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Abstract

The LHCDb experiment at the Large Hadron Collider is dedicated to making precision
measurements of CP-violation and rare decays, thereby searching indirectly for new
phenomena beyond the Standard Model (SM) of particle physics. The Ring Imaging
CHerenkov (RICH) subdetectors provide essential particle identification information for
many LHCb physics analyses, including the analysis detailed in this thesis. Selection
criteria have been developed which allow the monitoring of the refractive indices of the
RICH radiators using isolated Cherenkov light rings, both with and without information
from other subdetectors. This, in turn, ensures that the information provided by the
RICH subdetectors is of the highest quality.

The decay B* — D°/D(Kr*7~)K* allows a measurement of the CKM angle v to
be made using the GGSZ (Dalitz) method. This provides a SM benchmark against which
new phenomena can be compared. Accurate RICH particle identification is vital in sep-
arating signal B* — D°/DO(K3r*7~)K* decays from those of the control channel B* —
DY/DY(Kr*7~)n*. The selection of signal decays has been optimised using simulated
events. In the first proton-proton collision data collected at a centre-of-mass energy of 7

TeV during 2010 and corresponding to an integrated luminosity of ~ 36.5 pb™*, the ratio

Br(B* — DY/D(Kirt7)K*)

of branching fractions = = 0.12700% + 0.03 has been mea-
Br(B* — D?/DO(K%rtm—)r¥) '

sured, where the first error is statistical and the second systematic. A further data set,

recorded in 2011 and corresponding to an integrated luminosity of ~ 342 pb™'at \/s =7
TeV, has been used to measure the ratio of branching fractions to higher precision. The
results were extracted using two independent samples of B¥ — D?/DY(K3r+n™)K*
and B* — DY/DY(K&r*7~ )7t decays where the K¢ decay occurs either near to the
proton-proton interaction point or further into the LHCb detector. The results are
Br(B* — D%/DO(K%rtr™)K*)

Br(B* — DY/DO(K%rtm—)n¥)
where the first errors are statistical and the second systematic.

= 0.0897901% 4+ 0.006 and 0.07 4 0.02 & 0.01 respectively,
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Preface

The Standard Model of particle physics is the theory comprising our current un-
derstanding of fundamental particles and their interactions. It successfully describes
experimental observations for three of the four forces of nature, but still leaves open
many questions, for example the origin of the observed matter-antimatter asymmetry
in the Universe. The phenomenon of CP-violation, along with C-violation, baryon num-
ber violation and departure from thermal equilibrium, is required in order to explain
this dominance of matter over antimatter [1]. CP-violation can be accommodated in
the Standard Model but the level at which it is included is insufficient to explain the
matter-antimatter asymmetry observations. The LHCb experiment at the Large Hadron
Collider is dedicated to making precision measurements of CP-violation and rare decays,
thereby allowing indirect searches for new phenomena beyond the Standard Model to

be made.

This thesis primarily describes the first studies of B* — D°/D(K&r*7)K* and
B* — DY/DY(K&r*7~)n* decays and in particular measurements of the ratio of branch-
Br(B* — D%/DO(K%r 7~ )K*)
Br(B* — D?/DO(K%rtm—)r¥)
towards the use of B¥ — D°/DO(K3r 7~ )K* decays to make a tree-level measurement
of the CKM angle v using the GGSZ (Dalitz) method. The tree-level measurement pro-

vides a benchmark of v in the Standard Model against which other measurements can

with LHCb data. This is an initial step

ing fractions

be compared; B* — DY/ DO(Krtm~ )t decays are an important control sample in this

analysis.

Good performance of kaon and pion particle identification from the LHCb RICH sub-
detectors is vital in separating B — D°/D(K&r*7~)K* from B* — D?/DY(KSr*7m~)x*
decays. In order to ensure the highest possible quality of the data, it is therefore impor-

tant to monitor the conditions within the RICH subdetectors from data.
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Chapter 1 outlines the phenomenon of C’P-violation, with particular reference to the
Standard Model and the B-meson system. An overview of the Large Hadron Collider
and the LHCb experiment, including details of the aspects of the experimental appara-
tus specifically optimised for the study of b-hadron decays, is given in Chapter 2. As
described in Appendix B, isolated rings in the LHCb RICH subdetectors can be used
to allow the monitoring of the refractive indices of the RICH radiators from data. A
description of the optimisation of selection criteria for B — D?/D°(K%r+7~)K* decays
using simulated events is outlined in Chapter 3. The criteria are used to select B¥ —
DY/DO(Kqrta~)K* and B* — D°/D(K3r 7~ )n* candidate decays from ~ 36.5 pb™"
of \/s = 7 TeV proton-proton collision data recorded in 2010. These candidates are
Br(B* — D?/DO(K%rtn~)K*)
Br(B+ — D°/DO(Kqr+7m—)m*)’ -

detailed in Chapter 4. Further, more precise measurements of the ratio of branching

then used to evaluate the ratio of branching fractions

fractions, made using candidate decays from ~ 342 pb~! of proton-proton collision data
at /s = 7 TeV recorded in 2011, are described in Chapter 5. A summary of the studies

of this thesis and of future prospects is given in Chapter 6.
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Chapter 1

Charge-parity violation in the

B-meson system

The Standard Model (SM) [2—4] is the theory embodying our current understanding
of particles and their interactions, successfully describing experimental observations for
three of the four fundamental forces of nature. Symmetries play an important role in na-
ture and are central to our description of the behaviour of matter. The SM is composed
of three independent continuous symmetry groups, denoted SU(3) x SU(2) x U(1), pro-
viding a unified framework in gauge field theory for the strong, weak and electromagnetic
interactions. The SM does not, however, provide a complete description of fundamental
processes, indicating that it may be a low-energy effective theory of a higher energy scale
unified fundamental theory. The SM leaves open many questions about the inclusion
of gravity, the origin of mass, the fermion mass hierarchy and the matter-antimatter
asymmetry in the Universe; it is therefore vital to extend our understanding beyond
the SM. As the quark sector uniquely spans the full SM local gauge symmetry, flavour
physics is the ideal area in which to do this by testing the SM to its limits and searching
for New Physics (NP) phenomena.

This chapter begins with an introduction to the underlying symmetries of the SM in
Section 1.1 and continues with a description of model independent CP-violation in Sec-
tion 1.2. CP-violation within the SM is discussed in Section 1.3, followed by an overview
of experimental constraints on the Cabibbo-Kobayashi-Maskawa (CKM) parameters of
the SM in Section 1.4. Finally, in Section 1.5, the experimental methods used to measure
the CKM angle v with B — DK™ decays and the current experimental results for these

methods are summarised.



2 Charge-parity violation in the B-meson system

1.1 The C, P and 7 operators

There are three discrete symmetry operators, C, P and 7, which are key to SM field
interactions. The actions of these operators can be interpreted in terms of the Lorentz

four-vector of a particle as follows:

e the charge conjugation operator, C, acts to turn a particle into its antiparticle,

leaving its spin and momentum unchanged;

e the parity operator, P, acts to flip the spatial coordinate system of the particle,
(t,Z) — (t,—Z) . This is equivalent to a mirror reflection followed by a 180° rotation
and reverses the momentum of the particle but leaves its spin and angular mo-

mentum unchanged; and

e the time reversal operator, 7, acts to reverse the time coordinate of the particle,

(t,7) — (—t,Z) . It reverses both its spin and momentum.

Local field theories have an exact symmetry under the action of the combination of
the three operators CP7 [5-7] and most SM interactions are also invariant under the
action of C, P and 7 separately. The weak interaction, however, violates both C and P
symmetries [8-10]. Many gauge field theories such as Quantum Electrodynamics (QED)
and Quantum Chromodynamics (QCD) are invariant under a combined CP transforma-
tion and it was expected that CP would be a good symmetry of nature. In 1964, however,
CP-violation was observed in the neutral kaon system [11]. Predictions for CP-violation
in the B-meson system were made in the 1980s [12, 13], but experimental observations of
the effect at BaBar and Belle [14-17], the experiments at the B-factories, were not made
until 2001. CP-violation is physically important as its existence is required in order to

explain the dominance of matter over antimatter in our Universe [1].

1.2 Model independent CP-violation

This section outlines the phenomenology of CP-violation with specific reference to the

B-meson system, starting with neutral meson mixing.
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1.2.1 Neutral meson mixing

Mesons are colour-singlet states formed from a quark and an antiquark. B-mesons are
bound states of the b-quark (antiquark), the lightest member of the third generation SM
quark doublet, with an u, d, ¢ or s antiquark (quark), forming the flavour eigenstates
B~ (B*), B} (BY), B (B}) and B? (BY) respectively.

Neutral mesons can, in general, oscillate between particle and antiparticle states as a
result of the lack of flavour conservation in the weak interaction; the Feynman diagrams

for this behaviour in the neutral B-meson system are shown in Figure 1.1.

b u, c, t d, s b d, s
— AN
wW-
W~ W+ u,c ty AU, c,t
W+

Al
wl
Fl
ol
ot
ol
Al
]

Figure 1.1: Feynman diagrams for neutral B-meson mixing.

In this chapter, X° denotes any neutral meson and X denotes its antiparticle. The

time evolution of an arbitrary linear combination of the flavour eigenstates
0
a(t)|X7) +b(t)|X7) (1.1)
can be described by the time-dependent differential equation

. 0 a My, — %F11 My — %Plz a
ot \ p My — iT% My — Ty b

"
where the elements of the effective Hamiltonian matrix H;; have been decomposed into

]\4'1‘7 and I’

associated with measurable quantities; invariance under the CP7 symmetry operator

ij» elements of the mass and decay matrices respectively. These elements are

implies that particle and antiparticle masses and lifetimes are equal, hence M;; = Moy =
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M and I';; = T'99 = I'. Diagonalising H results in two stationary eigenstates which can

be expressed as linear combinations of the particle and antiparticle states,

X)) = p|X°) + ¢|X") (1.3)
Xo) = p|X°) — ¢|X") (1.4)

where p and ¢ are complex constants representing the amount of meson state mixing,
normalised by the condition |p|? + |¢|* = 1. The energy eigenvalues of |X;,), Fy,, are

obtained from the characteristic equation
|H— FEI| =0, (1.5)
giving

7
FEio=M>— §F1,2

=M — §F + \/(Mm — §F12)(Mf2 — §F’f2)

AM i AT
O I

where M 5 and I'y 5 are the masses and decay widths of the eigenstates; AM = M; — M,

and AI' =Ty — I';. The eigenvector equations

wm-en| ¥ | =0 (1.7)

+q

can be used to extract the relationship between the admixture constants p and g,

q
i 1.8
" (1.8)
The time evolution of the eigenstates |X;) and | X5) is given by
X1 2(t)) = | Xy g)e Mhamslia)t (1.9)

Substituting this into rearrangements of Equations 1.3 and 1.4 gives the time evolution
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of the initial particle and antiparticle states,

IXO(0)) = £4(6)]X0) + %f (HIX") (1.10)
X)) = fr(0)]X7) + gf_<t>|X°> (1.11)
where
1 ) i ) i
fet) = 3 e M=l 4 omilMa=g o)t} (1.12)

Equation 1.10 results in probabilities of finding states |X°) and |70) at time ¢ from an
initially pure |X°) state:

P(X? — X" :t) = (XX (1)) = | £+ (1)) (1.13)
2
P(XY =X : ) = [(XIX° @) = | 240 (1.14)
p
with
1 _
|fe())? = 1 e Tt et £ 9e7 M cos (AMt)] (1.15)
= (Ti+Ty) : - :
where ' = — s the average decay width. Similarly, the probabilities of finding
states ]70> and |X°) at time ¢ from an initially pure |70) state are
PX' =X 0) = (XX (1) = /()P (1.16)
2
~ 0 030 2 P
P(X — X°:t)=[(X"|X (t)]* = 5f_<t) (1.17)

The last term of Equation 1.15 describes the oscillation behaviour between the |X)
[AM]
T
the character of the oscillation. In the B° systems, the global average of the difference

between the masses in the B? case (AM, = (117.0+0.8) x 1071° MeV/c? = (17.774+0.12)
ps~! [18]) is much larger than in the B} case (AMy = (3.337 4 0.033) x 1071 MeV/c?
= (0.507 4 0.004) ps~! [18]). Oscillations in the BY case are therefore much more rapid
(rs = 26.240.5 [18]) than in the BY case (x4 = 0.771£0.008 [18]). AM, and AM, have

and \70> states, with the size of the oscillation parameter, xr = being key to
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also been measured at LHCb, giving the results AM; = (0.49940.0324-0.003) ps~* [19]
and AM, = (17.725 + 0.041 4 0.026) ps~! [20], where the first errors are statistical and
the second systematic. The LHCb measurement of AM; is currently the world’s best

measurement of B? mixing.

