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Abstract

The BaBar experiment which has been designed to measure CP violation in the
B meson system has been collecting data from ete™ colliding beam events since
May 1999. A principal component of the detector is the Csl crystal electromagnetic
calorimeter (EMC). Studies have been carried out to show how effective the EMC
can be at identifying muons. Consequently software has been developed as part of
the data reconstruction chain to produce particle identification statistics for a given

detector measurement under the muon hypothesis.

The calibration of the EMC using minimum ionizing particles has been studied and
also put into practice, using cosmic ray muons to provide an initial set of calibration
constants for the individual crystals. The software to carry out the calibration
procedure is at a stage where it can be used on ete™ — ptu~ events as part of a

rolling calibration.

An analysis of the BY decay modes to J/9(IT17)K*(Ksn®) and J /o (171 ) K*(K* 7 ¥)
involving a full selection process for these events from all data has been pursued.
Use of the EMC 7° calibration is shown to improve the K** — Kgn¥ signal. The

branching fraction for the decay B® — J/(I717)K**(K*7F) is measured to be
BR|B" — J/y(IT17) K™ (K*7%)] = (9.3 £ 2.7+ 1.6) x 107°

where the first error is statistical and the second systematic. This is in good agree-
ment with the expected value. The future prospects for this channel given higher
statistics are good and it will eventually yield a competitive measurement of the

unitarity triangle parameter sin 2.
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Chapter 1

CP Violation in the B Meson
System

1.1 Introduction

The main aim of the BABARr experiment is to study CP violation in the neutral B
meson system. CP violation in general is one of the least well tested aspects of the
standard model and so far has been seen only in the neutral K meson system [1].
However, it is one of the necessary conditions to explain the baryon asymmetry
of the universe [2] and is an essential property of the CKM picture of the quark
sector [3]. CP violation requires at least three generations of quarks and indeed was

in turn one of the motivations for Kobayashi and Maskawa to construct their theory.

This chapter will explain first the phenomenon of mixing in neutral meson systems,
an effect which plays a profound role in the manifestation of CP-violating effects.
Specific cases will then be considered, in particular those of the neutral B and K
meson systems. Finally, ways of measuring CP violation in the B meson system
will be described along with a review of the current status of the CKM matrix

parameters.

12



CHAPTER 1. CP VIOLATION IN THE B MESON SYSTEM 13

1.2 Neutral Meson Mixing

Consider first the Schrodinger equation for a single particle in its own rest frame

 OlY)
—L = El). 1.1
in=o = El) (11)
It can also be written
)y — mc?
o T _ZTW)> (1.2)
with solution
l1h(t)) oc e MR — Tl (= ¢ = 1), (1.3)

So the wave function oscillates with a frequency given by the rest mass of the
particle. Of course there is also a spatial part to the wavefunction, which is omitted
in this explanation to highlight the time dependence. Suppose now that the particle
is unstable and therefore its amplitude is decreasing according to an exponential

decay law. An extra term appears:

|y .
) impuy — /20 (14)
and now the solution is
(1)) oc e= "Mt (1.5)
where the factor of 2 is simply so that the probability (1|¢) is proportional to e~
This solution can be written more compactly as
a 'gb . —q
W) ialy. ) e (16)

where A is a complex number with R(A) = m and J(A) = —I'/2.

Now consider a system of two states [t;) and |¢)5) which in general have different
masses and decay constants. In addition, suppose these two states can mix into one
another such that ; has a contribution which is proportional to the amount of ),

present and vice versa. This leads to matrix elements such as

My = (1 |Htbs) = Myy — il15/2 (1.7)
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where the M;; and I';; are elements of the mass and decay matrices respectively.

Now there are two equations

9 ( 1) ) _ ( Mu M ) ( [vn) ) _ (1.8)
Ob\ [4pa) My May )\ [)

This represents two coupled modes. If you start off with an initially pure state ¢y
then at any time later you will in general have a 1); — 15 mixture. However, one can
always decouple the modes by diagonalising the matrix M. Here we consider only
cases where [¢);) and |1/5) are particle and antiparticle, [¢)) and [¢)). CPT invariance
asserts that the masses and widths of these two states are equal which makes the
diagonal elements of M equal. CP symmetry(if it were true!) on the other hand,

makes the off-diagonal elements equal yielding

aln )=o)
Ot \ () B A )\ |9

The eigenvalues are readily found to be A + B and A — B and the two decoupled

modes are
1 — 1 —
vs) =75 (0 +19)) o) =—= (1) = 19) (1.10)
with decoupled equations
0 ol_
RLLCO R VIR WCIIN S o VA BT IR S CE Y

with solutions
(1)) o MR (1)) ox M-t (112)

where

Mi=R(A+B)  -T./2=S(A£B). (1.13)

The original states |¢0) and [¢)) are eigenstates of the strong interaction. These

decoupled states, however are eigenstates of the mass and of CP. In particular

CPlps) = £fis). (1.14)
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Thus far the framework for a mixing, CP conserving neutral meson system has been
outlined. To get the full picture, one must allow for the possibility of CP violation

and rewrite the mixing equations thus

i% A B (1.15)

|¥) rB A |¥)
Using the same diagonalisation procedure as before, the decoupled states are found

to be

Vs) = ——— (1) +7B)  [u) = ——— (W) —+[)  (1.16)

1+ r? 1+ r?
with the masses and widths of the states coming from the real and imaginary parts
of A+ B as before. The fact that CP-violating effects are small means that r is
approximately 1 and that ¢ and 1, are almost the same as ¢, and »—. In practice,

it is convenient to use the parameter ¢ which is defined as

1—r
€= }
1+7r

(1.17)

1.3 Time Evolution of Neutral B; Mesons

By analogy with equation 1.16 consider the light By, and heavy By neutral B; meson

mass eigenstates as linear combinations of the flavour eigenstates

|BL) = p|B°) +q|B°) (1.18)

|Bu) = plB") —q|B°) (1.19)
where p and ¢ are complex and obey the normalization condition
lal* + [p* = 1. (1.20)

The mass difference Amp and width difference AI'p between the two states are

defined as follows:

ATI’LBEMH—ML, AFBEFH—FL, (121)
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so that Amp is positive by definition.
The lifetime difference is expected to be negligible [4],
Alp/Tp = O(107?) (1.22)

and it should be noted that it has not yet been measured. The difference in widths
is produced by decay channels which are common to B° and B°. Their branching
ratios are at or below the level of 1073 and since they contribute with differing
signs, it is expected that their sum will not exceed the individual level. Therefore

the assumption Al'g, < I'p, is safe and model independent.
In contrast, the mass difference Amp, has been measured [5],
24 = Amp, /Ty, = 0.723 £ 0.032. (1.23)
From 1.22 and 1.23 it can be seen that,
Al'p < Amg. (1.24)

Now, any B state can be written as an admixture of By and B;, with amplitudes

that evolve in time as
an(t) = ag(0)e~™Mute=sTut ) (1) = qp (0)e~Mete=a 2l (1.25)

A state which is created at time ¢ = 0 as pure BY has a(0) = ax(0) = 1/(2p).
An initially pure B° has az,(0) = —ax(0) = 1/(2q) (from equations 1.18 and 1.19).
Taking the approximation I'y = I',(=T") gives the time evolution of these states to

be

B°(t)) = g+()|B") + (a/p)g-(1)|B°), (1.26)

1B°(1)) = (p/a)g-(H)|B°) + 9. ()| BY), (1.27)
where

g (t) = e ™M 2 cos(Amp t/2), (1.28)

g_(t) = e ™M 2 igin(Amp t/2), (1.29)
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and M = 1(My + My). These results will be useful later in this chapter when we

describe how CP violation arises in B decays.

1.4 Coherent Production of B Meson Pairs

This section considers the consequences of producing neutral B mesons at a ‘B fac-
tory’, that is an eTe™ collider operating at the Y(4S) resonance. In this situation,
the B® and B° are produced in a coherent state with L = 1. The result is that
each of the particles evolves in time individually as in section 1.3. However they
evolve in phase such that at any one time, until one of them decays, there is always
exactly one B? and one B present. After the decay of one of the particles, the other

continues to evolve until it in turn decays.

The implication of this is that it is possible to tag the flavour of the B mesons. To
measure CP asymmetries one typically looks for events where one B decays to a CP
eigenstate final state fop at time ¢7, while the second decays to a tagging mode, that
is a mode which identifies its b-flavour, at time ¢,,,. Say that one B was identified
as a B through its decay to a tagging mode. This then identifies the other particle
as a B at time ¢ = t;,,. The method works even when the tagging B decays after
the CP mode B. In this case the latter must be just that mixture which, had it not

decayed, would have evolved to be the opposite flavour at ¢ = #,,,.

1.5 The Three Types of CP Violation in B Decays

Given this knowledge of the time evolution, and therefore mixing, of neutral B
mesons it is useful now to describe the different ways in which CP violation can occur
in this system. Study of both the neutral and charged sectors has relevance to CP

measurements in this case. There are three possible manifestations of CP violation
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within the B meson system and these can be expressed in a model-independent way:

1. CP violation in decay, which occurs in both charged and neutral decays, when
the amplitude for a decay and its CP conjugate process have different magni-

tudes.

2. CP violation in mixing, which occurs when the two neutral mass eigenstates

cannot be chosen to be CP eigenstates.

3. CP violation in the interference between decays with and without mixing,
which occurs in decays into final states that are common to B® and B°. It
often occurs in combination with the other two types but in BaABar there are

cases when, to an excellent approximation, it is the only effect.

It is useful now to identify a particular CP-violating quantity for each case that is
independent of phase conventions and discuss the types of processes that depend on

this quantity!.

1.5.1 CP Violation in Decay

Let Ay and ZT represent the amplitudes for B and B respectively to decay to a final

i
state f. In such a scheme, the quantity Zﬁ is independent of phase conventions and

physically meaningful. There are two types of phases that can appear in Ay and ZT'

Complex parameters from Lagrangian terms contributing to the amplitude will ap-
pear in complex conjugate form in the CP conjugate amplitude. This means that
their phases will appear in Ay and Zf with opposite signs. In the standard model,
these phases come from the electroweak sector of the theory via the CKM matrix.

Hence, they are often called “weak phases”. The weak phase of any one term is

Much of what follows can be found in [6].
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convention dependent but the difference between the weak phases of two different

terms in Ay is convention independent.

A second type of phase can appear in scattering or decay amplitudes even when
the Lagrangian is purely real. These phases do not violate CP since they appear
in the two amplitudes with equal sign. Their origin is the possible contribution
from intermediate on-shell states in the decay process. The dominant rescattering
of these states is usually due to strong interactions, hence the designation “strong
phases” for these phase shifts. As before, only relative phases in different terms of
a scattering amplitude have any physical content, an overall phase rotation of the

entire amplitude has no physical consequences.

Thus it is useful to write each contribution to A in three parts: its magnitude A;,
its weak phase term e® and its strong phase term €. Then if several amplitudes

contribute to the process B — f, the amplitude A is given by:

Ap =" Al (1.30)
and the corresponding convention—independent quantity is
A 10— i)
= |5, A (1.31)

Inspection of the amplitudes Ay and AT tells us that in the case of CP conservation,
all the ¢; must be equal. This in fact leaves a relative phase between the two
amplitudes but one which is arbitrary and can be set to zero. Thus, equation 1.31
tells us that

[A7/Af| #1 = CP violation. (1.32)

This is CP wiolation in decay. It is also called direct CP wviolation. It is a result of
interference amongst the various terms in the decay amplitude. CP violation of this
type will not be seen unless at least two terms that have different weak phases have

different strong phases also, since

|14|2 — |Z|2 = -2 ZAZAJSZTL(¢Z — ¢])SZTL(5Z — 6]) (133)

i’j



CHAPTER 1. CP VIOLATION IN THE B MESON SYSTEM 20

Asymmetries in charged B decays,

B = )-I(B =)
YTIBT S HAB > ) (1.34)

are from this type of CP violation. CP violation in the decay can also occur in neutral
meson decays but there it competes with the other two types explained below. The
most compelling evidence to date for the existence of direct CP violation is from

the KTeV experiment at Fermilab. This will be reviewed in section 1.6.

1.5.2 CP Violation in Mixing

Finding the eigenvalues of the equivalent of equation 1.15 for the B system gives a
second quantity which is independent of phase conventions and physically meaning-

ful,
2

gf | Mg, — 5T
p My — %Flz

If CP is conserved, the mass eigenstates are also the CP eigenstates. Inspection of ¢

= . (1.35)

‘ q

and p shows that in this case the relative phase between M5 and I'y5 must vanish.
In fact there is still a relative phase between ¢ and p but one which can be accounted
for by a suitable definition of B — B phase difference, which we are free to choose.
This leads to

lg/p| #1 == CP violation. (1.36)

This is CP wiolation in mizing. It is also called indirect CP wviolation. It arises
because the mass eigenstates are different from the CP eigenstates. This type of CP

violation has been unambiguously observed in the neutral kaon system.

This could be measured in the B system by studying semileptonic decays:

['(B(t) — ItvX) — T(B°(t) — I~ vX)
D(BO(t) = ItvX) + D(B(t) = I-vX)

(1.37)

Qg =

Or, in terms of |q/p|,
_ 1—la/pl’

— 1.38
1+ |g/p|*’ (1.38)

sl
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("vX[H|B (t)) = (¢/p)g-(t)A, (ITvX|H|B"(t)) = (p/q)g-(t)A. (1.39)

Such asymmetries are expected to be small, O(107%) [4]. Moreover, it is difficult
to calculate |g/p| since this requires calculation of I'19 and M;s which involves large
hadronic uncertainties. Thus even if these asymmetries are observed, it will be

difficult to relate their rates to fundamental CKM parameters.

1.5.3 CP Violation in the Interference Between Mixing and
Decay

Now consider neutral B decays to final states which are eigenstates of CP, fep.
Such states are accessible in both B® and B° decays. The physically meaningful,

phase convention independent quantity here is

— quOP qZT ;
a=dlder . 97 Jor 1.40
p AfOP fOPp AfOP ( )
where 74, (= £1) is the CP eigenvalue of the state fcp and
ZfCP = Nfcpzfcp' (1.41)

When CP is conserved, |¢/p| =1, |47 /A;..| = 1 and importantly for this type of

fep

CP violation, A has no overall phase. To see this last point, start with equations 1.26

and 1.27. The amplitudes for the decays of the time evolved neutral B mesons are

orlHIBY®) = Azp(gs(t) + Ag- (1)),
(fer|H|B'(1)) = AfCP§<g_<t>+Ag+<t>>. (1.42)

This gives

L(B(t) = for) = [(fer|H|B* (1))

Amgt
= |AfCP |2 e ' COS2(ﬂ

) Ath
2

+ e T \|? sin®(

)
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+ie T cos( S22 sin( S5 — e A" cos(S 2 sin( =32
L+[AP 1 —[AP
= |AfOP|2€—Ft [ +2| | + 2| | COS(Ath) — %(/\) Sln(Ath)] .

(1.43)

Similarly

T+ M2 1= AP
2 2

cos(Ampt) + () sin(Ampt)| ,
(1.44)

DBYt) > Jor) = [Agep e ™ [

where the approximation |¢/p| = 1 has been used (see the discussion in section 1.5.2).

If one now forms the difference of these rates divided by their sum, the time-

dependent CP asymmetry is given by

() = [(B°(t) = fep) = T(B°(t) = fcp)
fer T'(BY(t) — fop) + T(B(t) = fop)
(1 — |A]?) cos(AMt) — 23 () sin(AM¢)

— 1.4
ENINE (1.45)

which is non-zero if any of the three types of CP violation are present. However, in
the absence of CP violation in the decay and in the mixing(|A| = 1) the asymmetry
reduces to

asop(t) = —S(A) sin(Ampt). (1.46)

where ¢ is the difference in time between the decays of the two B mesons, t5,, — tiag-
Thus, even if CP violation in decay and CP violation in mixing are not present there
can still be an asymmetry when () # 0. This is called CP violation in the inter-
ference between decays with and without mizing here. It is sometimes abbreviated

to “interference between mixing and decay”.

1.6 CP Violation in the K System

The description of mixing and CP violation given so far is enough to understand

effects which have been observed to date in the K meson system. This is reviewed
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with the purpose of making comparisons to the B system and to consider the im-
plications for measurements of CP violation in the B system as provided by current

knowledge of the K system.

The neutral K meson states differ significantly in their lifetimes [5]:
7s = (0.8934 £ 0.0008) x 10~ s, 77 = (5.17 £ 0.04) x 10 ®s (1.47)

where the S and L stand for (rather appropriately) short-lived and long-lived mass
eigenstates. Due to this distinction it is often useful to define the eigenstates by the

lifetimes,
Ks) = plK®) +q/K), (1.48)
_0
K1) = plK°) —q[K) (1.49)
and say that Al'x > 0 by definition. The ¢ and p parameters here are analogous

to their counterparts in the B system. The mass difference in the K system [5] is

measured to be
Amg =my —mg = (3.489 £ 0.009) x 10 *MeV. (1.50)
It turns out that equations 1.47 and 1.50 produce a useful rule of thumb:
Al'g ~ —2Amy, (1.51)

which is in stark contrast to the situation for the B system shown in equation 1.24.

To date, CP violation has only been measured in K decays?. A number of comple-

mentary measurements have been made. An asymmetry in semileptonic decays of
the KL,

F(KL — 7T_Z+Vl) — F(KL — 7T+l_71)
T(K, =7 [tw) + T(K, — 7t 1))
2The best determination so far of CP violation in the B system is by the CDF collaboration [7]

5=

(1.52)

who measured sin 23 = 0.7973-3%. This can be interpreted as evidence for non-zero CP violation

in the B system at 93% CL.
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has been measured(for example see [8]), giving
5 = (0.327 £ 0.012)%.

These asymmetries represent CP violation in K mixing:

_ 1-la/plk
1+ |q/pl%k

24

(1.53)

(1.54)

where |q/p|k is very close to unity. In the two-pion channels, the asymmetries are

_A(Kp — n7%) AKp = 7tr)
oo = A(Kg — m0m0)’ == A(Kg — mtm—)’

and fits over several measured values for these parameters [5] yield

Imoo| = (2.275+£0.019) x 1073, g = 43.4+ 1.0

| = (2.2854£0.019) x 107%, ¢,_ = 43.5+0.6.

