preliminary Cuts for Pre-selection of Events

The small expected branching ratio (5.5 x 1075, [13]) of the B® — 77~ 7" channel,

and the presence of three particles in the decay, indicate that this channel will suffer
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from a very large background compared with the small number of expected signal events.
There are several sources of background which must be considered, and these have been
categorised in chapter 4. The combinatorial background arises mainly from the presence
of the 7¥ in the decay, and from the wide range of kinematic configurations available
in the final state. The physics background comes from B decays to similar channels,
such as B® — K*r¥7° with 7/ K mis-identification, or from kinematically similar
decays, possibly with lost particles, such as 27 and 47 modes. While these backgrounds
are significant, being of the same order as the signal, the continuum background is the

dominant by several orders of magnitude.

In order to handle the background suppression effectively, the event selection was carried
out in two stages. In the first stage, pre-selection, a set of preliminary cuts was applied
for the purpose of reducing the background while maintaining high signal efficiency. The
variables used for these cuts were the mass of the 7° from the B candidate decay, and
the mass and momentum (in the 7°(4S) rest frame) of the B candidate. No cut was made
on p mass so that the full phase space of the three pion mode was preserved. The B
candidates from the resulting set of events which passed this initial “filtering” process
were then reconstructed from scratch with more stringent constraints on the 7 candidates
: a minimum momentum was required for all three pions, and the 7° selection algorithms

were fully implemented.

In the second stage of background rejection (discussed in the next section), a further set
of cuts was applied, in order to substantially improve the rejection of the more persistent
background, which had survived the first stage cuts, but with some loss in signal effi-
ciency. For this purpose, a number of the discriminating variables described in Chapter 4

were used to suppress the background.

The signal events referred to here comprised B® — 7+ 7~ 7%, with B® — X, and included
mixing. The continuum background considered was separated into light quark (u, d, s),

and charm events, all of these being simulated at the 7(4S) resonance. The total number
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of events processed is shown in Table5-1. From this sample, 5000 events passing pre-
selection cuts were required for each of signal and ¢q to provide a training sample for the

background fighting methods.

Table 5-1. Statistics for the Monte Carlo events generated using the BBsim [56] simulation

Event type Total number of events generated | equivalent luminosity (fb 1)
B 5 gta 7% B 5 X 52,000 886
qq (u,d, s) 2.988 x10° 1.29
cc 1.790 x 106 1.24

5.2.1 The cut on 7° mass

The B® — 77 7 mode includes 7° s across a wide energy range, up to ~ 3 GeV.
The energy spectrum is divided into two distinct regions due to the polarisation of the
intermediate p in this mode (see Fig.5-5). While 7° s with energy less than ~ 2 GeV are
usually resolvable as two separate photons, which appear as distinguishable bumps' in
the calorimeter, above this energy the photons become merged, so that individual bumps
cannot be separated. In order to handle the reconstruction of 7° s from both resolved and
merged photons two distinct algorithms were used. In the first method, 7° s from resolved
photons were formed by combining all pairs of photon candidates, which appear as bumps
in the calorimeter. A cut was made on the calculated invariant mass of these 7° s of 0.10
< M,, <017 GeV/ c¢? (Fig.5-2). In the second method, any clusters above a threshold
energy of 700 MeV were considered to be merged ° candidates, and were assigned the
nominal 7° mass, i.e., the 7° energy was recalculated using the nominal mass for the
same 3-momentum. Both methods also rely on the electromagnetic calorimeter track-

matching algorithm [59] to determine which electromagnetic calorimeter energy deposits

'the term “bump” refers to a local energy maximum in the calorimeter which satisfies a given set of energy cuts,

[58]
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arise from neutral particles. The sets of 7° candidates produced by each method were
then checked, using the reconstructed decay tree, to ensure that there was no overlap of
identical (duplicated) candidates, especially in the region where a pair of bumps was par-
tially merged but the bump centroids were resolved; legitimate combinatorial backgound
was kept, however. The efficiency performances of the two algorithms were found to

complement each other over the full momentum range, as shown in Fig.5-1.

0 0

The mass distributions of the resolved 7 candidates for 7*7~ 7" signal events before

0

other pre-selection cuts are shown in Fig.5-2. The signal 7° mass distribution has a

resolution of about 10 MeV/c?(fitting with a single Gaussian function, and ignoring tails).

5.2.2 The cuts on B° mass and momentum

The B° candidates were reconstructed by forming all combinations of 77~ 7° candidates
which gave an invariant mass compatible with the B® mass, within the range 5.00 <
Mp < 5.60GeV/c?. The B is produced close to rest in the 7°(4S) rest frame, so a
highly background-suppressing cut can be made on the B’ momentum, without affecting
the signal. The B candidate momentum in the 7°(4S) rest frame was taken to be in the
range 0.0 < Mp < 0.6 GeV/c?. The distributions of mass and momentum for the B°
candidates, both for the signal and the combinatorial background, are shown in Fig.5-3.

The resolution on the B mass peak for the signal is 40 MeV/c?.

The values of all the filter cuts, and the resulting signal efficiencies for each cut, are
summarized in Table 5-2. These efficiencies do not include the effects of detector accep-
tance and reconstruction efficiency, which combined with the filter cuts give an overall

efficiency for signal events of ~ 60 — —70%.

The reconstructed B° distributions emphasise the presence of the combinatorial back-
ground, which is still high after the initial filtering process. Moreover, the combinatorial

background is expected to be significantly higher with data which includes machine
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Figure 5-1. Variation of reconstruction effi-

ciency for m° candidates from signal events, as a
function of momentum, for resolved 7° s (green),
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Figure 5-3. B° mass, and momentum in the T (4S) rest frame for signal events (blue), including

combinatorial background (red) after the cuts for pre-selection.

Table 5-2. Signal efficiencies for initial filter cuts

filter cut variable Allowed Range Efficiency
M, 0.10 < My, <0.17 GeV/c? 0.93
Mp 500 < Mp < 5.60 GeV/c? 0.93
Dy 0.00 < pj < 0.6 GeV/c 0.99

background, since this will provide an additional source of many low energy photons.
In order to reduce the combinatorial background further, the energy of each pion was
required to be greater than 30 MeV. This is, in any case, an appropriate cut to make since

it is close to the limit of the detection capabilities of BaBar.

The efficiencies for signal and background events at the completion of the pre-selection

stage are summarised in Table 5-3.

In order to see how the above cuts affect the Dalitz Plot, Fig.5-4 illustrates how the
efficiency for the signal varies as a function of the Dalitz Plot variables. Each plot is
a projection of one of the three p bands of the Dalitz Plot. The efficiency is generally flat,
but it decreases near the ends of the variable ranges which correspond to the production

of a soft pion.
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Table 5-3. Selection efficiencies after filtering and pre-selection for signal and continuum events
: the efficiency refers to the fraction of events with at least one B candidate which has passed the

pre-selection cuts (“all” refers to signal and combinatorial background)

Event type Efficiency Efficiency Equivalent number

after filtering | after pre-selection | of events at 30 fb!

B = 7tr~ 70, BY — X (all) 0.72 0.64 1133
B - 7tr— 70, B - X (signal) 0.50 0.47 827
qq(u, d, s) 0.018 0.012 854000
qq(ce) 0.014 0.00093 402690

5.2.3 The Effect of 7° Reconstruction on Pre-Selection Efficiency

The method for reconstructing B%s which has been carried out for the pre-selection is
dependent on the efficient reconstruction and identification of 7° s. The BaBar calorimeter
has been designed to provide high quality 7° identification. Nevertheless, 7° s from the
B? — mt7~ 7% channel exhibit a broad range of momenta and energy, (see Fig.5-5),
which suggests that B° reconstruction may be poor in some regions of the 777"
phase space. Additionally, the expected multiplicity of calorimeter clusters from machine
backgrounds is likely to further suppress the overall 7° reconstruction efficiency. In order
to assess the potential impact of these issues on an analysis of the B® — 777 channel,

the possibility of reconstructing B candidates without the presence of 7° information was

investigated.

It is known that Bs produced at the 7°(4S) resonance will be almost at rest in the 7°(4S) rest
frame (5 ~ 0.064). This information can be exploited in partially reconstructing the B,
candidate, i.e., without the need to reconstruct 7° s, and using only the charged 7s in the
event. The charged 7s are expected to be well-determined, and overall tracking efficiency
is good to the level of p; ~ 50 MeV/c, which is comparable to the detection energy

threshold for neutral pions. But whereas the tracking is close to 100% efficient within
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Figure 5-4. Efficiency for signal after pre-selection cuts as a function of position along the three

p bands of the Dalitz Plot.

acceptance, the 7 reconstruction efficiency varies from about 70% at high momentum,
to less than 60% at low momentum. Pairs of oppositely charged particles were combined,
with the requirement of a two-track vertex x? less than three, in order to eliminate any

poorly reconstructed tracks and reduce combinatoric background within events.

The calculated total energy of the pair in the B° rest frame is ,

2 .9 2
Ecue = (mB = b mﬂ—ﬂ—) ) (51)

2mB

where m, is the invariant mass of the 77~ pair, and m,o and mp are the nominal 7°
and B° masses respectively. This was compared with the measured energy of the pair in
the 7°(4S) rest frame, and the difference, Fcqs — Ecarc, Was plotted as a function of the

measured combined 77~ mass, m,, as shown in Fig.5-6.

