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Abstract

The LHCb experiment will perform precision measurements of C’P-violation and search
for rare B decays at the Large Hadron Collider (LHC), which is due to begin operation
in 2008. The LHCb Ring Imaging Cherenkov (RICH) system provides the particle
identification crucial for these studies. The Multi-Anode photomultiplier tube (MaPMT)
is a candidate photon detector for the LHCb RICH system. Performance studies of the
MaPMT in a charged particle beam at CERN demonstrate that the pulse shape of
the BeetleMA readout ASIC does not return to zero after 125ns, which will lead to
ghost pixel hits and the possible drift of the pedestal outside the dynamic range of the

amplifier.

Measurement of key CP asymmetries at LHCb requires that the flavour of the B-
meson at creation is known. Flavour tagging using protons is shown to have poten-
tially useful tagging performance, but the implementation is found to be challenging.
A correlation between b-quark and A flavour is observed for a A produced in the same
fragmentation process as a B? meson, analogous to a same-side kaon tag. A small, but

non-negligible, tagging performance is attained.

CP-violation asymmetries are expected in the b-flavoured baryon decays Ay —pw
and A, — p K. Studies of the reconstruction and selection of these decay channels with
Monte Carlo simulated data suggest an annual event yield of ~2k A, —pm and ~ 3k
A, —pK events. The R-parity violating Minimal Supersymmetric Standard Model is
expected to suppress the CP asymmetry of A — p 7 decays and enhance the branching
fraction. Evidence for CP-violation consistent with the Standard Model is expected to
require an integrated luminosity of more than 1.5 fb™', while evidence for CP-violation
consistent with R-parity-violation in the Minimal Supersymmetric Standard Model will
require 50 — 250 fb™!; which in the latter case will only be achievable with an upgraded
luminosity “Super”-LHCb detector.
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Preface

A symmetry arises when a physical system is invariant under a particular transfor-
mation. This feature of nature is expressed by Noether’s theorem which states that
there is a one-to-one correspondence between a symmetry and a conservation law. For
instance, the invariance of the laws of physics under translation and rotation leads to
the conservation of linear and angular momentum. In particle physics the concept of
symmetry plays a central role. The Standard Model of particle physics is a relativistic
quantum field theory that provides a complete description of the fundamental particles;
the interactions of which arise from the requirement that the Standard Model is invariant

under local gauge transformations [1,2,3].

Two types of symmetries can be distinguished; continuous and discrete. Rotations
in space and translations in time are examples of continuous symmetries, while a mirror
reflection is an example of a discrete symmetry. The parity operation, P, under which
all spatial coordinate signs are reversed, was thought to be a discrete symmetry of the
weak interaction. However, in 1957 it was found that weak interactions did not conserve
parity in the radioactive decay of cobalt-60 [4]. Following this discovery it was thought
that the weak interaction was symmetric under the combined operation of P and charge
conjugation, C, where C transforms a particle into it’s anti-particle. In 1964, however,
CP violation was observed in the kaon decays [5] and has since been established in the

decay of B-mesons [0, 7].

The accommodation of CP violation in the Standard Model naturally arises from the
complex couplings between the quarks, which is represented by the so-called Cabbibo-
Kobayashi-Maskawa (CKM) matrix [8]. All CP violation measurements are, so far,
consistent with the Standard Model expectations. Nevertheless, measuring the param-
eters that describe CP-violation in the Standard Model by different methods enables

discrepancies to be identified, which could indicate the presence of new physics. In fact,



evidence already exists from Cosmology for a beyond Standard Model description of CP
violation. Assuming that the universe began with equal amounts of matter and anti-
matter, the observed matter dominated universe can be generated through a process
called Baryogenesis which requires CP to be violated [9]. However, the level of Standard
Model CP-violation is insufficient to explain the observed cosmological baryon asymme-

try O(10719), and requires additional beyond Standard Model sources of CP-violation
[10].

The Large Hadron Collider Beauty experiment, LHCD, is a dedicated detector for B-
physics measurements at the Large Hadron Collider (LHC). LHCb will use the unprece-
dented numbers of By, BT, BY and A, hadrons produced at the LHC to overconstrain
the Standard Model description of C’P-violation and search for new physics through the

presence of rare decays.

To motivate the research presented in this thesis, Chapter 1 presents a discussion
of the theoretical motivation for B-physics studies and is followed in Chapter 2 by a
description of the experimental apparatus which has been designed to make these physics

measurements.

This thesis describes three different aspects of the LHCb experiment:

e The ability to identify the particle type of a reconstructed track with high efficiency
and purity is critical to the physics performance at LHCb. Hadron identification
will be provided by Ring Imaging Cherenkov (RICH) detectors, the photon de-
tectors of which are a crucial component of the system. The RICH system is
described in Chapter 3. Chapter 4 will present a measurement of the pulse shape
from a candidate photon detector techology, the Multi-Anode photomultiplier, in
a CERN charged particle beam. In the course of this measurement, an analytic
function is developed for the number of electrons at the end of a photomultiplier

tube which includes photoelectric conversion on the first dynode.

e The measurement of key CP-violation rate asymmetries require that the flavour of
the B-meson at production is known. Methods to determine this flavour, known as
flavour-tagging, typically use the charge of kaons or leptons from the companion
b-hadron to infer the flavour of the signal B-meson. Since LHCD is able to readily
identify protons with the RICH system, the potential to use protons for flavour
tagging purposes is investigated. This is the subject of Chapter 5.

e While most CP-violation studies at LHCb will be based on the study of B-mesons,
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LHCb will also have access to copious numbers of A,’s. Direct CP violation is
expected in the b-flavoured baryon decays A, —pm and A, — pK decays. The
former decays are of particular interest since the R-parity violating Minimal Su-
persymmetric Standard Model predicts that the CP-violation asymmetry will be
suppressed and the branching fractions enhanced relative to the Standard Model
predictions |11, 12]. Methods to reconstruct and select A, — p 7/K decays are dis-
cussed in Chapter 6 and the sensitivity to the physics parameters are presented in

Chapter 7.
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Chapter 1
CP-violation in B decays

This chapter presents the formalism for CP-violation and mixing in, first, a model in-
dependent manner and then describes how the Standard Model can accommodate CP-
violation; a process which is intrinsically linked to the mechanism of mass generation,
the mass hierarchy and the number of fermion generations. The final part of the chapter
motivates the study of CP-violation with b-baryons; the properties of A — pm decays
are of particular interest since, compared to the Standard Model, significantly different
branching fractions and CP asymmetries are predicted in the case of R-parity-violation

in the Minimal Supersymmetric Standard Model.

1.1 Model-Independent Description of Mixing and

CP-violation

The b-hadrons produced at the LHC are formed from the hadronisation of quarks with

definite flavour. The corresponding flavour eigenstates are :

BY = (bd), BY=(bs), Bt =(bu), A, = (bud) "
BY = (bd), BY=(bs), B~ = (bu), A, = (bud), '

S

on

where the upper and lower lines refers to the particle and anti-particle flavour eigenstates
respectively. Since flavour is not conserved in the weak interaction it is possible for a
neutral B-meson to oscillate into the corresponding charge conjugate state. This section

will present the formalism for neutral B-meson oscillations, and demonstrates that there
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exist three different mechanisms by which CP can be violated in neutral B-meson decays
and one mechanism for CP-violation in the decay of charged and baryonic b-hadron

decays.

1.1.1 Neutral meson mixing

The following section develops the quantum mechanical formalism for the time evolution

of a generic neutral-meson state, X°, and its anti-state X°.

At the time of creation, t = 0, the particle and anti-particle are stable under the strong
and electromagnetic interactions, as both are flavour conserving processes. However, at
time t > 0, due to the presence of the weak interaction the particles may oscillate to the
flavour conjugate state or decay into final states | f;). The system can be represented by

a general state |¢(¢)), which is a linear superposition of the initial and final states;
(1)) = a(t)[X%) +bO)X) + D alt)lfa), (1.2)

where a(t), b(t) and ¢;(t) are coeffiencts which describe the amplitude for observing a
state |X%), |X° and |f;) at time ¢ respectively. The time evolution of |t)(t)) is governed
by the Schrodinger equation,

2 Y(0) = Hil(0), Hog = H + Hoy 4 H,, (13

where the total Hamiltonian, Hy, is the sum of the strong, electromagnetic and weak
contributions. The total Hamiltonian is assumed to be Hermitian, whereby transition

probabilities are conserved and the coefficients satisfy,
la(®)F + (b)) + ) les() = 1. (1.4)

In order to solve equation 1.3 a number of assumptions are applied to simplify the
calculation [13, 1],

e at time t =0 : [a(0)]* + [6(0)]* =1, Vi : ¢;(0) = 0,

e for the purposes of studying mixing the values of a(t) and b(¢) need to be calculated,
but not ¢;(t),
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e the values of t of interest are much longer than the typical strong interaction

timescale.

These assumptions are known as the Wigner-Weisskopf approximation [14]. Under this

approximation equation 1.3 reduces to an effective time-dependent Schrodinger equation

9 (at a(t) ( ) Z@) | (15)

i — Hg = (M-1ir
ot \ bt b(t) 2 ()

where Hcg is the effective Hamiltonian and M and T' are the so-called mass and decay
matrices respectively [15]. The effective Schrodinger equation has two-state solutions of

the form
() = a(t)[X°) + b(t)[XO). (1.6)

As a consequence of the Wigner-Weisskopf, approximation the effective Hamiltonian is
not Hermitian. However, both the mass and decay matrices are Hermitian. Assuming

CPT invariance,
(X Heg | X%) = (XO| Heg | X0), (1.7)

such that H11 = H22 = H, M11 = MQQ = M and FH = FQQ =T [l ()] Combined with the
fact that the off-diagonal terms of Hermitian matrices form a self-conjugate pair, the

effective Hamiltonian can be expressed as

H H : M M (T T
M, — 2) o ip 12| 1 12 ) (1.8)
Hy H 2 Mz, M 2\r:, T

The eigenvalues of the effective Hamiltonian, A9, are obtained by solving the charac-

teristic equation

‘Heff - )\1,21| = 07 (19)
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where I is the unit matrix. The solutions are

Ao =H=x/HoyHys (1.10a)
- M - —Fj: M12 - —F12 M{é - _FTQ (110b>

2 2 2
= MLQ — %1—‘1’2 (]_]_OC)

where

MLQ = M +Re (\/ H21H12> , FLQ = F:Fle (\/ H21H12) (]_]_1)

are physically interpreted as the mass and decay widths of the two eigenstates. The

difference in mass and width are defined to be,
AM - M1 - MQ, AF - Fl - FQ. (112)

The eigenstates of the effective Hamiltonian, |X;) and |X,), can be written as a linear

combination of the particle and anti-particle flavour eigenstates,

X)) = pIX%) + ¢|X?) (1.13a)
X,) = pIX%) = ¢X?), (1.13b)

where the admixture constants p and ¢ are complex numbers with the normalisation

condition |p|* + |¢|> = 1. The eigenvector equation,

H-2oD | ¥ | =0, (1.14)
tq

constrains the relationship between ¢ and p,

q_, [har _ (M =51, %Fik?, (1.15)
P hia Mis — 3To

The time evolution of the effective Hamiltonian states, |X;) and |X,), is given by

X, (1)) = [X,(0))e Mt = X, (0))e (M3t (1.16a)
X, (1)) = [Xy(0))e 2t = [X,(0))e " (MamsT2)t, (1.16b)
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Re-arranging the energy eigenstates of equation 1.13 in terms of the flavour eigenstates

IX0(1)) = 2%9 (IX3(2)) + [Xo())) (1.17a)
XO(t)) = 2% (IX3(8)) = [X5(8))) (1.17b)

and substituting equation 1.16, yields

XO(1)) = g+ (1)[X°(0)) + %g(tﬂfo(oﬁ (1.18a)

X)) = g+ (1)IX°(0)) + gg ()X°(0)) (1.18b)
where

g+ () = % e~ i(Mi-5Tu)t ie‘i(MQ‘%FQ)t] : (1.18¢)

Therefore a flavour eigenstate created at time ¢ = 0 is, at a later time, a mixture of both
flavour eigenstates. It follows from equation 1.18a that the probabilities of obtaining an

X% and |X°) state with a measurement at time ¢ from an initially pure |X°) state are

P(X® = X0 1) = [(X°| X°(0)) " = g | (1.19a)
P(X°— X" 1) = (X°| X)) |* = ‘%g_ 2 (1.19b)
where
g+ |” = i [e’rlt et 4 Qe’ftcos(AMt)} (1.19¢)
and
T = Fl;PQ. (1.19d)

The last term in equation 1.19¢ describes the nature of the oscillations between the |X°)

and |X) states. The so-called oscillation parameter,

characterises the magnitude of the oscillations. Since x is defined as the ratio of the

oscillation and decay rates, a larger value of x corresponds to a greater probability of
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oscillation before decay. This behaviour is illustrated in Figure 1.1 where the probabili-
ties for obtaining an |X°) and an |X°) are shown as a function of time. In constructing
the figure it is assumed that |¢/p| = 1, which is shown later to be an assumption that is

equivalent to assuming CP conservation.

The mixing parameters chosen in the sub-figures of Figure 1.1 correspond to K% K°
mixing, BS- BY mixing and BY- B? mixing. In the case of the neutral kaon mixing the
difference in mass between the physical eigenstates, K and K¢, is very small (|AM| =
(3.483 £0.006) x 10715 GeV/c?) [17]. However, the K? and K§ have very different decay
widths on account of the dominant K — 7 7 decay and thus overall I's > ', and z = 1.
In the neutral B-meson system the vast majority of final states are common to both B°
and B? decays, and hence the decay widths of the physical eigenstates are approximately
the same ( 'y &~ 'y ). Unlike the kaon system, the difference between the eigenstate

masses is large,
AMy = (3.337+£0.033) x 107" MeV, AM, > 94.8 x 107" MeV (95% cl)  (1.21)

The oscillation parameters are x4 = 0.776 £0.008 and =, = 25.5+0.6 [17]; the cor-

responding oscillation behaviours are shown in Figures 1.1(b) and 1.1(c) respectively.

1.1.2 CP-violation Mechanisms

The time dependent amplitudes for neutral mesons X° and X° to decay into the same

final state f are

AXO() = ) = (f | He | X°()) = g, () Af + Lg_(t)A; (1.22a)

AXO(t) = f) = (f | Hea | X°(t)) = 94 (t) Ay + =g-(t) Ay, (1.22b)

where g are given by equation 1.18c and the instantaneous decay amplitudes from X°
and X to final state f are

Ar= AX = f)={f|Hea| X%, A;=AX"— f)=(f|He|X°). (1.23)
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~0.8r ~ 1
O.. 8 O
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< . 0 0. < . 0 0.
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~ 1
[ 0.9
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a 0.
0.6
0.5
0.4H
0
0
0 O\ .
oLl AU /\/\AAAAAAAW
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try

(C) Fl = FQ,.I =25.5

Figure 1.1: Probability for finding a |X°) (solid line) and a |X°) (dashed line)
with a measurement at time I';¢ from an initially pure |X°) state. The mixing
parameters correspond approximately to (a) K’ K° mixing, (b) BY- B} mixing
and (c) B2- BY mixing.
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The corresponding decay rates are

Ly(t) =T(X%) — f) (1.24a)
= |yl {|g+<t>|2 # (23 la-F +2Re 15020100 } ,
Tit)=T(X(t) — f) (1.24Db)

=|Af|2{f—jj2 of+ (2) o2 (2) e | (0) gi(t)g—(t>”-

The following sections will seek to demonstrate that violation of CP invariance in the

decay of mesons leads to

& CP-violation in the mixing,

2. }Zf} #|Af| <« CP-violation in the decay, and

A
3. Im {gA—;} 40,

which, when compared with equation 1.24a and 1.24b, will result in a difference between

q Af } =1 <« (% inthe interference between decay and mixing,

the decay rates of I'y and r #(t). Hence, measurement of a decay rate asymmetry provides

clear evidence for CP-violation in the decay of mesons.

1.1.3 CP-violation in meson mixing

Recalling from equation 1.8 that the effective Hamiltonian is a function of the mass and
decay matrices and using second-order perturbation theory, it can be shown that the

two matrices are given by sums over intermediate states |n) [16, 13];

M;; = mxdy; + (i | Hw | ) + ZP <<i | HWWLQ E”E|HW |j>) , (1.25)
Lij —%Zémx— (i | Hy | ) (n|Hy | 5) (1.26)

where Hy is the weak Hamiltonian, 7,5 = 1,2 correspond to X° and X° respectively
and P is the Cauchy’s projection value.!. The Kronecker delta distribution §(my — E)

in T';; ensures energy conservation and therefore X% and X° may decay only to physical

"Defined as P ([, f(x)dz) = lim, o S @yde + [, f(@)da]
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on-mass-shell states. No such condition appears in equation 1.25, such that the states
are virtual (off-mass-shell) and the sum must be taken over all possible intermediate

states. The density of states, p,, is defined as
pn = _d(mx — E,), (1.27)
whereby equation 1.26 can be expressed as,

iy =Y pu (i Hw|n) (n|Hw|j). (1.28)

The conditions on the matrix elements M and I' for CP-invariance can be derived by

considering the effect of CP transformations in equations 1.25 and 1.26.

The CP transformation interchanges X° and X°,
CP|X") = %X, CPIX% = e X%, (1.29)
where ¢ is an arbitrary phase. Consider the matrix element sy,
Ta1 = po (X°|Hw | n) (n | Hw | X). (1.30)
If Hy is invariant under CP, Hyw = CP~! Hyw CP, whereby

Ty = po (X°|CPTHw CP | n) (n|CPTHyw CP | X)
= pu (X°[ Hyy | ) (0 | Hyy [ X0) €2
= F12€2i£ (131)

Following a similar procedure it can be shown that [13]
My = Mype** (1.32)

and, using the fact that both M and I' are Hermitian,
M}y = Mppe*  and T, = I'pe®®. (1.33)

Substituting equations 1.33 into equation 1.15, leads to the following condition for CP
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invariance in the mixing of neutral mesons:
’Q’ =1 « H = Hy. (1.34)
p

If this condition holds, the physical (mass) eigenstates of equation 1.13 can be expressed
2

]‘ 0 ~ 0
1X1) = 7 (IX% +1X%)), (1.35a)
1) = — (X% — [X%))) . (1.35b)

5

2

In which case the physical eigenstates are also eigenstates of CP. Violation of the
condition stated in equation 1.34 is called CP violation in the mixing, as it physically

corresponds to a difference in the mixing rates between X° — X% and X° — X°.

CP-violation in the mixing has been measured in the K° semi-leptonic decay asym-

metry [17],

K _ MK -7 0ty)—T(K) w7t v)
OTKY s ) T(KY — )

= 0.332 +0.006. (1.36)

A semi-leptonic decay asymmetry can also be measured in neutral B-meson decays,

IB'— ¢ vX)-T(B =t vX) 1—|¢/p/*
IB°—(-vX)+IB'—(+vX) 1+]q/p|*

AR = (1.37)
but as yet the experimental error inBEhiS measurement is an order of magnitude larger
than the theoretical prediction of A" = —(5.5+1.3) x 107*[18]. The predicted asym-
metry is orders of magnitude smaller than that measured in the kaon system. This can
be attributed to the fact that Ay < AT'go/Ampoe and since AT is O(107?) for BY and
O(1079) for BY, and thereby to the expectation that indirect CP-violation in B-mesons
will be a very small effect [19,20].

2where the arbitrary phase is taken to be zero.
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1.1.4 CP-violation in the decay

The time dependent decay amplitudes representing X° — f and X° — f, A ¢ and Zf,

are defined as
Ap=(f|Hea|X’, and Af=(f|Hea|X°) (1.38)

where f and f are the final states of the X and X° decays respectively. The effect of

CP transformations on the final states | f) and |f) are
CP|f) =e*|f), and CP|f)=e"|f), (1.39)
where &; is an arbitrarily defined phase. If Heg is invariant under CP transformations,
Heg=CP ' HgCP, (1.40)
which leads to the following relationship between ij and Ay,

Aj={(f|CP"HgzCP | X?)
= 9| Hr | X°)
= &0 4, (1.41a)

Following the same procedure it can be shown that the decay amplitudes for X — f
and X° — f, A 7 and Zf, are related by the condition,

Ap = ' &tO4, (1.41b)

It follows from equations 1.41a and 1.41b that if CP is invariant in the decay of neutral

mesons :

|Af| = |Af],

_ <= Hg=CP 'HgzCP (1.42)
[Afl = | Ayl

Violation of this condition is called C’P-violation in the decay and is often referred to as
direct CP-violation. This is an additional requirement for CP invariance in the decay of
neutral mesons in addition to that stated in equation 1.34. However, unlike CP-violation
in the mixing, the argument presented can be equally applied to charged mesons and

b-baryons. The case of direct CP-violation in the decay A, —pm/K is explained in
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detail in section 1.4.

In order to incorporate this model independent description of CP-violation into the
Standard Model (see section 1.2), it is useful to write the decay amplitude of each
contribution to A; and Zf in terms of its magnitude A; and two phases terms, e’® and

e®. 1f several amplitudes contribute to A; and Xf, then

A= Z A;e’Ote)and Af = Z Ayeti=9i), (1.43)

A complex parameter in a Lagrangian will appear in complex conjugate form in CP-
conjugate amplitude. As the phase ¢ appears with opposite sign in Ay and A 7 it therefore
derives from a complex parameter. In the Standard Model these phases only occur in
the CKM matrix of the quark mixing model and hence ¢ is called the weak phase. The
0 phase has the same sign in Ay and Zf and can thus arise from a real Lagragain, and
originates from the final state interactions which are dominated by strong interactions

and is thus termed the strong phase.

If a meson or baryon can decay by at least two different decay mechanisms with
different weak and strong phases, then the interference between the amplitudes results

in

Zf Zj A; PUCIRR))

En | > Acoar| 71 (14

and corresponds to CP violation in the decay. A measurement of the asymmetry

DXt = ) -TX = f7) 1[4 /Ap]

A T S ) AT = ) 1t Ay JApP

(1.45)

in charged B-mesons and A decays is entirely due to CP-violation in the decay. However,
extraction of the weak phase from such a measurement requires theoretical calculation
of the magnitude and strong phase of each amplitude. This is technically difficult as it
involves long distance strong interaction physics. Direct CP-violation has been observed

in the neutral kaon system and in the B-system via B} — K decays

I'BY—Kta")—I'(BY—-K 7t
A~ kr = FEBS K+ w; + FEES K- 7r+; (1.46)
d d

= —0.107£0.020 (1.47)
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which was first measured in 2004 by the BABAR and Belle collaborations [17,21,22] .

1.1.5 Mixing induced CP-violation

A third condition for CP invariance in the decay of neutral B-mesons can be derived

from a combination of the conditions for CP invariance in the mixing and decay.

If CP is conserved in the mixing, then from equations 1.15 and 1.33 it follows that

2
9 _ i

2 — HY = Hy. (1.48)

If CP is conserved in the decay amplitudes, combining equations 1.41a and 1.41b
AfAf = 62i£ZJZZf <~ HeCf;P = Hg. (149)
Combining equations 1.48 and 1.49 leads to an additional condition for CP conservation,
p2 —% —%
arg (—zAfAfAfAf) =0 <= HY =Ha (1.50)
q
If CP is conserved, the complex parameter,

_qAy
Ap = ——, 1.51
f p Ay ( )

satisfies the condition

1
M= = HE = Heg (1.52)

|

where the moduli are equal because of equations 1.34 and 1.42 and the phases are equal

on account of equation 1.50. If CP is neither violated directly nor indirectly, then

1
IAf| = —. (1.53)
Y
However, CP violation may still be present if
arg(Ay) +arg(Ap) # 0. (1.54)

Since this condition arises from the interference of the mixing and decay amplitude
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phases, it is called CP-violation in the interference between the mizring and decay ampli-

tudes.

Experimentally it is interesting to measure the asymmetry of neutral B-meson decays
to CP eigenstates, since it is possible to extract the weak phases of such decays in a
theoretically clean manner. For the case of decay to CP eigenstates (f = f), it follows

from equation 1.54 that
ImAs # 0 (1.55)

if there is C’P violation in the interference between the mixing and decay amplitudes. To
calculate the observed asymmetry, it is useful to first re-express the time time-dependent

decay rates I';(t) and T'f(t), given by equations 1.24a and 1.24b, as

00 = e 0 4 1) (1.56)
T(t) = gie ™ 1140 = 1.1, (157

where the interference terms, I + (t) are

L.(t) = (1 + |\s]*) cosh (%) — 2Re(\y) sinh (%) , (1.58)
I (t) = (1 —|\s]*) cos(AM?) + 2Im()\;) sin(AM?). (1.59)

The time dependent CP asymmetry Acp(t) can be expressed in terms of Ay as,

=T
Iy+Ty
(1= |A¢[* cos(AMt) + 2 Im(Af) sin(AM¢)

_ _ 1.60
(14 |Af[?) cosh(2H) + 2 Re()\) sinh(£H) (1.60)

Acp(t)

Alternatively, Acp can be expressed in terms of the direct CP violating contribution,
A(Chﬁ, and that corresponding to C'P violation in the interference between the mixing and

mix

decay amplitudes, AZp,

Acp(t) = AZL cos(AMt) + AZS sin(AMt). (1.61)
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In the B-mesons system AI is small, such that

1— |\
L+ |Af?

2 Im()\f)

Adir — )
r L+ [Ag[?

and ALY = (1.62)
In the specific case of decay to CP eigenstates, |A\¢| = 1 and the decay is dominated by

a single weak phase. In this case,

Acp(t) = AZY sin(AM?)
= Im(\s) sin(AM?¢), (1.63)

where Im(Af) is the phase difference between the mixing phase and the phase of the
decay amplitude, and can be interpreted in terms of purely electroweak parameters.
CP-violation in the interference of the mixing and decay amplitudes has been observed
in the K° decays, where it is found to have approximately the same magnitude as CP-
violation in the mixing [23]. In the B-system CP-violation in the interference was first
measured in BY — J/i) K& decays in 2001 by the BABAR and Belle collaborations [24, 25].

1.2 CP-violation and Mixing in the Standard Model

This section will describe the source of CP-violation in the Standard Model, which is
found to be intrinsically connected to many of the unanswered questions; such as the

origin of mass, the number of fermion generations and the mass hierarchy of the fermions.

1.2.1 Flavour Physics in the Standard Model

The interactions of the Standard Model arise from the requirement that the theory is
invariant under local gauge transformations. Since an explicit mass term will violate this
symmetry, the gauge bosons and fermions are implicitly massless. Before Spontaneous
Symmetry Breaking (SSB) of the electroweak group, the Lagrangians that describe the
Standard Model interactions are all invariant under CP transformations. However, after
SSB the fermions and gauge bosons aquire a mass term through their coupling to the
scalar Higgs field and it is these couplings that are the only source of CP-violation in
the Standard Model.

The interaction between the quarks and the scalar Higgs field in the Standard Model
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before SSB of the electroweak group are given by the Yukawa Lagrangian,
_EYukawa - Y;?Q—i@(bd%] + }/@?Q—i@(lgu%} + h.C., (164>

where 7,5 are the generation labels, QL. represents the SU(2); quark doublet and ¢
represents the Higgs doublet (¢, ¢°). Y;j and Yg are arbitrary complex matrices[19,20].
The mass terms arise from the scalar Higgs field acquiring a vacuum expectation value,
Re(¢p™) — %(v + HY) , which spontaneously breaks the gauge invariance and produces

the mass terms

— Ly = (Md)l-deLidf%j + (My)iul uk; + hee. (1.65)

where the mass matrices are given by

V2 V2

It is apparent from equation 1.65 that in the flavour eigenbasis there are couplings be-

(Ma)i; = —=(Y")i;, and  (M,); (Y*)ij. (1.66)

YRl

tween generations. The physical particles are therefore defined as those states which
diagonalise the mass matrix and as such are not superpositions of different Yukawa

couplings. Any complex matrix can be diagonalised by two unitary matrices, such that
M = Vo MV, M3 — v, MV (1.67)
where,
Mgiag = diag(mg, ms, my, ...), M3 = diag(m,, me, my, . ..).

The mass eigenstates u; and d; are therefore defined as linear combinations of the cor-

responding weak (flavour) eigenstates u! and d?,

Uri = (VuL)ijuiju URi = (VuR)ijuf%j (1.68)

dri = (‘/dL)ijdijv dri = (VdR)ijdf%j- (1.69)

Interaction of quarks with the charged SU(2);, gauge bosons W * | referred to as charged

current interactions, are in the flavour eigenbasis

9 T gl
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which transforms to,

Lo = Lagm (Var Vi) iidi;W,E + hec. (1.71)
\/§ ——

Vekwm

in the mass eigenbasis. For three generations the mixing matrix Vexy = VuLVdTL is

called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and can be written explicitly as

‘/Ild ‘/IJS Vub
Vo= Vg Vo Va (1.72)
Via Vis Vi

where V;; is the matrix element that couples the ith up-type quark with the jth down-
type quark [3]. Following from the fact that Vegy has off-diagonal terms, the W+
gauge bosons couple to quarks of different generations. This is the only source of flavour
changing interactions in the Standard Model. In contrast, for the neutral Z° gauge
boson, the mass matrices equivalent to equation 1.66 have no off-diagonal terms and
hence there are no flavour changing neutral currents. The Standard Model does not

predict the strength of these couplings, but it does require that Vg is unitary;
Vexu Veku' = 1, (1.73)

since both V,;, and Vj;, are unitary matrices. A general unitary matrix is characterised
by n x n free parameters : n(n — 1)/2 moduli and n(n + 1)/2 phases. However, since
redefining the phase differences between the quark fields has no effect on the diagonal
mass matrix, (2n — 1) phase differences can be freely chosen, leaving (n — 1)(n — 2)/2
physically meaningful phases. The three dimensional CKM matrix therefore has 4 in-
dependent parameters; three are taken as mixing angles between generations and one is
a complex phase. It is this complex phase that is a feature of the Standard Model that
enables CP-violation to be incorporated. This derives from the fact that CP invariance
of the charged current Lagrangian, (CP)LocCP ™ = Lac, requires that Vij = V5. The
single complex phase enables this condition to be violated. However, violation of this
condition alone is not sufficient for C’P-violation. If two quarks of the same charge also
have the same mass, field re-definitions can be used to rotate away the one complex
phase. Therefore CP-violation requires that

(mg —mg)(mi — my,)(mg — my,) (my — m) (my; — mg)(mg — my) # 0. (1.74)
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Furthermore, the phase could be removed if any one of the three mixing angles is 0 or
7/2 and CP-violation would not occur if the phase were either 0 or 7. These conditions

are encapsulated in the Jarlskog parameter, Jep,

3
Im[ViViVii Vil = Jep Y €irm€jin, (1.75)

m,n=1

which is required to be non-zero for any choice of i, j,k,1 = 1,2, 3 for C’P-violation to
occur in the Standard model [27]. The angle and phase conditions expressed in the
Jarlskog parameter can be combined with the mass condition stated in equation 1.74

into a single requirement for CP-violation in the Standard Model,
Im(det[MyM), M,M,]) #0 < CP — violation (1.76)

where the mass matrices M, and M, are given by equation 1.66. It is interesting to note
that CP-violation in the Standard Model would not occur if there were only two fermion
generations; the only free parameter in this case is a single mixing angle. Furthermore,
CP-violation would not occur if there were not a hierarchy in the quark masses. However,
neither the number of fermion generations nor the hierarchy of masses is explained in the
Standard Model. Hence, the origin of C’P-violation in the Standard Model is intrinsically

linked to many of the open questions in particle physics.

1.2.2 Parametrisation of the CKM matrix

It is useful to parameterise the CKM matrix in terms of the four independent param-
eters, which are fundamental parameters of the Standard Model, as this facilitates the
formulation of a framework in which to experimentally look for violations of unitarity
in the three generation theory. The standard parametrisation is formulated in terms of

the three angles 65, 613, and 53, and the complex phase dx:

—i6
C12€13 S12€13 Sige” KM
Verm = | —s10093 — €12893513€8M 19093 — S12523513€" KM 523C13 (1.77)

is is
$12823 — C12C23513€" KM —(C12893 — S19C93513€ KM C23C13
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where ¢;; = cos(f;;) and s;; = sin(f;;). Experimentally it is found that the magnitude
of the CKM matrix elements follow a clear structure. In terms of A = sin(f;2) = 0.223,

the CKM matrix elements are of order ,

I A A
Vokm|~ | A 1 A2 ]. (1.78)
AN 1

This motivated the parameterisation of the CKM matrix in terms of a power series of

the parameter A,

1—12 A ANX3(p —in)
Veokm = - 1— %)\2 AN? + O\ (1.79)
AN —p—in) —AN 1

where the expansion parameters are,

and 7= s135110 (1.80)

9 S$12593 512523

This is known as the Wolfenstein parameterisation [28]. The parameterisation makes
explicit the smallness of Standard Model CP-violation, since the matrix only acquires an
imaginary component at 3rd order in A. In the LHC era, the experimental accuracy will
be such that higher-order terms in the Wolfenstein expansion are required, in particular

for the study of the B2-BY mixing phase. Continuing the expansion to O(\%),

1— X2+ X A AN3(p —in)
Voku = | = A+ A2 (5 —p—in) 1 — 227+ g\ (1 —4A?%) AN? + O(\9),
AN(1 — p —in) —AN + ANE —p—in) 14+ 1AM

(1.81)

where p = p(1 — A\?/2) and 77 = n(1 — A\?/2). In terms of the standard and Wolfenstein

parameterisations, the Jarlskog parameter (equation 1.75) can be expressed as,

J(;p — S512513523C12C23C13 sin 5KM = )\61427] = 0(1075), (182)

3Note the ) in the Wolfenstein parametrisation is not the same as the A used earlier to parameterise
C’P-violation in the interference of the mixing and decay amplitudes.
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which shows explicitly that CP-violation requires the mixing angles not to be 0 or /2
and iy not to be equal to 0 or . The fact that Jep is so small means that CP-violation
is only a small effect in the Standard Model. However, the smallness of CP-violation
effects in the Standard Model is not because CP-violation is an approximate symmetry
of the Standard Model, but is a negligible effect on account of the smallness of flavour

violation in the Standard Model. This will be discussed further in section 1.3.