The ratios are sensitive to all three types of CP violation since

_ pAg — qAg _ 1 — Aoo I pAL_ —qAi_ _ 1= A4
pAg +qAw  L+do 1 pA_4+gA, 1+ A

oo

1.6.1 The Parameters ¢x and €

(1.55)

(1.56)
(1.57)

(1.58)

It is useful now to consider the two-pion decay amplitudes in terms of isospin chan-

nels. The strong interaction does not distinguish between charged and neutral pions

but is sensitive to whether the final state is I = 0 or / = 2. The neutral and charged

modes can be decomposed via Clebsch-Gordan coefficients,
1 2
(r’r° = \/;<(7T7T)I=0| - §<(7T7T)I=2|a

(mrr| = \E((m),d + \/%((W)Iﬂ-

Writing 799 and 7, in terms of these amplitudes gives

2€ €
=g — —— ~ex — 2y, =+ —B ~ep €
Tloo K 1 —wy2 K K> T+ K 1+w/\/§ K T €k

(1.59)

(1.60)

(1.61)
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where w measures the ratio of isospin amplitudes:

() o/ | K
() o | K')

~1/22.2. (1.62)

|w|z\

The smallness of this experimental value of |w]| is known as the AT = 1/2 selection
rule of K — 7w decays [9]. The parameters ex and € represent CP violation and

are given by
((m7) 1= | H| K1)

) 1ol HIKs) (1.63)
and
e (el A ()l B |
" \/i{<<m>f:o|H|KL> <(7T7T)I=0|H|KS>} (164

By definition there is no direct CP violation in the equation for €x since it contains
only one strong phase. In fact it represents both CP violation in the mixing and
CP violation in the interference between mixing and decay with the two occurring
with similar magnitudes. The equation for €} has two strong phases and so rep-
resents direct CP violation to some degree. In fact, in turns out that it represents
some combination of CP violation in the decay and CP violation in the interference

between mixing and decay.

There has been a long search for direct CP violation in K decays with various

experiments measuring the so called double ratio

2
N+ -

oo

~ 1+ 6R <€—K> . (1.65)

€K

The best evidence so far is from the KTeV experiment at Fermilab [10] which found

/

R <€—K> = (28.0 £ 4.1) x 107, (1.66)
€K

This agrees favourably with the findings of the NA48 experiment at CERN [11]

which has used early (1997) data to measure

R %) _ (18.54+ 7.3) x 10°*, (1.67)
()

€K
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1.7 Quark Mixing and the CKM matrix

Now we turn our attention to the Standard Model description of CP violation. For

further information on this formalism see, for example [12], [13] and [14].

It is convenient for what follows to group together the left(L) and right(R) handed

components of the quark fields u so that

ug U dj, dpy
Ul=1| ¢ Up=1 ¢l DI = sl Dh =1 sl (1.68)
t, th by bk

where I denotes that these are eigenstates of the weak interaction. Consider the
quark part of the Standard Model Lagrangian. The piece of this responsible for

generating fermion masses via Yukawa interactions can be written

LY arks = ~DymiD — TymUL — %EﬁmdDR — %Uém“U{{ + complex conjugates

(1.69)
where m* and m¢ are the mass matrices for up and down type quarks respectively
and o and v are the usual Higgs field parameters. It is possible to diagonalize the
mass matrices by expressing the interaction eigenstates as unitary transformations

of the mass eigenstates
Ul =QvU,, Uk =Q%Ur, Di=QD;, DL=Q%Dg. (1.70)

That is to say that the transformations are chosen so that

my, 0 0 mg O 0
Q)'m“ Q=1 0 m. 0o |, @Q)mQ%=| 0 m, o |. (171)
0 0 my 0 0 my

Now consider the charged current part of the aforementioned quark Lagrangian:

r£ec e

quarks = mﬁi’y“W;Di + complex conjugate (1.72)
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where e and Oy are the usual electroweak parameters and W™ represents the charge

raising operator of electroweak field theory. Rewriting 1.72 using equation 1.70

yields
£ee - LULWWJ’VDL + complex conjugate (1.73)
q \/5 sin HW g
where
Vud Vus Vub
V=@ = Vi Vi Vi (1.74)
Vie Vis Vi

is a unitary matrix called the Cabibbo-Kobayashi-Maskawa matriz. It embodies

cross-generational mixing in the quark sector of the Standard Model.

It is perhaps interesting to note that the leptonic sector has no equivalent of this
phenomenon within the Standard Model. The reason for this is that the right handed
components of the neutrino fields have been excluded and therefore the relevant part
of the Lagrangian has no analogue of the up-type mass terms shown in equation 1.69.
However, if the neutrino mass is non-zero, then there will be such a contribution

from the leptonic sector.

The CKM matrix is a complex matrix of dimension N = 3, and as such has in
general 2N? = 18 parameters. It is however a unitary matrix and this imposes 9
constraints reducing the number of parameters to 9. Three of these parameters can
be represented by Euler angles since if V" had been real, then it would just be a three

dimensional rotation. The other 6 are phases. One is free to redefine the quark fields

so that
u'p, ur, d'p, dr,
EL =P, Cr, s yL = Py Sy, (175)
FL EL yL EL

where P, and P, are diagonal and consist only of pure phases. The transformation
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causes a redefinition of V:

eii(qﬁl 7§I)Vud eii(d)l*g?)vus eii(¢17§3)vub
Vi= | ety i8-8y, (1.76)
e—Ud3 —51)‘/t'd e—i(¢3—§2)‘/;s e—i(¢3—§3)‘/;b

where ¢; is a phase of (P,); and &; that of (Py);. It is clear that there can be no
more than 5 independent phase differences in this expression and so a maximum of
5 phases can be removed in this way. This leaves 4 parameters: 3 real angles and 1

complex phase. It is the irremovability of this phase that results in CP violation.

To see this consider the coupling shown in equation 1.73 in expanded form:

ce — € 1. (1 — D). ). (1 — *TT.
ﬁqum_m{zjﬁﬂwﬂ (1= 5)ViyD; + Dy Wy (L= ) VUi } - (L77)

where the left-handed quark field components have been replaced by the left-handed
projection operator %(1 — ;) acting on the complete quark fields. The operation of

CP on these terms has the following effect

VAW (L =)0 = oy W, (1= 5) (1.78)

Thus CP interchanges the two terms apart from exchanging V;; and V;7. If the CKM
matrix has irremovable complexity, then CP can be violated as long as the phase

does not equal 0 or 7.

All this is still not enough to ensure non-zero CP violation. If two quarks of the
same charge had equal mass, one Euler angle and the phase could be removed from

V. Thus, CP violation requires
(i} — me) (mg — my) (my — my,) (miy — mi) (mg — mg) (mi; —mg) #0  (1.79)

where the mass terms are squared because the sign of a fermion mass term is not
physical. Similarly, if any of the three mixing angles were 0 or /2 then the phase

could also be removed.
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1.7.1 The Unitarity Triangle

The properties of the CKM matrix become manifest once it is explicitly param-
etrized. Many different parameterizations are possible, but the standard one is the

following [5]:

—td

C12C13 512€13 513€
— 5 5
V= —512C23 — C12523513€" C12C23 — S12523513€" 523C13 ) (1-80)
i6 i6
512523 — €12C023513€ —C12523 — 512023513€ C23C13

where ¢;; = cosb;; and s;; = sinf;; represent the three mixing angles (z # j) and
d is the CP-violating phase. A useful way to express the requirements 6;; # 0, 7/2
and 6 # 0,7 was noticed by Jarlskog [15], [16]. Crossing out an arbitrary row r and

column s of V' and denoting the remaining submatrix by

Vi Vi
7o (1.81)
Vij Vik
yields the quantity J
J = (=1 (Vi VieVieVig). (1.82)

It turns out that this quantity is invariant under the phase transformations of equa-
tions 1.75 and must be non zero for CP violation to occur (where we have assumed
non-degeneracy of the like-charge quark field masses). Expressing J in terms of the

CKM parameterization shown above gives
J = 0126230?3812823813 sin (183)

which shows explicitly the requirements on the mixing angles and ¢. Since the
magnitude of J is estimated to be of the order 10~ [17], CP violation in the Standard

Model is expected to be a small effect.

Another popular parameterization involves making use of the fact that sy5 ~ 0.22,

where A shall be used in place of si5 from now on. Experimentally, it is known
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that sy3 = O(M\?) and s;3 = O()N?) and so it is natural to define sy3 = AN and
si3¢7° = AN (p — in) where A, p and n are of order unity. An expansion in \

produces the Wolfenstein parameterization:

1—)%/2 A AN (p — 1)
V= )\ 1—\%/2 AN + O(\Y). (1.84)
AN —p—in) —AN 1

The unitarity of the CKM matrix produces certain relations among its elements.
It turns out that three of these are useful for understanding CP violation in the

standard model:

VudVs + VedVe + VidVyy = 0,
VusVJb + ‘/cs‘/;[; + Ws‘/;z - Oa
VuaViy + VeaVy + ViaVy, = 0. (1.85)

These expressions all require the sum of three complex numbers to vanish and so
can be represented as triangles in the complex plane. The areas of the triangles are
all equal to |J|/2 [18] and so the more open a triangle is, the more CP violation it
represents. Current experimental values indicate that the first two triangles have one
side much shorter than the other two. They collapse almost to a line and give some
intuitive understanding of why CP violation is small in the leading K decays (the
first triangle) and the leading B decays (the second triangle). The third triangle is
the most exciting for the study of CP violation as it is rather more open than the
other two and predicts large CP asymmetries in B decays. It is called the Unitarity
Triangle. It is useful to show this triangle in its rescaled form. Since V.4V is real,
this side lies along the horizontal axis and its length is normalized by dividing all
sides by V.4V |. The apex of the triangle then lies at (p,n) as shown in figure 1.1.
The three angles are labelled o, 5 and v and are given by

VidVi VoV VaVit
a = arg [—th ti] ., B=arg [— th Cf] ., y=arg [— VZ Zb] . (1.86)
ud YV ub tb ca’ch
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A
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Figure 1.1: The rescaled Unitarity Triangle.

They are physical quantities and represent the amount of CP violation in the B
system. It is possible to measure them by studying CP asymmetries in various B

decays.

1.7.2 Measurement of Unitarity Triangle Angles

Recall the definition of A from equation 1.40
A=-—— (1.87)

(not to be confused with the Wolfenstein A\!) where the decay is to a CP eigenstate.
The ¢/p part of this comes from B mixing processes such as figure 1.2(a) and can
be written as(from equation 1.35)

* Rt 3 * L
q_ <M12 — ?F12>2 _ < 12>2 (1.88)
p My — 5T M,

so that
¢ _ ViV
P VaVy
An example of a decay through which the angle 5 can be measured is B® — J/¢K?2.

(1.89)
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Figure 1.2: Feynmann diagrams for (a) neutral B meson mizing and (b) a typical

tree-level decay.

Here, there is an extra contribution to A to account for the K° mixing:

A
=6,
p)\A)\pr/)x
The decay part is given by tree level processes such as figure 1.2(b):

A VaVi
A B CT)‘/CS

—~

1.90)

(1.91)

and the full expression is

ViVia\ (VaVE\ (VisVo
MB° = J/pKq) = [ bt cbcs ¢s ed 1.92
(BY = JJ0Ks) <thvgg ANAVAR (1.92)

which gives

I(\) = —sin(268). (1.93)
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This quantity can be measured as shown in equation 1.46.

An example of measuring the angle « is through the decay B® — 77 ~. In this case

the expression for \ is

ViVid\ (Vs Vi,
A BO + - — th Vtd ub Y yd
W) <thv;g VisVa

U

= 3(N) = sin(r - 5 7))

= sin(2a). (1.94)

The angle v could be measured in BY — pK?$ decays. This brings in the extra term

for kaon mixing again and so

Ve ViV, [ VosV
)\ BO SN K — thVts ubVud csVed
(B. = pKs) (wbv;z AN

= 3(\) = —sin(2y). (1.95)

Most B decay channels have contributions from both tree and penguin diagrams.
There are gluonic penguins as in figure 1.3(a) and also electroweak penguins as in
figure 1.3(b). In the latter a Z boson or a photon can be radiated from either
the top quark or the W. A significant contribution from both tree and penguin
processes in a decay tends to inhibit the clean extraction of CP information due to
the presence of different weak and strong phases. Having different strong phases is
often useful for measuring direct CP violation but with different weak phases, the
‘penguin pollution’ must be removed if a CKM angle is to be measured cleanly. The

amplitude A for a general quark process b — ¢gq’ can be written

Agzy = VinV, ,Pqt, + Ve Ve (Teeq 0ge + Py ) + VoV (T Ogu + Py) (1.96)

*
q
where P and T denote contributions from penguin and tree diagrams respectively.
For each ¢ and ¢ it is convenient to use a unitarity relation from equations 1.85

in order to eliminate one of the three terms. Thus for b — c¢¢s decays such as

B’ — J/YKY,

A(ces) = VpVi(Tas + PE— P + Vi Vi (PY — PY. (1.97)
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Figure 1.3: Ezamples of penguin processes: Figure (a) is a QCD penguin. Figure
(b) is an electroweak penguin. Alternatively, the Z or ~y can couple to the W.

In this decay, Vi,V > ViV, and the second term can be neglected. This means
that both tree and penguin contributions have the same weak phase and therefore

these modes allow a clean measurement of the angle .

For b — uud decays such as B® — nFm—,
A(uuad) = Vy Vi (Py — P§) + VipVey(Tuza + P} — P5). (1.98)

The two terms in this expression are similar in magnitude implying possible sig-
nificant penguin pollution for these decay modes. In this case it is necessary to
separate the two contributions via an isospin analysis [19] before obtaining a clean

measurement of the angle a.
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1.7.3 Scalar to Vector-Vector Decays

Another type of complication for the measurement of unitarity triangle angles is
present in the decay of a B to a pair of vector mesons. In this case the spins of
the two mesons can add up to give an overall spin of 0,1 or 2. Since total angular
momentum must be conserved in the decay and the B is spinless, the final state can
have an orbital angular momentum of L=0,1 or 2. The partial wave which is present
contributes to the CP value of the final state by (—1)* and so the final state is not

a pure CP state but is some admixture of CP even and CP odd.

An example is B® — J/¢K*°. This is not actually a CP eigenstate so in practice
one requires that K*° — K2%7° as well. The three final state particles have an overall
intrinsic CP value of +1. This comes from the product of their individual CP values
and an extra (—1)! from the fact that the K** has decayed. We now see that S- and
D-wave contributions (L=0 and 2) give a final state which is overall CP even and
the P-wave contribution (L=1) gives a final state which is overall CP odd. The two
CP states have different signs in the decay amplitude and so equation 1.46 now has

an extra factor:

as.p(t) = Dsin2f3sin(Ampt) (1.99)
were D is the ‘dilution factor’ and is given by

r,—I_

D=
Ftot

(1.100)

Here I'y, I'_ and I'y,; are partial widths based on the CP eigenvalue of the final state.
It turns out that the states of definite CP can be separated by an angular analysis
(see chapter 5). This adds complication to the experimental analysis but once this
has been done, these modes are as clean, theoretically, as the vector-pseudoscalar

final states.
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1.8 Status of CKM Parameters

The aim of this section is to show the current constraints on the parameters of the
CKM matrix as determined from experiment. One of the parameters, A = |V, is
known to an accuracy of 1% and is considered fixed in what follows. The other three
are somewhat more poorly known and can be written as the Wolfenstein parameters
(A,p,7). The p and 77 are from the extended Wolfenstein parameterization, which

includes terms up to O(A%) corrections. In terms of the original p and 7 they are

p=p(l—A/2), T=n(l—-)/2). (1.101)

The determination of CKM parameters involves significant theoretical uncertainties
when interpreting the experimental measurements. Since the A parameter is better
determined than the other two, it is useful to show the CKM constraints in the (p, 7))
plane, which represents the position of the apex of the Unitarity Triangle. The sides

of the triangle are given by

L= X/21 V| 1|V
A DVl TP T,

and ) is known to be 0.219640.0023 from K — 7lv decays [5]. Thus, measurement of

R, =

. (1.102)

|Vius/Ve| places a constraint on the length of one of the sides of the unitarity triangle.
The matrix element |V;| can be measured in the exclusive semileptonic decay mode
B — D*lv or from inclusive semileptonic B decays. The CLEO collaboration has
measured |Vy| in B — plv and B — 7lv decays [20]. An endpoint analysis in
inclusive semileptonic B decays yields a model-dependent determination of |Vy,/Vep)-

The current values are [5]

V| = 0.0395 4 0.0017
V| = 33+£0440.7
Vio/Ves| = 0.0840.02

where the first error on |V,;| is experimental and the second is from model uncer-

tainties.
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Figure 1.4: The currently allowed region for the position of the apex of the Unitar-
ity Triangle. Fach contour centred with a dot represents the 95% confidence level
for a fized set of theoretical parameters. The individual constraints from different

measurements are shown as dotted lines.

Analysis of B;— B, mixing yields a value for |V,4V};| because of the dominance of the
top quark in the box diagram. This in turn constrains the length R; of the Unitarity
Triangle. The oscillation frequency for the mixing is given by the difference in mass

of the heavy and light B, states:
Amp, < npf5,Ba,[ViaVy |, (1.103)

where 7 is a QCD correction factor, fp, is the B decay constant and Bp, is a
“bag factor” which parameterizes the value of the hadronic matrix element. The
main impediment here is that fp,\/Bp, has not been measured experimentally and
has a theoretical uncertainty of 20% [21]. The measurement of ¢ also limits the
range of possible values for p and 7. Finally, there is a lower limit on the rate of
B, mixing, Amp, > 12.4ps~! [21], which can be plotted together with the other
three constraints in the (p,7) plane. This is shown in figure 1.4. It is expected that

results from the BaBar experiment will considerably reduce the size of the allowed
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Figure 1.5: The (p,7) plane after combining all measurements from 180fb " of
BaBar data at the Y(4S). Each contour centred with a dot represents the 95%
confidence level for a fized set of theoretical parameters. The full (lightly shaded)

contours represent the 95% CL of the BABArR CP measurements alone.

region such that with an integrated luminosity of 180fb~" the (p,7) plane will look

like that shown in figure 1.5.
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The BaBar Experiment

2.1 Introduction

The physics to be studied with the BABAr experiment requires a high performance

detector and collider. The CP asymmetries to be measured may be quite large

requiring only a few hundred events in the appropriate channel to observe. However

the exclusive B meson final states of interest have very small branching ratios, e.g.,

~ 107° for J/¢ K2, so the collider must produce in excess of 107 B°B° pairs. This
2.1

requires a luminosity of a few x10%3 ¢cm=2?s~! and should allow the asymmetries to

be measured with errors at the 10% level or better.