1.2.2 Types of CP-violation

CP-violation manifests itself in three forms as detailed below [21]. The three cases can
be determined from the comparison of the rate for an initially pure X° state to decay
to final state f

D) = ) = AP {If+OF + NP0 + 2R (A f1(0) - () } (1.18)

with the rate for an initially pure X" state to decay to final state f, the conjugate state

of f,
D) = F) = AP {|£(00F + NP (OF + 2% (e f2(0F-(0)} . (1.19)

Here, fi(t) is given in Equation 1.12, the amplitudes for the transitions of X° and X’
to f and f are

Ay = (fIT|X°) A; = (FIT|X°)
A = (fIT1X") A= (ITIX", (1.20)

and the complex quantities Ay and XT are given by

Af=—-—  and FE= = (1.21)

Any difference between the decay rates (Equations 1.18 and 1.19) indicates the pres-

ence of CP-violation.
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CP-violation in the mixing

CP-violation can occur in neutral meson mixing if the magnitudes of the off-diagonal

elements of the mass and decay matrices are not equal,

‘M12 - §F12 # ‘Mu - §F12 ; (1.22)
from Equation 1.8 this corresponds to
q
—|#1. (1.23)
p

CP-violation in the mixing is also known as indirect C’P-violation. It results from the
mass eigenstates being different to the CP eigenstates and is independent of the final
decay state. Physically, it can be seen from Equations 1.14 and 1.17 that the condition
of Equation 1.23 causes a difference between the rates of X" — X and X — XO

transitions.

C’P-violation in neutral B-meson mixing has been measured through the CP asym-
metry in semi-leptonic decays,
I'(B° — (fvX) -T(B° — (~vX)
A= I'(B° — (tvX) + T (B — (-vX)
~ 1—g/pl*
- 1+ g/p

(1.24)

The current global averages are Agpo = (—0.5 = 5.6) x 1073 (from B-factory results
only) and Ay po = (—3.6 £9.4) x 107? for the B and B systems respectively [18]. The
mixing induced contribution to CP-violation in the SM B-meson system is small, due in

part to the small size of AT

CP-violation in the decay

C’P-violation in the decay, or direct CP-violation, causes a difference between the partial

decay rate of the process X — f and the rate of its charge conjugate X — f. The decay
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amplitudes for these processes,
Ap=(fIT|1X) and  Ap= (fIT|X), (1.25)
can be written as a sum over contributing topological amplitudes,

Ap =) Apeme®™ and Ay =) A e (1.26)

where A, , are real. ¢,,, are weak (CP-odd) phases which appear with opposite signs
in Ay and 27 and usually originate from complex couplings in the Lagrangian. o,
are strong (CP-even) phases which come from final state interaction scatterings; they

appear with the same sign in Ay and Z?.

If the decay can proceed via two or more decay mechanisms with different amplitudes,
weak and strong phases, then interference will occur between the contributions, meaning
that

Z A, e eion
_ iAmei‘z’meiém £1, (1.27)

which corresponds to CP-violation in the decay. An additional condition for this form

41,

Ay
Ay

of CP-violation is that

Ay
Af

Charged B-meson decays are affected by this type of CP-violation. The CP asym-
metry in charged B decays,

. B = f)-TB" =)

P T(B-— f)+I(B+— f)
_ |A7/As? =1
|Ap/Ag|? + 17

(1.28)

can be found experimentally, but there are hadronic uncertainties in the calculations
of the magnitudes and strong phases which make it difficult to extract weak phase

information from the asymmetry.

CP-violation in the decay was first observed in the neutral kaon system [11] and has

since been observed in many B-meson decays. A recent measurement of A2, for the



Charge-parity violation in the B-meson system 9

decay B§ — K7~ at LHCD gave a value of A%, = —0.074 + 0.033 £ 0.008 [22], where
the first error is statistical and the second systematic. This measurement is consistent
with the global average value A2, = —0.098 & 0.013 [18].

CP-violation in the interference between mixing and decay

CP-violation can also occur when a neutral meson X° or its antiparticle X' decay to
the same final state f or f, either directly or after mixing. This type of CP-violation is

referred to as C’P-violation in the interference between the mixing and decay amplitudes.
As described above, the amplitudes for X° and X to decay to f and f are

Ap = (fIT|X?) Ay = (fIT|X°)
A = (fTIX) A= (ITX). (1.29)

The complex quantities Ay and Ay, which are defined in Equation 1.21 and appear in
Equations 1.18 and 1.19, can be used to quantify CP-violation; overall CP conservation

requires that

Ap=—. (1.30)

In the case where neither C’P-violation in the mixing nor CP-violation in the decay

is present, |As| = It is possible, however, that interference between the phases of

Pl

the two ratios contributing to A will lead to

arg(As) +arg(Ay) # 0, (1.31)

thus causing CP-violation in the interference between the mixing and decay ampli-
tudes. If the decays are to a CP eigenstate f = f, then |\;| = 1 and the condition

for CP-violation only in the interference (from Equation 1.31) becomes

TJm{\}#0. (1.32)

In the B-meson system, it is convenient to define time-dependent decay rates to the
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state f in terms of the particle-antiparticle basis,

Af2 -
1) = T(B() — )= X RO (1.33)
_ _ A2
Ty(t) = T(B(t) — f) = % () — 1(1)] | (1.34)

where the time-dependent functions I (t) are given by

ATt ATt
I, (t) = (14 |\s]*) cosh (T) — 2Re{\;} sinh <T>

I_(t) = (1= |\s|?) cos (AM?) + 2Tm{ A} sin (AM?). (1.35)

4q
It can be assumed that |—| &~ 1, since for heavy neutral mesons CP-violation in the

p
mixing is negligible compared to CP-violation in the interference. By substituting the

expressions of Equations 1.33 and 1.34 into the expression below, it can be shown that
the time-dependent CP asymmetry

Aerlt) = g (1.36)

becomes

Aep(t) = (1 — |Af]?) cos (AME) + 2Tm{ A} sin (AM¢) | (1.37)

ATt . ATt
(14 |Af|?) cosh 5 — 2Re{ A} sinh N

In the BY system, AT = T'; — Ty is small, meaning that Acp(t) reduces to

1— |2 2Tm{A\
Acep(t) = (%)\;:20 cos (AMt) + (#%) sin (AM1) . (1.38)

C S

The first term in Equation 1.38 is the contribution from direct CP-violation, while the
second term comes from CP-violation in the interference. In the special case where the
final state f is a CP eigenstate with decays dominated by a single weak phase, |Af| =1
implying C' = 0. In addition, Jm {\;} # 0 and therefore S # 0, so only CP-violation
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in the interference is observed via the asymmetry. This is advantageous as all hadronic
uncertainties associated with direct CP-violation are removed, leaving the asymmetry
dominated by a single weak phase which can be cleanly interpreted in terms of electro-

weak parameters.

Measurements of Aep(t) in the channels BY — ¢cK°*, which are decays to CP
eigenstates, have been made at the B-factories and at LHCb. The most recent values of
C and 9, consistent with C' = 0 and S # 0, were found by BaBar [23], Belle [24] and
LHCD [25] respectively.

1.3 C(CP-violation in the Standard Model

The SM describes particle interactions in terms of gauge field theories. CP-invariant
Lagrangians are used to construct the electromagnetic (QED) and strong (QCD) theories
as CP is experimentally observed to be conserved in these interactions, but the weak

interaction violates CP symmetry and so must have a CP-violating Lagrangian.

A chiral gauge theory, in which only left-handed (Weyl) fermions v, interact with

the gauge bosons, can be constructed with the Lagrangian

1 —

This Lagrangian violates P but is invariant under the action of CP; CP is a natural
symmetry of massless gauge theories [26]. CP-violation can only be incorporated in
theories where mass has been introduced. An explicit Lagrangian mass term for fermions

such as

my = m(Y YR + Opr) (1.40)

mixes chiralities, violating the SU(2) gauge symmetry and therefore implying that m =
0. Left-handed fermions are not massless in nature and so the mass term of Equation
1.40 cannot be used to introduce mass to the theory. The Lagrangian (Equation 1.39)
must be modified in some other way, so as to preserve gauge invariance but also introduce
mass for the fermions and weak interaction gauge bosons, W* and Z°. In the SM this
modification is provided by the Higgs mechanism [27, 28] which introduces a scalar

field that couples to the fermion and gauge boson fields in such a way as to leave the
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Lagrangian gauge invariant. The Higgs field acquires a particular vacuum expectation
value (VEV) and in doing so spontaneously breaks the symmetry (gauge invariance),

allowing the fermions and gauge bosons to become massive.

The full SM Lagrangian is then given by three terms,

LSM - EGauge(l/JL; wRa W7 ¢) + EHiggs(¢) + EYukawa(d}La va ¢) ) (141)

where ¢ is the scalar Higgs field, W is the gauge boson field and 7, and 1 are the left-
and right-handed fermion fields. The term Lgguge describes the kinematics of the fields
and their gauge interactions; the Lp;g4s term describes the potential experienced by the
scalar fields. In the SM, both of these terms are CP-invariant, and so Ly ,kqwe must
be the source of CP-violation. This term represents the fermion-scalar field interactions

which induce mass terms after spontaneous symmetry breaking. It can be written as
_ d rau J d * 5]t i
‘CYukawa - _AYukawa,ijQL ' (I)dR - ()\Yukawa,ij) dR(I) ’ QL + up quark terms (142)

where the indices 7,7 run over the generations, Ayurewae are the Yukawa couplings, Q%
denotes the SU(2);, quark doublet (u%,d’) and @ is the SU(2);, Higgs doublet (¢, ¢°).
The second term in Equation 1.42 is the complex conjugate of the first, thus satisfying

the condition that the Lagrangian should be Hermitian.

Under the combined CP operation, the quark and Higgs fields transform as

Q) -od, L det QL (1.43)
meaning that Ly,gewe 18 CP-invariant if Ayurawe = Mykqwa: 1 AVukawa 1S complex,

however, CP-violation is introduced by the complex phase in the coupling; this phase is

the only source of CP-violation accommodated in the SM.