1.2.3 The unitarity triangles

The Standard Model requirement that the CKM matrix is unitary can be expressed as

a set of six normalisation conditions and the following six orthogonality conditions :

ViV + VeV + ViV = 0, (db)
WV VeVa + Vi Vi = 0, (sb)
ViaVes + VeV + VidVie = 0, (ds) (1.83)
VidVa + VisVie + VWi = 0, (ut)
VaVia + VeVie + VaVo = 0, (ct)
ViaVaa + ViV + VVa = 0. (uc)

Since each orthogonality condition requires the sum of three complex numbers to be
zero, each can be represented geometrically as a triangle in the complex plane. These
are known as unitarity triangles and are illustrated in Figure 1.2. Each triangle has an
area Jep/2, whereby the area of a triangle in the complex plane is a measure of CP-
violation in the Standard Model. As is seen in Figure 1.2, many of the triangles have
particularly unequal sides. For example, the (ds) triangle, which is associated to the K°
system, has two long sides with little relative phase difference and therefore exhibits only
small CP violating effects. However, decays related to the short side, which corresponds
to low branching fractions, are expected to exhibit significant CP-violation since this
side has a large relative phase compared to the other sides. In contrast the triangles
(db) and (ut), which are both related to observables in the decay of neutral B-mesons,
have sides of the same length up to O(A?) in the Wolfenstein parameterisation and, as
such, motivates the search for CP-violation in the b-sector. Since the (db) triangle is
the primary focus of the CP-violation measurements it is often referred to as the unitary

triangle.
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(ds) (cu)

Vig Vis* ~ O(A°) Vup*Veo ~ O(A®)

Vcd Vcs* ~ O(A) Vus*vcs ~O(N)

Vud*vcd ~O(A)

(sb) (tc)
Vis Vis* ~ O(A) Veu*Vip ~ O(A)
< Vs Vup* ~ O(AY) < Vea*Via ~ O(XY)
Vcs Vcb* ~ 0()\ ) Vcs*vts ~ o()\z)
(db) (tu)

Vua Vun* ~ (P + ir|)A)‘3

w Vio* ~(1-p-inAN Vuo*Vio ~ (P + iN)AN

Vua*Vig ~ (1 - p - in)AR®

Veg Veo© ~ - AN} Vus*Vis ~— AN

Figure 1.2: The six CKM unitarity triangles, labelled as in equation 1.83, show-
ing the relative sizes of the triangles in terms of the leading order Wolfenstein
parameterisation.
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a)  Im VgV + VeaVep + ViaVip =0

0 <1 I ; i= Re
p(1-2%12)
D) Im  VpVi+ ViV + VigVea =0
’T‘l _________
|
i
33/
5/
|
| |
NEL WAV S S
: T Vs
0 | \Vcb\ | Re
P (1-2%24p)\2)

Figure 1.3: The two unitarity triangles corresponding to a) (db) and b) (ut)
in equation 1.83. The phase convention is chosen such that the baseline of the
(db) triangle, V_; Vi, is real and all lengths are normalised so that |V V| = 1.
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Both the (db) and (ut) triangles are shown in Figure 1.3, with the phase convention
chosen such that V_, V} is aligned along the real axis and all lengths are normalised to

|VeaVis™|- The inner angles of the (db) unitarity triangle are defined as a, 3 and ~;

thV{f)] [ VdVE:| [ VdV*b:|
a = arg [—7* , B=arg |-, y=arg |- - (1.84)
ViaVi ViaVih VeaVah

At O(N?) in the Wolfenstein parameterisation only V., and V;; are complex. However,
at O(\°) a phase is introduced into Vi, such that the angles 3 and 7 and the angles 3’
and 7/ in the (ut) triangle,

v,V V.,V
/E ~ VtsVus I __ "tb"ub 1.85
A arg( Tdm) , 7 arg( IR ) , (1.85)

ts ¥ us

are related by ' = 0+ x and 4/ = v — x. That there are only 3 complex CKM matrix

elements (neglecting the order A° correction to V), implies that
argVig = =0, argVy, =—7, argVio=x+7 (1.86)

and that all other CKM matrix elements are real. Therefore the complex argument of

the CKM matrix is given by,

0 0 —7y
arg(Vexkm) = 0 0 0 [ (1.87)
-3 x+7m 0

Comparing this matrix of arguments with the O(\°) Wolftenstein parameterisation given

in equation 1.81 enables the angles to be identified with the Wolfenstein parameters,

[ = arctan (1 il ~) ,y = arctan (ﬂ) , (1.88a)
—p p
and
A2 )
= arctan | ————— | ~ \?n. 1.88b

One aim of LHCDb is to make many independent measurements of the unitarity triangle
angles, which are related to physical quantities, thereby overconstraining the triangle

in order to check for violations of the consequences of unitarity in the three generation
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Standard Model. The experimental methods to make these independent measurements

are the subject of section 1.3

1.2.4 Weak decays of b-hadrons in the Standard Model

The decay of b-hadrons can be broadly classified as leptonic, semi-leptonic and non-
leptonic; which for mesons are characteristed by the transitions B~ — (77,, b — ¢/77,
and b — ¢,G,q, respectively (where ¢ € {e,u, 7}, ¢,G, € {u,d,s,c} and q, € {d,s}).
Since non-leptonic decays directly involve the CKM transitions at the quark level, such
decay modes offer many opportunities for CP-violation studies. Non-leptonic decay
modes are the primary focus of the LHCb experiment and consequently the remainder

of the discussion will be based on this decay class.

Most non-leptonic decay channels have contributions from both tree and penguin
diagrams, examples of which are shown in Figure 1.4. Tree diagrams are quark level
Feynman diagrams in which the W-boson responsible for the b-quark flavour change
decays directly to a final state quark anti-quark pair. Tree diagrams are further cate-
gorised as spectator, exchange and annihilation diagrams. The spectator diagram shows
the light quark of the initial mesons is disconnected in the weak decay diagram; in the
exchange diagram the W-boson is exchanged between the two initial quarks, whilst in
the annihilation diagrams the quarks of the initial meson annihilate to form the W-
boson. The subdivision of trees into these three classes has no effect on CP-violation

studies since all three carry the same weak phase.

Penguin diagrams are loop diagrams in which the W-boson reconnects to the quark
line from which it was emitted and the quark anti-quark pair are formed from the decay
of the neutral boson emitted in the quark part of the penguin loop. Penguin diagrams
are classified by the type of boson emitted from the loop : the boson in a gluonic (QCD)
penguin is a gluon and the boson in a electroweak penguin is a neutral electroweak gauge
boson. Furthermore, the penguin diagrams are classified by the identity of the quark
in the loop. This is important for CP-violation studies since diagrams with different

intermediate particles have different weak and strong phases.
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b q2
W
q3
(a)
b W q1
v, Z° p)
g3 = g2
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q1

q2

g3 = Q2

(d)

Figure 1.4: Standard Model B decay topologies. a) is an example of a first-
order (tree-level) decay, b) is a gluonic (QCD) penguin diagram and c), d) are

examples of electroweak penguins.
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b W q_d [_? u, 675 q_d
—_— NN —— - - -
u,c,t A Yuct W W
— e~ —p— - - |

qd W b dd u,c,t b

Figure 1.5: The leading order Feynman box diagrams for B-B mixing. The
label ¢4 refers to the the down-type quark that partners the bottom quark to
form the neutral meson.

1.2.5 B-B mixing in the Standard Model

In the Standard Model, the transition of a neutral B-meson to the corresponding con-
jugate particle is the result of weak charged current interactions. At lowest order such
interactions are described by box diagrams consisting of two W gauge bosons and two
up-type quarks, examples of which are illustrated in Figure 1.5. Such transitions are
mediated by CKM factors of the form ViV, ViVi,
type quark partner of the bottom quark and i, j are up-type quarks. The box diagrams

where the label ¢ refers to the down-

are dominated by contributions from the internal top quark propagation [13].

Calculation of the box diagram amplitudes yields the following prediction for the ratio

of the off-diagonal elements of the decay and mass matrices [17],

F12 - 3T m% 1
M12

~5x 1073, (1.89)

2 m%v So(m?/m%v)

where myy is the W boson mass, my the bottom quark mass, m; the top quark mass

and the function Sy(z;) is well approximated by [29],

(1.90)

So(z¢) = 2.40 x ( my )1‘52

167 GeV
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It follows from equation 1.11 that the mass and decay rate differences are given by

r I
AM =2 Re\/(M12 - %)(M{‘z - %) (1.91a)
and
AT = —4 Im\/(M12 - %)(Mf2 - %). (1.91D)

Which can be simplified using the approximation |I'1s| < |Mis],
AM:MH—ML:2|M12‘ >0 and AFIFL—FHI2‘F12| (192)

where the mass eigenstates M; and M, are re-labelled My (“heavy”) and My (“light”)
respectively, and AM is positive by definition. Using the current measured values of the

mass and lifetime differences [17],

AMygo = 0.507 £0.005 ps~!, 7y = 1.530£0.009 ps,

(1.93)
AMgo = 17.77£0.12 ps™!, 750 = 1.437£0.031 ps
it follows that
APBS AFBS
——— ~0.4%, and —— =~ 13%. (1.94)
BY BY

Therefore the Standard Model predicts that the difference between the mass eigenstate
decay rates for B} mesons are small, while it may be sizeable for BY mesons. The current

experimental measurements are consistent with the Standard Model prediction [30],

_ 1 _09437% and —° —12.149.0%. (1.95)
BY BY

The result of equation 1.89 also has implications for the expected magnitude of CP-

j, (1.96)

it therefore follows from equation 1.89 that |¢/p| ~ 1 and therefore Standard Model CP-

violation in the mixing. Expanding equation 1.15,
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violation in the mixing is predicted to be very small in the b-sector.

1.3 Measuring CP-violation

The magnitude of seven of the nine CKM elements can be measured directly from the
weak decay of the relevant quarks, whilst the remaining two elements, |V,4| and |V, are
accessed through loop diagrams such as the QCD and electroweak penguins shown in
Figure 1.4, or, the box diagrams shown in Figure 1.5. Assuming only three generations,
the 95% confidence intervals for the magnitude of the CKM elements are [17]

0.97338 — 0.97432 0.22514 — 0.22916 0.003525 — 0.003946
[Vexum| = | 0.22502 — 0.22905 0.97252 — 0.97346  0.04036 — 0.04285
0.00767 — 0.00938 0.03973 — 0.04217 0.999075 — 0.999179

and the corresponding 95% confidence interval for the sines of the mixing angles are
s12 = 0.22514 — 0.22917,  s13 = 0.003524 — 0.003946, s93 = 0.04037 — 0.04285.

The Wolfenstein parameters A and A are well determined from measurements of the
CKM matrix elements. The experimental focus of the B-factories and the B-physics
programmes at CDF and the LHC are primarily focused on probing the p - n plane.
Comparing the constraints of the many independent measurements in the p - n plane
provides a framework to check for inconsistencies in the Standard Model; if two regions

do not overlap this would be evidence for beyond the Standard Model physics.

Prior to the B-factory results, constraints in the p - n plane were inferred from three

“classical” experiments :

e The determination of |V, | and |V, | from B-decays containing b —uf~ 7, and

b — ¢ {~ U, transitions, constrains

Ry =/ p* +1? (1.97)

which corresponds to circles centred on (p,n)=(0,0).

e The mass difference between the B} mass eigenstates is dominated by box diagrams
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with terms proportional to |V;V4|?, leading to the constraint
Ry = /(1= p)%2+n? (1.98)

which corresponds to circles centred on (p,7)=(1,0), the lower bound of which is

further constrained by the mass difference in the BY-B? system.

e Constraints on the parameter ex, which characterises indirect CP-violation in the

kaon system, leads to a bounds corresponding to a hyperbola in the p - n plane.

In 2001 the BABAR and Belle collaborations made the first non-zero measurement of
sin(2/3), thus confirming the existence of CP-violation in the B-meson system [24,25].
Later, in 2006, the CDF collaboration made the first observation of B%-B? oscillations
[31]. The current constraints in the (p,n) plane, including measurements from the B-
factories and the Tevatron experiments, are shown in Figure 1.6. Note that the sin(2/5)
measurement overlaps perfectly with the “classical” constraints; this represents a signif-

icant success of the Standard Model CKM mechanism of CP-violation.

There remains, however, large uncertainties in many constraints, particularly v and a.
LHCDb aims to further constrain these bounds by exploiting the unprecedented number
of b-hadrons, of all types, that will be produced at the LHC. The following sections
will detail examples of methods to extract measurements in the (p,7n) plane from the

experimental observables at LHCb.

1.3.1 Direct measurement of (3

The angle 3 appears in the CKM matrix element V,y = |V, le”%, as shown by equa-
tion 1.87. Two instances of this CKM element appear in the box diagrams for B3-B)
mixing, the form of which are shown in Figure 1.5. All up-type quarks contribute to the
internal quarks lines, but the amplitude is proportional to the quark mass and therefore

the top quark contributions dominate.
As discussed previously in section 1.2.5, in the b-sector |p| & |g| such that,

q il
— — ¢ "mix ( ]_ . 99)
p

where ¢4, is the mixing phase. As the box diagram for B}-BY mixing consists of two

mix
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Figure 1.6: CKM fitter group global indirect fits to the CKM parameters as of
2007 [32].

V.4 vertices each with a phase —f3, it follows that

1 _ 28 (1.100)
P
The decay BY — J/ih K provides a means of measuring the angle 3 in a manner that is
both theoretically and experimentally clean. The tree and penguin contributions to the
decay have CKM elements with mostly zero phases; the only exception is the non-zero
phase arising from the b — u transition in the penguin contributions. However, this
transition can be neglected as it is doubly Cabbibo suppressed relative to the other

contributions.

The mixing phase enters as the phase difference between the two decay paths illus-
trated in Figure 1.7; one path leads to the direct decay to the final state, while the other
oscillates to the conjugate state before decaying to the same final state. Therefore the

parameter A defined in equation 1.51 is given by,

A .
A= %A—; = —l.e7i% (1.101)



CP-violation in B decays 31

BY JY P

BY JIW K

oi2B o2+

B;

Figure 1.7: Illustation of the
phase difference between the

two interfering decay paths for
BY — J/p K decays.
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Figure 1.8: Illustration of the
phase difference between the
two interfering decays paths for

BY — J/ip ¢ decays.

where the minus sign is required because J/ip a CP odd state. It follows from equa-

tion 1.63 that the time dependent asymmetry is,

P(BY— J/pKg: 1) —T(By— JWK§ : 1)
==

ot r
A pu—
P TBY = JWKY b))+ T(B— JKS : 1)

= sin(20) sin(AMpot) (1.102)

where AMBg is the mass difference between the two B} mass eigenstates.

The extraction of sin(2/3) in such a clean manner is made possible by the fact that the
decay is dominated by a single weak phase. In which case both the magnitude A and the
strong phase ¢ cancel in the ratio of the decay amplitudes in equation 1.51. However,
this is an un-typical case; usually, there are additional penguin contributions which
carry weak phases different to that of the tree-level contribution and thus complicate
the extraction of the physically interesting phase. From an experimental viewpoint it is
particularly convenient to study decays to CP eigenstates since no distinction is required

between Ay and A 7

One possible method to search for physics beyond the Standard Model is to compare
CP phases extracted from tree level processes with those which are measured from decay
modes with significant penguin contributions. In the latter case new physics contribu-
tions could enter in the loop diagrams. For example, a difference between the angle
3 extracted from the tree-level process B — J/i) K&, compared to the penguin process
BY — ¢ K2, would be evidence for beyond Standard Model physics. In fact, current mea-
surements indicate a difference between these two measurements of A(sin23) ~ 0.15, a
2.60 effect [30].
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1.3.2 Direct measurement of the Bg mixing phase

In the Standard Model the BY mixing phase, ¢, = —2y = —2\?1, is expected to be very
small; ¢5 = (—0.037+0.002) radians from fits to the unitarity triangles [33]. However,
the presense of new physics contributions in the box diagram could introduce additional

contributions to the phase.

The B? mixing angle can be cleanly extracted from Bl — J/i) ¢ decays in a similar

manner to the extraction of the B}-BY mixing angle ¢, from BY — J/p K¢ decays.
S

of the two BY— J/i) ¢ decay paths. As discussed in section 1.2.5, in the BY system

AT cannot be neglected and therefore the complete expression for the time-dependent

Figure 1.8 illustrates how the phase difference ¢°. = —2x arises from the interference

asymmetry, equation 1.60, is required. A precision on ¢4 of ~ 0.023 radians is expected
for 2 fb~' [34]. Combining this result with the expected sensitivity from the pure CP
eigenstate decay modes (B? — DT Dy, Jib nand 1. ¢), leads to a combined sensitivity
of ~0.021 radians for 2 fb~" and 0.01 radians with 10 fb~' [34].

1.3.3 Measurement of ~

The angle v is the least well measured of the unitary triangle angles. LHCb aims to
establish the Standard Model benchmark for v using many complimentary tree-level
B decays. Comparison of measurements from tree-level processes with those involving
penguin contributions may reveal the presense of new physics though additional contri-

butions in the loop diagrams.

One possible method to measure v is expected to come from the decay of B? and
BY mesons to the same final state, DK™, or the corresponding charge conjugate state
DTK~. The decay mode is dominated by the tree-level contribution and no significant
penguin contributions are expected. CP-violation arises from the interference of the
two decay paths illustrated in Figure 1.9, which results in an overall phase difference of
—(v 4+ 2x). Since the final states are not CP-eigenstates it is necessary to measure the
time dependent asymmetries A; and Xf, as defined in section 1.1.5. Combined with a
measurement of ¢, from B? — J/ib ¢ decays, a sensitivity of o(y) = 13° is expected with

2 fb~! of data [37].

A second approach is to measure 7 directly from the interference between the b —

c¢WT and b — @ W+ decay amplitudes. This interference can be observed by measur-
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Figure 1.9: Illustration of the phase difference between the two interfering
decay paths for B?—DZ KT decays.

ing the time-dependent decay rates for B} — DK*’, B} — D’K* and B} — D, K*°
where D, = (D°+ D%)/v2. For 2 fb~! of data a sensitivity of o(y) = 7 — 10° is
expected [36]. The equivalent measurement in the B* system, uses the decay rates of
BT — DK™, Bt - DK~ and B* - D, K~ to extract v with a precision of () =
5 — 15° with 2 fb™! of data[37].

Y

Combining all the measurements, a 2 — 3° precision on v is expected with 10 fb™*
of data [38]. The measurements discussed thus far are tree-level processes which set a
benchmark for new physics studies. Other decay modes that can be used for extracting
v include contributions from penguin diagrams. For example, a measurement of v from
BY — 77 and B? — K"K~ is sensitive to new physics since significant penguin contri-

butions are present. A precision on v of o(y) = ~10° for 2 fb~! of data is expected

[39].

1.4 CP-violation in A Decays

CP-violation has yet to be observed with b-flavoured baryons, although, large CP-
violation effects are predicted for many b-flavoured baryons [10]. LHCb is well suited to
observe CP-violation in this sector as the number of A baryons available for study will
be unprecedented; approximately 10% of all b-hadrons produced will be in the form of
A, s. Furthermore, from the experimental viewpoint CP-violation studies with baryons
have a number of advantages compared to studies with mesons, since neither flavour

tagging studies nor time dependent measurements are required. This section describes
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the expected Standard Model CP-violation in two charmless A decays; A, — p 7 and
A, —pK. The former mode is of particular interest since the Standard Model level of
CP-violation is modified in the Minimal Supersymmetric Standard Model (MSSM) with
R-parity violation [12].

1.4.1 Standard Model CP-violation

In both Ay —pm and A, — p K decays, direct CP-violation arises from the interference
of decay amplitudes with different weak and strong phases. The weak phase differences
arise from the superposition of the the tree-level and penguin contributions, while the
strong phases arise from final state interactions. The tree-level and penguin contributions
are illustrated in Figure 1.10. The non-zero weak phases, and thus CP-violating terms,

derive from V; in the tree-level contribution and V, in the penguin contributions.

The decay amplitudes are calculated using effective Hamiltonians, which are them-
selves expressed using the Operator Product Expansion (OPE), which separates the

QCD and electroweak effects. The amplitude for the A, — p 7 decay is given by [11],
A= (p | Her|Ay)
i=2 =10

= % Vi ;dz;cm (o] Qi Ay) (1) - V;bv:;Z;cm (o7 Qi | Ay) (1)
where p is the appropriate renormalisation scale, O(my,), and Gy is the Fermi coupling
constant. The purpose of the expansion is to separate the short and long range contribu-
tions to the amplitude; the short distance physics corresponds to the electroweak scale
effects and are absorbed into the Fermi constant, while the long range physics is gov-
erned by the hadronic matrix operators, ;, and the Wilson coefficients, ¢;. The hadronic
matrix operators () o represent the tree level QCD and electroweak processes, (3¢ the
QCD penguins and ()7,10 the electroweak penguins. The hadronic matrix elements are
technically difficult to calculate since they contain all the hadronisation physics and the

results are typically plagued by large hadronic uncertainties.

The branching ratio and CP asymmetry have been calculated from the procedure
outlined above to be[11,12],

BA,—pnm)=09x10"°% and Acp(A,—p7)=238.3% (1.103)
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Figure 1.10: Tree-level (top row) and QCD penguin (bottom row) contribu-
tions to the A, —pm, (a) and (c¢), and A, —pK, (b) and (d), decays.

where the CP asymmetry, Acp, is defined as

D(A, —p7) ~ TR, = pr)
Acp(Ay— = — . 1.104
PP R, ) T TR, ) o

For A, — pK decays the branching ratio is calculated to be B(A, —pK) = 1.54 x 1075.
However, the expected CP asymmetry has yet to be calculated in the manner described

above, although the upper asymmetry bound, assuming optimal circumstances, has been
calculated to be Acp < 66% [10].
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1.4.2 Effect of R-parity violation on CP-violation

In supersymmetric theories, R-parity is a discrete symmetry under which all Standard
Model particles are even (R, = +1) while their corresponding superpartner is odd
(R, = —1)[L1]. Conservation of R-parity has a number of important consequences for

suspersymmetric theories [11]:

e [t guarantees that the new spin-0 squarks and sleptons cannot be directly ex-

changed between ordinary quarks and leptons.

e [t requires that the new R-odd sparticles can only be pair produced and that the
decay of an odd sparticle can only lead to another sparticle or an odd number of

sparticles.

e [t ensures the stability of the “Lightest Supersymmetric Particle”, such as a neu-

tralino, which is a leading candidate for non-baryonic dark matter.

Conservation of R-parity is closely linked to the conservation of the baryon (B) and
lepton (L) number in supersymmetric theories, as is made explicit by the following

R-parity definition,
R-parity = (—1)%%(—1)38+F (1.105)

where S is the spin of the (s)particle. This is always equal to unity for all known
particles, while is negative unity for the corresponding superpartners. Note from the
form of equation 1.105 that R-parity may be conserved even if both the baryon and

lepton numbers are violated, provided that the difference, B - L, remains the same.

In the Standard Model it is not possible to construct gauge invariant interactions
that violate baryon or lepton numbers. However, this is not the case with supersym-
metric extensions of the Standard Model and only the conservation of R-parity prevents
such interactions. As such, the conservation of R-parity, or lack of, has important

phenomenological consequences for supersymmetric models.

If R-parity is not conserved then it is possible for coupling between scalar squark
and slepton fields and the fermionic lepton and quark fields. For example, the following

Yukawa-like coupling between a scalar slepton field and two fermionic fields would be
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forbidden if R-parity is conserved,

L= )\@]k(VzLdde +d rdirVir +dRyszjL
i dgpty — d rliL dkRgiRujL> (1.106)

where )\;jk is a Yukawa-like coupling. The R and L chirality indices identify fields cor-
responding to the superpartners of the right and left handed fermion fields respectively,
the superscript * the complex conjugate of a scalar field, and the superscript ¢ the charge
conjugate of a spinor. The interaction is illustrated in Figure 1.11, along with two other

R-parity violating interactions.

Assuming R-parity is violated yields the effective Hamiltonian

3
)\n 27 'n x /7 —
R = %quvp(diPLuj)(ukPRdl) (1.107)

n,p,q Z”

where Prr = (1F7;)/2 and for the decay A, — pm it follows that i = 1,5 =1,k =1
and [ = 3. The interaction corresponding to Figure 1.11(a) is not included as it does not
contribute to non-leptonic decays. Furthermore, only lepton violation is assumed and

thus the interaction corresponding to Figure 1.11(c) is not considered.

Incorporating the above R-parity-violating effective Hamiltonian and following the
procedure outlined in the section 1.4.1, the effect of R-parity violation on the expected

branching ratio and CP asymmetry, has been calculated to be[12]
B(A,—pm) <1.6x107* and Aep(Ay,—pm) ~0.3%. (1.108)

The effect of R-parity violation can significantly modify the Standard Model result
for the expected branching ratio and CP asymmetry in the decay A, —pm, as given
in equation 1.103. In summary, the study of the branching ratio and CP asymmetry
in Ay —pm decays is sensitive to new physics in R-parity violating supersymmetry

scenarios.

The reconstruction and selection of both A, — p 7 and A, — p K decays is the subject
of Chapter 6 and the sensitivity of LHCD to the predicted Standard Model and R-parity

violating branching fractions and CP asymmetries are presented in Chapter 7.
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Figure 1.11: Tree diagrams of R-parity-violating interactions between scalar
and fermionic fields. The squarks and sleptons are labelled ¢ and Z, and the
quarks and leptons ¢ and ¢. A\, A" and A" are the corresponding Yukawa-like
couplings. The arrows indicate the flow of the lepton and baryon numbers
respectively. Interactions (a) and (b) violate lepton number, and (c) violates
baryon number [11].



Chapter 2

The LHCb Experiment

LHCD is a dedicated b-physics experiment that will operate at the CERN Large Hadron
Collider (LHC), which will provide access to an unprecedented number of b-hadron
statistics. This chapter begins with an overview of the LHC and b-hadron production
and then details the design aims and implementation of the LHCb detector. Finally,
the Monte-Carlo simulation and reconstruction software, which form the basis for the

studies presented in this thesis, is presented.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) will collide protons at center-of-mass energy of 14 TeV
at a design luminosity of ~ 103 cm~2s7! [12]. The LHC is under construction at the
European Organisation for Nuclear Research (CERN) and is due to begin high energy

collisions in May 2008. There are four principal experiments:

e ATLAS and CMS are general purpose detectors designed to discover the Higgs
boson and to search for evidence of beyond the Standard Model physics, such as

Supersymmetry (SUSY).

e LHCb will perform high precision B-physics measurements, utilising the unprece-
dented number of B-hadrons that are expected to be produced at the LHC.

e ALICE will study the physics of matter at extreme energy densities, where the
formation of a quark-gluon plasma matter phase is expected, using dedicated LHC

runs that will collide heavy ions.

39
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The LHC will be located in the 27km tunnel that was used for the Large Electron
Positron (LEP) collider. The location of the experiments around the LHC ring and
the series of accelerators that are required to inject 450 GeV protons into the LHC are
shown in Figure 2.1. Although an electron-positron collider provides for a much cleaner
environment to study high energy collisions than a hadron collider, the collision energy
that can be attained is limited by synchrotron radiation losses. For a charged particle

in a circular accelerator of radius p, the power loss due to synchrotron radiation is given

by:

dE  E*q¢?
—
dt  m?p?

(2.1)

where E, q and m are the particle energy, charge and mass respectively. At LEP the
power loss due to synchrotron radiation was approximately 10 MW. Considering that
the radius, p, is fixed it follows from equation 2.1 that to increase the LEP energy to the
1 TeV scale would result in a prohibitive 100 GW power loss. However, given that the
synchrotron losses are inversely proportional to the fourth power of the mass, acceptable

energy losses are attainable by colliding protons.

The Lorentz force required to contain 7 TeV protons in the 2.8 km radial ring, for
which ~2/3 of the length is used for dipole magnets, requires a 8.3 T dipole field. This
is accomplished by means of 1,232 Niobium-Titanium alloy superconducing magnets,
which are operated at 1.9 K using superfluid helium. Both proton beams are guided in
the same dipole magnet, a unique field design providing opposite field directions in each
pipe. The resulting field gradient is the maximum achievable for such a design and this

provides the ultimate limit on the LHC energy [43].

Notwithstanding the technical challenge of creating and containing 7 TeV protons,
the design luminosity of ~ 103 cm~2s~! is unprecedented, being a factor 100 greater than
the Tevatron luminosity [14]. To attain this luminosity, the number of proton bunches
per beam, ny,, will be ~ 2,800, each consisting of N, ~ 10 protons. The bunch crossing
frequency is 40 MHz, corresponding to a 25 ns spacing between consecutive bunches,
which dictates the readout frequency for the front-end electronics of the experiments.
As a result of the filling procedure there are some gaps between bunches; the average
bunch crossing frequency, vy, at the LHCD interaction point is expected to be ~ 30MHz.

The luminosity is given by the expression:

Ile?)UbX

L=—2

(2.2)
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Figure 2.1: The LHC accelerator chain for protons (red line) and ions (green
line). The Proton Synchrotron Booster (PSB) accelerates 50 MeV protons from
the LINAC up to 1 GeV. Protons from the PSB pass into the Proton Syn-
chrotron (PS) where they are accelerated to 26 GeV before entering the Super
Proton Synchrotron (SPS). The SPS accelerates protons to the 450 GeV LHC
injection energy.
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where A is the effective area of the beam at collision and depends on the compactness
of the beam (emittance), the ability of the magnets to focus the beam at the interaction

point (betatron function) and the crossing angle of the two beams.

The number of inelastic pp collisions in a given time period, Ngﬁl, is determined by

inel .

the integrated luminosity and the inelastic pp cross section, o

pp

inel inel
Ny =0 /Cdt (2.3)

inel
pp

Vs =14 TeV is estimated to be 80 mb [45]. The mean number of inelastic pp colli-

sions per bunch crossing is given by:

From extrapolation of SPS and Tevatron data, the inelastic cross section, o at

) Eo.inel

inel\ __ Pp
(Npp ) = o (2.4)
which for the LHC design luminosity equates to ~ 25 inelastic pp collisions per bunch
crossing. The luminosity for LHCb is, however, made deliberately smaller and is dis-

cussed further in section 2.3.2 .

2.2 Bottom Production at the LHC

In proton-proton collisions heavy flavour quark-antiquark pairs, such as bb, are created
when a parton from each of the protons interact with a large momentum transfer, a so-
called hard scatter, which leads to the production of heavy quark-antiquark pairs via the
strong interaction[46]. The QCD leading order Feynman diagrams for bb creation mech-
anisms are illustrated in Figure 2.2. Although the perturbative QCD cross-section for
heavy flavour production has been calculated to next-to-leading order accuracy, O(a?),
large uncertainties remain in the calculation of the bottom production cross section at
the LHC, with an expectation between 175 and 950 ub. The uncertainty is principally
attributed to unknown higher order effects, but uncertainties also arise from the param-
eters that enter the perturbative QCD calculation, such as the strong coupling constant
and the parton density functions. Uncertainties in the bottom production ratio are not
expected to effect CP asymmetry measurements, as such measurements are based on
the ratio of rates. They are likely, however, to be a significant consideration for absolute

branching ratio measurements [47]. For the purposes of comparing the performance of
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(a) Gluon fusion. (b) Quark-antiquark annihilation.

Figure 2.2: Leading order, O(a?), heavy flavour production mechanisms in pp
collisions.

ATLAS/CMS and LHCb, the bottom production cross section is assumed to be 500
pub. Heavy flavour production is discussed further in section 2.4.1 in the context of

Monte-Carlo event generation.

At the LHC energies, the parton distribution functions of the proton are such that it
is highly likely that the partons that interact to form the bb pair will have very different
momenta [47]. In the laboratory frame the bb pair must be produced back-to-back in
the plane transverse to the beam. As a result, the bb pair are boosted with respect to
the laboratory frame and are predominantly produced in the same forward or backward
cone relative to the beam axis. This correlation is evident in Figure 2.3, which shows

the simulated polar angle! of the b and b produced at the LHC energy.

The dominant CKM matrix element, V,,, for the weak decay of B-hadrons is kine-
matically forbidden due to the large top quark mass (172.5+2.7 GeV/c* [17]). As
such, the weak decays of B-hadrons proceed via the suppressed V, and V,, transitions,
resulting in a relatively long proper lifetime of ~ O(1ps). Combined with the Lorentz
boost, this results in a typical decay length of ~ O(lcm), a signature that can be readily
used to identify a B-hadron decay.

IThe polar angle is defined as the angle between the particle track and the beam line in the particle
center-of-mass frame.
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Figure 2.3: Polar angle correlations of the b and b produced in pp collisions
at /s = 14 TeV, as calculated by the PYTHIA event generator [18]. Figure from
the Technical Proposal [45].

2.3 The LHCb Experiment

The LHCb apparatus is designed to exploit the copious number of b-hadrons that will be
produced at the LHC to make precision measurements of CP-violation in the B-sector

and to search for rare B decays. Specific requirements of the detector are :

e Excellent proper time resolution to measure, for example, the fast B? oscillation
and the corresponding CP asymmetries. The vertexing resolution must also be able
to accurately identify secondary vertices, which are characteristic of a B-hadron

decay.

e Particle identification over the momentum range 1 - 100 GeV/c is required to sep-
arate b-hadron decay modes that are topologically and kinematically similar. In

addition, a clean sample of kaons is vital for flavour tagging (see Chapter 5).

e A precise mass resolution is required to remove the significant combinatorial back-
ground that results from the high multiplicity LHC environment. This requires

that tracks are reconstructed with sufficient momentum resolution.

e The trigger system must identify the few tens of Hz of interesting physics events
from the 40MHz collision rate.
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e In order to measure many CP asymmetries, the flavour of the reconstructed B-
meson at creation must be known. Typically, the flavour of the B-meson is inferred
from the accompanying b-hadron, a procedure known as “opposite-side tagging”

(see section 5.1), which requires that both b-hadrons are in the detector acceptance.

2.3.1 Detector overview

LHCb re-uses the experimental cavern formerly occupied by the DELPHI experiment
at LHC interaction point 8 (IP8); this constrains the detector length to ~20m. A
schematic of the LHCb detector is shown in Figure 2.4. A right-handed coordinate
system is defined with the origin at the nominal interaction point, the z-axis along the
beam direction, z towards the center of the accelerator ring and y vertically upwards.
The detector only covers the region forward of the interaction point. In terms of the polar
angle, 0, with respect to the z axis, the acceptance is 10 - 300 mrad in the horizontal
plane and 10 - 250 mrad in the vertical plane. Equivalently, this corresponds to a range

in pseudorapidity of 1.9 < n < 4.9, where n = —In(tan(6/2)).

The choice of a forward only detector geometry is motivated by the kinematics of
the LHC b-hadron production. Since both b-hadrons are produced preferentially in the
same direction of the beam line, the statistical loss of covering only the region forward
of the interaction point is a factor 2. Further advantages of a forward only compared to

a central design are:

e All the available cavern space can be utilised to attain the highest possible pseudo-
rapidity acceptance. In contrast, the ATLAS detector has a central coverage and

covers the pseudorapidity range |n| < 2.5 [51].

e The forward geometry allows the vertex detector to be positioned closer to the in-
teraction point than is possible with a central coverage detector, thereby improving

the vertex resolution.

e The open design of the forward geometry simplifies the mechanical design and

enables access for maintenance and future upgrades.