The main C'P asymmetry measurements are made using events in which one B, usu-
ally decaying to a C'P eigenstate, is fully reconstructed and the other B is tagged as
a BY or BY using a lepton or charged kaon. Reconstruction of the C'P mode involves
detection of between two and six charged tracks and often one or more 7%s. This
places constraints on the performance of the detector. The tracking must provide
accurate measurements of charged particle momenta and there must be a high res-
olution electromagnetic calorimeter. Good particle identification is important both

for B-flavour tagging and distinguishing between different final states. In order to

39
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measure the positions of the B meson decay points, excellent vertex resolution is a

necessity.

2.2 The PEP-II Asymmetric Collider

Perhaps the best environment in which to study C P violation in the B meson system
is that provided by an asymmetric ee~ collider operating at the Y (4S) resonance.
The low Q-value of the T(4S)) — BB decay means that if such a collider had beams
of equal energy, the B mesons would be produced almost at rest. The asymmetry
produces a moving center-of-mass system in the laboratory frame which allows the

B meson decay lengths to be measured.

2.2.1 BaBar Versus Other Experiments

The ete™ environment has several advantages over the hadronic environment when
it comes to studying this type of physics [22]. There is a high signal-to-background
ratio with o,;/0oror >~ 0.28 and the events are clean, with a charged track multi-
plicity of ~ 11. This relatively low level of background also means that there is an
increased ability to reconstruct final states which contain 7°s and photons, allowing
measurements to be made in many more channels. The interaction rate is low with
physics events being produced at ~ 10Hz. Finally, the extrapolation of results from

existing experiments to BaBAr is more straightforward in this environment.

There are also advantages for BABAr over e*e™ experiments operating at a higher
energy, such as those at LEP. Firstly, the B mesons are produced in coherent pairs
with no fragmentation products which reduces the effect of combinatorial back-
grounds. Secondly there are precisely known kinematical constraints such as the
four-momentum of the BB system and the momentum magnitudes of the B meson-

s individually in the center-of-mass frame. These constraints make a significant
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contribution to the suppression of backgrounds.

2.2.2 PEP-II Description and Cross-Sections

To produce an asymmetric collision, PEP-II uses two rings. One (the High Energy
Ring or HER) contains electrons at 9 GeV and the other (the Low Energy Ring
or LER) contains positrons at 3.1 GeV. This produces a boost in the laboratory
frame for the resulting B mesons of Sy = 0.56. The electrons and positrons are
injected into the machine from the SLAC linac. The design luminosity goal is

3 x 10% ecm~2s1.

The cross-sections for the production of fermion pairs at the Y(4S) are shown in
Table 2.1 [22]. The numbers are effective cross-sections, taking into account the
experimental acceptance. All of the quark-antiquark cross-sections except for bb are
calculated with the Jetset7 4 event generator [23] and include radiative correction-
s. The bb cross-section is taken from the peak value obtained in CLEO with an
adjustment for the slightly larger beam spread expected in BABar. The uncertainty

on this value is less than 0.1 nb.

2.2.3 The Interaction Region

The high luminosity and asymmetry of the PEP-II machine have resulted in an
unconventional design for the interaction region. In order to achieve currents of the
required magnitude, the beam is divided into a large number of low charge bunches
to minimize beam-beam interference effects. For the same reason the beams must
collide only at the interaction point(IP). Thus the beams must be brought together
just before the IP and separated again before the next collision would occur at 62cm
from the IP. This is achieved by utilizing the energy asymmetry and the separation

dipoles(B1) at 20cm from the IP to displace the beams horizontally. The layout
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Table 2.1: Production cross-sections at \/s = M (Y (45)).

ete” — | Cross-section (nb)
bb 1.05
cc 1.30
5S 0.35
u 1.39
dd 0.35
T~ 0.94
T 1.16
ete” ~ 40

of the interaction region is shown in figure 2.1 [24]. Strong focusing of the beams
requires quadrupoles near to the IP. The final quadrupole is Q1 which is common to
both beams and starts at 90cm from the IP. The next quadrupole Q2 focuses only
the low-energy beam(LEB) and the following pair of quadrupoles, Q4 and Q5, focus
only the high-energy beam(HEB). The Bl magnets are within the BaBar detector
volume. This placed constraints on the design of the detector as will be discussed
later in this chapter. The Q1 magnets also enter the detector volume, although only

partially.

A final point worthy of note here is that the detector axis is not exactly coincident
with the beam collision axis. In fact the detector is rotated by 20 mr relative to the
beam direction, around a vertical axis. The reason for this is to reduce the orbit
distortion effects caused by the angle between the outgoing beams and the detector’s

solenoidal magnetic field.
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Figure 2.1: A plan view of the interaction region. The vertical scale is exaggerated.
The dashed lines indicate the beam stay-clear envelopes and the detector acceptance

cutoff at 300mr.

2.2.4 Machine Backgrounds

The novel design of the interaction region for PEP-II means that machine back-
grounds are a potential problem. The bending of the beams near the IP produces
levels of synchrotron radiation not present in more conventional e*e™ colliders. This
bending can also send off-energy beam particles into the detector. The challenge
is to achieve background rates similar to those of existing colliders at an order of
magnitude higher beam current. The three main sources of background for the de-

tector have been identified [25] as synchrotron radiation, lost beam particles due to
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bremsstrahlung with residual gas molecules and lost beam particles due to Coulomb
scattering off residual gas molecules. If the background is too high, the detector can

suffer from excessive occupancy and/or radiation damage.

2.2.4.1 Synchrotron Radiation

The dominant source of synchrotron radiation is that generated by a beam passing
through a bending magnet or an offset quadrupole and is called fan radiation. The
interaction region optics are designed to minimize the amount of radiation incident
on the detector from this source. In particular, the S-bend geometry of the beam
lines causes most of the synchrotron radiation from magnets upstream of the interac-
tion region to pass cleanly through the detector region. In addition there are masks
to prevent various sources of synchrotron radiation from shining directly on to the
IP beam pipe. The synchrotron radiation fans and masks are shown in figure 2.2.
Studies show [26] that the occupancy and radiation damage should be at ~ 1/80 of

their allowed limits.

2.2.4.2 Lost Particles

Beam particles can bremsstrahlung or Coulomb scatter off residual gas molecules in
the beam pipe. This can cause high energy electrons and photons to strike the beam
pipe wall or radiation masks near the IP and the resulting electromagnetic showers
can lead to excessive detector occupancy and/or radiation damage. The beam-gas
interactions are simulated using DECAY TURTLE [27]. These “lost particles” are
then put through a full GEANT [28] simulation of the interaction region and detector
to assess the impact on the various detector components. Table 2.2 shows expected
occupancy levels and radiation doses for lost beam particle backgrounds in the two

innermost subdetectors of the BaABar experiment.



CHAPTER 2. THE BABAR EXPERIMENT 45

n
g
]
E
IS
[¢b]
(@)
-10
M~
~ Q1 1
/ ‘ Q2
—20 :::'::::':‘:’l::|::\‘::'::::'
20 [ | | | K [ |
)
g
(]
£
IS
]
O
—101
’ Q1
L l’l ‘\‘ Q2
-20 | | : ol | |
-3 -2 -1 0 1 2 3
Meters

Figure 2.2: Synchrotron radiation fans from the LEB(top) and HEB(bottom). The
density of shading indicates the relative photon intensity from the various radiation

fans. The masks located near the IP which are used to shield the detector are also

shown.
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Table 2.2: Occupancy levels and radiation doses from lost beam particle backgrounds

wn the tracking system of the BABAR experiment.

Silicon Tracker Drift Chamber
Average | First layer Average First layer
Occupancy 1.3% 3.0% 0.05% 0.5%
Limit 20% 20% 10% 10%
Rad. dose (yr) | 33 krad 82 krad |4x10%C/cm | 4.5 % 1072 C/cm
Limit 1500 krad | 1500 krad 0.1 C/cm 0.1 C/cm

2.3 The BaBar Detector

In order to measure CP asymmetries in many different B meson decay modes the
BaBar detector must meet certain criteria. In general there should be the maximum
possible acceptance in the center-of-mass system. The asymmetric beam energies
cause the decay products to be boosted forward in the laboratory frame. The
detector is necessarily asymmetric to account for this effect as well as possible.
Also, the high luminosity of PEP-II requires there to be machine components very
close to the interaction region(as described in section 2.2.3) and these have to be

accommodated in the design of the detector.

More specifically, individual sections of the detector have their own requirements
geared towards achieving the best possible physics performance. The vertex reso-
lution must be excellent since the difference in decay time of the two B mesons is
measured in terms of the difference in the z-components of their decay positions.
High quality vertexing is also an important factor in discriminating between beauty,
charm and light-quark vertices. A related requirement here is the need to minimize
multiple scattering. It should be possible to track charged particles over the range

~ 60 MeV < p; <~ 4 GeV. There must be particle identification capabilities allow-



CHAPTER 2. THE BABAR EXPERIMENT 47

ing discrimination between e, p, 7, K and p over a wide kinematic range. Flavour
tagging of B mesons with a high efficiency and purity is only possible with good e,
i and K identification. In addition, m-K separation at around 2-4 GeV is necessary
in order to distinguish between final states such as B® — 7#*7~ and B — K*rT.
There is a need for photon and 7% detection over the range ~ 20 MeV < E <~ 5 GeV

0

since final states often contain one or more 7°s. Finally, the detector should have

the ability to identify neutral hadrons. This is important for reconstructing channels

such as B — J/y K?.

2.3.1 Detector Overview

The BaBar detector was designed and constructed in such a way as to fulfill all the
above requirements. A cutaway picture of the detector is shown in figure 2.3. The

main subsystems are:

1. The Silicon Vertex Tracker (SVT) provides very accurate position information
for charged tracks. In addition it is the only tracking device for charged

particles with very low transverse momentum.

2. The Drift Chamber (DCH) has a helium based gas mixture in order to try to
minimize multiple scattering. It provides the main momentum measurement

for charged particles and also contributes particle identification information

through dE/dz.

3. The Detector of Internally Reflected Cherenkov light (DIRC) is optimized for

charged hadron particle identification.

4. The Electromagnetic Calorimeter (EMC) which consists of Caesium Iodide
crystals. It has a forward endcap to account for the laboratory frame boost

that the B decay products experience. In addition to detecting neutral elec-
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tromagnetic particles it provides electron identification and information for

neutral hadron identification.
5. A superconducting solenoid which produces a 1.5T magnetic field.

6. The Instrumented Flux Return (IFR) which provides muon and neutral hadron

identification.

Figure 2.3: Layout of the BaBar detector. See text for key.
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The next few sections will describe in detail the individual detector components.

Some more general design parameters of the BaBar detector are shown in table 2.3.

Table 2.3: Detector design performance parameters. Acceptance coverages are quoted

for the Center of Mass system.

Parameter Value [24]
Tracking coverage (/4) 0.92
0p./Pr (%) (1 GeV pions at 90°) 0.36
0, (pm) (1 GeV pions at 90°) 52
Calorimetry coverage (/4m) 0.90
Xy in front of Calorimeter (at 90°) 0.25
op/E (%) (1 GeV 7 at all angles) 1.8
7 efficiency within acceptance (at 100 MeV) 0.92
Charged Hadron ID coverage (/4) 0.84

2.3.2 The Silicon Vertex Tracker

The main aim of the BaBar vertex detector is to reconstruct the B meson decay
vertices so that the time difference between them can be measured. This in turn
allows a measurement of CP violation to be made. The innermost points on a track,
which are measured by the SVT, will always provide the most accurate angular
information since the outer points are limited by multiple scattering. In addition,

the SVT is solely responsible for tracking charged particles with p; < 100 MeV/c.

At PEP-II the mean value of the separation of the B vertices is ~ 250 um. Studies
show [29] that the required resolution on this value should be better than 50%.
This corresponds to a single vertex resolution of better than 80 ym, which is well

within the capabilities of modern silicon microstrip detectors. Ultimately, multiple
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scattering sets the limit on point resolution for the SVT. The inner layers achieve
10-15 um and the outer layers 30-40 pum. Also, the SVT needs to cover the largest
possible solid angle for acceptance. Limitations on this are set by the B1 magnets
and the various support structures and electronics. The polar angle coverage is from

20.1° to 150.2°.

The SVT has 5 layers of silicon microstrip detectors. The inner two layers are the
most important for impact parameter measurements since they are the closest to the
interaction point. They should have good point resolution and a high efficiency. The
outer two layers are useful for alignment with tracks detected in the drift chamber.
The middle layer gives extra tracking information, particularly for charged particles
that do not reach the drift chamber. A study was made to determine how best to

optimize the resolution of the different layers and can be found in [30].

2.3.2.1 Detector Layout

The SVT consists of five concentric cylindrical layers of double-sided silicon detectors
as shown in figures 2.4 and 2.5. Each layer is divided around the azimuth angle into
modules. The inner three layers have six modules each, in a barrel arrangement. The
outer two layers have 16 and 18 modules respectively and form an arch structure.
This feature increases the solid angle coverage and avoids large track incidence
angles. Each module is divided into forward and backward half-modules which
are kept electrically isolated from one another. Half-modules contain between two
and four detectors. The inner sides of the detectors have strips which are oriented
perpendicular to the beam direction to measure the z coordinate. The outer sides
have strips orthogonal to the z strips to measure the ¢ coordinate. In total there are
340 silicon detectors covering an area of ~ 1 m? and about 150,000 readout channels.

The parameters of each layer are shown in table 2.4.
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10 cm

Figure 2.4: A cross-sectional view of the BaBar silicon vertex tracker in a plane

containing the beam axis.

Figure 2.5: A cross-sectional view of the BaBar silicon vertex tracker in the plane

orthogonal to the beam axis.
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Table 2.4: Some parameters of the silicon vertex tracker layout

Layer 1 2 3 | 4a | 4b | ba | 5b

Radius (mm) 32 | 40 | 54 | 124 | 127 | 140 | 144
Modules/Layer 6 6 6 8 8 9 9
Wafers/Module 4 4 6 7 7 8 8

Readout pitch (pm)
) 50 | 55 | 55 80-100 80-100
z 100 | 100 | 100 210 210

Intrinsic Resol.( ym)
) 10 | 10 | 10 10-12 10-12
z 12 | 12 | 12 25 25

2.3.2.2 Readout

The signals from the strips are amplified and shaped before being compared with
a threshold. The time which a signal spends over the threshold is approximately
logarithmically related to the charge induced on the strip. The advantage of this
“time over threshold” (TOT) method is a compression of the dynamic range due
to the logarithm relationship. This reduces the number of bits needed to record
the information which in turn reduces space and cost requirements of the front-end

electronics.

2.3.3 The Drift Chamber

The BaBar drift chamber is the main tracking device of the detector. It has a high
efficiency for charged tracks with a transverse momentum of greater than 100 MeV /c.

It provides a spatial resolution of better than 140 yum and a dF/dz measurement
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with a resolution of 7%. For tracks with p; > 1 GeV/c the momentum resolution
is op, = 0.3% X p;. The angular acceptance of the chamber should go right down
to the machine components at 300 mr. In addition the DCH serves as one of the

principle triggers for the experiment.

Since the material in the DCH affects the performance of the DIRC and the elec-
tromagnetic calorimeter, it was built using lightweight materials and uses a helium
based gas mixture. The readout electronics are mounted on the rear endplate in or-
der to reduce the amount of material in the forward region. The mechanical design

of the DCH is described in the following sections. A more detailed description can

be found in [31].

2.3.3.1 Detector Layout

The BaBar drift chamber is a 280 cm long cylinder with an inner radius of 23.6 cm
and an outer radius of 80.9cm. The endplates are made of aluminium with the
forward endplate being half as thick as the rear one at 12 mm. The inner cylinder is
1 mm or 0.28% X, of beryllium and the outer cylinder consists of 2 layers of carbon
fiber on a Nomex core, corresponding to 1.5% X,. A schematic side view is shown

in figure 2.6.

There are 7104 hexagonal drift cells with a typical dimension of 1.2 x 1.8 cm?. They
are arranged in 10 superlayers, each consisting of 4 layers. Axial(A) and stereo(U,V)
superlayers alternate according to the pattern shown in figure 2.7. The angle of the
stereo wires varies from 40 mr in the innermost stereo superlayer to 70 mr in the

outermost stereo superlayer.

The sense wires are 20 pm gold-plated tungsten-rhenium and carry 1960 V. The field
wires are 120 yum and 80 pum gold-plated aluminium. The field-shaping wires at the
boundaries of the superlayers carry 340 V and the other field wires are connected to

ground. The gas mixture is helium-isobutane (80%:20%) and is chosen to provide
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Figure 2.6: A side view of the BaBar drift chamber. The offset in z with respect to

the IP is to take account of the collision asymmetry. All dimensions are in mm.

Figure 2.7: Cell layout in the BaBar drift chamber.
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good spatial and dE/dz resolution with a short drift time while minimizing the
amount of material present. The gas and wires correspond to 0.3% X for a track

at 90° [32].

2.3.3.2 Electronics

The main requirement of the BaABar DCH electronics is to not degrade the perfor-
mance of the chamber by more than 10%. When measuring drift-time, the electron-
ics looks for the leading edge of the signal from the charge that arrived at the sense
wire. The time is then digitized with a resolution of 1 ns. For dF'/dx measurements,

the total charge in the pulse is summed.

The amplifier, digitizer and trigger interface electronics are mounted on the rear
endplate of the drift chamber, in water-cooled aluminium boxes. The electronics
provides trigger information by sending the data from all 7104 channels to the level
1 trigger system with a sampling frequency of 3.75 MHz. The system is designed
to maintain good performance even in the presence of high backgrounds with a

single-cell efficiency for the trigger signal of greater than 95%.

2.3.4 The DIRC

The DIRC, Detector for Internally Reflected Cherenkov light, is a new type of par-
ticle identification(PID) device. The PID requirements of the BABAR experiment are
based around the need to tag the flavour of the non-CP eigenstate B meson and to
distinguish between different CP channels. To satisfy the tagging requirement, the
DIRC must provide excellent kaon identification up to momenta of about 2 GeV/c.
The need to distinguish between different final states is important in rare decays
used to measure the CP angle «. For example, it should be possible to separate the

channels B — 7*7T and B — K*7T and this needs good K /7 discrimination up to
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4 GeV/c. In addition it is envisaged that the DIRC will assist in muon identification
in the range where the IFR is inefficient, below ~ 750 MeV /c.

