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Abstract

LHCb is a b-physics detector experiment which will take data at the 14 TeV LHC
accelerator at CERN from 2007 onward. In this thesis I present two main areas of work
relating to LHCb; firstly an investigation of a novel pattern recognition method in the
LHCb RICH detectors and secondly a study of LHCb’s potential to reconstruct and
identify B — K 7 decays.

The pattern recognition studies presented here make use of a Markov Chain sampler to
identify Cerenkov rings on a detector pixel array. The method presented does not use
the tracking information required by the standard LHCb particle identification system.
Studies have been performed to characterise the performance of the trackless ring-finder
in the RICH2 detector and to investigate the sources of untracked rings. The ring-
finder performance is seen to seriously degrade in high-occupancy regions, indicating
that tracking information s required for realistic particle ID in LHCb. The sampler
has also been integrated into the RICH2 background-estimation system, which per-
mits robustness studies of the RICH particle ID system. Finally, I show that particle
identification performance can be improved by use of the ring sampler for background

estimation.

The study of B— K 7 decays also makes use of a multi-variable sampler, used to optimise
the signal significance of signal-selection cuts. Using several types of cut definition, cut
sets have been determined which show that LHCb expects to reconstruct (90.0 £ 6.2)k
By — K" 7~ decays and (6.9+0.6)k BT — K2 (777~) 7" decays in a year of operation
with optimal signal significance. Robustness tests of the selection variables show the
cuts to be largely resilient to systematic shifts of 4 20% around the optimised values,
although the data set is statistically limiting. It is anticipated that, in its first year of
operation, LHCb will improve the statistical precision on the CP observables for B — K7

decays by an order of magnitude over that currently offered by the b-factories.



iv

The branching ratios of the considered B — K 7 processes can be used, in principle, to
both bound and to constrain the CKM weak phase «. The predicted experimental un-
certainties after one year of LHCb data-taking will tightly constrain the v constraint,
offering statistical errors of Ay € [0.3°,2.9°]. However, the value of v depends strongly
on theoretical predictions of penguin-to-tree process amplitude ratios and the theoretical
uncertainty on this renders the method unhelpful at present, placing an additional vari-
ation on v of ~50°. Hence, these decays are identified for now as more useful in enabling
LHCb to constrain the effects of new physics in electroweak penguin loops than as a

direct method to measure ~.
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Preface

This thesis describes my research on various aspects of the LHCDb particle physics pro-
gram, centred around the LHCb detector and LHC accelerator at CERN in Geneva.
Two main areas of work are described: studies relating to pattern recognition in the
LHCD ring-imaging Cerenkov (RICH) detectors and an investigation of the potential of

LHCD to reconstruct and extract CP violation physics from B — K7 decay modes.

To place my own work in context, I first summarise the physics of b-hadrons and in
particular their relation to Standard Model CP violation: this is the subject of Chapter 1.
The approach of the LHCb collaboration to investigating this physics, especially the
design parameters of the LHCDb detector, is described in Chapter 2. Chapter 3 focuses
on new approaches to pattern recognition in the LHCb RICH detectors.

Finally, three chapters are devoted to the description of B— K 7 decays. Chapter 4
reviews the flavour physics potential of these decays and the phenomenology required
to extract meaningful physics from their measurement, then Chapter 5 describes the
approach taken to reconstructing and selecting these decays using LHCb. The potential
for LHCb to extract CP-violation physics using these decay channels is considered in
Chapter 6.
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Chapter 1
CP violation in the B-meson system

“Laws were made to be broken.”
— Christopher North 1785-1854

Symmetries, either intact or broken, have proved to be at the heart of how matter
interacts. The Standard Model of fundamental interactions (SM) is composed of three
independent continuous symmetry groups denoted SU(3) x SU(2) x U(1), representing
the strong force, weak isospin and hypercharge respectively [1,2,3]. The breaking of
such symmetries is also significant: the Higgs mechanism uses the spontaneous breaking
of the Standard Model SU(2) x U(1) symmetries to the U(1) of electromagnetism to

generate masses for the appropriate fermion and boson fields [1].

The above examples are all continuous symmetries, which are formally connected to
the gauge-current formalism around which all of modern particle physics is built [5]. But
what of discrete symmetries? The Standard Model contains several conserved quantities
which are not protected by any explicit “custodial” symmetry but merely happen to be
conserved by every constituent interaction in the theory: baryon and lepton number are

prominent examples of this.

Another set of prominent discrete symmetry operations with special position in the
Standard Model are the charge conjugation (C), parity (P) and time-reversal (7°) oper-

ations [0]. These operators are defined as follows, using Lorentz four-vectors:

e (C: transforms particles into antiparticles while leaving e.g. spin and momentum

unchanged;
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e P: spatial inversion such that (ct, x) — (ct, —x); and

e 7: time inversion such that (ct,x) — (—ct, x).

The transformation properties of fields under these operations are used to class them
as scalars, pseudoscalars, vectors or tensors. Additionally, local quantum field theories
require for consistency that the combined CP7 operation be a good symmetry of the
theory [7]. The experimental discovery that the combined CP operation is not a good
symmetry of weak interactions [%] and the theoretical development of models to explain

such a violation is the motivation for the work described in the rest of this thesis.

1.1 Neutral meson mixing

Before discussing CP violation however, we must consider the oscillation phenomenon
in neutral meson systems. Mesons are colour-singlet states composed of a quark and an
anti-quark, for example ud is a 7+ meson. In neutral mesons the quark-antiquark pairs
are both of either up- or down-type. For example, the K meson is a ds state, the D°

meson is u¢ and the B-system contains two neutral mesons: B} = bd and B? = bs.

The possibility of neutral meson mixing was first proposed by Gell-Mann and Pais in
1955[9]. Their suggestion was based on the observed lack of flavour conservation in weak
decays (although at the time, this was phrased in terms of violation of the strangeness
quantum number as the parton level description had not yet evolved). Their description
in terms of neutral kaons freely mixing into their anti-particles can be extended to many
other neutral mesons, of which the ones primarily encountered in b-physics are Bgfﬁg
and B-B.

We can go a long way with an effective Hamiltonian approach in canonical single-
particle quantum mechanics. To do this we construct a wavefunction from a combination

of a generic neutral meson state | X°) and its anti-state | X°):

() = a(t)|X®) + b(t)| X7) (1.1)
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which is governed by a time-dependent matrix differential equation,

Z% ay My — 5T My — 5T a ‘ (12)
b M7y — 5T'7y My — 519 b

H

Here the Hamiltonian matrix H is decomposed into the component mass and decay
matrices, M and I' respectively. The assumed invariance under CP7 implies that the
particle and antiparticle masses and lifetimes are equal, i.e. My; = My = M and
I'7 = 'y, = I'. Diagonalising H leads to two stationary eigenstates which can be

expressed as linear combinations of the input states:

| X1) = p|X?) + ¢[X°) (1.3)
| X5) = p|X°) — ¢[X°) (1.3b)

where the admixture constants p and ¢ are complex numbers with the normalisation con-
dition |10|2 + |q!2 = 1. By the standard diagonalisation procedure, the energy eigenvalues
obtained are

Erp =Mz = 5Ti

(3
M 0~ T (3~ T (1.4

AM ) Al
(M=) - re2).
(r=5) -3(r7 )

From this we can identify AM = M, — M; and AI' =T'y — I'y where M; 5 and ' 5

are the masses and widths of the corresponding eigenstates. Similarly the eigenvector

equation (H— ET)(p, + q)T = 0 constrains p and g:

M* — 2%
1_ /222 12 (1.5)
p Mg — 5T
Re-arranging and substituting the inverse eigenvalues as time constants in the sta-

tionary state phase evolution of (1.3a) and (1.3b), we obtain time-evolution expressions
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in terms of the initial X° and X° states:

[X°(1) = f+(O)]1X°(0)) + ]% f-@)IX%(0)) (1.6a)

[XO(t)) = f+ ()] X°(0)) + g f-®)1X°(0)) (1.6b)

with fo (t) = 1 [e7=2t)f 4 em(M2=312)1] * The probabilities of obtaining |X°) and

|X°) states with a measurement at time ¢, assuming an initially pure |X°) state, are

hence
p(x0=x: 1) =[x x| = | 0] (1.72)
p(X* =X ¢) = [(X x| = |2 1] (17h)
with
Fe] = 3 [e ™ 4 e 20 T eos (A0 (18)
where
= 1(F1 + Ty). (1.9)

2

In equation (1.8), the last term describes the oscillating character of X° and X°
content in an initially pure X° state. The characteristics of the oscillation are determined
by the oscillation parameter x = |AM|/T. Since z is the ratio of the oscillation and
decay rates, larger values of x correspond to greater likelihoods of oscillation before
decay. In Figure 1.1 the probabilities of finding an X° and an X° from an initial X"
state for various values of z are shown as a function of time, with the assumption that

lg/p| = 1. As we shall see later, this assumption is equivalent to conserving CP.

The sub-figures of Figure 1.1 have been chosen to correspond to K°-K° mixing,
BY-BY mixing and BY-B? mixing respectively. In the case of neutral kaon mixing the
mass difference between the physical (K3 and K?) eigenstates is very small: ‘AMK‘ ~
3.29 x 107" GeV/c [10]. The K§ and K} have very different lifetimes due largely to the

rapid decay of K§ into two pions and so I's > T',. Overall, zx & 1.

By contrast, for B°-B° mixing the decay rates of the physical B, y states are ap-

proximately equal so I', & I'y. However, in direct contrast to the kaon system, the
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Figure 1.1: Neutral meson mixing plots, corresponding to (a) K°-K° mixing,
(b) BY-BY mixing and (c) B-B? mixing, starting from a pure X° state. The
solid lines illustrate the probability of the X state and the dotted lines show
the probability of the X°.

eigenstate mass differences are large: AMy = (3.30+0.04) x 10'® GeV/c and AM, >
9.5 x 102 GeV/e (95% C.L.) for B} and BY respectively [10]. When combined with the
measured B and B lifetimes, 74 = (1.542 +0.016) ps and 75 = (1.461 & 0.057) ps respec-
tively, we obtain corresponding oscillation parameters z4 = 0.77 +0.01 and x5 > 20.6.

These describe oscillation behaviours as shown in the two lower plots of Figure 1.1.

1.2 Introduction to CP violation

We have already introduced the C, P and 7 discrete symmetry operators and noted
the dependence of local quantum field theories on symmetry under the combined CP7T
operation. Historically it was expected that all fundamental interactions conserved all
three discrete symmetries and, even when the weak force’s maximal parity violation was
discovered, the expectation was that the combined CP operation would remain a good

symmetry of the theory.
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An example of this is easily seen in weak decays involving neutrinos:

" —ety, AN T —e VS Z, T —e Ve (1.10)
where the significance is that the pure charge-conjugation transformation C produces a
left-handed Vg state which is not observed in nature. The additional parity operation P

resolves the problem by constructing the right-handed electron anti-neutrino 7.

It was therefore a surprise when Christensen, Cronin, Fitch and Turlay discovered
CP-violation in weak decays of neutral kaons in 1964, specifically in the observation
of the decay K{ — " 7~. Defining |KY) = 1/v2[(K°— K") + ¢(K°+ K°)], the first
measurement of CP-violation established € = 2.3 x 10 — a small effect compared to

the maximal weak-current P-violation [3].

1.2.1 Cosmological connections

After the measurement of explicit C- and C’P-violation in kaon decays, Sakharov argued
in 1967 that CP-violation is one of the minimal conditions which must be met in the
early universe to explain the emergence of the observed cosmological baryon—antibaryon
asymmetry from a presumably symmetric distribution at the Big Bang [l 1]. Sakharov

stipulated three such conditions on early-universe physics:

1. C and CP-violating processes;
2. conditions of thermal non-equilibrium, specifically a phase-transition; and

3. baryon number violating processes: baryogenesis/leptogenesis.

These conditions are subject to several technical restrictions. Prominently, in the
post-LEP era with confirmation of the Glashow-Weinberg-Salam electro-weak Standard
Model [1, 2] it is tempting to assume that the electroweak phase transition is an appro-
priate candidate to match the second Sakharov condition. However, the phase transi-
tion must be abrupt (technically a strong “first order” transition) and for Higgs boson
masses my > 45 GeV/c the electroweak phase transition is smooth (second order)[12, 13].
The role of the electroweak transition in generating the cosmological matter—antimatter

asymmetry is unknown.

Baryon number violation is connected to new physics processes: in particular leptoge-

nesis and lepton number violation through Majorana neutrinos and anomalous processes
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(the “sphaleron”) are popular mechanisms. These both result in breaking the “acciden-
tal” B and L symmetries but retaining a combined baryon-lepton number, B — L which

is globally respected [14, 15, 13].

Non-hadronic CP-violation (i.e. CP-violation in the Higgs or lepton sectors) is prob-
ably the dominant contribution to cosmological CP-violation since the hadronic sector
does not contain enough CP violation to account for the observed Sakharov matter-
antimatter asymmetry, at least in the most standard cosmological scenarios |16, 17]. The
apparent inability of Standard Model CP-violation to generate a cosmological matter-
antimatter asymmetry encourages searches for CP-violation in new physics and in the

leptonic sector following the confirmation of non-zero neutrino masses.

1.3 C7P-violation in B-mesons

We will now review briefly the phenomenon of neutral meson mixing and the three
forms in which meson CP violation can be manifest: mixing, decay and interference.
For generality the description will be continued in terms of arbitrary “X” mesons but

our emphasis is clearly on the more specific case of B-mesons.

1.3.1 C’P-violation in meson mixing

CP-violation can be introduced into the formalism for neutral meson mixing already
introduced by setting |¢/p| # 1. This is called CP-violation in meson mixing and
is often referred to as indirect CP-violation. To see how this works, we note that CP
invariance in the mixing is represented by equality of off-diagonal elements in the effective
Hamiltonian, i.e.

Z * 7/ *
‘Mm — §F12‘ = ’Mm - §F12

= CP-invariance in mixing. (1.11)

Physically this corresponds to equality in the rates for X® — X and X° — X° tran-
sitions. In equation (1.5) we see that violation of the equality in equation (1.11) corre-
sponds to |¢/p| # 1 as already stated. The rate difference due to this can be seen from
equation (1.6b).

For completeness we note that if CP is conserved in the mixing then for the mass
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eigenstates defined as

1 0 ~0
%) = (X% + X9) (1.12a)
X0) = = (1X) — [X7) (1.12b)

Ql

2

we obtain the standard CP|X;,) = 4 |X;2) with the conventional |X°) = CP|X°) and
| X% = CP|X°) definitions.

1.3.2 (CP-violation in meson decay

C’P-violation can also occur in interference between CP-conjugate decay amplitudes, in
general representable as X —f and X — f. This is called CP-violation in meson decay,

often known as direct CP-violation. We write the two decay amplitudes as

A= (f|HX) and A= (f|HX). (1.13)

Anticipating the incorporation of this high-level description into the Standard Model,
we decompose the phases in H into the weak phases from the weak quark mixing matrix

and strong phases from the final state hadron re-scattering mediated by the strong force:

A= Z Azetdieti and A= Z Ajemiei, (1.14)
i J

Note here that the C’P-conjugation of these amplitudes inverts the sign of the weak
phases ¢; but not the strong phases ¢;. If CP is conserved then ¢; = ¢, and, assuming
the strong force to be CP-invariant, §; = J;. Considering the observable ratio of decay

amplitudes we see that

A CAe~ i et
‘Z‘ (2 =1 (1.15)

Zi Az i ptdi

if CP is conserved in the decay. If, however, the decay can proceed via at least two
mechanisms with different phases then the interference between amplitudes leads to
}fl /A! # 1. This is the only kind of meson CP-violation possible for charged mesons. In

principle, an asymmetry in charged decays can be constructed:
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CTXt—f-TX-—f 1-|4/4]
TXt = f+TX"—f 14 |4/A]"

Al (1.16)

but in practice predicting the strong phase difference makes this measurement diffi-
cult [18]. To date, direct CP-violation has been observed in the neutral kaon system
via the measurement of Re{e'/e} = (1.67+0.26) x 10 [10,19] and in the B-system via
BY — KT 7~ decays [20,21].

1.3.3 C’P-violation in the interference of mixing and decay

A third kind of CP-violation can occur when a neutral meson X° and its anti-particle
X° can decay into the same final state f or f. In this case the CP-violation occurs in
the interference of mixing and decay amplitudes and is known as CP-violation in the

interference of mizing and decay.

For convenience we define the complex ratios

=06, e =0, o

where the (¢/p) is as defined for neutral meson mixing and evaluated for the X° meson.
A and A are the amplitudes for X? and X° to decay to the final state f (or f):

Ap=(fIHIXY) A= {f|H|X) (1.18a)
A= (JIHIX")  Ap=(F|H|X"). (1.18b)

CP is violated in this scenario if A, A\ # 1. This can be the case if either direct or
indirect CP-violating processes contribute, i.e. if CP is violated either in the mixing
(lg/p| # 1) or decay (|A/A| # 1) independently. It can also be met in the case where
neither direct nor indirect CP-violation occurs but where the phases of ¢/p and A/A
interfere to give %m{/\, 5\} # 0. CP-violation in the interference is a combination of

both the direct and indirect CP-violation mechanisms.

The time-dependent rates for transitions from X° or X° to f can be obtained, using
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equations (1.6a) and (1.6b):

Iy = @ e I, (t) + I_(t)] (1.19a)
T} = ’2“";”2 e TLL(1) — 1 (1) (1.19D)

where the interference terms, I (t) are

L(t)=(1+ |\ cosh(%) —2Re{A\} sinh(%) (1.20)
L@ =(- ]A\2)COS<AMt) + 2%m{)\}sin(AMt). (1.21)

The corresponding expressions for the f final state are obtained by substituting A for
A in equations (1.19a)—(1.21). We can then define the time-dependent CP asymmetry
Acp(t) and write it in terms of A:

ry—T

Acp(t) = ﬁ
I . (1.22)
(1= A?)cos(AME)  — 2Sm{\}sin(AM?)

(14 |A*) cosh(AT't/2) + 2 Re{ A} sinh(AI't/2)

Alternatively, Aep(t) may be split into “direct” and “mixing” components with am-

plitudes AZL and AZX respectively such that

Acp(t) = ASE cos(AML) + A% sin(AM¢). (1.23)

If AT is small, as is the case for B} mesons, then the AZ%(¢) and AZ(¢) terms are

dir __ 1— ‘)\’2
CP 1+ |)\‘2

23m{\}
1+ A\

mix __

and Agp = (1.24)

A further simplification is obtained in the case where the final state f is a CP

eigenstate. In this case |A\|] = 1 and the decay is dominated by a single CP-violating
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phase. AZE is then zero and equation (1.23) reduces to

Acp(t) = AZSX sin(AMt) (1.25)
= Sm{A}sin(AM?).

For decays which match the required criteria this provides a clean approach for
extraction of the phase difference between the mixing and decay amplitudes since Sm{A}
is the phase difference between the mixing and decay amplitudes and can be extracted
without recourse to specific hadronic models. CP-violation in the interference has been
measured in K% decays where it has been observed to have approximately the same
magnitude (O(103)) as CP-violation in the mixing [22]. In the B-system, CP-violation
in the interference has been measured by the b-factory experiments to have a relatively

large asymmetry [23].

1.4 C7P violation in the Standard Model

The observational fact that CP is violated at all in a gauge-field formalism is slightly
surprising: we have to “try rather hard” to break the CP symmetry [21]. This can
be observed for example in the massless QED and QCD theories, where C and P are
preserved both separately and in combination. Even when chiral symmetry is explicitly
broken the combined CP symmetry remains intact. This is illustrated, for example, with

the linear sigma model whose Lagrangian,
1 " -
L= —1 E F" +0¢ Dy, (1.26)

allows only the left-handed Weyl fermions to interact with the gauge bosons implicit
in the covariant derivative D. The CP symmetry remains intact in this model. Such
robustness implies that CP is a natural symmetry of massless gauge theories [24]. It is

only possible to incorporate CP-violation in theories where mass has been introduced.

Since an explicit mass term will explicitly violate gauge symmetry, we are forced to
use some ingenious method to introduce mass self-consistently: the most prominent such
method is the Higgs mechanism of the Standard Model, in which a scalar field couples
to the fermion and gauge boson fields in a way which leaves the Lagrangian gauge-
invariant. The mass is then introduced by letting the scalar (Higgs) field acquire a

vacuum expectation value (VEV), which spontaneously breaks the gauge invariance and
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produces mass terms as required. The Standard Model Lagrangian is then decomposable

into three sectors:

Lsm = Leange(Vr, Yr, W, 0) + Litiges(9) + Lyukawa (UL, Vg, @). (1.27)

In the Standard Model the gauge and Higgs terms are automatically CP-invariant
and so the source of CP-violation is narrowed down to the Yukawa sector, which gives

masses to the left- and right-handed fermions.! The Yukawa interaction term is
£Yukawa = _/\;i]( 73-;&(1)&)6@3 - )\@u] (€ab 7%(1 ((I)b)T)Ugg + h.C., (128)

where the 4,j indices are generation labels, Q% represents the SU(2), quark doublet
and ® represents the Higgs doublet (¢T, ¢°) [24]. The components of the doublets are
labelled by the a,b indices. Under CP the left- and right-indices are exchanged, as are

particle and anti-particle terms; the result is
CP(Q} - dy) — df - 9'Q", (1.29)

which maintains CP-invariance if the Yukawa couplings A are real. Hence C’P-violation
takes place in the coupling of the scalar sector to the quark sector in the Standard
Model. Noting that equation (1.28) includes generation-mixing interactions, the con-
ventional parameterisation of the quark sector is to say that the physical particles are
those which diagonalise the mass matrix and that there is no Yukawa mixing between
different generations of physical quarks. The weak interaction quark states v’ and d’ are

then superpositions of the physical quark fields u and d,

u;, = Ujju;  and d, = Ufjdj. (1.30)

This transformation does not effect neutral interactions as the matrices U%% are
unitary, but charged weak interactions acquire a generational mixing term in the La-

grangian:

_9

NG JEe W+ hee., (1.31)

Loc =

'Here we are ignoring the “strong CP” problem, where CP-violation occurs via a Lagrangian term
proportional to fqcp €77 G, GY,. 0qop has been experimentally constrained to be very close to zero

and this term is largely considered to be unrealised in nature [25].
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where the current J# is defined as [20]

T
Joo = (ﬂ, c, 5) ol (1 - 75> Veokum (d, s, b) + leptonic equivalent.  (1.32)

In the hadronic part of this expression Vexy = (U*) U4 is the mixing matrix between
down-type and up-type quarks, formed from the combination of the two matrices used
to re-define the down-type and up-type fields between their mass- and weak-eigenstates.
There is no equivalent construction to Vi for the lepton fields due to the non-existence
of right-handed neutrino states in the Standard Model. As both the component U

matrices are unitary, Voku is also unitary:

Vexm(Vexm)! = 1. (1.33)

Veku is an extension of the 2 x 2 Cabbibo mixing matrix [27] to include a third
generation of quarks, a step taken by Kobayashi and Maskawa, earning this the title of
the Cabbibo-Kobayashi-Maskawa (CKM) matrix. It is the central construct of Standard
Model CP violation physics[28]. The CKM matrix can be written explicitly as

Vud Vus Vub
Vo = | Vg Voo Vo (1.34)
Via Vis Vi

where V.

ij
quark. The strengths of these couplings are not predicted by the Standard Model and

is the matrix element coupling the ith up-type quark to the jth down-type

must be experimentally constrained.

There are several popular parameterisations of the CKM matrix, each emphasising

a different aspect. The first is the “Kang-Cheung” mixing-angle representation:

ci2 S12 0 1 0 0 C13 0 81367’“s
VCKM = | —S12 Ci2 0 X 10 Co3 Soz | X 0 1 0 (1 35)
0 0 1 0 —S93 Cao3 —8136_26 0 C13

~
Cabibbo matrix

where ¢;; = cos 0,5, s;; = sin 8;; and J is a non-removable phase, conventionally associated

with 1-3 mixing [29]. This parameterisation is useful in that it emphasises the role of
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the CKM matrix as a three-generation extension of the Cabibbo two-generation mixing
mechanism: indeed the first term on the right hand side is identified with the Cabibbo

matrix of two-generation quark mixing and 6;5 is equivalent to the Cabibbo angle 6..

Since quark fields only enter in the Dirac Lagrangian in the forms 11 and ¥, the
physics is invariant under field transformations of the form ¢ — ge**. Such transforma-
tions can be used in the two-generation Cabibbo matrix to rotate away any “spare”
phases, but for three or more generations non-removable complex phases will enter:
is such a phase in the CKM matrix [30]. Its significance was first realised by Kobayashi
and Maskawa in 1973, when they showed that such a phase could be used to incorporate
direct CP violation within the nascent Standard Model (the KM mechanism) [28].

Another popular parameterisation, introduced by Wolfenstein [31], is a phenomeno-
logical expansion in the Cabibbo angle, represented as A = sin 6152, To write it compactly

we introduce the parameters,

A= 8_33’ b= $13 €080 and n = 8138111(5' (1.36)
512 $12523 812823
An expansion in A to O(\?) is most typically used:
1— 2\ A AN (p —m)
Vern® = )\ 1—1x2  Ax +0O(\Y). (1.37)
AN (1 —p—wm) —AN 1

Note that the matrix only acquires a non-zero imaginary component at 3rd order in
A, specifically in the V,, and V,4 terms — the smallness of Standard Model CP-violation
is made explicit in this formalism. Continuing the Wolfenstein expansion to O(A\°) gives

an extended form,

1— 1Az 4 1) A AN (p —m)
Vo™ = [ cA+ AN — A2 (p+ap) 1—L1A24 1041 —242) AN +0()9),
AN (1 — p —a7) —AN +AN(E —p—wm) 1— AN
(1.38)

2Note that the Wolfenstein A parameter is not equivalent to the A\ parameter used earlier to sum-
marise CP violation in the interference of mixing and decay amplitudes.
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where p = (1 — X?/2)p and 77 = (1 — A\?/2)n. This extra precision will be required for
the first time in LHC-era b-physics.

The existence of CP violation in the Standard Model is elegantly summarised via
the up-type and down-type Yukawa mass matrices, M; = v)\;/v/2. It was shown by
Jarlskog [32] that

o QZJCPFdFu

det | My, M, | = 1.39
et [Mq, M,] mim? (1.39)
and # 0 for Standard Model CP-violation, (1.39b)

where

Fo =[] (m}—md). (1.40)

The mass-squared differences in this relation represent the fact that CP-violation
occurs in the CKM matrix purely as a result of the the single phase ¢ and that if quarks
of the same charge also have the same mass then field re-definitions can be used to rotate
this phase away. Hence Standard Model CP-violation is intrinsically connected to the

existence of a quark mass hierarchy.

Jep, the “Jarlskog determinant”, Jep = det %m{VmVjﬁ ZEV;’;}, is also required by
equation (1.39) to be non-zero. It is derived from the unitarity constraint on the CKM
matrix and quantifies the strength of Standard Model CP violation. In terms of the

Euler and Wolfenstein parameterisations of the CKM matrix,

Jcp — 512 513 S23 C12 C13 C23 sind = /\6A277 = 0(10_5), (141)

where s;; and ¢;; respectively represent sin6;; and cos;;. The small size of Jep gives
quantitative support to the statement that CP-violation is small in the Standard Model.
However, it has recently been suggested that in cosmological scenarios of “tachyonic in-
flation” it is appropriate to replace the quark mass terms in (1.39) with the corresponding
Yukawa couplings, greatly enhancing the effectiveness of quark sector CP-violation in

establishing a cosmological matter-antimatter asymmetry [33].
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1.4.1 Unitarity triangles

The unitarity constraint on the CKM matrix can be expressed as a set of complex

orthogonality conditions between each of the matrix columns and rows:

ViaVib + VedVer, + ViaVy, =0 (db) (1.42a)
us Jb + cs cT) + Vvts tt) =0 (dS) (142b)
VidVes + VaVes + VigVis =0 (sb) (1.42c)
and
Vud tTi + Vusv;;: + Vub tTo = 0 (U't) (142d)
ViaVia + VesVis + Vo Vi, =0 (ct) (1.42¢)
Vud cti + V;ls‘/cz + Vub CT) =0 (UC) (142f)

where the quark pairs in parentheses on the right hand side indicates the pair of rows
or columns across which the inner product is being taken. In addition there are six nor-
malisation conditions for each of the rows and columns. The orthogonality constraints
are well-known in b-physics for their convenient representation as triangles in the com-
plex plane where each product of CKM matrix elements is a vector in the complex
plane corresponding to a triangle side. The six triangles constructed this way are known
as “unitarity triangles” and are shown in Figure 1.2 Fach triangle has the same area,
namely Jep/2, so the existence of triangles at all (as opposed to lines) is an indication

of quark-sector CP-violation.

The “db” and “ut” triangles differ from the other four since all their sides are of the
same order in Wolfenstein’s A parameter. These two triangles only differ at O(A\°) and
are the primary focus of C’P-violation measurement strategies. We define the triangles’
interior angles at order \* as v, 3 and v as shown in Figure 1.3. The angles are expressed

in terms of CKM matrix elements as
Vid &3) ( ‘Qd‘/&;) ( Vid Jb)
ozzarg(——* , B=arg| -2 |, y=ag| -2 ) (1.43)
ViaVib Via Vib VeaVeh

At O()\°) a phase is introduced into V,, such that the angles 5 and v are shifted to
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db t

Vcchd us ts
/1* +0( 3)+0( 3)
(Sb) (ct)
e W
Y% V'V

ts ' tb cs'ts

oz )+ ol )+ol#)=0

(ds) ud V us V.V (uc)
‘d/IVrst/lv v,

Vchcs Vuchs
0(1)+0(A)+0(#)=0

Figure 1.2: The six CKM “unitarity triangles”, labelled as in equation (1.42).
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a)  Im VeV + VeaVeb + ViaVip =0

O < I 5 i= Re
p(1-A212)
b)  Im Vit ViV + ViaVia =0
n o
|
i
33/
~ i
|
| |
R
| |
Ve |
- L gy e
P (1-2212+pA%)

Figure 1.3: The two “unsquashed” unitarity triangles from equations (1.42a)
and (1.42d) respectively. These triangles have been normalised relative to the
baseline of the (db) triangle so that V Vi = —1.
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(" and +' respectively in the “ut” triangle, where

V.V V. v
I — _ ‘ts"us I = _ _tb"ub 1.44
P us(-pige). o =us(-gpt) 1)

such that 3/ = 0+ x and v/ = v — x. The relationship between the angles and the
structure of the CKM matrix is made more evident by taking the complex argument of

the matrix:

0 0 —y
arg(Vexm) = [ 0 0 0 (1.45)
-3 x+7m 0

where a small correction factor arising from the normalisation convention has been safely
ignored in V. By comparing equation (1.38) with this matrix of arguments we can

identify the angles with the Wolfenstein parameters:

BB = arctan( i ), 7@ = arctan(ﬁ) (1.46a)
L—p P

and

X(5) = arctan A - ~ )\277 (1.46D)
L+ X(p—3)

where the parenthetic superscripts indicate that § and ~ are only expressed here in
terms of the 3rd-order Wolfenstein parameterisation while a non-zero y only enters at
5th order.

1.4.2 B-B mixing in the Standard Model

As the weak charged current interaction violates flavour conservation, box diagrams can
be constructed which produce neutral flavour change as a second-order process. These

are illustrated in Figure 1.4.

At first order in the weak coupling and ignoring the necessary QCD corrections the
diagrams are mediated by CKM factors of the form ViV, ViV, where i,j € {u,c,t}
and ¢ is the partner quark of the b in the B meson, i.e. ¢ = d in B®. The justification

for this factor can be understood from the Feynman diagrams in Figure 1.4. The V,
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b W qa
e VAVAVAVAVAVAV, ST
w w {u,c.t} {u,c,t}
e VAVAVAVAVAVAV, S
dd {uc.t} b qQa W b

(a) (b)

Figure 1.4: The two leading order Feynman box diagram topologies for Stan-

dard Model B-B mixing. The q4 label refers to quarks of down-type which are
not the b quark, i.e. down or strange.

factors mean that box diagrams are dominated by contributions from internal top quark

propagation, since V,, = 1>V V.

Calculation of the box diagram amplitudes requires input from several model-dependent
constructions and reliance is placed on e.g. lattice QCD calculations. The indication from

such calculations is that

AR}
M12

3r mi 1 m?
~ )No<—2>, (1.47)

2 m2 27,2 m
W So | mi/miy t

which is small. This relates to the |¢/p| mixing-induced CP-violation parameter through

2) . (1.48)

Hence |¢/p| =~ 1 and mixing-induced CP-violation is predicted to be very small in the
b-sector. Lattice calculations predict that for the B}-BY system AI'/T' ~O(1%) while

the value is in the region of 10% for the B?-B? system, hence the decay rate asymmetry

the expansion

2

r
14 12

sin(dar — ér) + O (\—

1—‘12

‘z
M12

M12

is negligible for BY mixing but not for B.

1.4.3 Weak decays of B-mesons

For the purposes of this summary (and for most current b-physics phenomenology)

we will restrict ourselves to the decays of B-mesons. These can be divided into three
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broad categories called “leptonic”, “semi-leptonic” and “non-leptonic” for the charac-
teristic transitions B~ —¢"7,, b—c{ 7, and b — ¢, ¢, g4 respectively (where ¢ € {e, 1 };
¢, ¢ € {u,d,s,c} and ¢; € {d,s}, combined to conserve overall charge). Note that this
notation is for a “black box” decay; the contributing Feynman diagram topologies will
be described in Section 1.4.3.

Pure leptonic decays have branching ratios ~ O(101% — 10) [34,35], with helicity
conservation suppressing the lighter e~ and 4~ modes more strongly than the 7= mode.
They are largely of interest for potential observation of new physics effects and for ex-
perimentally constraining the B decay constant fg, which is only weakly fixed by lattice
gauge theory predictions [36]. Semi-leptonic decays are accessible in clean environments
such as the b-factories and CLEO and are useful primarily for measuring the magnitudes
of the CKM elements V,, and V,, [10] but they do not provide a particularly powerful
mechanism for extracting CKM phases. The non-leptonic decays, which directly involve
CKM transitions at the quark level and offer many possibilities for constraining phases,
are the dominant channels of interest for CP-violation studies at the LHC. From now
on the primary emphasis of this review will be on the phenomenology of non-leptonic

decays.