The detector is organised into five main subdetector areas (see Figure 2.4):
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Figure 2.4: Side view (y-z plane) schematic of the LHCb detector (top) and
view in the IP8 cavern taken in December 2006 (bottom). Refer to text for
details of the labelled subdetectors. Figures taken from [19] and [50].
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A silicon microstrip vertex detector (VELO) : used for tracking and the recon-
struction of primary and secondary vertices and the identification of events with

multiple proton-proton interactions.

e A spectrometer and downstream tracking system consisting of a 2T warm dipole
magnet, an outer tracker (OT), an inner tracker (IT) and a trigger tracker (TT)

used for trigger purposes.

e Ring imaging Cherenkov detectors (RICH1, RICH2) to provide hadron particle

identification.

e Electromagnetic and hadronic calorimeters (ECAL, HCAL) used to measure the

position and energy of all particles except muons.

e Muon detectors (M1, M2, M3, M4, M5) for muon identification.

The subdetectors and LHC environment are discussed in more detail in the following

sections.

2.3.2 Interaction point

At the nominal LHC design luminosity there are on average ~ 25 inelastic proton-proton
interactions. The presence of multiple interactions severely complicates the identification
of an individual B-hadron origin and decay vertex and the tagging of the initial B-hadron
flavour, both of which are vital for time dependent decay rate asymmetry measurements.
Events with multiple interactions, referred to as pile-up events, are identified by a sub-
system of the vertex detector (see section 2.3.3) and vetoed by the trigger system. In
order to optimise the number of single proton-proton interaction events the luminosity at
the interaction point is reduced by defocussing the beam. The number of pp collisions in
a bunch crossing follows a Poisson distribution with a mean given by equation 2.4. Figure
2.5 shows the number of interactions per bunch crossing as a function of luminosity at
the interaction point. The number of single proton-proton collisions is maximised at

2571 two orders of magnitude less than the LHC design

luminosity. LHCb has chosen to operate at a nominal luminosity of 2 x 10%2cm=2s71,

a luminosity of 4 x 10%2cm™

which results in a small reduction in the number of single particle interactions, but
reduces by half the number of multiple particle interactions. At this luminosity the
expected annual (107s) yield of single interaction bb events is 10'2, assuming a bb cross
section of 500ub.
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Figure 2.5: Probability of n=0,1,2,3,4 inelastic pp interactions as a function
of LHC luminosity, assuming an inelastic pp cross section of 80mb. The dashed
lines illustrate the nominal LHCb operating luminosity and the maximum design
luminosity.

2.3.3 Vertex locator and pile-up system

The VErtex LOcator (VELO) is the principal LHCb tracking system immediately sur-
rounding the interaction point and one of its main functions is the reconstruction of
B-hadron primary and secondary decay vertices [52]. The reconstruction resolution is
designed to achieve a proper time resolution sufficient for time-dependent asymmetry
measurements, particularly in the rapidly oscillating BY system. Vertex positions are
also an important input into the high level trigger; the O(1 mm) displacement between

two vertices being highly characteristic of an event with a B-hadron decay.

The VELO detector consists of planes of silicon microstrip detectors located per-
pendicular to the beam. The detector design aims to minimise the impact parameter?

resolution whilst keeping the material budget to a minimum.

For optimum tracking performance the sensors need to be as close as possible to the
interaction region. Although the LHC beam cross-section will be less than 100um , the
radial extent of the LHC beam halo dictates that the minimum radius at which it is

safe to operate is 5 mm. During LHC injection periods this distance increases to 3 cm.

2The distance of closest approach between a reconstructed track and the primary vertex is called
the tmpact parameter.
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Figure 2.6: Layout of the VELO detector silicon tracking stations in the non-
bending y-z plane. The ¢ and r-sensors are indicated by the blue and red lines
respectively and the interaction region by the shaded yellow area. Note that the
detector positions are such that tracks at the minimum and maximum LHCb
acceptance, 15 and 390 mrad, respectively, traverse at least three detector planes.

In order to accommodate both regimes, each detector plane is formed from pairs of
semi-circular sensors which can be mechanically retracted in the vertical direction - a so
called “Roman pot” design. Each sensor has a minimum radius of 8mm and an azimuthal
coverage of 182°, giving a small overlap between the two halves for alignment purposes.
Each semi-circular silicon plane is made up of two 220um thick silicon microstrip sensors
bonded back-to-back; one disc has semi-annular strips to measure the radial distance
from the beam axis and the other has radial strips to measure the azimuthal angle. The
former is referred to as a r-sensor and the latter a ¢-sensor. A schematic of the detector

layout is shown in Figure 2.6.

The silicon sensors are a n'-on-n design; the segmented strips being n™ implants
on a lightly n-doped silicon bulk, with a p-doped back plane. Under a reverse bias an
electric field emanates from the back plane to the front n' strip implants. A parti-
cle passing through the silicon creates an electron-hole pair, the charge of which drifts
to the segmented n* strips. The charge is routed out from the sensor via a second
metal layer to the analogue front end readout chip, called the “Beetle” [53], where the
analogue signals are buffered for the duration of the L0 trigger decision (see section
2.3.8). A more complex and costly n™-on-n design was chosen over the conventional
p-on-n design, where the segmented strips are p-doped, since its performance is ex-
pected to be less susceptible to damage from the extreme radiation environment (up
to 1.3 x 10'* 1MeV neutron equivalents/cm? /year) in which the sensors must operate
[54]. The n™-on-n design sensors are expected to survive for an integrated luminosity of

6-8 fb™! with no performance degradation [55].

The strip layout of the two sensor variants is illustrated in Figure 2.7. The layout is
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Figure 2.7: Layout of the VELO silicon microstrip sensors [19]. The location
of some strips is indicated by a dashed line for illustration.

chosen to provide the best resolution for those hits closest to the interaction point and
a low uniform occupancy of ~ 1% across the sensor. The r-sensor has four 45° sections
in ¢, each consisting of 512 concentric circular strips. The strip pitch is 40um at the
inner 8mm radius and increases to 100um at the outer 42mm radius. The ¢-sensor is
divided into an inner and outer region of 683 and 1365 radial strips respectively, with a
strip pitch that varies from 36pum at the innermost regions to 100um at the outer radii.
The 7r-¢ geometry is particularly well suited for the trigger system, since high impact
parameter tracks can be easily identified using just the r-sensors alone, whereby saving

valuable computational time.

The VELO primary vacuum vessel forms, along with the LHCb beam pipe, part of
the LHC vacuum [56]. The silicon sensors and readout electronics are separated from the
LHC vacuum by a 300um thick aluminium alloy “RF” foil. The foil protects the LHC
vacuum from mechanical failures of the VELO detector and protects the sensors from
the RF currents induced by the beam. The foil has a corrugated design to minimise
the material traversed by particles and to dissipate the induced RF currents. The
VELO vacuum vessel and the main VELO components are shown in Figure 2.8 and a

photograph of the assembled detector sensors is shown in Figure 2.9.

From Monte Carlo simulations the primary vertex resolution is expected to be ~ 42pum
in the direction of the beam and ~ 10um in the plane perpendicular to the beam. The
precision on decay lengths ranges from 220pm to 375um . This precision leads to a

typical proper time resolution of 40fs in a typical B- meson decay channel [52].
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Figure 2.8: The VELO detector [19]. The main components are the silicon
sensors, the RF foil, the RF box which comprises the secondary detector vacuum
and the cylindrical outer body containing the primary detector vacuum.

Figure 2.9: The LHCb VELO detector sensors after mounting in the RF box,
as viewed along the beam axis looking towards the thin exit window [50].
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Figure 2.10: The LHCb dipole magnet, as viewed from downstream of the
interaction point [50].

The VELO detector system also includes a pile-up veto counter, which consists of
two dedicated r-type sensors upstream of the interaction point. The information from
these detectors is used in the LO trigger to reject events with multiple proton-proton
interactions. Simulations have shown that 80% of multiple interactions can be rejected,

whilst retaining 95% of single event interactions [15].

2.3.4 Tracking stations and dipole magnet

The momentum of a charged particle is inferred from the curvature of the particle’s
trajectory in a dipolar magnetic field. Measurement of the particle trajectory, referred
to as a track, is provided by the VELO and four tracking stations; labelled TT, T1, T2
and T3 in Figure 2.4. The precision attained on a momentum measurement is important
as it directly effects the mass resolution of the reconstructed B-hadrons. The momentum
resolution is a function of the tracking resolution and the integrated magnetic field, but
it can also be limited by multiple scattering in the detector materials [58]. The design
of the tracking system is therefore a compromise between having numerous tracking
stations to maximise the tracking precision and introducing so much material that the

tracking measurement is limited by multiple scattering.
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Figure 2.11: The measured on axis field (x = 0,y = 0) of the LHCb dipole
magnet [57]. The positions of the tracking system detectors relative to the beam
axis are indicated.

Aside from momentum measurement, the tracking system is also important for inter-
preting the data in the other sub-detectors. For example, tracks are used to reconstruct
Cherenkov rings in the RICH detector and also provide the link between measurements

in the VELO and energy clusters in the calorimeters and muon planes.

The LHCb dipole magnet is located between the TT and T1 tracking stations and
provides a integrated field of 4Tm, with a peak field of 1.1T. A photograph of the
magnet is shown in Figure 2.10. The main component of the field is orientated along the
vertical y-axis; the measured field is shown in Figure 2.11 as a function of the z-axis.
The magnet is made up of 15 layers of 15 turns of 50 mm square aluminium, with each
coil carrying 5.8 kA. A warm magnet was chosen in favour of superconducting techology
since it allows for rapid field ramping, to facilitate switching of the field polarity between

LHC fills, to help control systematics arising from left-right detector asymmetries.

The first tracking station downstream of the interaction point, called the Trigger
Tracker (TT), is located between RICH1 and before the entrance to the dipole magnet.
As can be seen in Figure 2.11, there is a low integrated field of ~ 0.15 Tm between the
VELO and TT stations. The presence of this field enables a determination of a track

transverse momentum with 10-40 % accuracy using information from only the VELO and
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TT detectors. This is a valuable input into the high level trigger system, since a full track
reconstruction and momentum measurement requires considerably more processing time.
In addition to its use in the trigger, the T'T station also serves to measure the momentum
of low momentum tracks that are swept outside the detector acceptance by the dipole
magnet. Finally, the T'T enables the reconstruction of the decay products of long-lived
particles that decay beyond the VELO acceptance, for example the reconstruction of K
and A decays. The latter is described in detail in Chapter 5.

The Trigger Tracker is made up of 4 planes of pT-on-n type silicon microstrip de-
tectors, each covering an area 140 cm in x and 120 cm in y with a 200 pm strip pitch.
Since the bending plane is in the z-z plane, the strips are aligned relative to the vertical
y axis at 0°,-5°,4-5°and 0°; the stereo angles® enabling a full 3D track reconstruction.

The two inclined planes are separated by 30 cm to improve the angular resolution.

Tracking stations, T1, T2 and T3, are located between the magnet and RICH2. In
order to maintain low occupancy across the detector and minimise cost, each tracking

station is composed of two detector technologies :

e In the region close to the beam-pipe, where particle fluxes are highest, high res-

olution silicon microstrip sensors are used. This sub-detector is called the Inner
Tracker (IT).

e The region further out from the beam-pipe, where particle densities are lower,
employs a coarser straw-tube drift chamber detector. This subdetector is named
the Outer Tracker (OT).

For high pattern recognition efficiency the boundary between the Inner and Outer
Tracker is chosen such that the occupancy in any one readout channel is less than 10%
[59]. The inner tracker uses the same silicon microstrip sensors as those used in the
Trigger Tracker. Each IT station consists of 4 planes with the strips arranged in the
same 0°, -5°, +5°, 0° manner as the T'T station. The detector covers a cross-shaped
area approximately 120 cm in z and 40 c¢m in y, the shape of which is designed to match

the particle density profile.

Each OT station is made up of 4 planes of straw tubes, with the straw tubes orien-
tated in the same manner as the other tracking stations. Each straw tube consists of

a 25 pm gold wire anode surrounded by a 5 mm diameter carbon-doped Kapton tube

3The stereo angle in this context is defined as the angle between the strip’s direction and the y-axis.
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Figure 2.12: Basic operating the drift time and the anode
principals of a straw tube drift distance for a prototype straw
chamber. tube. Figure taken from [60].

acting as the cathode. The tube is filled with a gas mixture consisting of 75% Argon,
15% CF4 and 10% COs. A charged particle traversing the straw tube ionises this gas
and the liberated electrons drift towards the anode due to the presence of an electric
field resulting from the 1500 V applied to the anode. At 50-100 pgm from the anode wire,
the electric field strength is sufficient for an electron avalanche to be initiated, thereby
amplifying the signal. An illustration of the basic principles of the straw tube operation
is given in Figure 2.12. The time period between the signal traversing the detector and a
signal on the anode is dominated by the drift time of the electrons. This can be exploited
to determine the distance of the particle track relative to the anode. Figure 2.13 shows
the relation between drift time and distance from a test of a prototype LHCDb straw tube
in a 10 GeV /c pion testbeam; a spatial resolution better than 200 um is expected. The
gas mixture and tube diameter have been chosen such that the drift time is less than 50
ns, which is the length of two bunch crossing intervals, thus there is always a possibility
that an event accepted by the trigger will contain hits from the previous as well as the

current bunch crossing.

The expected performance of the tracking system is the subject of section 2.4.
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2.3.5 RICH system

The Ring Imaging Cherenkov (RICH) detectors provide information which, when com-
bined with the momentum measurement from track curvature, can be used for charged
particle identification. The ability to separate the m and K tracks is particularly im-
portant for the efficient and clean reconstruction of the decay modes of CP asymme-
tries which have identical decay topologies. The RICH system is described further in
Chapter 3.

2.3.6 Calorimeters

The aim of the calorimeter system is to identify hadrons, electrons and photons and
to measure their energies and positions [61]. This information is used by the Level-0
trigger to identify particles with high transverse energy, which are indicative of B-hadron
decays. The calorimeter also provides the only measurement of neutral particles, the
energy resolution of the calorimeter is therefore an important factor in the reconstructed

mass resolution of B-hadron decays containing a 7 or prompt photon.

Sampling calorimeters, of the type used at LHCb, consist of alternating layers of
absorber and detector material. The absorber layer is made from a material chosen
to develop the electromagnetic or hadronic shower. The detector layer is made from a
scintillating material. The energy of a particle is inferred from the sum of scintillating
light produced by the shower. An accurate energy measurement therefore requires that

the shower is completely contained within the calorimeter.

The calorimeter system is located downstream of RICH2, between the first and the
second Muon stations. Going from up to downstream, the system consists of four com-

ponents :

e The Scintillating Pad Detector (SPD) is located before the calorimeters and
consists of a single 15 mm-thick plane of scintillator tiles. The SPD identifies
charged particles through ionisation of the scintillator material, enabling electrons

and photons to be distinguished.

e The Pre-Shower (PS) is made up of a 12 mm-thick lead wall located after the
SPD, corresponding to 2.5 X,*, followed by a single 15 mm-thick scintillator plane.

4The radiation length, X, of a material is defined as the distance over which the electron energy is
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The PS is designed to separate electrons from the large charged pion background
by exploiting the fact that an electron will shower in the lead wall, whereas only

a small fraction of charged pions will interact.

e The Electromagnetic Calorimeter (ECAL) is a sampling calorimeter for the
detection of electrons, positrons and photons and is made up of 70 alternating

layers of 2 mm lead absorber followed by 4 mm of scintillator, corresponding to a
depth of 25 Xj.

e The Hadronic Calorimeter (HCAL) is a sampling calorimeter for the detection
of hadrons and consists of alternating layers of iron and scintillator planes. The
overall depth of 5.6 \;, where \; is the nuclear interaction legnth®, is a compro-
mise between detector performance, space requirements along the beam axis and

financial cost [61].

The calorimeter layers are segmented in the plane transverse to the beam into units
called cells. The granularity of the PS, ECAL and HCAL calorimeter cells are designed
to match the particle flux density and is two orders of magnitude larger for the cells
closest to the beam pipe. A fine cell granularity is important for 7¥ reconstruction, since
this requires that the two showers from the 7° decay are identified separately. In the
innermost region of the ECAL the cell size is chosen to match the Moliere radius, such
that the majority of the shower energy is contained within a quartet of cells. In all 4
detectors, the scintillation light is collected by wave-length shifting fibres and read out
by 64 anode multianode photomultiplier tubes in the case of the SPD/PS and single
anode photo-multipliers in the case of the ECAL and HCAL. Figure 2.14 illustrates the
ECAL and HCAL tile arrangements and the connection of the wavelength shifting fibres

to the scintillators.

The energy resolution of the highest granularity ECAL modules has been measured in
electron and muon beams to be o(E)/E = (8.2+£0.4)%/vE @ (0.87 £0.07)%, where the
first term describes the statistical fluctuations in the shower, the second accounts for de-
tector systematic uncertainties and the two terms are added in quadrature[62]. With this
energy resolution 7¥ decays can be reconstructed with a ~ 10 MeV /c? mass resolution
[49]. The HCAL energy resolution has been measured to be ¢(E)/E = 67%/vVE © 9%
[62].

reduced by 1/e due to Bremsstrahlung radiation only.
®The nuclear interaction length is defined as the average distance a hadron has to travel before an
inelastic nuclear interaction occurs.
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2.3.7 Muon system

Muon detection is important for both the first level trigger, which searches for high
pr muons, and the offline reconstruction of the many benchmark CP-violating channels
that have muons in their final state. Muons from semi-leptonic B-meson decays are also

used to identify the flavour of the companion b-hadron.

The muon system is made up of 5 detector planes, labelled M1 - M5 in Figure
2.4, and three iron filter plates [63,64,65]. One station, M1, is positioned before the
calorimeters, whilst the four stations, M2 - M5, are located downstream of the HCAL
and are interspersed with 800 mm-thick iron plates to filter out the hadronic background.
The total absorption length, including the calorimeters, is 20 A;, and consequently only
muons with an energy in excess of approximately 6 GeV will reach the furthest M5
station. Stations M1-M3 have a high spatial resolution along the bending z-axis and are
optimised for muon track reconstruction for the pr calculation, while stations M4-M5

are primarily intended for muon identification.

The muon detectors are primarily made of MultiWire Proportional Chambers (MWPC)
and consist of a 5 mm gas filled potential gap with a series of anode wires aligned in
the centre. A schematic of a MWPC cross-section is depicted in Figure 2.15. A muon
traversing the gap produces ~ 50 electrons, which are attracted towards the anode wires
by a 3 kV potential applied to each anode wire. Close to the wire the signal will undergo

gas amplification, in the same manner as the straw drift tube described in section 2.3.4.

The inner region of the M1 station employs Gas Electron Multiplier (GEM) detectors
[66] and is subject to a very high ~460 kHz/cm? particle flux, which over a 10-year
period is expected to lead to a degradation in the MWPC performance. The triple-



The LHCb Experiment 59

> Anode wires
il Detector ground

=
Lr
Nj] o [ ] [ ] [} [ ] o [ ] [ ] [} [ ]
£ 1
=
A
N ————

Guard trace Lathode pads

Figure 2.15: Schematic cross-section of a MWPC detector.
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GEM detector used in the muon system consists of a gas volume and three layers of thin
copper-clad kapton foils sandwiched between anode and cathode planes. The kapton
foils are chemically pierced with a high density of 70 um diameter holes. The ionisation
electrons formed by a charged particle traversing the gap between the cathode and the
first foil are accelerated by electric fields through the 3 foils. At the entrance of each
hole the electric field strength is of order 100 kV/cm and causes gas amplification of
the electrons of order a few thousand [65]. After the last foil, the charge is collected on
lateral and transverse cathode strips. A schematic of the triple-GEM detector is shown

in Figure 2.16.
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The muon detection efficiency in LHCb exceeds 95%, since the muon identification
in the LO-triggers requires a hit in all 5 detectors, and the time resolution must be less
than 25 ns so as to unambiguously associate a muon with a particular bunch crossing.
The necessary detection efficiency is addressed by using 4 consecutive detector units at
each muon station, with the exception of M1, and taking the OR-ed result. To limit the
material before the ECAL, the M1 station uses only two consecutive detector units. The
required time resolution is obtained by optimising the argon, CO, and CF, gas mixture

in the MWPC and GEM detectors.

2.3.8 Trigger and data acquisition

At the nominal LHCb operating luminosity, £ = 2 x 10*? cm~2s7!, the inelastic pp
collision rate is 12 MHz, of which 9 MHz will be single pp interactions and 3 MHz
multiple interactions. Assuming a bb cross section of 500ub, the probability of bb
production from a pp interaction is ~ 1/160, which leads to a mean bb production rate
of order 100 kHz. Taking into account the small fraction of bb final state particles
that will be in the detector geometrical acceptance, the hadronisation fractions to B-
mesons and b-baryons, and the inherently small branching ratio of the phenomologically
interesting channels, events which are of interest occur at a rate of only tens of events

per second.

The task of the trigger system is to extract the interesting events from the back-
ground, reducing the 40 MHz bunch crossing rate down to a 2 kHz rate that can be
stored on tape for further offline analysis. To limit the required sub-detector readout
buffer size, the trigger system is split into two levels; the Level-0 trigger (L0) and the
High Level Trigger (HLT). The input, output and reduction rates for each level are given

in Table 2.1 and a schematic of the trigger structure is shown in Figure 2.17.

The LO trigger operates at the LHC 40 MHz bunch crossing frequency and is required
to have an average acceptance of ~1 MHz [67,68] . Since the L0 front-end readout
can only buffer 160 consecutive events, the L0 trigger decision must be made within
a 4 ps time window. In such a short time period it is impractical to process all the
available sub-detector data, in particular there is insufficient time for vertex and track
reconstruction and the RICH particle identification. However, the calorimeters and
muon system are well suited to approximate measurements of transverse energy and

momentum respectively. Since b-hadrons typically decay to low mass daughters with
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LO HLT Offline
Input rate 40 MHz 1 MHz 2 kHz
Output rate 1 MHz 2 kHz -
Sub-detectors VELO, ECAL, All All
used HCAL, Muon
Location On detector Counting room GRID

Table 2.1: Characteristics of the trigger and offline data bandwidths.
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Figure 2.17: Schematic of the trigger and front-end readout electronics organ-

isation. After each bunch crossing (40 MHz), the sub-detector data is buffered
on the LO front-end electronics (LO FE) for the duration of the 4us LO trigger
latency. Information from the pile-up counters (VELO), calorimeters (CAL) and
muon system are used by the L0 Decision Unit to formulate a LO trigger deci-
sion. The LO decision is propagated to the front-end electronics by the Timing
and Fast Control system (TFC). Sub-detector data for events accepted by the L0
trigger is multiplexed and zero-suppressed by the TELL1/UKL1 boards and sent
to the High Level Trigger event filter farm. Events that pass the HLT selection
are sent for storage for further offline analysis.
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high momentum; high pr electrons, muons and hadrons can be used as an effective
trigger. The complete LO-trigger conditions, which are used for the studies in Chapters

5 and 6 of this thesis, are as follows

e Calorimeter trigger : An event is accepted if the energy in a cluster, Er, satis-
fies the condition Ep >2.6 GeV for electrons, Et >2.3 GeV for photons and Er
>3.5 GeV for hadrons. In addition, the event is not accepted if the total energy
deposited in the calorimeters is less than 5 GeV. Finally, events are vetoed if the

SPD multiplicity is greater than 280.

e Muon trigger : An event is accepted if a muon is identified with transverse
momentum pr >1.3 GeV, or if the sum of the largest pr muons exceeds 1.5 GeV.

In the latter case all other veto conditions are ignored.

e Pile-up counter : All events with multiple pp interactions are vetoed.

The algorithms to construct these measurements are implemented in fast, on-detector,
custom electronics. The results from the 3 sub-detectors are processed by the “L0 Deci-
sion Unit” which relays the L0 trigger decision to the front-end electronics via the Read-
out Supervisor (RS) and Trigger and Fast Control (TFC) system. The sub-detector data
of accepted events are multiplexed and zero-suppressed by dedicated electronics boards
(TELL1/UKL1) and sent directly to the High Level Trigger (HLT) event filter farm over
multiple gigabit ethernet links at an average rate of ~1 MHz. A schematic of the data

acquisition system in the context of the trigger structure is shown in Figure 2.17.

The HLT is tasked with reducing the 1 MHz input rate down to the 2 kHz storage
rate. The HLT is implemented in software, with the full algorithm running on each node
of a 1800 CPU farm. The input rate and farm size dictate that on average only 1.8 ms
is available to process each input event. All sub-detector data is available to the HLT
algorithm, but given the limited processing time available the algorithm is designed to

reject the majority of events using only part of the available data.

The HLT is organised on a confirmation concept; each LO-trigger line is addressed by
a dedicated HLT algorithm, which is called an alley. If the event passes the conditions of
at least one of the alleys, it is processed by the so-called inclusive and exclusive selection

algorithms. A flow diagram of the various HLT trigger sequences is shown in Figure
2.18.
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Figure 2.18: Flow diagram of the High Level Trigger (HLT). An event is
processed through a particular HLT alley if the event was accepted by the corre-
sponding L0 trigger line. If an event passes the conditions of one or more alleys
it is processed by the inclusive and exclusive algorithms. An event passing either
algorithm will be stored for further offline analysis [69].
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Each alley follows the same structure and is designed to improve the momentum
resolution of the LO-trigger in a series of increasingly time consuming steps and add
impact parameter information. First, the VELO r-sensors are used to reconstruct so-
called 2D tracks, which are used for a rapid reconstruction of the approximate primary
vertex position. The muon alley associates muons with the 2D VELO tracks, which
are then combined with VELO ¢-sensors to form full 3D tracks; this improves the
muon momentum resolution, o,/p, from 20% to 5%. In the other alleys, 2D tracks
with significant impact parameter are combined with ¢-sensor measurements to form
3D tracks. A full reconstruction using the T1-T3 stations is too time consuming since
no estimate of the track momentum is available; instead, 3D tracks are combined with
hits in the TT. Using the magnet fringe fields the momentum of these so called VELO-
TT tracks can be measured with an accuracy of 20-40%. At this point, the so-called
pre-trigger applies transverse momentum and impact parameter selection criteria, which
reduces the event rate to 30 kHz. The VELO-TT tracks of events that pass the pre-
trigger are fully reconstructed using the T1-T3 sub-detectors to obtain a o, /p precision
of 1%. A final set of topological and transverse momentum selection criteria are applied

to produce a final combined alley output rate of 10 kHz [70].

The final stage of the HLT is the exclusive and inclusive triggers which reduces the
data rate from 10 kHz to the 2 kHz storage rate. As the input rate is low there is now
sufficient time to combine the remaining 2D tracks with the T1-T3 tracking stations.
This allows for the first time the use of invariant mass selection criteria. Furthermore,
the RICH particle ID can be incorporated via a fast ring-track matching algorithm. The
2 kHz HLT output bandwidth is divided between the following four data streams :

e Exclusive b-hadrons (~ 200 Hz) : The core physics stream. The decays of
interest are selected using what are essentially the final-offline selection with loose

selection criteria.

e Inclusive b— pu X (~900 Hz) : Samples of b-hadrons are selected by the
presence of a high pt and high impact parameter muon. The sample is not biased
to any signal channel and as such can be used to study the trigger and flavour
tagging systematics. The stream can also be used for the study of b-hadron decays

not considered in the exclusive selections.

e Dimuon (~ 600 Hz) : J/i) decays can be reconstructed from two muons without
applying geometrical selection criteria. As such, the sample can be used to study

the detector proper time resolution.
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e D* (~ 300 Hz) : The decay chain D*(2010)" — DK~ 7+) 7 can be cleanly
selected without the use of RICH particle identification information. This is due
to the clear kinematic signature of the decay, which derives from the small mass
difference between the D*(2010)" and D° (Mpys 9010y — Mpo = 144.5 MeV/c?)
compared to the pion mass (139.5 MeV /c?) [17]. These decays can therefore be
used for an unbiased calibration of the particle identification performance for pions

and kaons.

Prior to November 2005, the trigger system was structured into 3 trigger levels, with
an additional so-called Level-1 (L1) software trigger between the LO-trigger and HLT.
Events passed by the LO-trigger were intended to be buffered on the TELL1/UKIL1
boards to await the L1 trigger result. Events passing the L1 trigger would be sent to
the HLT at the L1 accept rate of approximately 40 kHz. This avoided the need to
send all sub-detector data to the HLT event filter farm at 1MHz, which was considered
at the time to exceed the limit of available network switching technology. However,
the advent of switching technology with capacities greater than terabits per second has
facilitated the possibility to send the full detector data to the HLT farm at the LO 1 MHz
acceptance rate. This approach has been adopted since it enables the data acquisition
system to be simplified and enables the trigger system access to the full detector data
after LO. It should be noted that the studies presented in Chapters 5 and 6 are based
on the 3-level trigger system. However, no degradation in performance is expected,
as to first order the same Level-1 algorithm will be run on the HLT. To the contrary,
improvements are expected as the trigger algorithms evolve to use the sub-detector data

that was previously unavailable at the Level-1 trigger level.

The performance of the trigger system in the context of A, — p7/K decays is the
subject of Chapter 6.

2.4 Detector Simulation and Event Reconstruction

A detailed simulation of the LHCb detector’s response to pp interactions at /s = 14 TeV
is crucial for the development of reconstruction, trigger, flavour tagging and signal se-
lection algorithms. Furthermore, the simulation enables the expected signal yields to
be determined, from which sensitivities to B-physics parameters can be estimated. The
detector simulation also plays a pivotal role in the development of the detector design.

For example, the detector simulation demonstrated that the amount of material present
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Figure 2.19: The LHCb simulation and reconstruction software organisation.

was inhibiting particle detection, leading to a redesign of the detector and a reduction
in the material budget [19].

A schematic of the LHCb Monte-Carlo simulation and reconstruction software is
shown in Figure 2.19. First, a Monte-Carlo event generator simulates the pp collision and
generates the particles that are to be propagated through the detector. The interaction
of the generated particles with the detector material is then simulated. The response of
the sub-detectors to this interaction is simulated in a so-called digitisation step. Events
that pass the high level trigger®, previously discussed in Section 2.3.8, are subject to
the full track reconstruction and particle identification algorithms. The results of the
reconstruction are used in the final offline analysis stage to extract the interesting physics
signals. The HLT reconstruction and analysis software that has been developed on
simulated data has been designed so that it can be applied seamlessly to the real data

when it becomes available.

The LHCD software is implemented in the object-orientated GAUDI framework, which
provides the core administrative tools such as data persistency and run-time configura-
tion, with external packages providing the Monte-Carlo event generation and detector

simulation [71].

6The response of the Level-0 trigger electronics is part of the digitisation stage.
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Figure 2.20: Schematic of the PYTHIA simulation of a proton-proton collision
illustrating the processes used to generate stable hadrons from a parton-parton
hard scatter [74].

2.4.1 Event generation and detector simulation

The simulation of the pp collision at a /s = 14 TeV center of mass energy is performed
by the PYTHIA Monte-Carlo event generator [72]. A schematic of the processes used by
PYTHIA to simulate the parton-parton hard scatter are shown in Figure 2.20. The hard
interaction is calculated with leading order QQCD perturbation theory, while the higher
order processes are approximated by the parton shower model. Since the generated
quarks and gluons are coloured they must first fragment to colourless hadrons before
they can escape the interaction region, which in PYTHIA is modelled by the Lund frag-
mentation model [73]. Finally, unstable hadrons are decayed until only stable particles

are left. The process of fragmentation and decay is often referred to as hadronisation.

The subject of bb production from pp collisions has been previously discussed in
Section 2.2. Listed hereafter are the categories of bb production in PYTHIA [75,76] :

e Pair creation (~16%) : At leading order the heavy quark flavours are produced
in quark-antiquark annihilation ( ¢gg — bb) and gluon fusion ( gg — bb) processes,
with the dominant contribution coming from gluon fusion. The Feynman diagrams

for both processes are shown in Figure 2.2.

e Flavour excitation (~57%) : A virtual b quark in one of the protons is put
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(a) Flavour excitation. (b) Gluon splitting.

Figure 2.21: Next-to-leading order contributions to the bb production.

on-mass shell by scattering with a parton in the other proton. Since the b quark is
a sea-quark, there must therefore be a b quark from a prior gg — bb. A next-to-

leading order Feynman diagram for flavour excitation is depicted in Figure 2.21(a).

e Gluon splitting (~27%) : The heavy flavour is not created in the hard scatter-
ing, but is produced when a g— bb branching occurs in the parton shower. An
example of a next-to-leading order Feynman diagram with a bb pair produced in

the final cascade is shown in Figure 2.21(b).

Indicated in parenthesis are the relative contributions of each catergory to the PYTHIA
bb production cross section, for which at least one b-hadron is in the LHCb acceptance.
It should be noted that, although the bb cross section arising from pair creation pro-
cesses is well known from leading order QQCD perturbation theory, the true production
contributions from the higher order processes are subject to large uncertainties (see Sec-
tion 2.2). Simulations with PYTHIA indicate, however, that the higher order processes
make a significant contribution to the bb production cross section. Since each produc-
tion process leads to different final state kinematics, uncertainties in the higher order

contributions may lead to discrepancies between the real and simulated data [10].

The final stage of event generation is the decay of the outgoing hadrons produced
by PYTHIA. This phase is handled by the EVTGEN generator, which was developed by
the BABAR collaboration for the specific purpose of simulating the physics of b-hadron
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decays [77].

The generated events are divided into three categories, the nomenclature of which

will be useful for the studies that follow this chapter:

e Minimum bias events : All hadrons generated by PYTHIA are decayed with
EVTGEN. The generated data sample is equivalent to operating the real detector
with a randomly applied trigger.

e Inclusive bb events : At least one b-hadron must be inside the 400mrad LHCb
acceptance. The b-hadrons are decayed with EVTGEN.

e Signal events : The b-hadron flavour of interest is forced by EVIGEN to de-
cay to the channel of interest. The EVTGEN generator takes care of the physics
processes relevant to b-hadron decays, such as the mixing of neutral B-mesons,
angular correlations and time-dependent CP asymmetries. To avoid processing
unreconstructable events, the signal b-hadron is required to be inside the detector

acceptance.

After the Monte-Carlo event generation, the interaction of the generated particles
with the detector is simulated with the GEANT 4 toolkit [78]. The physical processes
modelled by the simulation include the highly non-uniform magnetic field effect, the
interaction with the detector and external material and the decay of long-lived particles
such as K& and A. The output of the simulation are so-called hits, which are points

where the particles have interacted with sensitive areas of the sub-detectors.

The final stage of the simulation, called digitisation, applies the response of the sub-
detectors to the GEANT hits. The response includes the effects of electronics noise,
cross-talk and spill-over from the previous bunch crossings. The digitised output of each
sub-detector is written in a format that is identical to that which will be generated by

the real detector and as such marks the end of the simulation process.

The C+4 GAUDI algorithms for the generation and detector simulation phases are
grouped togther into the GAUSS application and the alogrithms for the digitisation phase
form the BOOLE application [79,80].



The LHCb Experiment 70

2.4.2 Reconstruction and analysis

The aim of the reconstruction and analysis stage is to extract from the real data the
signal decay of interest as efficiently as possible and in a manner which minimises the
effects of the finite detector resolution. The algorithms are developed using the Monte-

Carlo data, which enables the performance to be continually assessed.