The concept of the DIRC is the inverse of that for traditional ring-imaging Cherenkov
counters (RICH) in that it relies on the detection of photons that are trapped in the
radiator through total internal reflection [33]. This principle is shown schematically
in figure 2.8. The Cherenkov radiation is emitted at a well known angle with respect
to the track direction, namely 6. = cos™! (1/8n) where n is the refractive index of
the radiator medium [34].
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Figure 2.8: Schematic of a single DIRC radiator bar. The particle trajectory is
represented by a series of connected dots. The radiated Cherenkov photons are shown

as lines with arrows.
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2.3.4.1 Detector Layout

The DIRC radiator consists of 144 bars of synthetic quartz arranged in a 12-sided
polygonal barrel shape. The bars have rectangular cross section with dimensions of
1.7cm thick by 3.5cm wide and are 4.9m long. The quartz extends through the
magnet flux return in the backward direction in order to bring the Cherenkov light
outside the tracking and magnetic field volumes. All of the readout happens at this
end in order to help reduce the amount of material in the forward direction. The
forward end has mirrors at the ends of the bars which reflect the light back towards

the instrumented end.

The major mechanical elements of the DIRC are shown schematically in figure 2.9.
It occupies only 8 cm of radial space and represents 14% of an X, for a particle at
90° [35]. The design aims to minimize the effect of the DIRC on the performance of
the calorimeter behind it. Coverage in the polar angle in the center-of-mass frame

is 87% and in the azimuthal angle it is 93%.

2.3.4.2 Readout

Before detection, the Cherenkov image is allowed to expand in a tank of purified wa-
ter whose refractive index matches well that of the quartz bars (for which n=1.474).
At the far end of the tank is an array of photomultiplier tubes (PMTs) lying on a
surface which is approximately toroidal so as to make the photon pathlength con-
stant at 1.2 m over a large angular range. The backward end of each bar has a small,
trapezoidal piece of quartz glued to it. This allows for a reduction in the number
of PMTs required by folding one half of the image onto the other half and also
reflecting photons with large angles in the radial direction back into the detection
array. There are about 11,000 PMTs of diameter 2.82cm and the standoff box is
filled with 6 m? of water.
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EPMT Module

Standoff Cone

Figure 2.9: Schematic of the dirc showing the mechanical elements. Included are the
marrors mounted inside the standoff boz, used to reflect Cherenkov light towards the

PMTs.

The difference in Cherenkov angle between a pion and a kaon at 4 GeV is about
6.5mr. This requires the Cherenkov angle of a track to be resolved to 2mr or
better in order to achieve good K /m separation. This is achievable given a single
photoelectron resolution of order 9mr and between 25 and 50 photoelectrons per

track [35].

2.3.5 The Electromagnetic Calorimeter

The physics that the BABar experiment has been designed to study requires excel-
lent electromagnetic calorimetry. On average, generic B decays contain 5.5 photons

with about half of the photon energies below 200 MeV [24]. This causes the 7°
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and B reconstruction efficiencies to fall off very quickly as the minimum detectable
photon energy increases. In addition many of the B decays used to study C'P vi-

olation contain at least one 7°

and have characteristically small branching ratios.
Thus, high efficiency for low energy photons along with good energy and angu-
lar resolution is required to accurately reconstruct these states and improve their
signal-to-background ratios. The calorimeter also facilitates lepton identification by

providing e/m and e/p separation and therefore provides one of the B flavour tags

required by all CP analyses.

2.3.5.1 Detector Layout

The BaBar calorimeter uses a quasi-projective arrangement of crystals made from
Thallium doped Caesium lodide covering a range of center-of-mass solid angle of
—0.916 < cosf < 0.895. The target energy resolution for photons at 90° is

o5 _ W0 4199 (2.1)

K /E(GeV)
where the constant term arises from front and rear leakage, inter-calibration errors

and light collection non-uniformity.

The crystals are divided up into two main sections, the barrel and the forward
endcap, as shown in figure 2.10. There are 5760 barrel crystals, arranged in 48
theta rows, each row having 120 identical crystals around phi. The crystals are
grouped in 280 modules of 7 x 3 in theta and phi respectively. The length of
the crystals varies from 29.76 cm (16.1 Xj) at the rear of the barrel to 32.55cm
(17.6 X;) at the front. The coverage of the barrel is over a center-of-mass solid
angle of —0.916 < cosf# < 0.715 and the inner radius is 91 cm. The endcap is a
conic section with the front and back surfaces at an angle of 22.7° to the vertical.
There are 820 endcap crystals arranged in 8 rings in theta and in modules so as
to give a 20-fold symmetry in phi. There is a ninth ring, currently filled with lead
shielding blocks, that could be instrumented with CsI(Tl) crystals to provide extra
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polar angle coverage. The phi segmentation of the first three rings matches that of
the barrel with 120 crystals each. The next three have 100 and the final two rings
have 80 crystals each. All the endcap crystals are 32.55 cm(17.6X,) long except for
those in the inner two rings which are shorter by 1 X, due to space limitations. The

coverage of the endcap is over a center-of-mass solid angle of 0.718 < cos f < 0.895.

’«112.7 cm »>|<«——180.9 cm—>‘

7-96 8184A1

Figure 2.10: Layout of the EMC showing the barrel and forward endcap. All dimen-

S10Nns are in mm.

The crystals are trapezoidal in shape with typical dimensions of 47 x 47 mm? at the
front face and 60 x 60 mm?(55 x 55 mm?) at the back face in the central (forward)

part of the barrel.

In order to minimize the loss of particles that hit dead material between the crys-
tals, they are arranged to be slightly non-projective in theta with respect to the
interaction point. The non-projectivity is 15 mr for most of the barrel, increasing

to 45 mr in the most-forward module. In the endcap it is 45 mr for the outer ring,
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decreasing to 15 mr for the inner ring.

2.3.5.2 Readout

The scintillation light produced in each crystal is picked up by two (for redundancy)
1 ecmx2 em photodiodes glued to its back face. Their output is sent via a preamplifier
circuit (which is also fixed to the back of the crystal in order to reduce pick-up
noise) to an ADC board. The digital signal is then sent to a DAQ board in the
experiment’s electronics house. The information stored here is also sent to the level
1 trigger system. A detailed description of the calorimeter electronics can be found,

for example in [36] and [37].

The average light yield per crystal is 7300 pe/MeV varying between 5000 and 10000.
The incoherent electronic noise has been measured at about 900 pe or 150 keV per

crystal which makes a negligible contribution to the overall energy resolution [38].

2.3.6 The Instrumented Flux Return

The outermost subdetector in BaBar consists of layers of resistive plate chambers
(RPCs) which use the iron of the magnet return yoke as an absorber. It is optimized
for the identification of muons and the detection of neutral hadrons. The IFR
consists of a barrel section and forward and backward endcaps. The endcaps allow
the solid angle coverage to go down to 300 mr in the forward direction and 400 mr

in the backward direction.

2.3.6.1 Detector Layout

The graded segmentation of the iron, which varies from 2cm to 10cm is a novel
feature of the experiment. It allows for both improved muon identification at low

momenta and better KV detection. There are 18 layers of iron in the IFR giving a
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arranged in two layers for maximum efficiency. Each RPC is one quarter of a 147 cm
radius cylinder and is made by joining four modules together, for a total of 32
modules. The barrel planar RPCs are made from three modules each which makes

for a total of 342 modules since the barrel yoke is divided into sextants.

The endcap doors are also hexagonal in shape and are split into two halves vertically
to allow the inner detectors to be accessed. There are 18 RPC layers and each one

consists of 6 chambers with a total of 216 modules.

2.3.6.2 The RPCs and Readout System

A cross-section through a BABAr RPC is shown in figure 2.12 and the general prin-
ciple of operation is described in [39] and [40]. The electrodes are plates of 2mm
thick Bakelite with a graphite coating on the external surfaces. The graphite layers
are covered by PVC insulating films and one is connected to ground while the other
is connected to high voltage (~8kV). Spacers made of PVC ensure that the elec-
trodes remain separated and parallel. The gap is filled with comparable quantities
of argon and Freon with a few % of isobutane. An induced pulse is picked up by
aluminium strips which are present on both sides of the chamber. The strips on one
side run orthogonally to those on the other side so that the chamber can provide
full three-dimensional position information. The strips are attached to an insulator,

on the other side of which is a grounded aluminium plane.

In the barrel, the readout strips that measure the z-coordinate have a pitch of
38.5mm and those that measure the ¢-coordinate vary from 19.7mm to 33.5 mm.
In the endcaps, the strips measuring y position have a pitch of 28.4mm and for
those that measure x position it is 38 mm. The data from sixteen strips is passed
to a Front End readout Card(FEC) which then passes the active strips to a TDC
circuit. The TDC output is stored in buffers which allow for the trigger latency
before being passed along an optical fibre to the BABar DAQ system.
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Figure 2.12: A schematic cross-sectional view of a BaBar RPC.

2.3.7 The Trigger System

The purpose of the BABar trigger system is to select interesting physics events, with
a high and well known efficiency, for mass storage. The two main components are
Level 1, which runs in hardware and Level 3, which is purely software. From the
PEP-II beam crossing rate of 238 MHz, the Level 1 trigger must accept events no
faster than 2 kHz, as required by the data acquisition system. The job of the Level
3 trigger is to further reduce this rate to no more than 100 Hz, as required by the
online computing system. The trigger system design requirements are described in

detail in [41].

The Level 1 trigger is comprised of the drift chamber trigger, the electromagnetic
calorimeter trigger and the global trigger. The drift chamber and calorimeter trig-
gers construct basic data objects called primitives such as track segments and energy

sums of fixed sets of crystals. The global trigger then combines these objects in var-
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ious ways to produce 24 output trigger lines. For example, the charged track trigger
requires at least two tracks in the drift chamber, one with p; > 0.18 GeV/c and
one with p; > 0.12GeV/c. The energy trigger requires two clusters in the electro-
magnetic calorimeter, with energy thresholds designed to be efficient for minimum
ionizing muons. These two orthogonal methods allow for good cross-calibration of
the trigger efficiency. Simulation of this ‘open trigger’ in nominal background con-
ditions generates an output rate of 1.5kHz and 100% efficiency inside the fiducial
region of the detector for B and 7 physics events [42]. A level 1 accept signal is
generated if a pre-determined set of trigger lines fire for a given event. In addition

the latency in L1 must not be more than 12 us with a jitter of less than 1 us.

The Level 3 trigger operates after the event has been assembled and employs various
tools to reduce backgrounds while still keeping the physics events. More complex
algorithms can now be employed since information from the whole event is available.
In particular, track impact parameters can be examined to reject events which did
not originate from the primary vertex. Also, timing information can be used to
reject background events from other beam crossings. Another way to discriminate
background from physics events is by matching tracks from the silicon tracker and
the drift chamber. It has been shown under nominal background conditions that the
output of L.3 can be kept to the budgeted value of 100 Hz. Of these events, ~ 80 Hz
are two-photon processes and Bhabhas leaving less than ~ 20Hz of potentially

interesting hadronic events.

The trigger system is designed to meet the 100 Hz output requirement under a range

25—l How-

of background conditions and possible luminosity upgrades to 103 cm™
ever, if the situation arises where Level 1 can no longer meet the 2 kHz requirement
for input to Level 3, then it will be necessary to construct a Level 2 trigger system

as an intermediary stage.
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2.3.8 Data Processing - from Detector to Desktop

It is worthwhile now to make an attempt to describe the various stages of processing
that data from the detector experiences before becoming a histogram on a computer
screen. When data is first read out by the detector after an event has been triggered
on, it is in the form of digitized information produced by the readout electronics
of the detector subsystems. This data is assembled into an event by the ODF
(online dataflow) system. It is then processed by OEP (online event processing)
which performs monitoring and calibration tasks and also includes the L3 trigger
classification. The data is then stored in files before being processed by OPR (online
prompt reconstruction). This last stage takes the raw data and reconstructs it
into more physics-like objects such as tracks and clusters before associating these
reconstructed objects to produce candidates for particles. These candidates are
then used to carry out some preliminary physics analysis like particle identification
and composite particle making. The OPR system is also responsible for running
monitoring, calibration and alignment code before storing all the data in an object-
oriented database. From here the data is available for any collaborator to run their

analysis on it.



Chapter 3

Muon Identification Using the

Electromagnetic Calorimeter

3.1 Introduction

The identification of muons in BaBar is crucial for both B-flavour tagging and J/i)
reconstruction. Decay modes such as B® — D* [ty reveal the flavour of the initial
B through the charge on the lepton. Since two Bs are produced in a coherent state,
this measurement allows the flavour of the other B, at the same point in time, to be
inferred. Many final states of interest for C'P studies contain a J/i) which must be
reconstructed in its decay to either two electrons (BR=6%) or two muons (BR=6%).
Examples include B® — J/ip K° and B® — Jjip K*0. Tt is often useful to separate
the decays to muons from those to electrons as the resultant mass distributions can

look quite different due to bremsstrahlung in the electron mode.

Lepton identification is also of importance in studies of semileptonic and leptonic

charm and beauty decays.

67
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3.2 Muon Identification with BaBar

The primary muon identification device within BaBar is the IFR. It relies on the
differing interaction patterns of muons and pions in the iron to discriminate between
the two particle species. However, as shown in figure 3.1 the IFR muon identification
capabilities decrease progressively below about 1.2 GeV /¢ when muons are not fully
penetrating [43]. At momenta smaller than ~400Mev/c, charged tracks do not
even reach the iron due to the effect of the magnetic field, and energy loss in the
inner detector systems. Thus it is helpful to use information from other detector

subsystems at low momenta, possibly in conjunction with that from the IFR.

It is useful now to give a description of the method used in the IFR. This will clarify
the role of the IFR in detecting and identifying muons and also give a flavour of

how particle identification is done within BaBAR.

3.2.1 Muon ID in the IFR

Tracks in the IFR are first reconstructed in two-dimensional projections in each
sector. The two orthogonal projections are then combined to give a 3D cluster.
Extrapolation of charged tracks from the drift chamber out to the IFR then allows for
clusters from different sectors to be combined into a composite cluster. This object
is then considered as a candidate muon or charged hadron and is processed by a
discrimination algorithm. The identification algorithm assumes that the cluster has
been produced by a muon or a pion. Other charged hadrons (K*, proton) interact
similarly to pions and are discriminated from pions by other detectors within BABAR.
Electrons do not normally reach the iron since they tend to deposit all their energy
in the EMC and any leakage has to traverse the inner RPCs and magnet structure

before reaching the IFR.

The main discriminating variables for p/m separation relate to the detailed pattern
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Figure 3.1: Muon efficiency (solid line) and pion mis-id probability (dashed line) in
the IFR as a function of momentum for forward endcap (top), barrel (middle) and
backward endcap (bottom).
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of hits within the clusters. Prime examples are the penetration depth in the iron of
the track, the transverse size of the cluster and the number of skipped layers along
the length of the cluster which may be caused by neutral particles from a hadronic
shower. To combine all of the variables, a likelihood ratio is formed. The probability
distribution of each variable x;,7 = 1,...,n is calculated in 16 momentum bins from
0 to 4 GeV/c and different angular bins corresponding to the barrel, the endcaps

and overlapping regions in between. The likelihood ratio is defined as
R =logo(Px/Py), (3.1)

where P; and P, are products of the individual probability distribution values for

each variable under the pion or muon hypothesis respectively, i.e.

Pyujr = I Puym(@i) - (3.2)
=1

The distribution of R is then normalized giving a distribution from which a signifi-

cance level can be derived for a particular candidate under a certain hypothesis.

3.2.2 Muon ID in Other Detector Subsystems

The DIRC can provide some /7 separation in the range 250 MeV /c<p<750 MeV /c.
At lower momenta, particles do not generally reach the quartz and at higher momen-
ta, the Cherenkov angles are too close for discrimination. Measurements of d£//dx
in the SVT and DCH are generally not useful for ;/7 separation due to the closeness

of the respective Bethe-Bloch curves.

The EMC however, can provide a reasonable amount of discrimination over a wide
momentum range. At 300 MeV /¢, around 75% of simulated muons deposit energy in
the calorimeter. Identification is then possible for all momenta up to several GeV/c
(the upper limit for particles in BaBar). The current algorithm used by the BaBar

reconstruction code for identifying muons in the EMC will now be described.
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3.3 Principle of Muon Identification in the EMC

It is possible to distinguish to some extent between muons and charged hadrons in
the EMC because their distributions of deposited energy look rather different. Being
a lepton, a muon will not interact hadronically in the Csl but will rather lose energy
through ionization. The mean energy loss rate (or stopping power) via this process
is given by the Bethe-Bloch formula, which is defined in Appendix A [5] and shown
for Csl in figure 3.2.

dE/dx (MeV/cm)

particle momentum (GeV/c)

Figure 3.2: Bethe-Bloch curves for muons and charged hadrons in Csl. The momen-

tum range is from 50 MeV/c to 10 GeV/c.

On the other hand, pions can also behave as ionizing particles when traversing the
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Csl but a significant fraction of them will be involved in a hadronic interaction with
a nucleus in the material as well. This will often produce an energy deposit unlike
that from a muon, allowing for some separation of the two particle species using the
deposited energy as a discriminating variable. The difference in measured energy

distributions for Monte Carlo generated particles can be seen in figure 3.3.

Only positively charged muons, pions and kaons are shown as the distributions for
their negative partners are very similar. The exceptional case is that for antiprotons.
Protons behave rather the same as pions and kaons but antiprotons can undergo
annihilation processes with nuclei in the Csl giving a very different distribution to

all the other charged hadrons.

3.4 Method of Muon Identification in the EMC

With the knowledge that some muon identification is possible here, we then proceed
to find a function that describes the muon energy distribution well. The first guess
might be a Landau distribution since this is the energy spread we should expect for
an ionizing particle [44]. However, this turns out to be a poor fit as the distributions
are often not asymmetric enough and do not fall off sharply on the low side of
the peak. The thickness of Csl in the EMC goes a good way to explaining this
behaviour. The Landau distribution is most appropriate for thin absorbers. As
the material becomes thicker, there is a greater change in the particle momentum
as it traverses the material. This results in a greater region of the Bethe-Bloch
curve being sampled and therefore the smearing out of the dE/dz distribution as it
represents many different Landau distributions rather than approximating well to

just one.