After spontaneous symmetry breaking, the Yukawa couplings Ay xawe form 3 x 3 mass
matrices for the up-type and down-type quark weak interaction eigenstates, u(¥¢%*) and
de¥) respectively. In order to express the theory in terms of experimentally observ-
able mass eigenstates, these matrices must be diagonalised. The weak eigenstates are
transformed into the mass eigenstates by matrices U9,

u(weak) _ U(u) u(mass)

7 1] J ?

(weak) _ 77(d) ;(mass)

This has no effect on neutral interactions because the matrices U®% only rotate the
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—(weak) (weak)

basis and are therefore unitary, meaning that @, u; = () m95) - For weak
charged interactions, however,
az(weak)dz('weak) _ Egmass)(U(u))TU(d)dEmass) ' (145)

The matrix Veogar = (U™)TU@ describes the strength of the coupling for down-type
quarks decaying to up-type quarks, taking the place of the Ay rawa couplings in Equation
1.42. It also contains the complex phase necessary for CP-violation. This matrix is
called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and is discussed in the following

section.

1.3.1 The CKM matrix

The CKM matrix, Vg, is an extension of the 2 x 2 Cabibbo quark mixing matrix [29]
to a unitary 3 x 3 matrix including the third generation of quarks [30]. The matrix is
CP-violating, with elements V; representing the coupling of the i-th up-type quark to
the j-th down-type quark. The strengths of these couplings are not predicted in the SM

and must be constrained experimentally. The matrix can be written explicitly as

Vud Vus Vub
Vekm=1| Vg Ve Vi |- (1.46)
Viae Vis Vi

The couplings between antiquarks are given by the complex conjugates of the elements,
v

V ek is unitary because the matrices U™ are unitary. A 3 x 3 unitary matrix can,
in general, be parameterised by three Euler angles and six complex phases. In the case of
V ek, however, five of the complex phases are unphysical and can be “rotated away”;
this is because quark fields appear in the Lagrangian as ¢ and 10t terms, meaning
that the Lagrangian is invariant under field transformations of the form ¢ — ge®. This

leaves one irreducible complex phase, ¢, which is responsible for CP-violation in the SM.

There are many possible parameterisations of the CKM matrix. The “Chau-Keung” [31]

representation emphasises the extension of the two-generation Cabibbo mixing mecha-
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nism to the three-generation CKM matrix:

1 0 0 C13 0 8136_26 C12 S12 0
VC’KM = 0 Co3 S93 0 1 0 —S19 c12 0
0 —S8923 (o3 —5136_7'5 0 C13 0 0 1
N -~ J/

Cabibbo matriz

—id

C12C13 S512€13 S13€
- —512C23 — C12523513€" C12C23 — 512523513€" 523C13 (1'47)
s . @6
5128523 — C12€23513€ 523C12 — 512€23513€ C23C13

where ¢;; = cosf;; and s;; = sin6,;; 612 = 6. (the Cabibbo angle [29]), f23 and ;5 are

the three Euler angles and ¢ is the complex phase.

The Wolfenstein perturbative parameterisation gives an indication of the relative

sizes of the couplings [32]. It uses four independent parameters,

So3 S13 COS O S138ind
A=s1, A=, p= and n = ,
12 512523 512523

which are fundamental parameters of the SM. The elements of Vg can be written in

terms of these parameters as a power expansion in A to order A3

1
1-— 5)\2 A AN3(p —in)
B _
Viru = Y 1_ %)\2 A2 +0(\Y (1.48)
AN(1—p—in) —AN? 1
and to order \°
1-— 1)\2 - 1/\4 A AN3(p — in)
2 8
ve 1 1 1 O (\°
CRM T | A+ AN = 2pim) 1- - ML+4AY) AN +0(\)
1 1
AN3(1 —p — ) —A)\2+A)\4(§—p—2'77) 1-— §A2)\4

(1.49)
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where p = p(1 — %)\2) and 7 = n(1 — %)\2). n is the complex phase responsible for
C’P-violation and it appears in the CKM matrix elements with coefficient O (A*) or
higher, indicating that the contribution to CP-violation incorporated in the SM is small.
In the past, the expansion Vg’;(M has been sufficient for discussion of CP-violation in
the B-meson system, however as the LHC will reach sensitivities of O (1072), the further

. 5 . .
expansion V(C;( 18 now required.

The unitarity of Vg means that it satisfies the condition

Ve (Voru)' = Vern) Verwr = 1 (1.50)

which can be expressed as a set of conditions on the matrix elements; six of these are

orthogonality conditions between the matrix rows and columns:

ViVea + ViV + ViV, = 0, (cu)
vV + ViV + ViV, = 0, (tuw)
Vi ¢ VIR Vil = O, () .
VidVe + ViVeo + VYo = 0, (sd)
VidVie + ViV + VidVy = 0, (bd)
ViV + ViV + ViV = 0, (bs)

These expressions can be represented graphically as triangles in the complex plane.
The single complex phase implies that the areas of these triangles are all the same and
equal to Jop/2; Jop is the Jarlskog parameter, O (107°), which is an indicator of the
amount of CP-violation contained in the SM [33]. Four of the triangles are difficult to
constrain experimentally as two of their sides are much longer than the third, resulting
in triangles which have one very small angle, but the (bd) and (tu) triangles have sides
of comparable magnitude, O (A\*). Choosing V_,V* to be real and normalising (bd) and
(tu) by |V.,Vi| = AN gives two triangles, shown in Figure 1.2, which are identical to
O (A?) and differ only by O (A\°) corrections. A has been measured experimentally to
high accuracy, so the dimensions of the triangles depend on the position of the apex
(p,m) which in turn can be determined by measurements of |V, |, |V.,| and |V,,|. The B-
meson sector is ideal for performing these measurements as B-mesons have many decay

channels.
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Im  VyqVup + VeaVep + ViaVip = 0
|
|

N(-A*/2) - o

p(1-A%12) 1

(a)

P (1-A212+p22)
(b)

Figure 1.2: The CKM unitarity triangles (bd) (Figure 1.2(a)) and (tu) (Fig-
ure 1.2(b)) in the complex plane.
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The (bd) triangle, shown in Figure 1.2(a), is commonly known as the unitarity triangle

or UT. The internal angles «, # and «y are defined as

a=arg —EZ%) =arg <_1_pj——z_nm) : (1.52)
VeaVs 1

B =arg _V;thZ> = arg (m) and (1.53)
ViaVib .

vy=arg| — %d%i) =arg(p+in) . (1.54)

Terms O (\°) introduce a phase into Vj,, so that the angles 3 and ~ above are shifted
into the corresponding angles 3’ and 4’ of the tu triangle in Figure 1.2(b),

) Vil B+ (1.55)
=arg| — —| =06+ 05s .
ViaVua
‘/tb u>‘l<)
' = — =~ — [0 1.56

where

( vtsvt;,‘)
fs =arg| — : (1.57)

The complex argument of Vg is

0 0 —y
arg(Vexm) = | 0 0 0 (1.58)
_ﬂ Bs +m 0

where the small correction to V,,; arising from the normalisation convention has been
neglected. Comparing this to V(05;< v allows 5 to be related to the Wolfenstein param-

eters:

N )
ﬁs = arctan m ~ A n . (159)

In the SM, 3, ~ 0.02 rad [34]. CP-violating t — s transitions occur at order A* in
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Vg’}( > but decays involving b — u and d — t transitions contribute to C’P-violation at

: (3)
order A* in Vi, -

1.4 Constraining the CKM parameters

SM flavour physics is based around the CKM matrix, but the theory cannot predict the
sizes of the elements of the matrix. The couplings must be constrained by experiment;
the CKM phases can either be determined indirectly via measurements of the lengths of
the sides of the UT or directly via measurements of the UT angles in CP-violating pro-
cesses and their asymmetries. Overconstraining the UT in this way allows for a unique
test of the SM and for searches for NP to be performed. A disagreement between indirect
and direct measurements of the phases would indicate the presence of NP contributions
from new particles appearing as virtual particles in loop processes. NP contributions
can be extracted by comparing precision measurements from tree-level processes, which
depend only on the SM, with those from loop-level processes, which may be affected by
NP. The current experimental constraints on the magnitudes and phases of the CKM

elements are summarised in the following sections.

1.4.1 Current status of CKM matrix element magnitude mea-

surements

The magnitudes of the CKM matrix elements have been measured in the following

processes [18]:

|V 4 in superallowed 07 — 0% nuclear [ decays;

|V, .| in kaon decays K¢ — mlv, K§ — mer and K* — 7%, exclusive 7 decays and

the decay width of semi-inclusive 7 — s decays;

|V, in exclusive and inclusive semileptonic B — X /v decays;

|V4| in neutrino/antineutrino interactions and semileptonic D decays;

|V, in leptonic D decays and semileptonic D decays;

|V,| in exclusive and inclusive semileptonic B decays to charm;
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e |V,| and |V,,| in neutral B-meson oscillations; also in rare (loop-mediated) K and

B decays; and

e |V},| from single top production.
These methods give the following values for the magnitudes of the matrix elements [34]

0.9742679:99022 () 99539+0-00062 () ()3501+]-990196
Veru| = | 0225267099062 (0 973451000022 () 04070+900116 | . (1.60)
0.00846 050015 0-03996= 550062 0-9991657 0000015

1.4.2 Indirect CKM measurements

Indirect measurements are used to place constraints on the apex of the UT in the (p,7)
plane. The measured values for |V ,| and |V,,| from Section 1.4.1 form a circular con-
straint, centred at (0,0); measurements of AM,; and AM; from neutral B-meson mixing
provide a second circular constraint, centred at (1,0). A final indirect measurement,
€x, which characterises C’P-violation in neutral kaon mixing, provides a hyperbolic con-
straint. Figure 1.3 shows the constraints on the UT at 95% confidence level from these

measurements.
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Figure 1.3: The constraints on the CKM unitarity triangle from indirect mea-

surements [34]. The red hashed region corresponds to the 68% confidence level

on the apex position from the combined fit to these measurements; the yellow

region with red boundary to the 95% confidence level. The superimposed tri-

angle shows the result of the global UT fit including both indirect and direct
measurements.
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1.4.3 Direct CKM measurements

As CP-violation arises from the complex phase in the CKM matrix, the internal angles
of the UT, which are related to this phase, can be directly constrained from asymmetry

measurements of CP-violating observables in B-meson decays.

Angle o

Time-dependent CP asymmetries in b — uttd dominated decays allow direct measure-
ments of the angle o to be made. Unfortunately, penguin b — d amplitudes have a
different CKM phase to b — utud tree decay amplitudes but the same order of magni-
tude (in terms of \), so there is potentially a large amount of pollution from penguin
loop processes [35]. Belle and BaBar measurements in the channels B — 77, B — pp

+

and B} — 777~ 7% dominate the current constraints on the angle a.

The time-dependent analysis of B} — 777~ measures sin (2a + 2Aaq) rather than
sin 2a because of loop contributions [18]; 2A« is the phase difference between €27 A 4, -
and A,+,—, where A, 4+, and A,+,- are the amplitudes for BY — w7, The isospin

relation between the amplitudes A, of B} — 77—, B} — 7%7% and BT — 7+,

1
EAWJrTﬁ + Ayo0 — Apro =0, (1.61)

along with a similar expression for the amplitudes A,,, allows o and A« to be sepa-
rated [36]. This method only provides loose constraints on « with many possible values
extracted. Using this method, the Belle collaboration has excluded the angle o in the
range 11° — 79° at 95% confidence level [37] and the BaBar collaboration has excluded
the range 23° — 67° at 90% confidence level [38].