Tree and penguin diagrams

The leading-order Feynman diagrams which contribute to non-leptonic B-decays are
divided into “tree” and “penguin” topologies, examples of which are illustrated in Fig-
ure 1.5. Tree diagrams are those where the W-boson responsible for the b-quark flavour
change decays directly to a final-state quark-antiquark pair. This includes the process
where the B-meson constituent quarks annihilate and the resulting W boson is responsi-
ble for producing the quarks which hadronise to the final state mesons. These processes

are shown in Figures 1.5(a), 1.5(c) and 1.5(e).

Conversely, penguin diagrams are those in which the W-boson re-connects to the
quark line from which it was emitted and the quark-antiquark pair in the final state is
generated by the decay of a boson emitted from the quark part of the penguin loop.
This is shown in e.g. Figure 1.5(b). The penguin topology can be further classified by
the identity of the virtual boson emitted from the loop: if it is a gluon then the diagram
is classed as a “gluonic” (or “QCD”) penguin. An internal photon or Z-boson emission

characterises an “electroweak” penguin.
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Figure 1.5: Tree and penguin Feynman diagram topologies for the (a) colour-
allowed tree, (b) colour-allowed penguin, (c) colour-suppressed tree (d) colour-
suppressed penguin and (e) annihilation topologies. The final state quarks are
labelled as ¢, ¢, or g; as used for the definition of non-leptonic B-decays in all
except the annihilation topology (for which the convention is not completely
constraining).
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A further classification may be made for both tree and penguin topologies based on
the interaction of the final state quark-antiquark pair with the spectator quark and the
b-quark line. If the hadronisation process forms the two final-state mesons by hadronis-
ing between the b-quark/spectator quark lines and between the remaining ¢g pair then
the process is “colour allowed” since the colour labels of the pair are unconstrained. Con-
versely, hadronising to two mesons formed from the (g, ¢;) and (g, spectator) combina-
tions is denoted as a “colour suppressed” decay. The differences between colour-allowed
and colour-suppressed topologies are shown in Figure 1.5, with ¢, and ¢, indicated for

each diagram.

The penguin and tree topologies differ in the number of weak charged interactions
on the b-quark line: the tree diagram only gives a single b — {u, ¢} transition while the
penguin b-line undergoes a pair of transitions: b — {u, ¢, t} — {d,s}. Hence the flavours

of the ¢, and ¢, quarks constrain the contributing set of diagrams:

e ¢ # q € {u,c} : only tree diagrams contribute;
e ¢, = ¢ € {u,c} : both tree and penguin diagrams contribute;

e g = ¢ € {d,s} : only penguin diagrams contribute.

1.5 Strategies to constrain CKM parameters

Current experimental knowledge of CKM parameters is dominated by indirect measure-
ments of the matrix elements V;; and the b-factory measurements of sin(23). The angles
a and ~ are under active investigation by the b-factory experiments but are not expected

to be truly constrained until the LHC starts running.

Current status of CKM matrix element measurements

The magnitudes of seven of the nine CKM matrix elements, [V 4|, |Visls [Visls [Veals
V|, [V.,| and |V, | are determined from nuclear S-decay and the decay rates of pions,
kaons, hyperons, D and B mesons and the top quark [37], evaluated to first order in
weak interactions. The remaining two elements, |V, and |V,,|, are accessed through
the neutral K and B oscillation box diagrams and rare decays which are mediated by

second-order weak effects such as QCD “penguin” diagrams. The 90% confidence levels
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from these measurements give ranges for the CKM matrix element magnitudes [10],

0.9739 — 0.9751  0.221 — 0.227  0.0029 — 0.0045
|[Vexum| = | 0.221 —0.227  0.9730 — 0.9744  0.039 — 0.044 (1.49)
0.0048 — 0.014  0.037 — 0.043  0.9990 — 0.9992

and the corresponding 90% confidence intervals on the sines of the mixing angles[1()],
s12 = 0.2243£0.0016, s93 = 0.0413£0.0015, 533 = 0.0037 £ 0.0005, (1.50)

with the CKM phase being constrained to 413 = 1.05 4 0.24 rad = 60° & 14° when loop

level processes are included as fit constraints [10].

Indirect measurements

A standard indirect analysis of CKM parameters has now become established to con-
strain the apex of the unitarity triangle in the p— plane. This analysis uses many inputs,

but the dominant contributions are

e magnitude constraints on |V, | and |V, | from exclusive and inclusive semi-leptonic
B-decays containing b —ufv, and b — ¢ {7, transitions. These fix a circle around

(0,0);

e B B’ mixing, for both d- and s-type B-mesons, can be used to fix a circle around

(1,0); and

e constraints on the ex parameter, which characterises indirect C’P-violation in the

kaon system, define a hyperbola passing through the triangle apex.

These constraints are shown schematically in Figure 1.6 and the latest global fit as

prepared by the CKM Fitter group is shown in Figure 1.7 [35].

The allowed ranges for the CKM angles from this fit are, at a confidence level corre-

sponding to 1o,

84° < o < 106°, 21.8° < B<25.9°, 50° <~ <72° (1.51)
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Figure 1.7: CKM Fitter group global indirect fits to the CKM parameters
using the b-factory direct angle measurements as of May 2005.
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where the precision of the [ measurement relative to the other two angles is evident.
The values for sin(23) obtained from direct and indirect measurements are in excellent
agreement, so there is at present no significant deviation from the Standard Model

picture.

Direct measurement of 3

[ was the first of the CKM unitarity triangle angles to be measured directly. This
was achieved through studying the CP asymmetries of B} — J/i K decays and was the
first observation of CP-violation in the b-system [39]. This mode and its CP conjugate
are known as the “gold-plated” mode for measuring 3 because it is clean from both
experimental and theoretical perspectives. The final state is a CP eigenstate to which
both BY and BY can decay and so CP-violation is observed in the interference of the
direct and indirect decays via Bg—Eg mixing. The phenomenological quantity of interest

is the time-dependent CP asymmetry [1()]

I'(BY— JWKS:t) —T(BY— JWKS:t)
DBy — JKY: )+ T(BY— JwKS : t)

Acp (Bl — JW KY) = sin(20) sin(Amqt).

(1.52)

Here the rates are all expressed in terms of the decay occurring at proper time t and
Amy is the BY-system oscillation frequency. Comparison with equation (1.25) reveals
that

Sm{A} = sin(20) (1.53)

where A was defined as the characteristic parameter for C’P-violation in mixing in equa-
tion (1.17). Measurements of 3 in this way have been made at the LEP experiments
Aleph and OPAL [11,12], the Tevatron CDF and D@ experiments [13,11] and what are
now the dominantly precise measurements, those from the b-factory experiments BABAR

and Belle[15,16]. The current combined measurement of sin 23 from the b-factories is[10]

sin2(3 =0.736 £ 0.049 = [ = 47" £5° (1.54)
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Direct measurement of o

a is the second CKM angle to be measured directly at the b-factories. Three sets of decay
channels — B — pp, B— pm and B — 77— can be used to constrain « [17]. Initially,
a B— 7 m strategy, which is used to constrain a via CKM unitarity and neglecting
penguin contributions, was thought to be the most promising route to measuring a.

This predicted the following relations:

AZEBY—7t77) =0, (1.55)
AZXBY — 7T 77) = sin(28 + 27) = —sin 2a (1.56)

where the final equality makes use of CKM unitarity. This approach has been ren-
dered secondary by the difficulties of dealing with penguin pollution. The most promi-
nent approach to solving this problem is a general isospin analysis, requiring the av-
eraged branching ratios and asymmetries of B — 7" 7=, B} —a%7% and Bt —n+ 70
decays[18,19]. Unfortunately, the parameters describing the decay to the pair of neutral
pions are plagued by experimental uncertainties which prevent the use of this method to
constrain « [50,51]. If we accept the BABAR results on B — 7 7 decays as definitive [52],

then the B — 7 7 constraint on « is
sin2a = —0.30+0.17 = a = 99° £+ 5°, (1.57)

but this degree of accuracy cannot be quoted when the disagreement between the BABAR

and Belle results is accounted for.

In recent times, measurements of « via final states containing p mesons have be-
come popular. These rely on the assumption that penguin contributions to charmless,
strangeless B-decays are relatively small, justified by the measured relative smallness
of the BY — p° p° branching ratio [53,54,55,56,57]. The first such approach uses time-

dependent CP-asymmetries of B} — p* p~ decays, using

F(By—ptp) —T(BI—pTp)
L(Ba—ptp) +T(BY—p*p7)

= —C\+,-cos(AMAL) + S,+,-sin(AMAt),  (1.58)

where I' is the time-dependent decay rate and

L— AP

o 23m{\}
b = _
PP 1+|)\‘2

and Sp+pf = TW, (159)
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with A as defined earlier. From the experimental data [57],

C

p

S

ptp~

i =—0.23+0.24+0.14 (1.60a)
= —0.194+0.33+0.11, (1.60D)

which are compatible with zero penguin contribution (C,+,~ = 0) we obtain

S

ptp

- =sin2a = —0.19+£0.35 = « = 95° £ 10°. (1.61)

The final strategy we shall mention for directly obtaining a measurement of « is that

using B — pm decays. The time-dependence of these decays is given by

I({B},BY} —p*7nT) = (1 £ ALL) e 27 x
[1 = q(Cpr £ AC,r) cos(AMAL) + (S,pr £ AS,r) sin(AMAL)],
(1.62)

where ¢ = {—1,1} for B and BY decays at t = 0 respectively. The other quantities in
equation (1.62) are defined as

B e P e e

o = — — , 1.63a
P AP AP 4 A 4 A (1.63)
A7 — |A= 7|
Cor £AC,: = = 5, and (1.63Db)
|AEF " + |A+ 7|
239m{\}
Son TAS ) = ——. 1.63c
P P 1_'_ |)\’2 ( )

In equation (1.63), terms like e.g. AT~ represent the decay amplitude for B} — p™ 7~
and so-on, and e.g. A*~ represents the amplitude for B§ — p™ 7~. Decomposing these
amplitudes into penguin and tree contributions, we can relate to physical observables and

obtain the following expression (after an approximation noting that AC,, is consistent

Spr = 1/1 — (AC,)? sin 2a. (1.64)

with zero):
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Figure 1.8: CKM Fitter confidence interval for o combined fit.
Using the averaged experimental results,
(Spr)ave = —0.15£0.13, (1.65a)
(AC)r)avg = 0.2240.10, (1.65Db)
we finally obtain
a=94°+4°. (1.66)
Combining all three of these methods, we obtain the averaged result that
a=97"£3° (1.67)
where the uncertainty is entirely experimental. It is argued in reference [17] that the

theoretical uncertainty is probably on a similar scale to the experimental figure. Bearing

this in mind, current precision on « is similar to that on 8. The CKM Fitter confidence

levels as functions of a from combining the measurements from these approaches are

shown in Figure 1.8.
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Direct measurement of ~

v is unique among the CKM parameters in that it will remain only weakly probed until
the LHC comes into operation. It is hence the angle on which most LHC-era b-physics
is concentrated. The Belle collaboration has published results of studies to extract v from
By — DY™K decays via a Dalitz analysis, giving 7 = 68° 111 (stat) 4 13°(syst) & 11°(model) [75]
from which the 95% confidence interval is 22° < v < 113°. BABAR has also carried out
~ studies, but has yet to publish any measurement of v [59]. The CKM Fitter group find
50° < v < 72°, derived from the best indirect fits to the Wolfenstein p and 7 parameters.

No evidence of CP-violation has been seen at the Tevatron Run-II experiments.

The standard approaches to measurement of v can be categorised in four groups,
summarised in this section. These are built around time-dependent asymmetries, time-
integrated amplitude relations, isospin relations and U-spin relations. The first two of
these are governed at leading order by tree-level Feynman diagram topologies, while the
second pair also include contributions from penguin topologies. The symmetry relation
methods are therefore potentially sensitive to new physics effects introduced by the

penguin loops.

Time-dependent asymmetries: By mixing the tree diagrams b —a@W* and b — W+
a theoretically clean measurement of the quantity v — y may be obtained, where y is
the BY-B? mixing phase introduced at O(\°) in the CKM matrix. x can be obtained
from time-dependent asymmetries of {Bg, Eg} — J ¢ decays.

These tree diagrams correspond to combining the hadron-level decays of BY into
DTK™ and DK™ final states and the corresponding CP-conjugate decays. LHCb studies
of this approach indicate that one year of LHCb data-taking will constrain ~ to within
~15°, for 55° < v + x < 105° — this channel is considered useful as a probe of new

physics contributions due to the sensitivity to x [00].

BY decays can also be used to obtain a constraint on v. The process equivalent to
B - DZKT in the BY system is B} —D*7F which enables direct extraction of the
combination v + 203, where 273 is the Bg—Eg oscillation phase, analogous to the x term
above. This approach gives a sensitivity to v of ~14° [60]. The angle [ is expected to
be strongly constrained by the “gold plated” BY — J/i» KJ direct measurement.

Time-integrated amplitude relations: A second approach to determining v is ob-
tained via interference between the b —TWT and b =W+ tree amplitudes. The

interference can be observed by measuring the three time-integrated decay rates for
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B} — DYK**, B§ —D°K*® and Bf — D25, K", where Dp, = (D°+ D°)/v/2 indicates
the CP-even eigenstate of the D?-DP system. The value of v obtained by this method
is therefore sensitive to new physics in D°-D? mixing. Again, this method has been
studied by LHCb with simulations indicating that a - resolution of 7-8° is possible for
one year of data-taking for 55° < v < 105° [61,60)].

Isospin symmetry relations: The third method for determining ~ is based on the
approximate SU(2) isospin symmetry of the strong interactions under exchange of u
and d quarks. As the masses of the u and d quarks are very similar, this symmetry
is considered reliable for phenomenology. By —K* 7F and B* — K7 * decays have
both penguin and tree Feynman diagram contributions at leading order, which can be
related under isospin symmetry. However, the theoretical uncertainties are dominated
by the difficulty of performing long-range QCD calculations on re-scattering effects in
the light hadronic final states. Due to the penguin diagram amplitudes, these decays are
also a promising environment in which to observe new physics. The phenomenology of

y-determination from BY — K* 7F and B* — K°7* decays is the subject of this thesis.

U-spin symmetry relations: The decay B} — 77~ receives contributions from both
the tree diagram b —TW™ and the penguin processes b — d{g,v/Z°}. Under exchange
of all d and d quarks with s and § quarks respectively (the “U-spin” flavour symmetry)
we obtain the conjugate decay BY — KTK™. If the strong interaction is assumed invariant
under the U-spin transformation then the ratios of tree to penguin contributions are also
invariant under U-spin and « can be extracted using constraints on x and 3 from BY

and BY mixing measurements respectively.

LHCDb expects to obtain 4-6° resolution on v from one year of data-taking, assuming
the validity of U-spin symmetry which is subject to theoretical uncertainties about SU(3)

flavour symmetry breaking.

1.6 Physics from beyond the Standard Model

Much of the standard approach to measuring the parameters of the b-sector assumes
the Standard Model formalism with the particle content of three generations of quarks
and leptons coupled via four electroweak bosons. However, much effort is being devoted
elsewhere to searching for physics contributions from beyond the Standard Model (BSM)

at the TeV scale. Typically these take the form of extensions such as supersymmetry
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(SUSY) or more exotic approaches to the hierarchy problem and associated theoretical
defects of the Standard Model [62, 63, 64].

A generic prediction of such theories is the existence of flavour-changing neutral
currents (FCNC) at tree level. These are only accessible via box-diagram loops in
the Standard Model and so the rates for such processes are often greatly enhanced by
new physics which can provide FCNC effects without the loop suppression. So-called
penguin-dominated decays are often considered to be an ideal environment for observing
new physics effects as they contain a loop in the leading order Feynman diagram. BSM
particles can propagate off-shell in the loop, providing sensitivity to physics at higher

energies than those which can be directly accessed by accelerators.

The B? meson system is a critical region of the b-sector from the point of view of BSM
studies. Extraction of v can be obtained from studies of B — DZXK¥ which are pure
tree-level processes and unaffected by new physics or, alternatively, a combined analysis
of B} — 7" 7~ and B? — KTK™ can be used to measure vy with loop-level sensitivity to
new physics. Alternatively, the standard b-factory methods to measure v making use of
e.g. BY — DYK* can be sensitive to new physics in the D-D° mixing. Combining these
measurements should make extraction of v possible even in the presence of new physics,
but the direct measurements of the effective v in the modes affected by new physics may
be shifted substantially from the Standard Model values.

CP-violation parameters themselves are not necessarily affected by the advent of new
physics — for example, the minimal supergravity (mSUGRA) SUSY scenario is flavour-
diagonal [65]. However, it is possible for TeV-scale new physics to have effects on certain
C’P-violating decay channels such that inconsistent unitarity triangles are constructed.
Cross-checks to measure triangle parameters via several independent methods are essen-
tial to remove systematic effects due to new BSM physics. Considering the CKM matrix

in terms of the four phases, it has been shown that verifying the relationship

A2 sin 3 sin y

sin(3 + 7) (1.68)

siny =

is a sensitive test of the validity of the Standard Model [66,67].

b-physics is, relatively speaking, a sideline in terms of direct BSM studies but as the
LHC data analyses mature, it offers a degree of precision study of the BSM flavour sector
which is hard to come by elsewhere. CP-violation is also considered to be of importance

in, for example, SUSY scenarios where the Higgs sector is expanded to include CP
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eigenstate Higgses [05].
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Chapter 2

The LHCDb experiment

“There, sir! that is the perfection of vessels!”
— Jules Verne, 1828-1905

The LHCD experiment, to be operated at the CERN Large Hadron Collider (LHC),
will be the world’s only dedicated hadron collider b-physics experiment. In this chapter
we briefly describe the previous experiments to study the b-sector, introduce the LHC
and describe LHCD itself in some detail.

2.1 b-physics experiments

LHCD is the latest in a line of experiments studying the physics of the b-sector. Initial
studies of bb production, decay cross-sections and CP-asymmetries were performed by
the CLEO experiment on the CESR ring at Cornell University [09] and by the four
LEP experiments [70,71,72,73,74,75]. The symmetric ete™ colliders also measured the
masses, lifetimes and mixing parameters of several b-hadrons, including the B?[76]. The
T (4S) has been used since 1999 by the BABAR|[77] and Belle[78] asymmetric eTe™ collider
experiments as a b-quark production mechanism. These “b-factory” experiments were
the first to observe CP-violation in the b-sector[79, 80, 81] and are currently the dominant

contributors to measurements of B-meson CP-violation [32].

Hadron collider b-physics has so far been performed by the general purpose CDF and

D@ experiments on the Tevatron at Fermilab near Chicago which operates with a centre
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of mass energy /s~ 2 TeV. Since the T(4S) resonance is not heavy enough to produce
BY mesons, the Tevatron experiments are the only place to study B? decays and mixing
parameters until the start of LHC running[33]. The Tevatron is also an important place
to constrain the parameters of hadron collider b-production mechanisms for use at the
LHC: theoretical predictions underestimate the Tevatron b-production cross-section by
a factor of ~2.4 due to either NNLO QCD effects, non-perturbative QCD effects or
possibly new physics effects [34].

2.2 The LHC

The Large Hadron Collider (LHC) at CERN is a new hadron collider, located in the same
tunnel as the Large Electron-Positron collider (LEP) [$5]. Where LEP’s chief task was
the use of 90-207 GeV ete™ collisions to establish the precision physics of electroweak
unification, the primary aim of the LHC is to discover the mechanism by which the
electroweak symmetry is broken [30,57]. For this, the LHC will collide protons at a
centre of mass energy of 14 TeV with a luminosity of ~103* cm™ s [$5]. A prominent
difference between the LHC and the Tevatron is that the latter uses pp collisions. This
is preferable logistically, since only one set of bending and focusing magnets and cavities
is required to produce two counter-rotating beams, but anti-protons cannot be recycled
rapidly enough for steady-state operation at the LHC. Hence a two-beam design with

10 T superconducting magnets is used instead, as shown in Figure 2.1 [35].

The 27 km-long LEP tunnel is to be re-used for the LHC machine, along with some
of the experiment caverns. Four main detector experiments will take data from LHC
collisions. These are ATLAS, CMS, ALICE and LHCb, of which the first two are
general-purpose detectors and the remaining two are more specialised (for heavy ion
and b-physics studies respectively) [29,90,91,92]. The locations of the LHC experiments

around the accelerator ring are shown in Figure 2.2.

The scheduled start date for LHC data-taking is Summer 2007 at which time a lower

2 g1 will be used [$5]. This initial restricted luminosity will be

luminosity of ~10%% cm
upgraded to the design luminosity over the following year. Each of the counter-rotating
beams contains 2835 bunches, each of which contains ~10! protons[3,93]. The design
bunch-crossing period at each of the experimental interaction points is 25 ns, but in the
commissioning phase the machine will be operated with a 75 ns bunch crossing interval.

To compensate for the reduced luminosity, a higher squeeze factor may be applied to
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eat exchanger pipes (canalisation He)

Vaccum vessel (enceinte a vide)
uperinsulation (superisolation)

Radiation shield
(écran de protection thermique)

hrinking cylinder/He -1I- vessel
(cylindre de serrage, enceinte He II)

Superconducting coils
(bobines supraconductrices)

Beam pipe (chambre 2 vide faisceau)
Beam screen (écran de faisceau)

on magnetic collars (colliers amagnétiques)
SC Bus-Bars (liaison électrique SC)

Figure 2.1: LHC beam-line cross-section, showing the double-aperture design
required to accelerate two sets of like-charged particles, either protons or heavy

ons.

Injection
B-physics

Low B (Ions)

Injection
Low B (pp)

Figure 2.2: Locations of the four main LHC experimental sites around the
LHC ring.
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§ 666 5

Figure 2.3: bb production by gluon fusion: this is the dominant LHC bb
production mechanism.

increase the number of interactions per bunch crossing.

2.3 b-production at the LHC

The LHC will be the world’s most intense source of b-hadrons (those containing a b
quark or b anti-quark), producing ~10'? bb pairs per year at the LHCb operational
luminosity of 1032 em™? st [92]. This is equivalent to ~800 Hz during LHC running.
The high centre of mass energy means that a complete spectrum of b-hadrons will be

available, including BY, B*, BY, BX mesons and A, baryons.

The dominant bb production mechanism at the LHC will be through gluon fusion [04]
as shown in Figure 2.3. The momenta of the incoming partons are strongly asymmetric
and are large compared to the b-quark mass. The result is that the outgoing bb pair
is boosted with respect to the lab frame [92] and so both b-hadrons are dominantly
produced in the same forward cone. This may be seen in Figure 2.4, which illustrates
the correlation of the polar angles of the b- and b-hadrons. The presence of both hadrons

in the same cone is useful for “flavour tagging” (see Section 2.7).

Vip, the dominant CKM matrix element in the weak decays of b-hadrons, is kinemat-
ically disallowed due to the large top quark mass ~ O(175 GeV/c). As a result, B decays
proceed at tree-level via CKM-suppressed V,, and V, transitions, giving b-hadrons a
relatively large proper lifetime, 7, ~ O(1 ps). Combined with the b-production Lorentz
boost, this makes possible the “b-tagging” of the displacement of the b-hadron decay ver-
tex from the interaction point. Essentially, the dynamics of proton—proton b-production

has the same boosting effect as the asymmetric beam energies used by the b-factories.
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Figure 2.4: Polar angle correlations for bb production from proton collisions.
0y, and 6 are the polar production angles for the b-hadron formed from the b
quark and anti-quark respectively.

2.4 The LHCb experiment

The potential of the LHC as a uniquely powerful laboratory for studying b-hadrons will
be exploited by the LHCb specialist b-physics experiment.

Since both b-hadrons are preferentially produced in the same direction and are
forward-boosted along the beam-pipe, the detector is not required to have full 47 solid-
angle coverage. LHCDb takes advantage of this by using a wedge-shaped single-arm
detector with angular acceptance 10-300 mrad in the horizontal (bending) plane [92].
The maximum acceptance angle is reduced to 250 mrad in the vertical non-bending
plane. The only detector component to provide coverage upstream of the interaction
point is the silicon vertex detector. The detector is illustrated in Figure 2.5, showing the
overall scale of the experiment and the surrounding cavern structure. The individual
sub-detectors are labelled as described in Sections 2.4.1-2.4.8.

The single-sided detector design was chosen in preference to a two-armed design
since the detector dimensions are restricted by the layout of the IP8 (ex-Delphi) cavern
in which LHCDb is located. Using all the available space for a single-arm spectrometer

more than compensates in performance for the ~50% drop in luminosity.

A right-handed coordinate system is defined for general discussions of experiment
layout. The coordinate origin is centred on the nominal interaction point and the axes

are defined with the z-direction aligned along the beam axis and pointing down the
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Figure 2.6: Probabilities of given numbers of pp interactions per bunch crossing
as a function of LHC luminosity.

spectrometer arm and y pointing vertically upward.

2.4.1 Interaction point

The number of pp interactions in a given bunch crossing is described by a Poisson

distribution with mean p given by

p=~Lo/f (2.1)

where £ is the luminosity, f is the bunch-crossing frequency and o is the interaction
cross-section [92]. The distributions of number of interactions per bunch crossing are

shown in Figure 2.6.

For an inelastic pp scattering cross-section of ¢ = 80 mb, the LHC bunch-crossing
frequency of 40 MHz and the LHC design luminosity of 10** ecm™ st this expression
evaluates to give 20 pp interactions per bunch-crossing. This detector occupancy is too
high for precision b-physics as the tracking is degraded and the possibility of multiple
primary vertices introduces unacceptable uncertainties into b-tagging and measurements

of B proper lifetimes.

This problem is solved by defocussing the LHC beams in the IP8 interaction region,
which reduces the luminosity by a factor of 100 to 103 cm™s! [92]. In addition, by
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defocussing a quarter of the bunch-crossings will fail to interact, which reduces the
active bunch crossing rate to 30 MHz. Re-calculating equation (2.1) with these new
inputs gives u = 0.53, which corresponds to no interaction crossings at 17.6 MHz, one
interaction crossings at 9.4 MHz and more than one > 1 interaction crossings at 3.0 MHz.
The multiple-interaction events are referred to as “pile-up” events and are vetoed by the

data acquisition trigger system.

The reduced luminosity at IP8 also has the advantage of reducing the radiation
damage to the detector and enables LHCb to take data at the design rate from the first
days of LHC operation.

2.4.2 Beam pipe

The beam pipe maintains the vacuum environment required by the beam and is shaped
to present as small an interaction distance as possible to particles produced in the
interaction region. This is important as excess material in the vicinity of the beam pipe
makes a large contribution to the number of secondary tracks seen and in this region
they cannot be identified and eliminated by e.g. track-kinking because the initial leg of

the track is unresolvable.

A 1.8 m section of the beam pipe around the interaction point has an expanded
diameter, of about 1.2 m, to accommodate the retractable vertex locator sensor array.
This is bonded to the downstream section of the beam-pipe at the vertex locator exit
window. The downstream beam pipe is composed of two conical sections, the first of
which is made of 1 mm thick beryllium and has an aperture of 25 mrad for a length of
~1.8 m. The second section is constructed from aluminium in a 10 mrad cone which
runs the full length of the detector in three mechanical sections of increasing thickness
before being bonded back to the LHC pipe at a z-distance of just over 20 m from the

interaction point [95].

Aluminium and stainless steel flanges and bellows on the pipe are positioned to
minimise the number of low momentum material-interaction products which are able to

reach the tracking stations.
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Figure 2.7: The LHCb dipole magnet.

2.4.3 Magnet

The dipole magnet in LHCD is located close to the interaction region to keep its size
small. It is shown in more detail in Figure 2.7. The magnet is located immediately
downstream of RICH1 and immediately upstream of the tracking stations. This posi-
tioning is designed to give low track curvature in the vertex locator, where the validity of
a fast straight-track fitting algorithm is essential to trigger performance, while providing
sufficient field integral before the tracking stations to give good momentum resolution
from tracking. Sufficient field integral for determining track pr is obtained by the use

of a field-focusing design of the RICH1 iron housing [95].

A warm dipole magnet design is used to permit rapid field ramping and polarity
switching. The magnet provides a maximum field strength of 1.1 T in the vertical direc-
tion and the polarity can be switched to reduce systematics from left-right asymmetries
in the detector [96]. The total field integral of 4 Tm is sufficient for the trigger require-

ments [95].

2.4.4 Vertex locator (VELO)

Since the O(1 mm) displacement of b-decay vertices from their production point is a

potent identifying feature, resolution of these vertices to sub-mm accuracy is a key



44 The LHCDb experiment

Cross-section at x=0 &
. . gg&
y Interaction region o 60 mrad
LTINS AT s
N
< m >

Figure 2.8: The layout of the VELO layout in the non-bending y — z plane,
showing the distribution of sensors around the interaction point. The red and
blue lines indicate the r» and ¢ sensors, respectively, with the two veto-stations
at maximum negative 2z using only single-sided sensors.

feature of a dedicated b-physics experiment. b-tagging is required for both a high trigger
efficiency and also to obtain good proper lifetime resolution: the latter is required for

time-dependent studies such as those involving neutral B-B oscillations.

The LHCD silicon vertex locator system (VELO) surrounds the beam interaction re-
gion with a layout as shown in Figure 2.8. The VELO design is largely aimed at reducing
the VELO material budget within the acceptance since the material concentration in the

region of the interaction point significantly affects the overall detector performance [95].

A total of 21 sensor stations was chosen to provide an optimal balance between
material budget and tracking performance. Of these, 8 stations are upstream of the
nominal interaction point, giving a total downstream-station material budget of ~16%
Xp, averaged over a flat pseudo-rapidity distribution in the detector acceptance. The
8 upstream stations are used for backward tracking and for vetoing pile-up interactions
— 2 of these are specifically dedicated to the pile-up veto. Tracking is an important
feature of the VELO design since it is the major tracking detector prior to the TT

tracking station (see Section 2.4.6).

The VELO is located in the LHC vacuum: the main VELO vacuum tank is bonded
directly to the beam pipe and essentially forms an 80 cm-wide section of the pipe. A
~0.3 mm-thick aluminium alloy “RF foil” is located close to the beam to protect the
sensors from the RF currents induced by the beam, as well as protecting the beam-line
and vacuum from mechanical failures of VELO components. This foil has been designed
with corrugations to give mechanical strength, to dissipate the induced RF currents and
to minimise the material traversed by particles from the primary vertex [07]. The foil

and its interaction with the sensors is shown in Figure 2.9.
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RF-foil

Figure 2.9: The VELO sensors and the primary vacuum RF foil.

For maximum accuracy, the sensors need to be as close to the interaction region as
possible. During normal operation the beam width is narrow enough to allow sensors to
be positioned within 8 mm of the nominal interaction point without damage but during
injection of bunches into the machine a wider beam is generated. To be compatible
with both regimes, the silicon sensors are formed from pairs of approximate semi-circles,
called “half-stations”. These are mounted in pairs on opposing sides of the beam and
are retractable by up to an extra 30 mm during injection — a so-called “Roman pot”
design. The matching half-sensors are actually separated by ~1.5 cm which allows for a

slight overlap and allows an RF foil corrugation to sit between them.

Each half-station is composed of two 220 pm-thick silicon sensors bonded back-to-
back. One of these sensors is divided into annular strips and the other into sectors with
radial boundaries: the first kind is an “r-sensor” and provides information about the
radial position of the track hit and the others are “¢-sensors”, which primarily indicate
the azimuthal coordinate of the detected hit but also provide some r information. The
two sensor types are illustrated in Figure 2.10. As the ¢-sensors alone provide a rough

track position, they are used by the trigger system to make a quick vertex fit.

The sensors use 10 pm-wide n-doped silicon strips for readout, isolated by 5 pm-wide
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Figure 2.10: VELO r- and ¢-sensors.
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Figure 2.11: 77~ invariant-mass spectra without (left) and with (right) RICH
particle ID.

p-doped guards. When a charged particle passes through the silicon it creates electron—
hole pairs which drift to the strip readout points under a reverse bias voltage. This
signal is read out along 20 pm-wide double-metal strips which are routed out from the
centre of the sensor on top of the other structures. Readout is controlled by a front-end
“Beetle” chip, which is also used by the silicon tracker. Fach half of each r-sensor is
composed of four 45° sections, each incorporating 512 detector strips, while the ¢-sensors
are divided into inner and outer regions, of 683 and 1365 strips respectively, as illustrated

in Figure 2.10.

The VELO is designed to give a proper time resolution of better than 45 fs, sufficient

for resolving the anticipated BY oscillation rate [95].

2.4.5 RICH system

The ring-imaging Cerenkov (RICH) detector system of LHCb is one of the crucial spe-
cialisations of the detector for b-physics. Combined with the momentum measurement
from track curvature the RICH system makes high-quality charged-particle identifica-
tion possible. In particular the ability to distinguish between charged m and K tracks is
important to precision b-physics since many decay channels of interest for C’P-violation
studies have identical topologies and only differ in whether the final state particles are
pions or kaons. The RICH system is also used to “tag” kaons as part of the strategy
used in determining the flavour of the b-hadron in a reconstructed signal channel (see
Section 2.7).
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Figure 2.12: Dipole arrangements in Cerenkov radiator for a) v < ¢/n and b)
v >c¢/n.

The power of the particle identification supplied by the RICH system can be seen
from Figure 2.11 in which the reconstructed invariant-mass spectra of B — w7 decays
are shown. In the left-hand plot, the “best guess” assumption is that all final-state
particles are pions. In this case the signal peak is obscured by the backgrounds from
mis-identified other final states. The right-hand plot shows the same quantity, but only
for those decays in which both final state particles were identified as pions by the RICH
particle ID [92].

The Cerenkov effect and RICH detectors

RICH detectors are based on the geometric optics of the Cerenkov effect: this occurs
when a charged particle passes through a dielectric medium of refractive index n with
a velocity v greater than the local speed of light, ¢/n. The presence of the charged
particle polarises the material in its vicinity so that the surrounding atoms acquire
induced dipoles. If v < ¢/n then the arrangement of these dipoles around the particle is
symmetric and so there is no net dipole and no resulting radiation. However, if v > ¢/n
then the symmetry of the dipole arrangement is broken (as there is effectively no causal
connection between spatially separated dipoles), a net dipole develops and spontaneous
photon emission, known as Cerenkov radiation, occurs [98]. The arrangement of dipoles

for sub- and super-luminal particle motion is shown in Figure 2.12.