In fact, due to the variable nature of the shape of the energy distribution with

momentum and polar angle, it turns out that a more flexible function is necessary.
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Figure 3.3: Monte Carlo energy distributions for the interactions of different types
of charged particles in the EMC. The particles were generated with a momentum of

1.2GeV/e.
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A lineshape consisting of the sum of a Gaussian and a Breit-Wigner function fits

well:

F(x) = Ny exp @%) + N, = M)lz i (3.3)

where the N;, u; and o; are respectively the normalizations, means and widths of
the two distributions and x in this case is the energy as measured by the EMC.
Although it does not have the same physical relevance that the Landau formula has,
it describes the behaviour of muons in the BaBar calorimeter very well, which is
the most important criterion here. It allows for optimal p/7 separation in the EMC

over all momenta and polar angles while using energy as a discriminating variable.

All the fitted energy distributions of p* interactions that were used are shown in
figures 3.4 to 3.8. The equivalent distributions for u~ look very similar for all
cosf and momenta bins and so are not shown here. The single particle events
were generated using the detailed BaBar detector simulation BBSIM. The angular
distribution is flat in cos # with an enriched sample in the endcap region to provide
usable statistics there. Different MC runs were used with particle momentum at
the origin of 300 MeV/c, 500 MeV/c, 800 MeV/c, 1.2GeV/c and 3.0 GeV/c. The
resulting histogram data was divided into five bins in cos#, for each of the five
momenta. The first four angular bins cover the barrel calorimeter and the remaining
bin covers the endcap region. The reason for binning in cos # comes partly from the
layout of the EMC(see section 2.3.5.1), in particular the fact that the crystal length
is not constant over 6. Another reason is that the amount of material in front of the

EMC also varies as a function of polar angle.

It is worthwhile now to discuss some of the distributions, especially those which seem
anomalous on initial inspection. The 300 MeV /¢ muons tend to have a significant tail
on the low side. These tracks have a radius of curvature of ~ 65cm in the absence
of material. Given that they lose energy due to material in front of the EMC and
subsequently in the Csl itself, they can bend sufficiently to leave the EMC before
depositing the average 200 MeV energy there. They can lose energy very quickly
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Figure 3.4: Energy distribution plots for 300 MeV/c muons in the BaBar EMC. The

sample is divided into five bins in polar angle.
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sample is divided into five bins in polar angle.
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Figure 3.6: Energy distribution plots for 800 MeV/c muons in the BaBar EMC. The

sample is divided into five bins in polar angle.
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once inside the calorimeter due to the shape of the Bethe-Bloch curve (figure 3.2).
The tail is more pronounced in the first and last cos € bins due to the finite physical
extent of the EMC causing some clusters to be only partially contained. In the final
cos 6 bin, the effect is increased further due to the track encountering significantly
more material before reaching the EMC than for other angular bins. At 500 MeV /c
there are clusters of events centered at about 400 MeV. This is due to muons which
stop and decay in the EMC. This can happen when the particle momentum falls
below that for a MIP and energy loss then follows the steep side of the Bethe-Bloch
curve. This is as for the previous case except now the muons do not generally
leave the EMC but deposit all their kinetic energy (~ 380 MeV) there. Most of the
decay products’ energy is of course not detected since p — evev,. The effect is most
pronounced for the fourth cos # bin due to the geometry of the calorimeter and shows
the usefulness of a fit with two peaked functions for this purpose. Looking now at
the 3 GeV/c muons, one notices an extended tail on the high side of the distribution.
This is again an effect partially due to the shape of the Bethe-Bloch curve, except
this time from the high side of the dip, the relativistic rise. However, the majority
of this effect probably comes from processes other than ionization beginning to play
a part in the energy loss of the muon. Obvious candidates are bremsstrahlung and

the ejection of delta ray electrons.

The next step is to study the dependence of the fit parameters as a function of
momentum and angle. If the variation of these parameters can be modelled over all
p, 0 space somehow then the predicted energy distribution for a given track under
the u* hypothesis can be calculated. The variations of all the lineshape parameters
for u™ are shown in figures 3.9 to 3.13. In practice there are five parameters rather
than the six from the original fit function. These are the means and widths of the
two distributions and the ratio of their normalizations, N;/N;. Forming the nor-
malization ratio as a parameter represents dividing the whole function by N,. This

overall scaling is safe since in practice any quantities derived from the distribution
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are normalized and the constant cancels out.

The general trend of the mean of the Gaussian part of the distribution (figure 3.9)
roughly follows that expected due to track curvature in the magnetic field and the
shape of the Bethe-Bloch curve. The anomaly in the fourth cos @ bin at 500 MeV /c
as discussed above shows up here also. The errors on the parameters come from
the output of the x? fit for each distribution as performed with the PAW physics
analysis application [45]. There are occasional error bars which look rather large
and these can usually be explained in terms of the fit. For instance, the distribution
in the fourth cos@ bin at 300 MeV/c (figure 3.4, middle right plot) is not so well
described by the fitting function and this resulted in large errors for some of the
fit parameters. This can be seen for example in the 300 MeV /¢ point in the middle
right plot of figure 3.13.

Generally however, the fits are good both by eye and by inspection of the y? per
degree of freedom of each plot. The worse fits are some of those at p=300MeV /c
which is more or less at a momentum threshold where behaviour is always going
to be difficult to model. The variation of the fit parameter errors is perhaps one
way of signalling that one cannot describe perfectly all energy distributions in (p, 6)
with the same fitting function. In some sense the adopted technique here is an
approximation to the ideal solution, an improvisation. Nevertheless it is practical,
can be implemented without too much trouble and adequately serves the needs of
the problem in question. That is, to provide a reasonable degree of y /7 separation

in the EMC.

The remaining question now is how to parameterize the momentum dependence of
the fit parameters within each cosf bin. There are definite shapes there as with
the Gaussian mean parameter but overall it seems that no one parameter can be
modelled using a single function for all angular bins. In fact, for many of the plots
it would be difficult to fit a complex curve to the points and also have confidence

in the ensuing interpolations. The chosen solution for all plots is a piecewise linear
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Figure 3.13: Variation with momentum of the ‘normalization ratio’ fit parameter.

There are five bins in polar angle.
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function joining the points. This is the simplest way to handle the interpolations
between points when the behaviour is not fully known. It also takes care of any

anomalies such as the 500 MeV /c, fourth bin example discussed above.

The case of extrapolation below 300 MeV/c and above 3 GeV/c still remains. For
low momenta, the linear function joining the first two points in each plot is simply
extended. This is a less significant region than the high momentum case since few
particles reach the EMC if their momentum is much lower than 300 MeV /c. The high
momentum case is handled by just keeping the parameter constant at its 3 GeV/c
value. This reflects the fact that the parameters have relatively little variation
between the last two points on each plot and also avoids numerical exceptions in

the C++ implementation of the algorithm for very high momentum tracks.

3.5 Implementation and Results

This method of muon identification using the EMC has been implemented in the
BaBar software as part of the EMC reconstruction code. To provide a fuller picture,
here is the chain of modules which are executed before particle identification within

the EMC is carried out:

1. EmcCalibrateDigis! - Calibration of all single crystal energies

2. EmcDigiSparsify - Removal of all hits which are not either above 10 MeV or
next to a hit which is above 10 MeV

3. EmcRemoveNoise - Remove noisy and out of time digis

4. EmcMake2dCluster - Find a seed digi above a certain threshold and form a

group of contiguous crystals around it. The energy threshold for individual

1Digi’ is the generic BABAR name for the smallest unit of detector information provided by the

DAQ - in this case a hit in a single calorimeter crystal
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crystals is 500 KeV and the cluster threshold is 20 MeV

5. EmcMakeIntersections - Intersect charged tracks with the EMC. Store crystal

index and coordinates of intersection point.

6. EmcTrkClMatch - Form associations of charged tracks with EMC clusters on
the basis of whether a given track intersects any of the crystals in a given

cluster
7. EmcMakeBump - Find local maxima within clusters and split them into ‘bumps’

8. EmcTrackMatch - Match charged tracks to EMC bumps above 50 MeV. Cal-

culate and store consistencies for the quality of the match.

The next module to be run is EncIdentify. This first makes composite objects (Em-
cCands) based on the track-EMC match information derived earlier and attaches
to each a global calibrator so that their calorimeter energies are correct. The Emc-
Cands are then handed to a set of particle identifiers, including EncMuonIdentifier
which calculate useful discriminating statistics under various hypotheses and attach
the resultant information to the EmcCands. The operation of the muon identifier

for each EmcCand can be described as follows

1. Insist that the candidate contains a charged track
2. Determine from the track which cos @ bin should be used

3. From the track momentum and charge retrieve the linear variation equation

for each parameter

4. Perform the necessary interpolation/extrapolation to obtain values for all five

parameters

5. Given this lineshape compute the significance level and likelihood for the can-

didate under the muon hypothesis.
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The definition of the likelihood is simply
L(1*:p, 0, x) = P(x;p, 0, 1) (34)

where P(z;p, 0, uF) is a probability density function (PDF) giving the probability
that a muon of momentum p and polar angle # leaves a signature x in the EMC.
The likelihood is then a comparison between hypotheses for a fixed p,  and z. In
this case the signature is an energy deposition and the PDFs in question are the
normalized versions of those in figures 3.4 to 3.8. For a full likelihood treatment,
the energy distributions for the other charged particle types (e,7,K,p) would also
have to be parameterized in the same way to allow formation of likelihood ratios

and other useful quantities.

The significance level attached to a measurement z; is
SL(x9) = / P(z) do (3.5)
P(x)<P(xo0)
where the p, 8, u* labels have been suppressed but are still valid throughout. This
statistic provides a measure of consistency between the observed energy deposit and
that expected for a muon with the given characteristics. More information on the
definition and usage of discriminating statistics for particle identification in BaABar

can be found in [46].

These identification statistics are then available to the end user doing physics anal-
ysis to examine and cut on as they wish. The resultant distributions are shown in
figures 3.14 to 3.17 for significance levels and likelihoods. The plots were produced
using Monte Carlo samples of the various particle types over the whole momentum
range (200 MeV/c — several GeV). The samples were different than those used to

derive the parameterization.

As can be seen in figure 3.14, the significance level distributions for muons are
roughly flat as expected. Those for the other particle types tend to peak towards

zero. For the charged hadrons the distribution always extends across the whole
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Figure 3.14: The significance levels for simulated muons and pions.
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range due to the cases where they interact as a MIP and are then indistinguishable
from a muon as far as the EMC is concerned. Electrons and positrons are clustered
predominantly at low values due to the tendency of these particles to deposit all
of their energy in the EMC. That is to say they will only mimic muons at energies
around 200 MeV or so. The likelihood distributions have an analogous structure with

the muons being more evenly distributed across the range than the other particle

types.

The usefulness of these statistics is illustrated by placing a cut at some reasonable
value and examining the efficiency and mis-identification probability of the resultant
sample. For instance, accepting only particles with a significance level for the muon
hypothesis of at least 5% gives a 95% efficiency for muons and a 61% efficiency for
pions. With the cut at 10%, the muon efficiency is 88% and the pion efficiency is 53%.
In practice however, these statistics are probably combined with those from other
detector systems to produce an enhanced selection algorithm. The contribution
from the EMC to muon identification is expected to be particularly important at

energies intermediate to the DIRC and the IFR.

3.6 Chapter Summary

A procedure has been developed and implemented which provides muon identifica-
tion using the BaABar EMC. The emphasis of this chapter has been on understanding
the various steps required, from studying the behaviour of different particles in C-
sl through to producing discriminating statistics for physics analysts to use. The
algorithm will be refined in the future using more up to date Monte Carlo data as
well as real data from the experiment. It will also be necessary in time to provide
parameterizations for all particle types, rather than just muons, to allow use of like-
lihood ratios for this discriminating variable. The important point though is that

this procedure is now established and ready for use.



Chapter 4

Calibration of the EMC Using

Minimum Ionizing Particles

4.1 Introduction

As with most measuring devices, electromagnetic calorimeters must be calibrated.
The BaBar EMC is no exception and the raw data it produces must go through
several stages of correction before being considered worthy of a high level physics
analysis. This chapter will begin by reviewing the various methods of calibrating the
EMC and then describe in detail the method of using minimum ionizing particles

(MIPs) for providing single crystal calibrations.

4.2 Calibration of the EMC

There are three distinct levels of calibration that raw electronic data read out from
the EMC must undergo before being associated with the energy of a physical particle.

Firstly there is the electronics calibration. This uses a charge injection system to

95
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linearize the response of the front end electronics over all four amplification ranges
of the ADC cards. It operates to a precision of better than 0.1% [38]. Next comes
the calibration of individual crystals within the calorimeter. The aim here is to
calibrate to the actual energy deposited within the crystal by a particle. Between
scintillation of the Csl and light collection by the photodiodes, energy can be lost
since no crystal is a perfect light transmitter. Two of the crystal calibration methods
will be discussed below. The radioactive source system is part of the mechanical
design of the EMC and non-radiative Bhabha events are an example of a colliding

beam physics process that can be used for calibration.

Even after electronics and single crystal calibrations, we still do not arrive at the
true energy lost by a particle traversing the EMC. The final stage is to calibrate
a cluster of crystals to the true energy of the particle that created that cluster.
Energy is leaked due to cracks in between crystals and the finite extent of the EMC,
both radially and in polar angle. So despite the fact that the crystal energies are
now correct (at least in principle!), their sum still does not represent a true particle
energy until this so called ‘global’ calibration is performed. The method adopted
here is to use events with well known constraints to derive ‘true’ energies to scale

to. The two main, established techniques will be discussed in what follows.

4.2.1 Crystal Calibration: The Radioactive Source

This consists of thin tubing passing in front of all crystals and carrying a fluorine-
containing fluid. The fluorine is activated by an external generator producing neu-
trons of a few MeV and then decays via ' F(n,a)'®N. The 8 decay of '°N to '°O
with a half life of ~ 7s decays 69% of the time to an excited state which releases
a 6.13MeV photon [47]. This absolutely known energy can then be used to cali-
brate all crystals and provide a readily-determined low-energy point on the photon

respomnse curve.
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4.2.2 Crystal Calibration: Non-Radiative Bhabha Events

Colliding beam events where ete™ — eTe™ have a sufficiently high yield that they
can be used to provide intercalibration of crystals. They also provide an overall
scale at the highest possible energies experienced in BaBar. The algorithm is one
originally implemented by CLEO and involves the formation of the x? function

X =2 (D cief — E*)?/(0%)? (4.1)

koo

where the ¢; and ¢; are correction factors and measured energies respectively for
individual crystals [48]. The energy of the Bhabha positron or electron is E* and can
be derived once the angle of the particle with respect to the beam axis is known. The
error on this measurement is added to the calorimeter resolution to give o*. Thus,
through kinematic constraints these events can be used for single crystal calibration.
At design luminosity, it will take less than twelve hours to collect enough data to

calibrate with an accuracy of 0.25% per crystal.

4.2.3 Cluster Calibration: Radiative Bhabha Events

For the class of events where ete™ — eTe™ 7, there are enough kinematic constraints
to use the photon for energy calibration [49]. The momentum of the final state
electron and positron must be well measured by the drift chamber and the angular
position of the photon cluster by the calorimeter. Once these quantities are known
along with the total energy and momentum of the event, a scale factor for cluster —
photon energy corrections can be derived. In reality, this factor is more complicated
than a single constant and takes energy and polar angle into account. To achieve this,
the event sample is binned in these two variables in order to produce a correction
function which is energy and € dependent. At design luminosity, it will take less

than two weeks to calibrate the energy response of a crystal ring to 0.25%.
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4.2.4 Cluster Calibration: 7° Events

Global calibration with 7° events is expected to compliment that from radiative
Bhabhas which should provide calibration from a few GeV down to about 500 MeV.
The 7°s should cover the range from about 1 GeV down to the cluster cut-off energy
at 20 MeV. The lower limit is uncertain as the method will suffer from background
which increases rapidly at the lowest energies. This is from both fake photons within
the event and beam background. The idea is to use the 7° mass constraint to adjust
photon energies until the mass peak is in the correct place. The adjusted energy,

Eire 1s then related to the measured energy, E by

] 2 2
Eirue = EeCotC In E+C3(In E)2+Cs cos 0+Cy(cos ) (42)

where the C; are coefficients derived in the calibration procedure and 6 is the polar

angle of the cluster centroid [50].

4.3 MIP calibration

It is possible to provide an absolute energy scale for each crystal individually by using
minimum ionizing particles. Since the energy deposit in the EMC of a MIP peaks
at around 200 MeV, this method provides a useful point on the energy dependent
calibration curve in between those from the radioactive source and Bhabha events.
In fact this is also an important energy regime for physics analysis since many of
the photons from 7% in B decays are at energies of a few hundred MeV (e.g. the
energy spectrum for photons from the process B® — p*nT, p™ — 75710 peaks at

~ 100MeV).

So far this calibration has been carried out with cosmic ray muons, before the
detector was in a colliding beam environment. Now that there is real beam data,

the next step will be to use ete™ — p*p~ events in a similar way. The remainder
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of this chapter will be dedicated to describing the work to date using this method of
calibration. This will include a description of the technique used and results gained
with cosmic ray events. The study and subsequent analysis of dimuon events is

future work and thus will not be covered in this chapter.

4.3.1 Overview

The principle here is based on the fact that a MIP has a characteristic dE/dx
signature in CsI (as described in section 3.3). At the dip of the Bethe-Bloch curve,
a muon has a mean energy deposition of 5.6 MeV /cm through ionization. Of course,
there are fluctuations around the mean value and these are rather well described by
the Landau distribution, which is discussed in appendix B. So, from the Bethe-Bloch
curve it is possible to estimate the energy loss for a muon of a given momentum for
a certain pathlength in Csl. To estimate the length of active material in the EMC
that a given muon will pass through necessitates some kind of extrapolation from

the track that the particle left in the drift chamber.

However, extending the track is not as simple as a pure geometrical extrapolation.
The particle will lose energy as it passes through the Csl and other material and
will change its trajectory according to the effect of the solenoidal B-field within the
detector. The best way to take account of magnetic field and material effects in
this case is to ‘swim’ the track through the calorimeter. This involves taking small
steps (of say ~ lem) to extend the track taking into account any energy loss and
resulting change in trajectory at the end of each step before starting the next one.
The energy loss of the individual steps can then be summed to derive a predicted

energy loss for a single crystal or a collection of crystals.
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4.3.2 Tracking and Kalman Extension

The way the muon calibration has been implemented involves using the SwimTracks
software package to correctly handle the track extrapolation. Before the swimmer
is used, the track already has valid parameters out to the end of the DIRC region
so that the extrapolation starts just before the EMC is entered. At present charged

track construction within BaBARr is carried out in the following steps:

1. Find tracks within the DCH

2. Add hits to the DCH tracks by extrapolating back into the SVT
3. Use SVT track finding for low p, tracks

4. Kalman fit the SVT-only tracks

5. Kalman fit the merged tracks !

Extrapolation through the DIRC region is carried out later in the reconstruction
chain, at the point where the DIRC needs to know the angles of tracks crossing its
quartz bars. This process involves use of the Kalman filter to accurately extend
the tracks through the material present in the DIRC region and account for the

corresponding energy loss and change in trajectory encountered there.