The triangular shape of the signal distribution is due to the range of the B’ momentum in
the 7°(4S) rest frame. The effect of the p polarisation can clearly be seen by the depletion

of signal events in the mid-range of m?_. A cut was defined around a triangular region,
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combinatorial background.

2

T

centered on Ey,eqs = Ecq and linear in m2_, which was highly efficient for the signal,

mfm = i150(Emeas - Ecalc) + 33, mgm > 0.7. 5.2)

The efficiency after this cut was 74% for 777~ 7° events including acceptance effects,
while the combinatorial background for 77~ combinations was suppressed at a level of
8% . Since the tracking efficiency and acceptance are largely independent of momentum,

this method did not favour any particular region of the Dalitz Plot.

It is feasible to carry out the remainder of the analysis with such a sample of partially-
reconstructed BY,, candidates. The essential vertex information is available?, and the most
powerful discriminating variables for background suppression involve only the properties
of charged tracks®. It is thus possible to undertake the full event selection with this

method. However, the reconstructed 7° is ultimately needed in order to determine the

2the effect of including the 7° information in a kinematic fit to the Bp is discussed in section 5.6.5
3the subject of background discrimination is covered in detail in Chapter 4
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position of an event in the Dalitz Plot, but this requirement may be postponed until after

the event selection.

5.3 Background Rejection

Following the pre-selection stage, the continuum background still dominates the signal
by a factor ~ 750 (see Table 5-3). The second stage of event selection requires the
use of discriminating variables which cut both signal and background. The details of
the discriminating variables which have been considered were discussed in Chapter 4.
Nine discriminating variables were used to separate signal and continuum; these included
the original pre-selection variables with more stringent cuts applied. A further cut has
also been made on the minimum momentum required of any photon which is used in
reconstructing a resolved 7° candidate. This corresponds closely to the limit of detection

capability for the calorimeter.

Essentially all of the topological information for an event could be exploited by using
one shape variable. Slightly better performance was obtained by using the two variables,
cos(azisppm) and cos(azxissrm), (defined in section 4.3), with the same cut, and a further
small improvement was obtained with a cut on the Fox-Wolfram second moment. Particle
identification cuts were also added for the two charged pion candidates from the B,
decay. For each event, all three p candidates were reconstructed by forming all pairs of
the decay pions. A loose cut was then made on the p mass, such that an event passed if
any of the three p candidates passed the cut, so that three broad bands were selected in the

Dalitz Plot, maintaining the regions with high signal.

The final set of background suppression cuts and the resulting selection efficiencies are
summarised in Table 5-4, and the distributions of these variables are shown at the end of
this section, Fig.5-7, Fig.5-8. The tagging efficiency has been included at this stage for

completeness, as it provides some further natural discrimination between signal and back-
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ground. The total efficiencies for the combined pre-selection and background suppression
stages are 0.12 for 37, 0.39x10* for u, d, s, and 0.30x10* for c¢ events. For one year
of data-taking at nominal luminosity this corresponds to about 260 37 events, 2700 u, d, s
events, and 1300 c¢ events. Clearly, the level of background must be further reduced if a
reasonable analysis is to be performed, hence the need for techniques to fully optimise the
cuts. However, this simple study serves to illustrate that levels of background rejection of
the order of 10~* can be achieved with relative ease. The final tuning and optimisation of

the background suppression methods can only be validated once real data is available.

Table 5-4. Background suppression cuts and efficiencies for 3w, u, d, s, and c¢ events

Cut 3w qq u,d, s cc
0.17 < pxp < 0.46 GeV/c 0.94 0.48 0.46
5.10 < Mp < 5.36 GeV/c? 0.93 0.52 0.52
0.115 < Mo < 0.145 GeV/c? 0.95 0.85 0.87
0.35 < M, < 1.20 GeV/c? 0.95 0.80 0.79
cos (axisTrm), cos (axissrm) < 0.6 | 0.55 0.10 0.09
Ontxt =0,0 - =0 0.99 0.79 0.62
Hy < 0.8 1.00 0.96 0.92
py > 30 MeV/c 0.97 091 0.98
tagging efficiency 0.56 0.28 0.29
total efficiency 024 | 0.33x1072 | 0.33x1072

The full Dalitz Plots for signal and ¢q events, before and after the background suppression
cuts, are shown in Fig 5-9. It is interesting to note that the ¢q distribution before the
background suppression cuts is concentrated near the edges of the Dalitz Plot. This is
partly an effect of the pre-selection cuts, which have already been applied at this stage,
however, it is mainly a result of the light quark continuum events having a strong pseudo-

2-body characteristic, due to their 2-jet structure. This mimics the pseudo-2-body decay
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of the 37 decay via the p resonance, and therefore enhances the level of u, d, s background

which contaminates the signal.

Another discriminating variable which has not been considered in this analysis is the
vertex of the BY, candidate. This has been deliberately excluded from the cuts in order
to preserve the full time distribution for both signal and background. However, studies
have shown [60] that vertex cuts in the 100-200 pm range have only a small effect on
CP resolution. Therefore, there is potential for considering such cuts to further reduce
background. Cuts on the vertex position would be most effective at suppressing light

quark continuum, with a reduced effect for c¢ events.

5.3.1 Background from Physics Channels

The B® — 777 7% mode can also suffer backgrounds from other B decay processes
to final states containing several pions, especially 7°s. The 47 modes may present a
significant background, especially where one of the 7s is lost. Also, charged two body
decays can provide some background where low energy 7° candidates in the event can
combine with the two signal charged pions to form a B invariant mass (these events will
populate the lower left corner of the Dalitz Plot, in the region close to the interference
between p* 7~ and p~7t. Modes which include one or two kaons present a background
which is dependent on the efficiency of K /7 discrimination provided by the DIRC. In
particular, the B — K*777% mode is expected to be kinematically very similar to the
7t7~7% mode due to the similar mass and width of the p and K* resonances. It should
be noted that some of these processes have not been observed experimentally, or their
branching ratios are poorly determined, and so their relative importance with respect to

the 37 mode can only be estimated.

The significance of the physics backgrounds must be considered in the context of their

relative abundance, their persistence following cuts, and their position in the Dalitz Plot.
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Clearly, with branching ratios of the same order as that of the signal, these channels repre-
sent a numerically insignificant background compared to the continuum. However, since
they arise from genuine B decays, they are likely to survive both the pre-selection cuts
and the event shape cuts, designed to suppress the ¢g background, with high efficiency.
For the 27 and 47 cases some kinematic separation can be used, whereas suppressing
the B® — K*7 77 mode would rely on PID techniques, since it is kinematically very
similar to B — 777 7%, In order to assess the likely impact of physics backgrounds
on B® — 7tn—x°, several of the modes discussed above were studied (B — 77—,
B® — 47, B® — K'7n7). The efficiencies for these modes to pass the pre-selection
stage are given in table 5-5. While this study of a sample of physics modes was non-
exhaustive, it illustrates that channels containing a number of final state pions and/or

kaons can represent a significant background.

Table 5-5. Efficiency of physics background modes for pre-selection cuts

background mode signal pre-selection mode

(with BY — X) atae— 70 | atotan— | ot 7070
B — gt~ 0.84 0.44 0.00(2)
BY — 47 0.01 0.04 0.00(0)
BY - Ktn— 0.84 047 0.00(2)

In order to reduce kaon contamination in the charged pion sample, PID information was
combined from the different subsystems, to create a kaon selector, which was used to
identify kaon candidates with high purity. For each B candidate, the charged pion decay
products were checked against the selected kaon list, and the candidate was rejected if
either pion was successfully identified as a kaon candidate. The two boolean variables,
or+i+ and o,- k-, were included in the list of discriminating variables used for back-

ground suppression.
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Figure 5-7. Distributions of cut variables, (before cuts) for 3w signal (blue) and qg continuum
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Figure 5-9. Dalitz Plots for 3r signal and qq continuum events before and after the background

suppression cuts.

THERESA CHAMPION



5.4 Final B° Candidate Selection 105

5.4 Final B° Candidate Selection

Initially, the sample of B® candidates contains a large combinatorial background, with
about five times more background candidates than signal. In addition there are a few
events which contain a particularly large number of candidates, sometimes 20 or more.
Such events are typically those having a large number of calorimeter objects, especially

many low energy clusters.

The “best” B° candidate in each event must be specified on the basis of some selection
criteria. Previous studies have shown that combinatorial background is largely suppressed
by the ¢g fighting methods described above, but nevertheless, several B° candidates per
event will remain following these cuts, so that a quality factor needs to be applied to rank
the candidates. Such a quality factor must be capable of identifying the candidates with
the best signal characteristics. One option is to use a set of the discriminating variables
already identified for background suppression. However, in order to maintain signal
efficiency, only the pre-selection variables, 7° mass, B° mass, and B momentum in
the 7°(4S) rest frame, are used. The method of using a x* formed from these variables, is

described in section 4.2.2.

The effect of selecting the candidate with the lowest x? in each event is to reduce the
signal efficiency by a further 10%. However, of the background candidates which are
wrongly selected, 78% are combinations containing the correct 7+ and 7~ . In these cases
the combinatorial B® will have a correctly formed vertex, and time information needed
for the CP fit is preserved. Additionally, 24% of these background candidates represent
cases where no signal BY was reconstructed, and therefore a real gain in information is

achieved by their presence.
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54.1 Increasing Continuum Statistics

The Monte Carlo statistics for continuum available for this study were limited in com-
parison with the level of continuum expected with real data, i.e., the full Monte Carlo
dataset contains only the equivalent of two weeks of data taking at BaBar. In order to gain
more statistical significance for the continuum, the technique of sideband-widening was
employed. This technique involves widening the cuts for continuum on some variables
which do not bias the selection process because they are essentially flat for continuum
events, e.g., the mass of the reconstructed B candidate, and the resulting increase in
continuum can be accurately determined. The amount of continuum which is kept as
a result of the sideband widening is treated as if it was selected using the original cuts, but
represents an increase in the original data sample, thus artificially increasing the statistics.
The amount of ’effective’ continuum was increased by a factor ~ 2 by relaxing the tight

cut on Mp to its pre-selection level.