A Huygens construction in terms of spherical shells of probability for photon emission
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Figure 2.13: Huygens construction for Cerenkov photon emission from a super-
luminal charged particle.

as the particle progresses along its track is demonstrated in Figure 2.13. This shows that
an effective “shock-front” of Cerenkov emission is formed, corresponding to an emission

cone with opening angle - around the momentum vector for each point on the track,

1 hk 1
COS 90 = m + % (]_ — ﬁ) (22&)
1
~— 2.2b
e (2.2b)

where [ = v/c, the relativistic velocity fraction, p is the momentum of the radiating
particle and k is the wave-number of the radiation [98]. In equation (2.2b) the small
radiating particle recoil correction term is neglected — a robust approximation for all
practical cases. As the dipole asymmetry only arises for v > ¢/n, Cerenkov photon
production only occurs above the threshold 5 = 1/n at which production is in the
forward direction, 62 = 0. The emission angle then saturates for § = 1, so that
0/r* = arccos(1/n). An immediate consequence is that Cerenkov emission requires that
n(k) > 1.

The central concept of RICH detectors is that by reflecting the light from a series
of cones along a straight track off a spherical mirror, all photons from that track will
fall on to a single characteristic ring at the mirror’s focal length (hence “ring-imaging”).
The position of the centre of this ring corresponds to the projection of the track and
the radius depends solely on the particle velocity. Hence tracks can be matched to rings
and the combination of track momentum measured from the track curvature through
the dipole magnet and the velocity measurement from the RICH detector means that

the particle mass (and hence identity) may be deduced [99].
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The photons produced by the Cerenkov effect have spectrum and intensity distribu-
tions described by the Frank-Tamm relation [100]:
dN ( «

== hc)z%sm? O (2.3)

This predicts the number of Cerenkov photons dN to be found in an interval dE around
energy F for a particle of charge magnitude |q| = Ze with track-length L through the
radiator. v = €? /4 is the electromagnetic fine-structure constant. The observation that
this relation is independent of E manifests itself in a flat energy spectrum for Cerenkov
light. Substituting the approximate result for the Cerenkov angle from equation (2.2)
we see that the number of Cerenkov photons N expected in any given energy range is

maximised for ultra-relativistic particles where g — 1:

Noxl1-—

1
- (2.4)

The LHCb RICH system

In LHCb the RICH system is split into two detectors, RICH1 and RICH2, which are
located respectively upstream and downstream of the magnet, as shown in Figure 2.5.
RICH1 detects particles with relatively low momenta from 2-70 GeV/c over a wide range
of polar angles up to 300 mrad while RICH2 has a smaller angular acceptance of up to
~ 120 mrad but detects a wider range of momenta, roughly 20-100 GeV/c. RICH1 is
hence placed in front of the magnet to detect low-momentum tracks which may get
swept out of the geometric acceptance of the spectrometer and also to keep its size
manageable, while RICH2 is placed much further downstream. The resulting polar
angle and momentum coverage of the two detectors as compared to tracks from typical
B-decay events are shown in Figure 2.14. Note that RICH2’s operational momentum is
only expected to extend to ~100 GeV/c rather than the design limit of 150 GeV/c shown
in the figure.

The nominal Cerenkov radiator gas in RICH1 is C4F;y with refractive index n =
1.0014 for A = 260 nm. This provides 3¢ 7K separation up to momenta of ~50 GeV/c[99].
A mix of C3Fg and CsF15 in equal molar concentration provides similar optical proper-
ties and may be used in the installed system. To increase sensitivity to low momentum
tracks, RICH1 also contains a 5 cm silica aerogel panel. The aerogel rings are much

larger than those from the RICH1 gas radiator and have fewer photons, largely because
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Figure 2.14: Polar angle vs. momentum coverage of RICH1 and RICH2. The
two detectors are designed with complementary operational ranges.

the track-segment length in the aerogel is much less than that in the gas. RICH2 has a
single radiator, CF, gas with a refractive index n = 1.0005 for A = 260 nm, providing
high-momentum 7K separation for p ~ 20-100 GeV/c. Selected design parameters and
radiation threshold momenta the RICH radiators are listed in Table 2.1. RICH1 is ~3 m
X 2 m in the x—y plane and extends ~1 m in the z-direction. RICH2 is ~7m X 7 m in

the z—y plane and ~2 m deep.

Characteristic  Aerogel C4Fqp CF,

L 5 cm 85 cm 167 cm

n 1.03 1.0014 1.0005
O 242 mrad 53 mrad 32 mrad
Dihresh (77) 0.6 GeV/e 2.6 GeV/e 4.4 GeV/c
PDenresh (K) 2.0 GeV/e 9.3 GeV/e 15.6 GeV/e

Table 2.1: Various characteristics of the RICH radiator media at standard
temperature and pressure. These are the average track length in the radiator L,
max

the refractive indices n, the saturated Cerenkov angle 0 and the threshold
momenta for pions and kaons.

The optical layouts of the two RICH detectors, other than in overall scale, are similar.
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Figure 2.15: The LHCb RICH detectors, with RICH1 on the left and RICH2
on the right.

Both detectors use a flat mirror to allow the photon detector arrays to be placed outside
the experiment acceptance and spherical mirrors to focus the Cerenkov emission cones
as shown in Figure 2.15. The spherical mirrors have focal lengths of 0.85 m in RICH1
and 4.00 m in RICH2 [92,99,95]. The two RICH detectors are rotated by 90° relative
to each other around the z-axis. RICH1’s photon detector planes are located at the
top and bottom of the detector and RICH2’s photon detectors are on the sides. Again
this design is motivated by constraints and requirements on the magnetic field. The
mirrors in RICH1 are made of beryllium and those in RICH2 are quartz: this decision is
based on a trade-off between cost and reduced radiation and interaction lengths in the

geometric acceptance of the experiment.

The photon detectors in the RICH detectors are required to detect photon hits with
a spatial resolution of better than ~2 mm and a response time compatible with the
40 MHz bunch-crossing rate (allowing for dead-time after a hit in a given pixel) [99]. The
chosen photon detector technology is the pixel hybrid photon detector (HPD) shown in
Figure 2.16 [101,102,103,104]. These detectors have only one stage of photo-electron
acceleration between cathode and anode and use a silicon matrix for detection at the
anode. A direct mapping can be identified between the photon interaction point on the

photo-cathode and the readout point on the silicon via the electron optics [105].

The HPD unit is an evacuated cylinder, 120 mm in length and 83 mm in diameter.

Photons enter via a spherically-curved quartz window at one end and are converted to
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electrons at a photo-cathode deposited on the inside of the window. The peak conversion
efficiency is ~25% at a wavelength of 300 nm [105]. The photo-electrons are accelerated
through a single 20 kV potential to impact on the 1024-pixel anode assembly at the
opposite end of the tube. The anode assembly consists of a silicon pixel detector bump-
bonded directly to a binary readout chip. This assembly is mounted on a ceramic carrier
and wire-bonded to an array of readout pins on the base of the tube from where readout
to the “pixel chip” takes place. The HPDs are packed in a hexagonal array with 0.9 mm
separation between tubes to allow for a thin magnetic shield of “mu-metal” round each
tube. In total there are 2 x 98 tubes in RICH1 and 2 x 144 tubes in RICH2[101] covering
a total photon detector plane area of 2.6 m?. The interstices in the hexagonal packing

are used for routing the readout cabling.

There is a delicate interaction between RICH1 and the fringe-field of the magnet,
which is located only a short distance downstream. In particular, there is a requirement
that the integrated on-axis B-field between the VELO and the T'T tracking station be
sufficiently large for the L1 trigger (see Section 2.5) and for reconstructing short tracks
which do not propagate as far as the T stations. This conflicts with the strong sensitivity
of the HPDs to magnetic fields: distortions in the electron optics can only be corrected
for reliably up to |B|~10 G [95]. An iron shielding box surrounds the RICH1 HPD
system; this performs the dual role of shielding the HPD planes from the fringe field and
focusing the B-field from the magnet poles on to the z-axis for the trigger. The latter

role is the reason for RICH1’s vertical alignment and the addition of pole pieces to the
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Figure 2.17: Reconstructed tracks in LHCb for an average-occupancy b-
production event. Observed detector hits are shown in red and the corresponding
reconstructed tracks in blue.

shielding box which improve the magnetostatic circuit. In addition, individual shields
made of high-permeability iron alloy are to be used to protect the HPDs from the fringe
field [95]. Structural shifts due to B-field polarity changes are simulated as being below

the HPD pixel scale and hence frequent alignment calibration is not anticipated.

Ring reconstruction in the RICH system will be discussed in detail in Chapter 3.

2.4.6 Tracking system

The tracking system is composed of several distinct sub-detectors, namely the VELO,
which has already been described, and the components labelled TT [106,107] and T1-
T3 in Figure 2.5 [106,108]. The system reconstructs the tracks of individual charged
particles, which directly allows the particle momentum to be determined from the track
curvature in the dipole magnetic field. In addition, matching the reconstructed tracks to
calorimeter clusters allows measurement of individual particle energies and the matching
of tracks to the centres of RICH rings enables particle ID. About 74 reconstructed tracks

are expected in an average bb production event: such an event is shown in Figure 2.17.

The silicon-based “TT” tracking station is located between RICH1 and the upstream
magnet aperture. This station is used by the L1 trigger algorithm to estimate the pr
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of large impact parameter tracks. It is also used in offline analyses, being particularly
useful for tracking low momentum particles which are swept out of the acceptance by
the magnet and for seeding the tracking algorithm for long-lived particles such as K°
which decay predominantly after the VELO.

The T1-T3 tracking stations are located between the magnet and RICH2 and are
used to gather information about charged particles which have sufficient momentum to
remain in the detector after the magnet. Each station is divided into a silicon microstrip
inner tracker (IT) and an outer tracker (OT) based on straw drift chamber technology.
The downstream tracking stations are sized such that the OTs extend to the LHCb
acceptance and the IT-OT boundary in each station is chosen such that the occupancies
in the outer trackers are kept below 10%[92]. The finer resolution of the silicon microstrip

allows it to maintain tracking performance in the higher-occupancy on-axis region.

Both the TT and the IT silicon microstrip detectors are composed of four sensor
planes: the two outer sensors are vertically aligned and the two inner planes are inclined
by =+ 5° to yield stereo information. The TT is split by a 30 cm gap in the z-direction
between the two inclined planes to improve the angular resolution, while the I'T stations

are compact in z.

The OT straw tubes are 5 mm in diameter and are filled with a mixture of argon,
COs and CF4. The admixture may be varied to fine-tune the mean drift time, which
is centred on 50 ns to restrict spillover occupancy effects to two bunch crossings. Like
the IT stations, the OT detectors are split into four sensor planes with the middle two
inclined by +5°. Each plane is formed from two layers of straws, packed so that the
spatial resolution of hits is less than the straw radius and arranged in modules of 64
straws. The only tracking in the y—z non-bending plane is the rough tracking provided
by the stereo layers: this is sufficient for RICH ring—track matching and identifying
calorimeter clusters and is irrelevant to the measurement of momentum components in

the x—z bending plane.

The overall momentum resolution of the LHCb tracking system is dp/p = 0.37%.
The track-finding efficiency is 94% for tracks with hits in all tracking stations. The false
(“ghost”) track rate is 9%, which reduces to 3% for tracks with pr > 0.5 GeV/e.
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2.4.7 Calorimeters

The electromagnetic (ECAL) and hadronic (HCAL) calorimeters lie downstream of
RICH2 with the ECAL located immediately upstream of the HCAL. A scintillating
pad detector (SPD) and a pre-shower detector (PS) are located immediately upstream
of the ECAL [92, 109]. These provide limited particle ID information for the first stages
of the trigger system, at which stage the more powerful RICH particle ID is not yet

available [1 10].

The calorimeters measure particle energy by incorporating large numbers of radiation
and interaction lengths to encourage showering. They are particularly important for
neutral particles which leave little other information in the detector other than the
calorimeter clusters: in this case the calorimeters are actually involved in tracking to a
limited extent. The calorimeters are additionally used in the trigger algorithms, where

they provide information about the particles in the event with high transverse energy.

The SPD is a 15 mm-thick layer of scintillator tiles which respond to the passage
of charged particles and hence allows electrons and photons to be distinguished, which
cannot be done once showering has begun in the calorimeter volumes. Downstream is
a 12 mm-thick layer of lead (2.5 Xj) followed by another layer of scintillator tiles: this
combination is the pre-shower detector [109]. The PS uses the difference in interaction
lengths for electrons and pions in lead to distinguish them, the electrons depositing

significantly more energy in the scintillator than the pions.

The ECAL and HCAL themselves are both sampling calorimeters with an alternating
structure of scintillator tiles and high- X, material to encourage showering, as shown in
Figure 2.18. As electromagnetic showers are more collimated than hadronic showers,
the ECAL is composed of alternating 2 mm-thick scintillator tiles and 4 mm-thick lead
sheets with their short axes aligned along the z-direction. By comparison the HCAL is
composed of scintillator tiles with average thickness of 4 mm and 16 mm-thick iron with
the short axes perpendicular to the z-axis to improve the sampling for the more lateral
hadronic showers. The large-scale HCAL structure in z alternates 200 mm of the above
structure with 200 mm of iron [109]. The ECAL longitudinal structure corresponds to
25 Xo.

The SPD, PS and ECAL scintillators are read out via a “shashlik” design where
wavelength-shifting fibres “skewer” the scintillator tiles whereas in the HCAL the fibres

are connected to the tile at one edge only. The fibres are read out to photomultiplier
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Figure 2.18: The fine structure of the LHCb calorimeters, with the single-edge
readout of the iron-scintillator HCAL on the left and the shashlik readout of
the lead-scintillator ECAL on the right. The different tile alignments, to handle
the difference in collimation between electromagnetic and hadronic showers, is
illustrated.

tubes: for the SPD, PS and ECAL multi-anode PMTs are to be used. The HCAL uses

only one single-anode PMT for each set of three tiles.

The tile layout within the calorimeters is structured so as to match the geometry
of tracks originating from the primary vertex, which makes combining measurements
from different calorimeter components faster. The tile sizes also vary with position in
the z—y plane to match the variations in particle flux: the ECAL tiles are ~40 mm
squares at the 30 mrad closest approach to the beam but increase to first ~60 mm
squares and finally ~120 mm squares further out from the beam axis. The SPD/PS
tiles follow a similar pattern but are down-scaled by about 1.5% to match the projective
geometry from the PV. The HCAL tiles are also sized according to position: near
the beam they are ~130 mm square and further out the pitch is doubled to ~260 mm
square. The trigger requirements on the HCAL do not impose a stringent shower-
confinement condition and so no specific radiation length is required; the HCAL length

is 5.6 interaction lengths [109].

The energy resolution provided by this calorimeter design is o(E)/E = 10%/vVE & 1.5%
for the ECAL and o(E)/E = 80%/vE & 10% for the HCAL with E in GeV; these per-
formance figures have been verified by experimental tests on the HERA-B calorimeter

modules, which are of very similar design [111].
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2.4.8 Muon system

The muon detector system is the furthest downstream of the LHCb sub-detectors: it is
distributed among 5 stations marked as M1-M5 in Figure 2.5. M1 is located between
RICH2 and the calorimeters, while the other muon stations are all located after the
HCAL. Muon detection is important for both triggering and offline analysis since muons
occur in the final states of benchmark CP-violating channels and of semi-leptonic B
decays used by flavour tagging algorithms. The pr information from the muon detector
is used in conjunction with the calorimeter Er+ measurement by the first stage of the

trigger.

Of the five stations, M1-M3 are used for muon track-finding and momentum mea-
surement and M4 & M5 are used purely for muon identification. The 310 cm separation
of M1 from M2 is crucial to the precision of the muon pr measurement. Since the M2—
M5 muon chambers are separated from the interaction point by some three hundred
radiation lengths and thirty interaction lengths muons are the only charged particles to
reach them: being more than 100 times heavier than electrons they do not scatter or
shower significantly. Between each of the M2-M5 stations is an 80 cm-thick iron plate

to reduce the hadronic background [112, 113, 114].

All five muon stations are constructed as arrays of multi-wire proportional chamber
(MWPC) detectors. Each chamber is constructed from four 5 mm potential gaps which
are filled with Ar, CO, and CF, gases in 4:5:1 admixture and have centrally-aligned
anode wires as shown in Figure 2.19. Rather than induce muon showering, the detectors
operate by detecting the ~50 electrons produced by a typical muon as it ionises the
gas: the electrons are accelerated toward the anode wires by the 3 kV potential and the
resulting signal is amplified by the data acquisition electronics. The four sequentially-

stacked chambers provide an overall muon-detection efficiency of ~99%.

The muon trigger operates with an efficiency of ~55% (for inclusive B decays with
at least one muon in the final state and fully contained in the detector acceptance). In
the offline analysis the muon identification efficiency is in excess of 90% for muons with
momenta above 3 GeV/c and the mis-identification of pions as muons is restricted to less
than 1.5%.
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Figure 2.19: Schematic diagram of a muon system MWPC.
2.5 Trigger system

After beam de-focusing at the LHCD interaction point the active bunch crossing rate
is 30 MHz, of which ~10 MHz are the single pp interactions of interest to LHCb. Ac-
counting for the bb production cross-section, the experiment’s geometric acceptance, the
hadronisation fraction to B-mesons and the fact that the inclusive branching ratio to b-
hadron decay channels of phenomenological interest is O(10 — 10°), events of physical

interest only occur at a few tens of Hz.

The solution to this huge difference between the bunch crossing and useful event rates
is to implement a multi-stage trigger system: LHCD’s trigger is divided into Level 0 (L0),
Level 1 (L1) and the high-level trigger (HLT) [110,115]. LO is implemented in hardware
while the L1 and HLT triggers are performed by software running on the PC farm. At
each level the event data is queued in a buffer while a decision is made to accept or reject
it based on the likelihood of it containing a b-decay of interest. The algorithms which
make this judgement become increasingly more complex with increasing level, which is
possible due to the progressively lower input rates at each stage. The separation into
levels also allows a balance to be struck between minimising dead time and buffer sizes.
An overview of the trigger characteristics broken down by level is shown in Table 2.2
and described in more detail below. Figure 2.20 shows the design architecture of the L0

and L1 trigger systems.

2.5.1 LO

The LO trigger processing is performed by dedicated electronics on selected sub-detectors

to simplify readout requirements. The trigger hardware operates at the 40 MHz bunch-
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LO L1 HLT Offline
Input rate 40 MHz 1 MHz 40 kHz 2 kHz
Output rate 1 MHz 40 kHz 2 kHz —
Sub-detectors VELO, ECAL, All except All All
HCAL, muon  RICH & T1-3

Location On detector Counting room Counting room Institutes & GRID

Table 2.2: Characteristics of the trigger levels and offline analysis.
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Figure 2.20: The architecture of the LHCb LO and L1 trigger system, with the
detectors involved in each stage of the trigger algorithm indicated.

crossing rate and is required to have a average acceptance rate of ~1 MHz. Each sub-
detector is required to buffer 4 ps of data, corresponding to 160 bunch-crossings, while

the LO decision unit (LODU) decides to accept or reject the event.

Since b-hadron decays typically produce low-mass daughter particles with high mo-
menta, events with high-pt electrons, muons and hadrons are selected using rapid
calorimeter and muon system measurements. Events are only accepted if the total Er is
greater than 5 GeV, to reduce the possibility of triggering on halo muons in events with

no interactions. A pile-up veto is also applied at this stage: the two dedicated VELO
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veto stations are used to discard the event if more than one pp interaction occurs in
the bunch crossing, regardless of pr measurements. Additionally, the L0 system applies
a set of specific trigger cuts for specific benchmark physics channels: the details are

documented in the LHCD trigger technical design report [110].

252 L1

The L1 trigger operates at the L0 accept rate of 1 MHz and accepts events at an average
rate of 40 kHz. The trigger algorithm is performed by software and is nominally assigned
55% of the available CPUs in the counting room PC farm. The buffering is performed

by dedicated hardware, also located in the counting room.

The algorithm makes its decisions based on the L0 data from the calorimeters and
muon system and also incorporates tracking data from the main VELO stations and the
TT detector. The VELO tracks are matched to the TT tracking data and to the muon
tracks and calorimeter clusters from L0O. The improved tracking is used to perform a

more stringent low-cut on track pr.

The L1 selection is primarily based around tagging displaced vertices in the VELO
as a signature of b-quark decay. The event is required to have at least one VELO
track with an impact parameter to the primary vertex in the range 0.15-0.3 mm. This
decision is weighted by the track momentum since large impact parameters are not such
a strong discriminating factor for low-momentum tracks as they are for high-momentum
ones due to multiple scattering. The main L1 trigger cuts are applied in the form of a
“vertical-diagonal discriminant” cut in the 2D plane of > Inpr against ) InIP: this is

summarised again in the trigger TDR [110] and shown in Figure 2.21.

2.5.3 HLT

The HLT is essentially an offline selection algorithm applying loose cuts on relatively
complex parameters such as impact parameters of tracks. Data from all sub-detectors
is available to the HLT algorithms. The HLT receives data from the L1 accept stage at
an average rate of 40 kHz and accepts events at a nominal average rate of 2 kHz. Of
this, 200 Hz are dedicated to specific decay channels and the remainder is used to store

generic inclusive bb production events.

The current implementation of the HLT algorithm repeats the L1 reconstruction
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Figure 2.21: Examples of the L1 trigger vertical-diagonal discriminant cut for
BY — 777, B’ D,K and minimum bias events.

of VELO tracks and primary vertices more accurately and additionally matches the L1
tracks to the tracks reconstructed by the T1-T3 tracking detectors. The L1 cuts are then
repeated with the improved tracking information. Additionally, the HLT incorporates
several streams specific to particular decay channels: it is being considered that channels
with neutral decay products which would normally be obliterated by the trigger (for

example B? — K2 K2) may be given special exemption via a dedicated HLT stream.

Although data from the RICH system is available to the HLT, it is currently unused.
Particle ID information from the RICH is being incorporated into the HL'T at the time of
writing, via a fast parameterisation-based ring—track matching algorithm which avoids

the computationally intensive inversion of the RICH geometric optics.

As the HLT algorithm is entirely implemented in software, it is under constant im-
provement and will not be fully defined until detector commissioning. The HLT is

nominally assigned 25% of the counting room PC farm’s CPU power.

2.6 Data handling

LHCb data handling is largely performed by the PC cluster located in the counting
room, which is in the IP8 cavern near to the the detector. This will be composed
of ~1800 rack-mounted machines which are nominally assigned to either stages of the
trigger system or to offline data analysis. Storage for triggered data will be supplied by
the CERN computing centre’s high-volume data system [116].
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Figure 2.22: The logical structure of the LHCb software framework, divided
into simulation (orange) and reconstruction (blue) components. All components
make use of the high-level Gaudi framework.

2.6.1 Offline analysis

Offline data analyses are nominally assigned the remaining 20% of counting room CPUs.
They will also be distributed between participating institutes via the LHC Computing
Grid. The software framework used for LHCb analyses is described in Section 2.6.2 and

is used in Chapter 5 for selection and analysis of B — K 7 decays.

To enable comparison of data recorded at different times, when the detector con-
figuration is likely to have changed in-between, a detector conditions database will be

generated and distributed around the offline data analysis centres.

2.6.2 LHCD software framework

The LHCDb software is built on a set of object-oriented C++ frameworks, structured as
shown in Figure 2.22. The “Gaudi” framework provides the administrative tasks like
histogram and data persistency and run-time configuration via either Python or custom-
format option files [117,118,119]. An algorithm structure designed for performing the
same task over many events with optional initialisation and finalisation routines is also
derived from a Gaudi template algorithm. Gaudi also provides hooks to enable its use
in a distributed “GRID” environment and this is used by Dirac[120, 121, 122], the LHCb
distributed Monte-Carlo data production system.
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The LHCD software built on Gaudi can be divided largely into the simulation system
and the frameworks for analysis of data: the intention is that, when data-taking begins,
the analysis software chain can be applied to the detector output in precisely the same

way as it is used on simulated data.

Simulation software

The simulation software is divided into several stages. “EvtGen” is the Monte-Carlo
event generator, using a combination of Pythia 6 [123] and custom b-decay algorithms
to perform hard-scattering calculations, hadron showers and b-hadron decays. This is
executed from the context of “Gauss” [12], which also contains the detector simulator,
built on Geant4 [125] and a comprehensive XML description of the LHCb detector. The
simulation is a full material interaction model rather than a parameterisation approach.
“Boole” is the final element in the simulation chain, simulating the digitisation process
from Gauss interaction data[!26]. The “digi” files produced by Boole use the same data

format as the raw detector output data frames.

Analysis software

The analysis software essentially seeks to invert the simulation process and work back
up the chain to the fundamental physics, removing as far as possible the effects of
detector resolution. The first tool in this process is the event reconstruction system,
“Brunel” [127], which analyses raw “digi” data files to build physics objects like tracks,
calorimeter clusters, RICH rings etc. The output of Brunel is used finally by the anal-
ysis system, “DaVinci” [128], to create high-level objects such as particles and vertices.
DaVinci provides many tools for combining particle objects to form decay chains and
for identifying signal events. Finally, an event visualisation system, “Panoramix” [129],
is built on a combination of the Gaudi framework and the OpenScientist [130] modelling

system.

Monte-Carlo truth information

One crucial aspect of the LHCb software is not mentioned above: how are we to build
and validate the Brunel reconstruction algorithms without knowing which physics ob-

jects match up with the true processes simulated in Gauss? And how can we write
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analysis algorithms without knowing which events are signal and which are background
according to EvtGen and Gauss? Monte Carlo truth information is recorded in all the
simulation steps and is available to MC-aware tools on the reconstruction and analysis
side. Development methods are in force to ensure that all MC-awareness in the anal-
ysis and reconstruction software can be globally disabled and that none of the active

reconstruction algorithms depend on knowing about the MC truth.

2.7 Flavour tagging

In studying, for example, B® oscillations it is important to be able to identify not just
the flavour of the neutral B-meson at decay but also the initial flavour, in particular
whether the constituent b-quark is a b or b. Although the initial flavour cannot be
measured directly, it may be possible to infer it from the decay products of the b-
hadron containing the other member of the bb pair. It is conventional to refer to the
hadron which is being reconstructed as the “same-side” hadron and the other one as the
“opposite-side” hadron. Analysing the flavour of the opposite-side hadron to infer that

of the same-side particle is called “tagging” [92].

A typical tagging strategy is to observe a charged lepton which does not originate
from the same-side b-hadron: for example observing an opposite-side electron or muon
implies an opposite-side b-decay chain of the form b — ¢ {77, or conversely a positron or
anti-muon indicates a b — € (*7, decay chain. Similarly, observing a charged kaon may

imply a decay chain of the form b —c¢—s or b —¢ —§ according to the kaon charge.

The principal weaknesses of the strategy are threefold:

e not all events are taggable as, for example, not all the necessary decay products
of the opposite-side decay lie within the detector acceptance or fail to meet other
reconstruction criteria. Alternatively the decay daughters may not unambiguously

indicate the b-hadron flavour, such as in the decay pair B}/BY — 77 ~;

e not all final state particles come from the opposite-side decay: in addition the de-
tector contains final state tracks from the signal decay and fragmentation products

from the pp interaction; and

e the opposite-side b-hadron may have also oscillated if it is a neutral meson: in this

case we do not absolutely know the initial flavour of the opposite-side b.
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These problems, in particular the second, lead to the tagging only being performed
on a subset of events and the final state particles on which it is applied have to pass a
set of selection cuts to identify the relevant opposite-side candidates. As the daughter
particles from decays of b-hadrons have masses much less than the b-quark they typically
have higher transverse momenta pt than particles from pp fragmentation. Additionally,
as they originate from a displaced secondary vertex, their mean impact parameter with

respect to the primary vertex is also large.

These properties are used as for signal selection algorithms to select the best tagging
candidate. In the event that more than one tagging candidate is found for a given tag-
species (kaon, muon or electron) then the candidate with the highest pr is used. If more
than one species of tag is available then they are used in decreasing order of preference:

muon, then electron, then kaon.

The overall tagging “power” is represented by the quantity eD?, defined as
eD* =€ (1 — 2w)?, (2.5)

where € is the efficiency with which tagging can be performed at all and w is the wrong-
tag fraction, enhanced by a factor of two as a wrong-tag not only fails to tag the b-
hadron but actually contaminates the set of tagged events. Simulations of the tagging

performance indicate that e ~ 40% and w ~ 30% for typical b-decays[95].



Chapter 3
Trackless RICH pattern recognition

“Science in the modern world has many uses; its chief use, however, is to provide long
words to cover the errors of the RICH.”
— G. K. Chesterton, 1874-1936 (misappropriated)

In this chapter, the standard RICH pattern recognition system is described and is
extended to investigate the possibility of ring-finding without use of tracking information.
The potential of this approach for studying rings for which no track information is present
and for identifying background hits is explored. Section 3.1 describes the standard
particle ID algorithms and Section 3.2 onward describe the trackless ring-finding system

and its impact on particle ID.

3.1 The standard RICH particle ID algorithm

Before considering the various facets of trackless ring-finding, we need to examine the
standard “track-aware” pattern recognition and particle ID system. This consists of
two main pattern recognition algorithms for matching activated pixels to reconstructed
tracks, known as the “global” and “local” approaches[131]. These are used together with
an algorithm for assigning a probability of being a background hit for each activated

pixel to form the standard RICH particle ID system.

67
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3.1.1 Global pattern recognition

The “global” pattern recognition method treats a RICH event as a single entity and
maximises a likelihood measure across all particle ID hypotheses for each reconstructed
track. The likelihood is calculated by comparing the number of activated pixels with
the number expected from the Cerenkov emission signal and background distributions,
including photon scattering in the RICHI aerogel. The fitting of Cerenkov angles for all
tracks is performed by inverting the RICH optics analytically. This involves the solution
of a quartic equation which accounts for much of the computational time required by the
global approach [99]. Comparison of the fitting function to the observed photon detector

signals yields a log-likelihood function:

Inl =— Z /Lj—f— Z nﬂn(Z aij—i—bi), (31)

track j pixel 7 track j

where a;; is the expected number of photoelectrons detected in pixel ¢ from track j
under a set of hypotheses. p; is the expected total number of photoelectrons from
track j, p; = Y .a;;. n; is the number of photoelectrons observed in pixel i and b;
is the expected background in the same pixel from untracked rings. This likelihood
form is derived from a consideration of the contributing Poisson probabilities of pixel
occupancy [132]. The sums over ¢ are kept efficient by only summing over activated
pixels in the second term. Iterations of the set of particle ID hypotheses are made until

no further likelihood improvement is observed.

3.1.2 Local pattern recognition

In the local pattern recognition algorithm, each reconstructed track is treated indepen-
dently and each pixel’s Cerenkov angle is calculated relative to that track. Treating the
tracks independently reduces the number of calculations required for each iteration and
makes the local method faster than the global method. For each track a log-likelihood
function is calculated, based on an assumed Gaussian distribution of hit probability in

Cerenkov angle for each track and particle ID hypothesis:

In £(6r) — Z ln(l + éae exp (_(6%‘;”)» | (3.2)




Trackless RICH pattern recognition 69

In equation (3.2), ; is the reconstructed emission angle of hit i, 63 is the expected
emission angle under particle ID hypothesis H € {{e, u, 7}, {K, p}} and oy is the angular
resolution of the detector. The function is normalised such that In £(#) is equal to the
hit density expected at angle 6 [133]. The sum is over all i, except for those where

0; > 0.4, the saturated emission angle, which are omitted for computational efficiency.

This function is used to calculate the number of hits for each hypothesis at the mean
emission angle. From this a Poisson probability is calculated and used to discriminate
between different hypotheses for each track. Since this method is much faster than the

global algorithm, it is used for seeding the global approach.

3.1.3 Other pattern recognition methods

In addition to the standard global and local particle ID algorithms, several subsidiary
methods are under investigation. Firstly, the global algorithm is too slow for operation in
the high level trigger (HLT) and the analytic inversion of the RICH optics to calculate
the Cerenkov angles of hits relative to reconstructed tracks has been identified as a
processing bottleneck. As a result, HLT studies are underway to incorporate RICH
particle ID into the HLT by using a simple parameterisation and a variant of the local

particle ID method to map between hit position and emission angle [134, 135].

Secondly, studies have been made of using a stereographic projection to re-fit rings
to tracks: the properties of the projection result in a reduction of the track error. This

work has been summarised in reference [130].

Finally, work on trackless ring-finding with a Markov chain sampler is the subject of

the work presented in this chapter.

3.1.4 Standard particle ID algorithm structure

A benefit of the global approach to pattern recognition is that, since the dominant back-
ground to reconstruction of a ring from a given track is the hits from other tracks, these
backgrounds are naturally accounted for in the construction of the global log-likelihood
function. This is much harder to do within the framework of the local algorithm where
the log-likelihood constructed for each track is unaware of the specific locations of other

tracks.
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The approach used by the standard particle ID system is to first execute the fast local
algorithm to seed the global algorithm hypotheses. This offers an improvement over the
uninformed best-guess that all the tracks correspond to pions. Next a special background
estimation algorithm is executed which assigns background contribution weights to each
pixel based on the global tracking information. The background estimator is followed

by a first run of the global particle ID algorithm.

Since the background estimation can be improved using the results of the global fit,
a second round of background estimation and global particle ID is executed to obtain

the final maximum-likelihood particle ID hypotheses.

3.1.5 Standard particle ID performance

The number of activated pixels per event is shown in Figure 3.1 for typical signal events
which decay in the experiment’s acceptance and pass the L0 trigger. It is evident that a
large proportion of the hits originate from secondary interactions, in fact the secondaries
account for ~70% of all hits. Secondly, the maximum number of hits in RICH1 (about
3000) is about twice as much as that for RICH2. This is because, since RICH2 is intended
for particle ID of high-momentum particles, many of the potential radiating tracks have
been swept out of the acceptance by the magnetic field by the time they reach it. These
hits are distributed on the photon detector planes with maximum occupancy of ~8% in
the central region of RICH1 and ~1% elsewhere, including all of RICH2 [99].

Property Aerogel CyuFq CFy
Npe 6.6 32.7 184
ogmission mrad]  0.60 0.74  0.31
gghromatic [mrad]  1.61 0.81  0.42
oP> [mrad] 0.78 0.83  0.18
o2k [mrad] 0.26 042  0.20
ol [mrad] 2.00 1.45  0.58

Table 3.1: Number of photoelectrons per ring and contributions to Cerenkov
emission angle resolution in the various RICH radiators using the global ring-
finding algorithm with background estimation [99]. The various resolution con-
tributions are respectively from the uncertainty on the emission point position,
chromatic aberration, pixel discreteness and tracking errors.
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Figure 3.1: Number of activated pixels per event in RICH1 and RICH2.

The expected number of detected photoelectrons and various contributions to the
Cerenkov angle resolution are listed in Table 3.1. The various contributions to the
emission angle resolution for the RICH1 C4F( radiator are illustrated in Figure 3.2; the
final resolution is a Gaussian of width oy = 1.45 mrad with a small tail due to tracking

errors [99].