So by the time the MIP calibration code is run, there should be a list of tracks each
with a valid fit out to the start of the EMC. An important point to make now is why
the Kalman filter has not been chosen to extend the tracks through the EMC as is
done for the DIRC. The Kalman algorithm can only reliably extend tracks through
relatively thin materials (e.g. the DIRC has 1.7c¢m of quartz as active material).
The helix parameters for a given track are only updated after passing through an

entire element of simulated material. ‘Element’, in this context means an indivisible

!The Kalman Filter track fitting algorithm and its implementation in the BABAR software

framework is described in [51] and references thereof.
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piece of a certain subdetector, e.g. the EMC is represented in the code as 6580
crystals, each of which is a detector ‘element’. An EMC element is certainly not
thin as far as Kalman extension is concerned and the result is large discontinuities in
the extrapolated trajectory due to the approximate way that the track parameters

are interpolated between subsequent material intersection points.

One can imagine solutions to this problem. The whole geometry implementation
code could change to simulate the EMC with a finer granularity, or the Kalman
filter could be modified to be intelligent about subdividing material volumes to gain
better fit precision. However, neither of these solutions were viable at the time when
the MIP calibration was being developed. It is not desirable to change the EMC
geometry within the reconstruction code from its current format - which is the most
sensible and realistic. Maybe the Kalman filter implementation within BaBar will
change to accommodate thick chunks of material in the future but this has never

been a high priority, the real solution is a swimmer.

4.3.3 The SwimTracks Algorithm

The software that was written to handle the problem of track extension through
thick materials in the BABaAr detector is called SwimTracks. It is used by the MIP
calibration code in order to predict energy deposits in EMC crystals as well as by
the IFR reconstruction in matching DCH tracks to RPC hits. The procedure for

using the swimmer will now be described.

First one creates a SwimTrack specifying some initial parameters such as position,
direction, momentum, particle type and charge. The SwimTrack is then used to
create a SwimThruDetElem object which actually performs the track extrapolation.
It is also necessary to provide a description of the relevant subdetector geometry
(a DetSet) along with a SwimEngine which specifies the swimming algorithm and

a SwimContext which defines certain parameters of the swim. The currently used
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implementation of the SwimEngine is SwimRKEngine. This adds straight line seg-
ments to the existing trajectory, taking into account the effects of material and the
magnetic field as it goes. A fourth order Runge-Kutta algorithm [52] is used to
accurately calculate the projected position and momentum at the end of each step.
The final result is a list of SwimDetElemHit objects, one for each crystal traversed.
These carry information such as the pathlength and energy deposited in a single

element.

4.3.4 Calibration Using Cosmic Ray Muons

The initial single crystal calibration of the EMC was done in early 1999 using muon
candidates from cosmic rays before the detector recorded any colliding beam data.
The detector then had a complete IFR, drift chamber and EMC as well as a partial
DIRC. The solenoid was also in place and some runs were taken with the field on
and others with the field off. It was decided that cosmics would be a good starting
point for calibrating the calorimeter, in the absence of real ete™ events. There were
two calibration data sets, one taken up to February 1999 and the other in April and
May 1999. These were used to help provide an initial calibration of the EMC. The

detector started taking colliding beam data at the end of May.

In a non-beam environment it is relatively easy to select cosmic ray events since
almost everything that leaves a convincing track in the drift chamber is a muon.
The tracking reconstruction correctly handles this situation by splitting the track
into two pieces and using timing information to assign direction and pathlength
along the tracks accordingly. Both tracks can then be used for extrapolation through
the EMC to provide predicted energies for the crystals which they traverse. The
swimmer must be told when a particular track is incoming rather than outgoing
so that it is extrapolated backwards and energy changes are incremented rather

than decremented. In the cases where the magnetic field in the detector is off, the
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swimmer is passed a zero field and the initial momentum is set to the nominal value
of 4GeV/c. This is not an entirely unreasonable starting value since the cosmic
momentum spectrum as seen by the drift chamber extends to very high values as
can be seen in figure 4.1. The falloff towards zero is due to the fact that such low
momentum tracks often fail to be reconstructed due to them leaving too few hits in

the chamber or perhaps not passing close enough to the origin.
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Figure 4.1: The momentum spectrum for cosmic ray muons as measured by the

BaBar drift chamber.
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4.3.5 Accumulation of Data

In order to generate calibration constants for as many calorimeter crystals as possible
it was necessary to process several million cosmic events. This necessitated a pared
down version of the reconstruction code in order to analyze the events as quickly
as possible. Therefore only DCH reconstruction, EMC clustering and track-cluster
matching was carried out before the calibration code was run. The extraction of

calibration information then proceeds as follows:

1. Assign clusters to tracks on the basis of the already derived matching infor-

mation
2. Swim each track through the calorimeter producing a list of hit crystals
3. For each crystal find the corresponding measured energy from the cluster

4. Store the measured and predicted energies for each crystal along with other

useful information

Once this data has been accumulated for all available, usable runs, it is analyzed in

PAW via ntuples to determine the necessary correction factor for each crystal.

4.3.6 Swimmer Performance

In order to have confidence in the SwimTracks extrapolation it was necessary to
carry out some performance tests to check that it was behaving as expected. Plots
which compare the predicted energy to the MC truth energy are shown in figure 4.2.
The aim is to show that the swimmer’s estimate of deposited energy is reliable.
The MC events used were cosmic ray muons generated via the BEGET event gen-
erator [54]. The simulated momentum spectrum has a functional form of 1/p* for

momenta between 1 GeV/c and 1000 GeV/c. Another way to visualize the accuracy
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of the swimmer is to plot points along the extrapolated trajectory and compare
them to where the simulated particle really went. SwimTracks provides 3D position
information at the entrance and exit point of each crystal traversed. The GEANT
simulation of the detector provides one ‘G-hit’ per crystal. These G-hits are always
associated with a position corresponding to 0.5 cm inside the crystal, along the par-
ticle trajectory. Thus we can get an idea of the accuracy of the extrapolation by
putting all these points together on one plot. Some examples are shown in figure 4.3
as a projection on to the x-y plane of the detector coordinate system. The top two
plots show typical simulated cosmic tracks of different momentum which have been
accurately imitated by the swimmer. Note that there are two swimmer hits for each
crystal, an entrance and an exit point, whereas there is only one GEANT hit per
crystal, offset from the true entrance point by 0.5cm. The bottom left plot is an
example of when the drift chamber has found a complete two-track cosmic event
and the swimmer has extrapolated correctly in both directions. The bottom right
plot shows a less accurate extrapolation, perhaps where the initial direction of the
track at the start of the EMC was wrong. However, even in a case like this, the

crystal energy deposit predictions should still be quite reliable.

There are of course intrinsic sources of error in this method which mean that the
swimmer is not expected to get it right every time. Therefore it is more realistic to
check that the track extrapolation is reasonably accurately on average. The main
contributions to any fluctuation about this average are then multiple scattering of
the particle as it passes through detector material and the measurement resolution

of say, the drift chamber in determining the initial track direction.

4.3.7 Derivation of Calibration Constants

Once satisfied that the swimmer is doing as good a job as can be expected, the next

step is to derive the calibration constants by fitting to the distribution of measured
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Figure 4.2: Plots of predicted energy minus MC truth energy for single crystals

(top) and clusters (bottom). The shape in each case is asymmetric with the peak

slightly above zero. This is expected since for each data point the MC truth energy is

from a Landau distribution and the predicted energy is from the mean of a Landau

distribution.
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energy divided by predicted energy for each crystal individually. The fitting function
found to be most useful and versatile for this purpose with the cosmic data was the
Gaussian plus Breit-Wigner lineshape as described in the previous chapter. After
fitting, the position of the peak of the Gaussian part of the function - which should
be a good estimate of the peak of the distribution - is extracted. The calibration
constant for that crystal is then just the inverse of this number, that is the scale

factor which will shift the peak to one.

Before making the energy ratio plot, both the measured and predicted energies were
required to be less than 1 GeV. In addition, the measured energy was required to
be at least 20 MeV to reduce the effect of low energy noise in the calorimeter. The
ratio was then formed for the range 0 < Ej,cqs/Eprea < 2 and only crystals with at
least 200 events in this plot were considered. After the fit, only results with a x? per
degree of freedom of less than 10 and fractional error on the calibration constant
of less than 0.1 were kept. Finally, the constants themselves were restricted to lie
between 0.6 and 1.7. All these post-fit cuts are aimed at rejecting bad fits and there
is probably some degree of correlation between them. With all the above criteria,
it was possible to provide calibration constants for 3166/6580 crystals. The rest
correspond to dead or noisy parts of the calorimeter that were deliberately excluded
as well as low statistics areas and individual crystals that failed one or other of the

cuts. Some of the relevant quantities are shown in figure 4.4.

A plot of the (0, ¢) index plane for the EMC is shown in figure 4.5. The boxes show
the crystals for which a calibration constant was provided from the February cosmic
run. The gaps around ¢ = 0, 60 and 119 correspond to the low flux of cosmics in

the horizontal direction.
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Figure 4.4: Distributions showing the cuts on the number of events per crystal as
well as some quality statistics. The dotted lines represent the cut values. The top

left plot does not include crystals for which there were zero events.
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possible.



CHAPTER 4. CALIBRATION OF THE EMC USING MIPS 111

4.3.8 Validation of the Calibration Procedure

The fitting used to derive the calibration constants works rather well on the whole.
Two example crystals are shown in figure 4.6 where one has low statistics and the
other has considerably more events. Both fit well and the estimate of the peak
position in these cases can be faithfully taken from the mean of the Gaussian part of
the fitting function. To validate the final set of calibration constants it is necessary
to see whether the resolution is actually improved when they are applied. The peak
of the Eeas/Eprea distribution should also shift towards one if all is going well.
Figure 4.7 shows Epeqs/Eprea before and after the calibration has been applied.
After fitting the central region with a Gaussian it was found that the peak shifts
in the right direction and also that the resolution improves slightly. However, it
should be noted that the peak was still broader than expected after the calibration
was applied. In retrospect it has been agreed that the most likely cause of this is
a problem with the EMC readout electronics which was only discovered after this

analysis was performed.

4.3.9 Systematic Effects

There is a systematic subtlety here which needs some consideration. The predicted
energy provided by the swimmer comes from Bethe-Bloch curves, which represent
the mean energy loss for a given particle in a given material. We know however,
that the Landau distribution is not symmetric and therefore has its mean shifted
with respect to its peak?. Thus forming the ratio of measured energy to predicted

energy in this case is in some sense like dividing a Landau distribution by its mean.

2This is slightly misleading since the Landau distribution extends from zero to positive infinity
and therefore does not have a mean, as such. Instead, in the practical case being discussed here
one should think of the mean as that of a truncated Landau distribution with the cut off placed

at some suitably high value.



CHAPTER 4. CALIBRATION OF THE EMC USING MIPS 112

225
200
175
150
125
100
75
50
25

B [ y?/ndf 3945 / 20
p=27 Entries=1151

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

o HH‘\H\‘\H\‘\H\‘HH‘HH‘HH‘HH‘HH‘H

EMEASURE/ EPREDHCTED

0 [2/ndf 17.74 ] 19

Entries=210

25

20

15

10

0 Ao Py b b e e b
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

EMEA§URE/ EPREDHCTED
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The resultant distribution for a perfect crystal would have a peak position below
one by some fixed amount and in fact the mean would be at one. This suggests that
either shifting the peak of the energy ratio distribution to one is not the correct
thing to do or that some correction must be applied somewhere to allow for this
systematic shift. The ideal solution would probably be to shift the mean rather
than the peak of the distribution to one. However, this method is fraught with
experimental complications. For the very first data taken by the detector especially,
we are unsure of background and noise levels and it is uncertain how these factors
affect the width of the peak. Coupled with the asymmetric and broad nature of the
distribution for this first data set, this makes the mean a much less reliable quantity
than the peak position. In addition it would be difficult to know with any confidence

where to place the cut-off from which a truncated mean could be calculated.

In the future, the best solution may be to scale the predicted energies before forming
the ratio. For the first analysis however, the peak versus mean discrepancy was
ignored for the main part of the calibration procedure. Only afterwards was a study
done to examine the systematic introduced by calibrating using the peak. The
method involved using the analytic form of the Landau distribution as in appendix B
with ,

(AE),,, =& [111 (5%) - B+ 0.198] : (4.3)
to determine the magnitude of the shift between the mean and the peak of the
distribution for different momenta and pathlengths. Figure 4.8 shows the main
results of this study. It turns out that the difference between the mean and the peak
scales proportionally with pathlength through the crystal and stays fairly constant
over a wide range of momenta. Taking the mean dE/dz of a minimum ionizing
muon in CsI to be 5.6 MeV /cm, the systematic so introduced here is estimated to

be at the level of 7%. That is, the calibration constants produced from the first
batch of cosmic data are high by about 7%.
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4.4 Chapter Summary

This chapter is an account of the preliminary calibration of the BABar EMC at the
level of individual crystals. Since the work described here was carried out there have
been several more iterations, with the calorimeter performance gradually improving
over time with better calibrations. Once beam data was available, a non-radiative B-
habha sample was obtained and also the radioactive source has been used to provide
accurate per-crystal calibration constants. At the level of clusters, the 7° calibration
is currently the preferred method since hadronic data has been available for some
months now. In one sense, these other techniques supercede the muon calibration in
that they were always going to be those used to calibrate the detector once the first
batch of beam data was available. However this is not the end of the story since
the MIP calibration will soon be exercised on p-pair events from the real data set.
This will provide an important point on the energy dependent calibration curve for
physics studies, bridging the gap between the low energy radioactive source and the
high energy Bhabhas. The work done to date on this method has therefore been
highly useful in establishing and understanding the technique which will be used for

many years hence.



Chapter 5

Analysis of B' — J/¢K*V Decays

5.1 Introduction

As mentioned in Chapter 1, this decay channel can be used to measure the unitarity
triangle angle 3 through the neutral decay mode of the K* where K** — K?x°.
There are complications however, due to the fact that scalar — vector-vector decays
lead to a final state which is an admixture of CP even and CP odd. Theoreti-
cally, this provides no additional problem in extracting sin 2/ but it does add an
extra experimental complication. An analysis of the angular distributions of the
vector mesons’ decay products is necessary in order to cleanly extract CP violation

information.

On the practical side, with the data accumulated to date from BaBar it is possible
only to do a preliminary B — J/1¢)K* analysis. The emphasis here is on selection
of the final state particles and combining them to fully reconstruct a neutral B
meson. The yield of Bs in such an analysis then allows an initial measurement of
the B® — J/yK*? branching ratio. The latest measurement of this quantity is from
CLEO [56] who found it to be (1.32+0.1740.17) x 10~. The particle data group [5]
combined value is (1.35 4 0.18) x 1072,

117
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5.2 How to Measure CP Violation in B’ — J/¢ K*’

The starting point here is section 1.7.3 and in particular equation 1.99. The dilution
factor D stands in the way of a clean, direct measurement of sin 23 in this channel
and must be taken into account. This is generally done by analyzing the angular
distributions of the vector meson decay products. Since these depend on the mixture
of different orbital angular momenta in the vector-vector system, it is possible to use
them to determine the relative amounts of CP-odd and CP-even in the final state.
There are two general ways to make use of this feature. The first, typically the way
theorists think about the problem, involves isolating a particular CP contribution by
performing a weighted integral over the data and then looking for g by fitting to the
projected quantity. A more experimentally-oriented approach is to use a maximum-
likelihood method to simultaneously fit for 5 and the chosen angular analysis basis
amplitudes. The various sets of basis amplitudes which are useful for this purpose

will now be discussed.

5.3 Angular Analysis

The decay amplitudes for this process are in general time-dependent but in an
appropriate basis, the angular dependence and time dependence factorize, greatly
facilitating this study. There are three different angular momentum projections
that can be used in this B — V,V; type of decay: the helicity basis, the transversity
basis and the partial wave decomposition. They are all completely equivalent but
quantities defined in these basis states have different physical interpretations, and
therefore lead to slightly different physical insights about the underlying process.
The angular analysis necessary for extraction of CP information in this channel will

be described below but is also well detailed in [55].
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5.3.1 The Helicity and Transversity Formalisms

The helicity basis defines three amplitudes A,, (A = 0,+ 1) which correspond to
the helicity of the Vi or V, in the B — V;V; decay. In the transversity basis, Ag
remains unchanged and the other two amplitudes are defined as the following linear

combinations of the helicity amplitudes [57]:

1 1
= 5+ A) AL=Zs(An -4, (5.1)

It will be seen later that Aj corresponds to transverse polarization parallel to the

A

plane of the other decay and A, to transverse polarization perpendicular to that
plane. While the helicity formalism allows a straightforward determination of the
longitudinal rate, the transversity formalism is convenient for determination of the

CP-odd component of the decay rate.

5.3.2 The Partial Wave Decomposition

It is also possible to expand the helicity amplitudes (and therefore the transversity
amplitudes as well) in terms of partial waves corresponding to the possible S, P
and D orbital angular momenta of the V;,V5 system. The decomposition is read-

ily obtained from the Clebsch-Gordan coefficients for a combination of two spin-1

1 1 1 1 2
Ay = \/;S + \gp + \@D , Ao = —\/;S + \/;D- (5.2)

Thus, from equations 5.1

2 1
AH = \/;S + \/;D and AJ_ = P. (53)

Here it can be seen explicitly that the (—1)“-odd P-wave term is the same as the

particles:

transversity amplitude A, while the other two transversity amplitudes are combi-

nations of the (—1)f-even S- and D-wave amplitudes.
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5.3.3 Time and Angular Dependence

The above relations are valid for any time ¢. To make the time dependence explicit,
it is convenient to work in the transversity basis, where each amplitude contributes

to only one CP eigenstate. Then it turns out that (see equation 1.42)

, Amt Amt
Ag(t) = Ag(0)e Mt T2 (cos ;n +inAs sin ;n)

+ 1Ay sin

, Amt Amt
A(t) = Aj(0)e M T2 (cos o m)

. A A
AL(t) = AL (0)e Mtemlt2 <cos ;nt — inAssin 72nt> (5.4)

where \f = %% and the CP of the final state is ny(—1)%, where 7, is the intrinsic
CP and L is the partial wave of the V1,15 system. In this case n(J/¢(Ksm®)g+) = +1.
The (—1)F factor is manifest in these equations and is responsible for the minus sign
in the expression for A;. From these equations, one can deduce the corresponding

expressions in the helicity or partial wave basis.