The decays B — pp can also be used to extract o with an isospin analysis. Values
of a = (91.7 4 14.9)° [39] and a = (92.4752)° [40] have been found at Belle and BaBar,

respectively.

A time-dependent Dalitz analysis of BY — a7~ 7% allows for the extraction of a with
one ambiguity, « — «a + 7, assuming knowledge of the variation of the strong phase in
the interference. Results from the use of this method at Belle (68° < o < 95° [41]) and

BaBar (a = (87113)° [42]) are at 68% confidence level and ignore the mirror solutions.
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The current best fit value of « is [34]

a = (90.9732)°.

Angle

The angle 3 can be extracted directly from time-dependent CP asymmetries, using B°
and B decays to the same CP eigenstate, f. In this case, as detailed in Section 1.2.2,

the terms of Equation 1.38 reduce to leave only the sine term in the asymmetry.

The theoretically cleanest 3 measurements are in tree b — c¢s transitions, for exam-
ple in the process By — J/wK[S),L’ For these decays, it can be assumed that CP-violation
in the mixing and CP-violation in the decay are both negligible. Under these assump-

tions,
Ap = —npe P, (1.62)

where 1y = £1 is the CP eigenvalue of the final state and 273 is the phase difference
between the decays B — f and B® — B? — f. This results in the coefficient of the sine
term of Equation 1.38 being proportional to sin 23. BaBar [23], Belle [24] and LHCD [25]

have performed recent analyses; the current global best fit value is [34]

sin 28 = 0.691+0-020

B = (21.8475%)° .

Angle v

The angle v can be measured directly from SM tree-level processes without pollu-
tion from loop-level processes. High statistics are required to make precision mea-
surements of v because the decays of interest have small branching fractions O (1079).
Belle and BaBar have made the first direct measurements but it is expected that run-
ning conditions at the LHC will allow for the direct measurement of v to a few de-
grees. A summary of the main time-independent tree-level methods is given in Sec-
tion 1.5. Time-dependent measurements of v can also be made, for example using
BY — DTK* decays, although a measurement of v in this channel requires a sepa-
rate measurement of the BY mixing phase to be made. The decay has been observed

and an initial measurement of the branching fraction has been made at LHCb [43],
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Br(B? — DTK*)= (1.97 £ 0.18(stat.)*050 (syst.) "0 16(£s/fa)) x 1074, where f, /f; is the BY

and BY production fraction ratio.

Global constraints from direct measurements

Figure 1.4 shows the constraints on the UT from direct measurements of the angles «,
G and v at 95% confidence level. It can be seen from the shaded allowed regions that
the current best direct constraint is from sin 23 and the current direct constraint on ~

is poor (approximately £10°).
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Figure 1.4: The constraints on the CKM unitarity triangle from direct mea-
surements [34]. The red hashed region corresponds to the 68% confidence level
on the apex position from the combined fit to these measurements; the yellow
region with red boundary to the 95% confidence level. The superimposed tri-
angle shows the result of the global UT fit including both indirect and direct
measurements.

Angle 3,

Direct measurements of the angle 3, from B? — J/i)(up™)¢(KTK™) decays have been
carried out at CDF [44, 45], DO [46, 47] and LHCDb [48]. In the SM, the CP-violating
phase of this decay ¢§/ (PN —20, [49] and S is expected to be small; deviations from
this equality may indicate contributions from NP phenomena. The analyses include
measurement of other parameters such as Al'y, the difference in the partial widths
between the heavy and light B? states, which can also be affected by NP contributions.

Figure 1.5 shows the constraints in the gzﬁg/ W—AFS plane from the most recent CDF,
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D@ and LHCb measurements, along with the SM prediction. It can be seen that these
measurements are all consistent with the SM. The current average value of (3, from
published CDF [44] and DO [46] measurements, not including the LHCb measurement,

and without external constraints, is [50]
Bs = (0.39701)rad  or B, = (1.18")13) rad.

A further measurement of 3, has been performed at LHCb using the decay B? —
/(™) (980) (wta~) [51]; the combined result from the two LHCb measurements
is ¢s = (0.03 £ 0.16 £ 0.07) rad, where the first error is statistical and the second
systematic [52].
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Figure 1.5: The constraints on B? parameters qb;]/ “% and AT.

Combined indirect and direct measurements

Combining the indirect and direct constraints on the UT gives the fit shown in Figure 1.6.
The fitted apex position is [34]

p=0.144753¢, 7= 0.343"55,5

The current global fitted values of the other Wolfenstein parameters are A = 0.8011)-526

and A\ = 0.2253910:00062 [34),
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Figure 1.6: The constraints on the CKM unitarity triangle, combining indirect
and direct measurements [34]. The red hashed region corresponds to the 68%
confidence level on the apex position from the global fit; the yellow region with
red boundary to the 95% confidence level.

Current measurements are consistent with SM expectations, although the constraints
are not precise enough to rule out the presence of NP beyond the SM in loop processes.
There is some tension between the current measured values and values predicted from
the full SM UT fit for the branching ratio of the decay BT — 77 v, and for sin (23) [53];

LHCb will provide increased precision to the 3 measurement in particular.

1.5 The time-independent measurement of v from
B — DK™ decays

The CKM angle 7 can be measured directly in tree-level Feynman diagram processes
such as B — DK™ decays, where D indicates a D° or D° meson. These time-integrated
measurements allow benchmarking of the SM value because the processes have no pen-
guin loop contributions; the largest correction to them is expected to come from neutral
D mixing, but this should lead to a very small correction on ~ [54] and is normally

neglected. CP-violation in D meson decays is also neglected [55].

In charged B modes, there are two contributing SM tree diagrams, as shown in
Figure 1.7. One is CKM favoured and colour favoured (Figure 1.7(a)), the other is
CKM suppressed and colour suppressed (Figure 1.7(b)). W bosons do not carry colour

charge and mesons are colour singlets, meaning that in Figure 1.7(a) the quarks from
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the boson decay (s and @) are unconstrained in colour. In Figure 1.7(b), however, colour
suppression arises due to the internal W decay; the colours of the quarks from the boson
(¢ and s) are constrained by the colour of the spectator quark. Neutral B modes have
two contributing colour suppressed SM tree diagrams, one CKM favoured (Figure 1.8(a))
and one CKM suppressed (Figure 1.8(b)).

S ‘/ub

b > .- > u

W- u
wW- [¢

b > e > ¢
s

Vcb
a < a T « T
(a) B~ — DK~ (b) B~ — DK~

Figure 1.7: The two contributing tree-level Feynman diagrams for B~ — DK™.
There are corresponding diagrams for B*. Figure 1.7(a) shows the colour
favoured and CKM favoured contribution; the colour suppressed and CKM sup-
pressed contribution is shown in Figure 1.7(b).

Methods using B — DK™ decays to measure v exploit the fact that + is the weak
phase difference between the CKM matrix elements V, and V. In particular, the
amplitudes of B — DK™ decays are sensitive to v due to interference between the tree
diagrams when D° or D° decays to the same final state f. For two arbitrary processes
with the same initial and final states, the decay rate via amplitudes A;e’® and A, is

proportional to
|Are™® + Ay|* = AT+ A3 + 24, Ay cos ¢ (1.63)

and so the relative phase between the amplitudes, ¢, can be extracted from the inter-

ference term.

The amplitudes of B¥ — DK decays can be defined as

Ay = Age®e (1.64)
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Veo Vib
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(a) B} — DYK*® (b) BY — D'K*°

Figure 1.8: The two contributing tree-level Feynman diagrams for B — DK*°.
There are corresponding diagrams for B}. Figure 1.8(a) shows the colour sup-
pressed and CKM favoured contribution; the colour suppressed and CKM sup-
pressed contribution is shown in Figure 1.8(b).

for the B~ — DK~ and BT — DK™ decays and

Ab—»u
Ab—»u = Ab—>c .
Ab—»c
+iy 104
A it Ap | e
— 4B id
Ab—>c ere
= Aprget?ein (1.65)

for the B~ — DK~ and BT — DK™ decays, where v is the CP-violating weak interac-
tion phase and d, and ¢, are the respective strong phases of the amplitudes. dg = 9, — ..
is the strong phase difference between the decays and rg is the magnitude of the ratio

of the amplitudes. The ratio of the amplitudes is therefore

= rpe®s*) (1.66)

For the full B — D( f)K(*) decay chain, the D — f decay must also be considered.
Irrespective of the D — f decay, however, all B¥ — D(f)K* channels have the three
parameters 7, rg and dg in common, allowing a combined measurement of v from many
channels. For neutral B decays the parameters rgo and dgo are analagous to rg and dg for
the charged B case. The sensitivity to v is affected by the ratio of the magnitudes of the

amplitudes, rg, with the error on ~ increasing as rg decreases. In the B¥ — DK™ case,
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6 = (112713)° [34] and in the neutral B case, dpo is currently poorly constrained [56].

rg can be written as

AB™ — BOK_) A(BT — DYK™) ViV
g = = — = B (1.67)
A(B-—=DK)| ~ [AB* = DKY)|  |VaVi
in the charged B case and rgo can be written as
A(BY — DK*° A(BY — DUK*0 VIV
oo = (_d _ ) _ ( d _ ) _ u:) fCBO (168)
A(Bg — DK*)|  JABG — DK V5V

in the neutral BY case. fCB and ch * are colour factors equal to the ratio of the colour
suppressed to colour favoured contributions, ch ~ 0.3 and ff’ 0.8 [57-60]. The best fit

value to the experimental measurements of rg in B* — DK= decays is 0.10740.010 [34];

*
ubVcs

Voo Vs
approximately equal to the absolute values of the CKM parameters, given by /p* + 7°.

18

rgo has been measured as < 0.55 at 95% confidence level [56]. The ratio

Several methods with different D decay final states are used to make time-independent

~ measurements in B — DK™ channels, including

e the Gronau, London and Wyler (GLW) method,
e the Atwood, Dunietz and Soni (ADS) method; and

e the Giri, Grossman, Soffer and Zupan (GGSZ or Dalitz) method.

These three methods will be summarised in the following sections.

1.5.1 The GLW method

The GLW method [61, 62], which has been employed at Belle, BaBar, CDF and LHCb,
uses D decays to CP eigenstates such as D — K'K™, D — 7f7~ and D — Kn° to

measure 7.

The CP-even (+) and CP-odd (—) eigenstates can be defined as linear superpositions
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of the mass eigenstates

DO+ DO

Deps = T (1.69)

This means that for the charged B case, the decay amplitudes can be written in the

form
AB" = Dep, K') = — (A(B" — D’K*) + A(B" — DKY))

(|A(B+ — DOK*)|elel® + |A(B* — BOK+)|ei3> (1.70)

Sl = Sl

and
AB™ = Dep K) = —(AB~ — D’K") £ A(B- — DK"))

(\A(B‘ — DK7)|e® + |A(B~ — BOK—)|e—ivei5) (1.71)

Sl = Sl

assuming that the decay proceeds via a single weak phase. dg = 6 — ¢ is the strong phase

difference between the decays.