5.4.2 Dalitz Plot Considerations

In using shape variables for continuum suppression the jet-like structure of ¢g events is
exploited. However, within the phase-space of B® — 777~ decays, it is precisely the
p-bands, near the perimeter of the Dalitz Plot which have the most jet-like characteristics.
This limits the efficacy of the discriminating variables. It is interesting, therefore, to
consider the signal available in the central region of the Dalitz Plot, where continuum
background is better suppressed. It is known that non-resonant 77~ 7" cannot be used
for CP studies, since it has unspecified angular momentum. Therefore the presence of
an intermediate resonance, such as the p, with definite spin is required to fix the angular

momentum configuration of the final 77 7°

state. However, resonances other than p
are expected for B — 77 7° decays, which could provide valuable information if

branching ratios from B° decays turn out to be reasonable. The higher resonances would
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appear as bands closer to the centre of the Dalitz Plot, where the background is lower.
The most promising of these higher resonances is f»(1270) which has a branching ratio

to 7w of (84.7735)%. ([14])

5.5 Tagging the b Quark Flavour

A sophisticated tagging procedure exists as a standard tool in BaBar software [46], and
has been implemented here. The details of the approach are described, and some possible
areas for further development are considered, although these have not been implemented.
The flavour of the tagging B meson is identified by making use of the correlations which

- I I
Fig o) direct cascade

v ‘1/
W w* Fig b)

-
cascade

0

tag () direct lepton, (b) reverse sign cascade lepton,

Figure 5-10. Lepton decay modes for the B

(c) direct sign cascade lepton[13].

exist between the b quark flavour and the charge of its decay products. There are three
possible ways for a lepton to result from the B decay. If the lepton comes directly from
the semi-leptonic decay of the B, then it has the same sign as the charge on the b quark,
q»- However, leptons coming from cascade decays can have either same or reverse sign
(Fig. 5-10), and these cannot be distinguished. The method for identifying g, relies on the

properties of the primary lepton being distinct from those of cascade leptons, in particular
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its momentum distribution is peaked at a much higher value. A multivariate analysis is
performed to identify a primary lepton with a certain probability, and this probability is

associated directly with g.

Another class of tagging mode involves a kaon in the decay. A kaon may come directly
from the B in a rare decay, but is much more likely to result from a virtual W or charm
decay, so a kaon is almost always a secondary particle, and its charge provides a very
efficient discriminating variable. Decay modes which include two leptons, or a lepton

and a kaon, are also identified.

The tagging efficiency, €44, is essentially independent of the channel under study, and
is quoted as being approximately 40% for leptons and 20% for kaons[13]. To evaluate
the overall tagging performance a dilution factor must be included, due to the fraction of
wrong-sign assignments, w. The dilution factor is estimated to be 40-60%, depending on
the tagging mode. The resulting uncertainty in the measured CP asymmetry due to the

tagging performance is given by (£444(1 — 2w)?) 2, and is expected to be about 35%.

The design of the tagging method based on Cornelius is highly sophisticated. How-
ever, there are several areas where further developments could prove to be beneficial.

Some of these ideas are discussed below.

In the case of an event containing two lepton candidates, if a reverse sign condition is
found, it is useful to assess the quality of the second lepton as a tag candidate by applying
the multivariate analysis using its properties. A study of the value and sign of ¢, derived
for each lepton tag hypothesis can then be used to better determine the primary and
secondary candidates. The candidate which results in ¢, having a magnitude closest to
one is used to determine the sign of the B, and to establish the primary/secondary nature
of the leptons. This method can also be applied to other categories of event where a

second particle is available.
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Another development to the tagging algorithm concerns the re-assessment of tag candi-
dates in the case where accurate PID is expected to be low. Since the discriminating
variables are flavour-specific, a tag which is mis-identified will provide poor discrimina-
tion. Such cases, if they can be found, benefit from applying the multivariate analysis

with a different particle hypothesis.

At present, PID is used to provide the best hypothesis for each candidate in the tagging list,
however, further information on the quality of a given tag could be gained by including
the likelihood for a given hypothesis as a weighting in each tagging procedure. It is also
worth noting that there exists an inherent asymmetry in the tagging efficiency of B° and
B due to matter-antimatter detection differences in the BaBar detector; since positively
and negatively charged hadrons have different interaction cross-sections in the detector,
there are different levels of background for positively and negatively charged tagging
candidates. This in turn affects the selection efficiencies for each tagging category, and

must be taken into account.

It is known that performance of tagging for muons was non-optimal at the time of this
study, due to the poor muon identification efficiency which existed in the sample used for

training the Cornelius package.

5.6 Vertexing

0

Obtaining precise vertex information for the B, and By, g

candidates is a central goal of
the analysis, as it provides directly the proper time distribution for the CP fitting process.
Since the B2 is fully reconstructed, it is possible to calculate the decay point by vertexing
its decay products. The B® — 7+7~ 7% channel is fortunate in having two charged tracks

from which a decay vertex can be formed.

In the case of the B,?ag , however, it is impractical to consider exclusive reconstruction of

the decay, since the decay tree will often be incomplete, and a significant fraction of the
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tracks are likely to originate from secondary vertices produced by long-lived intermediate
particles. There are several ways to handle the tracks from secondary vertices: one

approach is to attempt to remove them from the list of tracks used to find the B

10y decay

point. However, the effectiveness of this method depends strongly on identifying such

. . . . . . 0
tracks with high purity and efficiency, so that tracks which are genuinely from the By,
vertex are not discarded, i.e., in cases where the overall track multiplicity is low, it is
more desirable to keep tracks from secondary vertices than to have a situation in which
BO

tag Vertex resolution is highly degraded due to lack of tracks. Clearly, a balance must be

achieved, so careful track selection must take place which optimises the vertex resolution.
The alternative approach towards secondary tracks is to include them in the vertexing
method, then, either it is necessary to develop a vertexing algorithm which identifies the
secondary vertices, or the effect of the secondary tracks can be accounted for in the fit to

the vertex distribution; the latter of these methods has been adopted here.

0

In this analysis, several algorithms for obtaining the z-component of the B, and By,

vertices have been implemented and compared. In particular, a novel approach has been

studied for the B?

tag Vertex which avoids the need for vertexing tracks, and this method

is also shown to be highly favorable for the BY,, producing better resolution than the
other methods which were tested. The effectiveness of the new approach relies upon an
accurate determination of the primary vertex on an event-by-event basis, which provides

the best estimate of the e™e™ interaction point (I.P.) for each event.

The methods for obtaining each of the B¢y, By,

and primary vertices are described in
the rest of this section. The subsequent fitting procedures used to obtain the Az and z

0

resolutions for the Bg,, vertex and B}, g

vertex, for both signal and continuum events, are

described in section 5.7.

THERESA CHAMPION



5.6 Vertexing 111

5.6.1 The Primary Vertex

The beamspot at the P E P interaction region is expected to be known to a precision of
about 150 ym in 2,7 pm in y and 1 cm in z. The reconstruction of a primary vertex on an
event-by-event basis substantially improves the estimated position of the primary interac-
tion point (I.P.), compared to using the average beamspot position. This is significant for
the properties of charged reconstructed candidates, since the track parameters of charged

tracks are calculated with respect to the nominal I.P*.

The reconstructed primary vertex position was obtained using the PrimVtxFinder algo-
rithm ([61]). This fits a common vertex to all tracks in the event which have an impact
parameter in the x,y plane, calculated at the nominal I.P., of less than 1 mm, (which
removes more than 80% of tracks which are K daughters). The information about the
known position of the average beam spot is also incorporated into the fit. This dominates

the y-position of the vertex since the beamspot is known to high precision in y.

The performance of the algorithm has been assessed by comparing the reconstructed
primary vertex with the true one for each event. For u,d, s, c events, the true primary
vertex is the e*e ™ interaction point, whereas for BB events, the reference point is taken

to be the average position of the two B meson vertices.

—0.2:
_0.25TE\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
~0.05-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05
x position /cm
Figure 5-11. View of the scatter in generated primary vertex position in the transverse plane, for

qq events (note the different scales in x and y components).

“the resolution on momentum for neutral candidates will not be high enough for this effect to be significant
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In light quark continuum events the reconstructed primary vertex is a good estimate of
the true primary interaction point, with a resolution of about 63 ym in z, 7 ym in y
and 62 ym in z. For charm and BB events, the reconstructed primary vertex resolution
is degraded by non-Gaussian tails due to the effects of the long charm and B meson
lifetimes. The resolution for charm events is about 87 ym in z, 7 ym in y and 99 ym in
z. For BB events, both B mesons travel along the positive z direction in the lab. frame
and so the reconstructed primary vertex is shifted in the positive z direction from the
ete” interaction point. The vertex reconstructed by this algorithm therefore represents
the midway point between the two decays. This is the appropriate quantity in many
applications (e.g., neutral candidates should be pointed back to one of the B vertices). The
resolution (using the midway point between the two decaying B mesons as a reference)
is 101 pm in z, 10 pgm in y and 115 pgm in z. The mean z also remains shifted by
about 43 ym (the reconstructed z is shifted in the positive z direction with respect to

the reference vertex).