The amplitudes for the CP conjugate decay of B°(t) into the final CP eigenstate f

are
Ag(t) = nAy(0)e Ml T2 <cos Ami +inA; ' sin A;nt)
Ay(t) = nAj(0)e M T2 (cos Ami + A} sin Amt)
A1) = —npA, (0)eMte 12 (cos Aml 7 sin Amt) . (55)

Now it is useful to write down the angular distribution for this decay, in order to show
how study of decay angles can allow determination of separate helicity /transversity
amplitudes. For the helicity frame, the conventions as shown schematically in fig-

ure 5.1 are adopted.

If p; is the three-momentum of the Kg in the K*° rest frame, p, is the three-
momentum of the [ in the J/1) rest frame, ¢ is the unit vector along the direction of

flight of the K** and ¢(d) is the unit vector along the projection of p;(ps) orthogonal
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Figure 5.1: The helicity frame for B — J/{YK* — [Tl” K.

to 9(—v), then one can define

costy = U-pi/|p1] costy = —0-pz/|p2|
cosp = ¢-d sing = (éx0)-d

(5.6)

Then the three helicity angles are the polar angle of the [* in the .J/ rest frame 65,
the polar angle of the K in the K™ rest frame #; and the angle between the decay
planes of the two vector mesons ¢, which can lie in the range 0 to 27. Using these
basis angles, the full angular distribution for B decay in the helicity formalism can
be written as

1 T 9 1
I dcosOidcosfody 167 |Ag2 + |Ap 2+ A2

(5.7)

{% (1 + cos? 02) sin” 0, (|A+1|2 + A, |2) + sin? 0, cos? 0, | Ag |?
—% sin? 0, sin® 0, [cos 20Re(A 1 AT ) — sin2¢ Irn(AHA*_l)]
% i1 20, sin 265 [cos SRe (A 41 A% + A 1 A3) — sin ¢ Im (A AL — AlA’O‘)]}
The amplitudes in the above equation depend on time and the angular distribution

is normalized at time ¢. In practice it may be more convenient to normalize to the

total rate, integrated over time.
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The longitudinal polarization ratio is defined as

I |AO|2
R Lo _ 5.8
=T T AP A A T ALP 5:8)

and the transverse polarization is then just Ry = 1 — Ry. To determine this quantity

from data, one can integrate over ¢ to produce
1 d*I’ 9
[ dcosbidcosfy 32

and then a one-parameter fit in the cosf; — 9 cos 6y plane will yield Rj.

(1 — Rg) sin® ;(1 + cos® 6) + %RO cos?6; sin®6,  (5.9)

The relevant angles for the transversity formalism are shown in figure 5.2. The
system is constructed as follows: In the J/v rest frame, the momentum p,, defines
the x axis; the y axis is in the K7 plane such that p,(K) > 0; the z axis then follows
as for a conventional right-handed coordinate system; 6;, is the angle between the
I™ and the 2 axis, and ¢, is defined as the azimuthal angle between the projection
of [T on the K7 plane and the z axis. The third angle is the same 6, as for the

helicity basis.

It turns out that the K* linear polarization must lie in the K7 plane and can be
considered to be either longitudinal (¢4« = Z) or transverse (¢x+« = ). The three

transversity amplitudes are then defined by the direction of the polarization of the

T/

Ag Eg =T €w:f (CP:+)
A Exs =7 ey =17 (cpP=+) (5.10)
AL . 6[(*:(7? 6¢:2 (CP:—)

This reinforces the earlier assertion that A refers to transverse polarization parallel
to the plane of the other decay and A, to transverse polarization perpendicular to
that plane. Just as states of definite helicity are combinations of linear polarization
states, the linear polarization states of this vector-vector system are combinations

of the helicity amplitudes (compare (5.10) with (5.1)).

The angles in the two bases are related by

cosfly = sinb, cos ¢y
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Figure 5.2: The transversity frame for B — J/{YK* — [T~ K.
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sinfhhsing = cos b,

sinfly cos = sin b, sin ¢y, (5.11)

and so the full angular distribution in the transversity basis is:

1 T 9 1
[ dcosBdcosOide, 32w |Ag|? + | A2+ |AL?

(5.12)

{2 cos® 01 (1 — sin® Oy, cos® Pr)| Ag|” + sin® 61 (1 — sin® by, sin® ¢y, )| 4|
+sin? 0y sin? 0| AL |* + sin? 0; sin 20;, sin ¢y, Im(AﬁAL)

1 1
—l—% sin 26, sin? 6y, sin 2¢y, Re(Aj4)) — % sin 26 sin 26;, cos ¢y, Im(ASAL)} )

The parity-even (S + D waves) part of the decay is described by |Ag|? + |A)|? while
|AL|? corresponds to the parity-odd (P wave) component. Thus the parity-odd
fraction can be defined as

_ [ALl”
[ Aof? + [Ay[? + AL

R, (5.13)

In order to measure this quantity, one integrates the angular distribution over ¢,

and 6; to obtain

1 dI 3 3 '
T dcosf - é(l — R+ cos? Or) + ZRL sin? 0, (5.14)
tr

and then R, can be obtained from a one-parameter fit. Such analyses have been

done by CLEO [56] for B — J/¢K* yielding
Ry =10.52£0.07 £ 0.04, R, =0.16 £0.08 £0.04 (5.15)
with relative phases p(A)
P(A)+7=300£037+£004  o(A)=—-011+046+003.  (5.16)

where the 7 comes from the CLEO choice of angle convention and ¢(A) has been

chosen to be 0.
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It should be noted that there are several decay modes which have this same polar-
ization structure and therefore can contribute to the statistics of the angular distri-
butions for this analysis. While only the B® — J/¢ K*°(K°7r%) CP eigenstate mode
and its charge conjugate can be used to extract sin 2/, extraction of CP fractions
from an angular analysis can also incorporate the modes B® — J/¢YK*(K*7r™),

Bt — J/YK*T(K*7%), BT — J/¢YK*t(K°t) and their charge conjugates.

5.4 Practical Requirements

The theory is sound. Now what do we actually need to do with the data in or-
der to measure CP violation in this decay channel? The first step is selection of
B — J/¢K* events from the e*e™ data taken by the detector. This requires iden-
tification of YT(4S) — BB events as well as reconstruction of the J/v, Kg, 7° and
K* composite particles before forming the B meson from the J/i¢ and K*. The
aim of the selection cuts is to provide a clean sample of such decays which implies
rejection of collision events where ete™ — i, dd, 535, ¢, 777~ as well as BB events
which do not produce the specified decay mode. Bhabha and p-pair events will be
automatically rejected since any exclusive reconstruction of B — J/¢)K* requires
at least three charged tracks to be present. This assumes that any K° in a decay
mode in practice means K® — Kg — 7t7~. The same modes with a Kg — 7%7°

or a K, may well be added eventually but are not included in this analysis.

Once a reasonably clean and sufficiently large sample of J/¢K* events is obtained,
one can then proceed to fit the angular distributions in order to determine the dilu-
tion factor D. Of course, how clean ‘reasonably clean’ is depends on such factors as
whether the various backgrounds distort the shape of the distributions significantly.
So, D determines the CP mixture in J/¢K* events but CP violation can only be
seen in tagged J /1 K*°(Kgsm®) decays. For this measurement, we essentially form the

numerator of equation 1.45 where ¢, the difference in time between the two B decays
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is calculated from measurements of the z positions of their decay points. For the CP
mode B this comes from the .J/i¢ vertex. The z position for the tag B comes from
the fitted common vertex of its tracks according to a specially developed vertexing
algorithm. The result is a sine wave modulated by e T/l with an amplitude that can

be directly related to sin 2[.

5.5 The Creation of Data Skims

The events which are stored in the BaABar database by the OPR system as described
in section 2.3.8 can be analyzed offline and samples made which satisfy certain
criteria. The dataset used for this analysis comes from skims over all usable physics
events up to run 9973 (24th October 1999), selecting only those with a candidate for
J/1 — IT1~. Two skims are used in this analysis, one designed to select J/1) — eTe™
and the other to select J/1) — p*p~. A general selection was applied in both cases,
aimed at choosing BB events that might contain .J/1 — [T]~ by cutting on tag!

variables. This is summarized in table 5.1.

A J/4 candidate is defined as two oppositely charged tracks with an invariant mass
between 2.5 GeVand 4.0 GeV. The GoodTracksTight list is comprised of all charged
tracks satisfying the following criteria: p; > 100 MeV/c; p < 10 GeV /c; # DCH hits
> 20; X3, Of track fit > 0; DOCA in the zy plane < 1cm; and abs(z-DOCA) <
3cm. Here DOCA is just the distance of closest approach of the track to the primary
vertex of the event. The GoodTracksLoose list is as the above but with zy-DOCA
< 1.5cm and abs(z-DOCA) < 10 cm.

Additionally, each skim has its own set of cuts applied to the J/v¢ daughters aimed

!The tag database contains event variables such as trigger flags, physics process flags and other
global quantities like those in the table. The idea is to use the tag database to run quickly over a
large dataset, cutting on a few of the quantities, to select a much smaller sample of events for full

analysis.
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Cut Description of Variable
nTracks > 3 Number of charged tracks
nGoodTrackTight > 1 Number of GoodTracksTight
0.4 < plmag < 3.0 GeV Momentum of highest momentum track

0.3 < p2mag < 2.5 GeV | Momentum of second highest momentum track

abs(totalChargeLoose) < 6 Sum of charge in GoodTracksLoose
R2 < 0.7 Ratio of 2nd to Oth Fox-Wolfram moments
Ny >1 Number of J/1 candidates in the event

Table 5.1: The cuts used for general selection of BB events containing a J /v — 111~

candidate from all physics events.

at selecting either electrons or muons. The electron skim requires that at least one of
the J/1 candidates has both tracks identified as electrons. The muon skim requires
that both of the tracks from at least one of J/t candidates have a MIP signature
in the EMC. The IFR has not been used for muon identification in the analysis of
this particular set of data since it was not in full working order at the time. These
criteria are summarized below in table 5.2. The case £ = 0 corresponds to a track

having no associated EMC energy deposit.

5.6 J/1¢ Reconstruction

The most prominent signature of this decay channel is the presence of a convincing

candidate for J/¢ — ete” or J/¢p — ptp~. The J/i signal in the BaBar envi-

0 and also

ronment has low background compared to particles such as the K5 or 7
helps in the rejection of light quark events. Part of the reconstruction of the J/1) is

common to both leptonic decay modes. All pairs of oppositely charged tracks found
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Cut # tracks Description of Variable

Electron Skim

E/p>06o0or E=0 2 EMC energy, DCH momentum
Muon Skim
o0 MeV < E <400MeV or £ =0 2 EMC energy

Table 5.2: The additional cuts used for making individual electron and muon skims
from all physics events. The central column denotes whether one or both of the J /v

daughters must satisfy the criteria.

in the SVT and DCH are required to have an invariant mass between 2.5 GeV /c?
and 3.2GeV/c? after being fitted to a common vertex. The x? probability of the
fit is then required to be at least 1%. The kinematics of the process permit a cut
on the measured momentum of the leptons as well as the J/¢) momentum in the
CMS?. Both leptons must have a momentum greater than 700 MeV /c and one must
be greater than 1.7 GeV/c. The J/1) is restricted to 1.3 GeV/c <pj,, < 1.9GeV /c.
A comparison between data and MC for the x? probability and CMS momentum is
shown in the top two plots of figure 5.3. The mismatch between data and Monte
Carlo for the J/1) CMS momentum is due to the fact that the MC represents only
signal events. The data sample has an accumulation of events around 1.6 GeV/c

also, it is just overwhelmed by the amount of other events in the sample.

5.6.1 J/¢p —ete

The J/1 will decay to electrons 6% of the time. This signal can be detected with
the help of the EMC for identifying the e™ and e~. The E/p ratios for each track are

2The center of mass system referred to throughout is that corresponding to the rest frame of

the Y(45).
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J/ — IT1™ selection.
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formed where E = Egy¢ and p is just the momentum as measured by the tracking
system. The electron selection requires that for both tracks 0.8 < E/p < 1.43.
Tracks are also accepted as electrons if £ = 0, that is there was no associated EMC
energy deposit. This reflects the optimistic view that it is worth keeping them in
case they are electrons, rather than throw them away in ignorance. The distribution
of E/p for both data and MC is shown in the lower left plot of figure 5.3. There
is a significant peak near E/p = 1 for the MC sample since it contains many more

electrons than the data sample.

5.6.2 J/Y— putu

The branching ratio for J/¢ to muons is 6%, the same as for the electron channel.
The primary muon identification device in BaBar is the IFR but it was not fully
operational when this data was collected and therefore no attempt has been made
here to use information from that subdetector. However, as mentioned in previous
chapters, Egy¢ for muons comes almost exclusively from ionization and is largely
independent of momentum. Thus it helps to require 50 MeV < Egye < 400 MeV.
Since the muon channel is not as clean as the electron channel, mainly due to the
absence of IFR information, extra cuts are required to get a clean selected sample.
In this case, tracks with £ = 0 are not accepted. The distribution of measured
EMC energy for muon candidates is shown in the lower right plot of figure 5.3. The
discontinuities at 50 MeV and 400 MeV are due to the preselection cuts described in
table 5.2. The shift between the data and MC peaks shows that the EMC was not
well calibrated at these energies for much of this data set. Additional cuts that are

used for this channel only are described below in section 5.12.

3Values of E/p that are greater than one tend to correspond to high energy particles which
bremsstrahlung early in the detector. The radiated photon is almost colinear and so contributes

to the same EMC cluster as the charged particle itself.
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5.7 KY Reconstruction

Once there is an identified J/1 candidate in the event, the next step is to look for
a possible K¢ — wtn~. The strategy here is to fit each oppositely charged pair
of tracks to a common vertex using an algorithm that allows for detached vertices.
The Ks has a ¢ of 2.68 cm with an average boost of 5y ~ 2.4 and so has a decay
distribution which extends away from the interaction point by a substantial amount.
The vertex fit is required to have x2.,, > 0.01 and the resultant invariant mass must
be between 450 MeV/c? and 550 MeV/c?. The decay point must then be at least
2mm from the primary vertex in the xy plane and no more than 50 cm away in any
direction. The latter cut ensures that there are enough hits in the tracking system
to provide an accurate measurement of the K¢ momentum. To ensure that the
candidate really came from the primary vertex, a cut is made on the angle between
the Kg momentum vector and a line pointing from the primary vertex to its decay
point. This angle must be no more than 150 mrad in the xy plane. Finally, one
can define the helicity angle as that angle between the momentum vector of one of
the pions in the Kg rest frame and the Kg direction. The absolute value of the
cosine of this angle is restricted to |cosfy| < 0.95. This is because one finds that
the background in this decay peaks at | cosfy| = 1 due to combinations of one fast
and one slow track adding to make the K¢ mass. Distributions for the main cut
variables are shown in figure 5.4 and the resultant Kg candidate mass spectrum
is shown in figure 5.5. The overall asymmetry in the cosf@y distribution is due
to the way charged tracks are ordered according to their momenta when they are
reconstructed. This results in the first track in the list of K¢ daughters to have on
average a greater momentum than the second track. Since it is this first track that is

used in the helicity angle calculation, the distribution is biased towards cosfy = 1.
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Figure 5.4: Distributions showing data and signal MC' distributions for the geomet-

rical cuts used to select Kg candidates.
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Figure 5.5: The Kg candidate mass spectrum after all cuts have been applied.
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5.8 7 Reconstruction

Now that there are possible .J/1 and Ky candidates, we look for 7% for combination
with the K in constructing the K*°. The starting point is the list of all EMC bumps
with no associated charged track. All possible combinations of pairs of these photon
candidates is made in an attempt to reconstruct 7° — yv. Combinations are kept
if they have an invariant mass between 70 MeV /c? and 200 MeV /c?. In an attempt
to remove low energy calorimeter noise, then following energy cuts are applied:
E, > 100MeV and E o > 300 MeV. In addition, a lateral shower shape parameter
can be defined

LAT = i ,
SN Eir? + Eyrg + Eyrd

X 2
=3

(5.17)

where the cluster is composed of N crystals with energies F; ordered so that E; >
E; > ... > Ey and rq is the average distance between two crystals (about 5cm in the
BaBar EMC). The polar coordinates r;, ¢; are in the plane perpendicular to the line
joining the interaction point and the cluster center and are shown in figure 5.6. This
variable provides discrimination between electromagnetic and hadronic showers on
the basis of their average properties. In the case of electromagnetic showers, most
of the energy is deposited in two or three crystals giving a small value of LAT. For
hadronic showers, the variable should be closer to one due to the squared distances
enhancing the effect from widely spread hadronic interactions. The photons are
required to have LAT < 0.8. The distributions of LAT, E, and FE,o are shown in
figure 5.7.

No attempt is made here to identify merged 7's, that is decays in which the two
photon showers overlap in the EMC to such a degree that they cannot be resolved
individually. The effect becomes increasingly important at high 7% energies. At
1 GeV for instance, nearly 20% of 7% are merged. This number increases to 70% at

2GeV [58].
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5.9 Building the K*(Ksn")

Once there are a set of K¢ and 7° candidates for a given event, all possible combi-
nations of them are made to form K** candidates. Cuts are placed on the masses of
the Kg and 7% at 467.5 MeV /c? < Mk, < 527.5MeV/c? and 115 MeV /c¢? < Mo <
145 MeV /c? as well as an adjusted 7° energy cut determined from Monte Carlo of
0.3GeV < E o < 1.6GeV. It turns out that this combination of cuts alone does
not give a particularly convincing K*° — Kg¢n° signal. The main culprit is the 7°.
For this data set, the detector is essentially still in a tuning phase where individual
subdetectors are in an iterative cycle of calibration. Of course, this will always be
the case but the hope is that eventually the calibrations become stable. This was not
the case for the EMC while this data was being collected. Thus, the 7° mass peak
appears shifted from the true mass as well as being broader than expected. To help
correct for a poorly calibrated EMC in this data, the 7% calibration as mentioned in
section 4.2.4 was applied. The aim is to shift the 7° and K*° mass peaks closer to

their expected values and possibly also reduce their widths.