Assuming there is no CP-violation in neutral D mixing [54],
AB" — DKT) = A(B~ — DK") (1.72)
and

A(BT — DK") = e*A(B~ — DK"). (1.73)

Two triangles can be constructed in the complex plane using the amplitudes of Equa-
tions 1.70 and 1.71 and the conditions of Equations 1.72 and 1.73. These triangles show
the relationship between v and the decay amplitudes. Figure 1.9 shows the two trian-
gles for the CP-even eigenstates; similar triangles can also be drawn for the CP-odd

eigenstates.

There are four CP asymmetries which can be measured experimentally to determine
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/’\\A(B+ — DOK+)

ABT — DK*) = A(B- — DK") Re

Figure 1.9: The triangles formed by the CP-even eigenstate GLW amplitudes
in the complex plane, showing their relationship to the CKM angle ~.

v, rg and dg. These are

I'(B™ — D¢pK™) + I(BT — Dep i K¥)
I'(B- — D°K-) + I'(B+ — D°K™)
=1+ 73 £ 2rg cosycosdp (1.74)

Repy =2

and

I'(B™ — Dep.K™) = I(BT — Dep.KT)
e I'(B~ — Dep K7) + (BT — Dep KT)

+ 2rp sin v sin dg
= . 1.75
Rept (1.75)

The BaBar [63], Belle [64], CDF [65] and LHCb [66] measurements in the CP-even
decays B — D(KTK~, 777 )K*, and the BaBar [63] and Belle [64] measurements in
the CP-odd decays B* — D(KZ%r% Ki¢, Kdw, Kn)K*, give average values for the CP

asymmetries of [50]

Repy = 1.11£0.06, Aepr = 0.274+0.04,
Rep- =1.10£0.07 and Aep_ = —0.11 +£0.05,
where the errors include statistical and systematic uncertainties.

BaBar and Belle have made other GLW asymmetry measurements with B¥ —

DMK=™ decays; the results are summarised in reference [50).
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The value of v extracted using the GLW method has several ambiguities [67]. The

BaBar measurement of [63] is used to place loose constraints on +.

1.5.2 The ADS method

The ADS method [68-70] is applied to modes where the D meson decays to a non-CP
eigenstate, such as D — K*7 7% and D — K*#¥. The full B decay can take one of two
routes as shown in Figure 1.10; one is via the favoured b — ¢ decay followed by a doubly
Cabibbo suppressed DY — f decay and the alternative path is via the suppressed b — u
decay followed by a Cabibbo favoured D® — f decay. The two interfering amplitudes
from the different decay paths are comparable in size, meaning that large interference

effects are possible. This maximizises the possible sensitivity to 7.

DK~ is
Favoured \{6 :
B~ oK~
rpe’®B—v) DK~ JF&\/oured

Figure 1.10: B~ decay modes used in the ADS method to maximise sensitivity
to 7.

Two ADS CP asymmetries, similar to those used in the GLW method, are defined

as
(B~ — fK7)+I'(Bt — fK%)
Raps = ————
['(B- — fK-) +I'(BT — fK*)
= 7“]%, + 7“]23 + 2rgrp cos~y cos (dg + op) (1.76)
and
(B~ — fK™) —I'(Bt — fK%)
ADS =

(B~ — fK-)+I'(Bt — fK¥)

2rgrp siny sin (0 + 0p)

, 1.77
Raps (1.77)
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where 7 is the ratio between the suppressed and favoured D decays and dp is the strong
phase difference between them. These parameters have been measured for D — Kn
decays, giving values of rp = (5.78 + 0.08)% and 0p(21.97153)° [50]. In order to allow
the system, which has three unknown variables (rg, dg and ), to be overconstrained and
a value for v to be extracted, measurements of Raps and A4pg must be made for two
D decays to distinct non-CP eigenstate final states. Alternatively, ADS rates from one
D decay can be used in conjunction with rates from the GLW method to overconstrain
the system in a joint ADS/GLW analysis [55].

Current ADS sensitivities to v are poor due to the suppressed modes used in the
method. Belle [71], BaBar [72], CDF [73] and LHCb [74] have observed the sup-
pressed modes and made consistent measurements of R4ps and Aypg in the decay

B* — D(Kn)K*, giving average values [50]

Raps = 0.0160 =+ 0.0027 and
Aaps = —0.46 £ 0.13,

where the errors include statistical and systematic uncertainties.

BaBar and Belle have also made ADS asymmetry measurements using B¥ — D (KW)Ki(*)

decays and measurements of B¥ — D(K77%)K* and B} — D(Kr, Krn®, Krrr)K*(892)°

decays have been made by BaBar. The results are summarised in reference [50].
1.5.3 The GGSZ (Dalitz) method
Multi-body D decays such as D — K2rT7~ and D — K{KTK™ are studied using the

GGSZ, or Dalitz, method [75]. This method has several advantages over the GLW and
ADS methods:

e it uses both CP and flavour eigenstate final states as the whole resonant sub-

structure of the decay is analysed simultaneously;

e the multi-body D decays concerned have higher branching fractions than those
used in the GLW and ADS analyses; and

e the GGSZ method gives only a two-fold ambiguity in v, v — v + 7.
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In the D — K377~ decay, the three-body D decay amplitude can be written as

f(mi,m%) = A(D — Kg(po)n* (p)m~ (p-)) (1.78)

where m?, the invariant mass squared, is a function of the four-momenta pg, p, and p_

of the Kg, 7% and 7~ daughters respectively,

mZ = (po + px)”. (1.79)

Figure 1.11 shows B* and B~ Dalitz plots for simulated B* — D(K%r ™7~ )K* decay
candidates. Each point in the Dalitz plane, mi versus m?2 , represents a single B¥ —
D(K4r*7~)K* decay, with the plot boundary coming from the kinematic constraints of

the decay, as shown in Figure 1.11(a).
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(a) Bf - D(K3ntn)K™T (b) B~ = D(K%r 7 )K~

Figure 1.11: The Dalitz plots for B¥ — D(Kn "7~ )K*. The red arrows in
Figure 1.11(a) indicate the kinematic constraints on the distribution; for a given
value of m?, the range of m? ((m?)min to (M3 )max) is determined by its values
when the momenta of the K@ and 7" are antiparallel or parallel. The dominant
resonances K*(892) and p(770) can be seen in Figure 1.11(b). The Dalitz plots
are taken from reference [76] and annotated.

In a general three-body decay A — zyz, the decay can be modelled as proceeding
via two-body intermediate states, for example A — I,..2, I,.s — xy where I,., is an

intermediate state. The Dalitz plot from A — zyz decays will therefore show bands
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in density centred around the invariant masses of the possible intermediate states. An
example of this for the D — K@r"7~ decay is the K*(892) resonance, which appears
via the process D — K*(892)(K27%)n¥ and is indicated in Figure 1.11(b). The spins
and parities of the intermediate resonances cause the bands in the Dalitz distributions
to have characteristic patterns [77]. In Figure 1.11 the differences in occupancy between
the Dalitz plots from B events and B~ events due to the effects of CP-violation can
be seen, in particular in the regions at the top left, bottom left and bottom right of the

kinematically-allowed region.

The distributions of BT and B~ candidate decays in the Dalitz plane are described
by probability density functions Si(m?,m?) and S_(m?%,m3) respectively, which can
be found from Equations 1.64, 1.65 and 1.78,

Se(m3,m2) = |f(m%,m2) +rpe®e V) f(m2,m?)|? (1.80)

S_(m?,m%) = [f(m® ;m?) + rpe® 0 f(m?  m? ). (181)

In these expressions, the first terms arise from the CKM favoured and colour favoured
decays (Figure 1.7(a)) and the second terms from the CKM suppressed and colour

suppressed decays (Figure 1.7(b)).
Fitting Sy (m%, m?) and S_(m?,m?2) simultaneously over the Dalitz plane allows 7,

2
T

be taken into account, either by using a binned model-independent approach [75, 78] or

rg and dp to be extracted. The amplitude for the D — Kr 7~ decay, f (mi, m ), must

by using an unbinned model-dependent method, as described in reference [79].

Both Belle and BaBar have used the GGSZ model-dependent method to extract .
A BaBar measurement with B} — D(KrT77)K*® decays gives a loose constraint on
~ [80]. The current best measurements with B¥ — D™ (Kdr+a~ KKK )K=*) decays

are
v = (784708 £ 3.6 £8.9)°
at Belle [81] and
v = (684 14+ 4+ 3)°

at BaBar [82], where the first error is statistical, the second is systematic and the third

is the error due to the model description of the Dalitz plot amplitude. Belle have also
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performed a model-independent GGSZ measurement of v with B — D(K3rtn~)K*

decays only, extracting the value [83]
v = (773735 £4.2+4.3)°,

where the first error is statistical, the second is systematic and the third is the error due

to the input of CLEO-c strong phase measurements [84].

1.5.4 Combined time-independent v measurement

Combining direct tree-level measurements from GLW, ADS and GGSZ analyses of B —
DWK® decays gives [34]

v =(6811)°

with the fit result shown in Figure 1.12.
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Figure 1.12: The global fit to direct measurements of the CKM angle ~y [34].

At LHCb, the sensitivity to + has been estimated from a global fit using the B —
DK™ decay channels; for an integrated luminosity of 2 fb™! at /s = 14 TeV the ex-
pected sensitivity is 3.9° —5.1° [55, 85] using both time-independent and time-dependent

measurements.
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1.6 Summary

CP-violation is vital in explaining the matter-antimatter imbalance in the Universe, as
it allows for a difference between the interactions of matter and antimatter. It was first
seen in the neutral kaon system and has been experimentally observed more recently in

the B-meson system.

C’P-violation can be accommodated in the SM as an irreducible complex phase in
the CKM matrix, however the amount of C’P-violation in the SM is not large enough to
account for the observed matter-antimatter asymmetry in the Universe. The observed
baryon asymmetry of the Universe is (ng —ng)/n, = ng/n, ~ 1071° [86], in contrast to
the predicted value from the Big Bang model assuming no initial asymmetry, ng/n, ~
107! [86]. The amount of SM CP-violation in the early Universe is at least eight
orders of magnitude too small to account for the observed asymmetry value [87]. This
is currently one of the most puzzling topics in particle physics and cosmology and the
search for sources of C’P-violation from new physics theories beyond the SM has become
a key area of research. The heavy flavour sector is the ideal area in which to perform this
search as precision SM measurements of CP parameters as well as NP measurements

can be made.

v is the least well-measured of the CKM angles. A precision measurement of this
angle using SM processes is required in order to overconstrain the UT and to provide a
SM benchmark against which other measurements, which may include NP contributions,
can be compared. The current combined best fit value of v = (68719)° from direct
measurements is dominated by B-factory results, but the LHC is now providing the

much higher statistics required to greatly reduce this error.






Chapter 2

The LHCb experiment at the LHC

The Large Hadron Collider beauty (LHCb) experiment at CERN is the only dedicated
heavy flavour physics experiment at the Large Hadron Collider (LHC). Operation of
both the LHC and the experiment began in late 2009. Section 2.1 of this chapter gives
an overview of the LHC accelerator and Section 2.2 contains details of heavy flavour
production at the LHC, a discussion of b-hadron decays and a description of the LHCb
detector. Detector control, monitoring and data flow are described in Section 2.3 and
the LHCD software is discussed in Section 2.4.