Tests of the RICH particle ID performance have been made with many decay chan-
nels: the particle ID results are shown in Table 3.2 where the matrix would ideally
be diagonal [99]. It can be seen that the off-diagonal components are relatively small,
indicating overall good particle ID performance. The efficiency € (the fraction of true
particles of a given type which are correctly identified) and purity p (the fraction of
tracks identified as a particular particle type which are actually of that type) are also
indicated. The efficiencies are typically high, in the vicinity of 80% and the purities
are also high except for muons, which suffer significant pion contamination. This is
compensated by the dedicated muon detectors, which are the dominant contribution
to muon tagging. The most important contributions to the particle ID matrix are the
performances for m and K identification, since the ability to separate these efficiently is

crucial to the physics performance of LHCb.

The separation between particle ID hypotheses can be expressed in Gaussian standard
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Figure 3.2: Various contributions to the Cerenkov angle resolution in the
RICH1 C4Fqg radiator. The emission point, chromatic and pixel error distri-
butions are shown with linear scales, as is their convolution which is marked as
“all RICH”. The contribution from the tracking resolution and the final convo-
lution are shown with logarithmic scales.
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True particle type
Rec. e 1 s K p X| p

e |974 07 246 14 05 3.1]0.76
1 40 88 695 20 05 49]0.10
s 25 1.3 5457 33 07 511098
K 0.3 0.1 127 706 48 4.3]0.76
p 0.2 0.0 1.7 43 359 0.0]0.85
X 99 08 198 32 0.0 556 0.62
e 108 0.76 0.81 0.83 0.85 0.76

Table 3.2: Particle ID matrix for the standard RICH particle ID system. The
entries in the matrix correspond to tracks of all momenta from ~80k typical
events but have been normalised to 1000. The efficiency and purity numbers for
each particle type are shown at the bottom and the right-hand side respectively.
The X label is used to indicate a track below the Cerenkov-radiating threshold.

deviations via the relation N, = v/2AIn £, where the likelihood £ is the global algorithm
definition in equation (3.1) and the difference is obtained by changing the particle ID
hypothesis of one track [99]. The average separation between pion and kaon hypotheses
for true pions in triggered signal events in the acceptance is shown in Figure 3.3. Better
than 30 separation is achieved for particles with momenta between 2 and 100 GeV/c.
Threshold effects and resolution restrictions reduce the separations at low and high
momenta respectively but useful discriminating power is available from ~1-150 GeV/c.
Figure 3.3 breaks down this separation by event multiplicity, defined by bins of 0-1000,
1000-2000 and > 2000 hits. As expected, high multiplicity events give poorer separation
in the central momentum region but performance is not strongly affected by multiplicity

at low and high momenta.

The particle ID efficiency and mis-ID rates are often used as characteristic measures
of RICH performance. The usual way it is considered is to only determine a track as
being “light” (e, p, m) or “heavy” (K, p) to reduce the matrix in Table 3.2 to a binary
choice. Figure 3.4 shows the light /heavy efficiencies and mis-ID rates against momenta
for the standard particle ID algorithms, where again the performance reductions at low
and high momenta are due to threshold and resolution effects. Example total particle
ID efficiencies for the standard particle ID system with different RICH detectors in use,
obtained from 8k BY— K™K~ signal events, are listed in Table 3.3. The particle ID

rates are generally higher in the cleaner environment of RICH2.
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the text.
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Detectors used “K” efficiency [% ] “n” efficiency [% |

RICHI only 86.37 +£0.27 89.51 £0.10
RICH2 only 92.01 £0.32 96.71 +£0.07
RICH1 & 2 88.33 +£0.24 92.52 £0.07

Table 3.3: Particle ID rates for “kaons” (heavy ID) and “pions” (light ID) in 8k
BY — K+ K~ signal events for particles in the acceptance of either or both of the
RICH detectors. The rates are defined as the ratio of correctly identified particles
of each class (“heavy” /“light”) to the number of MC particles of that class which
are reconstructible using the given detector combination. The particle ID rates
are generally higher in RICH2 due to the lower occupancy.

3.2 Trackless ring-finding

An alternative approach to the problem of reconstructing Cerenkov rings from pixel data
is to fit circles directly to the pixel position distributions without the use of information
from the tracking system. Trackless ring-finding is largely motivated by the failure of the
global particle ID to find rings where the tracking system has failed to track a physical
radiating particle. Such rings are evident to human observers, as can be seen from
studying Figure 3.5. Identifying why the tracking system fails to identify the charged
particles which produce untracked rings is of interest for ensuring the robustness of the

standard reconstruction system .

As a significant amount of information is being discarded in the trackless ring-finding
approach, the trackless fitting procedure must scan a larger parameter space than that
required by the standard procedure. The non-reliance on tracking information means
that the trackless ring-finder can potentially be a useful tool for characterising the stan-

dard ring-finding method in cases where rings are produced by untracked particles.

3.2.1 The trackless ring-finding system

The trackless ring-finding system described here is based on a multi-dimensional Markov
chain sampler which is designed to efficiently explore the parameter space describing

ring sizes and positions. The ring-finder finds sets of rings which describe the hit pixel

!'Note that we are using “trackless” to describe the ring-finding procedure which does not depend
on tracking information and “untracked” to characterise RICH rings without any corresponding recon-
structed track. The two usages are quite distinct.
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Figure 3.5: Cerenkov rings reconstructed using the standard (global) pattern
recognition system in RICH2. Solid rings with red pixels are those identified
by the global pattern recognition; blue pixels are considered as background.
There are clear sets of pixels at the bottom of the left-hand panel and the top
of the right-hand panel which have not been reconstructed by the track-based
ring-finder.

distributions well and which are compatible with supplied prior probabilities for the ring
parameters. However, it does not attempt to associate pixels to rings or consider the
matching of tracks and rings at all — these must be done by hand after the sampler
has returned a ring set. In this study we first describe the algorithm used to identify
RICH rings without using tracking information, then consider how to associate hits and
tracks to the resulting rings. The effects of this system on particle ID performance are

considered in Section 3.3.3 onward.

The trackless ring-finder system is written in object-oriented C++ and incorporated
into the Gaudi framework as a set of Brunel algorithms. The development has been
performed with Brunel v24.4 reconstruction framework and also makes use of some fea-
tures from DaVinci v12.6. Extensive object templation is used to allow a single sampler
algorithm to be instantiated four times for each event, each instantiation corresponding
to one of the four RICH photon detector panels with appropriate angle-to-length scaling

parameters, geometric constraints and prior distributions.

The first stage of processing extracts the pixel hit positions for each event from the
digitisation data produced by Boole and converts these positions into a form used by

the Markov chain ring-finding sampler. The conversion from reconstruction pixels to
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sampler hits includes a transformation for RICH2 to correct for ring distortions: this
transformation is described in Section 3.2.2. The ring-finding algorithm is described in
Section 3.2.3.

The stages after the sampler use the circle-to-hit association probabilities from the
sampler to assign pixels to each ring and also use tracking information from another
part of Brunel to match ring candidates to track-segments in the RICH radiators. These

aspects of the ring-finding algorithms are discussed in Section 3.2.4.

Finally, an optional monitor algorithm is executed. This makes use of the reconstruc-
tion objects produced by the ring-finder algorithm and MC truth information to analyse
the performance of the ring-finder and the association of its output to reconstructed
tracks. The structure of the monitor algorithm and the information which it produces

are discussed in Section 3.3.2 and Section 3.3.3 respectively.

Due to the parameterisation of rings as circles in the sampler, it is naturally best-
suited to use in RICH2 where optical distortions are small and the activated pixel density
is relatively low. The higher occupancy and more substantial optical distortions in
RICH1 make it less-suited to a trackless approach. RICH1 also has two radiator media,
the aerogel and the C4Fg gas, and therefore the ring radius distribution is bimodal.
This presents some difficulties to the sampler, especially as the aerogel rings, with a
mean radiator length of only 5 cm, are very sparsely populated. For these reasons, the

results shown here only apply to ring-finding in RICH2.

3.2.2 Removing ring distortions

Due to the realities of the RICH optics, the rings projected on to the detector planes
are not in general perfect circles but instead are distorted to form rough ellipses. The
variation in radius of photon hits from the projected radiating track with azimuthal
angle as simulated by Brunel is shown in Figure 3.6. These data were obtained by
projecting all the long tracks in 100 typical events on to the photon detector planes and

ray-tracing photons uniformly around the track segment vectors at 8- = 30 mrad [135].

The RICH2 distortions are described very well by a sinusoidal variation as indicated
in Figure 3.6(b):

Ar = Acos2¢, (3.3)
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Figure 3.6: Cerenkov ring distortions in RICH2, expressed as the variation in
ring radius with azimuthal angle for long tracks in 100 typical events. Figure (a)
shows the raw pixel radii and Figure (b) shows the deviations of pixel radius
from the mean pixel radius per ring. The red dots in (a) show the azimuthal
variation in ring radius around a single ring.
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where A = 2.5 mm and ¢ is the azimuthal angle of ray-tracing emission. This expression
corresponds to a “squeezing” in the x direction and “stretching” in the y direction which
can be parametrically removed. The hits which are supplied to the Markov chain ring
finder are defined by a 2D vector (Z,¢) in the photon detector plane: in RICH2, Z and

g are obtained from the pixel position (x,y) by the transformations

x _ y
25 Yy = 25 (3.4)
1+ =1 1— =

T =

where the 2.5/131 factors come from the relative magnitudes of the sinusoidal radius

variation and the mean radius in Figure 3.6.

After the Markov sampler has run and hits have been nominally assigned to the
resulting set of circles, the reconstruction rings are built with the physical pixel positions
denoting each hit, so the transformation is only applied to the data as seen by the internal

mechanisms of the trackless ring-finder.

3.2.3 The trackless ring-finding algorithm

The approach used for trackless RICH ring-finding is an iterative process based on a
Markov chain sampler. The Markov chain approach involves evaluating a characteristic
function at various points in the space of configuration parameters and making the
decision about which point in the configuration space to “visit” next based on the
characteristics of the current position and an algorithm specific to the sampling method.
The intention is not to evaluate “all” points in the space or even a granular approximation
to that as might be attempted by a regularly-spaced grid scan of the parameter space.
Instead, the Markov chain samples the space with a position-dependent density which
represents the structure of the function being evaluated, such that most visited points
are in the “typical set” of the space[137]. Sampling of variables such as the ring radius
and position distributions (and the number of rings) is assisted by the use of prior

probability distributions in the sampler.

In defining our sampling space, a ring-finder circle is represented by 3 parameters:
two to describe the ring-centre position on the detector plane and one for the ring radius.
This parameterisation assumes that the rings are perfectly circular for all centre positions
on the detector planes, that each detector plane has 100% photon acceptance across its
area and that emission of a Cerenkov photon is equally likely for all azimuthal angles,

all of which are reasonable assumptions in RICH2.
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Figure 3.7: True Cerenkov emission angle distribution for RICH2, used as a
prior in the ring-finding sampler. The y-values are the number of rings per bin,
derived from a sample of typical B events.

It should be noted at this point that this sampling problem is different from more
typical minimisation scenarios in that the parameter space has a different number of
dimensions depending on the number of rings being considered at any sampler iteration
(3N dimensions for N rings). The approach used in this sampler is to include the number
of rings as a sampling parameter and to naively change the number of dimensions:
this introduces a strictly undefined sampler behaviour which in practice does not cause

problems.

The core of the trackless ring-finder is an implementation of the Metropolis-Hastings
sampling algorithm [137] — the general M-H algorithm is described in Appendix A. The
characteristic function used by the sampler is a measure of the probability of the proposed
rings to the measured hit distribution. This is calculated over a set of Bayesian priors
on the reconstructed emission angle, the average hit densities on the photon detector
planes and the number of pixels per ring against ring radius. Of these priors, only the
emission angle distribution is directly derived from the simulation: Figure 3.7 shows the

RICH2 emission angle prior distribution.

Ring-fitting is performed via an approach where the number of rings is sampled
from a prior distribution generated from the detector simulation Monte Carlo program
and the ring distributions are then proposed by iterative “jittering” of the circle centre
positions and radii to match at least three hits. As the procedure is computationally
intensive, caching is used extensively to allow “dead-end” sampling trajectories to be
rapidly discarded for a previous known-good configuration. The details of the sampling

procedure are described in reference [135].

The probability assigned to a given parameter space point is generated by assuming
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that Cerenkov emission is azimuthally uniform around the radiating track segment. The
prior probability of a hit occurring at a given point due to a particular Markov circle is
hence only a function of the radial position of that hit relative to the ring centre. The
choice of functional form is similar to a Gaussian around the ring’s nominal radius o but
since a naive definition such as p(r|rg) o< 5= exp (—%) has continuity problems at

r = 0 we instead use a modified Gaussian in logr space, with a parameter ¢ describing

the width of the peak and an additional n parameter to correct for the log-space skew:

p(r|ro, €, @) o ™ exp (—M) (3.5)

2€

The form of the function is then constrained to ensure that the mean of the distribu-
tion is always located at rg, introducing a@ = n + 2 and incorporating a r~2 dependence

from area-wise normalisation:

1 1 e @@/ p\*? log?(r/70)

where Z is a normalisation factor. The values of a and € are fixed for a given run and so
the only variations are in ry. The function is plotted in Figure 3.8 for values of € between
0 and 0.3 with a = 2 and ry = {1.5,3}. In practice, @ = 2 was used for sampling as it

provides a good fit to the Cerenkov angle distribution.

Unlike the standard particle ID algorithm, which performs its calculations in terms
of Cerenkov angles, the trackless algorithm performs its manipulations on the photon
detector plane. As rings can fall partially on the plane, ring-fitting near the edges
incorporates the concept that truncated rings may be seen and adapts the likelihood
measure accordingly, as very asymmetric hit distributions with a fraction of the normal
hits are normally disfavoured. However, due to the implementation of the algorithm
as four independent samplers on four separate photon detector panels, communication
between samplers is not possible and rings which are split across the boundary between

two panels are not recognised as a single entity. This is a reasonably safe approximation

in RICH2.

The result of the sampler is a best fit of rings to data as weighted by the priors. For
example, single-hit rings are not unfeasible but an entire detector full of them is very
unlikely and so the “one ring for each pixel” scenario, despite offering an excellent fit to

the data, never occurs in a reasonable sampling scenario.
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Figure 3.8: The “Yorkshire pudding” function, parameterising hit probability

on a Cerenkov ring in terms of ring radius.
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3.2.4 Associating rings to pixels and tracks

The collection of sampler-proposed rings can now be matched against pixels and recon-
structed track segments. The resulting set of reconstructed rings, each of which “owns”
a set of pixels and is optionally matched to a reconstructed radiating track segment, is
similar to the output of the standard particle ID system. The major difference is that

rings without matched track segments cannot occur in the standard approach.

Matching pixels to rings

A decision has to be made to determine which pixels are to be considered as “belonging”
to each prototype ring. The sampler algorithm has been written to provide some flexi-
bility at this point and run-time configuration directives can be used to specify whether
the matching is to be purely based on geometric proximity of the hit and the ring or
whether probabilities are to be used. Whether or not each pixel must be uniquely asso-
ciated to only one ring (or to no ring at all) or if a pixel may be considered as belonging

to any number of rings is also specified at run-time.

We consider first the geometric matching procedure: in this the radial distance from
a hit to the centre of each ring is calculated and whether the hit is considered as being
due to that ring is decided by whether it lies within a small range of the ring’s radius. To
make the association algorithm relatively independent of ring size, this range is specified
in units of the ring radius, so to pass this cut the following inequality must evaluate as

true:
|Thit - Tring| S Ggeom T ring s (37)

where ageom is the tuneable cut parameter. By default this is set to 10%, after some
exploratory “by-eye” tuning with the Panoramix visualisation system. In the unique-
matching configuration, each hit will only be assigned to one ring: that which meets this

constraint and which produces the smallest term on the left-hand side of equation (3.7).

By contrast, the probabilistic ring—pixel matching procedure uses the sampler prob-
abilities directly: while these are fundamentally derived from the relative geometry of
hits and circles they also incorporate information about prior probability distributions

and are a more informed measure of association likelihood.

There is a catch in using raw probabilities as a measure, however. This can be
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(a) (b)

Figure 3.9: Two different contexts in which hits can be interpreted. In (a) the
indicated hits are produced by two rings while in (b) they are in the vicinity of
three rings. Due to probability normalisation, the hits in case (b) will have a
reduced probability of association to any given ring, even if the geometric match
is just as good. This illustrates the danger of using absolute probabilities to
perform pixel-ring matching.

illustrated by considering an identical hit in two contexts: one where only one circle is a
realistic candidate for having produced the hit and one where several rings are equally
probable, as illustrated in Figure 3.9. Since the hit-to-circle association probabilities are
normalised, the hit in the vicinity of several circles will have a fraction of the probability
of having come from any one ring than it would have done if the two other rings had not
been there. Hence we have to be careful not to use absolute probabilities: the method
used is to record the association probabilities for all combinations of hits and circles and

to identify the most probable circle for each hit.

An initial cut is then applied which requires that the pixel must have a background
probability (i.e. the probability of not having come from any rings at all) less than 50%.
Rings are then associated to the hits whose associated pixel passes this cut. A given ring
is associated to a pixel if the corresponding circle has a match to the hit which compares
favourably to the matching probability of the best match combination. In other words,

for a circle C; to be associated to a hit h;, the following inequality must be satisfied:

p(Cz‘ hj) Z aprobp(Cbest| hj>7 (38)

where the ap,, parameter is used to parameterise the acceptance of the association pro-

cedure. Reasonable results are found for low values of apyop, between ~1-5%, established
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primarily via “by-eye” tuning using the Panoramix system. In the results to be shown,

non-unique probabilistic matching is used, with a tuneable value for apyob.

Matching track segments to rings

As the sampler operates purely in terms of hits, there is no probabilistic matching
possible from sampler circles to track segments in the Cerenkov radiators. We find
the track segment for each ring by projecting all segments through the RICH optics to
produce a set of track segment positions on the photon detector plane. These should
then correspond to the centres of reconstructed Cerenkov rings and for each ring the
associated reconstructed track segment is taken to be that which is closest matched to

the centre of the ring, provided that the following inequality is satisfied:
dsog < QsegTring - (39)

where dges is the distance from the ring centre to the projected segment position on the

detector plane.

Here the ag, parameter characterises a degree of tolerance in the association pro-
cedure: values of ag, greater than 1 mean that a track segment whose projection lies
outside of the reconstructed circle may be considered as having produced that ring.
While reconstruction errors mean that this scenario is possible, it is not common and
SO Gseg 15 taken to have a default value of 50%. Circles which do not match any re-
constructed segments are turned into reconstruction rings without a matched segment:
these are termed “untracked” rings and can be divided into sampler artifacts and gen-
uine untracked physical rings. The latter set are of great interest, as their existence

motivates the trackless ring-finding approach.

3.3 Trackless ring-finder performance in RICH2

There are many difficulties in objectively assessing the performance of the trackless ring-
finding algorithm. The principal difficulty is the lack of a robust definition of a “good”
match from a ring to a track: as ever we must consider the reconstruction performance
in terms of how closely it matches the MC event but the measure of closeness is ill-
defined. The definitions used in this study are described in Section 3.3.1. The algorithm

used to monitor the ring-finder’s performance is described in Section 3.3.2. Finally, the
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ring-finder performance is summarised in Section 3.3.3.

3.3.1 Defining MC-to-reconstruction associations

The central problem of characterising the trackless ring-finder’s performance is that
matching reconstructed Cerenkov rings to their MC counterparts is not well-defined: re-
constructed rings may be comprised of pixels from several MC rings or from background
processes like direct activation of pixels by tracks. A characteristic “goodness of fit”

measure is required, of which there may be several candidates.

The main object associations which are required in RICH reconstruction are those
from pixel to ring and from a ring to a track segment. For pixels, there is the possibility
that one activated pixel is actually the result of more than one Cerenkov photon hit
within the photon detector’s spatial resolution. For rings, it is possible to reconstruct
sets of rings which appear plausible in terms of the observed pixels but none of which
correspond to the idealised pixel probability distributions from MC radiator segments.
And finally, a given reconstructed ring may be due to several segments but is unlikely

to exactly match the parameters of an idealised ring from that segment.

From the point of view of reconstruction, what we really want to do is to form
an association between Markov rings and MC particles. We have already described in
Section 3.2.4 the matching of a ring to a reconstructed track segment by projection of
the segment through the RICH optics. The Monte Carlo analogue of this matching is to
follow the MC association chain: starting with a Markov ring we obtain the MC pixel
associated to each reconstructed pixel on the ring. The MC pixel then provides a link to
the MC Cerenkov photon which activated it; from there the MC segment can be found
and finally the MC track-to-particle association can be made, linking each reconstructed

pixel to an MC particle.

3.3.2 Monitoring the algorithm performance

Assessing the performance of the ring-finding algorithm requires an external monitoring
system with access to the “true” Monte Carlo version of the event as well as the output of
the reconstruction system. This is achieved in the Gaudi framework by placing a second
algorithm in the execution chain after the ring-finder has saved its reconstruction objects

to the reconstructed event store.
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The initial stages of the monitor algorithm are devoted simply to retrieving the
event descriptions according to the MC event and from the reconstruction chain, which
includes the ring-finder algorithms either trackless or track-aware. Once these have been
retrieved, some basic event-level statistics such as the number of rings and the number

of pixels in the event are recorded.

Secondly, each Markov ring is examined and the MC counterparts of the assigned ring
pixels are used to make a link to the MC particle responsible for that pixel’s activation.
The list of MC particles for each ring is then used to establish the MC particle responsible
for the majority of pixels on the ring and to record some more statistics about the quality

of the MC matching for each ring.

Before any further comparisons between the MC event and the Markov-reconstructed
event are made, it is required that a ring has at least one non-null association to an MC
particle. In reality, there is no significant attrition rate due to this requirement: almost
all reconstructed pixels have at least one associated MC pixel, from which a good link
to an MC particle is guaranteed: the only notable exceptions are those pixels which are
activated from spillover events and those are unlikely to be responsible for all the pixels

on a ring.

At this point the best match from a given Markov ring to MC particle can be taken
to be that MC particle which produced most of the MC pixels on the ring. In addition,
similarly to the criteria for making reconstructed ring-to-pixel associations, a cutoff on
the minimum fraction of a ring’s particles which must be associated to a single MC
particle is applied: this is used to restrict the comparisons of untracked Markov rings
with Monte Carlo to Markov rings which are genuinely produced by one MC particle.
The cutoff fraction of MC pixels from a single MC particle to define a Markov ring as
“good” or “bad” is set as 70%. We should note that the earlier criteria for binding
particular pixels to a Markov ring mean that this definition is not robust at some level,

but useful results can be extracted for the given cutoff values.

“Good” rings with a good majority association to a single MC particle can now be
sub-divided into the tracked and untracked sets by observing whether the algorithm has
managed to geometrically match a reconstructed track segment to the ring. If there is
no such segment, then the ring must be considered untracked and the associated MC

particle decay tree is analysed to evaluate why the ring has not been tracked.
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Figure 3.10: Cerenkov rings reconstructed using the trackless ring-finder in
RICH2. The yellow ring-segments are those parts which are outside the photon-
detector acceptance. Note that yellow ring-segments are observed in the accep-
tance of the right-hand panel: this is because the algorithm used to construct
a ring based on pixels in the left-hand panel considers pixels in the right-hand
panel to be out of its acceptance. In fact, no pixels are observed on the yellow

ring segments, due to CORRECTIONTODO

3.3.3 Performance of the trackless ring-finder

The trackless ring-finder has been tested for RICH2 only, with the RICH1 radiators
and reconstruction disabled. Studies have been performed using 8k B} — K™K~ signal
events, which produce sizable populations of both signal kaons and background pions.
These events were generated using the Gauss/Boole simulation system described in Sec-
tion 2.6.2. No random noise background was added to the HPD output, since testbeam
studies of HPDs indicate that the rate of dark count electrons hitting the pixel chip is
~0.005 electrons per event per HPD at 25°C": a negligibly small rate [139]. A typical
event reconstructed in RICH2 using the trackless ring-finder is shown in Figure 3.10,
where the main significant feature is the absence of any obvious unreconstructed rings.
It will also be useful to note the complexity and incoherence of the ring structure in the

busy central regions of each panel.
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Figure 3.11: Characteristic numbers of rings and pixels in RICH2: (a) the
number of Markov rings per event and (b) the number of pixels per Markov ring.
The vertical scale represents the fraction of the total number of rings/pixels per
bin, with 100 bins in plot (a) and 200 bins in plot (b).

Numbers of rings and pixels

The number of Markov rings found per event is shown in Figure 3.11(a). Similarly, the
number of pixels per ring are shown in Figure 3.11(b). About 20 rings are found per
event, in keeping with the mean of 19.6 tracks passing through the CF, radiator [1410].

The mean number of pixels per ring is around 50.

Purities and efficiencies

Two “levels” of purity and efficiency number can be calculated for the trackless ring-
finder: a “ring” level and an “event” level. The ring purity is defined as the fraction of
ring pixels which are associated to MC pixels which were activated by the majority MC
particle for that ring. Similarly, the ring efficiency is defined as the fraction of pixels
associated to MC pixels from the dominant MC particle for the ring (i.e. “true” pixels)
which are associated to that ring. These numbers are plotted in Figures 3.12(a) and
3.12(b), where it can be seen that both have low central values. The efficiency has a

more uniform distribution than the purity and studies have shown that there is no strong
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correlation between the efficiency and purity of a given ring.

The “event-level” purity and efficiency definitions are formed in terms of the fraction
of rings in the event which meet a criterion (as opposed to the number of pixels per
ring, as used for the ring-level definitions). The non-absolute nature of the matching
between a proposed ring and the MC ring means that event-level figures are open to

some interpretation.

To calculate the event purity we define “good rings” as those Markov rings in an
event for which the MC associations obtained by matching projected track segments to
rings and by using MC truth from pixels both return the same non-null MC particle. The
event purity is then the fraction of Markov rings which are “good”. For 8k B} — K™K~
signal events the RICH2 matching rate between projected segment MC association and
pixel-wise MC association is 7236 agreements and 326 disagreements (95.7% agreement)
for cases where both methods return an MC-association. This indicates that rings where
both methods agree are very accurately identified by the sampler, but only ~5% of rings

meet this criterion (about one ring per event).

The event efficiency is defined as the number of MC particles identified by pixel-
wise MC association divided by the total number of reconstructible MC particles in the
event. “Reconstructible” is defined (for track-types “VELO”, “T”, “long”, “upstream”

and “downstream”) as follows [95]:

o for “VELO” tracks the particle must give at least 3 r hits and 3 ¢ hits;

o for “T” tracks the particle must give at least 1 x and 1 stereo hit in each of the
T1-T3 stations;

e for “long” tracks the particle must be reconstructible as a VELO and a T track;

e for “upstream” tracks the particle must be reconstructible as a VELO track and
give at least 3 hits in T'T;

e for “downstream” tracks the particle must be reconstructible as a T track and give
at least 3 hits in TT.

Note that this defines the track-types: a track may be considered as either “VELO-
reconstructible” or “T-reconstructible” if it meets the first two criteria above. A track is
considered to be classed according to the most stringent form of reconstructibility that

it satisfies. In using this information, no further reconstruction criteria are required of
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the MC particles: they do not have to be specifically reconstructible in the vicinity of
RICH2, for example. As a result, the “event efficiency” quoted here is likely to be an

underestimate compared with a more exact definition.

The event-level efficiency and purity for 8k B — K™K~ events are plotted in Fig-
ures 3.12(c) and 3.12(d). Again the distributions are localised in the region between
10-20%. Despite the encouraging appearance of Figure 3.10, neither the ring-level nor

the event-level measures of ring-finder performance indicate reliable ring-identification.

The principle reason for this disparity between qualitative indications from e.g. Fig-
ure 3.10 and the quantitative purity and efficiency figures shown in this section is that
the regions of the RICH2 detector with the highest pixel densities are compatible with
many ring-placements generated by the sampler. Images like Figure 3.10 are partnered
by a multitude of similar “solutions” in which the well-defined outer rings remain static
but those in high density regions shift and change. Only one such solution is “cor-
rect”, but it cannot be identified purely based on sampler probabilities. The indication
from this study is that tracking information is required to break the degeneracy of the

solutions identified by a trackless ring sampler.

Note that as stated in Section 3.3.2 all further discussion of “good” Markov rings is
derived from rings with a ring purity greater than 70%, corresponding to a tiny fraction

of the rings represented by these plots.

Checking for biases

As the ring-finder algorithm relies on a Bayesian measure of fit probability, we need
to check that the Bayesian prior distributions do not introduce any substantial biases
into observable features of the fit. Figure 3.13 shows the deviation of the sampler-
reconstructed Cerenkov emission angle from the true emission angle. The width of this
distribution is ~1 mrad, which is comparable with the RICH2 Cerenkov angle resolution
of ~0.7 mrad, and the peak of the distribution shows no significant bias away from the

true value.

The distribution is composed of a sharp peak of very well-reconstructed rings and
a wider distribution of imperfectly-matched rings with a slight bias favouring higher
emission angles. Referring again to Figure 3.10, the sharp peak at zero bias is due
to the isolated rings in the outer regions of the detector panels where the ring-finder

can operate well, but the wider part of the distribution is due to the higher-occupancy
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Figure 3.12: Ring and event efficiencies and purities in RICH2. The figures
are (a) the ring pixel efficiency, (b) the ring pixel purity, (c¢) the event efficiency
and (d) the event purity as defined in the text. The vertical scales represent the
percentage of the total distribution per bin, with 50 bins per plot.
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Figure 3.13: Pull distribution of the Cerenkov emission angle in RICH2 due to
Markov priors. There is no strong bias away from the MC value. The vertical
scale represents the fraction of entries per bin, with 50 bins in the plot.

regions of the detector where rings can be drawn through many essentially equivalent
sets of pixels. The indication is that this region of the detector results in qualitatively
good but quantitatively bad trackless ring-finding and that the tracking information is

required to break the degeneracy of the a priori equivalent ring configurations.

Comparing tracked and untracked reconstruction

It is useful to compare the accuracy of ring locations determined by the trackless ring-
finder to the standard track-aware procedure. For each Markov ring with a matching
track segment, the MC segment is obtained and projected on to the appropriate detector
plane. The distance from this point to the corresponding reconstructed track segment
projection is shown for 8k B} — K"K~ events in Figure 3.14(a), equivalent to the ring-
centre error of the standard global particle ID method. Correspondingly, the distance
from the Markov ring centre to the MC segment point is plotted in Figure 3.14(b).

Similarly to the distribution obtained for the Cerenkov emission angle bias, the track-
less method produces a generally wide distribution extending beyond 30 mm but also
has a sharp peak at or near zero. Again, this indicates that in some cases the ring-finder
is able to get an almost perfect match but that most of the time it is quantitatively

unreliable.
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Figure 3.14: Magnitude of the ring-centre position error from (a) projection-
matching of reconstructed track-segments and (b) from Markov chain circle-
fitting. The vertical scale represents the fraction of entries per bin, with 50 bins
per plot.

Processing time

Again running on 8k B} — K™ K~ signal events, the Gaudi system allows comparison of
the processing time devoted to the standard particle ID system and the trackless ring-
finder. This indicates that, only considering RICH2, the trackless sampler is ~30 times
slower than standard particle ID. Combined with the low purities and efficiencies, this
means that trackless ring-finding is not a viable method for the mainstream particle ID
system. However, the trackless method still has the ability to characterise the untracked
rings which cannot be found using the global particle ID procedure and it is to these

that we turn our attention in the next section.

3.4 Untracked rings

In certain cases isolated rings are found around the edges of the detector planes with a
well-fitted Markov ring but no corresponding reconstructed track segment and hence no

standard reconstructed ring. These “untracked” rings are a large part of the motivation
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Figure 3.15: MC particle ID fractions for tracks from (a) tracked and (b)
untracked Markov rings.

for a trackless ring-finder algorithm and studying their properties is a unique possibility

offered by the sampler.

Firstly, we are interested in knowing what particles produce the untracked rings.
As usual the MC associator system comes in useful at this point: by using the MC
pixel matching method and associating to the majority MC particle we can identify
the particle type, the decay chain that the radiating particle lies within and several

characteristics of the associated track.

The MC particle IDs for tracked and untracked rings are plotted in Figure 3.15.
From this it can be clearly seen that, while pions are the most common particle type for
tracked rings, the untracked rings are dominated by electron/positron contributions: this
is immediately interesting since LHCDb’s electron tracking is poorer than for other charged
tracks due to the low mass, which increases the importance of secondary scattering and

bremsstrahlung processes [111].

An immediate follow-up is to ask from where the MC tracks responsible for producing
untracked rings actually originate. This is obtained by making the association to the MC
track and then requesting the origin position of the track. These locations are plotted

for tracked and untracked rings in Figures 3.16 and 3.17, the first of which is a raw
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Figure 3.16: Origin vertex positions of MC tracks which produce (a) tracked
and (b) untracked RICH rings in p—z projection.

scatter-plot in p—z co-ordinates (p = /2% 4+ y?) and the second is a binned histogram

purely in terms of number of track origins per z-interval.

The main feature of note in Figure 3.16(b) (the scatter-plot of origin vertices for
untracked rings) is that the origin vertex positions trace out the sub-detector struc-
ture of LHCb with the beam-pipe (and flanges) and the T1-3 tracking stations being
particularly clearly visible. As no such structure occurs for the tracked rings, which
Figure 3.17(a) shows are dominantly produced in the VELO and the immediately down-
stream region, the untracked rings are clearly dominated by secondary interactions.
From Figure 3.15 it is apparent that the untracked rings are dominantly produced by
electrons: in particular this indicates that the secondary interactions are photon conver-

sions to eTe™ pairs, with the photons originating from pion decays.

Finally, we wish to understand the origin of the strong origin vertex peak for un-
tracked rings located at the interaction vertex in Figure 3.17(b). The question is how
these tracks from the origin which pass through all the tracking stations to reach RICH2
are still not present in the set of tracks passed to the standard RICH particle ID system.

Studying the explicit structure of the particle decay chains for the untracked MC
particles whose origins are in the VELO indicates that this peak is not physical but a
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Figure 3.17: Origin vertex z-positions of MC tracks which produce (a) tracked
and (b) untracked Markov rings. The vertical scale represents the fractional bin
occupancy.

software artifact. Most of the time these particles have decay vertices which are also
upstream of RICH2. This seemingly paradoxical behaviour is thought to be because
decay daughters of these particles directly produce hits by hitting the RICH2 photon
detectors (as opposed to the standard excitation by Cerenkov emission). The MC asso-
ciation reports the wrong responsible particle because there is no intermediate Cerenkov
photon involved. A fix for this anomalous behaviour will be applied to the MC associator

system.