5.9.1 ‘Re-calibrating’ the 7°

The method [59] applies corrections to the photon energies with the aim of improving

the position of the mass peak. This is done using the constraint
M? = 2E,Ey(1 — cos a) (5.18)

where M is the true 7° mass, E; are the corrected photon energies and « is the angle
between the two photons as seen from the origin of the BaBar coordinate system.
Equation 4.2 is used to express the above constraint in terms of the correction
coefficients C; allowing them to be extracted from fits to a 7 sample from real data.
The sample was taken from the same data set which is used throughout this analysis

using the same cuts as in section 5.8. Feeding this data into the offline calibration
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program yielded stable, non-zero coefficients for the constant, In E, (In F)? and
(cos0)? terms of the correction function after a few iterations. These constants
were then used to adjust the photon energies at the PAW analysis stage which in
turn necessitated recalculation of the kinematic parameters for the 7%, K*° and B.
When recalculating the K*° parameters, the Ky mass was fixed at its PDG value.
The 7% and K** mass spectra before and after recalibration are shown in figures 5.8

0 cuts

and 5.9 respectively for a subset of the main data sample. The original 7
were not retuned once the this stand-alone calibration was applied. The size of the
data set under consideration meant that it was only practical to derive a calibration
based on some small subset of the data. Once this correction is applied to the entire
data set, the effect is a rather broad peak albeit shifted close to the correct 7% mass.
The original mass cut, for instance, now appears to be rather too tight and some
signal is lost. In the future a full treatment would involve deriving calibrations for
each small data subset individually and tuning the cuts accordingly. However, what
is really worth waiting for is when the 7° calibration is run over each batch of data

immediately after it has been reconstructed and then the necessary constants are

available to all physics users automatically.

5.10 Reconstruction of K* — K*n~ K* — K—n"

Looking for the K* in its partner mode to two charged tracks is an entirely different
proposition. On the one hand there is no 7° to worry about and on the other there
is now a charged kaon in the decay, which would benefit from some form of particle
identification. The fundamental problem with this data set is that BABAR’s primary
kaon identification device, the DIRC, was not fully installed when the data was

taken. Thus no attempt has been made here to use this device.

When forming the K** candidates, all oppositely charged combinations of pion and

kaon candidates are used where the list of kaons is just a copy of the list of all charged
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Figure 5.8: The vy mass spectrum before and after recalibration. The peak has

clearly been shifted to the vicinity of the expected ™° mass (135MeV /c?).
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Figure 5.9: The K** — Kqn° candidate mass spectrum before and after recalibration.

The expected K*° mass is 896 MeV /c*.
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tracks with their masses set accordingly. The vertexing routine used to fit the tracks
to a common vertex is the same as that used for the J/1¢) — (]~ decay. The K
system is then subject to a loose mass cut of 0.7GeV/c? < Mg~ < 1.1 GeV/c? to
cut down the amount of data that is stored in the ntuple. At the PAW analysis
level, only combinations with a x? probability for the vertex of greater than 1% are
accepted. The momentum of the K** in the CMS is restricted to 1.45GeV/c <
Pk« < 1.7GeV/c and the invariant mass is required to be within 75 MeV/c? of
the PDG value. The distributions of yx? probability and CMS momentum for the
K* candidates is shown for data and MC in figure 5.10. In the case of the CMS
momentum, the two distributions do not compare exactly since the MC sample
consists of signal events whereas the data sample contains a much greater proportion

of background.

5.11 Building the B’ from J/¢ K*(Kgr")

The BY is initially formed from all combinations of J/v¢ and K*° candidates while
requiring that the K points back to the J/1 vertex within 200 mrad and subject
to the mass cut 5 GeV/c? < Mp < 5.5GeV/c?. The K*° mass must be between
0.7GeV/c?and 1.1 GeV/c?. When the kinematic quantities of the B? candidate are

recalculated following the 7° recalibration, the J/v¢ mass is fixed at its PDG value.

5.12 Building the B’ from J/¢yK*(K*n¥)

One more readily expects to see evidence of a signal in this channel than the previous
mode since it has a higher reconstruction efficiency as well as a branching ratio that
is roughly four times larger than the K** — Kq¢7m° channel. The reconstruction of
B candidates proceeds largely as described above with a mass cuts of 5GeV/c? <

Mp < 5.5GeV/c? and 0.7 GeV/c? < Mg~ < 1.1 GeV/c?. A full fit is now performed
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Figure 5.10: The x? probability distribution, CMS momentum spectrum and mass

spectrum for K*0 — Ktn~ candidates. The MC sample is for signal events.
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on the four tracks that compose the B? candidate. Constraints are imposed such
that the .J/v¢ daughters come from a common vertex and yield the correct .J/¢) mass.
The K*Y daughters are also constrained to come from a common vertex and the two
vector mesons must point back to the same point, representing the decay of the B°.
It is then the fitted parameters which are used to calculate the kinematic parameters
AF and M, as described in the next section. Also, the R2 parameter described above

was required to be less than 0.4, to further aid continuum background rejection.

As mentioned above, further cuts are applied to the J/¢ — ptp~ mode when
reconstructing the B in this channel. Firstly, it is required that the fits of the J/4
and K*° to their respective vertices must have converged. A kind of pseudo-x? is
then formed to provide some measure of the separation of the two vertices. It is

written as

Y K*\2 (1/1_ K*)Q Y K*\2
Vg — U v v vz — U
X = J ( ) Y v ( ) (5.19)

Oty T Okew  Opy +0%kny  Oh, + 0k,
where the v; and o; are the coordinates and errors respectively of the J/t and K*°
vertices. Since the two vertices should be at the same point, a cut is placed such
that the x? must be less than 20. The pull distributions for the separation of the

two vertices in x,y and z are shown in figure 5.11.

A cut is also placed on the angle between the K** and one of the leptons from
the J/¢ in the rest frame of the J/¢. The absolute value of the cosine of this
angle is required to be less than 0.7. The motivation for this requirement comes
from knowledge of the angular distributions of the vector meson decay products in
B — J/¢YK*. A comparison of this ‘helicity angle’ for data and MC is shown in
figure 5.12. After all these cuts it is useful to look at the composition of the final
sample to check that the right kind of events are being selected. For instance, the
mass distributions for the /1 in both the electron and muon channel after all cuts

are shown in figure 5.13.
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Figure 5.11: Pull distributions for the separation of the J/v and K*° vertices.
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Figure 5.13: The mass peaks for J/¢ — ete™ and J/vb — muTmu~ after all cuts

in the analysis.

5.12.1 The Search for a Signal

Once all the cuts have been applied, the resultant sample of putative B°/B° candi-
dates is examined for any evidence of a signal above the background expectations.
The currently accepted method employed in BABAr physics analyses for doing this in
exclusive B decays involves plotting AE against M,. The AFE variable is the mea-
sured energy of the B candidate minus y/s/2. Thus it is expected to peak around
zero for signal and is a check that one B candidate really does correspond to one
half of the event. The other thing to check is that this combination really is a B
meson and one way of doing this is to form the beam-constrained mass M, from
\/$/4 — p% where pp is the measured three-momentum of the B candidate. Thus
any signal will show up as an excess of events around (5.279 GeV /c?, 0.0 GeV) in
the My, AE plane This excess is quantified by drawing a ‘signal box’ on the plot.
One finds the resolution on AE and M, from the data (or Monte Carlo if sufficient

statistics are not available) and defines a three standard deviation signal region.



CHAPTER 5. ANALYSIS OF B® — J/yK*® DECAYS 147

Events outside this region are assumed to be background dominated. Taking the
ratio of the area of the signal box to the area of the plot minus the signal box allows
one to make a rough estimate of the expected number of background events inside
the signal box. One then decides whether there is good evidence for a signal on the
basis of how many events are remaining after the background has been subtracted

from the signal region.

5.13 Monte Carlo Analysis

Practically the same analysis was performed on a sample of 1000 Monte Carlo events
as was used on the data itself. The events are all ‘signal’, where ete™ — B°B® and
one of the B’s subsequently decays to J/1K*® where J/vy — [*]~ and K** — K*77.
The full selection chain was carried out and the individual efficiencies were found to

be as shown in table 5.3.

B — J/¢YK*® analysis 29 + 2

Selection MC Efficiency
B-like event (97 £ 3) %
At least one J/1 candidate (82 +£3) %
J/p — ete” (86 +5) %
S — ptp” (94 £5) %
( ) %
(21£1) %

All cuts (# in final sample/initial # of events)

Table 5.3: Efficiencies from Monte Carlo of the different stages of selection for the
BY — J/YK*(K*nT) analysis.
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5.14 Calculation of the B’ — J/yK* Branching
Ratio

In order to make a measurement of the branching ratio, one first carries out the
background subtraction in the AE, M, plot as described above. The events remain-
ing form the final signal sample, but it is necessary to know the original number of
B® — J/¥K*" events before any selection and so the signal efficiencies of these selec-
tions must be known. In particular, efficiencies must be known for the general .J/
selection, the electron and muon skims and the cuts of the J/¢K*® analysis. The
final result is then simply the number of signal events in the original (pre-selection)
sample divided by the number of B present in the original sample. The latter is
determined from the luminosity of the original data set, suitably corrected by tak-
ing the T (45) resonance lineshape into account. The BaBar charmonium group has
quoted the corrected luminosity for the first set of skims as 602pb~!. Taking the
BB cross-section from table 2.2.2, this yields 602pb " x (1.05 x 10*)nb = 6.32 x 10°
neutral B mesons. There is an implicit division and multiplication by two in the
above, since half the events produce charged B mesons but for each event with
neutrals, there are two mesons. Figure 5.14 shows the raw B mass, the AE, M,
plane, and AE and M, separately for the K** — K*7¥ channel. For comparison,
the same plots for signal MC are shown in figure 5.15. In the case when there is
more than one set of quantities for a given event, the set which has AFE closest to
zero is chosen. Subtracting background from the signal region of the AFE, M, plot
as described above yields 12.6 events. The total efficiency for signal events in Monte

Carlo is 21.4%. The branching ratio is then

=0.3x107°.

12.6
B BO 47— K*O K:I: F)| =
R[B" = Jfp ) KK )] = 5o (6.32 x 107)

Only the data sample representing the charged decay of the K*° has been used here.
For completeness, the kinematic variables for the B® — J/¢K*(Kgn%) channel are

shown in figure 5.16 for data and in figure 5.17 for signal Monte Carlo.
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Figure 5.14: The relevant kinematic quantities for the final B® — J/¢YK*(K*n¥)
sample. AE and M, have been fitted with lineshapes composed of a Gaussian peak
and a flat background. The signal box in the 2d plane represents 3o either side of
the peaks.
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Figure 5.15: MC - The relevant kinematic quantities for the final B°
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J/YK*(K*nT) sample. AE and M, have been fitted with lineshapes composed

of a Gaussian peak and a flat background. The signal box in the 2d plane represents

3o either side of the peaks.
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Figure 5.16: The relevant kinematic quantities for the final B® — J/WK**(Kg7P)
sample. AE and M, have been fitted with lineshapes composed of a Gaussian peak
and a flat background. The signal box in the 2d plane represents 3o either side of
the peaks.
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5.15 Error Analysis

There are errors on the three quantities in the branching ratio equation. The uncer-
tainty on the total neutral B meson yield comes from the estimate of the eTe™ — bb
cross-section as quoted in the BaBar physics book [60], (1.05 £ 0.1)nb. The sta-
tistical errors on the Monte Carlo efficiency and the background subtracted signal
yield were taken as v/N. In addition there are systematic uncertainties due to how
much faith can be put in both the MC efficiency and the background estimate from
which the final signal yield is derived. It has been estimated that the size of the
uncertainty on both the final number of signal events and the MC efficiency is 10%.

Adding these contributions in quadrature gives a final result of
BR B — J/y(ITI7)K*(K*7 %) = (9.3 + 2.7+ 1.6) x 10°°

where the first error is statistical and the second systematic. This is to be compared

with the currently accepted value of
(1.35£0.18) x 1072 x (0.1203 £ 0.0027) x 0.67 = (1.09 & 0.15) x 10~*,

The three terms in the above product are the branching fractions for B® — J/¢K*°,
J/p — 1717 and K*° — K*77 respectively.

5.16 Chapter Summary

An analysis has been developed to select B® — J/#K* events using the BaBar
detector. It has been shown how the EMC can be used for electron and muon
identification as well as providing useful discriminating variables for 7 selection.
A clean K sample can be achieved by using a variety of geometrical cuts using
information from the tracking system. The technique of using the so-called m°

calibration to improve the 7° and K** — Kg¢m¥ signals has been demonstrated to
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be beneficial, especially given the relatively uncalibrated energies in this data set.
Furthermore, this selection has been used as part of a full analysis chain, going right
through to the measurement of the B® — J/v K** branching ratio using the charged
decay mode of the K*°.

Prospects for the analysis of this B meson decay mode look good. With a well cali-
brated, fully working detector running in b-factory mode the quantity and quality of
data produced should allow not only a considerable refinement of this measurement,
but also determinations of the dilution factor and sin 23 as described at the start of

the chapter.



Chapter 6

Conclusions

The BaBar experiment has been running since May 1999 with the main aim of
measuring CP asymmetries in the B meson system. A comprehensive description
of the phenomenon of CP violation within the standard model has been given along
with its relevance for this experiment. The measurements from BaBar can be used
to over constrain the unitarity triangle through the analysis of many different B
decay modes. One of the decay modes which can be used to measure sin 2/ is
BY — J/YK*(Kgr®). The analysis in this case is complicated by the need for
study of the vector meson decay angles, which is facilitated by the addition of
non CP-eigenstate modes: B’ — J/YK*(K*n¥), B* — J/YK*(K*7%) and
B* — JIWK**(Kgr?).

One of the principal components of the detector is a Csl crystal electromagnet-
ic calorimeter (EMC). The importance of calibrating this device accurately and
through several independent methods has been stressed. A description of the work
done to date on the minimum ionizing particle calibration for correction of single
crystal energies has shown that this method will work well in conjunction with oth-
er calibrations to provide a well calibrated EMC at all energies of interest. It has

already been demonstrated with some success using cosmic ray muons.
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A well calibrated EMC will come into its own as a particle identification device,
particularly for electrons and photons. However there is also evidence that this
device can be used to provide some level of muon discrimination by virtue of the
minimum ionizing nature of these particles. The distributions of deposited energy
of the various particle species have been studied, and the software developed to
provide particle identification statistics for the muon hypothesis based on certain

characteristics of particles in the detector.

An analysis of the two main B® — J/¢K*® decay channels was performed with
the first 6 months worth of data from the experiment, some of which uses the
cosmics-derived EMC calibration. Selection of the electrons and muons for J/1
reconstruction uses information from the EMC, and a first test of the 7° calibration
machinery has been shown to improve the K*® — K¢m® signal. The branching ratio
for B® — J/¢(IT17)K*°(K*7F) has been measured as (9.34+2.741.6) x 10~ which
is in agreement with the expected value. The prospects for this decay channel given
greater statistics from the experiment look very good and over time it will provide

an invaluable contribution to the constraints on the unitarity triangle.



Appendix A

The Bethe-Bloch Formula

The Bethe-Bloch formula describes the mean rate of energy loss (or stopping power)
by ionization of a charged particle [5] :
dE 2Z 1 (1, 2me B T
_— = —— | —1n
dr 7 AR |2 2

Here T1},4; is the maximum kinetic energy which can be imparted to a free electron

J

— 5 - 1k (A.1)

in a single collision, the kinematic variables § and - have their usual meanings and
the other variables are defined in table A.1. In this case the units are chosen so that

dzr is measured in mass per unit area (g cm ).

It is helpful to now point out the main features of this formula (see figure 3.2 for an
example). Firstly, there is a minimum - at a few hundred MeV for muons - with a
steep slope on the low side and a more gentle rise on the high side. This ‘relativistic
rise’ is caused by an extension of the particle’s electric field with increasing energy
such that the distant-collision contribution to equation A.1l increases as In fvy. In
reality however, the medium becomes polarized, limiting this field extension and
flattening out the rise. Thus the rate of increase of energy loss above the minimum
is relatively slow and generally any particle travelling at a momentum greater than
that corresponding to its minimum ionization in the medium is referred to as a

minimum ionizing particle(MIP).
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Table A.1: Summary of the Variables Used in the Bethe-Bloch Formula
Symbol | Definition Units or Value
E Incident particle energy MeV
T Kinetic energy MeV
mec® | Electron mass X c? 0.51099906(15) MeV
Te Classical electron radius 2.81794092(38) fm
€2 [Amegmec?
N4 | Avogadro’s number 6.022 136 7(36) x10?® mol™!
z Charge of incident particle in units of electron charge
A Atomic number of medium
A Atomic mass of medium g mol !
K/A | 4rNgr’m.c®/A 0.307075 MeV g~! ¢cm?
for A=1 g mol !
1 Mean excitation energy eV
0 Density effect correction to ionization energy loss
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Appendix B

The Landau Distribution

In thin materials, the ionization energy loss of a charged particle is given by a small
amount of interactions, each with a wide range of possible energy transfers. This
gives a characteristic shape to the energy loss distribution. An approximation to

the classical formulation of Landau can be written as [44]

V) = e 30 (B.1)

where A\ represents a normalized deviation from the most probable energy loss

(AE)my:
AE — (AE)p, A
- (g S KZ%X. (B.2)

Here AF is the actual loss and & the average energy loss given by the first term

A

in the Bethe-Bloch formula. The symbols in the expression for £ are defined in
appendix A apart from p which is the density of the medium in question and X
which is the pathlength in the material. An expression for (AE),,, can be found
in [53].

The shape of the Landau distribution is shown in figure B.1 for a 500 MeV /¢ muon
traversing 1cm of Csl. The long tail for large energy losses corresponds to interac-

tions where one or more energetic 0 electrons are produced. Thus the distribution
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is asymmetric and the mean - the variation of which is described by the Bethe-
Bloch formula - is generally higher than the peak value. In fact, there is no well
defined mean theoretically since the distribution goes to infinity. In practice how-
ever, one chooses some high cut off (often arbitrarily) and calculates the mean from

the truncated distribution.

0.25 —

0.2 —

0.1 —

0.05 —

O L L L L L L L L ‘ L L L L ‘ L L L L ‘ L L | [ | ‘ | 1 1
3 4 5 6 7 8 9 1

Energy Loss (MeV)

Figure B.1: The Landau distribution for a muon with momentum 500 MeV /c travers-

ing 1cm of Csl.
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