The primary vertex has been used to define the reference point for K? decay lengths in

the K? selection process. The transverse component of the primary vertex is used in the

0

tag VETTEX.

reconstruction of the z-component of the B

5.6.2 Rejection of Tracks from K? Decays

A list of K? candidates was formed by combining and vertexing pairs of all charged
tracks from the tagging side of the event, and applying a loose cut on the K? mass. The
list was then refined by selecting candidates based on the quality and position of the
vertex, Fig.5-13, and by applying a tighter mass cut, 0.493 < MKg < 0.506 GeV/c?. The
vertex position was calculated with respect to the primary vertex, which provides a better
estimate of the interaction point for the event than the beamspot. Cuts were applied on

the position, (< 40 ¢cm), and the x?, (< 5), of the vertex.
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Figure 5-12. Distributions of quality and position of K candidate vertices for real kaons (blue)

and combinatorial background (red).

For K candidates passing the above cuts, the pair of constituent tracks are removed from
the list of tracks used to calculate the B}, , vertex. While the presence of tracks from a real
K? in the vertexing will result in a wrongly-calculated vertex position, it is also important
not to remove good tracks from the vertexing list, so that the vertex resolution is not
degraded. (The average charge multiplicity for signal events is 7.6, including the two
charged pions from the B2y, for combinatorial background for the signal this is slightly

higher, at 7.8, and for continuum background it is 7.2). For this reason, the cuts for Kg

selection were tight, in order to maintain a high K? purity, and to prevent the removal

0

of many good tracks from the By,

vertexing procedure. While this approach necessarily
leaves some tracks from real K?s remaining in the vertexing list, the explicit cut on K?
vertex position ensured that these tracks would have a limited effect on the calculation of

the B?

tag VETTEX.
5.6.3 Treatment of Tracks from D Decays
In addition to secondary vertices from K? decays, the vertices from charm decays must

be considered. The mean lifetime of the D meson is of the same order (~ 10! s) as that

of the B, with 7po ~ 0.4 x Tp=, with a large inclusive branching fraction of B° to charm
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Figure 5-13. Mass distributions before and after cuts on position and x2 of vertex for real kaons

(blue) and combinatorial background (red).

modes, so that tracks from secondary vertices from charm decays present a significant

effect when calculating the vertex of the B

10> and must be accounted for. Applying

a track rejection procedure in the charm case, similar to that described in the previous
section, would be more involved, since there is a need to construct a pseudotrack for
the D direction, and there is less discriminating power in a cut on the impact parameter.
More importantly, the number of tracks removed from the B® vertexing by eliminating
charm decays is prohibitively large, because it substantially reduces the number of tracks

available for vertexing, and thus increases statistical error on the B}

10 VETTEX position (this

observation has been verified by a test in which all tracks from charm decays were re-
moved with 100% efficiency, and the reconstructed vertex resolution was seen to degrade
by ~ 9%). For these reasons, it is better to preserve the charm decays in the list of tracks
used for vertexing, and then to take account of the systematic error which is introduced

by fitting for the charm decay length in the vertex position distribution.

In order to parameterise the effect of charm on the B

10 VETTEX, a measurable quantity was

sought which could act as an indicator of the charm decay length, A\p, in a given event.

The x?/dof of the BY, , vertex was investigated as a possible indicator, since if the charm

0

has a small decay length in a given event the x?/dof of the By,

vertex should be good,

and vice versa. If a correlation between the measured x?/dof and Ap (from Monte Carlo
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truth) could be established, then this could be used to determine the value of Ap to be used
as input to the fit of the B}, , vertex distribution. The true charm decay length distribution
was plotted in bins of the vertex x?/dof . There was found to be only a weak correlation

present, with several factors contributing to the poor resolution :

e The value of the x? is highly influenced by the relative numbers of tracks associated

with the B and D vertices which are included in the BY

1ag VETtex calculation, as well

as the total number of tracks used. In particular, if all the tracks originate from the D
decay, then a good x? value will be obtained, but with a large unknown systematic
error; this situation occurs in about 7% of signal events. On average, about half of

the tracks used in the vertex are associated with the B and half with the D. The true

0

tag Vertex with the number

distribution of the number of tracks coming from the B

coming from the D vertex, for signal events, is illustrated in Fig.5-15.

For a high statistics sample, the correlation between the mean charm decay length
and the x?/dof is noticable, as shown in Fig.5-15. However, the variation on an
event-by-event basis, due to other influencing factors, is too great to exploit this

information.

e A simple model was assumed, in which the z-component of the charm decay was
represented by a single exponential. This neglected the effects of the boost, the
presence of two lifetime components from D° and D*, and the projection of the
actual D decay path onto the z-axis. Some improvement to the fit to the distribution
was achieved by allowing for the projection onto the z-axis, which has been mod-
elled by a functional form consisting of a set of exponentials with effective decay
length A = Ap cos#, distributed flat in cos #. The improved performance of this
fit compared with a single exponential can clearly be seen in Fig.5-16. The effect
of the boost can also be seen in the distribution, with the majority of Ds displaced

forwards in z from the B?

1ag Vertex. The small number of backward-going Ds have

been neglected in this study.
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Figure 5-14. The mean true charm decay

length in bins of the calculated x* of the z-
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Figure 5-15. The number of reconstructed

0
tag

0
tag

tracks used in By,, vertexing which came di-

rectly from the B, , decay or from a secondary

charm decay, for signal events.
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Figure 5-16. Distribution of the z-component of the true D decay length for signal events,

showing the comparison of a multi-exponential fit (red) and a single exponential fit (blue).

The following section describes the method used to reconstruct the BY = vertex, and

tag

incorporates a treatment of the charm decay component in fitting the vertex resolution.

564 Reconstructing the BY, o vertex

Obtaining a precise vertex for the tagging B° is a much more complicated procedure than
vertexing the B, and presents one of the most significant challenges in all CP analyses
for BaBar. In the ideal case, the tagging B° would be fully reconstructed using all tracks
in the event which are not included in the CP mode. However, due to the high occurrence

of secondary vertices in the tagging mode, from charm decays and KUs, it is difficult

0

tag VETtEX

to isolate the vertex of the tagging B. This results in the resolution on the B

position being a limiting factor in the analysis.

Several sophisticated fitting techniques have been proposed for BaBar which handle the

secondary vertices, either by eliminating them via some selection criteria, or by attempt-
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ing to reconstruct them. However, it is interesting to consider an alternative approach in
which the track position information can be combined without the need to carry out a

complicated fitting procedure for the B, vertex. In particular, it is worth emphasising

tag

that it is only the z component of the decay point for each B which is of interest, and not

the full vertex position in three dimensions.

One such approach could use a simple summation of the track impact parameters weighted
according to their errors. The impact parameter (distance of closest approach to the origin)

of each track is not the appropriate quantity to use here though, since the error on the z

0

component of the By,

vertex is large compared to the error on the transverse component.
Rather, it is the distance of closest approach of each track to a z-axis passing through

the B?

tag VEItex point, the By, -axis, which would provide a realistic estimate of the z

0

component of the By,

vertex, 204q4. If this ZBo -axis can be estimated with sufficient
ag
precision for each event then 20,4, can be calculated as follows,

Zotrk
2

0%
Zotag = Wa (53)

2~

trk O-ZOtrk

where the summation takes place over all charged tracks in the event which are not
associated with the BY,, decay mode (see section 5.6.5), or with identified K2 candidates

(see section 5.6.2).

A study of the effectiveness of this approach has been carried out using a large sample of
light quark continuum events, where the effects of charm decays are not present. Use has
been made of Monte Carlo truth information to demonstrate the improvements achieved
at each stage (but there is, of course, no reliance on Monte Carlo truth in the method

itself). For u, d, s events, the putative B, and BY = candidates share the same vertex,

tag

which is the decay vertex of the quark pair.

The method depends strongly on the accurate determination of the zzo -axis for each
ag

event. The zB?ag-axis position has been estimated from the transverse component of the
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primary vertex. Clearly, this provides the best possible reconstruction of the 2By, -axis
position for u, d, s continuum events, since all tracks not deemed to originate from K?
decays are vertexed. It is argued that the calculated primary vertex also provides a good
estimate of the zB?ag-axis for signal events. The two charged pions from the B, have
relatively high, and therefore well-defined, momentum, so it is advantageous to keep
these tracks for vertexing when the tracks from the tagging B may be few in number, or
ill-defined. Also, in signal events the tracks from charm decays often have high transverse
momentum, so that the bias towards the B2, vertex in the transverse plane somewhat
offsets the bias towards the charm secondary vertices. In approximately 10% of both
signal and continuum events the primary vertex is badly formed by the vertex-fitting
procedure’. About half of these events have a well-formed B2, vertex, however. The
transverse component of the B, vertex is found to have a good correlation with the true

transverse B’

1ag VeTtex position, for both continuum and signal events, so it can be used in

the correction calculation when no good primary vertex is available.