The overall indication of this study is that the real RICH2 untracked rings are pro-
duced by electrons and positrons from photon conversions due to the detector material.
These conversions primarily take place in the beam pipe and the ‘T’ tracking stations.
Although it would be useful to identify the cause of these rings to improve the overall
particle ID, they are not of interest except as a source of background to physically inter-
esting tracks and the global particle ID system already treats them as such. The final
aspect of this study is to determine whether using the trackless ring-finder to identify
pixels from untracked rings as background can lead to better particle ID performance

than the standard background estimator algorithm.
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3.5 Impact of trackless ring-finding on particle ID

An interesting test of the potential of the trackless ring-finder algorithm is to use it for
identifying pixels which come from background rather than from Cerenkov rings and to
use this information to “clean” the detector of these background pixels before running

the standard particle ID algorithms.

As noted in Section 3.1, the standard particle ID is made up of first a local algorithm
to seed rings, then two runs of a background estimator algorithm and the global ring-
finder. The pixel background weight factor set by the background estimator indicates
how likely a pixel is to be a background hit based on track projections — the idea of this
section is to investigate using the trackless ring-finder as a more intelligent substitute
for the background estimator. In this we have investigated two approaches: explicitly
removing pixels identified as background from the detector before running the global
algorithm and, less drastically, using the Markov chain finder to apply the pixel weight

factors.

3.5.1 Stripping background pixels

For the stripping approach, we still run the standard background estimator but first
the Markov ring-finder is run and each pixel is identified with a set of Markov rings by
probabilistic matching. We then have the choice of what to consider as background:
do we just consider pixels which are not associated to any Markov ring or do we also
regard those pixels which are only bound to rings with no associated reconstructed track
segment as background? The first definition is the more “correct”, in that it recognises
the existence of untracked rings, while the second mimics more closely the behaviour of
the standard (track-based) background estimator. We will use the second definition, to

emulate the standard background estimator.

The best possible particle ID efficiencies obtainable with a background stripping
tool can be obtained by using an MC-aware “pixel maker” which only creates pixel
objects which have good MC associations to real MC particles. Again only using
RICH2 for particle ID studies, a “perfect” background stripper was used, followed
by the usual two-times sequence of the local particle ID algorithm, background esti-
mator and global particle ID algorithm. Using 8k B} — K™K~ events over all mo-
menta, this leads to kaon and pion particle ID efficiencies of ¢(K) = (98.06 £ 0.17)% and
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Figure 3.18: Particle ID efficiencies as a function of the acceptance parameter
aprob for (a) kaons and (b) pions.

e(m) = (98.22£0.05)%, compared with the standard particle ID system efficiencies in
RICH2: ¢(K) = (92.01 £0.32)% and (7)) = (96.71 £0.07)%. This indicates that there
is the potential for background stripping to improve particle ID performance in RICH2.

An implementation of the background stripper using the trackless ring-finder has
been written. This performs the usual ring-finding and considers Markov rings without
a projection-matched track segment to be untracked. The usual process to match pixels
to rings is then performed using the probabilistic matching procedure and any pixels
which are not associated to a tracked ring are removed from the system. The standard
particle ID system is then executed. The only parameter introduced in the process is
that for the acceptance parameter a,, which determines the fraction of the best-match
pixel-ring probability for each pixel that a pixel must have to be considered matched to
the ring. The variations of kaon and pion particle ID efficiency with apye, between 0.005

and 1 are shown in Figure 3.18.

In all cases the stripping produces lower particle ID efficiencies than those from the
standard RICH2 particle ID and low values of ay.o, are favoured: for apo, = 0 all
pixels are matched to all rings and no stripping will take place. The indication is that
stripping background pixels does not improve the particle ID, probably again due to
mis-identification of rings in the high-occupancy regions of the detector which result in

“good” hits being removed.
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3.5.2 Weighting background pixels

The second approach to background removal is to replace the standard background esti-
mator with a more “ring-aware” system based on the trackless ring finder. A conversion
is needed internally to convert the sampler probability of a pixel not being associated to
any (tracked) rings into a background likelihood contribution which is used as the back-
ground weight-factor by the global particle ID. The conversion relation is to multiply the
background probability by the effective fraction of HPD pixels which are expected to be
background, Npgpix/Npix- The value of np used by the standard background estimator
is npix ~ 785, based on the fraction of the 1024 pixels on to which the circular HPD

window projects and the expected number of background pixels, fipgpix ~ O(10) [110].

The background contribution distributions from the standard background estimator
and from the trackless ring-finder system are shown in Figure 3.19, with fipgpix = 7.3 2
in Figure 3.19(b). The difference in distribution shapes is evident, with the trackless
system again showing a sharp peak for pixels which it “believes” to be almost certainly

from background or untracked rings.

3.5.3 Simulating extra background tracks

In addition to the ap., acceptance parameter and the nypgpix parameter already intro-
duced, it is of interest to study the robustness of both the standard particle ID system
and the system with Markov-enhanced background estimation to extra ring-like back-
ground. This is achieved by storing the MC tracks which produce pixels in RICH2 from
chosen events and adding the pixels for each track to the remaining events. If the re-
construction system is run with a requirement to add n; sets of background pixels to

4

each studied event then, on “visiting” an event and finding that not enough such pixels
have yet been stored, the system will take all the pixels from that event (indexed by the
responsible MC particle) and store them. The event is then aborted so that it does not
contribute to the particle ID efficiency count. On visiting an event and finding more
than n, tracks’ worth of pixels in the background cache, n,; sets of pixels will be added

to the event without the accompanying tracks.

RICH2 has a mean ~20 tracks per event[110], so every ~20 tracks’ worth of untracked

pixels corresponds to an entire untracked event spilling over. There is no current LHCb

2The non-integer values of Tibgpix i this section are a result of an alternative approach taken to
deriving the conversion relation.
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Figure 3.19: Pixel background contribution distributions (p(bg) X Tbgpix/Mpix,
as described in the text) for (a) the standard background estimator and (b) the
background estimator based on the trackless ring-finder with 7ipgpix = 7.3. The
vertical scale represents the fraction bin occupancy.

estimate of what constitutes a “reasonable” amount of excess background so we study
the effect of extra backgrounds up to 200 tracks, with the region up to 50 tracks being

considered most realistic.

3.5.4 Performance of the Markov background estimator

A set of parameter scans, using 8k B — K*TK™ events, have been performed on the
variables apon € {0.005,0.01,0.02,0.05}, fipgpix € [10, 74] and extra pixel backgrounds
corresponding to 0-200 tracks. The particle ID efficiencies for RICH2 from this initial

scan are shown in Figure 3.20.

The general trend is that ap.on, which produces the spread within the coloured
bunches of lines, is relatively unimportant in determining the overall particle 1D effi-
ciencies. Studies of the particle ID performance as a function of a1, indicate that there
is no strong preference for any of the values of ap. in the given range, so from now on

only apron = 0.01 will be used.

The major impact is made by varying fipgpix, Which is used to index the different
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Figure 3.20: RICH2 particle ID efficiencies as a function of number of added
background rings for (a) kaons and (b) pions. The different colour groupings
indicate the choice of 7i,gpix as described in the text and the variations within
the colour groups correspond to variation of the ay., parameter.
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groups of coloured lines in Figure 3.20. The best performance for kaons is given by the
largest values of fipgpix, but this corresponds to the lowest performance in the pion ID
efficiency. The best performance trade-off is seen for nipgix € [7,15], with the precise
value depending on the chosen measure of overall performance. Both these values of
Tibgpix give kaon performances which exceed that of the standard background estimator
for backgrounds of up to ~20 tracks and which surpass the pion ID efficiencies by
~1.5% for all levels of extra background. It should be noted that for higher background
levels, the sampler priors are not optimised and so the trackless finder performance is
underestimated. Secondly, as higher levels of background require the addition of more
tracks, fewer events contribute to the particle ID efficiencies for high values of n; and

the uncertainties are correspondingly larger.

Using the first parameter scan as a starting point, a second scan over a tighter set
of parameters has been performed for figpix € [3,19] and for backgrounds of up to 50
tracks with apyopn set to 0.01. The kaon and pion ID efficiencies are shown in Figure 3.21,
again showing that the best performance is obtained for values of fpgpix between 7 and
15. Tt is desirable that future studies should attempt to predict 7ipgpix rather than
parameter scanning across a range of possible values, but it is also reassuring that the

best performance mixtures are obtained for a reasonable set of values of Tipgpix-

For the configuration @ = 0.01 and fpgpix = 7.3, Figure 3.22 shows the light and
heavy particle ID efficiencies and mis-ID rates as functions of momentum relative to the
standard particle ID system (also running only on RICH2) with no added background.
The results show improvements from trackless background weighting in the middle and
high momentum regions but the standard background estimator still performs better
in the low momentum region near the Cerenkov emission threshold. The fall in perfor-
mance at low momenta is because of the low detector occupancy in this region: wrongly
weighting pixels as background has a larger adverse effect when there are fewer pixels
available for that track. In any case, the fall-off at low momentum is not important as

particle ID in this region is mainly supplied by RICHI1.

3.6 Conclusions

In this chapter we have presented an alternative approach to LHCb RICH particle ID
which uses a Markov Chain sampler to find Cerenkov rings without using tracking in-

formation. Studies of the sampler indicate that it performs well on sparse pixel arrays
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but that it breaks down in high-occupancy environments such as the central regions of
the LHCb RICH detectors. In such regions, the tracking information again becomes
essential for reliable particle ID. This tool has also been used to study the origins of real
Cerenkov rings which are not found by the standard (track-based) particle ID system.
These were found to be dominated by photon conversions due to interactions with the

detector material, but are not significant for physics purposes.

The final section of this chapter studied the behaviour of the LHCb RICH particle ID
system when the trackless-ring finder is integrated into the RICH background estimator
algorithms. In this case it was found that the trackless ring-finder can improve the kaon
and pion ID efficiencies by 1-2% when used to determine background weightings for
the pixels. Robustness studies were performed by adding RICH events as background:
these showed good robustness of the standard RICH particle ID system and of the pion
efficiency with the trackless background estimator, but the kaon efficiency is adversely

affected by the trackless weighting system for high background levels.

Studying the behaviour and application of the trackless ring-finding approach is a
seemingly bottomless research topic: there are so many possible variations that many
must by necessity go without investigation. Despite the poor performance of trackless
ring-finding on whole RICH events, the ability to make good fits to isolated rings on the
outer edges of the detector planes means that there is still value to be found in future

trackless ring-finding studies.

The primary extension of the work presented here will be to explicitly restrict the
pattern recognition to regions of the detector planes with low hit densities. This would
increase the speed of the sampler, having a much smaller phase space from which to
sample, and would focus on the rings which the sampler is good at finding. Alternatively,
the ring-finding sampler could be applied only to hits which the standard tracking has
identified as having high background weights: this would again reduce the phase space
and would focus the sampler on studying untracked rings. If approaches of this sort can
be made fast enough and can identify untracked rings reliably then this approach may

be useful as part of the standard offline analysis system.

An additional use of the trackless ring-finding method, which has not yet been in-
vestigated in sufficient depth to report here in detail, is that of using the ring-finder’s
high-quality matches to untracked rings to improve the tracking of such rings. While
the studies of untracked rings presented here in Section 3.4 confirm that the majority of

RICH2 untracked rings are from secondary interactions of tracks with the detector ele-
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ments, making the tracking aware of such tracks is certainly useful. Preliminary studies
of this approach with a reversed RICH2 optics ray-tracing algorithm have indicated that
the distribution of projected track segment impact vectors on to the detector planes is
too broad for useful tracking when all rings are considered. However, this distribution
could be narrowed and used for reconstruction by parameterising the impact vector in
terms of the position on the detector plane and by restricting interest to the untracked
rings only. There is plenty of scope for more work to be done on trackless ring-finding
in LHCb.



108



Chapter 4
Phenomenology of B — K decays

“‘Beauty is truth, truth beauty, —that is all

Ye know on earth, and all ye need to know.”

— John Keats, 1795-1821

B — K7 decays are of interest in b-physics primarily because they can be used in
strategies to bound or determine the CKM weak decay phase . They are also inter-
esting from both QCD and new physics perspectives since the charmless mesons in the
final state are susceptible to non-perturbative QCD effects and the weak component of
the decay amplitude is sensitive to contributions from potential new physics. In this
chapter we review the status of measurements and methods to obtain constraints on ~
and concentrate in particular on one strategy which uses an isospin argument to relate

observables in B} — K" 7~ and BT — K 7" decays.

4.1 Further phenomenology of weak non-leptonic B

decays

The phenomenology of weak B decays has already been introduced in Chapter 1, where
we introduced tree and penguin Feynman diagram topologies. In addition to this, we
require robust modelling of hadronic processes to describe the phenomenology of B— K
decays. As QCD is largely non-perturbative at the energy scales involved in non-leptonic

B-decays, we must introduce models to describe the hadronic processes. The starting
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point for defining such models is the formulation of effective theories.

4.1.1 Low energy effective theories

In practice, non-leptonic B-decays are not analysed from a first-principles expansion of
Feynman diagrams to arbitrary order but via the formalism of constructing a low energy
effective Hamiltonian which encapsulates the required physics [112, 113]. The operator

product expansion is used to construct transition matrix elements of the following form:
(f Menl i) = —= ACKM ch (f1Qu(m)i), (4.1)

where y is an appropriate renormalisation scale ~ O(mb) and Acky is a general CKM

factor [142].

The role of this expansion has been to separate the short and long-distance contri-
butions to the transition amplitude. The short distance physics, corresponding to the
electroweak scale effects, has been absorbed into the Fermi constant Gg/v/2 by inte-
grating out the weak boson propagators so that G ~ O(g% / M%V) where g5 is the weak
coupling constant. The long-range physics is itself split into perturbative Wilson co-
efficients Cy(u) and non-perturbative hadronic matrix operators Q(u). The Wilson
coefficients are calculated by evaluating QCD corrections to the leading order diagrams
in both the effective and the full theory and then matching the two with the assistance
of the renormalisation group formalism which relies on the physical insignificance of the

renormalisation scale [114].

The conventional assignment of () operators is that (); and (), represent tree-
topology QCD and electroweak processes, composed of a pair of colour singlet currents.

For a b — cud transition,

Q1 = (du)yv_a (Cb)v_a, 4.2a
Qo = (€d)y-a (Wh)y-a (4.2b)

where
(Eu)v_A = 8 ’Yu(l _ ’75) (4 3)
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The remaining ) are QCD penguin operators for k = 3,...,6 and electroweak
penguin operators for k = 7,...,10. Significant electroweak penguin effects may be
observed in certain channels because the Wilson coefficients are enhanced when evaluated

at a renormalisation scale ~ O(mt) as appropriate for internal top quark exchange.

The formalism described so far has provided a set of four-quark local operators ef-
fectively describing the electroweak and QCD effects at a given scale. However, the
calculation of the non-perturbative hadronic matrix elements is fraught with theoretical
problems and another approximation is required to proceed. The basic approach is that

of “naive factorisation”, which has a long and controversial history.

4.1.2 Matrix element factorisation

The key idea of naive factorisation is that transition matrix elements containing the four
quark operators already described may be explicitly split into a pair of independent am-
plitudes at first order. For the tree decay B} — D*n~, diagrams with gluons connecting
the D and 7 final states are anticipated to be a small correction since the B is heavy.

The tree diagram is then “cut” to give the factorised amplitude [113],

(D™ | (du)y-a(@b)v-a| Bo) face = (7| (duu) 4 0) (D (@) | By) (4.4a)
= fr(“decay constant”) x Fg _ p(“form factor”)
(4.4b)

where the last line shows the conventional representation of the factorised matrix element
as the product of the pion “decay constant” and a B3 — D* “form factor”. The reliability
of this approach, which is based on the algebraic structure of large-N SU(N) group
theory, is much debated and varies according to the decay being described [1413, 1414].
More recently an extended approach, “QCD factorisation” has been developed which
incorporates both aspects of the naive factorisation formalism and the hard-scattering

picture [145, 146, 147].

Let us consider the QCD factorisation approach to two-body non-leptonic B-decays,
B — M, M, where M, picks up the spectator quark. If M, is a either a heavy (D) or
a light (7, K) meson and M, is a light meson then the transition amplitude is of the

form [144]

A(B — M, M,) = [“naive factorisation”] x [1 + O(as) + O(Aqep/my)]. (4.5)
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Figure 4.1: Schematic representation of the QCD factorisation formula in equa-
tion (4.6).

Here the O(qy) term represents the correction to the naive factorisation amplitude
by systematically calculating the non-factorisable QCD radiative contributions and the
O(AQCD /mb) terms represent non-perturbative QCD effects. The latter set of correc-
tions are the main source of theoretical limitation for the QCD factorisation formalism.

The QCD factorisation amplitude for each local operator @); is written as

(M, M| Qi|B) = Z Fy 7 Meml, o fa @a, + T % fz®r % fan ®an * far, @,
{Ma,Mb}
€{M1,M2,}

(4.6)

where the F terms again represent transition form factors, the T terms are hard-
scattering kernels, f; are the decay constants for the ¢ meson, the ®; are the corre-
sponding light cone distribution amplitudes and the star-products indicate integrations

across the light-cone momentum fractions of the quarks inside the mesons.

We do not need to investigate further the technical details of this formalism; equa-
tion (4.6) is schematically illustrated in Figure 4.1, where only one of the form-factor
summation terms is shown for simplicity. The summation in the first term of equa-
tion (4.6) is only present in general to account for cases where the spectator quark can
end up in either final state meson [118]. The QCD factorisation formalism is the main

method in use at present for describing the hadronic decays of B-mesons.
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4.2 CKM phenomenology from B — K 7 decays

The standard direct methods for measuring the v CKM phase have already been sum-
marised in Chapter 1. The focus of this chapter and the study which occupies the
remainder of this thesis is on an alternative method to constrain v, based on the SU(2)

isospin symmetry and CKM unitarity.

4.2.1 Amplitudes and observables for B — K 7 channels

In 1997, the first CLEO measurements of B — K7 decays [119, 150] re-invigorated the
suggestion that such decay channels have potential for performing CP asymmetry mea-
surements [151,152]. These decays are of interest not just because of their potential
for CKM constraints but because they are significantly affected by electroweak pen-
guins. These provide a window to beyond Standard Model (BSM) physics via heavy
particles propagating in the penguin loops. In current measurements of B— K7 and
B — 7w decays, discrepancies have been observed between certain observables and the
Standard Model theory predictions for channels like B — K=* 79 [153, 154,155, 156] —
this has been called “the B— K7 puzzle” by some authors [157]. BT — K=* 7° decays
admit colour-allowed electroweak penguin contributions, while decay modes such as
B* - K%7* and B} —K=* 7T (to which only colour-suppressed electroweak penguins
contribute) remain compatible with the Standard Model description. As a result, this
region of b-physics may be tentatively described as indicating new physics in electroweak

penguins, and attention has been focused on it accordingly.

The QCD isospin symmetry can be used to obtain a value for the CKM ~ angle
based on the relative branching fractions to charged and uncharged combinations of
decay products. Three such strategies have been suggested: a “mixed” strategy using
B - K%7* and B} — K* 7T decay rates, a “charged” strategy using B* — K%z
and BT — K* 7% decays, and a “neutral” strategy with B} — K%7° and B} = K=* =T
decays. Of these the mixed strategy is the most experimentally accessible to LHCb,
not being burdened with the difficulties of reconstructing a neutral pion in the final
state. The other two approaches have theoretical advantages with respect to final state

re-scattering effects. The main emphasis in this chapter will be on the mixed strategy.

For reference, the current set of measurements of CP-asymmetries in charmless two-

body B-decays as fitted by the CKM Fitter group is shown in Figure 4.2 with compar-



114 Phenomenology of B— K 7 decays

em. Experiment [ ] QCD FA (fit) [1 QCD FA (theo)

-0.46+0.13

S(m't) | H—— .
—-0.73+0.16 1
C(K°P) | W=

0.40" 0% 0.1

C(rr'm) —e.— |

0.28 =

S(KSrT) g i

0487050 £0.11

Acp(TET0) et

—0.07+£0.14 i

Acp(KTD) A7)
—0.095+0.028 E

Acp(K'T) \ = \
0.00+£0.07 H

ACP(KOT[+) *‘E" m

0.02+0.06 | Winter 2004

-126 -1 -0.75 -05 -025 0 025 05 075 1

CP violation

Figure 4.2: Fits to 77 and K7 CP asymmetries by the CKM Fitter group us-
ing the QCD factorisation approximation (QCD FA). The marked experimental
results are all world-averages taken from combining BABAR, Belle and CLEO
results: the details can be found in reference [42].

isons to the QCD factorisation predictions. The B} — KT 7~ channel has been recently
measured to have a large direct CP-violation while BY — K& 7" does not show any sig-

nificant CP-violation.

4.2.2 The “mixed” B*¥ - K%n*, By — K* =T strategy

In the Standard Model, the decays Bt — K%7+ and B} — K" 7~ are mediated by dom-
inant Feynman diagram contributions of the type indicated in Figures 4.4 and 4.3 re-
spectively. BT — K%7* contains leading-order contributions from penguin topologies
and annihilation diagrams as shown in Figure 4.4(b) and B} — K* 7~ decays are driven

by penguin topologies and the tree diagram shown in Figure 4.3(b).

From the charged-current weak vertices in Figures 4.4 and 4.3 we see that the tree
and annihilation diagrams have CKM contributions of |V, V4| while the penguin dia-
grams have a CKM contribution ~|V, V;i|, assuming the amplitude to be dominated

by the contribution from the internal top quark in the penguin loop. As the ra-
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Figure 4.3: Feynman diagram topologies contributing to B — K* 7~ decays:
(a) QCD penguin diagram (b) tree diagram. Colour-suppressed electroweak
penguin diagrams have been omitted.

Figure 4.4: Feynman diagram topologies contributing to B* — K° 7" decays:
(a) QCD penguin diagram (b) annihilation diagram. Colour-suppressed elec-
troweak penguin diagrams have been omitted.
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tio |V Vi l/IVieVie| = 0.02 these decays are dominated by QCD penguin amplitudes
even though they are loop-suppressed. Colour-suppressed electroweak penguins are also

present, although they are restricted to a level assumed less than the tree graphs.

B — K& decay amplitudes

The basic quantities of the mixed B — K 7 decays into which ~ and associated phases
enter are the decay amplitudes. These incorporate the CKM phases, strong phases,
re-scattering phases and contributions from various decay topologies. Of the latter
contributions, we identify the previously-mentioned QCD penguin, tree, annihilation

and EW penguin topologies. The Bt — K°7 T amplitude is then
ABT = KOr) = AQ(PY 4+ P+ A) + A (P + P + AP (P + P, (A7)

where P and P! respectively represent QCD and electroweak penguin amplitudes with
internal i-type quarks and A is the annihilation amplitude which only contributes to the
u term. The term

A = : (4.8)

gs ' gb

is the contributing combination of CKM factors. The corresponding amplitude for the

BY — K" 7~ decay is
AB)— K ) = - [A(f} (P*+Poy + 1)+ AP+ P5,) + AV (P +PL) | (4.9)

with notation as the extension of that used in equation (4.7) and T representing the
contribution of tree diagrams to the u term. The overall minus sign arises from the

definitions of B-meson particle states as those containing a b anti-quark.

From CKM unitarity and application of the Wolfenstein CKM parameterisation from
equation (1.37) we can express these amplitudes more explicitly. For BT — K7™,
2

A(BY 5 K'rt) = —)24 (1 - %) 1+ peeen | Pro (4.10)

where the set of parameters P;; represent the differences between penguin topologies
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with different i — j internal quark transitions:
Pij = [Pyle”™ = (P' = P7) + (Pey, — PL,,) (4.11)

and X and A are the Wolfenstein CKM parameters. The phenomenological term p,e? is
defined as

MRy, Puc + A
10 — _ TMuc
pre” = 1 2 ll » ] (4.12)

and encapsulates the long-range physics of final state re-scattering. Its significance will

be returned to in Section 4.3.1.

The amplitudes derived so far have been expressed in terms of the Wolfenstein A

parameter, and the parameters A and Ry;,. These latter two are defined as

1 1|V,
A= §|Vcb| —0.8534+0.031, Rp= |2

= 0.404 £ 0.093. 4.13
A (4.13)

where the values are taken from the Particle Data Group’s 2004 compilation [10].

The p.e' term, through which the CP-conserving strong phase  enters equation (4.12),
is related to final state re-scattering and is CKM-suppressed by A2R}, ~ 0.02. Note that
pr is a conventional nomenclature for expressing the strength of re-scattering amplitudes

and that the quantity is not related in any simple way to the Wolfenstein p parameter.

Using the SU(2) isospin symmetry of the strong interactions we can relate QCD
penguin diagrams under exchange of u and d quarks: P¢ = P¢ and P* = P'. The P"
and P terms cannot be included in this procedure as the transformation would then
apply to the external u quark as well as the internal one, relating to a different observable

process. These lead to the amplitude relation,

AB}—Kt7n7)=—(P+ P+ 1) (4.14)
where
P=AB"—K’n"), (4.15a)
T= \T|e’5Te”
(4.15b)

— MAR, [f — A+ (ﬁ“ —~ P“) + (75:W —~ ﬁgw) — (Ps, — P;W)] e
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and

Pem = _|Pem|6usem
)\2

= (1= )ea[(P - ) - (P - i),

(4.15¢)

Here we have represented the “tree” and electro-weak penguin topologies’ amplitudes
(T and P,y respectively) in terms of the QCD penguin amplitude, P. dr and dp, are CP-
conserving strong phases and only colour-suppressed topologies contribute to the electro-
weak penguin processes, i.e. the electro-weak penguin propagator’s daughter quarks are
split between the K and 7 mesons and so their colour quantum numbers must match

those of the s quark from the penguin loop and of the spectator d quark.

It is worth noting from equation (4.15) that 7', usually referred to as a “tree” am-
plitude, is not purely composed of tree contributions from T but also incorporates both

penguin and annihilation amplitudes.

B — K & decay observables

To parameterise observable quantities we introduce the ratios of tree and electroweak

penguin amplitudes to the r.m.s. gluonic penguin amplitude,

T
r=— (4.16)
2
(IP*)
Pem . 1 =
e= ol SRy =2 (1P1+ %), (4.17)
2 2
(1P
and define the strong phase differences between penguin topologies,
0 =07 — Otey, A = dem — Ot (4.18)

From an experimental point of view, the main quantities of interest are the ratio and

“pseudo-asymmetry” of CP-conjugate branching ratios,

R BBY — K+ 7) £ BBl — K- 7t) (4.19)
Ao - BB+ —Ko7+) + B(B-—K°7~)’ '
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which are important for extracting v. By applying the CP transformation ~ P, —y to
obtain the amplitude for the CP-conjugate decays and substituting the amplitudes into
equation (4.19) in the form B o |A[*, R and Ay can be explicitly written as

cos 6 cosy + prcos(d — 0)

R=1-2r + 77
w
L9 cos A + pycos(A — 0) cosy L (4.20)
w

—2recos(d — A) cosy
and

2rsin § siny 2¢ep, sin(A — ) siny

Ao=A; + + 2resin(d — A)siny + (4.21)
w w
where A, is the “true” B* — K7+ asymmetry,
BB*—K’z") — BB~ —K7™) 2p; sin 0 sin
Ay = — T : (4.22)
BBt —Kort)+ BB~ — K1) w?
and
w = /14 2p, cos b cosy + p:2. (4.23)

A non-zero measurement of A, implies strong re-scattering in BY — K° 7 final states[153].

Finally, we note the definition of the neutral channel asymmetry,

BBY—K 7)) - BBl —K*77)
Agr = , (4.24)
BBl —K-7t)+ BBy —K*na~)

which at first-order is the direct CP-asymmetry in B} — K 7 decays, assuming that the
charge of the kaon directly corresponds to the flavour of the b quark, with K* = B}

and vice-versa.

Present experimental constraints on R and Ay are available from the branching ratios
and CP-asymmetries measured by CLEO and the b-factory experiments. Taking the
Particle Data Group values for the zero-compatible BT — K° 7+ CP-asymmetry and the

associated branching ratio and taking the unweighted mean of the BABAR and Belle
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measurements for B§ — KT 7~ the values are [10,20,21, 159]

R =0.73 +0.20 (4.25a)
Ag = 0.086 £ 0.024. (4.25b)

The corresponding averaged measurements for A, and Ak, are[l0,20,21]

A, = 0.03£0.08 (4.26a)
Ay = —0.12£0.04. (4.26D)

4.2.3 Extracting v from B — K 7 decays

The above derivations have produced a model-independent description of B — K 7 decays
in the Standard Model, incorporating not only the well-described processes from tree
and gluonic penguin topologies but also including a phenomenological parameterisation
of final state re-scattering and electroweak penguin effects in terms of the amplitudes

pr, € and the associated phases 6 and ey, .

The approaches to extracting v from the measured R and A, observables split neatly
into those which introduce no model-dependence but which can only place bounds on
v, and those which are model-dependent but permit a direct measurement of v. This
model-dependence is introduced in the value of r, which characterises the ratio of tree

to penguin amplitude contributions.

Model-independent bounds on ~

A measurement of Ay allows us to eliminate ¢ by algebraic constraint from the expression
for R given in (4.20). The detailed procedure of this elimination is given explicitly,
including re-scattering and electroweak penguin terms, in reference [158]. By treating
r as a free variable in the resulting expression we find a model-independent minimum

value for R:

1/ A\’
Ruin = ksin®y + —( il ) (4.27)
Kk \ 2sin7y
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Figure 4.5: The dependence of R,,;, on v for various values of Ay with neglected
re-scattering and electroweak penguin effects.

where the re-scattering and electroweak penguin effects are absorbed into the parameter

K, given by
1 2
K= [1+ 2ewcos A + (ew)?]. (4.28)

Note that if we ignore re-scattering and EW penguin effects, then x = 1.

Neglecting re-scattering and electroweak penguin effects (p, = € = 0), Ry is plotted
in Figure 4.5. If R < 1 then we can exclude the regions of v for which R, > R. If the
errors R become small in the future, the current central value of R~ 0.73 will result in
the exclusion of a large region around 90°. Constraining the value of A, will excludes two
smaller regions near 0° and 180°, where the dependence of Ry, on 7 is much stronger.
The current value of Ay~ 0.085 would give these exclusion regions a maximum width

of ~5°. This is the generalisation of the “Fleischer—Mannel bound” on ~y [152, 158, 160].

The values of v from 0°-90° correspond to cosd > 0 and those between 90° and 180°

correspond to cosd < 0: the former range is preferred theoretically.
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Figure 4.6: r upper and lower bounds as a function of v and R.

4.2.4 Model-dependent determination of ~

Another useful constraint can be obtained from a measurement of R. Treating § as a

free parameter we obtain a bound on r of the form

T'min S r S Tmax (429)
with
T'min,max = ‘\/RO — ksin®y 4+ \/R — ksin? |, (4.30)
where
2¢ 9
Ry =14 —[cos A + p,cos(A — 6) cosv] + €. (4.31)

w

This pair of bounds is shown in Figure 4.6 for values of R from 0.25-1.05 (the current
central value, from BABAR and Belle, is R~ 0.73). Theoretical central values of r lie
between about 0.1 and 0.2 [117, 161].

Measurement of the pseudo-asymmetry Ag allows for a much stronger constraint on
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Figure 4.7: r upper and lower bounds as a function of v and Aj.
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Figure 4.8: The triangle construction corresponding to v-determination via
the “mixed” B — K7 decay strategy.

= \/T(2] + (R - Rmin) + \/K(pr7 07 €, A’ 7) (R - Rmin); (432)

where K is a function obtained in the process of using Ay to eliminate the strong phase
0. Ignoring re-scattering and electroweak penguin effects again by setting p, = € = 0, it
reduces to simply K = 2cos+y. Plotting equation (4.32) produces a set of contours in
the v-r plane, as shown for a range of values of Ay in Figure 4.7. This corresponds to a
simple triangle construction composed of B — K7 tree and penguin amplitudes, which

is shown in Figure 4.8.
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ol

u

Figure 4.9: An explicit re-scattering contribution to B* — K% 7™,

4.3 Hadronic uncertainties in B — K7 decays

The majority of the model-dependency of the strategy described so far enters in knowing
the value of r, the ratio of tree to penguin amplitudes, and in the effects of final state
re-scattering. In fact, re-scattering processes may also significantly shift r, making a

precision measurement of  rather difficult with this strategy.

4.3.1 Effects of re-scattering on B — K m decay phenomenology

Re-scattering effects in this strategy are encoded in the phenomenological parameters p,
and the associated phase 0. A set of re-scattering topologies for BT — K°7 T channels,

which illustrate the general principle, are shown in Figure 4.9.

Significantly, p, # 0 and 6 ¢ {0, 7} immediately implies direct CP-violation in the
mode BT — K%7T, as can be seen from equation (4.22). Re-scattering effects are CKM
suppressed, with p, ~ A2R,, ~ 0.02, where only tree and top-dominated penguin ampli-
tudes have been considered: this implies that re-scattering effects should be small. A
more careful perturbative treatment, including the charm and up-quark penguin con-
tributions and annihilation topologies, does not reveal any significant compensation for

this CKM suppression. However, if re-scattering processes such as BT — {Fu(s)} — Kot

(where R e {K*t7% K**7% ...}) dominate over charmed intermediate states then the
ratio of penguin amplitude differences, !Puc‘ / ‘Ptc| can become large (of order 10) and
re-scattering may be correspondingly enhanced to give p, ~O(0.1). A similar magni-
tude may be found by considering a “factorised” expression for r to act as an upper

bound on p;.
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Figure 4.10: Effects of final state re-scattering on the R,,;, bound.

Effect of re-scattering on + bounds

If we again ignore the effects of electroweak penguins, then the expression for R, given

in equation (4.27) simplifies to

sin vy 2 wAy \?
w 2sin7y

which shifts the central value of R, depending on the re-scattering phase 6. The

range of shifts obtained for Ay = 0 is illustrated in Figure 4.10, with the maximal shifts
occurring for 6 € {0,7}. The observed maximal shifts, for p, ~ @(0.15), only lead to
shifts in the bound on 7 of order 10% and around v = 90° where the re-scattering effects

are minimised a large region may still be excluded.