2.1 The Large Hadron Collider

The LHC, conceived in the 1980s, is a proton-proton collider now installed and operating
in the 27 km circular tunnel that previously housed the Large Electron-Positron (LEP)
collider. The LHC ring is a synchrotron accelerator [88-90], using 1232 superconducting
dipole magnets (Figure 2.1) with a nominal magnetic field strength of 8.33 T to bend
two counter-rotating proton beams around the ring. The dipole magnets are cooled with
liquid helium, allowing an operating temperature of 1.9 K. Other magnets, for example

quadrupoles, are used to optimise the particle trajectories and focus the beam.

Figure 2.2 shows a schematic of the LHC beam acceleration and injection com-
plex [91]. Protons are obtained from a hydrogen duoplasmatron source and are initially
accelerated in a linear accelerator to an energy of 50 MeV [92, 93]. They are then in-
jected into the Proton-Synchrotron-Booster (PSB) complex and accelerated to 1.4 GeV

in one of the PSB’s four rings. Each of these rings is one quarter of the circumference of

37
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Figure 2.1: An LHC dipole magnet within the accelerator tunnel.

the Proton-Synchrotron (PS) ring and accelerates one proton bunch. The bunches are
transferred into the PS, where they are divided, accelerated to an energy of 25 GeV and
divided again to form the nominal LHC 25 ns bunch train. The splitting process also
allows for the creation of the time gaps in the beam structure which are required for
ramp up of the PS extraction magnets. After transfer to the Super-Proton-Synchrotron
(SPS), further acceleration to 450 GeV occurs, before the beam is finally injected into
the LHC ring. The time to fill both LHC rings is ~ 16 min [90] and in nominal running
will be followed by ~ 20 min of final proton acceleration to 7 TeV. Eight radiofrequency
(RF) cavities per beam are used within the LHC to accelerate the particles to their final
energy and to optimise the beam bunch structure in order to ensure high luminosity at

the collision points.

The maximum possible number of bunches in a beam would be approximately 3600,
however empty bunch buckets are inserted into the bunch train to allow transfer of the
protons from the PS to the SPS. In nominal running conditions, each of the two final
proton beams will be structured as 2808 bunches spaced at 25 ns intervals, with each
bunch containing 1.15 x 10! particles. Figure 2.3 shows the four points around the
LHC ring, in the ATLAS [94], CMS [95], LHCb [96] and ALICE [97] detectors, where
the beams are brought together to collide. The nominal LHC operating luminosity is
103 em™ s7! but at the LHCD interaction point a lower luminosity O (103%) em™ s is
achieved by a local de-focussing of the beams [98], so that events are dominated by a

single proton-proton interaction per bunch crossing.
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Figure 2.3: The LHC ring and the main experimental sites.
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2.2 The LHCb experiment

The LHCb detector was primarily designed to make precision measurements of charge-
parity (CP) violating and rare heavy flavour decays (including those of B-mesons, A,
and D-mesons) and hence potentially find indirect evidence for NP beyond the Standard
Model [98, 99]. The following sections detail the physics of heavy flavour production
at the LHC, b-hadron decays and the consequences of these on the detector design.

Overview descriptions of the individual subdetectors of LHCb are then given.

2.2.1 LHCDb luminosity

At the nominal LHC luminosity of 10** cm™? s, LHCb would see, on average, O (10)
inelastic proton-proton interactions per bunch crossing. The consequent detector occu-
pancy would, however, be too high for acceptable readout, particularly in the tracking
stations. Also, bunch crossings with multiple interactions are less suitable for b-tagging
and lifetime analysis because of the ambiguities arising from multiple reconstructed

proton-proton interaction vertices.

The probability of a given number of inelastic proton-proton interactions per bunch
crossing as a function of luminosity is shown in Figure 2.4. The factors described above
make it necessary for LHCD to run at a reduced nominal luminosity of 2 x 1032 cm™ s [96],
so that the number of single proton-proton interaction bunch crossings is maximised and
the number of multiple interaction crossings is lowered. This is achieved by a local de-
focussing of the LHC beams at the interaction point. Running at lower luminosity has

the additional benefit of reduced radiation damage to the detector components.

2.2.2 Heavy flavour production

The large inclusive bb production cross-section at the LHC centre-of-mass energy means
that the LHC is the most intense source of b-hadrons in the world. Assuming an esti-
mated 14 TeV cross-section of 500 pb and the nominal LHCb luminosity of 2 x 1032 cm™ s,
10'2 bb pairs will be produced per nominal data-taking year (107 s), giving a b-production
rate of 100 kHz [96]. At e e~ colliders, such as PEP-IT and KEK (for the BaBar and
Belle experiments, respectively), the centre-of-mass energy of interactions is fixed. At

a hadron collider such as the LHC, however, the parton distribution functions of the
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Figure 2.4: The proton-proton interaction probability as a function of LHC lu-
minosity, assuming an inelastic proton-proton cross-section of 80 mb [98]. Curves
are shown for zero, one, two, three and four interactions per bunch crossing.

protons mean that the interactions have a range of energies. The whole spectrum of
b-hadrons is produced, with approximate fractions: B, (40%), B, (40%), B, (10%) and
b-baryons (10%) at the LHC [18].

The cross-section for b-quark production has been calculated to next-to-leading order
(NLO) in perturbative QCD; perturbation theory can be used because the QCD scale
(~ 1 GeV) is small compared to the b-quark mass. Three main processes, some of which

are shown in Figure 2.5, are expected to dominate bb production at the LHC [100]:

e flavour creation in hard QCD scattering (gluon-gluon fusion, shown in Figure

2.5(a), and quark-antiquark annihilation, shown in Figure 2.5(b));
e gluon splitting in initial or final states (Figure 2.5(c)); and

e flavour excitation (a semi-hard process).

At NLO, the flavour excitation process, where the heavy quark is assumed to be
already present in the colliding proton, is allowed. The Feynman diagrams for this
process are not explicitly included in the cross-section calculation, however, because the
net contribution from these diagrams is already included as a higher-order correction

to the gluon-gluon fusion process [101]. Figure 2.6 shows the measured cross-section
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Figure 2.5: Examples of Feynman diagrams for dominant bb production
processes. Figure 2.5(a) shows gluon-gluon fusion, Figure 2.5(b) shows quark-
antiquark annihilation and Figure 2.5(c) shows gluon splitting.
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o(pp — bbX) as a function of pseudorapidity from LHCb data at /s = 7 TeV [102].
Also shown for comparison are two predictions for the distribution using different parton
distribution functions. It can be seen that the measured distribution is consistent with

the predictions, both in normalisation and pseudorapidity-dependent shape.

50

Figure 2.6: The measured cross-section o(pp — bbX) as a function of pseudo-
rapidity from LHCDb data at /s = 7 TeV [102]. The x and - data points indicate
results from two independent data samples; the + data points are the averages
of these two results. The MCFM and FONLL predictions are also shown; the
thin green lines indicate the theoretical uncertainties on the FONLL prediction.

As the rapidity difference between the b-quark and b-antiquark of a bb pair increases,
the production cross-section decreases [103]. The quark and antiquark therefore have
highly correlated polar angles with respect to the beam line. Also, the cross-section
is suppressed as the transverse mass (the sum in quadrature of the b-quark mass and
the transverse momentum, pr, with respect to the beam line) of the system increases.
These two effects mean that bb pairs are predominantly produced with both quarks in
the forward direction or both in the backward direction, with similar rapidity and small

pr (see Figure 2.7).

The correlation in the direction of production has consequences for the LHCb detector
design because the production of a b-quark within the detector acceptance means that
the production of a corresponding b-antiquark also within the acceptance is highly likely.
It is particularly important for b-tagging analyses where the flavour of a B-particle of

interest is determined at production by measurement of the flavour of the other B-particle
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Figure 2.7: The simulated polar production angle with respect to the beam
line (6 and 6y) of b-hadrons at the LHC [98].

in the event, therefore requiring both of these particles to be within the acceptance.

The LHCb detector was designed as a single-arm forward spectrometer [96], due to
the space constraints of the existing cavern and budgetary considerations. The correla-
tion in bb pair production angles means that the loss in statistics due to reduced angular
coverage is only a factor of two, however, and the increase in precision from using all of
the available space for a single-arm detector outweighs this loss. The maximum angular
acceptance of the detector is 300 mrad in the bending (horizontal) plane and 250 mrad in
the non-bending (vertical) plane; the minimum acceptance is defined by the beam-pipe.
A schematic of LHCD is shown in Figure 2.8* and a photograph of the experimental cav-
ern is shown in Figure 2.9. Most of the detector subsystems are divided into two halves
which can be moved out separately to allow access to the beam-pipe and assembly and

maintenance.

2.2.3 b-hadron decays

Tree-level weak decays of b-hadrons occur via the CKM-suppressed b — u and b — ¢
quark transitions, because the CKM-favoured transition of b — t is kinematically for-
bidden due to the large top-quark mass (m; ~ 173 GeV/c? [18]). Hence, due to the

2In Figure 2.8, the y and z coordinate directions of the LHCb coordinate system are shown. LHCb
uses a right-handed coordinate system, so that positive x goes into the page. The proton-proton
interaction point is approximately at the position x =y = 2z = 0.
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Figure 2.8: The LHCb detector [96]. The downstream direction is defined as
the direction of increasing z coordinate, with the vertex locator (VELO) sit-
uated at z = 0. This is followed by the first charged particle identification
(PID) subdetector (RICH1), the first tracking station (TT), then the magnet.
Downstream of the magnet are the three tracking stations (T1-T3), the sec-
ond PID subdetector (RICH2), the muon station M1, the calorimetry system
(SPD/PS/ECAL/HCAL) and the muon stations M2-M5.
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Figure 2.9: A photograph of the LHCb detector within the experimental cav-
ern. The z coordinate increases from right to left.

small CKM factors for these inter-generation transitions (|V,| = 3.501 x 1072 and
V.| = 40.7 x 1073 [34]), B-mesons have long proper lifetimes, 7, ~ O (1) ps [18].
Typical b-hadron momenta at LHCDb therefore give a decay length of ~ 1 cm [98]. The
detector must be able to distinguish displaced decay vertices from primary proton-proton
interaction vertices (PVs) because the displaced vertices are an excellent signature of
b-hadron decays. The vertex locator (VELO) subdetector (Section 2.2.5) was designed

for this function and allows for precise vertexing for B-meson lifetime studies.

The LHCb tracking system, described in Section 2.2.6, has been designed to measure
the momenta of charged particles to high precision. This allows good mass resolution to
be achieved, so that background can be reduced in the signal reconstructed mass region.
In order to perform precise CP-violation and rare B-decay analyses, the LHCb detector
must be capable of reconstructing charged particle tracks, up to ~ 150 GeV /¢, with high

efficiency.

Many of the decay modes under study have charged hadrons in the final state and so
good particle identification (PID) is necessary to distinguish between them. The Ring
Imaging CHerenkov (RICH) subdetectors, described in Section 2.2.8, provide crucial
PID information, in particular for 7 and K* separation. The calorimeters, described in
Section 2.2.9, provide PID information for neutral particles and electrons, and the muon
subdetectors (Section 2.2.10) provide muon PID. The identification of high pr muons is

important because, due to their penetrating power, they can provide a clean signal for
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the trigger.

During nominal data-taking, the expected b-production rate at LHCb is 100 kHz [96].
The fraction of bb events with all of the decay products of at least one B-meson within
LHCb detector acceptance is ~ 0.15 and the decays of interest typically have branching
fractions less than O (1073). A two-level trigger system, described in Section 2.2.11, is
therefore necessary to select an enriched sample of events of interest from all proton-
proton bunch crossings. The trigger has hardware and software stages to efficiently select

events to be recorded for later detailed analysis.