Correcting for the transverse component of the vertex

The point of closest approach of a track to the nominal zB?ag-axis (ie,z =0,y =0)
is given by d0, and the z-component of this point is z0. If the distance between the
true z BY,, -axis for the event and the nominal 2By, -axis is D, then a correction, Az0, can

be made to z0 as follows : The direction cosines of the reconstructed track are used to

0

estimate the projection of the true track from its point of origin (the By,

vertex) to its
point of closest approach to the nominal 2 B?ag-axis. Zeorr defines the point of intersection
of a line perpendicular to the track with the nominal 2By, -axis. Assuming # and ¢ (the

angles in cylindrical coordinates) for the track are constant over this range,

AZotag = Zotag — Zcorr = Tip COS ¢ + Yrp sin ¢) (5 4)

1
tanQ(

Sthere is a good argument here for developing a 2-dimensional primary vertex finding algorithm, to reconstruct just

the transverse component
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Figure 5-17. Diagram showing the correction needed to 204, for a track, not to scale.

where (z;p, y;p) 1s the transverse position of the primary vertex. Due to the constraints

imposed by the beamspot, the y-component of this expression is negligible compared with

the x-component, and can be disregarded.

The correction was calculated for each track used in the BY, , vertex, for samples of signal
and continuum events. In cases where a well-formed reference vertex (primary or BYy)

exists, the resulting z-resolution obtained with the corrected z0 values showed ~ 5 —10%

improvement over the uncorrected method.

Correcting for the pulls of track errors
The simulated data is subject to potential inaccuracies in the estimates of track errors, just

as the real data. A technique for assessing the accuracy of track errors is the use of pull
distributions. If the errors on a quantity are correctly estimated then a pull distribution of

that quantity will be a Gaussian with a o of 1. With the availability of Monte Carlo truth

information, the pull of the 20 value for a given track is,

204 (meas) — 204, (true) 5.5)

Otrkz0

pU”zo =
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This technique is also valid in the case of real data : well-identified u, d, s continuum
events could be used to assess the quality of the error on the 20 of a given track, since it
is known that all tracks originate from a common vertex. In this case, the true 20 of the

track is replaced by the mean 20 of the other tracks in the event.

The track pull distributions were plotted in bins of track momentum and also tan 6. There
was found to be essentially no correlation with tan ¢, but the mean of the pull distributions
was found to be positively correlated with momentum. The track errors were corrected

accordingly, using the relationship,
Ourkzo(corrected) = oypp0(original) + (a % log pyi + b) (5.6)

where the two parameter values were obtained from the fit to the pulls for continuum
events (¢ = 0.1726( GeV/c)~!, b = 1.048). The momentum dependence of pulls indi-
cates that some underestimate of the amount of material present in the SVT has probably
occurred in the simulation. The results of correcting track errors using the pull infor-

mation have a relatively small impact on the z-resolution for the B, = vertex due to the

tag
number of events where only one track contributes to the vertex, and so the relative track

weightings play no role.

Cut on the x-component of the primary vertex

It is known that for some events the primary vertex is poorly constructed. The presence of
long tails on the distribution of the z-component of the primary vertex indicate that these
cases correspond to very large values of x;p, when clearly it is better to not to apply the
correction. A cut of z;p < 450 um affects about 7% of events. Of these, 50% have a
T, value of less than 450 pm, allowing the correction to be made using the B2, vertex
as a reference. The remaining events have no correction applied to the calculated z0,,4

value.

Cut on o410
If the track errors were weighted perfectly, (i.e., pull distributions correct), then adding

new tracks with large error to the vertex calculation would improve (if only slightly) the
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Figure 5-18. Variation of o for the Gaussian-fitted pull distributions of track z0 errors as a
function of log(py,y) for signal (left plot) and u,d, s continuum events (right plot). A linear fit

has been used in each case.
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overall resolution obtained, since information would be added with the correct weighting.
However, the pull study showed that this was not the case, and so an improvement in
resolution can be gained from a cut on gy,4,0. A cut of g44,0 < 0.001 was chosen so that

the resolution was not degraded by the loss of too many tracks.

Fitting the 2-resolution distributions
It is commonly the case that a double-Gaussian fit is applied to the z resolution distribu-
tion, since this allows a straightforward estimate of the resolution to be obtained using the

o of the narrow Gaussian. However, such a method gives a poor fit, and is particularly

0

inadequate for the By,

vertex for signal events where the charm lifetime has been shown
to introduce an asymmetry. It is reasonable to assume that the error on the 20 value for a
given event obeys a Gaussian distribution. So the natural extension of this is to represent
the 20 distribution of many events by a multi-Gaussian function. Such a function [62] has
been used here to fit the 20,,, resolution for the gg sample. The function consists of the
sum of all Gaussians with ¢ within a specified continuous range (,,i, t0 0;,4,) according

toa o% distribution. The value of o quoted from the fit is the mean of the os from the

constituent Gaussians.

Two functions were used to fit the z resolution for the 37 signal sample, and the results
of these were compared. The first was a multi-Gaussian fit in which the Gaussians were
constrained to have the same mean value, but the mean value itself was allowed to vary.
The second function was a multi-Gaussian convoluted with a single exponential term of
decay length A. In this function, the mean of the Gaussians was fixed to zero, so the

asymmetry of the distribution was fitted by the exponential component.

The results in table 5-6 show that both types of fitting function are able to identify the
charm component, as given by the values of mean and A respectively. The values are
around 30 pym, which corresponds to the mean decay length for one charm lifetime. The

function which includes the exponential component is seen to give a better fit (lower x?).
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Figure 5-19. Resolution of the z component of the B?ag vertex for signal (left) and u,d, s
continuum (right) events; the signal distribution has been fitted with a multi-Gaussian convoluted
with an exponential function, and the continuum distribution is fitted with a multi-Gaussian

function.
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0

Table 5-6. A comparison of different methods for obtaining the zcomponent of the By, , vertex,
for B® — w7~ 70 events and qq (u, d, s) events
weighted z0 method 37 signal events qq (u, d, s) events
o pm mean (\) pum | x?/dof | o pm | mean um | x%/dof
uncorrected 58.8(55.5)| 300(@(339) | 59(5.0)| 442 0.35 1.00
+ transverse correction | 54.5 (51.2) 28.0 (31.8) 54@38)| 42.7 1.18 091
+ weighting correction | 54.3 (51.0) 282 (31.9) 58(.1)| 424 0.79 0.94

5.6.5 Reconstructing the B2, Vertex

The B° from the CP mode has been fully reconstructed from its decay products, 77~ 7°.
The three s are always produced at the B, decay vertex, i.e., the presence of a p inter-
mediate state in the decay does not affect the vertex in this sense, since the p resonance
lifetime is small (I' ~ 151 MeV). Therefore, the B, decay position can be obtained
simply by vertexing the two charged pion candidates from the putative B°. However,
some track selection procedure is also required, since in background events a significant
number of the pion candidates may come from K? decays, or D decays. Although this
problem is quite rare in signal events, there are some occasions when one (or both) of the
pion candidates may have an unusually high 2y, such as when the 7 momentum is almost
parallel with the z BY,, -axis; these events need to be discarded in order to maintain good
overall vertex resolution. Therefore, a loose cut of || < 1.5 mm was made for each pion
candidate. In addition, a 7+ or 7~ candidate was discarded if found to be associated with

a K? candidate. These two cuts produced a negligible loss of signal efficiency.

The method of vertexing the 7* 7~ pair in order to obtain the B2, vertex clearly has
implications for the distribution of vertexed B, candidates in the 37 phase space, as it
deals only with charged pions. The bias on B, vertex resolution in favour of the charged

p modes can be reduced (but not eliminated) by including information from the 7° in the
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Table 5-7. Comparison between different methods for obtaining the zcomponent of the B2

0

vertex, for B — w7~ x° events and qq (u, d, s) events

37 signal events qq (u, d, s) events

opm | mean um | x%/dof | o pm | mean pm | x?/dof

vertexing methods

BetaKFit 26.6 0.15 3.18 28.2 0.52 1.85
7T~ vertexing 26.8 0.18 3.15 28.5 0.61 1.94

weighted z0 methods

uncorrected 299 1.50 1.79 29.0 0.59 1.48
+ transverse correction 229 1.54 1.24 239 0.09 0.98
+ selective transverse correction 233 1.63 1.74 232 0.12 1.53
+ optimised transverse correction | 22.8 1.50 1.85 23.1 0.23 1.58

vertexing process, i.e., by making a kinematic fit which takes into account the 7° energy.
This has been carried out using the software package BetaKFit ([63]), which can be
used to build a decay tree with optional mass constraints. The full covariance matrix for
the resulting vertex is also calculated. The resulting B, vertex and its error provided a
small improvement over the 7+ 7~ vertexing method, since the additional 7° information
adds to the overall fit with only a small weighting due to the large uncertainty on the
7% momentum compared with that for the charged tracks. It was found that the success
rate for producing a vertex using the kinematic fit was slightly lower than for the 77—

vertexing method, due to a few cases where the fit failed to converge.