It is also notable that the maximal re-scattering shifts are obtained for the phases
which also preclude direct CP-violation in B¥ — K7+ decays — a measurement of
non-zero direct CP-violation in this channel allows re-scattering effects on the bounds to
be further constrained. It has been further suggested that branching ratio measurements
from BT — K* K channels may be used to factor out re-scattering effects via a U-spin

symmetry argument — this is considered in detail in references[158, 162, 160].
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Effects of re-scattering on ~-determination

For direct comparison with the shifts to bounds on v via Ry;,, Figure 4.10 gives the
maximal shifts of the r—y contours: uncertainties on the v contours furthest from v =
90° are O(3°) while the other set of contours, including that around v = 50° which is
favoured by indirect CKM fits, have uncertainties O(15°).

Unfortunately, constraints on the amplitude ratio r (whose value is needed to use
these contours for a determination of «y) are affected by re-scattering in a more problem-
atic way. This is because the terms which cancel in the hard-scattering diagrams cannot
be easily removed when they enter as long-range re-scattering effects: these topologies
are shown in Figure 4.11. Approaches to control these effects are discussed in Sec-
tion 4.3.2. It should be noted that until these effects are well-understood, this pair of
decay channels are of more interest for placing weak bounds on ~ and for constraining

the potential new-physics behaviour of electroweak penguins.

4.3.2 Theoretical approaches to re-scattering

The large non-perturbative contributions to non-leptonic B-decays mean that they are
considered the most awkward kind of decay to study from first principles. As already
highlighted, the effects of re-scattering effects on CKM phenomenology mean that good
models of long-range effects are desperately required. At present there are four main
theoretical approaches to calculate and/or parameterise the hadronic matrix elements
in B— M, M, decays:

SU(2)/SU(3) symmetries and phenomenological ansétze,

Dynamical approaches based on perturbative QCD, such as “QCD factorisation”

and the competing “pQCD” approach,

A topological invariant approach, “charming penguins”, based on symmetries of

the renormalisation group,

Soft co-linear effective theory (SCET), for which several formulations exist.

Concerning non-leptonic decays, the largest current discrepancy between the data
and the SM is in the decays involving QCD penguins. These include CP violation in

the b — sSs penguins, where data show a deviation of about 3o from the SM. Also the
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Figure 4.11: Re-scattering topologies for general B — K decays.
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ratio R, in the B — Kr decays is out of line with the SM-estimates by slightly more
than 30. These deviations are not yet significant enough to announce physics beyond
the SM [163].

Heavy quark effective theory (HQET)

HQET is an SU(2Ny) symmetry of heavy quarks which can be used in charmed B
decays, since heavy, non-perturbative degrees of freedom can be integrated out of the
Lagrangian: a convenient analogy is with the atomic proton—electron system where
isotopes have the same chemistry since the heavy degrees of freedom are very restricted
relative to the electron ones. This is a standard approach to constraining hadronic
characteristics in charmed B-decays like B} — D*D~ but for charmless decays the heavy

quark symmetry from b — {u,d, s} is very broken and so HQET cannot be used.

As the K and 7 states are charmless light mesons, HQET cannot be reliably applied

to these channels and will not be reviewed in any further detail.

Approximate symmetries and phenomenological ansatze

The simplest and perhaps most reliable approach in constraining non-factorisable re-
scattering processes is to make use of approximate symmetries such as nuclear isospin,
nuclear SU(3) and U-spin. These postulate approximate symmetries under exchange of
u/d quarks, u/d/s quarks and d/s quarks respectively. For the channels described here,
the SU(3) symmetry suggests B¥ — K* K as a conjugate version of the B¥ — K7
channels through d — s exchange[153, 162]. B¥ — K* KV is very sensitive to re-scattering
effects and, combined with a measurement of A, allows the B¥ — K°7 * re-scattering to
be controlled. The main difficulty in this procedure is that B* — K* K has not yet been
observed, with the Belle collaboration having set an upper limit of B(BT — K" K") <
3.3 x 10 [164]. Re-scattering effects may be expected to enhance the B* — K* K
branching ratio by a factor of up to five times above the quark-level calculation[165, 166,
so observation of this decay may yet be possible and will permit application of this
method.
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Soft co-linear effective theory (SCET)

SCET is an extension of the QCD factorisation formalism already described, which
attempts to incorporate yet more long-range QCD effects, for example re-scattering.
This is achieved by explicitly identifying the degrees of freedom of the spectator quark,
which tends to be a soft (i.e. long-range) particle due to not interacting directly with
the b-quark line [169].

The formalism of SCET is similar in character and complexity to that of QCD fac-
torisation and will not be discussed in detail. SCET is considered to be a very promising
path for evaluating light non-leptonic decays in the future but until physics input can
be provided to predict its free parameters characterising non-factorisable effects it is
no more predictive than QCD factorisation. Research into the SCET description of B-
decays is relatively undeveloped at present and there are many formal properties of the
competing formalisms under discussion. The intense activity adds hope that SCET will

provide more insights into non-leptonic decays in the near future.

Perturbative QCD (pQCD)

The perturbative QCD (pQCD) approach to B-decays is in the same vein as that de-
scribed already. It emphasises that the spectator quark requires a hard gluon exchange
to provide a boost to a velocity comparable with that of the B quark in order for a
coherent hadronisation to occur. Three scales are then identified in the problem: My,
the electroweak scale as encountered at Feynman vertices introducing a CKM factor;
t~ O(AQCDmb), the hard QCD interaction scale; and 1/b, the factorisation scale, where
b is the conjugate variable to the parton transverse momenta[170]. All interactions below
the factorisation scale are non-perturbative and are absorbed into light-cone distribution
amplitudes while the hard scattering is represented by hard scattering kernels (cf. QCD

factorisation) with Wilson factors as described in Section 4.1.1.

Analysis of B— K decays in the pQCD formalism predicts that » = 0.201 £ 0.037[171].

4.4 Future prospects

Experimental evidence is now mounting that the strong QCD phases contributing to

these processes are large, at a level unlikely to be generated by perturbative QCD alone.
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In addition, colour-suppressed decays are not parametrically suppressed, as opposed to

their estimates in the QCD factorisation and pQCD approaches.

Consensus in the field is heading toward the decision that B — K 7 decays are crippled
theoretically by the increasing evidence for non-factorisable contributions to the decay
amplitudes. Until theoretical control is achieved over these modes, precision extraction
of v is not likely to be obtained with this channel. However, theoretical technologies
in active development, such as the SCET formalism offer hope for the future. Exper-
imentally, the focus for extraction of ~ is shifting to strategies which rely on mode
combinations like B} — KT K~ and B? — 777~ which are experimentally cleaner than

those channels containing neutrals and are relatively free from theoretical difficulties.

B — K7 is, however, interesting as a laboratory in which to study the world of elec-
troweak penguins. These clearly “operate” at the electroweak symmetry breaking scale
~ O(100 GeV) and are thus more sensitive to BSM physics effects than the topologi-
cally equivalent gluonic penguins. As already mentioned, the “B — K7 puzzle” of the
discrepancy in decay rates between channels with colour-allowed and colour-suppressed
EW penguins indicates that BSM physics signatures may be at work and that the further
study of these channels may offer insight into an entirely new regime of fundamental

physics.



Chapter 5

Selecting B — K decays with
LHCb

“Science may be described as the art of systematic oversimplification.”

— Karl Popper, 1902-1994

In this chapter we discuss the procedures used for reconstruction of B — K decays
with the LHCDb detector and the automated procedure developed to optimise the sig-
nal/background discrimination process. The raw results of applying these tuned cut sets
to the simulated data sets are presented in this chapter; their interpretation is dealt with
in Chapter 6.

5.1 Decay channels of interest

In this section we briefly summarise the branching ratios for signal and background data

sets.

5.1.1 Signal channels
The two B-decay channels of interest, whose phenomenology was described in the previ-
ous chapter, are By — K+ 7~ and BY — K7 ". The current branching fractions into these

channels are B(BY — K+ 77) = (1.85+0.11) x 10" and B(BT — K°71) = (2.204+0.19+0.11) x 10

131
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where the uncertainties in the second case are first statistical and secondly systematic.

The B} — K* 7~ branching fraction is taken from the Particle Data Group world av-

erage [10] and is in agreement with the latest measurements from the Belle collabora-
tion [159], which are not included in the PDG average. The BT — K° 7 fraction is taken
purely from the Belle measurement [159] as the most recent and accurate value; there is

~1o disagreement between the Belle measurement and the PDG average. These branch-
ing ratios are in agreement with Standard Model theory, with a large C’P asymmetry

observed in the B} — K=* 7 F channel [20,21].

From the K" produced in the B* decay we only observe the decay products from the
CP eigenstate K2, with

1
V2

The relevant branching ratio is half of that into K% B(B* - K§n") =1 x BB* - K°n™).

Additionally, we will only attempt to reconstruct the K& — 7 7~ final state, since the

[Ks) = —=(IK?) + [K?)). (5.1)

LHCb calorimeter is not considered sufficiently accurate to study the sub-dominant

K§ — 7 7% process. There is therefore another additional branching fraction of 68.61%
(with negligible uncertainty) to be accounted for. In total B(BT — K% (rtn™)7") ~

(7.54£0.7+£0.4) x 10°°.

5.2 Sources of background

The most significant sources of background to our signal channels are expected to be
inclusive bb events, which outnumber the signal by a factor of about 10°, and those
decays which only differ from our signal channels by the identity of the light charged
mesons. The latter must be resolved by the RICH particle ID system. No explicit studies
are made of minimum bias (pp — anything) events, as they have been previously shown

to be unproblematic [95].

The topologically-similar decay channels which constitute our specific backgrounds
are Bt > K"K" B} — 77~ and B} - K"K~. BT — K"K is not expected to be a
particularly strong source of contamination since the Belle collaboration have recently
placed an upper limit on the branching ratio of B(BT — KT K%) < 3.3 x 10, only seeing
a signal significance ~ O(20) [159]. This limit does not incorporate the K®— K2 and

K§ — 7 7~ branching fractions and so should be expected to only enter with at most a
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tenth of the size of the BT — K 7" yield. Similarly B} — K* K~ has an upper limit of
B(B}—K"K™) < 0.7 % 10% and only B} — 7 7~ has been measured with a significance
of greater than 50: B(B}— 7t 77) = (4.440.7) x 109 [159].

An additional specific source of background is the B! — K™K~ decay channel. This
has the potential to be more problematic than the BY and B* specific backgrounds,
because, while mis-identification of one of the kaons as a pion would shift the invariant
mass peak of the combination to a lower value, the B? mass is already slightly higher
than that for B}/BT. The danger is that this mis-ID can place the invariant mass of
the KTK™ very close to the desired B3/BT mass. However, the combination of the
low relative BY framentation fraction, fgo/ feo ~0.27 and the low K — 7 mis-ID rate
(typically less than 5%) mean that this contamination is expected to be a ~1% effect

and so it has not been included in this study.

Unfortunately no Bt — K K° events were produced as part of the LHCb 2003 Monte
Carlo production, on which this analysis is based, and so we can only study the con-
tamination from competing signal channels in the B} — K* 7~ decay channel, for which
the B} — K" K~ and B} — 7" 7~ data samples will be checked against the selection cuts
(which, as will be shown, are optimised solely against inclusive bb events: the optimi-

sation does not account for these specific backgrounds).

5.3 Simulation and initial reconstruction

The events used in this study were not simulated using the EvtGen package described
in Chapter 2; instead data from the DC03 Monte Carlo production is analysed here. In
this production, the Pythia 6.2 event generator was used to generate the hard process
and initial parton showers, with the configuration set to include hard QCD processes,
single and double diffraction and elastic scattering. These events do not contain charge
conjugates of signal decay channels, so all considerations of systematic uncertainties to
follow cannot account for e.g. real charge asymmetries in reconstruction. The output
from Pythia is a set of 4-momenta of the products of the primary interaction, the decays
of which were simulated with the QQ package [172]. The interaction of these particles
with the detector material was simulated with the Geant3 framework[1 73], in the context
of the LHCb SICB software [1741]. It should be noted that neither Geant3 nor SICB are
included in the object-oriented implementation of the LHCb software but that the newer

versions have largely been tuned and debugged by matching the performance of the DC03
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programs. The reconstruction from the Geant3 output was performed by Brunel v17.4,

which includes the digitisation stages which were later moved to the Boole system [175].

A geometric selection cut was applied at generator level to the hadronised particle
of interest, which is the signal BT or BY in the case of signal events or at least one
of the b-hadrons in inclusive bb (bb — anything) events. This cut is for computational
efficiency, as events where the particle of interest is produced outside of the experiment’s
geometric acceptance will anyway not be reconstructible. The particle of interest must
have a polar angle within 400 mrad of the beam-line to fall within the LHCb acceptance
and so only events which match this criterion are considered. The efficiency of this
generator-level cut is 34.7% for signal events and 43.2% for generic bb events [05]. The
Monte Carlo event samples used in this study are 54,500 BT — K (777~) 7" events,

45,900 B} — K* 7~ events and 107 inclusive bb events.

An extra efficiency factor is that not all of the generated events contain the final
state tracks as desired (the “decay of interest”, denoted “Dol”). For neutral B decays,
B-oscillations can result in the event not containing the desired decay chain, resulting
in a Dol rate of less than 100%. For the channel containing a K§, the K§ can interact
hadronically with the detector before decaying and as a result the correct final-state
particles (the two pions) are not present, again leading to a loss of efficiency. For the
BY — KT 7~ channel, use of the DaVinci “efficiency algorithm” identifies 81.9% of the
events as containing the decay of interest due to oscillations. The comparable number for
the BT — K8 (777 ~) 7 channel is 89.5%, due to K interactions. Both these efficiencies

are to be absorbed into the detector efficiency when we consider it in Chapter 6.

5.4 Event reconstruction

The details of reconstructing the B} — K7~ and Bt — K (777~) 7 signal events will
now be described. All the advanced reconstruction tasks, such as combining tracks to
“make” parent particles and reconstructing the K§, are carried out in the object-oriented

DaVinci framework with a set of custom algorithms.

The two algorithms used for this reconstruction, Bu2KsPiPi_Pi and Bd2KPi are lo-
cated in the Bu2KsPi v1.4 DaVinci package and are derived from a common B2KPi
algorithm to make direct comparison of the results easier and more robust. Both selec-

tion algorithms take the form of identifying K and 7 candidates and then applying a
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K+

Figure 5.1: B} — K" 7~ event topology. The BY propagates unseen for several
millimetres before decaying.

set of selection cuts to each. The daughter candidates which pass these cuts are then
combined to make a candidate B, which must again pass selection cuts before being

selected.

5.4.1 Reconstructing B} — K7~

The topology of the B} — K™ 7~ decay is shown in Figure 5.1: the salient features are the
small displacement of the B decay vertex (secondary vertex) from the interaction (pri-
mary) vertex and the observed K+ and 7w~ tracks originating directly from the secondary

vertex.

Reconstruction of this channel uses a DaVinci “combined particle maker” algorithm
to construct the K and 7 candidates. In choosing which tracks from which to construct
particles, the particle maker can apply a confidence level cut on the particle ID of the
charged tracks which it assigns to be of a particular type, based on information from the
tracking system and the RICH detectors. The confidence level distributions of signal and
background candidates for the 7~ and Kt are shown in Figure 5.2. These distributions
offer no obvious opportunities for making selection cuts so, to allow for more flexible

tuning later, the particle maker was configured to make no cut at this stage.

The sets of K and 7 candidates are then individually filtered by a set of selection cuts.
The properties for which distributions are available at this stage are the reconstructed
total momenta p, transverse momenta pr and the impact parameters (IP) with respect
to the primary vertex. In the absence of better information, the particles are assigned

the nominal K+ and 7~ masses as appropriate.
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Figure 5.2: Particle ID confidence levels for KT and 7~ particle candidates
in 46k B} — K* 7~ signal events. The filled distributions are from background
candidates while the data points are from signal. The normalisation is arbi-
trary, to show relative distribution shapes rather than magnitudes, in which the
background is strongly dominant.

After the individual K and 7 selection cut filtering, all unique K- candidate pairs
are considered. The first step is to combine the two reconstructed tracks to produce a
vertex (defined by a position vector and an error matrix) by tracing through the mag-
netic field map. The rest mass of the particle which decayed at the reconstructed vertex
is obtained from the reconstructed momentum 4-vectors of the daughter tracks. The
resulting raw invariant-mass distribution arising from the unconstrained vertexing is
shown in Figure 5.3, with the small “true” B peak at 5280 MeV/c? just visible. For com-
putational convenience, the huge background peak in the invariant-mass at ~1 GeV/c
is removed at this stage by requiring that all B candidates have a mass greater than
4 GeV/e.

Finally, the B candidates are also filtered. In addition to the properties already
mentioned, the B candidates also have distributions in the x? of the vertex fit, the
invariant-mass mpo, the significance of the secondary vertex’s displacement from the
primary vertex ¢/o, and the lifetime 7g0. Since the initial use of DaVinci is for tuning
the selection cuts, more than one selection per event is allowed. However, since the
phenomenology motivating this channel is simply dependent on branching ratios rather

than any details of the reconstructed event, we should only consider one true signal
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Figure 5.3: Raw invariant-mass of BY candidates from 50k signal events before
the first B} mass cut. The huge peak at ~1 GeV/c is removed as soon as possible
for computational efficiency. The sharp Bj mass peak is located at ~5.2 GeV/c.
The vertical scale represents the number of candidates per bin.

decay per event to be possible. This point will be returned to later.

5.4.2 Reconstructing Bt — K3 (wt#n~) 7wt

The structure of the algorithm to reconstruct the BT — K§ (777 ~) 7" channel is very
similar to that for B — K 7~. However, the K§ produced at the B decay vertex propa-
gates unseen for an average distance of 80 cm (corresponding to a mean lifetime of 90 ps)
before decaying to the observed 77~ pair as shown in Figure 5.4. This means that the
Kg must first be explicitly reconstructed before attempting to reconstruct the BT and
that the additional uncertainties arising from the K3 reconstruction will also propagate

through the reconstruction chain.

The final-state pions can each be reconstructed from any track of the appropriate
charge (at this stage referred to in the software as a “proto-particle”). A restriction
is placed at the end of the event reconstruction to ensure that the lone pion from the

B-decay and the 7" from the K2 decay are derived from different proto-particles.
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Figure 5.4: Bt - K2 (7t7~) m" event topology. The solid decay product lines
indicate the trackable particles while the intermittent lines are unobserved di-
rectly. The BT propagates for several millimetres before decaying and the K§
propagates for a mean distance of ~80 cm.

K2 reconstruction

The K2 reconstruction from the charged pion pair was performed using the Ks2PiPiSel
v1.0 [176] DaVinci package. Before continuing, it is useful to class the reconstructed
tracks into five classes, named according to the positions where their track hits are

recorded and illustrated in Figure 5.5:

e “Long” (L) tracks, which traverse all tracking systems from the VELO to the T

stations.

e “Upstream” (U) tracks, which traverse the VELO and TT stations but leave no

hits downstream of the magnet.
e “Downstream” (D) tracks, which traverse only the TT and T stations.
e “VELO” (V) tracks, which traverse only the VELO.

e “T” tracks, which traverse only the T stations (not normally used for analysis

purposes).

The significance of these track type definitions is that there are no tracking stations
located between the TT station and the T1-3 tracking stations about 6 m further down-
stream. This z-interval also has the misfortune of including the central region of the
magnet and so tracks which are only seen from T1 onward have very poor vertexing

potential. Downstream tracks are much poorer in this respect than long tracks but the
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Figure 5.5: Track-type definitions relative to the upstream detector compo-
nents.

Kg mean flight distance of ~80 cm means that they are more numerous by about a factor

of two.

The K& — 777~ reconstruction package produces a collection of K candidate par-
ticles for each event, classed according to the 77~ track type combinations: LL, DD,
LD and LU. The remaining combinations, such as UU, are not considered as they only
account for a small fraction of the K§ decay products. As both pions are produced at
the K decay vertex, the track combinations are naturally correlated: the bulk of events
fall into the LL and DD categories.

The cuts used by the K2 reconstruction are listed in Table 5.1 for LL and DD Kg. All
further selection criteria applied to the K$ selection must be considered as a super-set of
these cut sets. Notably, a cut is made on the impact parameter significance of the pions
since they are expected to point toward the K2 decay vertex which is itself significantly

displaced from the primary vertex.

Invariant-mass distribution plots for the 4 main classes of K after reconstruction
are shown in Figure 5.6: the mass resolutions are respectively o,,(LL) = 3.7 MeV/c?,
o0,m(DD) = 7.5 MeV/c?, 0,,(LD) = 6.4 MeV/c? and 0,,(LV) ~14.9 MeV/c? (all uncer-
tainties less than 0.1 MeV/c?). The background is a more significant problem than mass
resolution for LD K&, which actually have a better resolution than the DD K. Back-
ground contamination is also significant for LV K2. To get a clean K2 input to the BT

reconstruction, we only use LL and DD classes of K$ in further reconstruction.
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Figure 5.6: K2 mass distributions (in MeV/c?) from 50k signal events: the
track-type combinations are for (a) LL, (b) DD, (¢) LV & (d) LD 77~ combi-
nations. The peaked distributions are the signals and the flat distributions are
the backgrounds, with the vertical scale representing the number of candidates
per bin.
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Cut variable DD LL

[m — myo| < 110.0 MeV < 110.0 MeV

Zdecay > 200 mm, < 3000 mm > 0 mm, < 650 mm
Xoix < 20.0 < 20.0

pr > 800.0 MeV/c > 50.0 MeV/c

1P pv > 3.0 mm > 6.0 mm

Table 5.1: Cuts used by the K2 reconstruction package, given in terms of the
condition required to pass the cut.

Table 5.2 shows the fractions of signal events of each K2 type € {LL, DD} which are
“reconstructible” and the fractions which are “reconstructed” as well as the correspond-

ing reconstruction efficiencies.

Property DD LL

Number of decays of interest (Dols) —— 48919 (from 54500 events) ——
Reconstructible no. & fraction of Dols 6082 — 12.4% 1748 — 3.6%
Reconstructed no. & fraction of Dols 4285 — 8.6% 1484 — 2.9%
Strict reconstruction efficiency 3977/6082 = 65.4% 1393/1748 = 79.7%
Effective reconstruction efficiency 4285/6082 = 70.5% 1484/1748 = 84.9%

Table 5.2: Reconstruction performance for K& in BT — Kg (7777) 7 decays
on 54.5k events.

Again, we need some definitions to understand what we consider as a “reconstructible”
track and what criteria a set of hits must meet before being considered as “recon-

structed”. As in Chapter 3, the definition of “reconstructible” used is[95]

for VELO tracks the particle must give at least 3 r hits and 3 ¢ hits;

for T tracks the particle must give at least 1 = and 1 stereo hit in each of the
T1-T3 stations;

for long tracks the particle must be reconstructible as a VELO and a T track;

for upstream tracks the particle must be reconstructible as a VELO track and give
at least 3 hits in T'T;
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e for downstream tracks the particle must be reconstructible as a T track and give
at least 3 hits in T'T.

Similarly, “reconstructed” events are defined as those which satisfy [95]:

e for VELO or T tracks the track must have at least 70% of its associated hits

originating from a single Monte Carlo particle;

e an upstream or downstream track must satisfy the > 70% unique association

criterion and also have a correctly-assigned T'T hit;

e long tracks must satisfy the > 70% unique association criterion and have both
correctly identified VELO- and T-track segments.

The reconstruction efficiencies in Table 5.2 are calculated in two ways, as from the
above definitions the reconstructed set for a given K class is not necessarily a subset
of the corresponding reconstructible set — for example an LL K& may be accidentally

reconstructed as a DD K, resulting in a transfer of entries between categories.

The strict efficiency in a given track category is the fraction of events identified as
reconstructible in a given K category which are reconstructed in that category. By
comparison, what we have referred to in Table 5.2 as the “effective efficiency” is the
ratio of the number of events reconstructed in a particular category to the number
identified as reconstructible in any category. The “effective” efficiency may be the more
useful figure in practice: although not strictly upper-bounded at 100%, it accounts for
all reconstructed events including those which are reconstructed in the wrong class. The

strict efficiency is rather pessimistic in this regard.

Note that there is an implicit loss of ~85% K2 due to the low reconstructibility.
While ~4 times more DD than LL tracks are reconstructible, the LL K2 have a higher
reconstruction efficiency because they have more associated hits and are hence better-

defined for reconstruction.

B reconstruction

As for the B — K™ 7~ channel, an initial hard cut on the BT mass is made immediately

after filtering the Kg and 7" properties and making an unconstrained vertex fit. Again
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Figure 5.7: Masses of K-7 combinations from 50k signal events before the
first B* mass cut, using definitions of LL and DD as described in Section 5.4.2.
The sharp B* mass peaks are again at ~5.2 GeV/c: the LL set is more heavily
affected by low mass combinations than the DD set as LL includes many particles
from the PV. The vertical scale represents the number of combinations per bin.

the cut removes all candidates with masses lower than 4 GeV/c to reduce the computa-
tional overhead from the huge combinatoric background peak in the invariant-mass as

shown in Figure 5.7.

Figure 5.8 shows the distributions of particle ID confidence levels for the lone 7 in
signal events containing LL and DD K2. As for the pion particle ID confidence level in
the BY — K 7~ decay, these distributions have peaks at both low and high confidence
levels and as such are not useful for cuts: again, no restriction is placed on the pion
particle ID confidence level. The charged pions used as input to the K2 reconstruction

will be considered separately in the next section.

5.4.3 Primary vertex selection

In general there may be several candidate primary vertices in an event, as displayed in
Figure 5.9, and so a choice of the “best” one must be made using those quantities which
depend on the position of the primary vertex. From the plots in Figures 5.10, it can be
seen that a marginal preference can be found for the vertex candidates with the highest
number of associated tracks: this is the criterion used to select the primary vertex if
there is more than one candidate. A primary vertex is used for every event where the

search algorithm finds one: the properties of the primary vertex are not used to reject
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Figure 5.8: Particle ID confidence levels for LL and DD 7 particle candidates
in 54k BT — K§ (777 ~) 7" signal events. The filled distribution is from back-
ground candidates and the points are from true signal 7. The normalisation
between signal and background is arbitrary.

events.

5.5 Preliminary event selection

The system described so far and implemented as a DaVinci algorithm was used to
reconstruct candidate decays, as described by a set of characteristic variables, and to
perform some simple data reduction. The data reduction is particularly important when
considering the size of inclusive bb background event samples to be studied: ~107
events are available and iterative tuning of selection cuts cannot be applied to such a
large sample. By placing emphasis on a very loose set of initial cuts to maintain high
efficiencies where possible, this huge sample can be reduced to a more manageable one
as a one-off procedure, with all subsequent cuts to be again considered as also including

the pre-selection “stripping” cuts.

The BT — K& 7 selection algorithm is executed several times per event, each instan-
tiation using a different set of cuts according to the class of K2 involved. As already

described, the selection aspects of the algorithms include three sets of iterations over
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Figure 5.9: Number of events containing n € [0, 5] primary vertex candidates in
(a) ~46k By — K™ 7~ signal events (b) ~50k BT — K@ (77~) 7" signal events.
There is no significant difference due to the signal types.

candidate particles: first the sets of K and 7 candidates are selected independently and
then all pairwise combinations are filtered. It should also be noted that there are some
implicit cuts such as the ability to form a K2 or B vertex in the acceptance region of the

vertexing tool and of course the track reconstructibility conditions.

The criteria for choosing the pre-selection cuts was that they should give a bb reten-
tion rate of less than 0.5%, while leaving reconstructible signal events unaffected. The
pre-selection cuts for B} — Kt 7~ are in Table 5.3 and those for the Bt — K& 7" channel,
split by K2-type are listed in Table 5.4. The latter set are actually those used by the
B2HH v1.5 DaVinci selection package, which was used to study generic B® decays to two
charged light mesons: the division of some cuts into those to be applied to the K or m
with the smaller or greater value of the cut variable is performed in their analysis but

the distinction is not made again in the approach described here.

5.5.1 Producing data for optimisation

Data for cut optimisation is produced by applying the above pre-selection cuts to the

signal data set as well as to the bb sample and the competing signal channels. Recon-
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Figure 5.10: Properties of primary vertex candidates in 46k B — K* 7~ signal
events. The upper distribution in each case contains the real primary interaction
vertices; the lower distributions are false PVs. Almost identical distributions are
obtained for the Bt — K (777~) 7" events. The vertical scale represents the
number of candidates per bin.
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Cut variable

p(m) < 300 GeV/c
pr(K /7 with highest pr) > 1000 MeV/c
IP /o (K /7 with smaller IP/op) > 2

IP /o (K /7 with larger IP /o) >3

IP /oyp(BY) <6

l/o(BY) > 3.5

(B < 20

Im — mpo| < 2000 MeV/c?

Table 5.3: Cuts used for B — K* 7~ pre-selection, given in terms of the con-
dition required to pass the cut.

Cut variable DD LL

Main K& cuts  See Table 5.1 See Table 5.1
[m — mo| < 50.0 MeV/c? < 23.0 MeV/c?
|m — mp+| < 150.0 MeV/c* < 200.0 MeV/c?

Table 5.4: Cuts used for Bt — K2 (7+7~) m" pre-selection, given in terms of
the condition required to pass the cut.

structed properties for each cut set are written to an analysis n-tuple based on the
ROOT [177,178] TTree and derived classes. By this stage much of the low-mass com-
binatoric peak has been removed by the individual 7 and K selection loops. It can be
seen in Figure 5.7 that for the BT — K2 7 channel the LL K2 combinations are subject
to more low-mass background combinations then the DD combinations are, since they

include all charged tracks from the primary vertex.

After this loose mass cut, the set of properties listed in Tables 5.5 and 5.6 are cal-
culated for all combinations which pass the loose B-mass cut and are stored in the
n-tuples. Notably, properties such as [/o;(K%), despite nominally being a K§ property, is
actually a cut on both daughters’ properties since the lone 7+ is also required in order

to reconstruct the B* vertex from which the K$ decay vertex is displaced.

In addition to these variables, the MC truth, the event and run numbers and the L0

and L1 trigger results for the parent event are stored. Single events can be associated
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Cut variable Description

IP/op () 7~ impact parameter significance w.r.t. primary vertex
p(m) 7~ momentum

pr(m) 7~ transverse momentum w.r.t. detector z-axis
IP/o1p(K) K™ impact parameter significance w.r.t. primary vertex
p(K) K* momentum

pr(K) KT transverse momentum w.r.t. detector z-axis

x*(BY) BY vertex-fit x?

™ BY lifetime

1/o1(BY) BY displacement significance from primary vertex

IP/op(BY)  BY impact parameter significance w.r.t. primary vertex

mp BY mass
p(BY) BY momentum
pr(BY) BY transverse momentum w.r.t. detector z-axis

Table 5.5: Cut variables retrieved from BY — K 7~ reconstruction for use in
cut optimisation. There are a total of 13 B} — K* 7~ variables.

with multiple B candidates in the n-tuples . The MC truth is determined via the DaVinci
“associator” system, which uses loose links between the reconstructed and Monte Carlo
elements of the analysis framework to decide if a good association between MC and
reconstruction objects exists. The definition used is uniformly that to be considered
“true” a particle must really be reconstructed as the right type and must occupy the
expected place in a signal decay chain. Explicitly, a real K& which comes from the
primary pp collision rather than from the B-decay will be considered as false even if the

reconstruction declares that it is a K2.

5.5.2 Cut variable distributions

Figures 5.11-5.13 illustrate the raw cut variables as recorded for the ~46k BY — K 7~
decays and Figures 5.14-5.16 show the variables for both the LL and DD classes of
reconstructed BT — K2 (7777) 71 decays from the ~54k signal set. In both sets of plots
the ~107 inclusive bb set is also included: the backgrounds shown in the plots are the sum
of inclusive bb events and the combinatoric background from signal events, combined

with appropriate relative weightings to be discussed in Section 5.6.2. The background
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Cut variable

Description

IP/O’IP (7T)
p(m)

pr ()
IP/O’IP(Kg)
p(KQ)
pr(KQ)
X*(Kg)

Zdee (K)
1/on(Kg)
x*(BF)
l/oi(BF)
IP/O’IP(B+)
p(B)
pr(BT)

Lone 7" impact parameter significance w.r.t. primary vertex
Lone 7" momentum

Lone 7" transverse momentum w.r.t. detector z-axis
K[S) impact parameter significance w.r.t. primary vertex
K§ mass

K& momentum

K§ transverse momentum w.r.t. detector z-axis

Kg vertex-fit x?

K§ lifetime

K§ decay vertex position z component

K¢ displacement significance from BT decay vertex

B* vertex-fit 2

BT lifetime

BT displacement significance from primary vertex

BT impact parameter significance w.r.t. primary vertex
BT mass

B* momentum

BT transverse momentum w.r.t. detector z-axis

Table 5.6: Cut variables retrieved from BT — K3 7" reconstruction for use in

cut optimisation. There are a total of 18 B* — K7™ variables.

candidates are represented by the filled histogram and the signal set by the points. As the

backgrounds are massive compared to the signal, the signal and background histograms

have been independently normalised with arbitrary vertical scales.
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Figure 5.11: 7~ cut variable distributions for By — K" 7~. The filled his-

tograms represent the background and the points represent the signal. The
normalisation is arbitrary.
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Figure 5.14: Lone 7" cut variable distributions for BT — K& (777~) 7. The
filled histograms represent the background and the points represent the signal.
The normalisation is arbitrary.
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Figure 5.14: Lone 7" cut variable distributions for BT — K (7tn™) 7"
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Figure 5.15: K2 cut variable distributions for BT — K§ (7 77~) 7. The filled
histograms represent the background and the points represent the signal. The
normalisation is arbitrary.
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Figure 5.15: K$ cut variable distributions for BT — K§ (7t7~) 7 (contd.).
The filled histograms represent the background and the points represent the
signal. The normalisation is arbitrary.
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Figure 5.15: K$ cut variable distributions for BT — K§ (7t7~) 7 (contd.).
The filled histograms represent the background and the points represent the
signal. The normalisation is arbitrary.
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Figure 5.16: BT cut variable distributions for BF — K2 (777 ~) 7. The filled
histograms represent the background and the points represent the signal. The
normalisation is arbitrary.
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Figure 5.16: BT cut variable distributions for Bt — K§ (777 ~) 7" (contd.).
The filled histograms represent the background and the points represent the
signal. The normalisation is arbitrary.
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Figure 5.16: BT cut variable distributions for Bt — K§ (777 ~) 7" (contd.).
The filled histograms represent the background and the points represent the
signal. The normalisation is arbitrary.
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5.6 Optimising the selection cuts

The optimisation of event selection by varying cut parameters is a computational prob-
lem of great depth and many methods exist for approaching it. It is clearly agreed that
the ideal result of applying a set of selection cuts to a data set is that all false event
candidates are rejected and all true candidates are accepted, but how to define “close-
ness” to this scenario is less absolute: it depends on what we want our data to be used
for. Additionally, how to maximise this concept of closeness to the usually unobtainable

ideal is a significant computational problem.