The trigger and various subdetectors (VELO, tracking system, RICH subdetectors,
calorimeters and muon subdetector) of LHCb, designed to meet the requirements de-

tailed above, are described in the following sections.

2.2.4 Beam-pipe

The continuation of the LHC vacuum through the centre of LHCDb is provided by the
experiment beam-pipe, which is 19 m long [96]. This is the high rapidity region of
the detector and so has large particle densities; any material seen by primary incident
particles must have a minimal interaction length in order to avoid the production of
secondary particles and a corresponding increase in detector occupancy. The beam-
pipe mass and the presence of connecting bellows and flanges directly affects occupancy,
particularly for the RICH subdetectors and the tracking chambers. The design and

materials of the beam-pipe were therefore chosen to minimise these effects.

The beam-pipe is divided into four conical sections, with the three sections closest
to the interaction point made of beryllium and the section furthest from the interaction
point made of stainless steel. Beryllium was chosen for the sections in the occupancy
sensitive region because of its high transparency to particles produced in proton-proton
collisions. The first section of beam-pipe is 1 mm thick and runs from the VELO exit
window, traversing RICH1 and the Tracker Turicensis (TT) and including a 25 mrad half-
angle cone and a transition to the 10 mrad half-angle cone used in the other sections.
The second and third sections, passing through the dipole magnet and through the
Tracker, RICH2, M1 and part of ECAL respectively, have thicknesses varying from
1 mm to 2.4 mm as the diameter of the beam-pipe increases. The fourth section passes
through the remaining parts of the calorimeter and muon systems and is 4 mm thick.

It completes the 10 mrad cone and also provides another cone for the transition to the
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final 60 mm aperture.

In order to allow independent commissioning and maintenance of the detector, the
experiment beam vacuum is separated from the LHC vacuum with isolation valves at

the cavern entrance and exit.

2.2.5 Vertex locator

The VELO detects tracks close to the proton-proton interaction point and is therefore a
vital part of the LHCb tracking system. The information it provides is used to find the
displaced secondary decay vertices which are a signature of heavy flavour decays [96, 104].
Good reconstruction of these vertices is necessary for b-tagging studies and to ensure the
required signal-to-background ratios for reconstructed B-decays are achieved. A typical
b-hadron momentum at LHCb gives a decay length of ~ 1 ¢m, so the VELO must provide
resolution O (1 mm) on the position of the vertices. The VELO also extends upstream
of the nominal interaction point, so that PVs can be reconstructed. Tracks from b-
hadron decays typically have a large impact parameter with respect to the PV and this
quantity is therefore a useful discriminating variable in the selection of decays; in order
to calculate it, the position of the PV must be known accurately. If a track from the PV
is misassigned to a secondary decay vertex, a B-decay will be reconstructed incorrectly
to form a combinatoric background event. A further pair of dedicated tracking stations
at the upstream end of the VELO provide information for the pile-up trigger, described
in Section 2.2.11. The VELO also provides data for a fast track finding algorithm in the
trigger.

The VELO consists of 21 tracking stations, each divided into two modules, as shown
in Figure 2.10. The VELO modules upstream of the nominal interaction point are used
to improve resolution on the PV position; an additional two stations for pile-up are also
labelled as “VETO stations”. A short track extrapolation length from the first station to
the PV leads to a better resolution on impact parameter measurements, so the innermost
radius of the active sensor area should be as small as possible; however, the distance of
closest safe approach to the beam line changes on injection into the LHC. During stable
running, the closest allowed approach is 5 mm [96, 105], with active silicon at a distance
of ~ 8 mm. During injection and beam acceleration, the RMS beam spot size increases;
the two halves of the VELO have therefore been designed to retract by a distance of
3 cm [96, 105] to prevent damage. In order to cover the full azimuthal acceptance and

to improve alignment, the geometry of the sensors is staggered so that the two halves of
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each station overlap when the VELO is closed.

The silicon sensors are mounted onto support structures which, together with the
associated readout electronics chips, are called modules; a photograph of three modules
is seen in Figure 2.11. A cylindrical geometry is used for the sensors because it allows
faster reconstruction of tracks and vertices for the trigger than rectilinear coordinates.
Each module has two silicon sensors, one to measure radial coordinate (R-sensor) and

one to measure azimuthal angles (¢-sensor).

—— R sensors 1m |

¢ Sensors

cross section at y=0

VETO | ™ interaction region

stations | Viewor 6=53cm
| most upstream

| VELO station

VELO fully closed VELO fully open
(stable beam)

Figure 2.10: The LHCb VELO, as seen from above, showing the module lay-
out [96]. A station consists of two modules, one in each half of the VELO.

The VELO is designed so that any track within LHCb angular acceptance should
pass through at least three of its modules. The outer radius of the VELO sensors means
that the spacing between modules in the central region must be less than 5cm. The
position of the most downstream module is determined by the inner angular acceptance

of 15 mrad and the minimum distance of the sensors to the beam line.

In order to reduce the material seen by tracks and to allow the sensors to be as close

to the beam as possible, the VELO is operated under vacuum. The VELO vacuum
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Figure 2.11: Three LHCb VELO modules.

enclosure acts like an extension to the LHC beam-pipe, however, to protect the LHC
vacuum from outgassing of the modules, the two detector halves are placed inside thin
aluminium vacuum boxes, called the RF boxes. The boxes also act as a shield, protecting
the VELO from radiofrequency (RF) pickup from the LHC beams and protecting the
beams from the effects of wake fields generated as they pass through the VELO structure.
Figure 2.12 shows the arrangement of the modules along a section of the RF boxes
around the beam line. The sections of RF box in this region are called the RF foil and

are corrugated to allow overlap of the two VELO halves.

The VELO silicon sensors [96] are designed to read out orthogonal coordinates. Each
sensor is an approximately semi-circular annulus with the outer radius of the active area
equal to 42 mm. The overall size of a sensor is limited by the wafers used to produce it.
The inner sensitive radius is ~ 8 mm, due to the space necessary for the RF foil and the
1 mm thick guard structures on the silicon, as well as the minimum safe distance from the
beam line (5 mm). There are 2048 readout channels per sensor and the corresponding
silicon strip layouts are shown in Figure 2.13. The R-sensors are divided into four
sectors, each with 512 strips running concentrically. The segmentation into four regions
minimizes occupancy and reduces strip capacitance. The strip pitch varies linearly from
the inner edge (38 pm) to the outer edge (102 pm) in order to keep the strip occupancy

approximately constant across the subdetector and to ensure that measurements along
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Figure 2.12: VELO modules positioned along the RF foil [96].

a track contribute to the impact parameter precision with equal weight. The ¢-sensors
are divided radially into two sections to reduce occupancy and to prevent too large a
strip pitch at the outer edge. The strips in each section have different skews with respect
to the radial direction: the inner section has 683 strips with angle 20° to the radial and
the outer section has 1365 strips with angle —10° to the radial. In adjacent modules
the ¢-sensors have opposite skews with respect to each other, providing a stereo effect.
The strip pitch at the innermost radius is 38 pm and increases linearly to the boundary
between the inner and outer sections. At the inner radius of the outer section, the
strip pitch is 39 pm, approximately half of the pitch of the inner section strips at the

boundary.

The VELO subdetector meets all of the requirements for vertex finding at LHCb.
It presents an average of 17.5% of a radiation length of material to tracks within the
detector acceptance, the largest contribution to this coming from the RF foil. Figure 2.14
shows the reconstructed PV resolution in 2010 data as a function of the number of tracks
used to reconstruct the vertex. It can be seen that a 25 track resolution of 14 pm in
x, 13 pym in y and 75 pm in z was achieved. In early 2011, a 25 track resolution of
13.0 pm in z, 12,5 pm in y and 68.5 pm in z was found, as shown in Figure 2.15.
Figure 2.16 shows the impact parameter resolution achieved in 2010 and Figure 2.17
shows the same distributions for the early 2011 data. The expected parameterisation of

these distributions from simulation is o;p = 14pm + 35pm/pr, where pr is measured in
GeV/c [96].
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Figure 2.13: VELO silicon sensors, with some strips shown [96].
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Figure 2.14: VELO PV resolution in 2010 data as a function of the number of
tracks used to reconstruct the vertex [106].
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Figure 2.17: VELO impact parameter resolution in 2011 data as a function of
inverse transverse momentum.

2.2.6 Tracking system

The LHCDb tracking system consists of the VELO, the T'T upstream of the dipole magnet
and stations T1-T3 downstream of it [96, 99]. The overall aim of these subdetectors is
to provide accurate spatial measurements of charged particle tracks and hence allow
properties such as their momenta and impact parameters to be calculated. Figure 2.18
shows the event containing the first selected hadronic B decay candidate found in 2010
data, with all reconstructed tracks in the event indicated. The tracks used to reconstruct
the B candidate are highlighted and labelled, as are the PV and the decay vertices.

The TT lies between the RICH1 subdetector and the dipole magnet and is used to
reconstruct the tracks of low momentum particles which are swept out of acceptance
by the magnet, and for the decay products of long-lived neutral particles such as the
K%. The required single hit resolution of ~ 50 pm and high particle flux mean that
silicon detectors are used because they can have a granularity high enough to prevent
large occupancies being problematic. The TT consists of four detection layers in a
rectangular shape around the beam-pipe, approximately 150 cm in width and 130 cm
in height in order to cover the full LHCb acceptance. Each detection layer consists
of ~ 10 cm x 9 cm silicon microstrip sensors with a strip pitch of ~ 180 pm which are
bonded together to cover the required area. In the first and last of the four layers,
the strips are arranged vertically in order to give position information in the bending

plane. The second and third layers have strips arranged at +5° to the vertical in order
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Figure 2.18: An event from 2010 data, showing all reconstructed tracks and
the tracks used to reconstruct the first hadronic B decay candidate.

to provide stereo views for reconstruction in the non-bending plane.

The tracking stations (T-stations) T1-T3 are divided into two regions: the Inner
Tracker (IT) and the Outer Tracker (OT). The IT covers the central region of each
station and is cross-shaped around the beam-pipe, approximately 120 cm in width by
40 cm in height. The same hit position resolution as the TT is required for sufficient
momentum resolution and this region receives the highest particle fluxes; therefore the
same silicon microstrip technology as for the TT is used, arranged in the same four
detection layer scheme at each station. The silicon sensors in the I'T are ~ 8 cm x 11 ¢cm
with a strip pitch of ~ 200 pm. The IT only covers approximately 2% of the detector
acceptance but it is estimated that 20% of tracks pass through it.

The OT covers the rest of the detector acceptance at tracking stations T1-T3, up
to 300 mrad in the bending plane and 250 mrad in the non-bending plane. The particle
flux is lower in this region and to cover it with silicon detector technology would be pro-
hibitively expensive, so the OT is a drift-time subdetector using straw tube technology.
Kapton tubes of diameter ~ 5 mm are filled with a gas mixture of Ar(70%) / CO2(30%)
and a thin gold-tungsten wire anode is placed down the centre axis of each tube. The
maximum drift time across the tube is below 50 ns (two LHC bunch crossings). The

tubes are arranged in modules, each consisting of two staggered layers of tubes. These
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modules are assembled into four detection layers at each station, with the tubes in each
layer vertical or at +5° as described above for the TT /IT subdetectors.