In addition to the two full-vertexing methods, the weighted 20 method was used to find the
z component of the BY, vertex using the 77~ tracks from the reconstructed signal B,

and their errors. All the techniques which have been described for the B

j0g CASE Were

applied using the signal 7" and 7. The resulting resolutions from the three methods are

compared in Table 5-7, and show that the weighted 20 method offers the best performance.
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Figure 5-20. Resolution of the z component of the B, vertex for signal and u, d, s continuum

events; both distributions are fitted with a multi-Gaussian function.
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The resolution on the vertex is a function of phase space, due to the distributions of the
three m momenta. Here, the p resonance plays a role, due to its polarisation, since it
contains one high momentum and one low momentum constituent pion. The relative
momentum distributions of the three 7s are summarised in the Dalitz Plot. The best
kinematic conditions for constructing the B, vertex involve both charged 7s having
high momentum, with an opening angle between the tracks close to 90°. Both of the
charged pions have simultaneously high momenta in the interference region between
ptm~ and p 7", (i.e., the lower left-hand corner of the Dalitz Plot). However, the
kinematic configuration of final states in the p-bands has a pseudo-2-body structure, which
means that the charged pions are almost back-to-back near the edges of the Dalitz Plot,

(and conversely their opening angle reduces towards the middle of the Dalitz Plot).
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Figure 5-21. Dalitz Plot showing variation in vertex resolution for the reconstructed Bp
candidate as a function of the 3w phase space (before final event selection). On the colour scale,

blue represents a good vertex and red represents a bad vertex, according to the x 2 of the vertex.
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5.7 The Proper Time Distribution for 5 Decays

The information required for CP fitting is the proper time distribution between the B2y

and the B’

tng» together with the tagging information. At the 7(4S), the BB pair are

produced with small momenta in the 7°(4S) rest frame. At BaBar the typical transverse
momentum of the B mesons is ~ 300 MeV, which is negligible compared to the boost
of the 7'(4S), /3, (it is assumed here that both Bs experience a boost equal to 3). There-
fore, to a good approximation, the proper time distribution can be obtained from the Az

distribution by the simple relationship,

_Az

"=y

(5.7)

Fits have been applied to the measured Az (i.e., 2cp — 21q4) distribution and its resolution
according to Monte Carlo truth (i.e., (2¢cp — Ziag)measured — (2¢P — Ztag)true), for both
signal and continuum events, in order to provide estimates of the resolutions on these
quantities. The resolution obtained for the signal Az distribution was 0 = 170 pm,
using a multi-Gaussian fit convoluted with an exponential component (to model the charm
contribution). The remaining distributions (Az for ¢g and Az-resolutions for signal and
qq) were fitted with a multi-Gaussian. The resolution for the ¢g Az distribution was
o = 57 um, and for the Az-resolution distribution was ¢ = 68 ym. The detailed fits to

the Az distributions are the subject of the next chapter.

While much emphasis is placed on obtaining the best z resolutions for signal events, it
is also important to simultaneously reduce the z resolutions for ¢g events as much as
possible. If the z resolutions for u, d, s backgrounds are very small, (i.e., so that op; <<
Tpo), then the negative effect of their presence in the event sample used for CP extraction
is reduced because there are less background events contributing to the At distribution in

regions most sensitive to the measurement of CP asymmetry.
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Figure 5-22. Az distribution for signal events.
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Figure 5-23. Distribution of Az resolution
with respect to Monte Carlo truth for signal

events.
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Figure 5-24. Az distribution for u, d, s continuum events.

0

1ag candidates is the L.P. in the case of

Since the true point of origin of both the By, and B
u, d, s continuum events, the resolution on the Az position is equal to Az itself. This is
a powerful observation, as it means that various vertexing algorithms can be exercised on

u, d, s-identified events in real data to determine their likely resolution.

5.7.1 Correlations between Selection, Vertexing and Tagging

The procedure for B candidate selection, described in section 5.4, is not expected to
have a significant effect on the Az distribution for signal or background, as the selection

variables used do not depend on the time evolution of the B mesons.

However, there are considerable correlations between the B°

10 Vertexing and the tagging,

since they both depend strongly on the nature of the charged tracks from the tagging

side of the event. The possible correlations which exist between selection, vertexing and
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tagging can readily be seen using an illustration. Events which contain a well-defined high

0

momentum lepton from the B;,,

are considered : in such cases the tagging efficiency is

expected to be high, and in addition, the thrust axis for the B

10 decay should be well-

0

defined. Also, since the resolution on the By,

vertex is the limiting factor in obtaining
the Az for an event, a good value for 20,4, where the lepton is used with high weighting,
will be of direct benefit. However, in events where the tagging particle is mis-identified,
and actually originates from the B2, decay, the above effects will conspire to give the

wrong information for the selection and the vertexing as well.

5.8 Summary

The event selection for the B — 77~ 7 channel has been described, with consideration
given to the nature and extent of backgrounds which are likely to be most significant,
and in particular the light quark continuum background. The selection efficiencies were
found to be 0.12 for 3w, 0.39x10~* for u, d, s, and 0.30x10~* for c¢ events. At this
level, the amount of background contamination would severely impact an analysis of
the B® — 777~ 7° channel. However, there exists some scope for improving the se-
lection procedure and implementing cut optimisation techniques which could yield a
higher signal to background ratio. The uncertainties associated with the lack of machine
background effects in this study make it impractical to consider such optimisation at this

stage.

The procedures for tagging and vertexing the B candidates from the event sample have

0

tag VETLICES

been shown. A detailed study for obtaining the z-components of the B, and B
was carried out, and was found to provide improvements in resolution of 15% for signal,
and 19% for qq, for the ng vertex, and 8% for signal, and 4% for ¢q, for the B?ag
vertex. The final resolution of the Az distribution using the new vertexing method was

68 um. The typical distance between B decays in the lab. frame is ~ 250 pm. Therefore
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the precision to which Az can be measured facilitates the extraction of CP asymmetry.
The Az distributions, combined with the tagging values, for the signal and continuum

samples, provide the information necessary for a CP analysis of this channel.
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BY &5 p#tga— 70

6.1 Introduction

The current experimental programme in High Energy Physics for studying CP violation
includes a number of existing and planned experiments which will have the capability to
make a precise measurement of the CP angle 3. However, the aim of BaBar is not only
to observe and measure CP violation in B decays, but to establish whether the Standard
Model explanation of CP violation is correct. This requires fully (over) constraining the
Unitarity Triangle, and in order to do this, it is essential to make a precise measurement
of a.. Decays which proceeds via b — duwu provide a possible mechanism for extracting
the CP angle «, which is the angle between V,,,*V,,; and V};,*V,4; these include the 27, 37

and 47 modes.

The B® — 77 7" channel offers some interesting features for studying CP violation.
The decay proceeds predominantly through pr, and the three modes, pt7n~, p~7 and
p°7, are expected the exhibit large interference effects due to the polarisation of the p.
This is clear from a study of the 37 Dalitz Plot, where the greatest density of events is seen
to be in the corner regions where the p bands overlap. In the full three-body analysis, the
interference regions provide additional terms in the fit, providing extra constraints which
can be used to help lift the degeneracy of the solutions for a;, which would otherwise

compromise the analysis. The full three-body CP fit to the Dalitz Plot is a complicated
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procedure involving 11 parameters, and will require several years’ data-taking before
it can be carried out effectively. The analysis presented here has not exploited all the
information in the Dalitz Plot, but has instead focused on the three p bands where a
reasonable signal to background ratio can be obtained. In the two-body treatment, the
interference regions are not considered, and the p™7~, p~7" and p°7° modes are regarded
as separate channels. It is possible to extract the CP asymmetry in this case, even
though the two-body modes are non-CP eigenstates. The two-body approach is a simpler
analysis, which can be used for earlier studies of this mode, and as a check on the three-

body approach.

All a channels suffer from the possibility of penguin contributions [64]. In early studies of
modes to be investigated at BaBar, 77~ was considered the primary mode for measuring
o, since it is a CP eigenstate. However, recent evidence from the CLEO experiment,
[65] suggests that the branching ratio for this channel is smaller than originally expected,
and that the penguin contributions are larger. The 371 mode is also likely to suffer from
penguin contributions [66], but the current estimate of the p branching ratio is consistent
with the expected value, so that the 37 mode may prove to be the best means of measuring

Q.

The expected branching ratios for the three modes, B — pr — 777 7, are given in
table 6-1. The relative amplitudes for each mode vary with assumed penguin amplitude,
however the estimated inclusive branching ratio for the six processes B°, B — pr

remains 5.5 x 1072,

The ultimate feasibility of the 37 analysis will depend on the actual branching ratios of
the p-mediated decays, the distribution of events in the 37 phase space, and the relative

strength of tree and penguin amplitudes.

The following sections begin with a description of the theoretical model for the B® —
7 tr 70 analysis, including a discussion of the various simplified approaches which can

be explored. This provides the context for justifying the procedure which has been
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Table 6-1. Branching ratios and amplitudes used in these studies. The Penguin amplitudes were

derived from theoretical models. [13]

Mode Branching Ratio | Tree Amplitude Penguin Amplitude
BY — pta— 4.4 x 107° Tt~ =1.00 PT==-0.09
BY — p=nt 1.0 x 1073 T =0.47 P~t =0.01
BY — p0 70 0.1 x 107° T =014 | P =Pt +P )

adopted in this analysis. A discussion of the fitting procedure for extracting a value of

« 1s then given, together with the results obtained from this method.

6.2 Theoretical Context

6.2.1 CP extraction from non-CP eigenstates

The full 37 distribution contains both CP-odd and CP-even states, which it is not possible
to distinguish. However, the presence of an intermediate resonance in the decay provides
angular information which specifies the CP eigenstate. The 37 mode must therefore be
studied via resonances, such as p(770), in order to identify final states of well-defined

angular momentum.