Reconstruction begins with track reconstruction, which is performed in two stages.
The first stage is called pattern recognition and seeks to assign clusters of hits in the
tracking stations to a common track, while the second stage, called track fitting, aims
to accurately determine the track parameters and associated errors. The reconstructed
tracks are categorised depending on their trajectory and origin in the detector. They

are shown schematically in Figure 2.22 and described hereafter :

e Long tracks traverse the full tracking system. They have the most accurate

momentum measurement and are thus the most useful for physics studies.

e Upstream tracks are low momentum tracks that originate in the VELO and
traverse the T'T, but are swept out of the detector acceptance by the magnet and

are consequently reconstructed with poor momentum resolution.

e Downstream tracks originate outside of the VELO and traverse only the TT and
T stations. They are principally used for the reconstruction of long-lived particles
such as the Kg and A.

e VELO tracks only traverse the VELO. They are used for the primary vertex

reconstruction.

e T tracks typically arise from secondary interactions and traverse only the T sta-
tions. They are used by the RICH2 ring fitting algorithm.

Figure 2.23 shows the tracking performance for long tracks in terms of the track
reconstruction efficiency and the corresponding rate of finding so-called ghost tracks
that are not associated with a simulated particle. For tracks with momentum greater
than 10 GeV/c the track finding efficiency is 94%. The average ghost rate for tracks
from a b-hadron decay, for which typically pr > 0.5 GeV /¢, is approximately 3%. The
performance deteriorates for low momentum particles on account of the multiple scat-

tering angle being inversely-proportional to the particle momentum. The momentum
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Figure 2.22: Schematic illustation (not to scale) of the five track reconstruction
categories.
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and impact parameter resolutions, which are measures of track fitting performance,
are shown in Figure 2.24. The momentum resolution of tracks from b-hadron decays
is typically o,/p = 0.35 — 0.40%. The impact parameter resolution exhibits a linear
dependence on the inverse of the transverse momentum and can be parameterised as

14pm £+ 35um /pr where pr is in GeV /c.

The long, upstream and VELO track types, which are all measured in the VELO,
are used to reconstruct the primary vertex. The vertex is reconstructed with a 98%
efficiency, with a resolution of 41.7um along the beam axis and 7.9um in the plane
transverse to the beam [19]. The reconstructed tracks are also used to reconstruct the

secondary vertices corresponding to the b-hadron decays.

The final phase of the reconstruction process is to determine the particle PID like-
lihoods for each track by matching the tracks to RICH rings, calorimeter clusters and

muon candidates. The particle identification performance is presented in Chapter 3.

The output of the reconstruction phase is in the form of a Data Storage Tape (DST)
file containing the reconstructed tracks, vertices and PID objects. The DST files of
signal and inclusive bb events are input into the offline algorithms. The C-++ GAUDI
algorithms for the reconstruction phase are grouped into the BRUNEL application [31],

which can process either real data or the digitised output of the detector simulation.

The aim of the offline selection is to maintain high selection efficiency for the signal

channel of interest whilst rejecting the huge combinatorial and channel specific back-
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grounds. The process begins by assigning particle identities to the tracks and then a
series of kinematic, geometric, topological and invariant mass selection criteria are ap-
plied until the complete signal decay chain is selected. Crucial to the development of
the selection criteria is the so-called Monte-Carlo truth information, which enables the
selection efficiency and purity to be evaluated. The Monte-Carlo truth information is
obtained from “associator” algorithms, which associate a particle to the Monte-Carlo
particle by following a series of links that are stored at each step of the simulation
and reconstruction process [32]. The C++ GAUDI algorithmns for physics analysis are
grouped into a application called DAVINCI [83].

The offline selection process is described in detail in Chapter 6 for the case of the

A, — p /K selection.



Chapter 3

The RICH System

The Ring Imaging Cherenkov (RICH) detector system provides particle identification
information that is crucial for the B-physics studies at LHCb. This chapter motivates
the design of the RICH system and details the two photon detector technologies that
were evaluated for use in the RICH detectors. The chapter concludes with an overview

of the RICH particle identification algorithms and simulated performance.

3.1 Requirement for Hadron Identification

Hadron identification is a crucial requirement for the precise measurement of CP asym-
metries at LHCb. Many of the decay modes of interest are subject to topologically
similar backgrounds; the RICH system provides an ability to distinguish between pions,
kaons and protons, which significantly improves the efficiency and purity with which the

decays of physics interest can be selected.

For example, the analysis of the signal decay modes B} — 7 m and BY — K+ K~ which
can be used to extract the CKM angle v must be identified from the numerous topolog-
ically identical two-body charmless b-hadron decays : By — K7, B = K"7n~, A, - pK
and A, — pm. The benefit of the RICH system for this purpose is illustrated in Figure
3.1. In Figure 3.1(a) no RICH information is used and all the tracks are assumed to
be pions; in this case the signal decay modes are overwhelmed by the other two-body
final-states. However, in Figure 3.1(b) only tracks that are identified as pions by the
RICH system are used and in Figure 3.1(c) only tracks identified as kaons. In both cases

the background channels are suppressed considerably.

75



The RICH System 76

Invariant mass

1200

Counts

1000

800

600

400

200

Lok, ey
4 5150 5200 5250 5300 5350 5400 5450 5500
MeVic?

(a) no RICH PID information

Invariant mass Invariant mass
0 11

2 a2

5 g3[)[)

Q [=]

§a00 5}

250

200

150

100

50

. S 1 "
5.25 5.3 5.35 5.4 5.45 5.5 5.55 5.6
GeVic? GeVlc?

RTTTT[TTIT[TI T[T T[TTIT[TIT T[T

S[TTTT[IIT T [TAT T[T T T[T T[T TI[TTT

o
La
=
&
)
o

(b) both tracks identified as pions (c) both tracks identified as kaons
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formation. For (a) the invariant mass is calculated assuimg the 7 7~ hypothesis

[34].

Furthermore, the identification of kaons using the RICH system is a crucial part of
strategies to determine the b-quark flavour of neutral B-mesons at the point of creation,
a process referred to as flavour tagging. The subject of flavour tagging is discussed
further in Chapter 5, including a study of the potential to use the protons identified
with the RICH system for flavour tagging.
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Figure 3.2: Arrangement of dipoles induced by a charged particle that traverses
a dielectric of refractive index n at a velocity a) v < ¢/n and b) v > ¢/n.

3.2 Cherenkov Radiation

The electric field of a charged particle traversing a dielectric medium of refractive index
n will cause the electrons of the atoms of the medium to be displaced and the atoms
to become polarised. Photons are emitted as the electrons of the dielectric return to
equilibrium. If the velocity of the particle v is less than the speed of light in the dielectric,
¢/n, the arrangement of the induced dipoles is symmetric and the emitted photons
destructively interfere and no radiation is detected. However, if the particle velocity is
superluminal, i.e. v > ¢/n, the induced dipoles are not symmetric and consequently the
photons constructively interfere and photons are emitted, which is known as Cherenkov
radiation [35]. The induced dipole arrangements for the subluminal and superluminal

cases are illustrated in Figure 3.2.

The Huygens construction of the emitted Cherenkov radiation is illustrated in Figure
3.3, from which it follows that the angle, 6., at which light is emitted relative to the

particle’s trajectory is

m

cos(8) = — = L1+ (—)2, (3.1)

ng n p

where (3 is the particle’s velocity, expressed as fraction of ¢, m is the particle mass and p

the particle momentum. The angle 6. is often referred to as the Cherenkov angle. From
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Figure 3.3: Huygens construction for Cherenkov radiation of a superluminal
charged particle, which results in a coherent front at an angle 6. relative to the
particle’s trajectory.

equation 3.1 it follows that a the mass of a particle, and thus it’s identity, can be derived

from a measurement of the Cherenkov angle and the particle’s momentum.

The intensity and spectrum of photons produced by the Cherenkov effect is governed
by the Frank-Tamm relation [36],

dN o

— = (—) Z%Lsin’*6, 2
dE (m) S e (3:2)
where dN is the number of photons generated with energy between between E and
E + dFE, « is the fine structure constant, Z the particle charge and L the distance
traversed through the radiator. For a particle with Z=1 and velocity g =~ 1, it follows

that

dN
i (370 Cmfle\/fl)L sin? 6, (3.3)

For a particle with energy above 1 GeV only a negligible fraction of its energy is radiated
as photons [85]. The Cherenkov mechanism is therefore a non-destructive process and as
such an ideal tool for particle measurement. The weak light yield does, however, impose

stringent requirements on the photon detector sensitivity.
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3.3 RICH Detectors

Ring Imaging Cherenkov (RICH) detectors are designed to measure the Cherenkov angle
of a charged particle. In a RICH detector the Cherenkov light is produced in a medium,
called a radiator, and the emitted light cone is focused by a mirror onto a plane of position
sensitive photon detectors. This results in a circle with a radius that is independent of
the emission point along the particle track. The Cherenkov angle can then be calculated

from the radius of the circle and knowledge of the detector optics.

3.3.1 Momentum coverage

The momentum range over which a RICH detector can operate follows from equation 3.1

where the minimum momentum required for the emission of Cherenkov light is

DPmin = T (3.4)
The implication being that for a given radiator there exists a band of momentum over
which pions will emit Cherenkov light, but no light will be emitted from the heavier
kaons. Thus, the emission or not of light in a certain momentum band can be used
to distinguish between particles; this is the principle behind a threshold Cherenkov
detector. This effect is evident in Figure 3.4 which shows the Cherenkov angle of pions
and kaons as a function of momentum for 3 different radiators. For example, Cherenkov
light is emitted in the aerogel for pions with p > 1 GeV/c, but only for kaons with
p > 2 GeV/c. Reasonable, although not continuous, separation between pions and kaons
can be achieved in this manner for particles with momentum between approximately
1 — 10 GeV/c. However, separation of pions and kaons with momentum greater than

approximately 10 GeV /c necessitates reconstruction of the Cherenkov angle.

It is evident from Figure 3.4 that the difference between the Cherenkov angles of the
pion and koan decreases for larger momentum. Assuming that the emitted Cherenkov
angle is small, a valid assumption for LHCD, it can be shown from equation 3.1 that the
maximum momentum p,,.,. for which two particles of mass m; and my can be separated

is [37],

QO'QC n?—1 Ng

Pmax = \/1 ! A(mQ) (35)
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Figure 3.4: Angle of emitted Cherenkov light as a function of momentum for
aerogel, C4Fy and CF4 radiators, calculated from equation 3.1. The refractive
indices of the three radiators are given in Table 3.1

where o0y, is the uncertainty on the reconstructed Cherenkov angle, the mass difference
A(m?) = m3 —m? and n, the number of oy, between the two Cherenkov angles. There-
fore, the maximum momentum for which pions and kaons can be separated is a function

of the Cherenkov angle resolution and the radiator refractive index.

3.3.2 Cherenkov angle resolution

The resolution of a reconstructed Cherenkov angle, 6. in equation 3.5, is determined by

the following contributions

e Emission point error: If the spherical mirrors are inclined relative to the track
axis, as is required in the LHCb design, the point at which a Cherenkov photon
hits the detector plane will depend on the point along the particle track from
which emission occurred. Since it is not possible to determine this position, the
point of emission is assumed to be at the mid-point of the track’s path through the

radiator, which results in an uncertainty in the reconstructed Cherenkov angle.

e Pixel size: The photon detectors have a finite granularity, which limits the posi-
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tion resolution on the detector plane and therefore the Cherenkov angle resolution.

e Chromatic dispersion: The radiator refractive index depends on the energy of
the emitted photon. Since the photon energy is not measured, this leads to an
uncertainty in the value of the refractive index used to calculate the Cherenkov

angle.

e Track error: Calculation of 6, requires that the track position is known. Tracks
are reconstructed with a finite resolution and this results in another source of

uncertainty in the reconstructed Cherenkov angle.

The Cherenkov angle resolution also depends on the number of detected photoelec-
trons. Although the tracking uncertainty is independent of the number of detected
photoelectrons, the contributions to the Cherenkov uncertainty from the other three
sources listed above scale as 1/ \/NTW, where N, is the number of detected photoelec-
trons. The number of detected photoelectrons depends on the length of the radiator, L,

and is also a function of the following parameters:

e Transmission efficiency T(E): is the probability that a Cherenkov photon will
reach the photon detector plane. It incorporates the transmission probability

through the radiator medium and the mirror reflectivities.

e Geometric efficiency € 4: is the probability that a photon incident on the photon

detector plane hits an active area of a photon detector.

e Quantum efficiency Q(E): is the probability that a photoelectron is produced

from a photon incident on the photocathode.

e Photoelectron detection efficiency €p: is the efficiency with which a photo-

electron is detected.

Using equation 3.3 and the above definitions, the number of detected photons, N, is

given by
Ny = Ley / no(E)sin*0.(E)dE (3.6)
where,

no(E) = (370 cm'eV ™) T(E)Q(FE)ep
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and L is the length of the radiator. Optimising the Cherenkov angle resolution requires a
careful balance between all these factors. For example, the emission point uncertainty is
proportional to the radiator length, but reducing the radiator length leads to a reduction
in the photon yield. Another example is the choice of photocathode; increasing the
range of wavelength sensitivity leads to a larger photoelectron yield, but exacerbates the

problem of chromatic dispersion.

3.3.3 The LHCb RICH detectors

From simulations of the momentum distribution of decay channels of interest, it can
be demonstrated that LHCD requires a pion-kaon separation over the momentum range
1 — 100 GeV/c. As shown by equations 3.4 and 3.5, the lower and upper momentum
bounds for the separation of two particles is a function of the radiator refractive index and
the Cherenkov angle resolution. In order to cover the required momentum range, LHCb
uses three radiators of different refractive index distributed between two independent
detectors [84]. The first detector, called RICHI, is located immediately downstream of
the VELO and uses silica aerogel and C4F( radiators to detect particles with momentum
between ~2 and 70 GeV/c. The second larger detector, RICH2, is located between
the trigger tracker stations and the calorimeters, and uses a CF,4 radiator to identify
the higher, ~20 — 100 GeV/c, momenta particles. The location of the two detectors
is designed to match the polar distribution of the particles; low momenta particles are
swept out of the detector acceptance and thus RICH1 is located upstream of the magnet,
while higher momenta particles have polar angles closer to the beam axis. The resulting
polar angle and momentum coverage for the two detectors compared to the simulated

decay of By — 7 7~ events is shown in Figure 3.5.

In order to increase the momentum coverage towards higher momenta, equation 3.5
shows that a lower refractive index and smaller Cherenkov angle resolution is required.
This is achieved in RICH2 by the use of a lower refractive index radiator and by making
the detector considerably larger than RICH1. The larger size improves the Cherenkov
angle resolution compared to RICH1; the longer radiator yields more photons and the
focal lengths of the optics are increased, which generates a larger image on the photon
detector plane and reduces the effects of pixelisation error. Simulations of the various

contributions to the Cherenkov angle resolution are listed in Table 3.1.

The optical layout of both detectors is illustrated in Figure 3.6. The Cherenkov
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Figure 3.5: Momentum versus polar angle distribution in simulated By — 7 7~
events. The polar acceptance and momentum coverage of the two detectors is
indicated by the two boxes [15].

Radiator Aerogel C4Fyqg CFy
n 1.03 1.0014 1.0005
L (cm) 5 85 167
072 (mrad) 242 53 32
Penresh (7) (GeV /c) 0.6 2.6 44
Penresh (K) (GeV/c) 2.0 9.3 15.6
ogmission (mrad) 029 069 031
op™! (mrad) 0.62 062  0.18
gghromatic (mrad) 1.61 081  0.42
og (mrad) 052 040  0.20
ogt™ (mrad) 1.9 1.3 0.7
Nye 6.8 303 232

Table 3.1: Physical characteristics of the three radiator materials and the sim-
ulated emission, pixel, chromatic and track contributions to the total Cherenkov
angle resolution per photoelectron and the number of photoelectrons detected
in the ring [49].
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Figure 3.6: Cross-section of the RICH1 (left) and RICH2 (right) detectors,
showing the relative positions of the spherical mirrors, flat mirrors and the pho-
todetectors [34].

Figure 3.7: The LHCb RICH2 detector during installation at IP8 [50]. The
green box on the left of the photograph is the magnetic shield which contains
the photodetectors.
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light cone is focused by spherical mirrors and the use of flat mirrors allows the photon
detectors to be located outside of the detector acceptance. The RICH1 spherical mirrors
are constructed from a composite carbon material which is chosen for its low contribution
to the material budget. The flat mirrors are located outside the detector acceptance
which allows them to be constructed from a glass substrate with an aluminum coating.
Since RICH2 is located after the tracking stations the material budget of the mirrors is
less critical, facilitating the use of glass based mirrors. The mirror alignment must be
better than 0.1 mrad, which will be achieved with a laser-based alignment system [38].

A photograph of the RICH2 detector during installation is shown in Figure 3.7.

3.4 Photon Detectors and Readout

In light of the discussion concerning the expected light yield from Cherenkov radiation
and the contributions to the reconstructed Cherenkov angle resolution, the response
of the LHCb RICH photon detectors and readout electronics must fulfil the following

requirements:

e Single photon sensitivity: Since Cherenkov radiation is such a weak light
source, as shown by equation 3.3, it is important that the detector is sensitive

to individual hits.

e A high quantum efficiency: As is shown by equation 3.6, the number of de-
tected photo-electrons is proportional to the quantum efficiency. Furthermore, the

photo-cathode must be sensitive to a sufficiently broad range of photon energies.

e A high signal to noise ratio: Background hits degrade the performance of the

off-line ring-finding algorithms.
e 40 MHz readout rate: The photon detectors must be capable of efficiently

sampling the photon-induced signals at a repetition rate of 40MHz.

In terms of the environment in which the photon detector must operate, important

factors to consider are:

e Radiation tolerance: The photon detectors and on-detector electronics must be

tolerant to radiation doses up to 3 kRad/yr.
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e Magnetic field tolerance: Must be insensitive to magnetic fringe fields of order
20-30 Gauss.

Two photon detector technologies have been considered for the LHCb RICH detectors;
the Hamamatsu Multi-anode Photo Multiplier Tube (MaPMT) and the Pixel Hybrid
Photon Detector (HPD) developed at CERN in collaboration with industry [389,90].

3.4.1 The Hamamatsu Multi-anode Photomultiplier Tube

The Hamamatsu M64 family of multi-anode photomultiplier tubes (MaPMTs) consist
of an 8x8 array of square anodes, each with its own dynode chain and encapsulated in
a single vacuum tube. Each of the 64 channels operates in much the same manner as a
conventional photomultiplier tube. Photons enter via a 0.8mm thick UV glass window
and excite photoelectrons from a bialkali photocathode deposited on the inner surface of
the window. The photoelectron is accelerated and focused electrostatically onto the first
dynode of one of the 64 independent dynode chains. After the first dynode are a series of
dynodes with progressively increasing voltage. Each dynode is coated with a secondary
emitter material, BeO or Mg-O-Cs, which yields 2-5 electrons for every incident electron

with energy over 100 eV. In this manner an electron cascade is initiated, leading to an
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amplification of O(10°) for a 800 V potential, with a 5 ns pulse length. Each of the 64
anodes has an active area of 2 x 2 mm?, with a 0.3 mm dead zone between the pixels.
Since there is a dead area surrouding the photocathodes, a set of quartz lenses are used

to focus the incident photons onto the active area of the MaPMTs.

The performance of a 3 x 3 array of 12-dynode MaPMTs has been tested in a CERN
charged particle beam with a prototype RICH detector and found to meet the RICH
photon detector requirements for Cherenkov angle resolution and magnetic field toler-
ance [37]. However, the electronic readout of the MaPMT used an ASIC (Application-
Specific Integrated Circuit) that is not designed to meet the LHCD trigger and readout
requirements. The particular Analogue Pipeline Voltage (APVm) ASIC used is unable
to readout the analogue MaPMT signals at the 1IMHz Level-0 trigger rate and it is not

possible to trigger on consecutive bunch crossings [92].

The MaPMT front-end readout must have a peaking time and sampling frequency
compatible with the 40 MHz bunch crossing frequency and the readout speed must
match the 1 MHz Level-0 accept rate. The pipeline buffer must store events for the 4 us
Level-0 trigger latency. The VELO and IT sub-detectors have the same requirements
and a custom 128 channel pipelined ASIC has been developed for their use [93,53]. The
so-called Beetle chip was also adopted for use in the MaPMT readout. However, the
dynamic range of the standard Beetle is incompatible with output of the 12-dynode
MaPMT. Hence, a modified version of the chip was developed with a front-end amplifier
customised for the 12-dynode amplifier; the modified chip is called the BeetleMA. The
performance of a 12-dynode MaPMT readout with a BeetleMA ASIC in a CERN charged
particle beam is the subject of Chapter 4.

In 2002 Hamamatsu produced a 8-dynode version of the M64 MaPMT family. The
8-dynode version provides a gain of 50,000 electrons for a 800 V potential, which is com-
patible with the dynamic range of the standard Beetle input amplifier. The performance
of the 8-dynode MaPMT with the standard Beetle 1.2 chip is discussed in section 4.5.

3.4.2 The Pixel Hybrid Photon Detector (HPD)

The pixel HPD was developed at CERN in collaboration with DEP ' [90]. A photograph
of the HPD and schematic of the operating principals are shown in Figures 3.10 and

3.11 respectively. A photon enters through a spherically-curved quartz window and may

IDelft Electronic Products, Netherlands
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Figure 3.10: A prototype
HPD detector. The pin grid ar-
ray (PGA) for the readout of
the Si sensor is shown reflected
in the mirror [34].
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Figure 3.11: Schematic illus-
trating the HPD operating prin-
cipals [341].

eject a photoelectron at a multi-alkali photocathode deposited on the inner surface of the
window. Photoelectrons are accelerated towards the anode by a 20kV potential. Two
further electrodes focus the electrons electrostatically onto the pixelated anode assembly,
with a demagnification factor of approximately 5.4 from cathode to anode. The anode
assembly consists of a 300 pm thick array of 32 x 256 reverse biased p-n junctions, bump
bonded to a custom binary readout chip[94]. The anode assembly is encapsulated within
the vacuum assembly. The readout chip converts the charge deposited in the silicon into

a binary signal which is readout at the 40MHz LHC bunch crossing rate.

A discussion of the final choice of technology for the LHCb RICH photodetectors is
presented in Chapted 4.

3.5 Pattern Recognition and Simulated Particle Iden-

tification Performance

In the RICH system, the particle identity of reconstructed tracks is determined from both
“global” and “local” pattern recognition algorithms. In the “global” approach, for each
track the number and position of expected Cherenkov photons on the photo-detector
plane is calculated for a particular particle hypothesis; the final particle assignments
correspond to the combination of all track particle hypothesis that maximises a log-
likelihood function based on the observed photon detector yields. Whilst in the “local”
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approach the following log-likelihood is maximised for each track independently,

6,0

1n£(9H):Zm <1+ L ) (3.7)

e
V21oy

where 6; is the reconstructed emission angle of hit 7, 6 the expected emission angle
assuming a particle hypothesis H € e, u, m, K, p and oy is the Cherenkov angle resolution.
The local approach is computationally faster than the global algorithm but the local
algorithm is subject to the background from other tracks, which are correctly accounted
for in the global approach. A typical strategy is to use the fast local algorithm to seed
the global algorithm. An example fit to simulated Cherenkov hits in the RICH1 and
RICH2 detectors with the pattern recognition algorithms is shown in Figure 3.12.

The particle type of reconstructed tracks is identified using information from the
RICH, calorimeter and muon systems. A global likelihood hypothesis for each particle
type is formed by combining the particle likelihood hypothesis of each sub-detector as

follows:

L(h) = ERICH(h)ECALO(non e) LMYON (non )
E(N) — ERICH (ﬂ)ﬁCALO(HOH €)£MUON (M)
E(e) — ,CRICH(G)ECALO(G)CMUON(HOH N)

where h represents a hadron, g a muon and e an electron. The absolute likelihood
value is not useful as the scale will be different for each event. The true particle type
is identified by making cuts on the differences between particle likelihoods. For this
purpose a delta-log likelihood (DLL) function is defined as,
A
DLL = AlnLyp = InL(A) —InL(B) =1In £(4) (3.8)
L(B)
where A and B are two different particle hypothesis. The performance of the RICH
PID can be measured by the difference in likelihood between particle hypothesis as a

function of momentum. Figure 3.13 shows the significance of m-K separation Ao,

Ao = 1/2|AInL, x| (3.9)

between the pion and kaon hypothesis for true pions. There is a clear separation of at
least 30 over the required momentum range [34]. The particle identification performance

in the context of selecting protons for flavour tagging is described in Chapter 5 and for
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Figure 3.12: Photon detector hits and reconstructed Cherenkov rings (black
lines) from the simulation of B} — 7" 7~ events. The Cherenkov hits associated
to a track by the pattern recognition algorithms are indicated by red dots. The
blue dots are caused by backgrounds such as secondary particles, electronic and
detector noise, or are associated with tracks not reconstructed by the tracking
algorithms. The smaller radii rings in RICH1 are due to the C4F;y radiator,
whilst the larger rings originate from the aerogel [19].

the purpose of reconstructing charmless two-body decays of the A, baryon in Chapter 6.
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pions, from the simulation of B} — 7+ 7~ events [19].



Chapter 4

Characterisation of the BeetleMA
Pulse Shape in a Charged Particle

Beam

This chapter presents the measurement of the readout pulse shape from a BeetleMA
ASIC coupled to a 12-dynode Multi-anode photomultiplier (MaPMT), mounted in a
prototype RICH vessel in a CERN charged particle beam. Knowledge of the pulse
shape is important since the spill-over of signal from a previous bunch-crossing will lead
to ghost pixel hits and the possible drift of the pedestal outside the dynamic range of
the amplifier. In order to extract the pulse shape, an analytic function is developed
that describes the number of expected electrons at the end of a dynode chain which
includes photoelectric conversion on the first dynode and is adapted to extract the time-
dependency of the BeetleMA output. The chapter concludes with a discussion of the

final photon detector choice.

The performance of 12-dynode MaPMTs has been previously measured in a CERN
charged particle beam and the device was found to be a viable photon-detector for the
LHCb RICH detectors [92]. However, readout of the MaPMT in a manner compatible
with the LHCb trigger and electronic requirements has yet to be established. This
section presents a study of a 3 x 2 array of 12-dynode MaPMTs with a BeetleMA readout
(v1.2/MAO). Specifically, the time evolution of the BeetleMA output, referred to as the
pulse shape, is extracted from fits to ADC spectra of known time range. Measurement
of the pulse shape is important since if the signal return to zero time is too long it will

not be possible to trigger on consecutive events.

92
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Figure 4.1: Schematic of the 12-dynode MaPMT testbeam setup. Cherenkov
light generated by the incoming beam is focused by the spherical mirror through
a quartz window onto the plane of MaPMTs. The two scintillators are used for
the data acquisition trigger.

4.1 Testbeam setup

Measurement of the 12-dynode MaPMT / BeetleMA pulse shape was conducted in par-
allel with performance tests of a 8-dynode MaPMT with unmodified Beetle 1.2 readout.
The experimental setup and data-acquisition was common to both; the results of 8-
dynode tests are discussed in section 4.5. The tests were conducted with a prototype
RICH vessel at the T9 PS beam facility at CERN. The asynchronous beam was made up
of 10 GeV pions with ~ 5% electron contamination, the latter being vetoed by a thresh-
old Cherenkov counter. The experimental setup is shown in Figure 4.1. The prototype
RICH detector consists of a 1m long tube of 90 cm diameter and is filled with either
argon or CFy radiator gas. The Cherenkov light generated by the pions as they traverse
the length of the tube is focused by a spherical mirror through a quartz window into a
light tight box containing the array of MaPMTs and readout electronics. The mirror
was mounted on micrometer screws, which allowed for the fine adjustments needed to

align the Cherenkov ring on the plane of photon detectors.

A close packed 3 x 2 array of 12-dynode MaPMTs were mounted on a bleeder board®,
which supplied the high voltage to the MaPMTs, the mechanical support and the in-

terface to the readout electronics. The BeetleMA readout chips were mounted on a

!developed by the Cambridge HEP group.
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Figure 4.2: The 3 x 2 array of 12-dynode MaPMTs complete with lenses and
four beetle board readouts.

so-called Beetle board, which connected to a pair of MaPMTs via the rear of the bleeder
board, and provided the interface to the data acquisition system. Figure 4.2 shows a
photo of the MaPMT, bleeder board, lens and beetle board assembly, prior to mounting
inside the light tight box.

4.1.1 Trigger timing and data acquisition

The data acquisition (DAQ) system is shown schematically in Figure 4.3. The BeetleMA
ASICs continuously sample the MaPMT outputs every 25 ns, storing the samples in a
4 us (160 x 25 ns) analogue pipeline. Event readout is triggered by the coincidence
between two scintillators mounted along the beam axis. This causes the SEQSI? pro-
grammable control module to generate a low voltage differential signal (LVDS), which
is transmitted to the BeetleMA chip via the Beetle board.

To ensure that the peak of the MaPMT signal is sampled, the trigger timing is
optimised by scanning the signal output from light generated by LEDs positioned at
the beam entrance as a function of a trigger delay introduced between the scintillator
coincidence and the SEQSI. In addition, the Beetle chip contains a latency setting which
enables adjustments in units of 25 ns. The latency value corresponds to the number of
25 ns clock periods between the signal entering the analogue pipeline and the trigger

decision.

2Rutherford Appleton Laboratory, Oxford.
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Figure 4.3: Schematic of the MaPMT electronic readout and data acquisition
system.
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Since the pion beam is asynchronous, the point sampled on the MaPMT output will
vary in time by up to 25 ns between events. However, the time of the trigger relative
to the 40 MHz sampling clock is digitised with a time-to-digital convertor (TDC), such
that the relative time of any one sample point compared to another is known. This

feature is exploited in section 4.3 to measure the MaPMT / BeetleMA pulse shape.

Differential analogue signals are transmitted from the Beetle boards to Flash ADCs
(FADCs), which are embedded in the so-called Front-End Digitizer (FED)? card. The
FED is a PCI Mezzanine Card (PMC) which is mounted inside a VME based mother-
board and processor unit, called the RIO ¢ in Figure 4.3. The analogue inputs to the
FED are continuously digitised by the 9-bit FADCs at a 40MHz sampling rate. The FED
and BeetleMA sampling clocks were both operated from a 40MHz clock generated by
the SEQSI; this was done to preserve the phase relationship between the sample points
and trigger signals. On receipt of a trigger from the SEQSI, the delay of which also re-
quired optimisation, the sampled FADC data was stored in memory. After readout from
the BeetleMA is complete, the SEQSI notifies the CORBO® module which generates a
VME interupt signal. In response to this interupt the data from the FED memory is

transmitted for offline storage via the crate controller.

4.1.2 Method to extract the BeetleM A pulse shape

The time evolution of the analogue signal generated by the MaPMT / BeetleMA can
be extracted from knowledge of the TDC value, Beetle latency setting and the ADC

spectra.

Since the beam is asynchronous the time between the 40 MHz sampling clock and
the trigger signal results in a flat 25 ns wide TDC distribution; this means that a single
event samples a point on the pulse shape with a random 25 ns distribution. By taking
multiple samples the pulse shape is fully sampled over a 25 ns width. Furthermore, the
Beetle latency setting allows for 25 ns unit increments between the trigger and sample
time. Thus, by combining the TDC and Beetle latency settings, the pulse shape can
be measured with 1 ns resolution. To extract the pulse amplitude corresponding to a
particular time interval, a fit is made to the ADC spectrum of events which fall within

that time interval. The development of a function suitable for this purpose is the subject

3Rutherford Appleton Laboratory, Oxford.
4RIO, CES Model No.8061.
SCORBO, CES RCBS8047.
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of the next section.

4.2 Describing PMT spectra

In order to extract the MaPMT / BeetleMA pulse height, a fit must be made to the
ADC spectrum. A function that describes the ADC spectra of MaPMTs was developed
for the 1998 testbeam from an exact analytic expression for the probability of measuring
k, electrons at the end of a photomultiplier dynode chain [95]. The derivation is based
on the assumption that the number of photoelectrons per event, as well as the number
of secondary electrons caused by a single primary electron incident on a dynode, can be

described by Poisson distributions. The exact expression is a function of

e the mean number of photoelectrons, A, incident on the first dynode, and

e the gain of the n MaPMT dynodes, ¢ - - - g,.

The probability to find k,, electrons at the end of a chain of n dynodes is determined from
a numerical algorithm that requires k2 operations, which is prohibitive for a MaPMT
with a typical O(10°) gain. Therefore, for an MaPMT with n dynodes, only the exact
distribution up to m dynodes is calculated and then scaled by the gain of the remaining

dynodes

Jleft = Im+19m+2 * * * Gn- (41)

The approximated probability for k, electrons at the end of a chain of n — 1 dynodes, is
given by

1 _ (i91efe—kn)*

Pulhn) =3 e (AR () (4.2)

where

1

1 1 1 2
00 = (gm+19m2 + -+ gn) + e —
Im+1  Im+19m+2 Gma1 " Gn

and P(j) is the exact probability of j electrons after m dynodes. In turns out that it
is sufficient to only calculate the sum for values of j.gig that are a few ogae = /J00o

around £k, [95].
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4.2.1 Modelling the photoelectric conversion at the first dyn-

ode

The semi-transparency of the photocathode allows for photoelectric conversion on the
first dynode [96]. However, this effect is not included in the expression for PMT spectra
described by equation 4.2. The following details the modification of equation 4.2 to

include this effect.

The number of photoelectrons produced by photoelectric conversion on the first dyn-
ode is assumed to follow a Poisson distribution with a mean ;. Thereafter, it is assumed
that the behaviour is modelled by equation 4.2. Therefore, the probability of &, pho-
toelectrons at the end of the dynode chain due to photoelectric conversion on the first
dynode, PPC(k,), is given by

1 _ (h91efe—*n)?

h=oc0
PPCk) = Y e ()’ pPC(p), (4.3)
h=0

_ \/ﬂ\/ﬁao

where PPY(h) is the exact probability of h photoelectrons after m — 1 dynodes due to
photoelectric conversion on the first dynode. The total probability of k, electrons at
the end of the dynode chain P?, (k,), including both photoelectric conversion at the
photocathode and the first dynode, is therefore a convolution of P. (k,) and PR%(k,),

Pl (kn) = Pfc(kn) * Pfc(kn)a (4.4)

where P. (k,) is labelled PZ¢(k,) to emphasise that this probability derives from pho-
toelectric conversion on the photocathode. The resulting analytic expression is given in
Appendix A.1.