To optimise a selection process it is useful to formally visualise the problem as one of
trying to optimally separate (or discriminate, the preferred terminology) two populations
in an n-dimensional vector space with dimensions corresponding to all input parameters.
Two immediate consequences of this formulation are to ask if the given set of parameters
actually span the space in which the signal and background populations are embedded
and to ask whether a clustering structure can be found which optimally separates the

two populations given the supplied set of variables.

A selection of methods are designed to answer the second of these questions [179].
These include Monte Carlo methods, kernel methods [137], hierarchical and K-means
clustering, neural nets [180] and a variety of eigenvector methods such as principal
and independent component analysis (PCA/ICA) [181,137], Fisher discriminants and
quadratic discriminant analysis (QDA) [182], as well as the brute force “grid scan” ap-
proach. The most naive approach is that of applying “selection cuts”, which remove
data points failing to be either greater or less than a specified number in a characteristic
variable. Although the use of cuts is embedded in the high-energy physics consciousness
it is often non-optimal [179], relying on cut tuning by eye and failing to account for
correlations between variables. Additionally, the variables to be “cut” are usually the
physical parameters such as impact parameters, invariant-masses, momenta etc.— di-
agonalisation approaches based on eigenvector analysis of the distributions can improve
this by building a new set of variables which minimise the correlations. The benefit
of cut approaches, however, is that they are easily manipulated to provide information
about performance under systematic uncertainties, something which is notoriously hard

to extract from “black box” methods like neural nets.

The method to be described uses naive cuts on physical variables but the tuning

is performed by a Monte Carlo sampler which explores the space of cut parameters.
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This is conceptually simple in that it performs the same role as a grid scan would but
because the sampling is more informed as to the structure of the function, sampling
time is concentrated in regions of near-maximal signal significance. As a result the
computational time is much reduced relative to a comparable grid scan and the number
of variables can be correspondingly increased. More cut variables increases the potential
for spanning the distribution space and the background reduction can be achieved by
making many small cuts rather than a small number of large ones. This allows the cuts
to be chosen to impact less on signal distributions and so increases the signal efficiency

for a given level of background suppression.

The framework used for this approach is a set of C++ classes implementing anal-
ysis concepts such as a Dataset, Candidate, Cutset and so on. Containers such as
the Dataset provide methods to calculate basic statistical properties of the variable sets
which define their collections of Candidates. Multi-dimensional minimisation and eigen-

system routines are incorporated via the C-based GNU Scientific Library (GSL) [183].

5.6.1 Characterising selection performance

In this analysis, a characteristic function F (data | cuts) is used as a measure of selection
performance. The form of F should ideally be matched to the phenomenological require-
ments of the study; however, it is usual to apply a much simpler and well-understood
functional form instead. A variety of common characteristic functions are shown in Ta-
ble 5.7, where the conventional extremisation sense is taken to be maximisation. The
subscripts “tot” and “sel” indicate if the number of candidates are counted respectively

before or after selection.

Form of F Motivation

Ssel/ Bsel Simple maximisation of signal to background ratio
Ssel/V Bsel Maximisation of signal significance

Ssel/ Vv Ssel + Bsel Maximisation of signal significance for non-discovery

52,/ Stot(Ssel + Bsel)  Maximisation of purity X efficiency

Table 5.7: Examples of functions used to characterise selection performance.

The main characteristic function of interest is that of the signal significance: the

number of observed events divided by the expected uncertainty [184, 185]. In “discovery”
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measurements, where the existence of the signal is unconfirmed, the appropriate form
of the significance function is F = § /v/B where S is the number of selected signal
events and B is the number of selected background. However, for systems such as
B — K 7 selection where the existence of the signal is already known, the uncertainty

must also incorporate the expected signal population and so the appropriate form is

F =S/V/S+ B[156].

In practice, we used this function in a regularised form, F = S/+/S + B + €, where € is
a regularisation constant which suppresses the divergence of . This can occur in regions
of parameter space where cuts are so tight that {S, B} — 0. In the implementation, we
set € = 1, justified by the observations that it is the fundamental scale in the problem
and that if the statistics are severely affected by the addition of a single event then they
are anyway unreliable. This regularised form proves to be a useful addition but we will

nevertheless refer to the function without the e term for convenience and familiarity.

A final point is to note that the signal significance differs from maximising the product
of purity and efficiency (the final term in Table 5.7) in that there is an a priori reason
for its comparative weightings of background and signal. The purity/efficiency product
is often used as a visual measure of the optimality of a tuning but this fails to recognise
that for a given task (say, signal discrimination) different levels of importance may be
attached to the purity and the efficiency measures, skewing the distribution. For this
reason, we will not consider the purity/efficiency product further as a characteristic

function.

5.6.2 Preliminary data processing

Before proceeding to run the optimising sampler on our data sets, there are several
subtleties which must be considered, to do with accounting for the statistical mismatch
between signal and inclusive bb data sets and how we are to define the data set to be

tuned and what we are to regard as a signal candidate.

Weight factors

A tuned selection represents a trade-off between closing the cut windows to reduce the
background fraction and opening them to increase the signal yield. The admixture of

these effects is affected by the relative quantities of the signal and background and so
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the numbers of input candidates to the tuning procedure must be weighted. The ratio
of effective (post-weighting) numbers of bb inclusive and signal events must be equal to
the BT — K&t branching ratio, multiplied by the hadronisation fraction from a b-quark
to a BY or BT meson. The hadronisation fractions for various b-hadrons are listed in
Table 5.8, giving a BY/B™ fraction of 39.7% [10].

Hadron Fraction [% |

BY, BT 39.7 £1.0
BY 10.7 +1.1
b-baryons 9.9 £1.7

Table 5.8: Hadronisation fractions from a b-quark to the different b-hadrons.

Taking wge = 1, the weighting factor w,y for the bb inclusive events is given by:

geom
W — Stot % bb % 1 (5.2)
bb — geom 5 .
Btot gsig 2 x fB X Bvis

where Sy and By are the number of signal and background events in the uncut data
sets: the original numbers of signal events are 45900 for the B} — K* 7~ channel and
54500 for the B* — K& (7+7~) 7t channel, while the number of inclusive bb background
is 107 for both signal channels. 55%0712@ are the geometric efficiencies (43.2% and 34.7%
for bb and signal respectively), fg is the hadronisation fraction and By is the visible
branching ratio for the signal decay. The factor of 2 arises since the signal decay data
sets do not contain any conjugate By — K~ 7+ or B~ — K7~ decays, so the number of
selected B decays actually represents the total yield of B and B decays. In this case
both the b and the b quark can hadronise and decay in signal channels and, ignoring the
highly suppressed double-signal contribution, this is accounted for by a relative halving

in bb weighting.
Given the input numbers above,

wyp (B — K () m+) ~ 1150, and (5.3)
wyg (B — KT 77) ~ 500, (5.4)

This is problematic, as it tells us that our inclusive background sample is statistically

inadequate by a large factor and will introduce strongly stepped features into the char-



168 Selecting B — K decays with LHCb

acteristic function: whether or not a single bb event falls within the cut set will shift

Bge by either 1150 or 500 depending on the channel being analysed.

In practice, the main effect of this over-weighting is to make the convergence of the
sampler less smooth and to effectively insist that all bb inclusive candidates be removed
from the sample by the cuts. This is equivalent, then, to the established procedure of
an initial cut tuning which removes all bb events and subsequent fine tuning within the
boundaries established by that initial cut set. By removing all over-weighted bb events
we are then in a region of no sensitivity to the bb distributions with adequate statistics
and so the best we can do is to assume that our cuts constitute a hyper-surface which is

just on the limit of enclosing another bb candidate and set a Poisson limit accordingly.

It is also worth noting that characteristic functions of the form F~ S/v/B scale
more smoothly with background weighting than those with linear denominators and
so we expect these functions to behave themselves better in the sampler than linear-

denominator functions when background samples are heavily weighted.

Defining “signal” candidates

We need to be careful to remove duplicates from each event after selection, since only one
candidate per event can really be true (here we ignore the tiny probability for multiple
reconstructed signal decays per event). This “duplicate stripping” is used before tuning
to set the representative candidate for the event to be a randomly-chosen true candidate,
or a random false candidate if no true candidates are found in the event. Note that the
BT — K 7" channel LL and DD tunings are performed separately and that this stripping
will not remove duplicates where LL and DD candidates are found in the same event;
this is a relatively unimportant correction. Duplicate stripping is only performed on the
signal data set, to avoid weighting the bb set even more intensely. This means that the
bb weighting is an over-estimate, which errs in the acceptable direction when we come to
set bounds on the bb background. The inclusive bb weight factor is left conservatively

uncorrected for this.

After removal of duplicates from the signal decay data set, there is a degree of free-
dom in what we regard as a signal candidate. As the phenomenology of this analysis
depends purely on branching ratios rather than accurate reconstruction of signal event
characteristics (e.g. , a B-B mixing analysis requires good proper time resolution on the

B decay) every Monte Carlo event corresponds to a real B— K decay, regardless of
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whether or not it is correctly reconstructed. There is therefore potential for increasing
the selection efficiency if we count every candidate from a signal event as “true”. Alter-
natively, we have more confidence in those candidates which are regarded as true because
of genuinely reliable reconstruction and so both approaches are followed independently.
We define the terms “exclusive signal selection” and “inclusive signal selection” (after

duplicate event stripping) as

e an “exclusive signal selection” considers a reconstructed decay to be truly signal
only if the DaVinci associator system is completely consistent with that decay tree

in terms of particle IDs and relationships;

e an “inclusive signal selection” considers a reconstructed decay to be truly signal if
it was generated in the signal data set, regardless of MC truth information from

the associator system.

Use of trigger results

It is worth considering the role of the trigger when optimising selection cuts: the primary
reason for the trigger’s existence is to reduce readout data rates to a manageable level
and it is to be expected that the trigger will not be optimised for a given channel. In
particular, the L1 trigger requires the presence of a fast charged particle, which for the
BT — K& (™) 7" channel is only likely to be provided by the lone 7. A high attrition

rate is to be expected in this case.

The more compatible the off-line selection cuts can be with the on-line triggering
algorithm, the better the yield can be; this compatibility can be obtained by tuning
only on those events which have passed the L0 and L1 triggers, as is anyway the case
with the running experiment. Here there is a tacit assumption that the yet-undefined
high level trigger (HLT) is 100% efficient. The actual attrition rate will be analysed
when the HLT algorithm is finalised. For compatibility with the LHCDb re-optimization
TDR, as well as to get the benefit of higher statistics in the sampling, we have tuned
the cuts both with and without pre-applying the triggers.

We should also note that by design the inclusive backgrounds are more heavily at-
tenuated by triggering than the signal channels and so tuning after applying the triggers
affects the effective bb weighting factor. If anything, the pre-application of the trigger
to the bb set will worsen the risk of over-tuning, as the resulting tuning will use even

fewer background events.
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5.6.3 Monte Carlo sampling

After duplicate stripping, the appropriate modifications of truth records and weight
factors and, optionally, the application of the LO and L1 triggers, the new combined and
weighted data set contains candidates which are simply marked as true or false, rather
than discriminating between their origin. These distributions are then transformed to
make the variables more homogeneous in extent by first shifting each by the mean
of its true signal component and then scaling down by the standard deviation of the
signal distribution. In practical terms this resulted in the symmetric signal distributions
occupying a region € [—0.5,0.5] while less symmetric distributions assumed tails out to
+O(1).

The cut set was defined internally to the sampler as a set of paired low and high
cuts. Hence, for tuning purposes each candidate variable was doubled, corresponding to
selection windows in each input variable. Cuts were initially placed roughly “by eye”

and the sampler was run.

The sampler used was an implementation of the Nelder-Mead “simplex” sampler
from the GSL [187,183]. This sampler constructs n 4+ 1 points in the n-dimensional
space (a simplex) and then samples in the space by repeated geometric transformations
of the simplex points. The next step in the chain is taken based on the progression
toward minimum of the “score”, here —F, the negative of the characteristic function.
The algorithm has the effect of “tumbling” the simplex into a minimum of the score
function, shrinking in volume as it progresses. Primarily this sampler was chosen as it
does not require gradient information from the minimising function, this being difficult
to define in a robust fashion given the ad hoc transformation of the input variables
described above. The only additional configuration choice required is a size for the first

step, which was set to 0.2 after some trials with other values.

The convergence rate and stagnation point of the sampler is hard to predict (indeed, is
an unsolved hard problem in its own right) and rather than attempt to use the simplex
volume as a convergence criterion we use a fixed number of iterations. In practice,
convergence tends to occur between 200 and 500 successful iterations and is characterised
by a long-term alternation between two equivalent states. There is definitely a danger
of over-tuning but with the limited statistics available the best way out of this problem
is not to work harder on the sampler convergence problem but to tune and cut on
different data sets. An example of the score convergence and the resulting distribution

of purity vs. efficiency are shown in Figure 5.17. The score can be seen to suddenly
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improve at about 100 iterations after removal of the heavily-weighted inclusive bb events.
Thereafter two distinct classes of solution can be seen, one performing significantly better
than the other. The two sets of solutions are an artifact of the simplex sampler. The
purity—efficiency plot shows an obvious banding structure. This is the effect of the high
inclusive bb weight factors restricting the available portions of the purityefficiency space
to discrete contours. The separation of these contours can be interpreted as giving some

idea of the bb uncertainty on any given tuning.

Once convergence has been achieved, we are still left with a cut set of 26 parameters
on 13 variables or 36 parameters on 18 variables for the B} — K" 7~ or Bt - K%nx+
channels respectively. However, we really want a smaller core set of “good” cuts. This
is obtained by systematically extending each of the tuned cuts to “infinity”' such that
they do not exclude any candidates. The effect of this extension on the characteristic
function is the observed; extensions which result in an improvement of the score are
clearly “bad” cuts and their initial positions are set to a large value for a second tuning,
while cuts whose extension results in no change or a degradation of performance are
marked as “indifferent” or “good” respectively. After a second tuning, if no bad cuts
are reported, the subset of “good” cuts is taken as the tuned selection cuts. Finally, a
by-eye check of the final cut performance is performed by applying these cuts and the
triggers to the data sets and checking the variable distributions to see if any obvious
small shifts can be made to remove the last background events. In the cases where the
cut-tuning is performed with the data before triggering this by-eye approach was used
to fine-tune cut parameters which had not quite sampled to the optimum position, due

to being “unaware” of the triggers’ effect.

5.7 Optimised cut sets

In this section the sets of cuts obtained from the sampler for the various tuning definitions
are presented, after testing for bad and irrelevant cuts. It should be remembered that

these are in addition to the pre-selection cuts already listed for each channel.

'In reality, the extension will only be as far as any pre-selection cut on that variable. Since the
pre-selection cuts were intentionally left loose, this should not impact on the reliability of the method.
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Figure 5.17: Score progression with iteration number and the purity-efficiency
trade-off for the By — K* 7~ selection using the trigger in the tuning and the
inclusive definition of signal.
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5.7.1 Optimised cut sets for B} — Kt~

The “useful” subset of the 26 B} — K* 7~ cuts for the different definitions of “signal”
and the two uses of triggering in the tuning are shown in Tables 5.9, 5.10, 5.11 and 5.12.
In general the forms of the cuts are sensible, requiring the decay daughters to have large
impact parameters, their combination to have a small impact parameter, low x? values
for the K- vertex fit and typically high (transverse) momenta. The construction of a
two-sided cut on the B invariant-mass is an expected outcome of the tuning, which is
used for almost all cut sets (although the trigger-aware B — K™ 7~ selection only places
a low cut on the BY mass). The only truly surprising cut is the high cut placed on p
(K) in the tuning with an exclusive signal definition and no pre-triggering (Table 5.9).

As we shall see, this tuning does not give particularly good performance anyway.

A final comment to make on the cut sets is that there is no particular pattern
to be observed between the different tunings: it might be expected that 7~ pr cuts
would change between the no trigger and pre-triggered tunings but the reality is not so
simple. Again, it should not be surprising that the naive expectations do not play out:
each tuning entirely re-defines the correlated structure of the signal and background
populations in a 26-dimensional space and the differences between the tunings reflect

this complexity.

Cut variable Cut

IP/O’IP(W) > 5.86

pr () > 1.99 GeV/c

p (K) < 134.36 GeV/c

pr (K) > 1.67 GeV/c

IP/op(B) <2

p (B) > 25 GeV/c

pr (B) > 0.93 GeV/c

mp € [5.23 GeV/¢, 5.33 GeV/(|

Table 5.9: B} — K* 7~ tuned selection cuts for an optimisation tuning which is
unaware of the effects of the L0 and L1 triggers and uses an exclusive definition
of a “signal” event.
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Cut variable Cut

pr () > 1.84 GeV/c

p (K) > 10.09 GeV/c

pr (K) > 1.25 GeV/c

IP/owp(B) < 4.87

pr (B) > 1.91 GeV/c

TR > (0.958 ps

ms € [5.25 GeV/¢,5.31 GeV/(]

Table 5.10: B} — K" 7~ tuned selection cuts for an optimisation tuning which
is unaware of the effects of the L0 and L1 triggers and uses an inclusive definition
of a “signal” event.

Cut variable Cut

IP/O’IP(W> > 5.74

pr () > 1.20 GeV/c
pr (K) > 0.58 GeV/c
IP/op(B) <25

pr (B) > 1.40 GeV/c
ma > 5.23 GeV/e

Table 5.11: B} — K" 7~ tuned selection cuts for an optimisation tuning which
1s aware of the effects of the LO and L1 triggers and uses an exclusive definition
of a “signal” event.

Cut variable Cut

pr () > 1.68 GeV/c
p (K) > 11.01 GeV/c
pr (K) > 1.15 GeV/c
IP/oip(B) < 3.16

pr (B) > 1.67 GeV/c
8 > 0.510 ps

mp > 5.24 GeV/c

Table 5.12: B} — K" 7~ tuned selection cuts for an optimisation tuning which
s aware of the effects of the LO and L1 triggers and uses an inclusive definition
of a “signal” event.
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5.7.2 Optimised cut sets for Bt — K3 (77w ~) 7wt

The “useful” subset of the 36 Bt — K2 (77~ ) 7" cuts are shown in Tables 5.13, 5.14,
5.15 and 5.16. Again, the forms of the cuts are largely sensible, given the geometry of
the signal decay and typical requirements like high momenta, displacement significances
and lifetimes for the B* candidates and the usual mass windowing. Notably, only one
K§ mass cut is made (for the LL cuts in Table 5.14), indicating that a future study
should perhaps relax the K reconstruction cuts before tuning the final selection cuts.
Again, there is no simple relation between the tunings and the resultant cuts but this is

of little significance.

Cut variable LL cut DD cut

pr () > 3.48 GeV/c > 2.74 GeV/c
p (K) > 19.22 GeV/c —

pr (K) > 1.71 GeV/e > 1.50 GeV/e
1/o(K) > 13.3 —

> (B) < 3.46 —

IP/oip(B) < 58.8 <821

pr (B) > 7.82 GeV/c > 13.56 GeV/c
mp € [5.17 GeV/e,5.39 GeV/e] < 5.38 GeV/e

Table 5.13: BT — K2 (7777) 7" tuned selection cuts for an optimisation tuning
which is unaware of the effects of the LO and L1 triggers and uses an exclusive
definition of a “signal” event.
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Cut variable LL cut DD cut
IP/op(m) — >9.3

p () > 10.74 GeV/c
pr () > 2.01 GeV/c > 2.40 GeV/c
? (K) < 2.82 < 6.69
P/op(K) — > 0.5

p (K) > 16.35 GeV/c —

pr (K) > 0.84 GeV/c > 1.51 GeV/c
Zdecay (K) < 45 cm —

mk < 502 MeV/c?

2 (B) — <0.45
IP/owp(B) < 4.01 < 30

pr (B) > 2.98 GeV/c > 3.00 GeV/c
1/o(B) — > 0.87

™ > 0.267 ps —

mg € [5.24 GeV/e,5.32 GeV/e] € [5.25 GeV/e, 5.31 GeV/(]

Table 5.14: BT — K (777~) 7" tuned selection cuts for an optimisation tuning
which is unaware of the effects of the LO and L1 triggers and uses an inclusive

definition of a “signal” event.

Cut variable LL cut DD cut
IP/op () — > 2.6

pr () > 2.40 GeV/c > 2.80 GeV/c
pr (K) > 0.58 GeV/c —

Zdecay (K) > 19 mm —

l/o1(K) > 27 —

% (B) <2 <31
P/ow(B) — <94

pr (B) > 2.70 GeV/c > 6.50 GeV/c
l/o)(B) > 25.3 > 1.6

B < 6.79 ps —

mp € [5.18 GeV/¢,5.39 GeV/¢] —

Table 5.15: BT — K2 (7777) 7" tuned selection cuts for an optimisation tuning
which is aware of the effects of the LO and L1 triggers and uses an exclusive

definition of a “signal” event.
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Cut variable LL cut DD cut

IP/O‘IP(W) > 3.00 —

pr () > 2.00 GeV/c > 3.72 GeV/c

Zdecay (K) — > 67 cm

pr (K) > 0.91 GeV/c > 1.81 GeV/c

TK < 22 ps < 128 ps

2 (B) — <3.0

IP/op(B) < 4.05 —

pr (B) > 2.34 GeV/c > 2.31 GeV/e

B > 0.238 ps

mg € [5.24 GeV/c,5.32 GeV/e] € [5.25 GeV/e, 5.31 GeV/(]

Table 5.16: BT — K2 (777~) 7" tuned selection cuts for an optimisation tuning
which is aware of the effects of the LO and L1 triggers and uses an inclusive
definition of a “signal” event.
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5.8 Cut performance for B} — Kt 7~

The numbers of signal and background events to pass various stages of the B — K" 7~
selection procedure are listed in Table 5.17. We see that the tunings which used an ex-
clusive signal definition pass 5 combinatoric background events in both the un-triggered
and pre-triggered tuning configurations and no background events in the tunings with
an inclusive signal definition. These 5 candidates represent signal events and can be
included in the signal yield. In all cases the sampler found cut tunings which removed

all inclusive bb background events.

The best signal yield is found for the tuning where the trigger is applied to the
data set before tuning and where the inclusive definition of signal has been used. With
this configuration, 824 signal events are selected, while less generous configurations go
as low as 581 (including the 5 combinatoric signal candidates as signal events). The
two intermediate configurations (exclusive signal with pre-applied triggers & inclusive
signal with no triggers) are very close in performance with the pre-triggered exclusive

configuration performing just slightly better after application of triggers.
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Analysis stage

Classification

Generation:

Reconstruction:

Pre-selection:

Final selection 1:

(no trigger,

exclusive signal)

Final selection 2:

(no trigger,

inclusive signal)

Final selection 3:

(trigger used

exclusive signal)

Final selection 4:

(trigger used

inclusive signal)

#signal events

#bb events

#Dols

#true

#ftalse from sig evt
#true

#false from bb

#ftalse from sig evt
#true passing triggers
#false passing triggers
#true

#false

#true passing triggers
#false passing triggers
#true

#ftalse

#true passing triggers
#false passing triggers
#true

#false

#true passing triggers
#ftalse passing triggers
#true

#false

#true passing triggers
#false passing triggers

45900
107
37602
13584
223
9314
8326 x 488
2029
1724
562243
2186
985
976

b}
2243
976
700

0
2637
10748
701

)
2659
2440
824

0

Table 5.17: Number of candidates at each stage in the reconstruction and

selection process for B§ — K™ 7~ selection.
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5.8.1 Cut set robustness

A major benefit of using a cut-based selection rather than a more abstracted method is
that assessing the effect of systematic shifts in measured distributions is very easy. To
ensure that the tuned cuts are robust (i.e. that they are not hovering on the edge of a
region with much poorer performance) and to gain some understanding of the effect of
measurement systematics on the selection cuts, a parameter scan has been performed
around the best-tuning point for each of the cuts independently. The scan range was
determined by finding the standard deviation of the signal distribution for each cut and
then making variations up to 20% of the standard deviation in each direction. The
results of these scans on signal and background yields after trigger can be seen for each

tuning in Figure 5.18.

The initial conclusion from these scans is that none of the tunings are near partic-
ularly sensitive areas of the parameter space, i.e. there are no rapid fall-offs in signal
yields and while the backgrounds show almost immediate increases of background from
0 to ~500 by varying some parameters, this just represents passing one inclusive bb
event. Notably, and consistent with expectations, the tighter cuts on the tunings with-
out pre-applied triggers result in lower susceptibilities to background, only passing one
inclusive bb event per variable within the shift range while the trigger-aware tunings
pass up to 3 inclusive bb events per variable. Given that we have optimised to construct

a cut set which minimally excludes inclusive bb events, this is unsurprising.

The variations in signal yields due to this systematic study will be used in Chapter 6
to assess the annual yield uncertainties of LHCb on these channels and the implications

for measurements of ~.
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5.9 Cut performance for Bt - K2 (7tn™) ™

The numbers of events to pass various stages of the BT — K2 (777~) 7" selection proce-
dure are listed in Table 5.18. In this case all tuning methods and K3-type combinations
result in removing all background candidates, both from the bb inclusive sample and
the false combinatoric candidates from the signal distribution. Again this suggests that
removing the heavily-weighted bb inclusive candidates requires tight enough cuts that
the remaining signal combinatorics are either automatically removed or can be easily

removed without affecting any true signal events.

Again, the performance can be improved by applying the trigger to the events before
tuning and by slackening the definition of “signal” to include the events for which only
a combinatoric candidate is available. For the BT — K& (77 ™) 7" channel, the best
performance is for the inclusive pre-triggered tuning, which yields 108 LL and 77 DD
candidates after triggers: a total of 185 signal events. The lowest performance is again for
the exclusive un-triggered sample, which yields 31 and 17 LL and DD events respectively

from the same data set, a total of 48 signal events.

Comparing the numbers of background events before trigger application, we see that
the pre-triggered sets allow much more background to pass as they are “aware” that
the trigger will remove the remainder. The inclusive tuning results in lower pre-trigger
backgrounds with the pre-triggered tuning. For the tunings where no knowledge of the
trigger was available to the sampler the pre-trigger backgrounds are lower but non-zero:
the weight factor means that the LL and DD data sets have backgrounds of 0 and 1
bb event respectively for the exclusive signal definition and 8 bb events each for the
inclusive definition. In a sense the total removal of background is “lucky” in these cases,
since the tuning was not aware that the trigger would remove the remaining background

events.
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Analysis stage Classification LL DD
Generation: #signal events — 54500 ——
Hbb events — 10" ——
#Dols —— 48919 ——
Reconstruction:  #true 1402 4000
#talse from sig evt 91 309
Pre-selection: #true 1155 2769
#false from bb 21543 x 1150 13965 x 1150
#ftalse from sig evt 388 589
#true passing triggers 243 292
#false passing triggers 2.44 x 10° 1.02 x 106
Final selection 1: #true 94 116
(no trigger, #false 0 1150
exclusive signal)  #true passing triggers 31 17
#false passing triggers 0 0
Final selection 2: #true 212 349
(no trigger #false 8050 8050
inclusive signal)  #true passing triggers 71 68
#false passing triggers 0 0
Final selection 3: #true 149 326
(trigger used, #false 39104 35666
exclusive signal)  #true passing triggers 48 68
#ftalse passing triggers 0 0
Final selection 4: #true 385 338
(trigger used, #false 2300 9200
inclusive signal)  #true passing triggers 108 77
#false passing triggers 0 0

Table 5.18: Number of candidates at each stage in the reconstruction and
selection process for Bt — K2 (77 ~) m+ selection.
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5.9.1 Cut set robustness

As for the By — K* 7~ channel, systematic shifts of each cut parameter of +20% from
the optimised values were performed for each tuning of the LL and DD K§ selections.

The results can be seen in Figures 5.19 and 5.20 for the LL and DD data sets respectively.

Again, there are no significant problems revealed by this systematic scan: the gran-
ularity is more obvious in the signal distributions this time due to the overall small
number of events to pass the cuts and triggers but the best-performance cut tuning
(inclusive signal, with pre-application of the triggers) shows a lowest value at 420% with
variation of the 7% IP significance cut which is still better than the central values of the
other tunings for the LL set. For the DD data set, 420% variations of the K* and 7~
pr parameter cuts produce only marginally worse signal yields than the central values
of the intermediate tunings. Looking at the background distributions, no variables in

any tuning pass more than one inclusive bb event within the + 20% scan range.

Again, the indication is that the sampler approach under all tunings has produced
a robust set of cuts in terms of both signal yield and background contamination. The
results of the above scan will be used as an input to the v sensitivity studies in the next

chapter.



186

Selecting B — K 7 decays with LHCb

33 [T T T T T T T T 3 [T T | T T T T T ™

T o F w3 2 ]
2 F w3 21000 | -
S 3Lk - K_pT_low 3 8, L ]
” F \ --+ K_dispsignf_low 3 »n - L
= 35F - == B_pT_low = = 800 - 7]
15) E B_mass_low E o - Variable T
D 34E B vichi2_high s F - PipT low 1
50 E B_ipsignf_high  J . 600 [ - K;: low ]
o 33 E B_mass_high E _%0 L . KJJ?JOW 4
Gy o 7 S I --- K_dispsignf_low _]
S 2F E S 4001 - B_pT_low ]
5} = 1 [P) [ B_mass_low ]
s 31 E E "g 200 - B_vixchi2_high ]
g 30 3 = - B ipsignf_high
Z é é Z [ B_mass_high ]
2971....|....|....|....|....|....|". 3 0.1....|....|.;..|....|....|....|....|....1.
-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 -0.2-0.15-0.1-0.05 -0 0.05 0.1 0.15 0.2

Fractional cut shift from optimum Fractional cut shift from optimum

(a) BT LL signal (no trigger & exclusive (b) BT LL background (no trigger & ex-

signal) clusive signal)
80 TIPS 1200 SALMAMMARIAI Liaas st saas by
ko) L el - e L 4
3 C ] C ]
Z ] 21000 F ]
- 5+ B 7
= ] e T ]
z ] & 800 |- —
S . 5 [ Variable ]
> - > T Pi_pT_low J
5] - O 600 | K_p_low —
o) - o F K_pT_low 1
‘A E a) T B_pT_low ]
] S
'45 Bﬁmaissilow R : o 400 __ rrrr g::;:j;iizw :
5 60 B_lifetime_low . b S 3 K_vtxchi2_high -
) [ K_vixchi2_high ] ] r K_decayz_high
E - i—ie;;yzggfh e E 200 - K_mass_high ]
S 55E B e ?L. N . = L B_ipsignf_high
Z P e 1 Z o e vy
I TS FEEE FEET FEETE FEETE ST FETEE PR A 'l PR PR FEETE FETE ST FETTE FETEE FETr
-0.2-0.15-0.1-0.05 -0 0.05 0.1 0.15 0.2 -0.2-0.15-0.1-0.05 -0 0.05 0.1 0.15 0.2
Fractional cut shift from optimum Fractional cut shift from optimum

(¢) BT LL signal (no trigger & inclusive (d) B* LL background (no trigger & in-
signal) clusive signal)

Figure 5.19: Shifts in number of signal and background events passing
BT - K2 (rtn~) " LL selection cuts and triggers due to variation of the cut
values. The horizontal axis is in units of the standard deviation of the signal
distribution for each cut variable so that the horizontal range represents system-
atic uncertainties by #+20% as described in the text.
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Figure 5.19: Shifts in number of signal and background events passing
BT - K2 (rtn~) 7" LL selection cuts and triggers due to variation of the cut
values (contd.)
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Figure 5.20: Shifts in number of signal and background events passing
BT - K2 (77~ ) m" DD selection cuts and triggers due to variation of the cut
values. The horizontal axis is in units of the standard deviation of the signal dis-
tribution for each cut variable so that the horizontal range represents systematic
uncertainties by 4 20% as described in the text.



Selecting B — K 7 decays with LHCb

189

Number of sig. events passed

90
80
70
60
50
40
30

()

sive

Number of sig. events passed

(g) BT DD signal (with trigger & inclusive

90

85

80

75

70

65

I L R R LN LR R I |

Variable

Pi_ipsignf_low
rrrrr Pi_pT_low
rrrrr B_pT_low
..... B_dispsignf_low

B_vtxchi2_high

B_ipsignf_high

RN LR R R RERRE LRRRE LARRE LR
RN ENERE FRETE FRRRE FRNTE ARETE AR A

| IS T TS T FEETE FETe Free | 1.

-0.2-0.15-0.1-0.05 -0 0.05 0.1 0.15 0.2
Fractional cut shift from optimum

BT DD signal (with trigger & exclu-

signal)

'l N NS RS N NEEEE

[T
Variable
---= Pi_pT_low

K_decayz_low
== K_pT_low
== B_pT_low
\ B_mass_low
,,,,,,,,,,,,,, N K_lifetime_high
e B_vtxchi2_high
B_mass_high

L L B B L N NI R

ST P PP PUTTE PRETE PR PP PP I

-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2
Fractional cut shift from optimum

signal)

Figure 5.20:

1200'“”"””“" ULAAARE LALLE LA LAY b
B ]
%1000 - ]
N - -
Z 800 |- ]
ﬂ - -
O) - -
> . -
G.). 600 [~ Variable b
'ED N Pi_ipsignf_low :
qa 400 - Pi_pT_low E
6 - == B_pT_low : ]
2200 L - Bdispsigntlow ]
g r B_vtxchi2_high 1
z L B_ipsignf_high ]

=)

1|||||||1
-0.2-0.15-0.1-0.05 -0 0.05 0.1 0.15 0.2

Fractional cut shift from optimum

(f) BT DD background (with trigger &
exclusive signal)

1200 LA AL A RS RASED RALES LEALE Ay
Boool | :
21000 |- n
2 [ ]
(=% I ]
£ 800 b
=) - 4
g) - 4
0 o0 |- Variable .
Bl P Pi_pT_low 1
fal N K_decayz_low ]
L‘a 400 | ----- K_pT_low -
— [ - B_pT_low ]
_8 L B_mass_low -
g 200 |- K_lifetime_high ]
= 3 B_vtxchi2_high ]
Z o B_mass_high 1

(=]

TN P P TP TV P T

-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2
Fractional cut shift from optimum

(h) BT DD background (with trigger &
inclusive signal)

Shifts in number of signal and background events passing

BT - K2 (77~ ) 7" DD selection cuts and triggers due to variation of the cut
values (contd.)