The pr intermediate states are not CP eigenstates, but are CP self-conjugate collections
of quarks (ud)(td). Because of this, the modes p* 7~ and p~ 7+ are expected to have
amplitudes within a factor of two in magnitude (see table6-1, which is favourable for CP
extraction. This introduces an eightfold ambiguity into the extraction of o [67]. It has
been shown, however, that all but one of the mirror solutions can be lifted by considering
the interference effects between the pm modes in a full 37 Dalitz Plot analysis [68]. Such a
detailed analysis requires a large sample of events, and will be feasible only after several

years of data-taking. Fortunately, there are a number of simplified models which can
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be investigated with smaller data sets, on a shorter time-scale, which can yield useful
information in the interim. It is foreseen that several stages of development will take

place, as data are accumulated:

1] establish the existence of CP violation in the 37 channel,
2] measure a value for «,

3] test consistency with the Standard Model predictions.

The main simplifying assumption one can make is that penguin contributions will be
negligible. This reduces the number of parameters in the fit from 9 to 5. However, the
value of « thus obtained differs from the true value by an unknown amount. It is hoped
that improvements to theoretical models in the next few years will allow the relationship
between this fitted « and the true «, due to penguin effects, to be better understood. If
penguins turn out to be small, then this simplified analysis will be adequate. If penguins
are large, then the extraction of a will be more involved, but the analysis becomes more

compelling since large penguins are an indication of large direct CP violation effects.

Other areas which have been investigated, and will require further careful study with data,
are the levels of background from the continuum, which can limit extraction of signal
events, and the feasibility of using the p°7° mode, which is expected to have a lower

branching ratio than the charged pm modes, due to colour-suppression.

The mechanism for CP violation in the interference between decay and mixing was
introduced in Chapter 1 for the case of decays to a CP eigenstate (eqn 1.34). It is
also possible to extract measurements of CP violating asymmetries from certain non-
CP eigenstates (such as pr), although the method is more complicated. If the final states
under consideration are f and f, then there are four separate amplitudes for B° and B° to

decay to f and f,

A(BO — f) = Af = |Af|€wf
AB > f) = A, =[Aye"
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=
%
1
=
[l

A = | A5|e"7
AB = F) = A= [Age" (6.1)

The rates for the physical, time-evolved B, (¢) and BY

ohys ohys () states to decay into f can

then be written [67]

[(Bpys(t) = ) = et A*x
{1+ Rcos(Ampgt) — Dsin(2a — AJ) sin(Ampt)}
[(Bys(t) = f) = e A*x

{1 — Rcos(Ampt) + Dsin(2a — AJ) sin(Ampt)} (6.2)

where « is the CP phase and AJ¢ is the difference of the strong phases.

1 = AP = TAf P [Asl[ Ayl
A= (A P+ AY), ==L S p=2 NS (63)
5 (14l + 1) A2+ A2 A2+ A2
Similarly, the rates for BY, () and B, ((t) states to decay into f are
D(Bhys(t) = F) = e A" x
{1+ Rcos(Ampt) — Dsin(2a + Ad) sin(Ampt) }
D(BY(t) = F) = e VA" x
{1 — Rcos(Amgt) + Dsin(2a + AJ) sin(Ath)} (6.4)
where
w2 _ 1 - = AP = TARP | A7 Al
A= (|A:P+A?), =L S D=2 "1 (65)
2 (147 ") | Agl? + [ Az[? | Agl? + [ Af]?

The conservation of CP would require that the probabilities of C'P conjugate processes

were identical, which leads to,
A7l = Ayl [Ag] = 14| (6.6)
sin(2a — Ad) = sin(2a + A) (6.7)

Therefore, if any of these equalities is not satisfied then CP violation is present. Equation

6.7 relates to the CP violation generated by the interference between decay and mixing.
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Measurements of the time-dependent decay distributions can provide S = sin(2a: — Ad)

and S = sin(2a + Ad), from which « can be extracted,

) 1 — =
sin®20 = - {1 +85+ /(1 - 52)(1-9)y. 6.8)

6.3 Event Generation for Signal and Backgrounds

The simulated data sample for this analysis was generated using the package of Monte
Carlo event generators available in the BaBar software, EvtGen, [69]. The features of
the event generation for both signal and continuum events are described below, in order

to provide a detailed account of the inputs to the fit.

6.3.1 Generation of CP Asymmetries

EvtGen introduces mixing by generating decays of the 7°(4S) to the proper mixture of
BB°, B'BY, and B° B final states, with the correct distributions of At. In general, CP
asymmetries are generated in modules which modify the generated lifetime distributions
of the two Bs produced in the decay of the 7°(4S). One of the Bs then decays to the
required CP mode, and currently, the generator assumes that the other B always provides
a flavour tag. In the case of B® — 777~ 7P, the additional complication of interference
between resonances must be taken into account. In order to handle this, a special model
was provided [69] which returns amplitudes incorporating the C’P-violating phase present

in the mixing.

6.3.2 The B’ — 77— 7° Monte Carlo Generator

BY decays into the 777 final state were generated via several resonances : p(770),

p(1450), p(1700). This allowed the interferences between the different final states to
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be included in the model (e.g., B — w7 7" via p™(770)7~ and p~ (770)7"). The
interference regions can provide useful information to the CP fit, which is essential for
all but the pseudo-two-body analysis of this channel. The shape of the resonances was

described using a relativistic Breit-Wigner function'.

The Tree and Penguins amplitudes and phases for B — 3w, and B® — 37 > were

provided by the generator in order to calculate the kinematics of the generated final
state. The strong phases were set to zero. A very low branching ratio is produced for
the p°7° due to colour-suppression [13]. The generator allowed two input parameters to
be supplied, Am and «. For the events used in this analysis, the values used as input to

the fit were taken from [14]. These are summarised in table 6-2.

Table 6-2. Values of physical quantities used in the 3w generator

Input quantity value

B9 mass difference Am | 0.474 x 10%2hs™!

BY lifetime 75 1.56 x 107125
CP angle « 1.5207 rad (87.130°)
strong phase ¢ 0.0

The p-mediated B® — 77~ 7" amplitude is just the sum of amplitude terms for each p
mode, which are weighted by the relevant functional form for the p. The shape of the p
resonance, and the higher resonant contributions, is taken to be a relativistic Breit-Wigner,

f(s),and is a source of a systematic uncertainty in the analysis.

cos Oy
s —m2 +ill(s)’

f(s) o (6.9)

where s is the square of the invariant mass of the putative p, and 0y is the angle in the p

rest frame between a decay pion direction and the line of flight of the p. The function II

'using parameters fitted by Aleph with ete™ and 7+7~ data, [70]
computed by the LPTHE [13]
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is given by [13]

Vs \po
where p = p(s) = \/s/4 —m2 is the momentum of the daughter-pion in the p rest frame

2 3
M(s) = 2 (p> r,(m2), (6.10)

and py is the momentum of the p candidate. In addition to the shape of the resonance,
the angular dependence of the p decay is included in the f;. The decay distribution is
proportional to cos 6, as a consequence of a scalar particle, the B meson, decaying into
a scalar, 7, and a vector, p. Angular momentum conservation requires the p to have zero

helicity.

The known phase variation over the Dalitz Plot introduced by the Breit-Wigner form
provides the method for resolving the unknown phases in the amplitudes, which arise

from both the weak interactions and the strong final state interactions.

6.3.3 Continuum Generation

Continuum events at the 7'(4S) were generated using JETSET 7.4 ([71]) to fragment
quark strings. The flavour of the primary string is given as the argument to the model (1:
dd, 2: uu, 3: 535, 4: c¢¢). A flavour of 0 represented a mixture of the quarks generated
with the appropriate ratios. The first particle created was the virtual photon, which could
then be decayed using this decay model. The primary jets were created according to a
1 + cos?  distribution in the eTe™ rest frame, where @ is the angle of the primary jet with

respect to the z-axis.

The total number of continuum events generated for the study is given in table 5-1.
Following the event selection process described in the previous chapter, taking account of
the expected relative production rates, the background/signal ratio was found to be 12.8.
The inclusion of continuum background effects in the CP fitting process is discussed in

the next section.
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6.4 CP Fitting

CP fitting has been carried out to the Az distribution for each of the four classes of events
corresponding to different tag and type combinations, where tag represents the charge on
the b quark of the B, and type represents a p™7~ ora p 7" event. The type selection
was based on which of the reconstructed p candidates in the event had a mass closest to
the nominal p mass. The shape of the Az distribution for the signal is described by the
time distribution for the decay rates of B® and B° to f and f, as given by equations 6.2
and 6.4, multiplied by a constant factor (given by equation 5.7). In order to correctly
fit the data, this function has been modified to incorporate both background and detector
effects [72], [73]. Additionally, the effect of charm decays has been taken into account.

The development of the final fitting function is described below :

6.4.1 Effects from Charm Decays

It was shown in section 5.6.3 that the presence of charm decays from the B?ag

in signal
events contributes an exponential term to the Az distribution which has a decay length
equal to the charm decay length (when projected onto the z-axis),\c. Due to the lack of
a clear correlation between any measurable quantity and the charm decay length on an
event-by-event basis, it was decided to model the effect of charm using a single value of

the decay length applied to every event. The Az distribution described by equations 6.2

(-Az
Ac)

carrying out the convolution it was assumed that charm decays were always in the positive

and 6.4 was convoluted with an exponential function, exp , where A\ = 30 um. In

0

tag VETTEX.

z direction with respect to the B

The function resulting from this convolution is shown in Fig.6-1 for two cases, where
(a) takes a value i—g of 15, and (b) takes a value i—? of 3. Az has been scaled by

ByTE ~ 0.250 mm, where 75 is the nominal B° lifetime. When the charm lifetime is
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significant, compared with the B lifetime, there is a considerable effect on the distribution,
but within a small range close to the peak. In particular, it can be seen that when charm
is taken into account in the fit, as described in section 5.6.3, then the asymmetry due to
CP violation is not noticably affected by the charm contribution in the region of the B°
lifetime (corresponding to the value 1 on the abscissa). This implies the significant finding
that the CP reach is not degraded by the presence of charm (provided that the charm effect

is handled correctly).
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Figure 6-1. The Az distribution function convoluted with an exponential component, without
CP violation (blue) and with CP violation (red, dotted line for positive asymmetry, dashed line for
negative asymmetry); (a) shows the function when the charm effect is negligible, and (b) shows

the effect of a significant charm component.