4.2.2 Fitting the ADC spectra

In practice, the number of electrons at the end of the last MaPMT dynode is not
measured. Rather, the electrical signal from the MaPMT is input into the Beetle 1.2 /
MAUO front-end chip, from which the signal is transmitted to off-detector electronics for
digitisation into integer ADC units. It is from the sprectra of ADC counts grouped by
TDC value and the Beetle latency setting that the Beetle 1.2 / MAO pulse height must
be extracted. Therefore, the function in 4.4 must be extended to relate electrons at the

end of the dynode chain, k,,, to the measured ADC value, k4.
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First, electronic noise is accounted for by convolving the probability function with a
Gaussian of width . The probability of measuring k,, electrons, including the effects of

electronic noise, is given by

1 ko e
e 202

ot Pt (k). (4.5)

Evaluation of this convolution is given in Appendix A.2. It is useful to split F'(k,,) into

F(kn) =

the signal and pedestal contributions, F'¥(k,) and FF(k,) respectively,
F(ky) = F*(kn) + FP(k,). (4.6)

To translate the pedestal to ADC units, the electrons at the end of the dynode chain, &,
are scaled by a time constant factor, ¢, and translated by a pedestal offset py. The signal
is converted to ADC units by scaling the electrons, k,,, by a time dependent conversion
factor, c.s¢, and translating by the same pedestal offset py. The time dependent conver-
sion factor, c.sr, accounts for the time evolution of the signal from the Beetle 1.2/MAQ.
Therefore, the Beetle 1.2/MAO pulse shape can be extracted from fits of c.;r to ADC
sprectra of known time interval (i.e. known Time-Digital-Convertor (TDC) values and

Beetle latency settings).

If the ADC counts are considered a continuous variable, the probability of measuring

ka4 counts is given by

Fcont(kadca t) - FS((kadc - pO)/Ceff(t)) + FP((kadc - pO)/C) (47)
Since the readout electronics measure only integer ADC units, the function for fitting
the measured ADC spectra is
Kadet0.5 , /
F(Kage, t) :/ Feont (K oy, t)dk .- (4.8)
k

ade—0-5

The free parameters of this function are listed in Table 4.1. Only the gain of the first

dynode is a free parameter; the gains of the others dynodes are calculated from
gox Ve (4.9)

where V is the potential difference over which the electrons are accelerated and, for the
MaPMTs tested, o = 0.75[87]. The proportionality constant is calculated from the 1st
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Parameter Description

A1 photoelectrons incident on 1st dynode

g1 gain of 1st dynode

Do pedestal mean

00 pedestal width

c time constant electron to ADC conversion factor

Ceff time dependent electron to ADC conversion factor

Y photoelectrons from photoelectric conversion on the 1st dynode

Table 4.1: The 7 free parameters in the function to describe photomultiplier
ADC spectra.

Figure 4.4:

o 15
] E
S’ =
[ [ photoelectric conversion on
10" photocathode and first dynode
E photoelectric conversion on
C photocathode only
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10'5:11{111
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Modelling ADC spectra with photoelectric conversion on the first

dynode (blue line) and not including this effect (red line). The parameters used
in the simulated spectra are : A; = 0.06 p.e’s / event, g1 = 5.5, py = 64,
o0 =04,¢c=1x10"% coyy = 1. and 3 = 0.01 p.e’s / event. A description of
the parameters is given in Table 4.1.

dynode gain.

The effect on the ADC spectrum from including photelectric conversion on the first

dynode is shown in Figure 4.4. It is shown in the next section that the function developed

in this section models well the measured ADC spectra.
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4.3 MaPMT / Beetle 1.2 MAO pulse shape

The following steps are taken to reconstruct the pulse shape from the testbeam data.

1. The data are prepared by identifying and removing the effects of cross-talk between

channels.

2. A fit is performed to the ADC spectrum formed from samples corresponding to
the 5 ns time interval around the peak signal to background separation using
equation 4.8 with 7 free parameters. Physically, all parameters except c.ss are

independent of time.

3. All parameters are fixed except c.ss; the value of which is extracted from fits to
ADC spectra which have been formed from samples corresponding to the same 5 ns
time interval. Each value of ¢.s; corresponds to a point on the MaPMT /BeetleMA

pulse shape at a point in time given by the midpoint of the time-interval.

In step 1, significant asymmetric cross-talk is observed between channels. Figure
4.5 shows the correlation between the ADC value of a typical pixel (number 286) and
the neighbouring pixels. For the purposes of measuring the BeetleMA pulse shape the
effects are removed by excluding those events where there is a significant ADC count in
the cross-talk partner of the pixel being studied; a significant ADC count being defined

as a value greater than py + 50y.

The ADC spectrum fits are performed with the MINUIT tool for function minimisation
[97]. Since the free parameters ¢ and c. sy are correlated, it is found that the fit converges

faster if c.sy is defined as,

Ceff(t) = CLeff<t) X C (410)

with the time dependent effective amplitude, a.s¢, becoming the free parameter in place
of cepr. The result of the 7 parameter fit to the ADC spectrum formed from samples
taken in a 5 ns time interval at the time of peak signal to background separation is shown
in Figure 4.6(a). The corresponding parameter values extracted are given in Table 4.2.
After the 7 parameter fit has converged, all parameters are fixed except for a.;; and a
fit is made to each ADC spectrum formed from 5 ns time intervals. Examples fits are

shown in Figure 4.6 for time intervals corresponding to the time period before the signal
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Figure 4.5: Asymmetric cross-talk between MaPMT channels for a typical
pixel (number 286) and the two adjacent pixels; (a) number 285 and (b) number
2817.

Parameter Fit Value
A1 (5.688 +0.004) x 1072 photoelectrons / event
g1 5.68 £0.08
Do 63.786 £+ 0.007 ADC counts
of) 0.379 £0.005 ADC counts
c (1.0£0.3) x 1077
Qeff 7T+1
o (1.440.2) x 1072 photoelectrons / event
x?/dof 46,/93

Table 4.2: Results of the 7 parameter fit to the ADC spectrum of the peak
signal-to-background separation.

(4.6(b)), at the signal peak (Figure 4.6(d)) and to the period corresponding to signal
undershoot (Figure 4.6(c)).

The MaPMT / BeetleMA pulse shape is inferred by plotting the fitted value of a.f¢
at the midpoint of the 5 ns time-interval from which the ADC spectra was formed. The

result is shown in Figure 4.7.



Characterisation of the BeetleMA Pulse Shape in a Particle Beam 103

g f g
E T10°
% T =10 E —+— data
107 E — fit
102 10?1
10
E 10
= L
: | | | B | | |
T80 80 100 120 140 160 58 60 68 70
adc adc
(a) (b)
o )
3103 ‘E
z —t+— data Z10° —t— data

it — it

102 102

50 52 54 56 58 60 62 64 66 60 80 100 120 140 160
adc adc

(c) (d)

Figure 4.6: (a) The 7 parameter fit to the ADC spectra formed from samples
taken in a 5ns time interval around the time of peak signal-to-background. The
other 3 plots correspond to fits with a.ss as the only free parameter, to the
ADC spectra formed from samples taken at (a) times before the signal (¢ <
0 ns, acrr = 0 ), (c) the period corresponding to signal undershoot (¢t > 50 ns,
acrr < 0) and (d) the period of peak signal-to-background (15 ns < ¢ < 20 ns,
Qeff = 7T — 8)
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Figure 4.7: MaPMT / BeetleMA pulse shape as measured from fits to ADC
spectra with equation 4.8. The amplitude corresponds to the a.f; fit value to
5ns wide ADC spectra.

4.4 Conclusion

The LHCDb readout architecture specifies that the readout electronics must be able to
trigger on consecutive bunch crossings. Therefore the pulse shape must return to zero
within 25ns of the trigger. From Figure 4.7 it is evident that this is not the case for the
pulse from the BeetleMA; the signal peaks at 20ns and has not returned to zero by the

time of the last measurement point at 125ns. The effect of these features are twofold;

e The signal overshoot will lead to ghost hits.

e The signal undershoot will lead to the loss of genuine hits.

Furthermore, if the occupancy is such that the signal never returns zero before another
hit arrives in the pixel, the pedestal may drift outside the dynamic range of the amplifier.
The effect of the overshoot could be overcome by not triggering on consecutive events,
but this would compromise the LHCb readout specification. The undershoot could be
compensated for by lowering the threshold at which an ADC count is considered a hit;

but this would be at the cost of increased background counts.
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4.5 Choice of Photon Detector

Throughout the development of the RICH photodetectors the MaPMT solution has been
developed as a backup option in case serious problems were encountered with the HPD
development and production. The MaPMT was chosen as a backup option since, as
a commercial product, the MaPMT itself required little development and it has been
proven to be a successful photon detector for the HERA-B RICH detector [98].

In 2002 significant problems were encountered in the development of the procedure to
solder each of the HPD sensor pixels to the readout chip. The number of pixels that were
insensitive or noisy after the so-called bump-bonding procedure was unacceptably high,
a problem caused by the solder joints between the pixel and readout chip breaking during
the tube’s vacuum bake-out cycle. The decision was therefore taken in 2003 to switch to
the backup MaPMT option. This lead to intensive development of the MaPMT readout
electronics and subsequent tests in a prototpye RICH detector. Significant problems
were, however, encountered with the readout electronics during these tests; this included

channel-to-channel cross talk and signal overshoot and undershoot.

Whilst the readout for the MaPMTs was being tested, the solution was found to
many of the HPD production problems, in particular, the bump-bonding problem was
solved by the use of a new high lead content solder. Given the problem encountered with
the MaPMT readout it was decided to revert back to the HPD as the photon detector
for the RICH system. By December 2006, all 484 HPDs required for the RICH1 and
RICH2 detectors had been produced and successfully tested [99].



Chapter 5
Flavour Tagging with Baryons

This chapter presents a study of flavour tagging with protons and A baryons. It is
shown that protons and A’s have the potential to be useful for flavour tagging, but
the implementation is challenging. However, a A produced in the same fragmentation

process as a BY meson is found to have useful and implementable tagging power.

5.1 Flavour Tagging at LHCb

This section motivates the requirement for flavour tagging and presents the standard
methods employed in LHCb. The aim is to familiarise the reader with the typical meth-
ods, figures of merit and performances that will serve as a basis for the later discussion

of baryon flavour tagging.

5.1.1 Flavour tagging of neutral B mesons

CP violation studies typically require a measurement of an asymmetry, Apnys, between
the decays of B® and B® mesons to some final state, f,!
I(B°—f) —TB°—f)

Aphys = F(BOH f) n F(Eoﬁf) (5.1)

In order to measure such an asymmetry the flavour of the signal B-meson at creation

'For simplicity the time dependences of the decay rates are suppressed.
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needs to be known. This information can not be inferred from the B-meson decay
products, as the neutral B-meson may have oscillated to the conjugate state before

decay, and must be determined by information from the rest of the event.

A common technique, known as “opposite-side tagging”, is to infer the flavour of
the reconstructed B-meson from the other B-hadron in the event, commonly referred to
as the companion B-hadron. The b-quark pair is assumed to be produced by a flavour
conserving reaction, such as g+g— b b, whereby the flavour of the companion B-hadron
must be opposite to that of the signal B-meson. Another common technique is called
“same-side tagging”, which exploits correlations in the fragmentation decay chain of the

reconstructed B-hadron to infer the b-quark flavour at production.

The flavour tagging performance has a direct effect on the statistical uncertainty of
a CP asymmetry measurement. To demonstate this, consider the number of observed
events for a neutral B-meson decay, N5, and the corresponding charge conjugate decay

Nobs. The observed number of events can be expressed in terms of the true number of

events, N and N, and the fraction of flavour tags that are incorrect, wyq,,

Nobs = (1 — Wag )N + wiggN (5.2)
Nobs = (1 — wmg)N —+ wtagN-

The observed asymmetry, A, is therefore diluted by a factor, D, which is directly

related to the wrong tag fraction:

No s No S
Agpe = —20— _obs DAphys where D = (1 — 2 wyyy). (5.3)
Nobs + obs

It follows from a quadratic propagation of the binomial uncertainties of the number of
observed events, Ngps and Ny, that the statistical uncertainty on the observed asym-
metry, o4 . ,is given by

obs 7

4ANobsNobs 1— A
0-./240bs = - _b 3 = Aibs : (5'4)
(Nobs —+ Nobs) Nobs + Nobs

As the observed asymmetry is diluted by wrong flavour tags, an event is not considered
if the flavour can not be deduced from the tagging methods. The tagging efficiency, €4,

is defined as the fraction of offline selected events that are assigned a tag decision

Nobs + Nobs - Ntag - gtagNselu (55)
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where Ny, is the number of tagged events and Ny is the number of events that are
reconstructed, triggered and passed by the offline selection algorithms. Combining equa-
tions 5.4 and 5.5:

2 obs
= ——==, 5.6
UAObS gtagNsel ( )

The statistical uncertainty on the physical asymmetry, o4,  is thus,

O Agps . 11— Aobs

B 1— 2wtag B \/M(l - 2Wtag)
VT = Ao

UAphys

= (5.7)
Nsel 5?@{5
where the effective tagging efficiency, 5?0{5 , is defined as :
E;{éf = Etag(l — thag)Q. (58)

The statistical uncertainty of the physical asymmetry is directly related to the effective
tagging efficiency. The aim of the flavour tagging algorithms is therefore to maximise
equation 5.8. The methods employed at LHCb to achieve this are the subject of the

next section.

5.1.2 Flavour tag signatures

The opposite and same-side tagging techniques used at LHCb are depicted schematically
in Figure 5.1 [100]. For opposite-side tagging one would ideally reconstruct all possible
decay modes of the companion B-hadron. However, reconstructing such a large number
of decay modes would be highly impractical to implement and maintain, and subject to
low reconstruction and selection efficiencies on account of the high multiplicity of some
decay modes. The solution is to use generic signatures, called tags, the charge of which
is correlated with the flavour of the companion B hadron. At LHCD this is principally
achieved by measuring either the charge of a lepton from a semileptonic B decay, called a
“lepton tag”, or by measuring the charge of a kaon from a b — ¢ — s transition, referred to
as a “kaon tag”. Also, by inclusive reconstruction of the companion B decay vertex, the
companion B flavour may be inferred from the vertex charge, a method called “vertex-

charge” tagging.
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Figure 5.1: Topology of opposite-side flavour tagging with kaon, electron and
muon tags and same-side tagging with a kaon produced in the fragmentation
chain of the signal B-meson.

Same-side tags measure the production flavour of the signal B-hadron directly from
particles produced adjacent to the signal B in the fragmentation process. For example,
if a BY(bs) is produced in the fragmentation of a b quark, an extra § quark is available.
This may hadronise into a K*(su), the charge of which implies a BY at production. This
is called a same-side kaon tag. Similarly, if the signal is a B§(bd) then an extra d is

available to hadronise into a 77 (du), which is called a same-side pion tag.

The opposite-side tagging performance is subject to a number of intrinsic limitations

that sets on upper limit on the potential effective tagging efficiency:

e If the companion B is neutral it may oscillate to the conjugate flavour state before
decay, resulting in an incorrect assumption for the signal B flavour at production

and subsequent enhancement of the wrong tag fraction.

e The tagging efficiency is limited by the branching fraction of each B-hadron species
into kaons or leptons, combined with the production fraction of each B-hadron

species.

The same-side tag is limited by the probability of producing a kaon/pion in the fragmen-
tation chain of the signal B-meson. In addition, both the opposite and same-side tagging
efficiencies will be limited by the track reconstruction efficiency and the efficiency of the

algorithm to select the tag particle.
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5.1.3 Tag selection

In order to select tag particles there are two principal categories of background to over-
come: particles from the underlying fragmentation products of the pp collision and
B-hadron decay modes that have the wrong tag particle charge, e.g. leptons from charm
decays and kaons direct from the decay of a BY meson. Fortunately, for the reduction
of the underlying event background, tag particles have certain characteristics that aids

selection:

e Owing to the large B-hadron masses (~5 GeV), the lepton and kaon have a
hard momentum spectrum. Also, the B-hadron decay products are distributed
isotropically in the B rest frame, such that the tag particles have a large transverse

momentum.

e The lepton and kaons are formed from weak interactions and are thus spatially dis-
placed from the primary vertex. The impact parameter significance with respect to

the reconstructed primary vertex is therefore a particularly powerful discriminant.

Reduction of the wrong charge background is more challenging, as the decay modes are
typically both kinematically and topologically similar to the correct charge tag particles.
Ultimately, parameters are tuned to maximise the effective tagging efficiency. For the

lepton tag, cuts are made on the momentum and transverse momentum:
p>5GeV/ec  p >12GeV/c (5.9)

Similarly, for opposite-side kaon tag selection, cuts are typically made on the kaon

momentum, transverse momentum and impact parameter significance:
p>3GeV/c  p>04GeV/c (IP/owp)py > 3.7 (5.10)

The vertex-charge tag requires the reconstruction of the companion B-hadron vertex.
However, given the detector acceptance and tracking limitations, a full reconstruction
is not practical. Rather, a partial reconstruction of the companion B vertex is made,
which, if the companion B is charged, will be biased toward this charge. Given that
charged mesons do not oscillate, this has the advantage of no intrinsic dilution from

flavour oscillations.
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Same-side kaon tags are characterised by a phase space correlation with the sig-
nal B? meson. Thus, kaons are selected that have an impact parameter significance
(IP/o1p)py < 2.5, and relative to the reconstructed BY, a minimum difference in pseudo-
rapidity |An| < 1 and azimuthal angle |A¢| < 1.1. In addition, a cut is made on the
mass difference between the BY K combination and the BY mass Am < 1.5 GeV/c?.
Physically, this can be thought of as the combination of a kaon transverse momentum
cut relative to the B-hadron, which should be small for a kaon produced in the B-hadron
fragmentation chain, and a kaon momentum cut, which one would expect to be small

compared to kaons from the decay of a B-hadron.

The same selection methods also apply to same-side pion tagging for reconstructed BY
mesons. However, the high abundance of pions in the detector inhibits the performance
of this tag.

5.1.4 Tagging performance

The search for each tag particle is done independently, thus it is possible for more than
one tag to be found. In order to obtain the optimal tagging performance, the results of
the opposite-side and same-side tags are combined. Studies are ongoing as to the optimal
method of combining the tag decisions. At present, two methods are employed. The first
is based on a neural network approach, which seeks to exploit high order correlations
between tagging variables [101]. The second is a simple majority based decision and is
described in detail below [102].

If more than one lepton is identified, the one with the greater transverse momentum
is taken as it more likely to have come from a heavy B decay, rather than fragmentation.
If the reconstructed signal is a BY-meson then the same-side pion tag is ignored; similarly,
the same-side kaon tag is neglected if the signal is a B}-meson. If only two tags remain
and they disagree, equation 5.8 implies that the overal tagging power benefits from not
applying a tag decision in such cases. Finally, for the case of three tags, the final decision
is taken as the majority decision of the three tags. This is the standard procedure for
combining tag decisions and is for historical reasons referred to as the “combined TDR”
decision [100].

The flavour tagging performance for 90k selected B? — J/ib ¢ events® is shown in

2an event is defined as selected if it passes the LO trigger and the appropriate signal selection
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Tag method 8?0{5 (%) Etag (0) Wiag (%)
Muons 0.85+£0.06 5.8040.08 30.9+0.6
Electrons 0.37+£0.04 4.214+0.07 35.3+0.8
OS kaons 1.554+0.08 28.62+0.15 38.34+0.3
SS pi/k 2.64+0.11 27.6140.15 34.54+0.3
VertexCh 1.00+£0.07 21.25+0.14 39.24+0.4
Combined TDR 5.30+£0.22 54.72+0.17 34.4440.22
Combined NN 6.73+£0.23 58.064+0.17 32.9840.21

Table 5.1: Tagging performance for 90k selected B — J/i) ¢ events. Uncertain-
ties are statistical.

Tag method EZ{; (%) Etag () Wtag (%)
Muons 1.154+0.08 7.97+0.11 31.0£0.6
Electrons 0.41+0.05 4.234+0.08 34.44+0.9
OS kaons 1.874+0.10 26.01+£0.17 36.64+0.4
SS pi/k 0.74+£0.07 39.814+0.19 43.240.3
VertexCh 0.96 £0.08 18.904+0.15 38.74+0.4
Combined TDR 4.08+0.23 63.934+0.19 37.364+0.24
Combined NN 5.02+£0.24 63.744+0.19 35.974+0.24

Table 5.2: Tagginging performance for 65k selected By — K7 events. Uncer-
tainties are statistical.
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Table 5.1 and for 65K selected B — K7 events in Table 5.2. The difference in tagging
efficiency and wrong tag fraction between the decay channels can be understood in terms
of the systematic effects caused by the trigger and kinematical correlations between the
two B-hadrons[103]. This is the subject of the next section.

5.1.5 Interplay between the trigger and tagging

The LHCb LO and L1 triggers are based on generic characteristics of B-hadron decays
and so it is possible for the trigger decision to be made on either the signal or companion
B-hadron. This has the effect of causing variation in tagging performance between the
decay modes of interest [76]. For example, consider a trigger strategy that selects a
muon with large impact parameter applied to the decay modes B? — J/i (™) ¢(KK)
and BY — Dm. It is assumed for simplicity that in both cases the B-meson flavour
is inferred from an opposite-side kaon tag. For the BY decay mode, the trigger will
predominately select the muon from the decay of the J/), while the B} will be triggered
by the companion B-hadron. Consequently, the B} decay mode is biased towards events
with a long lived, high impact parameter, companion B-hadron. The probability that
the companion B-meson oscillates before decay, and thus implies the wrong flavour tag,

is therefore greater for the BY mode.

Wrong tag fraction variations are also seen between decay modes that trigger on
the signal. The LO lepton and hadron triggers have different transverse momentum
requirements, thus biasing the kinematics of the signal B-hadron. As the kinematics of
the two B-hadrons in an event are correlated, this results in differences in the transverse
momentum of the companion B. Given the strong influence of the transverse momentum

cut on the tag selections, this results in varying tagging performances.

The interplay between the trigger and tagging also has consequences for measuring
the wrong tag fraction in data. As discussed in section 5.1.1, an asymmetry measurement
requires a measurement of the wrong tag fraction. For signal decay modes with a flavour
neutral final state this is achieved using a control channel that has a flavour specific final
state. The systematic effects of the trigger requires that control channel samples must
only be used if they bias the companion B in the same manner as the signal decay mode.
One method to achieve this is to require that both the signal and control samples are

triggered by the companion B-hadron. To correct for kinematic correlations between

algorithm.
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Proton decay mode (% of decays to protons)

B-hadron p ) pand p  other (p p, D P, etc.)
Ay (bud) 962+£1.0% 1.5+£01% 1.5+0.1% 0.714+0.08%

B~ (bu) 101+£04% 43.3+0.8% 46.4+0.8% 0.24 4+ 0.06%

By (bd) 31.8+£0.7% 30.7£0.7% 37.2+0.8% 0.27+0.07%

BY (bs) 31.2+1.5% 328+1.6% 35.4+1.6% 0.6 £0.2%

Table 5.3: Distribution of B-hadron decay modes that comprise decays either
directly or indirectly to protons. The corresponding charge conjugate modes are
implicitly included. Uncertainties are statistical.

the two B-hadrons, the wrong tag fraction is measured in the control channel in bins
of the signal B phase space and then re-weighted to correct for phase space differences

between the control and signal decay modes [104].

5.2 Flavour Tagging with opposite-side Protons

The flavour tagging methods outlined in section 5.1 make use of electrons, muons, pions
and kaons. These particles are ideal for flavour tagging, as in addition to the intrinsic
correlation between particle charge and the B-hadron flavour from which it originates,
they are reconstructed and identified with high purity and efficiency. Protons are also
well reconstructed and identified at LHCb over the momentum range 2-100 GeV /c [19].
The question therefore arises as to whether protons can be used for flavour tagging. In
this section we present the potential performance of a proton flavour tag and discuss the

possible implementation of such a tag.

5.2.1 Potential flavour tagging performance

The distribution of B-hadron decay modes to protons and anti-protons is shown in
Table 5.3 for the decay of 100k inclusive bb events. The study is made at the generator
level and as such does not include any reconstruction and selection effects, but does

include a 400 mrad detector acceptance cut, which is applied at the generator level. A
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kaon decay mode (% of decays to kaons)

B-hadron Kt K- KT and K~ other

Ay (bud) 224407 507411 193+0.7 7.6+04
B~ (bu) 47+0.1 701+04 119402 13.340.2
B} (bd) 185+02 547404 141402 126402
BY(bs) 256405 26.1+05 353406 13.0+04

S

Table 5.4: Distribution of B-hadron decay modes that comprise decays either
directly or indirectly to kaons. The corresponding charge conjugate modes are
implicitly included. Uncertainties are statistical.

B-hadron s (%) Bpa— -..p (%) ehe (%)

Ay 8.02+0.06 63.1+£0.8 (29.24+0.5) 5.06+0.05 (2.34+0.03)
B 41.0+0.1 85+0.1(59.7+0.3) 3.494+0.04 (24.5+0.1)
BY 40.9+0.1 7.440.1 (55.1+£0.3) 3.02+£0.04 (22.6+0.1)
BY 10.05+£0.07 6.7£0.2 (52.44+0.6) 0.68+0.02 (5.27£0.05)

Table 5.5: Percentage of events with a proton either directly or indirectly

from the decay of a B-hadron (5%3). Calculated from the product of the inclu-

sive branching ratio to protons (Bj,q— ...p ) and the b quark hadronisation
fractions (fp). For comparison, the corresponding kaon values are shown in
parenthesis. Uncertainties are statistical.

A, (b u d) decays to a proton and the A, (b T d) decays to an anti-proton in 96.2 + 1.0%
of cases. In contrast, the B~ (b 1) decays to an anti-proton and the B* (b u) to a proton
approximately four times more frequently than the conjugate case. For the case of B
and BY mesons there is no correlation between b-quark flavour and proton decay mode.
The correlation between the flavour and proton charge in the case of A, baryons and B
mesons suggests the possibility of an opposite-side proton flavour tag. However, the A
and B~ proton decay modes have the opposite correlation between b-quark flavour and
proton charge. Compare this with the distribution of B-hadron decays to kaons shown
in Table 5.4, for which the B-hadron flavour correlation with kaon charge is the same for
all B-hadron flavours (except B2-mesons, for which there is no correlation on account of

the higher frequency of flavour oscillations).
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B-hadron flavour gfﬂ (%) wiag (%) Etag (0)
Ay 435+£0.06 1.9+0.2 4.71+£0.06
B* 0.70£0.04 19.0+£0.8 1.8240.04
Bg 0.001 £0.001 511 1.87£0.04
BS 0.001 £ 0.002 47+2 0.50+0.02

Table 5.6: Maximum potential proton tagging performance for each B-hadron
species, before reconstruction and offline tag selection. From the analysis of 120k
BY — J/i) ¢ decays that have passed the L0 trigger and decay selection algorithm.
Uncertainties are statistical.

pot
tag»

a product of the B-hadron inclusive branching fraction, either directly or indirectly, to

The potential tagging efficiency, before reconstruction and offline selection, ey, , is
protons, Binaq — ...p , and the production fraction, fp, of the B-hadron itself. These
factors are listed for each B-hadron species in Table 5.5 from the analysis of 100k inclu-
sive bb events. The majority of A,’s decay to a final state which includes a proton, while
the inclusive branching ratio of B-mesons to protons is an order of magnitude smaller.
However, A,’s account for only 8% of all B-hadrons. Consequently, the percentage of
events containing a proton from a B-meson decay is not too dissimilar to the percentage
of events with a proton from a A, decay. By comparison, the inclusive branching ratio of
B-mesons to kaons is of a similar magnitude to that of A,’s to protons, Bipg — ... K =
59.7% for BT compared with By — ...p = 63.1% for A, but the overall tagging effi-
ciency is much higher on account of the larger production fraction of B-mesons compared
to Ay’s.

The potential tagging efficiency, wrong tag fraction and effective tagging efficiency
are listed in Table 5.6 for each B-hadron species. The study is performed on 120k
BY — J/i) ¢ events that pass both the L0 trigger and decay selection cuts. Perfect proton
reconstruction and selection efficiency and purity is assumed and as such represents the

upper limit of flavour tagging performance that could be achieved.

A proton from a A, identifies the decay from a b-flavoured hadron, and, vice-versa, an
anti-proton tags a b flavour. However, as B* mesons have the opposite b-quark flavour
correlation with proton charge, it follows that a proton tags a decay from a b flavour
meson and an anti-proton a b flavour meson. Experimentally, however, this requires the

distinction to be made between protons from A, decays and those from B* decays. For
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the purposes of establishing a limit on the potential flavour tagging performance, three

possible experimental scenarios are envisaged:

1. Tt is experimentally possible to identify a proton as deriving from the decay of
either a A, a B* or a BY/ B.

2. A proton can be identified as deriving from either a A, or a B-meson, but no

distinction can be made as to the B-meson type.

3. It is not possible experimentally to identify which type of B-hadron the proton
originates from. As more tag protons originate from a A decay than a BT decay
and with a much lower wrong tag fraction, it is assumed that all protons are from

a A, decay.

Assuming perfect reconstruction and selection efficiency, the following limit can be
estimated for the maximum possible flavour tagging performance with protons:

1.3% < max(e5/7) < 4.9% (5.11)

g

The upper bound corresponds to scenario 1), while the lower bound is set by scenario 3).
In addition to the tagging performance from A,’s, the upper bound includes the potential
tagging performance from B*’s. For the the intermediate scenerio 2), a greater 556{5 is
achieved by not tagging an event if the proton is from a B-meson. This follows from
equation 5.8, whereby the potential gain in &ﬁfgf from the increase in €4 by including
proton tags from BT decays, is outweighed by the overall increase in wrong-tag fraction.
In the latter scenerio, strong dilution due to protons from B-mesons has the effect of
raising the intrinsic wrong tag fraction to 30.8 +0.4%, which leads to a significant drop

in the potential tagging performance.

5.2.2 Proton reconstruction and identification

The potential tagging performance of reconstructed protons from A, baryons and BT
mesons is listed in Table 5.7 for various track combinations. Perfect particle identification
and selection efficiency is assumed. The reduction in potential tagging performance
compared to Table 5.6 is due to the geometric acceptance of the tag B-hadron and the

reconstruction efficiency. Long tracks traverse all the tracking stations, while upstream
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B-hadron Track Types &ﬁcgf (%) wiag (%) Etag (0)
Long 1.33+£0.04 25+0.3 1.48+0.03
Ay Long 4+ Downstream 1.8240.04 2.3+£0.3 2.004+0.04
Long 4+ Downstream + Upstream 1.94+0.04 2.34+0.3 2.13+0.04
Long 0.47+0.03 20£1 1.28£0.03
B* Long + Downstream 0.344+0.03 24+1 1.30£0.03

Long + Downstream + Upstream 0.42+0.03 22+1 1.36£0.03

Table 5.7: Potential proton tagging performance after reconstruction, assum-
ing perfect tag selection efficiency and purity. From the reconstruction of 120k
BY — J/ib ¢ events that pass the LO trigger and decay selection. Uncertainties
are statistical.

Maximum potential 52{5

Channel Scenario 1) Scenario 2) Scenario 3)

B — Jhp ¢ 2234006 1.94+0.04 0.29+0.03
BY - Knr 2.33+£0.09 2.15+£0.07 0.41%£0.05

Table 5.8: Potential proton tagging performance after reconstruction, as-
suming perfect tag selection efficiency and purity, as a function of the selection
scenarios described in section 5.2.1. Uncertainties are statistical.

and downstream tracks only have hits in a subset of the tracking system (see section
2.4.2). Downstream tracks have a poorer resolution with respect to the primary vertex,
as there are only hits downstream of the magnet. However, as is shown in Table 5.7,
there is a potential gain in the A, tagging performance from including both downstream
and upstream tracks. This can be understood from the fact that a significant proportion
of protons from a A decay via the relatively long lived A and are therefore reconstructed

as downstream tracks.

At the generator level it is found that 46.4 +0.8% of B decays to protons consist
of a p and p state (see Table 5.3), which provides no tagging information and are
thus ignored. However, in 31% of cases only one of the two protons is reconstructed,
which leads to an increase in the wrong tag fraction of protons from BT mesons after

reconstruction compared with the generator level.



Flavour Tagging with Baryons 119

The potential proton tagging performance is shown in Table 5.8 for each of the var-
ious selection scenarios described in section 5.2.1 for a B? and BY signal decay channel.
All three track types are included and perfect particle identification and selection are
assumed. The potential tagging performance is substantially reduced if it is not pos-
sible to distinguish protons from a A, from those of B-mesons. However, the inability
to distinguish protons from neutral and charged B-mesons does not lead to a signifi-
cant performance reduction. There is some variation in potential tagging performance
between the two signal decay channels. The difference is most likely caused by the kine-
matic correlation between the signal and tag B, whereby the signal B selection cuts will

influence the kinematics of the tag B.

Protons are identified using the global particle identification (PID) as discussed in
section 3.5. The delta-log likelihoods for the proton hypothesis versus the pion or kaon
hypothesis are shown in Figure 5.2 for true hadrons and ghost tracks, the latter being
reconstructed tracks that are not associated with a true particle. The peak at zero
DLL for the proton / kaon DLL plot is caused by tracks for which neither RICH1 nor
RICH2 PID information is available. In the case of RICH1 this will occur if the track
momentum is less than the momentum threshold at which kaons radiate Cherenkov light
in aerogel and in RICH2 if the momentum is less than the threshold for radiation in the
CF, radiator. Similarly, the peak at zero DLL for the proton / pion DLL plot is caused

by tracks that are below the momentum threshold at which pions radiate.

For any potential proton flavour tag it is particularly important to ensure that kaons
are not misidentified as protons. From Table 5.4 it is evident that positively charged
kaons are correlated with a b-quark flavour and, vice-versa, a negatively charged kaon
with a b flavour. This is the same charge correlation with b-quark flavour as for protons
from B* mesons. However, as discussed in section 5.2.1, a proton from A, has the
opposite charge correlation with b-quark flavour. Hence, if a kaon is mis-identified as a
proton and is assumed to derive from a A,, then the incorrect b-quark flavour will be

assigned.?

As a starting point for proton tag selection, a loose set of DLL cuts is used to remove
most of the non-proton tracks; AlnL,, > 3 and AlnL,kx > 2. The effect of these cuts
upon the ratio of background tracks to protons for various background categories are
listed in Table 5.9. The final DLL selection criteria are chosen to optimise the effective

proton tagging efficiency.

3The conjugate argument applies to flavour tagging with kaons, whereby protons mis-identified as
kaons that originate from A will dilute the tagging performance.
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Figure 5.2: Proton identification with difference in log-likelihood (DLL) cuts
in a sample of 60k B? — J/i ¢ events. The arrows indicate the respective loose
DLL cut positions. The shaded areas corresponds to true protons, the solid line
the incorrect PID hypothesis and the dashed line ghost tracks.
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background / protons

background before PID cuts after PID cuts

kaons 1.6 0.3
pions 6.1 0.3
others 2.1 0.2

Table 5.9: Ratio of background particles to protons before and after loose DLL
selection criteria.

5.2.3 Proton tag signatures

The selection of an opposite-side tag particle typically exploits two key features of a B-
hadron decay. Firstly, the large B-hadron mass leads to a hard momentum and transverse
spectrum and, secondly, the relatively long lifetime results in a large impact parameter
with respect to the origin vertex. The momentum and transverse momentum spectrum
are shown in Figures 5.3(a) and 5.3(b), for true protons from a A, true protons from
a B-meson* and the underlying fragmentation protons. Tracks mis-identified as protons
are included in the latter class. As expected, the protons from a B-hadron have a harder
momentum than the underlying protons, but the distinction is less effective than for
leptons owing to the larger proton mass. However, there is no significant difference
between the momentum spectrums of protons from a A, compared to those from a

B-meson.