190 Selecting B — K decays with LHCb

5.10 Conclusions

The Markov Chain sampler and pairs of low/high cuts on physical variables has been
shown to be a robust approach for cut tuning, with the added benefits of checking for
which cuts are useful and scanning around the optimised cut-space point for robustness
and systematics checks. While the Markov Chain method does not offer the “guaran-
teed” optimisation of a parameter scan, it permits the use of a much larger number of
characteristic variables for comparatively negligible processing time and is not limited

by the finite granularity of a typical scan.

The final results shown above will be used in Chapter 6 to produce an estimated
pair of annual yields and purities for the signal channels and an estimate on the -
sensitivity of the B— K strategy. It should be noted, however, that this study is
statistics-limited. In particular we have been unable to study the systematic differences
in efficiency between charge-conjugate channels and the signal data-sets are not large

enough to tune on a different set from that to be cut.



Chapter 6

Event yields and sensitivity to ~

from B — K7 decays

“There is nothing new to be discovered in physics now,
All that remains is more and more precise measurement.”
— William Thompson, Lord Kelvin, 1824-1907

The methods described in the previous chapter lead us to a set of annual yield esti-
mates for B — K 7 decays at the LHCb design luminosity and estimates of the contami-
nation by background of the selected events. Finally, we explore the effects of statistical
and systematic uncertainties on the CKM phenomenology described in the Chapter 4,

to show LHCb’s sensitivity to measuring ~.

6.1 Efficiencies, signal yields and background esti-

mates

To estimate the annual event yields for the selected signal and background channels,
we choose to factorise the total efficiency in terms of the conditional probabilities of an

event passing each stage of reconstruction and selection:

e(tot) = e(det) x e(rec |det) x (sel |rec) x e(trig | sel) (6.1)

191
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where e(det) represents the efficiency of detector effects like geometric acceptance,
e(rec | det) incorporates effects from the reconstruction algorithms, e(sel |rec) corre-
sponds to the selection algorithm efficiency and e(trig |sel) represents the effect of the

triggers.

In the case where the optimisation strategy makes use of the L0 and L1 trigger results
in tuning selection cuts, the final pair of efficiencies may be combined if we ignore the
effect of the high-level trigger (HLT):

e(sel | rec) x (trig | sel) — e(sel,L0O,L1 | rec) ~ e(sel,trig | rec). (6.2)

In practice e(det) contains all efficiencies not accounted for by the other terms and

is constrained by them:

St/ Siox X €50
/St X Eai (6.3)

det) =
e(det) e(rec |det) x e(sel | rec) x e(trig |sel)’

where S is the number of signal events selected from an initial signal population of size
geom
sig

cut on the Monte Carlo event generator.

Siot and the efficiency factor € = 34.7% is used to correct for the geometric 400 mrad

The total efficiency, £(tot), can be used as input to the calculation of annual yields,

using the following relation:

Sann = Nsig,ann X 5(t0t) (64)
= Lint X 05 X 2 X fp X Byis X £(tot) (6.5)

where L, = 107 s x (2 x 103 ecm™? s!) = 2 fb™! is the nominal annual integrated lumi-
nosity and the bb production cross-section oy = 500 pb. The hadronisation probability
to a BT or BY, fz = 39.1% and the factor of 2 accounts for the fact that both the
b and the b can hadronise. By is the sum of the visible branching ratios of interest,
Byis(By— KT 77) =1.85 x 107° and B,is(BT = K2 (7777) 1) = 15.1 x 107%. Substitut-

ing these values and the expanded form of £(tot), we obtain
Sann = Niigann X [(det) x e(rec | det) x e(sel |rec) x e(trig | sel) | (6.6)
(1.5+0.1) x 107 for By —» Kt 7~

with Nsig@,nn - ’ (67>
(5.9+£0.5+0.3) x 10° for Bt - K (7F7n~) 7™
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where the uncertainties on Nggann are directly correlated to the statistical and sys-
tematic (for Bt — K (777 ~) 7T) errors on the measured visible branching ratios from
Section 5.1.1.

Using the numbers of signal events to pass reconstruction and triggering from Ta-

bles 5.17 and 5.18, we can directly obtain the total efficiency e(tot) = Se1/Stot X 5§fg°m.

6.1.1 Efficiencies and signal event yields

The total selection efficiencies for both signal channels, using all four selection tunings,

are shown in Table 6.1.

Tuning BY B*

No trig., excl. (4.35 £0.17) x 102 (3.05 £0.42) x 10
(5.29 +£0.19) x 103 (8.85 £0.76) x 10
Trigd., excl.  (5.33 £0.18) x 103 (7.38 £0.66) x 10
( ) (

6.23 +£0.21) x 102 (11.77 £0.89) x 10

No trig., incl.

Trigd., incl.

Table 6.1: Total selection efficiencies, e(tot), (including reconstruction,
trigger and selection) for the four selection tunings on B} —K'7~ and
BT — K2 (n*7n~) 7" decay channels.

The uncertainties in this table are binomial uncertainties on the number of observed

signal events, calculated as

ASsel =V StotpseIQSel

- \/Sse1<1 - Ssel/Stot)7

(6.8)

where psel = Sse1/Stos 18 the probability of a randomly chosen signal event being selected
and gses = 1 — psar. As a result, As(tot) = \/5(tot)(1 — e(tot))/AS;e. In general, the
BT — K2 (rt7~) 7t total efficiencies are an order of magnitude lower than the efficiencies

for the BY — KT 7~ channel.

Using these total efficiencies and equation (6.6), the annual yield estimates can be
computed for each channel and tuning. These are listed in Table 6.2 where the binomial
uncertainties in the efficiencies have been combined in quadrature with the statistical un-

certainties on the branching ratios. The BT — K§ (777~) 7" yield estimates also include
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the effect of the Belle systematic uncertainty.

Tuning BY Bt

(62.99 £4.51)k/yr (1.79 £0.15 £0.26)k/yr
No trig., incl.  (76.58 £5.36)k/yr (5.19 +0.45 +0.52)k/yr
Trigd., excl.  (77.17 £5.43)k/yr (4.34 £0.38 +0.45)k/yr
(90.02 £6.17)k/yr  (6.91 £0.60 £0.79)k/yr

No trig., excl.

Trigd., incl.

Table 6.2: Annual signal yield estimates for B —Kt7~ and
BT —KQ(7tn~) 7" channels with LHCb. The uncertainties are first sta-
tistical and second systematic. Uncertainties on the B production cross-section
(~10% [188]) and the fragmentation factors (~1% for BY and BT) are not
included.

For Bt — K§ (777 ~) 7T, using the total best efficiency of 0.118% (for combined LL
and DD K§ events) gives an annual signal yield estimate of 6.9k events per year. For

BY — KT 7, the maximum estimated annual signal yield is 90k events per year.

Detector efficiency estimates

A breakdown of selection efficiencies at each stage of the reconstruction, selection and
triggering process for the best-tuning (inclusive signal definition with pre-applied trig-

gers) is shown in Table 6.3.

From Table 6.3, we calculate e(det) as described above to be e(det, BY) ~10.44%
for the B — KT 7~ channel and e(det, BY) ~5.01% for the Bt - K2 (7*7~) 7" chan-
nel. This is in line with expectations, given the low reconstructibility of the K& and
the fact that we have only used the two dominant K& reconstruction classes in this
study. It also agrees with the LHCDb detector efficiencies quoted for other B— ht h~
and B — X KZ[97].

6.1.2 bb inclusive background constraint

The background from bb inclusive decays to these signal channels can also be estimated.
Although all of the bb event candidates have been removed by the combination of

selection cuts and low-level triggers, the inadequacy of the statistics means that we can
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Efficiency BY Bt

e(rec [det)  13584/13807 = 98.4% 5402/7871 = 68.6%

e(presel |rec) 9314/13584 = 68.6% 3601/5402 = 66.7%

e(sel [rec)  2659/13584 = 19.6% 723/5402 = 13.4%

e(sel |presel) 2659/9314 = 28.5% 723/3601 = 20.1%

e(trig [sel)  824/2659 = 31.0% 185/723 = 25.6%

£(tot) 824/45900 x 34.7% = 0.623% 185/54500 x 34.7% = 0.118%

Table 6.3: Components of the selection efficiencies for the BY— K* 7~
and BT — K§ (777 ~) 7" channels. The “presel” efficiency accounts for pre-
selection signal losses, predominantly due to failed K- vertexing and, in the
BT — K (7t7~) 7" case, that only LL and DD K2 classes are considered viable
for selection.

only set a Poisson upper limit on the background level. To estimate the bb background
with more realistic statistics we must assume that the chosen cuts are on the boundary

for bb exclusion (a realistic estimate, given the nature of the optimisation procedure).

Using the procedure described by Feldman and Cousins [189], a 90% confidence
band for a Poisson process with mean rate 0 and no observed events has its upper
limit at 2.44. Hence, using the appropriate inclusive bb weight factors, wyg, (1150 for
BT — K (7t7~) 7" and 500 for By — KT 7, as documented in Section 5.6.2), the 90%

confidence upper limit on the inclusive bb background level is given by

Bsel, bb 2.44

—Ssel ~ Wyp X g. (69)

Using this relation, the estimated bb-to-signal ratios are listed in Table 6.4.

Tuning BY Bt

No trig., excl. (2.07 £0.15) 58.72 +£4.95 +8.62
No trig., incl.  (1.70 £0.12) 20.18 £1.83 £2.39
Trigd., excl. (1.69 £0.12) 24.04 £2.20 +2.57

( )

Trigd., incl. 1.44 £0.10) 15.23 £1.28 £1.10

Table 6.4: B,;/S estimates for By — K™ 7~ and BT — K2 (7777) 7" channels
with LHCb. The uncertainties are first statistical and second systematic.
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The best 90% confidence limits obtained give By;/S(BY) < 1.44 for B — K7~
and B,;/S(B") < 15.23 for Bt = K§ (777 ~) 7". The weakness of these limits is again
an effect of statistical mismatch between the signal and inclusive bb data sets. The
expectation is that a scaling analysis of the B invariant-mass side-bands will allow a
reduction of order 10 on these estimates [95], but the tightness of the pre-selection mass

sidebands for the BF — K& (777 ~) 7" channel means that this analysis is not possible
with DC03 data.

A trial relaxation of the BY channel’s best-tune low cut on the B} mass from >
5244 MeV/c? to > 5000 MeV/c? selects 3 inclusive bb events as opposed to 0 for the tight
cut. This corresponds to a 90% confidence range of 1.10-7.42 events by the Feldman-
Cousins procedure. Taking the B} mass of 5279.4 MeV/c? as the “central” reference value
for the BY mass cut, this corresponds to a factor of (5279 — 5000) /(5279 — 5244) ~ 7.68
increase in the cut acceptance with only a factor 7.42/2.44 ~ 3.04 increase in background,
giving a factor of 2.5 decrease in the upper-limit B /S(BY— K 7~) figure to < 0.57.
This figure should be taken as indicative rather than absolute, since variable correlations
mean that a better tuning point could almost certainly be found with the mass window
constrained to be artificially wide. It is uncertain what value a study of that nature
would add to the existing analysis. It is also worth noting that the maximisation of
signal significance for a given data set should, when fully converged, always place the
cuts on the boundary of just selecting a background event as this will maximise the signal
acceptance: the passing of inclusive bb events when cuts are widened is unsurprising
when this is borne in mind and it should again be emphasised that more statistics are

required in order to tune and evaluate cuts on independent data sets.

A similar extension of the LL and DD BT — K§ (7"7~) 7" B mass windows to their
pre-selection limits (a factor of 5 widening) selects 13 and 14 background events from
the inclusive bb data set for the LL and DD selections respectively. Using the Feldman-
Cousins method, this corresponds to an increase rather than a further constraint on
the background and so the principal conclusion for this channel must be that it has
not yet been analysed with statistically sufficient data sets. The comments on the

validity of the mass-window-extension method for the B} — K* 7~ selection also apply
to Bt =K (ntn) 7w
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6.1.3 Specific decay channel backgrounds

We also consider the effect of contamination of the B} — K* 7~ selection with topologi-
cally similar decays which only differ in the identity of a charged pion or kaon. The spe-
cific backgrounds studied are B§ — KT K~ and B — 7 7, both of which were studied
on data sets containing 50k events. The relevant B; branching ratios are B(B§ — K+ K™) <
0.7%x10°% and B(By—7n"7n7) = (4.44+0.7) x 10°. The numbers of background events
from these data sets to pass selection cuts, as seen before the trigger application and

after the LO and L1 triggers separately, are

KK: 418 %5 269 =1 158 (6.10)
mr 186 —2 119 -5 66. (6.11)

The specific background to signal ratios can now be calculated, using a procedure similar

to that for the inclusive bb background:

Bsel7 ) Bsel7 )
X

S ~ w; S for i€ {KK,nr}, (6.12)
where the new weight factors w; are
Stot Bz
w; = X . 6.13
B‘cot7 % Bsig ( )

Adding the statistical uncertainties from the 77 branching ratio and the binomial
sample uncertainties in quadrature, we obtain specific background contaminations of
Bxk /S = (7.25+0.85) x 10 and B,,/S = (1.91+0.49) x 102. In these, the relatively
small contamination rates compared with the inclusive bb backgrounds are primarily

due to the statistical comparability of the signal and specific background data sets.

6.2 Sensitivity to

Using the uncertainties on the annual yield estimates calculated in Section 6.1 and the
studies of systematic shifts, we can extrapolate to the sensitivity to v which LHCb will
provide in one year of data-taking. Assuming binomial statistics again, the fractional un-
certainties on the yields are AS/S~ 1/ V'S. Using the best yields from Table 6.2, these
evaluate to AS/S(BY) ~ 0.003 for the B} — K* 7~ channel and AS/S(B™)~ 0.012 for
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BT — KQ (7t7~) 7. These uncertainties do not include the contribution from the inclu-
sive bb background constraints tabulated in Table 6.4. Including these, and recalculating
the uncertainties as A(S + B)/S ~ /S + B/S, we obtain A(S + B)/S(BY) ~ 0.005 for
the B} — K" 7~ channel and A(S + B)/S(BT) ~ 0.048 for Bt - K (7t7~) 7. How-
ever, since these background bounds are a pessimistic upper limit, reflecting the sta-
tistical limits of our background study rather than a real limitation of the experiment,
the yield uncertainties used to obtain LHCb sensitivities to v will be the comparatively
optimistic AS/S figures.

To study the LHCb sensitivity to v, we will use the current-best measured values of
branching ratios and C’P-asymmetries as central values. Constraints on + are obtained
via the contour relations from Chapter 4; estimates of LHCb sensitivity to v can then
be obtained by varying the measured observables within the statistical and systematic

uncertainties already obtained in this chapter.

C’P-asymmetries are defined in terms of the ratio

Acp(B— f) =

(6.14)

which has been measured for the By — K" 7~ and BT — K°#" signal channels by the
BABAR and Belle experiments. Their results are listed in Table 6.5. The values for the
BY — K* 7~ direct CP-asymmetry are more recent than the most recent Particle Data
Group average, and so we will use the PDG’s value of the zero-consistent Bt — K% 7"
CP-asymmetry and calculate separate values of R and Ag for BABAR and Belle, whose
latest results differ by about 1o.

Experiment  Aep (B — K™ 77) Acp (BT — K71

BABAR —0.133£0.030 (stat) 40.009 (syst) [20] —0.2140.18 (stat) = 0.03 (syst) [10]
Belle —0.10140.025 (stat) +£0.005 (syst) [21]  0.03739% (stat)T5:5 (syst) [10]
PDG average — 0.03+£0.08

Table 6.5: Values of B— K7 CP-asymmetries derived from measurements
by BABAR and Belle. The Particle Data Group averaged value (dominated
by the Belle measurement) is used for the zero-compatible CP asymmetry in
BT —K%#* but not for the By — K" 7~ channel in which both experiments
measure a large CP violating component.

From the definition of a CP-asymmetry and the average value for Aep (BT — K97 T)
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above, and using the Bt — K° 7" branching ratio we obtain the denominator of the R

and Ay expressions in equation (4.19) as
BBT—K’7") + BB~ —K%7r") = (4.54 £0.83 (stat) £0.23 (syst)) x 10°.  (6.15)

Keeping the BABAR and Belle B} — K* 77 CP-asymmetry values separate, we obtain

central values for R and Ajg:

R(BABAR) = 0.72+0.14 (stat) 4 0.05 (syst), (6.16)
R(Belle) = 0.74 £ 0.15 (stat) +0.05 (syst) (6.17)
and
Ao(BABAR) = 0.096 = 0.019 = 0.006, (6.18)
Ap(Belle) = 0.075 = 0.015 £ 0.004 (6.19)

where the systematic uncertainties have been conservatively added directly rather than

in quadrature when calculating the ratios.

We now use the central values of these observables, combined with various predicted

LHCDb uncertainties, to estimate the LHCb precision on these quantities:

Statistical uncertainties: Taking a naive unweighted average of the BABAR and Belle
values for these ratios gives values (R) = 0.73040.011 and (4,) = (8.5+£0.13) x 102
where the uncertainties are derived from the anti-correlated limits of the one-year yield
binomial uncertainties (again a conservative estimate). This corresponds to an im-
provement in precision of an order of magnitude over the values determined from the
b-factory measurements. These central values, combined with studies of the system-
atic shifts shown in Chapter 5, allows us to study the sensitivity to v with the method
described in Chapter 4.

Tagging uncertainties: Separate studies of the B — h* h~ decay channels have mea-
sured the effective flavour tagging efficiency of B§ — K™ 7~ as eD? = (4.84+1.0)% for a
sample size equivalent to ours. The large uncertainty on this number is indicative of the
small sample size used to obtain the result and preliminary studies based on the LHCb
DCO04 Monte Carlo data already indicate much more precise flavour tagging efficiencies.
For this reason we do not propagate this uncertainty into the one-year ~ constraint, as

it is not indicative of the expected knowledge of the flavour tagging efficiency at LHCb
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by the time data-taking starts. We also note that, if re-scattering and particle ID in-
efficiencies can be ignored, then the B} — KT 7~ channel is self-tagging. Making this
assumption raises the tagging efficiency to ~90%, the particle ID efficiency for a K* 7T

final state.

Systematic uncertainties: The effect of the combined systematic uncertainties has
been treated by finding all the yield shifts for £10% systematic variations on the best
selection tunings, where 10% variation has been chosen as a popular estimate of the
systematic range. Since it is unlikely that all the systematic shifts will themselves
be correlated, an estimate of their combined effect has been obtained by adding all
the systematic shifts in each direction (increasing or decreasing the signal yield) in
quadrature: i.e. incoherently summing all up-going or down-going shifts. This gives
10% systematic uncertainties on the central values of the two ratios: (R) = 0.73010 4
and (Ag) = (8.57532) x 102, These 10% uncertainties are roughly an order of magni-
tude larger than the statistical uncertainties. Again we emphasise that this is only an
exploratory estimate of the magnitude of systematic effects and that much stronger

systematic constraints should be possible.

Applying the one-year statistical uncertainties to the CP-asymmetries A, and Ak,
defined as

BBt =K't - BB~ —K’7r) BBy —K 7)) — BBy —K" )

A+ = — AK7T — )
BBt —=Koxt)+ BB~ —K7") BBy —K-7t)+ B(Bj—Kt+x-)
(6.20)

we obtain precisions of (A;) = 0.030+0.003 and (Ak,) = —0.11740.014, offering

again an improvement of an order of magnitude over the current b-factory results.

~ bounds and constraints

The plots used in Chapter 4 to place bounds and constraints on v are re-plotted showing
the one-year statistical uncertainties and the effects of partially-correlated 10% system-

atics in Figures 6.1, 6.2 and 6.3.

The most significant feature of these plots is that the variations due to both the
statistical and systematic variations are very small compared to the re-scattering effects
presented in Section 4.3.1. For this reason, the limiting aspect of an attempt to constrain

~ this way is likely to be the theoretical uncertainty arising from the hadronic effects
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Figure 6.1: Variation of R, with v for various values of Aj, using the
BABAR/Belle central value of R = 0.73. The black curves show the variation
using the BABAR and Belle values of Ay, the blue curves indicate the effect of
the LHCDb statistical uncertainty on Ag after one year of data-taking and the red
curves are a conservative estimate of the effects of 10% systematic uncertainties
on the measurement. The horizontal green dotted lines are the current BABAR
and Belle values of R, excluding values of v in the regions where the R, curves
are greater than the R bounds.
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Figure 6.2: Limits on r as a function of v, for various values of R, using the
BABAR/Belle central value of Ay = 0.085. The black curves show the limits
obtained from using the BABAR and Belle values of R, the blue curves are from
the estimated LHCD statistical uncertainty on R after one year of data-taking
and the red curves are again from a conservative estimate of the systematic
uncertainties. The horizontal green dotted lines indicate the typical range of r
obtained from QCD factorisation and spin-ansatz analyses. Note that the central
region of the v range is not consistent with any real r value in this scheme —
this is consistent with the R.,;, bounds on v shown in Figure 6.1.
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Figure 6.3: Limits on r as a function of -, for various values of Ay, using the
BABAR/Belle central value of R = 0.73. The black curves show the limits ob-
tained from using the BABAR and Belle values of A, the blue curves are from the
estimated LHCDb statistical uncertainty on Ay after one year of data-taking and
the red curves are again from a conservative estimate of the systematic uncer-
tainties. The horizontal green dotted lines again indicate the typical theoretical
range of r.

rather than any systematic or statistical problems.

From Figure 6.1, we obtain a symmetric pair of allowed ranges for . Using the
BABAR/Belle central value of R = 0.73, these ranges are Yhouna1 € [3.0° £0.8°,58.7° £ 0.6°]
and Ypounda2 = 180° — Ybound1, Where the uncertainties are entirely due to the LHCb one-
year uncertainty. The small experimental uncertainties and theoretical robustness (no
constraint on r is required) of this bound are, however, offset by the wide range of

values which are still allowed.

Using the contours in Figure 6.3, we obtain the LHCb one-year sensitivities to ~
with a required input of . The central values and experimental uncertainties are shown
in Table 6.6 for various values of r in the 1o allowed range 0.2-1.8. We should note,
however, that r is not strongly predicted by any of the current theoretical models and
that the favoured range is for values of r between about 10-20%. This latter point
presents great difficulties for this approach, as this is aligned with the areas of the
contours in Figure 6.3 which are least sensitive to variations in . For values of r less
than ~0.25, the uncertainty can easily grow as large as +15%. When this is the case,

the two solutions within each contour become effectively degenerate and all sensitivity
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is lost.

r é! 2

0.25 15.8°£2.9° 43.3°+1.5°
0.5 2.9°+1.1° 58.4°+£04°
1.0 3.3°+£0.7° 50.7°£0.3°
1.5 3.3°+0.7° 32.7°+£0.3°

Table 6.6: Sensitivities to v obtained using LHCb one-year uncertainties for
various values of r and Ay = 0.085. The construction of the contours means that
in general four values of v are obtained for each set of input parameters. These
are 71,2 as listed and 3 = 180° — 73, 74 = 180° — 7.

The values of r used are for the “ansatz” fit used by Fleischer, Buras et. al. [1(1]
at the low end (r = 0.11 £0.03) and from the QCD factorisation approximation at the
upper end of the range (r ~ 0.2). If r is non-factorisably enhanced into the ~50% region
and the theoretical predictions can be strongly constrained then this strategy may have
a strong contribution to make to measurements of ~, but for the current central values

it is not particularly useful.

6.3 Sensitivity to new physics

The results presented so far indicate that while B — K 7 decays can be well reconstructed
by LHCb, the limiting factor on using them to extract information about the CKM -~
phase is the lack of theoretical control of the hadronic processes in charmless non-leptonic
B-decays. However, the decays considered are also of interest because they contain
electroweak penguin topologies which may be sensitive to new high-scale physics. This

has been considered extensively in recent literature by Fleischer, Buras and others.

Electroweak penguin diagrams enter into the diagrams here in colour-suppressed form
and are hence expected to be control channels for new physics loop effects: branching
ratio enhancements in decays with colour-allowed electroweak penguin topologies relative

to the channels studied here will be of great interest as new physics signals.



Chapter 7
Conclusions

“If economists were laid end to end, they would not reach a conclusion”

— George Bernard Shaw

This thesis has described two major elements of research relating to the LHCb detec-
tor under construction at CERN. These are the development and consequences of a new
trackless approach to pattern recognition in ring-imaging Cerenkov (RICH) detectors;
and the automated optimisation and resulting physics potential of LHCb event-selection

algorithms for B — K7 decays.

In the first case, I have described the standard “track-aware” approaches to RICH
pattern recognition and particle identification and then motivated the development of a
Markov Chain algorithm which attempts to do much the same job but without tracking
information. The benefits of this approach are that the trackless algorithm can highlight
flaws in the current tracking system and that it can be used to provide a slightly more
informed approach to finding genuine background hits on the photon detector planes.
This study has revealed that untracked rings are largely due to secondary interactions of
particles with detector elements and that electron—positron pairs from the primary vertex
are also major contributors to untracked rings. Since most such rings are either from
primary pp interactions or from secondary-scattered tracks, their loss by the standard
particle ID system is not a worry to LHCb from the point of view of physics potential.
Incorporating the trackless ring-finder into the background estimator of the standard
particle ID also produces interesting results, showing that the pion and kaon particle

ID efficiencies may be improved with the use of an appropriately-tuned trackless finder,
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but the computational overhead of such an approach renders this approach unrealistic

for large-scale event reconstruction.

In my studies of B — K 7 decays with LHCb, I have developed a system for automatic
optimisation of event selection criteria in terms of upper and lower cut pairs on physical
variables. This framework again makes use of a sampler algorithm, this time to find
an optimal set of cuts for a given measure of selection quality. I have studied several
approaches to reconstructing B — KT 7~ and Bt — K& (777 7) " decays, according to
various degrees of inclusiveness in the definition of a “true” event and in the mode of
application of the trigger algorithms. It has been found that the best performance was
obtained for an inclusive definition of event truth when the optimisation was performed
on data sets to which the trigger had already been applied. This is in contrast to the
LHCb re-optimization TDR[95] assumption that tuning on un-triggered data would give
better performance due to increased statistics. The available statistics and the absence
of charge-conjugate channels from the 2003 data sample restricts studies of systematic
effects in these channels. Robustness studies based on parameter scans around the
optimal point in cut parameter space indicate that the chosen cuts are robust. The
chosen selection cuts successfully reject all background from inclusive bb decays but
studies of the purities of these data samples using the Feldman-Cousins 90% bounds on
the observed zero-background only serve to highlight the limited statistics available in
the studied data sets.

Interpreting the signal yields from Data Challenge 2003 data sets and extrapolating
via the nominal LHCb luminosity predicts annual yields of (90.0+6.2)k B} = K=* =T
events and (6.9+0.6)k B* — K7 * events using the selection tunings presented here.
These yields correspond to one-year statistical uncertainties on the R and Aj ratios of
(R) = 0.730£0.011 and (Ap) = (8.5+0.13) x 10 where the current central values of
the B} = K* 7F and B* - K7 * CP-asymmetries have been used. Similarly, the CP
asymmetries (Ay) = 0.030£0.003 and (Ak,) = —0.117+0.014. All four branching
ratio combinations correspond to an improvement in statistical precision of an order of

magnitude compared to the b-factories after one year of LHCb data taking.

The above yields, when used to construct contours relating to the “mixed” B— K
channel strategy to constrain the CKM angle ~, indicate that tight constraints may be
placed on the contour system but that theoretical uncertainties on the hadronic aspects
of the decays strongly limit the value of this approach to constrain . The experimental
statistical (one-year) and (estimated) systematic errors on measurements of -, using

current experimental central values for the relevant parameters, range from A(~;) = 2.9°,
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A(v) = 1.5° for r = 0.25 to A(y1) = 0.7°, A(vy2) = 0.3° for r > 1. Here, v, refer to
the independent degenerate solutions for v obtained from the phenomenological strategy
described in Chapter 4. However, the tightness of these constraints belies the true nature
of the result. The favoured range of values for the crucial tree-to-penguin ratio, r, are
typically r < 0.2 and in this region the values of v vary much more rapidly than the
experimental errors grow — it is precisely the region where this strategy is least sensitive
to measuring 7. Hence, assuming r € [0.1,0.4], the corresponding theoretical uncertainty
predicts v, 2 € [6°,57°], with the additional solutions 745 = 180° — 7 ». This dominance
of the measurement precision by uncontrolled theoretical uncertainties indicates that the
emphasis on the B¥ — K7 * decay channel should be shifted from a mode for measuring

~ to being a control channel in searches for new physics in electroweak penguins.
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Appendix A

Monte Carlo samplers

A.1 Metropolis algorithm

The Metropolis algorithm, more properly referred to as the Metropolis-Hastings method,
was originally developed by Nicholas Metropolis in the 1950’s and was extended in 1970
by W. K. Hastings [190,191]. It avoids several problems of the simpler “importance
sampling” and “rejection sampling” methods by use of a proposal function whose form
is determined by the current state of the sampler [137]. It is nowadays a very common
sampling method and has been used in Chapter 3 of this thesis in the form of the

trackless ring-finding sampler.

The Metropolis-Hastings algorithm can draw samples from any probability distribu-
tion P(z) = P*(x)/Z, requiring only that the probability density can be calculated at x.
For computational purposes, P*(z) is the important quantity, since the normalisation of
the probability distribution is in general unknown and its calculation is computationally
a highly non-trivial procedure. It generates a set of states #(Y) where each state depends
only on the previous one, hence it is a Markov chain. The algorithm creates a proposal
density @Q(z'; 2)) which is the probability density of generating a new proposed sample
point z/. This is illustrated in Figure A.1.

We then calculate a value a = ajay where

B P*(QZ,)
a; = Py (A.1)
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Figure A.1: Metropolis—Hastings proposal and unnormalised target distribu-
tions Q(2'; #®) and P*(z). The proposal distribution is shown as having a shape
which varies with z, though this is not typical in practice. Figure used courtesy
of David MacKay.
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is the likelihood ratio between the proposed sample 2’ and the previous sample z®, and

Q(z"; ")
Q(z'; 1)

a9 = (AQ)
is the ratio of the proposal density from z® to 2’ and vice versa. This is equal to 1 if the
proposal density is symmetric: a property known as detailed balance which is desirable
in practical proposal densities due to the simplification it offers. Then the new state
1 is chosen with the rule

x’ ifa>1

gt = . (A.3)
x’ with probability a if a <1

If a < 1 and the proposed new sample point is rejected then 1) = 2 ie. the
existing sample point is repeated. Typically the algorithm is started at a random initial
point (¥ and then a few thousand samples are calculated and discarded to “forget” the
initial point: this period is known as the sampler burn-in time. The convergence time
of such a sampler is not known in general, but in general it is improved if the shape of
the proposal density matches the local shape of the target distribution P*(x): this is
usually unknown. A robust rule of thumb is that if the largest length scale of the space
is L and the typical step size in that direction is e then at least ~(L/e)* iterations must
be sampled to obtain an independent sample of the distribution[137]. The random walk
behaviour of the Metropolis sampler is reduced by use of gradient information in the
proposal density: this broad class of enhancements to Markov chain samplers are called

“hybrid Monte Carlo” samplers.

A.2 Simplex algorithm

The simplex algorithm used in Chapter 5 to optimise the B — K7 selection cuts by
minimising the function —F = —S/(S + B) was developed in the 1960’s by J. A. Nelder
and R. Mead [192]. The property that it does not require gradient information to sample

from the distribution places it in the class of samplers called direct search methods.

At each iteration ¢ of the sampler, operating in an n dimensional vector space over

the real numbers, n + 1 points :vgt), :rg), e ,xff}rl are calculated. These points describe

a simplex in the space for each t. For convenience we order the points such that for a



4 Monte Carlo samplers

given t and function to be minimised, f(z),

flxy) < flwe) <o < fang). (A.4)

Trial vertices, denoted with a tilde cf. Z, are calculated by a series of geometric
transformations (reflection, expansion, contraction and shrinkage) applied to the sim-
plex. The reflection transformation consists of reflecting the worst vertex (i.e. the one
with the highest value of f) through the centroid of the other vertices:

~/

T =2(x) — Tyt (A.5)

where
1 n
() =~ > (A.6)
=1

is the centroid of the n best vertices. The reflected vertex &’ is accepted if f(x1) <
f(@) < f(x,) and x,4, is updated without re-ordering the indices such that x,.; = 7'.
The next iteration then begins. We will now consider the behaviour if the new point

satisfies f(Z') < f(x1) and will return shortly to what happens if the reflection vertex
gives f(2') > f(z,).

If the reflection point satisfies f(Z') < f(x;) then the trial step has produced a good
point and the transformation is extended. The next transformation is an expansion of

the trial point, computed as
7 = 23 — (z) (A7)
and this is accepted if f(Z") < f(x1), otherwise the reflected vertex &’ is accepted. Either

way, the next iteration begins.

If the reflection-proposed vertex, ¥’ satisfies f(z') > f(x,) then it is not accepted

and a contraction step is computed. The new contraction vertex Z" is

M — %x”"'l + % <ZL“> if f(xn-i—l) < f(xl) (AS)

375 (0) i (@) > f@)

and is accepted if f(z") < f(x,). If this step also fails to produce an accepted point

then the entire simplex is shrunk towards the best value by replacing each vertex by the
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point between it and x:

At this stage, all the transformations have been performed and so the vertex indices
are re-ordered and the next iteration begins. The effect of the algorithm is that the
vertex tumbles its way towards the function minimum, contracting as it does so. Various
convergence criteria have been suggested, either in terms of the number of iterations,
the convergence rate of simplex size, the standard error of the function and so-on. As
mentioned in Chapter 5, we use the number of iterations as we are only analysing a
single problem and are able to observe the convergence of the function value explicitly

for each case.






Appendix B

Colophon

This thesis has been typeset in IXTEX 2¢, mainly written using the emacs editor on
Linux systems. I have written several IfTEX packages and a document class to assist
in typesetting high-energy physics concepts, such as particle symbols and our rather

peculiar units. These packages are as follows:

e maybemath: allows math mode symbols to assume the style (boldness, italic/upright

shape, serif/sans-serif font etc.) of the surrounding text;

e hepparticles: a set of macros for typesetting HEP particle symbols in a flexible

way, using maybemath;

e hepnames: a pre-defined set of particle names, using hepparticles and re-implementing
the Particle Entity Notation scheme [193];

e hepunits: an extension of the STunits package to include common HEP units;
e hepthesis: a document class based around the standard “book” class, with op-

tional HEP-specific features.

These packages have been released through the KTEX “CTAN” system (available
via the Web at, for example, http://www.tex.ac.uk) and are publicly available. I hope
they will be of use to others wishing to write PhD theses and HEP-oriented documents.


http://www.tex.ac.uk
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