THERESA CHAMPION



6.4 CP Fitting 144

6.4.2 Detector Resolution Effects

The finite resolution of the detector introduces a smearing of the actual Az distribution.
The overall level of the smearing can be estimated from a fit to the Az resolution distri-
bution, as shown in section 5.7. The multigaussian function provides a good fit to this
distribution because it represents the summing of a set of single gaussians with a range of
resolutions, and this corresponds to the set of events, where the Az from each event has
its own experimentally-determined resolution, 0 (;meqs). The measured value of Az from
each event then represents a sample from a gaussian distribution of resolution o (cqs)-
Therefore, in order to handle the detector resolution correctly, the CP fitting function must
be convoluted with a gaussian distribution with 0 = 0 (;eq5), and the value of o (;eqs) 18

supplied to the function for each event along with the value of Az.

6.4.3 Continuum Background Effects

In order to take into account the effects of background, a function is needed to describe
the background distribution. However, the shape of the Az distribution for the u, d, s
continuum is less well understood than that for the signal. Both the B¢y and the By,
vertex in u, d, s continuum events should have similar resolution, as there is no charm
present. Since the events are highly jet-like, the resolution on the putative B candidate
vertices depends on the angle of the thrust axis of the event with respect to the z-axis, i.e.,
when all tracks are close to parallel with the z-axis then poor resolution is expected. In
any case, for events with the thrust axis approximately colinear with the z-axis, the loss
of tracks along the beampipe is likely to be high. The thrust axis direction features in
some of the background rejection cuts using topological variables in the event selection
process. While there may be some influence from these cuts on the shape of the resulting

distribution, it is reasonable to assume that the Az distribution for the u, d, s continuum

can be approximately described by a single gaussian distribution for each event, since
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there 1s no charm component. The distribution for ¢¢ continuum would of course need to
include the exponential term representing charm decay. The o for the gaussian is again

supplied on an event-by-event basis by 0 (meas) -

The fitting function is then modified to incorporate the form for the background with a
weighting given by the expected background to signal ratio in the sample, w. Following
the event selection process described in the previous chapter, the actual background to
signal ratio in the sample was found to be 12.8. In a detailed analysis, the weighting

factor should be floated as one of the fit variables.

Az = (1 —w)Azs + wAzg (6.11)

6.4.4 The CP Fitting Function

To summarise the results of the previous sections, the final form of the fitting function
is the convolution of equations 6.2 and 6.4 with an exponential function to represent the
charm lifetime contribution, and a further convolution with a gaussian representing the
detector resolution effects. This results in the three terms (constant, cosine and sine),
which are illustrated in Fig.6-2, for a single value of 0 (;e45), and tag and type set equal
to 1 (i.e., the B® — pT7~ mode). The plots clearly demonstrate the asymmetry which is
introduced by the sine term. The complete fit function to the full Az distribution involves
contributions from the experimental range of 0,(;.cq5) Values, and the four classes given

by values of tag and type.

An example fit was carried out on a sample of 1760 events selected from B — 77 7% B° —
X generated events according to event selection procedure described in the previous
chapter. The size of the event sample corresponded to a canonical year of data-taking (i.e.,
30fb~! luminosity). The parameters to be fitted were o and the ratio of the amplitudes,
Ay and Ay. The initial value of o was set to 1.5rad, and the initial value of (%;)2 was

taken as 4.53. The fit converged to a value of o = 1.75 & 0.10 rad, which corresponds
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Figure 6-2. The three terms of the Az fitting function.

to sin 2ac = —0.3510 33, and a value of (%)2 = 1.8 & 0.9. While the problems of mirror
7

solutions and the shift in the value of o remain in this example, due to the characteristics

of the pr analysis, it serves to demonstrate the principle of applying the fitting function

which has been developed to the extraction of a CP asymmetry.

6.5 Summary

The formulation of a general fitting function for the extraction of CP asymmetry has been

carried out. The function includes the treatment of charm decays from the BY, , detector

tag°
resolution effects, and the modelling of light quark continuum background. A sample

fit has been applied to the 37 mode, using the simplified two-body analysis. While the
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two-body analysis does not make full use of the information carried by the 37 Dalitz Plot,
it provides a means of studying CP violation in this mode using less parameters than
the full 37 treatment. It is therefore useful for early studies of this channel, when data
is limited. Additionally, the two-body treatment may be all that is required, if penguin
contributions turn out to be small, and other analyses of o modes revealed a preferred
region for the value of « to identify the correct mirror solution. This simplified analysis
also does not suffer from the model dependence which is introduced to the 37 analysis,
i.e., the establishment of a non-zero sine term using the above method would demonstrate

in a model-independent way that CP violation is present in this decay mode.

Ultimately, the extraction of the CP angle « using the 37 channel will depend on actual
branching ratios, the distribution of events in the Dalitz Plot, and the size of penguin
contributions. The effectiveness of the event selection process will depend not only on the
background suppression methods which have been considered here, but also on the levels

of machine backgrounds, and their impact on the reconstruction of the B candidate.
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Conclusions

The BaBar experiment is beginning a programme of CP violation studies in the B meson
system. It is expected that the studies of a wide range of channels will yield measurements
which will overconstrain the Unitarity Triangle, and thereby establish whether the current

explanation of CP violation in the Standard Model is adequate.

In order to carry out this physics programme, BaBar needs to be able to reconstruct a wide
range of exclusive final states. This places stringent requirements on the performance of
the detector. In particular, the reconstruction of modes which include one or more 7° s
demand an electromagnetic calorimeter with excellent energy and position resolution.
The CsI(T1) crystals which form the calorimeter must therefore conform to high standards
of quality, in both light uniformity and overall light output. In order to ensure that such
standards were met, work was carried out on site with a CsI(TI) crystal manufacturer to
develop the new crystal growth techniques necessary for producing large CsI(T1) crystals,
and to define and maintain levels of quality control at all stages of the crystal production

process.

While a number of experiments have the capability to measure the angle 5 of the Unitarity
Triangle, via the B® — JW K 2 channel, BaBar is also sensitive to the modes related to
the angle aof the Unitarity Triangle, which is much less well-determined, and will be
harder to measure. These modes include B® — 77—, B — nt7n~7%nd B° — 47. The
extraction of o from these modes is complicated by the presence of penguins, requiring a
many parameter fit. In addition, the channels have low branching ratios, and suffer from a

high level of background contamination from the ¢g continuum. The issue of suppressing
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the background has been addressed, with respect to the B — 77~ 7° channel, and
techniques have been developed which demonstrate that the background can be effectively
suppressed to a sufficient level. Nevertheless, it is anticipated that several years’ data

taking will be required before a full study of CP violation in this channel can be realised.

The feasibility of the B® — 777~ 7° study will ultimately depend on the number of
events, and their distribution in phase space, which depends on a number of resonant
contributions, and in particular the p(770). The interference effects between the reso-
nances, the strength of penguin contributions with respect to the trees, and the effects of
background contamination are factors which will determine the extent to which a value of
« can be extracted. This work has demonstrated that the B® — 777 ~7% mode provides

one of the most promising opportunities for measuring «.
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Appendix A : The Dalitz Plot

The characteristics of the 37 Dalitz Plot are a central aspect of the study of the B —
7 t7~ 7% mode. Therefore, it is appropriate to describe in some detail the general features

of the Dalitz Plot, and its value for three-body decay modes.

Decays with three-body final states exhibit a well-defined kinematic behaviour. In the
rest frame of the decaying particle, of mass M, the three final state particles, i, j, k, are
constrained to lie in a plane, so their momenta are completely specified up to three degrees
of freedom. Defining the mass and four-momentum of particle ¢ as m; and p; respectively,

and similarly for j and %, then the quantities p;; and m;; can be formed,

pij = DPit+Dj, (A.D)
my; = pj;=M*+mji—2ME}, (A2)

where FE; is the energy of particle k in the M rest frame.

It can be shown [14] that the partial decay rate, dI', of a particle of mass M into three

bodies in its rest frame is given in terms of the Lorentz-invariant matrix element M by,

_ 1 1 2 2 2

2

For a given value of m;;, m?k has a range of values between the limiting configurations

of p; parallel or anti-parallel to p;.

Two representations of the Dalitz Plot are presented, each having their own merits. The

symmetry of the top plot, Fig.A-1, allows direct comparisons to be made between the
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three p bands, and highlights the suppression of the p°7° mode. The bottom plot, Fig.A-2,
can be more easily interpreted in terms of the limits of the phase space [74], and is perhaps
more applicable to decay modes where different particle types are present, such as the Kr

mode shown here.

Figure A-1. A Dalitz plot showing 1200 B — pw events, generated with the Small Penguins set
of amplitudes. The p°7° band is noticeably depleted. The events are concentrated at the ends of

the p bands because of the longitudinal polarization of the p. [13]
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Figure A-2. Dalitz Plot for the three-body final state KOtp at 3GeV. Four momentum

conservation restricts events to within the boundary of the curve. [14]
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