The impact parameter (IP) is defined as the magnitude of the vector that is per-
pedicular to the track and in the direction of the primary vertex (or any other vertex
of interest). The impact parameter significance, IP /o (IPS), is defined as the ratio of
the impact parameter to the measurement error of the impact parameter vector op. A
signed impact parameter includes a sign that is determined by projecting the impact
parameter vector on to the beam axis; the sign is defined as positive if the projection is

directed downstream and negative if the direction is upstream.

The signed impact parameter significance with respect to the reconstructed primary
vertex is shown in Figure 5.3(c) for protons reconstructed as long tracks. This provides

a powerful separation between underlying protons and those from a B-hadron decay.

4For resons of simplicity the distinction between neutral and charged B-mesons is neglected as there
is only a small potential performance gain from separating these two cases.
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However, there is no distinction between the B-hadron origin types. The IPS is shown
in Figures 5.4(a) and 5.4(b) for reconstructed downstream and upstream tracks respec-
tively. As previously discussed in Section 5.2.2, the downstream and upstream tracks
have a poor track resolution. This is reflected in the IPS plots for these track types,
for which there is no distinction between the various proton origins. For this reason the

remainder of this study will only use reconstructed long tracks.

A secondary vertex reconstruction algorithm has been developed for the inclusive
vertex charge flavour tag[100]. The signed impact parameter significance with respect
to this reconstructed secondary vertex is shown in Figure 5.3(d). Protons from the
underlying event are skewed towards negative values as they originate mainly upstream
of the secondary vertex. Although there is a clear distinction between underlying protons
and those from a B-hadron decay, the variable is limited by the ~ 50% efficiency of the

secondary vertex reconstruction algorithm.

5.2.4 Optimising the proton flavour tagging performance

From the studies of the previous section, it is evident that protons from a A can not be
distinguished from those of a B-meson decay with the simple kinematic and geometric
cuts considered. However, as was discussed in scenerio 3) of 5.2.1, a useful tagging
performance is still potentially possible by assuming that all tag protons originate from
a Ap. In which case, a right tag proton originates from a hadron with a b quark or,
in the conjugate decay, an anti-proton from a b quark, and a wrong tag proton derives

from the decay of b quark or an anti-proton from a b quark.

The aim is to optimise the effective tagging efficiency by tuning the selection criteria
listed in Table 5.10. Cut positions are optimised on a dataset of 60k BY — J/i) ¢ events
that pass the LO filter and the Technical Design Report (TDR) selection algorithms. To
avoid over tuning the cuts on the data, the cuts are evaluated on a second independent
60k event dataset.

The impact parameter significance of protons with respect to the reconstructed ver-
tex is shown in Figure 5.5(a) for right tag, wrong tag and background proton categories.
The background category includes all protons that do not derive from B-hadron de-
cays, including ghost tracks and mis-identified protons. Two significant problems for a

potential flavour tag are apparent :
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Cut variable Description

IP/op p impact parameter significance w.r.t primary vertex
PV g y
IP/op impact parameter significance w.r.t secondary vertex
( sy D impact p g y
IP/op minimum impact parameter significance w.r.t. pileup vertices
pile p p P g p p
D p momentum
DT p transverse momentum w.r.t. detector z-axis
AlnL,, difference in log-likelihood between p and 7 hypothesis
AlnL,k difference in log-likelihood between p and K* hypothesis

Table 5.10: Criteria for the selection of proton flavour tags.

1. There are approximately three order of magnitude more fragmentation protons

than tag protons.

2. The number of wrong tags is of the same order of magnitude as the number of

right tags.

The first problem can be addressed by kinematic and geometrical cuts. For example,
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Figure 5.5: Opposite-side proton tag selection with an impact parameter sig-
nificance cut with respect to the reconstructed primary vertex.
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Figure 5.5(b) shows how the effective tagging efficiency evolves as the impact parameter
cut is increased, with the other cut variables fixed at the retained value. The effective
tagging efficiency increases after the removal of the significant background peak at low

impact parameter signifances.

The second problem is caused by protons from B-mesons, which are difficult to sep-
arate from the A, protons, as demonstrated in the previous section. However, it is
informative to establish what perfomance is possible with simple kinematic and geomet-

ric criteria, whereby setting a benchmark for later studies.

The effect of an impact parameter cut with respect to the reconstructed secondary
vertex is shown in Figure 5.6. Although a cut on this variable helps to remove fragmen-
tation protons, there is no distinction between the right and wrong tags. Furthermore,

the secondary vertex is only reconstructed with a 54% efficiency.

The momentum and transverse momentum distributions of right tag, wrong tag
and background category protons are shown in Figures 5.7(a) and 5.7(b) respectively.
Figure 5.7(c) shows the evolution of effective efficiency with cuts on both momentum
and transverse momentum with the retained (IP/oyp)p,, cut value applied. The tagging
performance has some dependency upon the transverse momentum cut, but the effect

of the momentum cut is weaker.

Particle identification performance is a function of the particle momentum, hence
the absolute efficiency performance varies depending upon the chosen momentum cuts.
However, the peak in tagging efficiency for a large AlnL k cut is a feature common to all
reasonable momentum cut values. This is reasonable since, as was discussed in section

5.2.2, kaons mis-identified as protons will dilute the tagging performance.

The final cut values are listed in Table 5.11. Applying these cuts to a second dataset
of 60k B? — J/1) ¢ events, the following proton flavour tagging performance is achieved:

eI =(0.014+0.00)%  wig = (4511 1.7)% 10 = (1.4240.009)%  (5.12)

tag

Therefore, with the present kinematic and topological cuts, no statistically significant
flavour tagging performance is achieved. Since, from equation 5.3, the tagging power
decreases as the square of the wrong tag fraction, the performance is severely limited
by the very large 45% wrong tag fraction. Typically, for opposite-side kaon and lepton

tags a wrong tag fraction of order 30-40 % is achieved. To explain the origin of the large
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Cut variable Cut

(IP/ow)py (P) >5
(IP/ow)y. () >5

p (p) > 8000 MeV /c
pr(p) > 1800 MeV /c
AlnL, . > 5

AlnLyx > 17

Table 5.11: Proton flavour tagging cut variables.

wrong tag fraction it is useful to define the following signal and background categories:

Signal (S), true protons that originate from a A,.

Charged B-meson background (Bg= ), true protons that originate from a B*.

Neutral B-meson background (Bgo), true protons that originate from a BY or BY.

Fragmentation background (By.g ), all other protons, mis-identified protons and

ghost tracks.

and to define:

selected signal protons

Esel = -
sel generated signal protons

Table 5.12 shows the effect of each reconstruction and selection step on the ratio of
selected to generated signal protons and on the charged B-meson, neutral B-meson and
fragmentation background to signal proton ratios. As expected from section 5.2.3, the
geometric and kinematic cuts are effective at reducing the background from fragmenta-
tion protons, but have no effect on removing protons from either B* or B}/BY mesons.
In fact, the effect of using only long tracks is to raise the ratio of Bg+ and Bgo to signal
protons, due to the greater proportion of protons from a A, that are reconstructed as

downstream tracks.

After selection the wrong tag fraction of the Bg+ background is (72 +4)%, while the
Bpo and Bgag p backgrounds are (56 5)% and (46 +2)% respectively. However, there
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Cut variable Esel Bg+ /S Bgpo /S Bpagp /S
Reconstruction - All tracks 42.2 1.084+0.04 0.9940.04 1240430
Long tracks 29.0 1.25+£0.06 1.06£0.05 1100=+£40
Loose DLL (AlnL,, > 3, AlnL,x > 2) 223 1.23+0.06 1.03£0.06 130+5
(IP/O’IP)pﬂe 221 1.23+£0.06 1.01+£0.06 114+4
(IP/owp)py 146 1.154+0.08 0.89+0.06 34+2
pr, P 5.3 1.240.1 0.9+0.1 8940.7
AlnL,. , AInLyk 3.6 1.24+0.2 1.0+0.1 50+£0.5
Largest pr proton 3.6 1.1£0.1 0.94+01 49+0.5

Table 5.12: Effect of the reconstruction and selection steps on the Bg+, Byo
and Bgag p to signal ratios and on the proton tag selection efficiency e,¢;. Each
cut variable includes all the preceeding cuts. Uncertainties are statistical.
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area), 35 % (green dashed line) and 30 % (blue solid line).
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are approximately five times more remaining fragmentation protons than Bg+ or Bpo
background protons and this is thus the most significant contribution to the tagging

dilution.

The question therefore arises as to how much additional background suppression is
required to lower the wrong tag fraction to an amount useful for tagging. Figure 5.8
illustrates the required reduction in background to signal ratios to achieve various wrong
tag fractions. It is clear that to obtain a wrong tag fraction less than 40% requires at least
a factor two reduction in both the fragmentation and B-meson backgrounds. Crucially,
it is not possible to achieve such a wrong tag fraction without reducing the background
protons from B-mesons. Since the kinematic and topological cuts considered have no
effect on removing this background, to achieve a less than 40% wrong tag fraction
necessitates the development of selection techniques beyond the simple kinematic and

geometric cuts considered. This is the subject of the next section.

5.3 Flavour Tagging with A Baryons

Flavour tagging with A’s is motivated by the observation that protons which derive from
a B-hadron decay via a A have the same proton charge correlation with b-quark flavour
for all B-hadron species. This section begins by investigating the potential performance
of an opposite-side A tag. The reconstruction and selection of generic A decays is
presented and the optimisation of selection criteria to select an opposite-side A tag
is detailed. During this optimisation process it is shown that a class of background
arises from A’s produced during the fragmentation of the signal B-meson, analogous
to the same-side kaon tag discussed in section 5.1. Methods to extract useful tagging

performance from a same-side A tag are presented.

5.3.1 Potential performance

The correlation between A flavour and the B-hadron flavour from which it originates is
shown in Table 5.13 for each B-hadron species. The study is performed at the generator
level, but does include a 400 mrad detector acceptance cut. With the exception of BY
mesons, the B-hadrons with a b quark decay preferentially to an s-flavoured A and
vice-versa. The correlation derives from the same b — ¢ —s weak decay transition that

forms the basis of the opposite-side kaon tag, as described in section 5.1. As such, an
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A decay mode (% of all decays to A s)

B-hadron A A A and A

Ay (bud) 97+2% 2.7+03%  0.15£0.06%

B~ (bu) 84+3% 89+07%  6.940.6%
Bl (bd) 66+2% 25+1% 8.9+0.7%
B2 (bs) 45+3% 46+2% 9+1%

Table 5.13: Distribution of B-hadron decay modes that comprise decays ei-

ther directly or indirectly to A’s. From a study of 100k inclusive bb events at
the generator level. The corresponding charge conjugate modes are implicitly
included. Uncertainties are statistical only.

opposite-side A tag can be considered as being the baryon equivalent of the opposite-side

kaon tag.

(

The two principal branching fractions for A decays are [17]:

B[A —pr] = (63.94+0.5)%
B[A —n7’ = (35.84+0.5)%

The proton charge unambiguously identifies the flavour of the A and is thus correlated
to the flavour of the opposite-side BT, B and A, hadrons. Recall from section 5.2.4 that
the proton tagging performance is intrinsically limited by the fact that B mesons and
A, baryons have the opposite correlation between proton charge and b quark flavour.
In contrast, the correlation between the charge of the proton from a A decay and the
flavour of the B-hadron from which the A originates is the same for the B, BY and A,
hadrons. The weak correlation for the B meson can be explained by the (18.8 +0.3)%
probability that the BY (BY) oscillates to a BY (BY) before decaying, whereby diluting
the correlation [17]. For BY mesons the probability of decay from the conjugate state is
0.49924 4 0.00003 [1 7], which results in the complete dilution of the correlation, as seen
in Table 5.13.

The inclusive branching fraction, Bij,q — ... A, to a A and corresponding potential
tagging efficiency are listed in Table 5.14 for each B-hadron species, from the analysis
of 100k inclusive bb events. Restricting the study to protons from A decays results in

an approximately factor 3 reduction in the potential tagging efficiency with respect to
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B-hadron 8 (%) Buna— ... M%) ehe (%)
Ay 7.86 +0.06 25.6+0.5 2.01£0.03
B* 40.4+0.1 2.41+£0.06 0.97£0.03
Bg 40.6 +0.1 2.59+0.06 1.0540.02
Bg 10.004+0.07 3.24+0.1 0.32+0.01

Table 5.14: Percentage of events with a A either directly or indirectly from the

decay of a B-hadron, 5{5’5;, and the corresponding inclusive branching fraction to
a A baryon, By, — ... A, and the b-quark hadronisation fractions (fg). From
the study of 100k inclusive bb events at the generator level. Uncertainties are

statistical.

Signal channel 5?0’;{[ Wiag Etag

BY — J/) ¢ 2.20+£0.07 13.84£0.5 4.19+£0.06
By —Km 2.15£0.06 13.5£0.5 4.02+0.06

Table 5.15: Maximum potential A tagging performance from the analysis of
120k B? — J/ib ¢ and 125k B — K 7 decays that have passed the LO trigger and
decay selection algorithm. Uncertainties are statistical.

the potential proton tagging efficiency listed in Table 5.5.

The maximum potential tagging performance, before the A reconstruction and se-
lection, is listed in Table 5.15 for a B? and BY signal channel. Although the potential
tagging efficiency is lower than for a proton tag, the potential effective tagging efficiency
is comparable to that of the potential proton effective tagging efficiency (equation 5.11).
Furthermore, for the A flavour tag no distinction is required between A’s from a A and
those from B-mesons. Compared to the lower bound of equation 5.11, which corresponds
to the experimental scenerio of not being able to identify the proton B-hadron origin,

the potential A effective tagging efficiency is some 70% higher.

To reconstruct A’s from either the direct or indirect decay of a B-hadron, hereafter
called tag A’s, the approach taken is to first reconstruct all A — p 7w decays, irrespective
of the A origin, and then to identify the tag A’s from the background of A’s from the

underlying event.



Flavour Tagging with Baryons 134

p track type 7 track type Erec(%0)  Mo™(%)

rec

downstream downstream 42+04 39+3

long long 3.0+0.3 2943
long upstream 21403 19+2
other 1.44+0.2 13+2
all tracks 10.6 0.7 10040

Table 5.16: Percentage of generated flavour tag A’s for which both the final
states are reconstructed, €,.., as a function of the protons and pion track type.

Also listed as a percentage of all reconstructed tracks types (eI'27™).

Signal channel 62{5 (%) wiag (%) Etag (N0)

B — J/ip ¢ 0244003  15+2 04740.03
B — K 0.234+0.03 1442 0.4440.03

Table 5.17: Maximum potential A tagging performance after A reconstruction,
assuming perfect selection efficiency and purity. Uncertainties are statistical.

5.3.2 A reconstruction and selection

Candidate A’s are reconstructed by combining pairs of final state protons and pions.
The percentages of generator level A’s for which both the final state proton and pion
are reconstructed, €,.., are listed in Table 5.16. The study is performed in a domain in
which a flavour tag is required; in this case a dataset of 60k B? — J/1 ¢ signal events that
have passed the LO trigger and corresponding signal selection cuts. Only one tenth of
the potential tag A s can be reconstructed. Furthermore, due to the long A lifetime, only
29% of these can be reconstructed from a pair of long, high quality, tracks. The potential
tagging performance after reconstruction, listed in Table 5.17, is thus reduced by a tenth.
However, the effective tagging efficiency is still potentially a useful flavour tag, but to
obtain this performance requires that all three tracks types are used to reconstruct A’s
and the final selection cuts must retain a high proportion of the reconstructed A’s. The
remainder of this section presents the steps required to reconstruct and select generic
A — p 7 decays. The selection of flavour tag A’s from the selected A — p 7 decays is the
subject of sections 5.3.3 and 5.3.4.
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Cut variable long tracks downstream tracks upstream tracks
(IP/O’IP)min (p) > 3. > 2. > 3.
pr(p) > 150 MeV/c > 200 MeV /c > 200 MeV /c
(IP/OIP)min (ﬂ') > 3. > 3. > 3.

Table 5.18: Cuts used for A — p 7 final state selection, given in terms of the
condition required to pass the cut.

Reconstructed tracks are identified as protons by applying a loose AlnL,, > —10
selection cut, while all tracks are considered as being pions. A A — p 7 decay is charac-

terised by the long A lifetime.

The smallest of the impact parameter significances with respect to the reconstructed

primary vertices, (IP/op) is illustrated in Figure 5.9 for each of the 3 track types.

For protons and pions reconstructed as long and upstream tracks, applying a (IP /o) .
selection cut removes a significant amount of the fragmentation background. However,
the cut is less effective for downstream tracks on account of the poor track resolution
of downstream tracks. A transverse momentum cut is applied to the final state proton,
shown in Figure 5.10, but so as to maintain a high selection efficiency no pr cut is
applied to the pion. The final state selection cuts, listed in Table 5.18, are chosen so as
to reduce the candidate A combinatorics, but to maintain the necessary high A selection

efficiency.

All final state proton and pions that pass the final state selection criteria are combined
in neutral pairs to form candidate A’s. For simplicity only the track type combinations

listed in Table 5.16, which constitute 87% of reconstructed A’s, are considered.

A significant part of the combinatoric background is removed by requiring that
the mass of the candidate A is less than +100 MeV/c? from the true A mass of
1115.683 +0.006 MeV /c? [17]. The selection parameters used to extract the recon-
structed candidates associated to a true A from the combinatoric background are as

follows:
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Particle identification

e The final state protons require a difference in the log likelihood of the proton and

pion hypothesis > AlnL,.(p).

Geometric cuts

e The A decay vertex is constructed from the final state tracks using an uncon-
strained fit, the x? of which is an indication of how well the tracks meet to form a

vertex and is required to be < x4.

e The proton and pion tracks from a true A — p 7 will originate from the same point
in space. Hence, the closest distance of approach, CDA, between the two tracks is
required to be less than CDA,.

e The flight distance, L, is defined as the absolute distance between the reconstructed
primary vertex and the candidate A vertex. The flight distance significance, L/oy,,
is the ratio of the flight distance to the measurement error in the flight distance

o, and is required to be > (L/oy,) .

e The cosine of the opening angle between the proton and pion is required to be
< cos O,,. This cut is useful for identifying candidate A’s where one of the tracks
is incorrectly constructed from hits associated with the other track, resulting in

two spatially overlapping tracks.

Kinematic cuts
e The transverse momentum, pr of the candidate A is required to be greater than
A
Pr-

e The ratio of the proton to the pion momentum is required to be greater than

p(p)/p(m).

e The invariant mass of the candidate A must lie within a range 4 dm of the nominal

A mass.

The distributions of the variables listed above are illustrated in Figures 5.11-5.14,
from the analysis of 60k B?— J/i) ¢ events that have passed the LO trigger and the
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Cut variable LL cut DD cut LU* cut
AlnL,(p) >0 > 0 >4
Xa < 20 <20 < 10
CDA, < 1 mm < 20 mm < 0.5 mm
(L/ow), > 6 > 6 > 8
oS Opr < 0.99998 < 0.99998 < 0.99998
o > 400 MeV/c > 800 MeV/c > 400 MeV /c
p(p)/p(m) >3 >3 >3
dm(A) +4 MeV/c?  +£9MeV/c?  £20 MeV/c?

Table 5.19: Selection criteria for the reconstruction of A — p 7w decays from i)
two long type tracks (LL), ii) two downstream tracks (DD) and iii) a long proton
and upstream pion (LU*).

corresponding signal channel offline selection. For all distributions the 100 MeV /c?

mass window centred on the A mass and the final state selection cuts are applied.

The cut values are set initially by visual inspection of the variable distributions and
subsequently tuned to further remove the combinatoric background events with the aim
of maintaining at least a 50% selection efficiency. The final selection criteria are listed in
Table 5.19. Ultimately, the selection criteria are tuned to maximise the effective tagging
efficiency. This is the subject of section 5.3.3 and 5.3.4.

The performance of the A — p 7 selection cuts are evaluated on a second independent
set of 60k BY— J/i ¢ tagging events®, in order to avoid effects that may arise from
overtuning the selection cuts. The performance is quantified by the selection efficiency,

£sel, and matching efficiency, €,,q4¢cn, Which are defined as:

Nsel c o Nsel&asc
match — 9
N ted N, sel

(5.13)

Esel =

where Noq is the number of reconstructed A — p 7 decays, Ny the number of selected
A candidates and Nygase the number of selected candidates that are associated to a
true A — p 7 decay. The A — p 7 selection performance is listed in Table 5.20. A high

selection efficiency and a reasonable matching efficiency is achieved.

SEvents that have passed the L0 trigger and the offline selection cuts.
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Track Types €5(%)  Ematen (%)

LL 56.0 78.1
DD 50.8 84.8
LU 43.8 64.6
All tracks 43.4 75.8

Table 5.20: Selection efficiency for all A — p w decays, €4, and corresponding
matching efficiency, €,,qtch-

The selection procedure thus far has aimed to reconstruct and select all A—pmw
decays irrespective of the A origin. The next section presents the selection of flavour tag

A’s from the background A — p 7 decays.

5.3.3 Opposite-side A flavour tag

It has been shown in section 5.3.1, that a A tags a b quark flavoured companion B-
hadron and a A tags a b flavour. However, if a flavour tag is applied on this basis using
all the A’s that pass the offline selection, the correlation becomes diluted by A’s that
originate from the underlying event. In order to quantify the dilution it is informative

to introduce three categories of selected A’s:

e Tagging A (S) : associated to a true A — p 7 decay and originates, either directly

or indirectly, from the decay of the companion B-hadron.

e Primary A (Ba,,) : associated to a true A — pm decay, but does not originate

from a B-hadron decay.

e Combinatoric A (Beomp) : not associated to a true A — p 7 decay.

The background to signal ratios, By ,../S and Beomn /S, and the corresponding tagging
performance immediately after selection are listed in Table 5.21 for each of the three
track combinations. For all track combinations the principal source of tagging dilution
stems from the primary A background. It is interesting to note that the wrong tag
fraction, wy,,, is biased towards the opposite b-quark / A flavour correlation and will be

discussed later.
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Cut variable Ba,., /S Beomb/S  wiag (%) Etag () 8tejg (%)
LL tracks

After selection 14 +2 42+0.6 5 +2 1.644+0.05 -0.024+0.01
(IP/O’IP)pﬂe (A) 12+2 41+£0.6 554+2 1.454+0.05 -0.02£0.01
cos(Opy) 13+2 09+0.2 54+2 1.134+0.04 -0.013+£0.009
cos(fsy) 10+£2 0.5+0.1 524+2 0.7440.03 -0.002 £0.003
(IP/owp)py (A) 3.3£0.7 0.440.1 47+4 0.20+£0.02 0.001 +0.002
(IP/owp)gy (A) 1.1£0.5 0. 22+9 0.04+£0.01 0.012+0.008
DD tracks

After selection 1041 20403 5242 1.37£0.05 -0.00140.003
(IP /o1p) e () 9+1 19403 5142 1.23+0.04 -0.001+0.002
(IP/op)gy (A) 26408 0134009 3246 0.10+0.01  0.01240.008

LU* tracks

After selection 18+3 11+£2 54+2 1.41+0.05 -0.008+0.007
(IP/aIp)pﬂe (A) 16+£3 10£2 54+2 1.274+0.05  -0.00740.007
cos(fpy) 17+3 1.2+0.3 514+2 0.794+0.04  -0.001 +0.002
cos(fsv) 12+3 0.94+0.3 53+3 047+£0.03  -0.00140.003
(IP/ow)py (A) 2.6£0.9 1.3+0.5 4847 0.094+0.01 0.000140.0008

Table 5.21: Opposite-side A tagging performance immediately after the generic
A selection and the cumulative effect of each of the variables that are applied to
select tagging A’s. The cumulative effect of the selection cuts on the ratio of the
primary and combinatoric background A’s to tagging A’s, By, /S and Beomb/S,
are also stated.
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Figure 5.15: Signal and primary A topology. PV refers to the primary vertex
and SV the secondary vertex.

The expected topology of the tag and primary A decays is illustrated schematically
in Figure 5.15. A tagging A is expected to originate from the secondary vertex that is
formed by the decay of the companion B-hadron, whilst the primary A is expected to
originate from the primary vertex. Therefore, the impact parameter significance with
respect to the primary and secondary vertices, (IP/oip)py and (IP/op)gy, should be
able to discriminate between the tag and primary A’s. Furthermore, the momentum
vector of the A, p, should be biased towards the vertex from which it originates. This

motivates the definition of the angles cos(fpy ) and cos(fsy ), as follows:

cos(Bgy) = —Y (5.14)

p.-ua
coslfrv) = “Tplvl

[plfu]
where the vector u is directed from the primary to the A decay vertex and v from the

secondary vertex to the A decay vertex.

The impact parameter significance distributions for selected A’s reconstructed from
two long tracks are illustrated in Figures 5.16(a) and 5.16(b) for the three A categories.
Although the expected difference between the tagging and primary A distributions is
observed, there remains considerable overlap between the two distributions. Similarly,
the cos(@py) and cos(fsy ) distributions, shown in Figures 5.16(c) and 5.16(d) behave as
expected, but do not provide a powerful separation between the primary and tag A’s.
However, the (IP/op)py and cos(dpy) selection variables do facilitate the removal of

the combinatoric background.

The (IP/o1p)py distribution of primary and tag A’s for those A’s reconstructed from
two downstream tracks, illustrated in Figure 5.17(a), shows no evidence for any sepa-

ration between the two cases. This is not unexpected as the track resolution for down-
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stream tracks is worse than that of long tracks. However, the distribution of signed
impact parmater significance with respect to the reconstructed secondary vertex, shown
in Figure 5.17(b), does show evidence for some discriminating power. The negative
bias of the primary A distribution is consistent with a track that originates from the
primary vertex. For A’s reconstructed from a long proton and upstream pion, there is
some degree of separation between the primary and tag A s for both impact parameter
significance with respect to the primary and secondary vertices, as is shown in Figures

5.17(c) and 5.17(d).

The (IP/oiwp)py, (IP/owp)gy, cos(@py) and cos(fgy) selection cuts are chosen to op-
timise the effective tagging efficiency. This is achieved by means of a grid scan of the
4-dimension parameter space. The resulting selection cuts are listed in Table 5.22, and

include a cut on the impact parameter significance with respect to the pile-up vertices
((IP/o1p) jite)-

The optimised selection criteria for the opposite-side proton tag are applied to a

second independent set of 60k B? — J/ib ¢ events; the resulting tagging performance is;

Wiag = (36.8£55)% ey = (0.13£0.0)% €I/ = (0.09£0.0%  (5.15)

eff

tag 18 consistent with zero effective tagging power.

where ¢

To help explain why this is the case, the cumulative effect of each of the selection
cuts on the background to signal ratios, By /S and Beemb/S, and the corresponding

tagging performance, are listed in Table 5.21.

Consider first those A’s reconstructed from two long tracks. The cos(6py) and
cos(fpy) cuts remove most of the combinatoric background, at the combined cost of
a ~50% tagging efficiency loss. However, the tagging correlation is still completely
diluted by the primary A background. Cuts on the impact parameter significances with
respect to the primary and secondary vertices reduce the number of primary A’s by an
order of magnitude and a wrong tag fraction of 22 + 9% is achieved. However, this is at
the cost of a significant loss in tagging efficiency, such that no statistically significant tag-
ging performance is achieved. Similarly, for the A’s reconstructed from two downstream
tacks, the tagging efficiency is negligible after a cut is imposed to remove the primary A
background. Finally, for the A’s reconstructed from a long proton and upstream pion,
despite there remaining a negligible tagging efficiency, the tagging performance is still

completely diluted by the remaining background A’s.
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Figure 5.17: Selection of opposite-side tag A’s (solid blue line) from the primary
A (dashed red line) and combinatoric background (green line) for DD and LU
track combinations. Final cut positions are indicated by the green arrow.
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Cut variable LL DD LU*
(IP/o1p) 16 > 5. > 5. > 5.
cos(fpy) > 0.999990 - >0.999980
cos(fsy) > (0.999988 - > 0.999985
(IP /o) py > 2. - > 2.5
(IP/owp)gy < 3.8 2.1 -

Table 5.22: Selection variables to select opposite-side tagging A’s from the
background of primary and combinatoric background, given in terms of the con-
dition required to pass the cut.

However, as previously noted, the wrong tag fraction immediately after selection is
greater than 50% with a 2—2.50 statistical significance. This suggests that, compared to
the tagging A’s, a subset of the selected A’s must have the opposite correlation between b

and A flavour. The source of this opposing correlation is the subject of the next section.

5.3.4 Same-side A flavour tag

To investigate the source of the opposing correlation it is informative to study the wrong
tag fractions if a tag decision is made exclusively with primary A’s and also with only
the combinatoric background. In the latter case the wrong tag fraction is found to be

statistically consistent with a 50% wrong tag fraction.

The wrong tag fraction for the primary A’s at the generator level and after recon-
struction is listed in Table 5.23 for both a BY and BY signal channel. For the BY signal
channel the wrong tag fraction is greater than 50% at both the generator level and after
reconstruction. However, there is no significant correlation evident for the BY signal

channel.

A possible explanation for the fact that the correlation is observed for the B? and
not the BY signal channel would be if the primary A is formed during the fragmentation
process of the BY in a manner analogous to a same side kaon tag. Furthermore, the fact
that the observed correlation is opposite to that of the opposite-side tag A’s is entirely
consistent with this picture, as is illustrated schematically by Figure 5.18. Opposite-side

A’s are formed from the companion B-hadron b— ¢ — s quark transition, which gives
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B - Jp¢ By — K

S

Generator level 51.04+0.1 50.04+0.1
Reconstruction 55.2+0.7 49.5+0.8

LL 06 =1 50%1
DD 56+ 1 49+1
LU* 04+1 50+ 2

Table 5.23: Primary A wrong tag fraction at the generator level and after
reconstruction, from the decay of 60k BY — J/i ¢ and B} — K 7. Reconstruction
assumes perfect selection efficiency and purity.

B,(bs)

fragmentation

) Signal Side
primary
vertex

Opposite Side

Figure 5.18: Opposite-side and same-side A tag topology.

rise to a A (s u d) flavour. An § quark is available in the fragmentation chain that
forms the signal BY and could conceivably hadronise to form a A (s @ d). However,
the correlation between B-hadron and A flavour would be opposite in the two tagging
scenarios: an opposite-side A tags a b flavour signal B-hadron, but a same-side A tags

a b flavour signal B-hadron.

To investigate this effect further the distributions of the following variables are stud-

ied, which are also used to select same-side kaons:
e A¢: the difference in azimuthal angle between primary A and the reconstructed
signal B-hadron.

o AQ): the mass difference between the signal B-hadron and the combination of the

primary A and signal B-hadron mass.
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o p¢' : the momentum of the primary A that is transverse to the combined signal

B-hadron and primary A momentum.

The variables are shown in Figure 5.19 for a B? and a BY signal channel as a function
of right and wrong tag. The right tag distributions for the B? channel are consistent
with the distributions observed for the same-side kaon tag; the particle is formed in
the phase space of the signal BY. Furthermore, no separation between the right and
wrong tag distribution are evident for the BY signal channel, which is consistent with
the hypothesis that the correlation observed in the BY channel arises from the signal

string fragmentation.

To investigate the potential flavour tagging performance of a same-side A tag, a grid
scan of the the parameter space is performed. If more than one A passes the selection
cuts, the tag is applied using the A with the smallest pi¢' . The effective tagging efficiency
as a function of each of the cut variables is illustrated in Figure 5.20 and the final selection
cuts are listed in Table 5.24. Applying the selection cuts to a second independent data
set of 60k BY — J/ip ¢ events yields the following tagging performance:

Wiag = (32£3)% 109 = (045£0.03)% 5] = (0.06 £0.02)%. (5.16)

Although a reasonable wrong tag fraction is achieved, the effective tagging efficiency is

limited by the relatively small tagging efficiency.

The observation that a small, but non-negligible, tagging performance is possible with
A’s produced in the BY fragmentation raises the question of whether protons produced
in the fragmentation of B} mesons can be used for flavour tagging. This is the subject

of the final section.

5.4 Same-side Proton Tag

The fragmentation diagram that would lead to the observed MC correlation between
BY and A’s is illustrated in Figure 5.21(a). The analogous correlation that would be
expected for protons and BY mesons is shown in Figure 5.21(b). The idea of a same-side

proton tag has been proposed by Gronau et.al [105].

From the correlation diagrams, it follows that a p is expected to tag BY and a p will
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Cut variable

Cut

A¢
AQ

rel

Pr
p(A)

cos(Opy)

< 0.85 rads

< 2.25 MeV/c?
< 19 MeV/c

> 7.5 GeV/c
> 0.99999

Table 5.24: Same-side A tag selection cuts, in terms of the condition required

to pass the cut.

b _
'\A\A: } Bs
g ou A

| Bs

b
’\\f | Bd
g uCip
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ﬁ_\UU}E
d

(b)

Figure 5.21: Correlations of neutral strange B-mesons with A and A, and
the correlation of neutral non-strange B-mesons with p and p. The proton
correlation diagram is taken from Gronau et.al [105].
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identify a BY. Figure 5.22 illustrates the A¢, p5' and AQ distributions for both a BY
and BY channel. To avoid the situation of tagging power arising from kaons mistagged
as protons, the MC truth information is used to select only protons associated to a true

proton.

Although there is some evidence for separation between the right and wrong tag
distributions for the BY channel, which is not seen in the B? channel, the correlation
is considerably weaker than for the same-side A distributions shown in Figure 5.19.
Furthermore, a grid scan of the parameter space is unable to extract a useful tagging
performance and any potential tagging power is overwhelmed by the large number of

background protons.

5.5 Summary and Outlook

The issue of flavour tagging with baryons was motivated by the potential tagging per-
formance of an opposite-side proton tag. Despite a promising potential performance,
the performance that can be realised is intrinsically limited by the fact that protons
from B-mesons and A,’s have the opposite tagging correlation. The difficulty of sep-
arating these two cases is further compounded by the background of protons from the
underlying event. These difficulties motivated the studies of an opposite-side A tag.
Such a tag is found to have a number of advantages over the proton tag; both B-mesons
and A’s have the same tagging correlation and the reconstructed A’s can be well sep-
arated from the underlying background. Furthermore, a useful tagging performance is
potentially attainable after reconstruction, assuming perfect selection efficiency and pu-
rity. However, the performance is diluted by primary A’s, which could not be removed
with simple geometric cuts. Finally, the observation of a tagging correlation in the pri-
mary A’s motivated the search for A’s produced in the fragmentation of B? mesons. A
small, but non-negligible, performance is achieved with a same-side A tag. However, the
flavour correlation for the analogous same-side proton tag, after proton reconstruction

and selection, is too small for a useful tagging performance.

In conclusion, there is potential for flavour tagging with protons and A’s, but the
implementation is found to be very challenging. However, it should be noted that many
of the implementation challenges encountered, such as the balance between protons
originating from A’s and B-mesons, are entirely derived from the Monte Carlo simulation.

As such, it would be prudent to revisit many of the issues discussed in this chapter once
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real data are available.



Chapter 6

A, — p7/K Event Reconstruction

and Selection

This chapter presents the procedure for reconstructing A, —pm and A, — pK decays
with the LHCb apparatus and the selection strategy to extract these rare decays from
the underlying background. The aim of this study is to determine the total selection
efficiency, ey, and the background to signal ratio (B/S). Knowledge of ey, and B/S
enables an estimation of the annual event yield and LHCb’s sensitivity to direct CP

asymmetries in these two decay channels. This is the subject of Chapter 7.

6.1 Monte Carlo Data Samples

The studies presented in this thesis use 146k A, — p 7 and 143k A, — p K signal events,
the generation and simulation of which is detailed in section 2.4.1. The most significant
background source for both channels is expected to be the inclusive decay of bb events,
of which there will be approximately 10 for every signal event. Topologically similar
decay modes, such as the charmless two-body decay of B-mesons, are also expected
to be an important background. In addition, both signal channels are expected to be
a background to each other, as they differ only by the identity of the lighter hadron.
The theoretical expectation for the branching ratios for the signal channels and the
measured branching ratios for the charmless two body B decay backgrounds are given in
Table 6.1. Previous studies have shown the minium bias (pp — anything) background

to be insignificant [19)].

159
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Channel B (x107°)
A, —pr 0.929 [11]
A, —pK 1.54[41]
B - K+ 5.00[100]
BY - K+K-  24.4[100]
BY — Kt 7~ 18.9[107]
BY — 7" 7 4.90 [107]

Table 6.1: Branching ratios (B) for the decays of interest and the expected
background channels.

Channel Ngen Weight Factor

(x10% events) A,—pm A,—pK

Ay—pm 146 1.0 0.6
A, —pK 143 1.7 1.0
inclusive bb 33,000 31,000 18,000
BY — Kt 7~ 50 17.2 9.9
BY — KT K~ 70 62.1 35.8
By — Kt 7~ 320 42.4 24.5
By — 7t 175 19.0 10.9

Table 6.2: Generated Monte Carlo dataset sizes (Ngen) and corresponding
statistical weight factors

In order to produce an equivalent number of signal and inclusive bb events, such that
the sample sizes correspond to the same period of intergrated luminosity, would require
the production of approximately 10° inclusive bb events for every signal event produced.
For a typical signal sample size of order 10* events, this would imply the production of
10% x 10* = 10'Y inclusive bb events. However, due to the finite computational resources
available to produce Monte Carlo data, it is only possible to produce a sample of order
107 events. The numbers of signal and background events generated for this study are
given in Table 6.2; the implications of the statistical imbalance between the signal and

background samples for the selection analysis is addressed here.
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The tuning of the event selection is a trade-off between tightening cuts to improve the
purity of the selected events and loosening them to retain signal events. The selection
purity is typically characterised by the ratio of background to signal events (Bge/Sse1)
that pass the selection criteria. A measurement of the absolute value of Bg./Ss re-
quires that the number of generated signal and background events correspond to the
same equivalent period of integrated luminosity, which necessitates the weighting of the
background event sample. The number of signal events, Ny, generated during a period

of luminosity that yields N, bb events is,
Nsig - 2NbEfsingig (61>

where f, is the hadronisation fraction of the signal B-hadron and B, the signal branch-
ing fraction. The factor of 2 arises since both the b and b quarks can hadronise to the
signal B-hadron. The effective, post-weighted, number of background events must cor-

respond to same period of luminosity,

Whack Vback = 2N,5 foack Bback (6.2)

where Np,qc is the number of generated background events, wp.q is the background
weight factor, fyaa is the B-hadron hadronisation fraction and By, is the branching

fraction.

In order to save valuable computational resources only those events which are within
the acceptance of the detector are retained after event generation (see section 2.4). The

number of signal and backround events which satisfy this criteria, N5* and N7, are

given by,
gen __ _geom pr gen _ _geom
Nsig - Esig NSlg and Nback - gback Nback7 (63)
where eZ7™ and e}, are the fractions of simulated signal and background events within

the detector acceptance. Combining equations 6.1, 6.2 and 6.3, yields the following

expression for the background weight factor,

gen geom
Nsig Ehack fback Bback
= 6.4
Whack = e X geom X X B... ( : )
back gsig fSig sig

For the inclusive bb background, Bpaac = 1 and fpaa = 1, and the weight factor, Wy, 1s
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given by
gen geom
Nsig gbb 1
Wpp = Ve X —geom X 2% B . (65)
bb Esig X sig X fsig

The weight factors for the inclusive bb and specific background channels are given in
Table 6.2. It is evident that whether or not a single bb event falls within the selection
criteria will shift the number of selected inclusive bb background events (NE%I) by 31,000
in the case of the A, — p signal channel and 18,000 for A, — p K. The effect of this
statistical mismatch is to limit the precision of the background estimate. For example,
consider that after the selection procedure 0 inclusive bb events pass the selection cuts.
Using the procedure described by Feldman and Cousins [108], for a Poisson process with
no observed events and a known mean background of 0, the signal mean has a 90%
confidence level upper limit of 2.44. Therefore, with respect to the generated signal data

samples, the number of selected inclusive bb events has an upper limit of:

N < 244 xwip (6.6)
bb
44,100  if signal = A, —pK

From equation 6.5 it is evident that to reduce this upper limit one can either increase
the inclusive bb sample size or use fewer of the available signal statistics, at the cost of
decreased statistical precision on the selected signal sample. The procedure adopted in
this thesis is to increase the effective number of inclusive bb statistics by widening the
mass selection window applied to the inclusive bb background compared to that applied
to the signal data. Assuming that the inclusive bb background is uniformly distributed
in this mass window, the effective number of inclusive bb events is increased by a factor
equal to the ratio of the mass window cuts applied to the background and signal samples.

This provides a statistically more precise estimate of the background.

6.2 Event Reconstruction

This section details the method of reconstructing candidate Ay, —p7m and Ay —pK

decays within the framework of the LHCD software environment. Since the signal decays
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protons

I

Track reconstruction
(Brunel)

Assign particle identity
(CombinedParticleMaker)

Aln£p_n(p) >3 AlnLg x(K)>-5

Filter protons

° pr(p)
@ IP/ojp(p)

Proto-

particles

\

Figure 6.1: Reconstructing and selecting A, — p7/K decays in the LHCb
software framework. All reconstuction and selection algorithms are based on
the C++ GAUDI framework [71]. The algorithms for reconstruction are grouped
into an application called BRUNEL, which can process either real data or the
output of the detector simulation [$1]. Algorithms for physics analysis are col-
lected into an application called DAVINCI [83]. All steps in the illustration are
DAVINCI algorithms, except for track reconstruction which is part of the BRUNEL

application.

Filter pions / kaons

@ pr(n/K)
o IP/ojp(n/K)

Create candidate Ay,
o mass(Ay) > 4 GeV/c?
s proto(p)#zproto(n/K)

I

Filter candidate Ay s
@ pr(Ap), IP/op(Ay)
2 12(Ap), 1/07 (M)
2 Am(Ap)

=

differ only in the identify of the lighter hadron, the reconstruction steps that follow apply

to both decay channels; any differences in procedure will be explicitly stated.

The sequence of steps to reconstruct and select A, — p7/K decays in the LHCb

software framework are illustrated in Figure 6.1. The reconstruction process begins with

track reconstruction, the details of which are given in section 2.4.2. The reconstructed
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tracks are not assigned a particular particle identity. The designation of a particle type
(v,e,u,m,K;p) to each reconstructed track or “protoparticle” is determined by placing
cuts on the difference between the likelihoods of the various particle hypotheses, as
described in section 3.5. This may result in the track being associated with more than

one particle type.

In order to save processing time it is useful to apply an initial set of loose particle
identification (PID) selection criteria, which retains a high signal selection efficiency but
reduces the background combinatorics. The difference in log likelihood (DLL) between
the true' proton in A, — p /K decays and true pions / kaons in inclusive bb events is
shown in Figures 6.2(a) and 6.2(b) respectively. Similarly, the DLL between the true
kaon in A, — p K decays and pions / kaons in inclusive bb events is shown in Figures

6.2(c) and 6.2(d). Tracks are assigned a proton identity if,
AlnL,, > 3, (6.7)
and a kaon is identified if,
AlnLi, > —5. (6.8)

This has the effect of reducing the background combinatorics by an order of magnitude,
at the cost of a 10% loss of signal efficiency. The tuning of the PID selection criteria
to remove specific backgrounds, such as the charmless two-body decay of B-hadrons, is

described in section 6.3.

Candidate A, — p /K decays are reconstructed and selected by employing a number
of selection criteria that exploit the nature of the decay. The topology of A, —p7n/K

decays is illustrated in Figure 6.3. The most distinctive features of the decay are:

e A displaced secondary vertex (SV) : A A, has an average momentum p ~ 113 GeV /c
in the LHCb acceptance and the relatively long (1.409 4 0.055) x 10712 s A life-

time [1 7] results in the A, travelling on average 7.4 mm before decay.

e Two tracks, one positive and one negative, are observed to originate from the

displaced secondary vertex.

e Since both final state masses are small compared to the A, rest mass, the final

IThe track is associated, via the associator algorithms described in section 2.4.2, to the correct
particle identity and decay chain position.



A, — p7m/K Event Reconstruction and Selection

165

e TruepfromA, - ph

03f

L — True mtfrom bb-inclusive

normalised entries / ( 20.)

o
w

[ e TrueKfromA, - pK

[ — True mtfrom bb-inclusive
0.25

normalised entries / ( 20.)

°
N

0.15
0.1f

0.05

(C) AlnﬁKw

N
»
4]

I
IS

o
w

o
)
a

o
N

o
N
o

normalised entries / ( 20.)
o
w
a

[ o TruepfromA, - ph

[ — True K from bb-inclusive

(d) AlnLxkp

L e
200
— 0.6[
(=}
N L
-
- e TrueKfromA - pK
» L
£ o5 )
£ L —— True p from bb-inclusive
@ L
°
Q
2
< 0.4
E
o
c
e
200

Figure 6.2: Proton and kaon selection with difference in log likelihood (DLL)
cuts. The loose PID cuts are indicated by the green arrows. The scale is arbi-

trary.



A, — p7m/K Event Reconstruction and Selection 166

/K"
p
S\
ctp/m = 7.4mm
7 Ay
b . D

PV
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states will have a large transverse momentum compared to the inclusive bb back-

ground.

The protons and pions/kaons selected by the PID crtieria are filtered by imposing se-
lection criteria on the transverse momentum (pr) and the impact parameter significance
with respect to the primary vertex (IP/oip)py,. After the final state filtering, all unique
combinations of opposite charged tracks are considered. A first check is to ensure that
the two particles originate from unique protoparticles, since the latter can be assigned
more than one particle type. The two particle tracks are combined to form a secondary
vertex by extrapolating the particle tracks through the magnetic field map. A candidate
A, is created by combining the 4-momenta of the two particle tracks. The resulting
mass distribution for true A’s and the corresponding combinatoric background in 70k
signal events is shown in Figure 6.4. A small true A peak is evident at 5620 MeV /c?.
For computational efficiency, the large combinatoric mass peak is immediately removed

by requiring that all A, candidates have a mass greater than 4 GeV /c?.

Finally, the candidate A’s are filtered by imposing criteria based on the impact
parameter significance, (IP/oip)py, transverse momentum, pr, and invariant mass of
the candidate Ay, my . In addition criteria are imposed on the x? of the secondary
vertex fit and the significance of the secondary vertex’s displacement from the primary

vertex L/op,.

The selection criteria at each filter step are developed by means of a ROOT Tree
(n-tuple), which is filled with the final state and candidate A selection variables and
the corresponding Monte Carlo truth information (see section 2.4.2) [109]. The result of
the LO, L1 and HLT trigger decisions are also recorded in the ROOT Tree, enabling the
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Figure 6.4: Mass distribution of true candidate A,’s (blue line) and the com-
binatoric background (red line), for (a) A, —p7 and (b) A, — p K decays.

effect of the trigger on the selection efficiency to be evaluated.

6.3 Event Selection

This section details the motivation, procedure and performance of methods to extract the
signal decays channels from the vast background of reconstructed events. The challenge
of this task to well illustrated by Figure 6.5 which shows the mass distribution for
reconstructed Ay —p7 and A, — pK events for which no selection criteria have been
applied except for the loose PID criteria. A clear signal peak centred at the nominal A
mass (5,624 +9 MeV /c?[17]) is evident, but is some 6 orders of magnitude beneath the
overwhelming inclusive bb background.

The dominant source of background is expected to be inclusive bb events, since the
production fraction of such events vastly exceeds that of the signal channels. As such, the
selection criteria are optimised in the first instance by considering inclusive bb events
as the only background source. Moreover, in light of the large statistical mismatch
between the number of simulated signal decays and inclusive bb events (as discussed

in section 6.1), the selection criteria are chosen to remove all the inclusive bb events,
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Figure 6.5: Mass distribution of true candidate A,’s (red line) and the in-
clusive bb background (blue line), for (a) A, —pm and (b) A, —pK decays.
Background weighted to correspond to same equivalent period of luminosity as
the signal sample.

while retaining as high as possible selection efficiency. The selection criteria are then
further refined by considering specific 2-body backgrounds; the aim at this point being

to optimise the selection efficiency and purity with respect to these specific backgrounds.

The selection criteria used to extract the signal decays from the underlying back-

ground are as follows:

Track types

e The candidate A}, must be reconstructed from two long type tracks (see section
2.4.2 for track definitions.) The 12% of candidate A, decays reconstructed from one
or more downstream type tracks are excluded as the mass and impact parameter
resolutions of the reconstructed A, is an order of magnitude worse than those A

decays reconstructed from two long type tracks.
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Particle identification

e Tracks are identified as protons if the difference between the log likelihoods, AlnZ,
of the proton and pion hypothesises, AlnL,.(p), and the proton and kaon hypoth-
esises, AlnL,k(p), exceeds a minimum selection value. Tracks are identified as
kaons from the AlnL between the kaon and pion hypothesis AlnLk,(K), while
tracks are identified as pions from the AlnL between the pion and kaon hypothesis
AlnL k().

Kinematic cuts

e Of the two tracks used to reconstruct a candidate A, the track with the smaller
transverse momentum, p" | is required to exceed a minimum cut value of trans-
max

verse momentum (pr) and the track with the higher transverse momentum, pf* |

must also exceed a minimum of pr.

e Since B-hadrons are formed from hard interactions (see section 2.4 ), the candidate

Ay . ..
T.
A, transverse momentum, p;” , must exceed a certain minimum of p

e The invariant mass of the the candidate A, my , must lie within a range Amy,

of the nominal A, mass.

Geometric cuts

e Since the A, decay vertex is displayed with respect to the primary vertex, minimum
impact parameter significance (IPS) conditions are required of the final state with
the smaller IPS, S™® and the final state with the larger IPS, S™a*,

e Considering that a true A originates from the primary vertex, the impact param-
eter significance of the candidate A, SI/{‘?X , is required to be less than a maximum

cut value.

e The reconstructed tracks must originate from a common point in space, which is

qualified by the X?\b of the candidate A, vertex fit.

o The flight distance, L, is defined as the distance between the A, decay vertex and
the primary vertex. Since the lifetime of the A is relatively long, the flight distance
significance of a candidate A, Skb, is required to be greater than a minimum cut

value.
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6.3.1 Extracting A, — p 7 /K decays from the inclusive bb back-

ground

This section presents the development and performance of selection criteria to extract

the signal decay channels from the inclusive bb background.

As a first step, loose preselection criteria are applied to reduce the O(107) inclusive
bb data set to a computationally more manageable size. Figures 6.6-6.8 illustrate the
selection variable distributions for a ~ 158k subset of the inclusive bb data sample used
for the development of selection cuts, compared to ~ 75k Ay —pmand ~7lk Ay —pK
signal decays. The signal sample sizes correspond to approximately half of the generated
Monte Carlo data samples listed in Table 6.2, the remaining data is used for an unbiased
evaluation of the selection performance. No selection criteria have been applied except
for the combinatoric suppressing loose PID criteria and the my, > 4 GeV /c? mass cut
(see section 6.2). A summary of the preselection cuts for the A, — p /K signal channels
is given in Table 6.3. The kinematic and geometric preselection criteria are similar to
those used in the preselection of generic B — h*h~ decays, but with additional PID
selection criteria[l10]. From an initial ~ 17.6M inclusive bb events, ~ 3.1k remain after
the A, — p7 preselection and only ~ 1.2k after the A — p K preselection cuts. The
approximate factor of 2 difference arises from applying a PID cut on the kaon in the

A — p K decay, while no PID cut is applied to the pion in the A — p7 channel.

Due to the statistical mismatch between the number of available Monte-Carlo signal
and inclusive bb events, as discussed in section 6.1, the final selection criteria are chosen
with the aim of removing all the inclusive bb background events, while retaining as
high as possible signal selection efficiency. The selection variable distributions after the
preselection cuts are shown in Figures 6.9-6.12. The final selection criteria, together with
the effect of each selection cut on the signal and inclusive bb background, are given in
Tables 6.4 and 6.5 for the A, — pm and A, — p K signal channels respectively. A mass
width selection cut of Amy, = +550 MeV /c? is applied to the inclusive bb background,
a factor ten greater than the Amy =+55 MeV /c? cut applied to the signal sample.

The Ay —pm and A, — pK selection criteria meet the objective of removing all
inclusive bb events from the narrow, 455 MeV /c?, mass window. However, a number

of background events pass the selection criteria in the the wider, +550 MeV/c? mass
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Cut variable Preselection cut value

A —pm A, —pK
AlnL,.(p) >3 >3
AlnLk, (K) n/a > —5h
i > 2000 MeV/c > 2000 MeV/c
P > 600 MeV /c > 600 MeV /c
Smax > 5.5 > 5.5
Smin > 3.5 > 3.5
i > 700 MeV/c > 700 MeV/c
SX, > 12 > 12
Syox < 3.15 < 3.15
XA, <6 <6
Amy +1700 MeV /c? 41700 MeV /c?

Table 6.3: Preselection cut variables for Ay —pm and A — p K signal chan-
nels, given in terms of the condition required to pass the selection cut.

window. For the purposes of understanding the source of these events, it is informative

to introduce the following background categories:

e Combinatorial bb : both tracks are from different B-hadrons and each is associated

to a true MC particle.

e Partially reconstructed decay : both tracks are from the same B-hadron and each

is associated to a true MC particle.

e (Ghost : one or more of the tracks is not associated to a MC particle and arises

from incorrectly reconstructed tracks.

In addition, there are a few signal events in the inclusive bb sample, but these events
are removed from the studies of the inclusive bb background. Of the 23 inclusive bb
events passing the A, — p 7 selection, 11 are combinatorial bb events and 12 are partially
reconstructed B-hadrons. Furthermore, of the latter 12 events, 10 derive from selecting
the proton and charged pion from the decay A, —p p(770) — pn~ 7’. This decay has
yet to be observed [17] and is not included explicitly in the list of A, decay channels

used by EvtGen [77], therefore it must arise from Pythia hadronisation processes [18].
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Signal Inclusive bb Background

Cut variable Cut value Only All except Only All except

this cut this cut this cut this cut
Preselection 11,631 3,128
ppx >3 GeV/c 10,594 7,073 1,376 39
ppin > 1.2 GeV/c 10,565 7,308 1,649 A7
Smin >5 10,980 6,873 2,078 31
p%b > 1.5 GeV/c 10,931 6,881 2,379 27
Skb > 15 10,836 7,041 2,565 29
S}"{I:X < 2.5 10,563 7,319 2,231 35
Xib <4 10,923 7,119 2,738 28
AlnLyk(p) >-1 11,390 6,765 2,092 51
AlnL,k(m) >-5 11,508 6,731 2,754 33
Amy + 55 MeV/c? 11,178 6,884
All cuts 6,651 23
... & apply & 55 MeV/c? mass window to background 0

Table 6.4: Criteria for the selection of A, — p7 decays. For each cut variable
the number of events is given that pass the selection if only this cut is applied
and the number that pass the selection if all except this cut are applied. The
numbers of events passing the preselection and final selection cuts are given on
the first and last line respectively.
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Signal Inclusive bb Background

Cut variable Cut value Only All except Only All except

this cut this cut this cut this cut
Preselection 10,929 1,248
ppx >3 GeV/c 9,870 6,293 527 15
ppin > 1.1 GeV/c 10,193 6,297 675 13
Smin >5 10,289 6,108 775 16
p%b > 1.5 GeV/c 10,231 6,116 941 11
Skb > 15 10,134 6,281 1,056 12
S‘;{li’“ < 2.5 9,906 6,497 884 19
Xib <4 10,267 6,264 1,057 13
AlnLyk(p) >-1 10,559 6,009 835 21
AlnLg,(K) >0 10,122 6,349 763 17
Amy + 55 MeV/c? 10,400 6,089
All cuts 5,901 10
... & apply & 50 MeV/c? mass window to background 0

Table 6.5: Criteria for the selection of A — p K decays. For each cut variable
the number of events is given that pass the selection if only this cut is applied
and the number that pass the selection if all except this cut are applied. The
numbers of events passing the preselection and final selection cuts are given on
the first and last line respectively.
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Figure 6.13: Mass distribution of inclusive bb events passing the A, — p 7 (left)
and A, — pK (right) selection cuts. The green arrows indicate the position of
the Amy, = +55 MeV /c? selection cuts.

Of the 10 events passing the A — p K selection, 8 are combinatorial, 1 is a partially

reconstructed B-hadron and 1 is a ghost background.

The mass distributions of inclusive bb events passing the A, —pm and A, —pK
selection criteria are shown in Figure 6.13. The combinatoric background in the A, — p 7
and A, — pK mass distribution is approximately linearly distributed across the mass
window. Those background events that are partially reconstructed B-hadrons, have a
mass distribution biased towards the mass of the parent B-hadron. Such events can be
neglected as counting towards the total inclusive bb background if the mass distribution

does not overlap the tight 55 MeV /c¢* mass window.

In order to investigate the background due to A, — p p(770) — p 7~ 7° events a ded-
icated MC sample of 8.5k were simulated using the same software as the signal and other
background samples. Figure 6.14 illustrates the mass distribution of A, — p p(770) = p 7~
events that pass the A, — p 7 selection criteria. The mass distribution is centred outside
of the tight mass window and thus the background from such events will be negligible.
The effect of the trigger and specific background selection cuts on the remaining combi-

natoric background events is the subject of section 6.4.
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6.3.2 Exclusive two body B-hadron backgrounds

The decay of B-hadrons into two charged particles are a specific source of background
for both A, signal decay channels. Figure 6.15 illustrates the mass distribution of the
various specific background channels after the inclusive bb rejection cuts, but without
applying the Amy cut. The signal and background distributions are weighted by the
factors given in Table 6.2 such that, for each dataset, the number of events before

selection corresponds to the same luminosity.

To gauge the potential effect on the selection purity caused by the selection of the

specific background events, an estimate of the background to signal ratio is calculated,

sel

N,
Bspec./S = Wpack X ]\?:eclk7 (69)

sig

where N5, is the number of selected background events, N9 the number of selected
signal events and wy,e is given by equation 6.4. Table 6.6 gives an estimate of the spe-
cific background to signal ratio expected for each background channel after all selection

criteria have been applied, including the Amy ==+55 MeV /c? cut. When the number
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Figure 6.15: Mass distributions for signal (sold blue line) and specific back-
grounds for the A, — p7 (left) and A, — p K (right) decay channels. Uncertain-
ties are statistical. Scale is arbitrary.

of selected background events, NgeL, | is small (less than 10), the number of background
events passing the selection is quoted as a 90% confidence level interval for the mean of a
Poisson distribution given N, observed events. The method of Feldman and Cousins

is used to construct the confidence level intervals [108].

The overall background to signal ratio of the A, — p 7 channel is approximately three
times that of the A — p K channel. This is due in part to the lower A — p 7 branching
ratio and the fact that the principal background source stems from misidentifying a
kaon as a proton. This results, in the case of the A — p 7 channel, in the selection of
BY — K 7 decays and in the selection of B — K™K~ decays in the A, — p K case. Given
the greater B} compared to B? hadronisation fraction, this has a more significant impact

on the A, — p 7 selection purity.

Removing the B-meson backgrounds

The B-meson backgrounds can be removed by either tightening the PID criteria applied
to select the proton, or by further exploiting the mass difference between the A, and

B-meson background by recalculating the A, mass on the assumption that the proton
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Background channel Bepec. /S
A,—pm A, —pK
Ay—pm n/a 0.054 £0.002
A, —pK 0.34£0.01 n/a
By — Kt 7~ 0.50+0.06 0.05440.001
BY — 7" 7~ 0.05+0.01 0.013+0.005
BY — Kt 7~ 0.04+0.01 0.013+0.005
Bg — KT K~ [0.02,0.09] 0.2240.04
Total 0.984+0.06 0.35+0.04

Table 6.6: Background to signal ratios for specific background channels after

applying the inclusive bb selection criteria. If the number of selected background
events is small (< 10), Bypee. /S is quoted as a 90% confidence interval.

is actually a misidentified kaon.

Figure 6.16(a) shows the mass distribution of A, — p 7 decays for two different pro-
ton PID assignments: one in which the proton is assumed to be a true proton, the other
in which the proton is assumed to be a kaon. In both cases the full inclusive bb selec-
tion criteria are applied, including the Amy =455 MeV/ c? mass window cut. With
respect to the proton hypothesis, the kaon hypothesis skews the A, mass distribution
to lower masses, as is expected given that the kaon mass is some 445 MeV /c? less than
the proton mass. Figure 6.16(c) illustrates the same two PID assignments applied to
BY — K 7 decays, the most significant of the A, — p 7 specific backgrounds. For the pro-
ton assignment the distribution is approximately uniform across the 110MeV /c? mass
window centred on the A, mass. However, if the proton is assigned the kaon mass, the
mass distribution is transformed to an approximately Gaussian distribution centred on

the B} mass. Hence, the following selection criteria can be defined:
|m(BY) — m(A” 7)) > Amgy (A 7F) (6.10)

where m(A,P? %) is the A, mass assuming that that proton is actually a kaon and
AmBg(Abp ~X) is a mass window cut centred on the B} mass that is applied to the
recalculated A P ~¥ mass. Requiring that Ampg (AP ~K) = 50 MeV/c?, reduces the
specific B} — K 7 background to signal ratio from 0.50 £0.06 to <0.08, at the cost of

a small 0.30% reduction in selection efficiency. To achieve the same improvement by
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Figure 6.16: A, mass distributions, after the inclusive bb selection cuts, for
two different proton PID hypotheses : one in which the proton is assumed to be
a true proton (blue line), in the other the proton is assigned the kaon mass (red
points). The left column corresponds to the A, — p 7 selection applied to signal
(top) and BY — K 7 background events (bottom). The right column corresponds
to the A, — p K selection applied to signal (top) and B? — K™K~ background
events (bottom). The green arrows indicate the selection cuts applied to the A
mass for which the proton is assumed to be a kaon (red points).
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inclusive bb selection cuts. The background events are weighted by the factors
given in Table 6.2.

means of the AlnL,k(p) PID cut, shown in Figure 6.17(a), results in a higher 1.1%

selection efficiency loss.

In the same manner, the B! — K+ K~ background can be removed from the A, — p K
selection by assigning the kaon mass to the proton and removing those events that lie
within a mass window centred on the B? mass. This is illustrated in Figures 6.16(b) and
6.16(d). Background B! — KT K~events are removed by requiring that:

[m(BY) = m(A 7)) > Ampy (A ~F) (6.11)
where Ampo (A"
=30 MeV /c? reduces the B? — K+ K~ background to signal ratio from 0.2240.04 to
<0.06 with an efficiency loss of 0.45%. To gain the same improvement from increasing
the AlnL,k(p) cut, the distribution of which is shown in Figure 6.17(b), leads to a larger

0.97% selection efficiency loss.

XY is the mass window cut centred on the B? mass. Setting Ampgo (AP

This study suggests that recalculating the A, mass under the assumption that the

proton is a kaon is a useful method of removing background events where the proton

HK)
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has been mis-identified and where the background decay has a different parent mass to
the signal channel. In the cases considered, this method enables the same background
suppression as can be gained from PID selection cuts, but with a smaller loss in selection

efficiency.

The method can be extended to remove the smaller B} — 7+ 7~ background. In this

case, the proton is assigned a pion mass and the recalculated A is required to satisfy:

|m(Bg) —m(A 77| > Ampg (A" 77) (6.12)

—y

where AP is the recalculated A, mass assuming that the proton is in fact a pion
and Ampo(A® 77) is the mass window cut entered on the BY mass applied to the

recalculated A, mass.

Separating A, — pm and A, — p K signal events

The A, signal channels are a specific background to the other channel; in the A, —p7
selection the pion can be misidentified as a kaon and vice-versa for the A, — p K selec-
tion. The background to signal ratio is approximately a factor 6 worse in the A, —p
case compared to the A, — p K selection, partly because of the lower branching ratio of

the former decay and also due to the tighter PID cuts applied to select a kaon.

The PID selection variables provide one possible means of separating the two decay
modes. Figure 6.18(a) illustrates the AlnL,k(w) distribution for signal A, —p 7 and
background A, — p K events that pass the inclusive bb selection criteria. Although a
high purity is achievable by increasing the AlnL, k() cut, it is at the cost of significant
efficiency loss, as the peak distribution of both the signal and background peaks are co-
incident. The same feature is evident in the AlnLk, (K) distribution for signal A, —pK
and background A, — p 7 events shown in Figure 6.18(b).

An alternative means of separating the two decays modes is to consider the A mass
distribution for two cases: one in which the hadron is assigned the pion mass, the other in
which the hadron is assigned the kaon mass. The two cases are shown, after the inclusive
bb A, — p selection, in Figures 6.19(a) and 6.19(c) for A, —pm and A, — pK events
respectively. For the A — p 7 events, the mass distribution is centred on the A | mass for
the pion hypotheses and skewed to higher masses for the kaon hypotheses, as expected
given the additional kaon mass. In contrast, for the A, — p K events, the distribution is

centred on the A, mass for the kaon hypotheses and skewed to lower masses if the pion
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Figure 6.18: Separating the two signal channels with PID selection variables.
Distributions shown for signal (blue points) and background (red line) events
that pass the A, — p7 (left) and A, — p K (right) inclusive bb selection criteria.
Background statistics weighted by the factors given in Table 6.2.

identity is assumed. The behaviour of the A, —pm and A, — p K mass distributions
under different hadron PID assumptions can be encapsulated into the following selection

variable,

K — (Abh —mT Abtrue) + (Abh —-K Abtrue)’ (613)

veto

where Abh — T and Abh ~ K are the A, mass for the pion and kaon PID cases respectively,
and A" is the nominal A mass. Figure 6.20(a) shows the distribution of equation 6.13
for Ay = pm and A, — pK decays that pass the A, — p7 selection. A degree of signal
and background separation is evident, but to remove all the background events leads
to a significant signal efficiency loss. Therefore, the approach taken is to apply a loose
K, > —30 cut and study the effect of increasing the AlnL k(m) selection criteria on
the specific background to signal ratio (Bgpec./S ) and on the efficiency of selecting the

generated signal events (esel/gen), the latter being defined as,

Nee
Esel/gen — N 17 (614)
gen
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Figure 6.19: A, mass distributions, after the inclusive bb selection cuts, as-
suming that the hadron is a pion in one case and a kaon in the other. The left
column corresponds to the A, — p selection applied to signal (top) and the
A, — p K background (bottom). The right column corresponds to the Ay —pK
selection applied to signal (top) and the A, — pm background (bottom). The
correct hadron particle identity is coloured blue for the signal events and red for
the background events.
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able, for events pass the A, — p7 (left) and A, — pK (right) inclusive bb selec-
tion criteria. Signal channels are illustrated as blue points and the corresponding

background as a red line. Background events are weighted by the factors given
in Table 6.2.
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to AlnL,x(m) >4 (bottom left), with and without a K, selection cut. Other
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where Ny is the the number of selected events and Nge, is the number of generated
Monte Carlo signal events. The study is illustrated in Figure 6.21 for integer increases
in the AlnL,k(7) selection cut. It is evident that the application of the K,  cut for a
particular AlnL, k(7) cut results in a lower background to signal ratio and only a small

efficiency loss.

The AlnLk,(K) and K, distributions for the A, —pK selection are shown in
Figures 6.18(b) and 6.20(b) respectively. Given that the A — p 7 decays are a relatively
small background to the A, — pK selection, there is no benefit from increasing the
AlnLk,(K) cut as the background and the peak of the signal distribution are coincident.
However, for the K, distribution the background is coincident with the tail of the signal

distribution, and a loose cut on this variable is found to be beneficial.
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Figure 6.22: Signal and specific background mass distributions after final selec-
tion criteria for the A, — p 7 (left) and A, — p K (right) selection. Backgrounds
are weighted by the factors given in Table 6.2. Uncertainties are statistical.

Specific background selection cuts

Tables 6.7 and 6.8 list the final criteria to extract A, —pm and A, — p K decays from
the expected specific backgrounds. The specific background to signal ratio for the
A, — p selection is reduced from 0.98 £0.06 to 0.067 +0.007, with a corresponding
reduction in selection efficiency from (8.9 +£0.1)% to (7.154+0.10)%. Less stringent cri-

teria are required for the A — p K selection, such that the addition of a K and loose

veto
Ampgo (AP — ) cut are sufficient to reduce the expected A, — p K specific background
form 0.3540.04 to 0.08 0.02, with a corresponding reduction in selection efficiency

from (8.4£0.1)% to (7.6 £0.1)%.

The mass distributions of the expected specific backgrounds that pass the final se-
lection criteria are illustrated in Figures 6.22(a) and 6.22(b). It is a noticeable feature
that a significant number of B-meson events pass the A, — p K selection, while most
are removed by the A — p 7 selection. The vast majority of the retained B-mesons lie
outside of the Am, mass window cut and therefore are expected to have a negligible

effect on the selection purity. However, as a check that the selection variables behave as
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Bspec./S Esel/gen
Cut variable Background Only All except Only All except
this cut this cut  this cut this cut

Inclusive bb BY — K7~ 0.50 +0.06 8.9+0.10
cuts only Ay, —DpK 0.34+0.01

By — 7" 7 0.0540.01

All channels 0.98 +0.06
Ampgo (AP —K) BY - Kt [0.02,0.08] 0.394+0.05 85+£0.1 7.5+0.1
> 50 MeV /c? A, —pK 0.31+0.01 0.070+£0.004

By — 7t 0.05+0.01 [0.00,0.02]

All channels 0.50 +0.03 0.4740.06
AlnL,x (7) >0 B} — K™ 7~ 0.38+0.05 [0.00,0.03] 8.04+0.1 7.840.1
& K., >-30. A, —pK 0.081£0.005 0.255+0.009

By — 7t 7 0.04£0.01 [0.00,0.02]

All channels 0.54+0.06 0.294+0.02
AmBg(Abp - By — Koo 0.50 +0.06 [0.00,0.04] 8.240.1 7.74+0.1

> 50 MeV /c? A, —pK 0.29+0.01 0.07340.005
B — ata  [0.00,0.02]  0.04£0.01
All channels 0.81£0.06 0.17+£0.02
All cuts BY — Kt 7~ [0.00,0.02] 7.15+0.10
A, —pK 0.060 4+ 0.004
By — 7t [0.00,0.02]
All channels 0.067 +0.007

Table 6.7: Effect of the A, — p7 selection cuts on the expected specific back-
ground to signal ratio (Bgpee./S ) and the selection efficiency (ge1/gen). For each
cut variable the Bgyee /S and &g /gen are given for the case that only this cut
variable is applied and for the case that all except this cut are applied. The first
and last sections give the Bgpee /S and egq /gen before and after the specific se-
lection criteria are applied. Backgrounds weighted by the factors given in Table
6.2. For small backgrounds (<10), Bgye../S given as a 90% confidence interval.
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Cut variable Background Bepec. /S Esel /gen

Only this cut Only this cut

Inclusive bb BY - KT K~  0.2240.04 8.4+0.1
cuts only A,—pm 0.054 £0.002
By — K" 7~ 0.05440.001
All channels 0.354+0.04

Ampo(A P ~¥) BY — KT K- [0.01,0.06] 7.84+0.1
> 30.MeV /c? A,—pm 0.051 £0.002
By — K7~ [0.01,0.04]
All channels 0.11£0.02

K oo < 30. B — K"K~ 0.18+0.03 8.0£0.1
Ay—pm 0.031 £0.002
By — K7~ 0.05+0.01
All channels 0.28 +£0.04

All cuts B? — K+ K~ [0.01,0.05] 7.6+0.1
Ay—pm 0.029 £0.002
BY — K7~ [0.01,0.04]
All channels 0.08 £0.02

Table 6.8: Criteria to remove specific backgrounds from the A, — p K selection.
Specific background to signal ratio (Bgpe../S ) and selection efficiency (egei/gen)
given for the case that only the selection criteria is applied and finally for the
case that both criteria are applied. The Bgpec. /S and eger/gen before before the
specific selection criteria are given in the first section.Backgrounds weighted by
the factors given in Table 6.2. For small backgrounds (<10), Bgpec. /S given as
a 90% confidence interval.
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veto

expected, it is informative to consider how this feature may arise.

The difference between the mass distributions is partly explained by the more strin-
gent criteria required for the A — pm selection. However, the principal cause is the
K., selection variable. Figures 6.23(a) and 6.23(b) illustrate the K distribution for
B-meson backgrounds that pass the A, —pm and A, — p K selection criteria, but with
the A, mass window cut extended to the range covered by Figures 6.22(a) and 6.22(b).
The mean of both distributions are negative, as is expected from equation 6.13 given

the lighter B-meson masses compared to the A,. For the A, — pm selection, K is

required to be > —30, whereby removing the majority of the B-mesons. However, for

the A, — p K selection, K, is required to be < 30, such that the B-meson distribution
is retained.
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Cut variable Ay—pm A, —pK
pp > 3000 MeV/c > 3000 MeV /c
ppn > 1200 MeV/c > 1100 MeV /c
Smax > 5.5 > 5.5
Smin >5 >5
i > 1500 MeV/c > 1500 MeV /c
Skh > 15 > 15
S <25 <25
XA, <4 <4
Amy + 55MeV /> + 55MeV/c?
AlnL,(p) >3 >3
AlnL,k(p) > -1 -
AlnL, k() > 0 -
AlnLk, (K) - >0
Koo >-30 MeV/c? < 30 MeV/c¢?

Ampgg (AP 7K) > 50 MeV /¢? -
Ampo (ALY 77)  >50 MeV /c? -
Ampo(A P 7F) - >30MeV/c?

Table 6.9: Final criteria for the selection of A, —pm and A, — pK events,
given in terms of the condition required to pass the cut.
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6.4 Selection Performance

The final criteria for the selection of Ay —pm and A, — pK decays are given in Table
6.9. In order to determine the selection efficiency loss at each step in the reconstruction

and selection process, the following definitions are introduced:

® Ngen: total number of generated Monte Carlo events used in the analysis.

e Ny: number of reconstructible? events, where both final states are reconstructible

as long tracks.

e N.y.q: number of reconstructed events, where both final states are reconstructed

as long tracks.

e N..g: number of reconstructed events, where both final states are both recon-

structed and reconstructible.
e N, : number of selected events after the final selection criteria.

o Ny number of selected events that pass the L0, L1 and HLT triggers.

The numbers of events for the above definitions are given in Table 6.10. In order to
obtain an unbiased value for the background to signal ratio and the selection efficiency,
the final selection criteria are applied to a set of signal and background data that have

not been used to develop the selection cuts.

Channel Ngen N7ble N’ted Nrec’& Nsel Ntrg

A,—pr 71,250 23501 24,510 21,171 5414 1,892
A,—pK 72000 21,899 23233 20,158 5,524 1,905

Table 6.10: Number of events passing each stage of the A, = pmand Ay —pK
reconstruction and selection process.

The total selection efficiency, e, is defined as the fraction of generated MC signal

events that pass the selection and trigger criteria. The total efficiency can be factorised

2A long track is considered reconstructible if the particle has deposited at least 3 hits in both the
VELO r and ¢ sensors. Furthermore, there must be a least 1 = and 1 stereo hit in each of the T1-T3
tracking stations.
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in terms of each stage of the reconstruction and selection process,

N,
_ -geom trg
Etot = gsig X N = Edet X Erec/det X Esel/rec X Etrg/sels (615>
gen

where e57™ =34.6% is the 400 mrad geometric acceptance criterion applied at the gen-

erator level. The efficiency factors after the second equality are:

geom o Nued 5 L 5 the detection efficiency, which includes the geomet-
Sig Ngen Erec/det

rical acceptance in the 47 solid angle and material effects.

® Edet = €

Nove, + . . .
® Sroc/det = o is the reconstruction efficiency on reconstructible events.
e

bl

® Cocl/rec = zifviel is the efficiency of selecting the reconstructed events.

trg

® Eprglsel = ]]\\; 1 is the combined L0, L1 & HLT trigger efficiencies applied to the

selected events.

A summary of the efficiencies is shown in Table 6.11 for both signal channels. The
statistical uncertainties are calculated as binomial uncertainties on the number of se-

lected events, whereby the error 0. on an efficiency € =  is given by

e(l1—¢)

~ (6.16)

Oz =

A quadratic propagation of errors is used to calculate the statistical error of g4 and the

error on £y is calculated form the first equality of equation 6.15.

The lower A, — p 7 selection efficiency reflects the fact that tighter cuts are required
to remove the specific two-body backgrounds. The reconstruction efficiency is somewhat
higher for the A, — p K reconstruction. This is caused by the momentum dependancy
of the reconstruction efficiency illustrated in Figure 2.23, where the reconstruction ef-
ficiency begins to fall off for tracks with momentum > 40 GeV/c. Variations between
the momentum distribution of the two channels leads to the observed difference between

reconstruction efficiencies.

6.4.1 Signal purity

The A} candidates that are selected from the signal data sets are not all associated to

a true signal decay. For the A — pm channel, 5,419 candidates are selected in 5,414
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Channel Edet (%) €rec/det (%) Esel/rec (%) Etrg/sel (%) Etot (%)

A,—pmr 132£01 90.1+£0.2 2214+03 349+£0.6 0.9240.02
Ay—pK 121+£01 920£0.2 238+03 345+0.6 0.92£0.02

Table 6.11: Reconstruction and selection efficiencies for Ay, = pmand Ay —pK
decays. Uncertainties are statistical.

events. Of the selected candidates :

e 99.6% are associated to a true signal.
e 17 are constructed from a final state that includes a ghost track.
e 3 are reconstructed from the p~ that originates from the decay A, = pm —p p~ 7.

2 candidates are reconstructed with the true 7= misidentified as the p and the true

7 misidentified as the p.

1 candidate is reconstructed after a material interaction.

For the A, — p K channel 5,554 candidates are selected in 5,524 events. The break-

down of the selected candidates is as follows :

e 99.1% are associated to a true signal.

e 30 candidates are reconstructed with the true K misidentified as the p and the true
p identified as the K. However, for 22 of these 30 candidates a second candidate
is reconstructed in the same event which is associated to a true signal decay. The
mass of this second candidate is more consistent with the A mass, thus enabling

the combinatoric candidate to be removed from the selection.
e 18 are reconstructed with one final state that is a ghost track.

e 4 are reconstructed from the p~ that derives from the decay Ay —=p K —ppu~ 7.

6.4.2 Background contamination

To increase the effective number of inclusive bb statistics the method of increasing
the mass window cut beyond that of the final criteria, as described in section 6.3.1, is

employed.



A, — p7m/K Event Reconstruction and Selection 200

Channel B.5/S Bepec. /S
No trigger All triggers No trigger All triggers

Ay—pr  [22,78  [0.0,43] 0.07£0.01 0.0940.03
A,—pK [02,22]  [0.0,26 0.09+0.01 0.05+0.02

Table 6.12: Background to signal ratios for the inclusive bb (B, /S) and the
expected specific background (Bgpec./S ), before and after the combined trigger.
If background is small (<10), the 90% confidence interval is quoted, otherwise
the central value is quoted. Uncertainties are statistical.

Applying the final A, — p 7 selection criteria to a ~ 18M inclusive bb data set, with
an enlarged 550 MeV /c? mass window, yields 8 events. With reference to the background
categories introduced in section 6.3.1, 4 are combinatorial, 3 are caused by one of the
final states being a ghost track and 1 is a partially reconstructed B-meson. For the
A, — pK selection, 5 inclusive bb events pass the final selection cuts. Of the 5 events,
3 are partially reconstructed B-mesons, 1 is reconstructed from a ghost track and 1 is a

combinatoric background.

The inclusive bb background to signal ratio is given by

sel _
NbE X Wy

By5/S = N

. 6.17
sel X Mscale’ ( )

where w,; = 33,831 for Ay —pm and w,; = 20,623 for A, —pK, are the statistical
weight factors given by equation 6.5. Mg = 550/55 = 10 is the factor to scale the

tight to the large mass widow.

Table 6.12 lists the inclusive background to signal ratios for the A, = pmand Ay —pK
selection, both before and after the combined L0, L1 and HLT triggers. As the number
of background events passing the selection is close to zero, the background is quoted
as a 90% confidence interval for the mean of Poisson distribution given NE%I observed

events.

Applying the combined L0, L1 and HLT triggers removes all inclusive bb from both
selection channels. In order to reduce further the upper 90% background to signal
confidence limit requires the production of additional inclusive bb events, as discussed

in section 6.1.
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The combined background to signal ratio for the expected specific backgrounds are
calculated from equation 6.9 and given in Table 6.12. The combined trigger has a neg-
lighle effect on the background to signal ratio, as expected considering the similar kine-
matics and topology of the signal and expected background channels. The statistical
uncertainty for the specific background to signal ratio is approximately two orders of
magnitude smaller than that on the inclusive bb background to signal ratio. This is due
to the statistical compatibility between the signal and specific background sample sizes.
Consequently, it is not possible to state which, if any, of the backgrounds considered will

be dominant.

In summary, a set of selection cuts have been studied to provide the optimal efficiency
for the selection of A — pmand A, — p K events whilst keeping the background to signal

ratio to a minimum. The total efficiencies for the selection of the signal events are,

Etot — (092i002)% . Ab—>p7T,
fror = (0.924£0.02)% : A, —pK,

with an inclusive and specific background to signal ratio of,

B,;/S=10.0,43]: A, —pm,
B,:/S=[0.0,2.6] : A, —pK,

and

Bapee./S = 0.09+£0.03: A, —pm,
Bapee./S = 0.05+£0.02: A, —pK.

These results are used in Chapter 7 to extract the annual event yields and physics

sensitivities.



Chapter 7

Physics sensitivities with

A, — p7n/K events

This chapter presents a study of the LHCb sensitivity to the A, — p /K branching
fractions and rate asymmetries. The expected sensitivities are compared to the present
and projected CDF sensitivity [106], the Standard Model [10] and the R-parity violating
Minimal Supersymmetric Standard Model [12].

The chapter begins with a calculation of the expected signal yields, using the results
of Monte Carlo studies presented in Chapter 6. The resulting signal yields are then used

in the subsequent sensitivity studies.

7.1 Signal Yields

The number of A, —p7 and A, — pK signal events, S™ and S¥, expected to be fully

reconstructed, triggered and selected after L of integrated luminosity, are given by:

ST =2x Opp X £int X fAb x BT x 52—0“ (71&)

Sk :2><abg><£int><f/\b><BK><5it, (7.1b)

where o = 500ub is the bb production cross section, B™/X is the expected branching
ratio (Table 6.1) and erX s the selection efficiency (Table 6.11). The 7 and K super-
scripts refer to the A, — p7 and A, — p K signal channels respectively, a nomenclature

used throughout this chapter. The probability of a b-quark hadronising to a A, is given

202
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Line (fb™')  Timescale (yr) A, —pm (x10%) A, —pK (x10°)

0.5 2008 0.427 +0.009 0.70 £0.02
2 2009 1.71+£0.04 2.80£0.06
6 2011 5.1£0.1 8.51+0.2
10 2013 8.5+0.2 14.0+0.3
100 ~ 2020 85+£2 14143

Table 7.1: Expected A, —p7 and A, —pK signal event yields, S™ and SK,

for the first 5 years of running at the design luminosity £ = 2 x 10%? cm 257!,

Line = 100 fb~! corresponds to 5 years data taking at the upgraded luminosity
of £ =2x10% cm~?s7!. Uncertainties are statistical only.

by the hadronisation fraction, fo, =(9.941.7)% [17], and the factor of 2 accounts for
the fact that both the b and b can hadronise.

It is anticipated that 0.5 fb™! of physics quality integrated luminosity will be available
in 2008. From 2009 onwards, during stable running of the experiment 2 fb~! are expected
each year. The anticipated signal yields at various points of integrated luminosity are
given in Table 7.1. The statistical uncertainty derives from the binomial uncertainty of
the total selection efficiency. The uncertainty in the hadronisation fraction (~ 2%) and

the B production cross section (~ 10%) are not included [17].

The feasibility of increasing the LHCb luminosity by a factor of 10 from 2 x 10%2cm~2s~!
to 2 x 10%3em s is currently under study [111]. Since the LHC luminosity is 2 x 103,
this does not require an LHC upgrade, but would require an upgraded, “Super”-LHCb
detector. The expected signal yields derived from the upgraded luminosity are included
in Table 7.1.

7.2 Branching Ratio Measurements

The CDF collaboration reported the first observation of the decays A, — pmand A, — pK,
with a significance of 60 and 11.50 respectively [106]. The measurement was made from

the analysis of 1fb! of collected data. The relative branching fraction, R, /K, is measured
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to be:

B(A, —pm)

R‘T(/K =

To date, no measurements of the absolute branching ratios have been reported, although
a CDF measurement based on a smaller 180 pb~! sample of collected data set a 90%
CL limit on both channels of B(A, —p7/K) < 2.3 x 107°[112]. The relative branching

fraction and upper bound measurements are consistent with theoretical expectation [11].

Using the signal yield projections presented in Table 7.1, enables an estimate to be
made of the relative and absolute branching fraction statistical uncertainty attainable

at LHCD.

The observed number of events, N, is the sum of the signal, S, and background, B,

N™ =S§" +B" = §" (1 + (g) ) , (7.3a)

K
NK =S¥ + B = 8K (1 + (g) ) : (7.3b)

where (g) are the background to signal ratios, the study of which was presented in

section 6.3. Combining equations 7.1, 7.2 and 7.3 yields an expression for the relative

events:

branching fraction in terms of the number of observed events:

)")
)

ST X ere, _N”xsﬁtx(lJr(

ot — 7.4a
SK X e NExeq, x (14 ( (7.42)

R‘T(/K =

| |RIw

The uncertainty in the selection efficiency consists of a statistical component, which
can be measured from MC studies, and a systematic part which is unknown. However,
since Ry k is the ratio of two topologically and kinematically similar decay channels,

the systematic uncertainties are expected to mostly cancel in the ratio.

The statistical uncertainty of the relative branching fraction is derived from a quadratic
propagation of the binomial uncertainty on the number of background subtracted signal
events,

Eroy [ST (ST + SK)

N ggot W (75)

O-R‘ﬂ'/K
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0BR(I\D - pm)/BR(A, - pK)

+ CDF sensitivity at 1 fb™
102 — CDF projected sensitivity

—— LHCb projected sensitivity

10"

1 10
Integrated luminosity / (fo™)

Figure 7.1: Relative branching fraction statistical uncertainty, as attained by

CDF with 1fb~! (black mark), and projected resolution for CDF (red line) and
LHCD (blue line).

Ling (fbil) OR.x OB" (x1078) ok (x1078)

0.5 0.04 4.5 5.9
2 0.02 3.2 2.9
6 0.01 2.3 1.7
10 0.008 1.0 1.3
100 0.002 0.32 0.41

Table 7.2: Expected statistical precision of the absolute branching fraction and
ratio, after Ly of integrated luminosity.

Figure 7.1 illustrates equation 7.5 as a function of integrated luminosity. For comparison,
the current CDF resolution is indicated and a projection made to the upper limit of
expected integrated luminosity [113]. After 1fb~" LHCb will improve on the present
CDF statistical precision by an order of magnitude. The expected precision at various

luminosities is summarised in Table 7.2.

To measure the absolute branching fraction, the signal channel is typically measured
relative to a control channel of known branching fraction. The benefit of this approach

being that the measurement has no dependency on the integrated luminosity and produc-
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tion cross section. The chosen control channel should be topologically and kinematically
similar to the signal channel, so as to limit the effects of differences between the signal
and control channel selection efficiencies and background to signal ratios. The two body
charmless B-meson decays, considered in section 6.3.2, meet this criteria. The decay
BY — K is chosen as the fractional uncertainty of the measured branching fraction is
the lowest of the charmless two body B-meson decays. The expected yield of BY — K
events, SBSHK”, at LHCD is given by:

0
BY —Kr _ Ba—Km

SR Y Oy X Ling X fo X B X Epot : (7.6)
BY — Kr
where the total B§ — K7 efficiency, &, , is expected to be 0.93% [110] and the

measured branching fraction, B2 7K s (1.8240.08) x 107°[17]. Combining equations
7.1 and 7.6, gives the following expression for the signal channel branching fractions

relative to B} — K

BY - Kr 0 BY - Kr 0
d B K d B K
S™ X &, X fgo x B74 TN SK X gyt X fgo X B747 0T
- d K d
B - BY - Kr T ’ B - BY - Kr K : (77)
d S X Epor X f
S X Eyop X fA, tot X JA,

From a quadratic propagation of the statistical uncertainties in equations 7.7 and com-
bining with equations 7.1 and 7.6, it follows that the statistical resolution on the B™ and

B¥ branching fractions, o= and ogzx, are

1
Opr X —F—.
5 /BK V ‘Cint

The projected absolute branching fraction statistical uncertainty as a function of in-

(7.8)

tegrated luminosity is illustrated in Figures 7.2(a) and 7.2(b) for the A, —pm and
A, —pK signal channels respectively. The projection assumes that each channel is
measured relative to the B} — K decay channel and that all other uncertainties are
fixed. Both signal channels require only ~0.01 fb~! of integrated luminosity to at-
tain a 3o statistical sensitivity to the predicted Standard Model branching fraction.
The anticipated branching fraction resolutions at benchmark integrated luminosities are

summarised in Table 7.2.

Although the systematic uncertainty on the efficiency term in equation 7.7 will not
be known until data is available, the uncertainties of the hadron production fractions
and control channel branching fraction are known. Of the known uncertainties, the

fractional uncertainty on the A, production fraction is expected to be dominant, as the
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Figure 7.2: The statistical branching fraction resolution as a function of in-
tegrated luminosity (Liy) for (a) A, —pm and (b) A, — pK decay channels.
The blue and red lines indicate the smallest branching fraction that could be
measured with 3 and 5 o resolution respectively. The black line is positioned at
the predicted Standard Model value.

measurement is subject to a 20% fractional error.

7.3 Asymmetry Sensitivities

This section presents a study of the potential sensitivity to the CP asymmetries predicted
by the Standard Model and the R-parity violating Minimal Supersymmetric Standard
Model (MSSM). The section begins with a derivation of the rate asymmetry statistical
precision that is attainable at LHCb. The second part will apply this model to predict the
conditions required to provide evidence for the Standard Model and R-parity violating
MSSM theoretical predictions.

The true CP asymmetry, Acp, is defined in terms of the ratio

I'(A,—pr)-T(A,—pr") St—-5S
I'A,—pr)+T(A,—Dprt) © St 4SS

gol

Acp(Ay,—pm) = (7.9)
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where the superscript +/— denotes the charge of the final state proton, a nomenclature

used throughout this section. However, the observed asymmetry, A, is given by

Nt —N-  2N*

Ao = N~ N

— 1, (7.10)

where the observed (N), signal (S) and background (B) events are related by
T =S5T + BT, N- =S +B7, and N=N"+4+N". (7.11)

Assuming that the background to signal ratio is independent of the charge of the final
state /K, the observed asymmetry (equation 7.10) can be expressed in terms of the

true asymmetry and the background to signal ratio,
(ST+3(B)(ST+ ST) = (ST +5(R)(ST+ 57) St — 8-
(1+(2)(St+ 57) 1+ (B)(Sst+87)

- @ (7.12)

Compared to the true asymmetry, the observed asymmetry is diluted by the background

Aobs -

events. The effect of this dilution on the true asymmetry resolution is now presented.

The variance of the observed asymmetry, o4 . , is given by

obs’

___, NTZ_Q[F?
A A (7.13)

— 2
UAobs - 'A N2

obs

From equation 7.11 it follows that the numerator of equation 7.13 is the variance of a

binominal distribution,

Nz(1 — x) . N_Jr _ Aops + 1 (7.14)

—2
7 Ao N N 2

The statistical uncertainty of the true asymmetry, o 4, follows from equation 7.12,

oa= 1+ (3 )UA%S—(”(?))Q M

(1+ () (01— A%
= \/ 5 (7.15)
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Observable Standard Model R-parity violating MSSM
Branching fraction (B) 0.9 x 1075 [41] < 1.6 x107*[12]
CP asymmetry (A) 8.3% [11] 0.3% [12]

Table 7.3: Expected theoretical Standard Model and R-parity violating Mini-
mal Supersymmetric Standard Model (MSSM) branching fraction and CP asym-
metry for A, — p 7 decays.

The expected theoretical Standard Model and R-parity violating MSSM branching
fractions and CP asymmetries are listed in Table 7.3 for the A, — pm decay channel.
Relative to the Standard Model predictions, the R-parity violating MSSM model is
expected to suppress the CP asymmetry, but enhance the branching fraction by up to
two orders of magnitude. However, since the upper bound of the A, — p 7/K decays has
been measured by CDF to be < 2.3 x 107, the branching fraction enhancement can be

no more than an order of magnitude [112].

The CP asymmetry resolution, calculated from equation 7.15, is illustrated in Figure
7.3(a) for the Standard Model CP asymmetry prediction and in Figure 7.3(b) for the
R-parity violating MSSM. The shaded region corresponds to the 90% confidence range
of the expected inclusive bb background to signal ratio, the solid line is the interval
mid-point. The exclusive background to signal ratio is not included since the absolute
value is insignificant compared to the upper bound of the inclusive bb background to
signal ratio. In the R-parity violating MSSM case, the branching fraction is assumed
to be 2.3 x 107°, the current upper bound on the A, — p 7 branching fraction. In the

Standard Model case the theoretical branching fraction is assumed.

Since the predicted R-parity violating MSSM CP asymmetry is suppressed relative
to the Standard Model asymmetry, significantly more bb statistics are required to ob-
serve the R-parity violating MSSM CP asymmetry. This is illustrated by the blue and
purple lines in Figures 7.3(a) and 7.3(b) which indicate 3 and 5 standard deviations be-
tween the theoretical and zero asymmetry. In the Standard Model case, 30 evidence for
the expected asymmetry is attainable with between 1.5 fb™* and 8.1 fb™* of integrated
luminosity, whilst a 50 discovery requires between 4.2 fb™' and 22.5 fb~'. Therefore,
a 30 evidence for Standard Model A — pm CP-violation should be attainable in the
first few years of LHC running. However, observation of R-parity violating MSSM CP-
violation requires at least 50 fb™' for 3¢ evidence and 130 fb~' for a 5o discovery, a

level of integrated luminosity which will only be attained with the upgraded luminosity
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Figure 7.3: Statistical resolution of the true asymmetry as a function of inte-
grated luminosity (L) for A, — p 7 decays in the case of (a) Standard Model
and (b) R-parity violating MSSM CP-violation. The blue and purple lines cor-
respond to a 30 and 50 difference between the theoretical Standard Model /
R-parity violating MSSM asymmetry prediction and zero asymmetry.

“Super”-LHCb detector.

The expected statistical precision on the rate asymmetries is listed in Table 7.4 at
various integrated luminosity benchmarks for the Standard Model and R-parity violating
MSSM cases of A, — p 7 decays and for Standard Model A, — p K decays. In the latter
case the optimal possible 66% rate asymmetry is assumed [10] which, combined with the
larger expected signal yields, leads to a higher statistical precision on the asymmetry

measurement compared to that of Standard Model A, — p 7 decays.

The CP asymmetry resolution will also be subject to systematic uncertainties. From
the expression for CP asymmetry in equation 7.12, it is evident that a systematic uncer-
tainty will arise from the background to signal ratio term. Furthermore, the derivation
of equation 7.12 assumes that the number of background events is independent of the
final state decay mode. If this is not the case, an additional term, (1 + %), is in-
troducted into the numerator of equation 7.12. Systematic uncertainties in the bb cross

section, A, production fraction, integrated luminosity and branching fraction terms, are
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A,—pm A, —pK
Lan () T (6 o () o™ (%)
0.5 4.8-11.1 1.0-2.2 2.8-6.5
2 2.4-5.6 0.5-1.1 1.4-3.3
6 1.4-3.2 0.3-0.6 0.8-1.9
10 1.1-2.5 0.2-0.5 0.6-1.5
100 0.3-0.8 0.1-0.2 0.2-0.5

Table 7.4: Rate asymmetry statistical resolution for the A, — p7 channel,
assuming the predicted values of the standard model, o5, and the R-parity
violating MSSM model, oM. The asymmetry resolution for A, — p K decays,

crjlpmmal, assumes the optimal possible asymmetry value.

not expected to effect the resolution as the these terms cancel in equation 7.12. How-
ever, systematic uncertainty in the total efficiency will contribute if there is a difference

between the A, —ph~ and A, — P h™' reconstruction, selection and trigger efficiencies.

7.4 Summary of Sensitivities

The unprecedented bb statistics available at LHCb will enable measurements of the
A, —pmand A, — pK branching fractions and Standard Model CP asymmetries. Af-
ter 2 fb~! of integrated luminosity, corresponding to approximately one year of LHC

running, the statistical precision on the following observables will be attained:

e uncertainty on branching fraction ratio og_, = 0.02,

e absolute A, — pm branching fraction uncertainty of oz = 3.2 x 107® relative to
Bl —Km,

e absolute A, — p K branching fraction uncertainty of oz = 2.9 x 1078 relative to
Bl —Km,

e Standard Model CP asymmetry in A, — p decays, o5 = 2.4 — 5.6%,
e R-parity violating MSSM CP asymmetry in A, — p 7 decays, o>M = 0.5 —1.1%,

e Standard Model CP asymmetry in A, — p K decays, a;ptimal =14 - 3.3%.
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The observation of Standard Model CP-violation in A — pm decays requires a lumi-
nosity of 1.5 — 8.1 fb! for 30 evidence, and 4.2 — 22.5 fb™! for a 50 discovery. The
observation of R-parity violating MSSM CP-violation in A, — p7 decays requires a
luminosity of 50 — 250 fb™" for 30 evidence, and 130 — 700 fb~* for a 50 discovery.

The statistical precision available at LHCD is sufficient to discover Standard Model
CP-violation in A — p 7 decays, but evidence for the suppression of the CP asymmetry
on account of R-parity violating MSSM will require the luminosity upgraded “Super”-
LHCb detector.



Chapter 8
Conclusions

This thesis has presented three aspects of research towards the LHCb detector; the eval-
uation of the MaPMT readout electronics in a charged particle beam, the development
of a flavour tag using proton and A baryons, methods to select A, — p /K decays and

the resulting physics potential.

The MaPMT photodetector was tested in a charged particle beam at CERN. This
thesis presents the development of a process to describe the number of expected electrons
at the end of the MaPMT dynode chain, including the effect of photoelectric conversion
on the first dynode, which has been adapted to model the time-dependency of the
BeetleMA output. Using this function the BeetleMA pulse shape has been extracted:;
the result of which demonstrates that the pulse shape does not return to zero after 125ns.
The signal from a previous bunch crossing can therefore spill-over into the current one
leading to ghost hits. Evidence is also found for undershoot in the signal, which would
lead to a loss in photon detection efficiency. Furthermore, if the occupancy is such that
the signal never returns to zero before another hit arrives in a pixel, this could cause the
pedestal to drift until eventually it is outside the dynamic range of the the amplifier.
The measurement of the BeetleMA output was one consideration in the adoption of
HPD photodetector technology for the RICH detectors.

The potential to use protons and A baryons for flavour tagging has been investigated.
An opposite-side proton flavour tag is found to have a potentially useful tagging power.
However, the implementation is found to be challenging on account of the necessity
to identify protons from the decay of A’s compared with those of B-meson decays.

This difficulty is not present if the tag is restricted to protons from the decay of A’s,

213
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in which case all B-hadrons have the same correlation between proton and b-quark
flavour. However, the selection criteria required to remove A’s from the underlying events
results in a very small tagging efficiency. A correlation between b-quark and A flavour is
observed for a A produced in the same fragmentation process as a B meson, analogous
to a same-side kaon tag. A non-negligible tagging performance is attained. Preliminary
studies of a same-side proton tag indicate that an analogous correlation is present, but
extraction of useful tagging power is likely to be challenging on account of the large
number of background protons. Since many of the implementation issues encountered
are derived from the, as yet, unverified Monte Carlo simulations, it is suggested that the

issues raised during this investigation are re-visted once real data is available.

The reconstruction and selection of A, —p7 and A — p K decays with the LHCb
apparatus has been demonstrated using a full Monte Carlo simulation of the LHCb de-
tector. The chosen selection criteria successfully reject all background from inclusive
bb decays, leading to a 90% confidence on the expected background to signal ratio of
B,5/S =[0.0,4.3] and B, /S = [0.0,2.6] for A, — p7 and A — p K decays respectively;
the upper bound of which is limited by the avaliable sample size of simulated inclusive
bb decays. A method for removing the exclusive backgrounds arising from two-body
charmless B-meson decays is developed which utilises the excellent detector mass res-
olution to identify the kaons from B-meson decays which have been mis-identified as
protons in A, — p /K decays. The background to signal ratio on account of charmless
two-body B-meson backgrounds is expected to be Bgpee. /S = 0.094+0.03 for A, —pm
decays and Bgpee. /S = 0.05£0.02 for A — p K decays.

Finally, annual yields of ~2k A, —p7 and ~3k A, — pK decays are expected af-
ter the trigger and offline selections; providing a statistical precision of 3.2 x 107® and
2.9%x 1078 on the A, — pm and A, — p K branching fractions respectively. Evidence for
Standard Model CP-violation with A, — p 7 decays is expected to require an integrated
luminosity of between 1.5 and 8.1 fb™!, while evidence for CP-violation consistent with
R-parity-violation in the Minimal Supersymmetric Standard Model will require an inte-
grated luminosity of between 50 and 250 fb~!. The latter integrated luminosity will only
be realised with the construction of the upgraded luminosity “Super”-LHCb detector.



Appendix A

Describing PMT Spectra

A.1 Adapting Function to Include Photon Conver-
sion at First Dynode

Let P!, (k,) be the function that describes the number of photoelectrons (k,) at the end
of a dynode chain, including the effect of photoelectric conversion at the 1st dynode.
The function is the convolution of two instances of equation 4.2, corresponding to the
probabilities of 1) &, electrons due to photoelectric conversion at the cathode ,(PL¢(k,)),

and 2) photoelectric conversion at the 1st dynode, PP%(k,),
P! (k,) =PF°(k,) * PP°(k,). (A1)

To evaluate the convolution it is useful to express P. (k,) in the following form,

(jgleft _k”2)2
¢ (VZHe)® P(j
Z % o ()

1 (Jqleft k”) (jgleft_k’")2
:llijOJr e (VZiog)? e (VZiog)? P(j)

\/%\/300 +Z\/%\/_0'o

 (91efe—Fn)>
=0 (k e (V@0 P(j),

+Z\/ﬁ\/_00
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"ACQ .
where the last step uses the identity 6(z) = lime — O+2%/Ee_ﬂ. Evaluating the convo-

lution in equation A.1,

(1910 —Fn)*
1 T = P2
Pl (k) = [8(ka) P(O) + > —=—ze (E) P(j) |
j=1 277—\/30{0

(hglef:*kn)i
e (V8) p(
Z o \/E (h)

2 2

_ (Jqleg kn) (hqlef? k”)
J=00 DC —_——— h=o00 PC B E———
=Y e O PR UEDY \/if () PPO(h)
2m\/jo 2\ ho?
=1 0

00 h=00 _ (kn (ngeft +h’gleft ))2
+PPC PDC +jz: PPC( )PDC(h) . 23040 +h0D02)2
jlhl\/ﬁjapc +haD02) ’

(A.2)

where the following convolution identities have been used

(tﬂg)Q L (= M%)
o f(t)= 2ml i g(t) = 500 € 205
_(7“1_“232
t t — % 2 o%+o%
) e glt) = s ,

o F(k) (k) = F(k),

o fx(g+h)=(f*g)+(f*h).

A.2 Adapting Function to Include Electonic Noise
Effects

Electronic noise effects are accounted for by convolving P!, (k,) (equation A.2) with a
Gaussian, N (k,), of width o,,. Hence, the probability density F'(k,) for k, electrons at
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the end of the dynode chain is given by

F(kn) = N(ky) % P!, (k)
(J’glj‘:f?*kn)Q

— PPC(O)PDC(O)JQ + Z PP 672(0%+\/7”(1)302)2PPC<].)
V2ro +n o V2m (02 + /o)
DC 2
heoo e _ (el tn) A3
+ P (O) e 2(0%+\/EJODC ) PDC(h) ( )

h=1 \/_(02+\/_0D02)

2
DC
(’“n (]gleft o)t ))

00 h=00 _
S Bp LU
]lhlx/_02+japc + hof%)
F(ky,) satisfies the normalisation condition [ F(k,),dk, = 1. The first term of equa-

tion A.3 corresponds to the pedestal contribution (defined as F'”(k,)), the remaining

terms to the signal contribution (defined as F*(k,)).
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