Track reconstruction is based on track seeds, made from hits in the VELO (VELO-
seeds) or hits in the T-stations (T-seeds). The full tracks are reconstructed from these
seeds, adding in the information from the other tracking subdetectors. Reconstructed

tracks fall into one of the following classes:

e long tracks : these traverse all of the tracking subdetectors. A VELO-seed is
matched to hits in the T'T and T-stations. They have the most precise momentum
determination and are therefore the most important tracks for b-hadron decay

reconstruction;

e upstream tracks : these traverse only the VELO and the TT station. They are
typically low momentum tracks which are swept out of the detector acceptance
by the magnet. They pass through RICH1, however, so may produce Cherenkov
photons if their momentum is large enough, and they can be used to understand
RICHI1 backgrounds. They may also be used for flavour tagging or b-hadron decay

reconstruction, although their momentum resolution is poor;

e downstream tracks : these traverse only the TT station and the T-stations.

They are typically decay daughter particles from long-lived particles, such as Kg;

e VELO tracks : these are measured only in the VELO and so have large angles

or are going backwards. They are useful for PV reconstruction; and

e T tracks : these are only measured in the T-stations. They are typically from

secondary interactions but are used for RICH2 global pattern recognition.

The different types of track, in the context of the tracking system, are shown in Fig-
ure 2.19.

The nominal momentum resolution of the tracking system is Ap/p = (0.35 —0.55)%,
depending on the track momentum [96]. During 2010, the tracking efficiency was found
using a tag-and-probe method with K — 77~ decays [108]. Figure 2.20 shows the
long track efficiency measured from these decays in data as a function of track transverse
momentum (pr), with a comparison to Monte-Carlo (MC) simulation. It is above 95%

for all tracks with a transverse momentum above 100 MeV/c.
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Figure 2.19: An illustration of track types and the tracking system subdetec-
tors. The upper distribution shows the magnetic field component in the vertical
direction (B,) as a function of the z coordinate.

b T T T
> R
= 1= T
2 i ]
2 L ]
= o8 o -
i B LHCDb preliminary\'s = 7 TeV b
—— ]
0.6 p
0.4 ~ -
L — Data ]
0.2~ -1
N — Monte Carlo ]
c L 1 1 1 1 ]
0 200 400 600 800 1000
P, [MeV]

Figure 2.20: A comparison of the tracking efficiency from 2010 data and Monte-
Carlo simulation as a function of transverse momentum (pr) [108].
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In 2011, the tracking efficiency was again found using a tag-and-probe method, but
with J/ib — ptu~ decays [109]. Figure 2.21 shows the resulting long track efficiency as a
function of momentum (p) and pseudorapidity (n) with a comparison to MC simulation;

average efficiencies for long tracks are found to be above 96%.
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Figure 2.21: A comparison of the tracking efficiency from 2011 data and Monte-
Carlo simulation as a function of momentum (p) and pseudorapidity (n) [109].

2.2.7 Dipole magnet

The LHCD dipole magnet (Figure 2.22) is positioned between the TT and T1 tracking
stations. Its vertical magnetic field is used to provide bending for the measurement
of the momenta of charged particles [96, 110]. In order to cover the full experimental
acceptance, the magnet is required to have an aperture of at least +300 mrad in the
horizontal plane and £250 mrad in the vertical plane. The magnet coils are tilted and
offset to follow this acceptance, and the inner faces of the coils are placed 100 mm outside
of it. For various physics analyses, such as the measurement of CP asymmetries, it is
important to control the systematic effects of the detector by periodically inverting the
polarity of the magnetic field between two configurations (“magnet up” and “magnet
down”). A warm magnet design was therefore chosen, as it allows for this due to the

ability to ramp rapidly.

Upstream of the magnet, there is a low fringe magnetic field in the VELO and RICHI1.
In the VELO, a large field would prevent the use of a fast track finding algorithm in the
trigger; RICH1 must also be in a low field so that charged particle tracks are not bent
as they pass through the gas radiator and photon detector images are not distorted. To

allow for the use of a simple, approximate pr measurement in the trigger, however, a
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Figure 2.22: The LHCb dipole magnet, view from downstream position to-
wards the interaction point.

small fringe field has been introduced upstream of the magnet between the VELO and
TT [111, 112]. To achieve the required momentum resolution for tracks originating near
the PV, the magnet must provide an integrated magnetic field of ~ 4 Tm for a track
10 m in length, with a peak field strength of 1.1 T. The magnetic field was mapped
with an array of Hall probes and the measured on-axis vertical field, that is the vertical
component of the field along the beam line, is shown in Figure 2.23 for both magnet

polarities.

2.2.8 The RICH subdetectors and particle identification

RICH1 and RICH2 comprise the RICH system [96, 113], which is designed to identify
charged particles over the momentum range 2 GeV/c to more than 100 GeV/c. Particle
identification (PID) is necessary to reduce background on selected final states; many
physics analyses require good 7% and K* separation in particular. For example, in the
analysis of the decay B¥ — D%/DO(K%r 7~ )K*, separation between 7& and K* allows
identification of the control channel B¥ — D°/D(KSz*7~)7%. The polar angle and

momentum coverage of RICH1 and RICH2 for tracks from MC simulated B} — 7 7~
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Figure 2.23: The measured on-axis field of the

events is shown in Figure 2.24.
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Figure 2.24: The polar angle and momentum coverage of the RICH subdetec-
tors for all tracks from MC simulated B} — 7 7~ events.

RICHI uses aerogel and C4F;q gas radiators which are optimised for low momentum
tracks (2 — 60 GeV/c) and covers the whole LHCD acceptance. It is situated immediately

upstream of the dipole magnet in order to minimise the required active area and to detect

particles which may be bent out of detector acceptance by the magnet. This means it

must operate in the small fringe magnetic field which allows trigger pr measurements
between the VELO and T'T. Material upstream of the tracking stations and within LHCb
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acceptance will degrade the tracking resolution, so mirrors are used to reflect and focus
any Cherenkov photons produced by a track onto planes of photon detectors situated

outside of acceptance. A schematic side-view of RICH1 is shown in Figure 2.25.

Figure 2.25: A schematic of the RICH1 subdetector, with the VELO to the
left.

RICH2 is downstream of the T-stations and covers high momentum tracks, from
~ 15 GeV/c up to more than 100 GeV /¢, with a reduced acceptance of up to 120 mrad
horizontally and 100 mrad vertically. It is similar in design to RICH1 but uses only
one radiator, CF4 gas, and the optical layout is horizontal rather than vertical. In
this case, the mirror system is also required to keep the length of RICH2 within the
space available between the tracking stations and calorimeters. Figure 2.26 shows a

photograph of RICH2 under construction.

Cherenkov radiation

As charged particles pass through radiator material they will emit photons of Cherenkov
light if their speed through the medium is faster than the speed of light in it. At
any point, the emission lies on an instantaneous cone formed by photons emitted at a

constant angle, #, to the particle track,

c
f~— 2.1
cosf =~ —, (2.1)
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Figure 2.26: The RICH2 subdetector under construction, with the spherical
mirrors and beam-pipe visible.

where c¢ is the speed of light, v the speed of the particle and n is the refractive index
of the radiator medium. This angle between the track and photon is known as the
Cherenkov angle, and the azimuthal angle, Cherenkov ¢, describes the position of the
photon around the emission cone. Further discussion of Cherenkov emission can be

found in Appendix A.

If the emitted photons were detected directly, a solid disc around the track would be
seen as the particle randomly emits Cherenkov photons along the whole length of its track
through the radiator. Instead, in both RICH1 and RICH2, the photons from a track are
focussed into a ring by spherical mirrors and then reflected by additional flat mirrors
onto the detector planes outside the acceptance of the radiators. The Cherenkov angle
¢ therefore describes the position of a photon around the detected ring. The frequency
spectrum of the emitted radiation in the LHCb RICH system is in the far-visible and
near-UV regions (wavelength range 200 — 600 nm [96]).

Radiators

The RICH system uses three radiators with different refractive indices to cover the
necessary momentum range. RICH1 contains aerogel and a gas radiator, C4F1o. Aerogel
is a colloidal form of quartz (SiOy) with refractive index n = 1.030 at A = 400 nm [96].
It has a very low density but is still solid. It is arranged in 5 cm thick tiles to form a
single panel at the front of the subdetector. The high refractive index provides coverage

for low momentum particles, for example the K* Cherenkov light production threshold
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is ~ 2 GeV/c. C4Fyq fills the remaining volume in RICH1, giving an effective radiator
length of 95 cm. The gas has a refractive index of n = 1.0014 at A = 400 nm [96] and
provides a 30 separation between 7% and K* up to ~ 50 GeV /c. RICH2 has one gaseous
radiator, CFy, with an effective radiator length of 180 cm. It covers the momentum range
above ~ 15 GeV/c. At A = 400 nm the refractive index of the gas is n = 1.0005.

Distributions of Cherenkov angle as a function of particle momentum show a band
for each particle type in each radiator. The distributions for the three RICH radiators
from simulated events are shown in Figure 2.27. It can be seen that in each radiator,
Cherenkov photon production turns on at particular momentum threshold which is dif-
ferent for each particle type. At high momenta the Cherenkov angle for all types of
particle tends to the same value in an effect known as saturation. Figure 2.28 shows the
reconstructed Cherenkov angle as a function of track momentum for the two RICH gas
radiators in 2010 data.
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Figure 2.27: The Cherenkov angle as a function of particle momentum from
simulation [96].
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Figure 2.28: The Cherenkov angle in the RICH gas radiators as a function
of particle momentum, 2010 data [114]. Figure 2.28(a) shows the distribution
for the RICH1 gas radiator and Figure 2.28(b) shows the distribution for the
RICH2 gas radiator.

Hybrid Photon Detectors

The RICH subdetectors use Hybrid Photon Detectors (HPDs) for detection of the spatial
positions of Cherenkov photons [115-117]. The HPD is a vacuum photon detector,
consisting of a ~ 40 mm radius vacuum tube with a 7 mm thick quartz entrance window
and an encapsulated silicon pixel anode. Photoelectrons, produced by the interaction of
photons with a thin S20 multi-alkali photocathode layer on the inner side of the quartz
window, are accelerated by a ~ 20 kV potential difference onto a segmented silicon pixel
array at the back of the tube. The optics of the applied electric field also cross-focus
and demagnify the image by a factor of ~ 5. This is illustrated in Figure 2.29, together
with a photograph of an HPD. Photoelectrons accelerated through ~ 20 kV and incident
on the anode typically produce ~ 5000 electron-hole pairs in the silicon. The spatial
resolution of an HPD is 2.5 mm x 2.5 mm at the photocathode and the time resolution

for readout is 25 ns.

The HPDs are situated in four planes, two for each RICH subdetector, outside of
the LHCDb acceptance. As shown in Figure 2.30, they are arranged in a hexagonal close-
packed array because their circular front apertures do not tesselate. Some of the total
area is therefore not sensitive to photons as it lies between HPDs. Also, the intrinsic
tube active area fraction of an HPD, due to the size of the anode pixel chip, is ~ 80% .

Taking both of these factors into account, the active-to-total area ratio is ~ 64% . If
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Figure 2.29: The HPD for the RICH subdetectors [96]. Figure 2.29(a) shows
a schematic of an HPD with an example photoelectron acceleration trajectory.
Figure 2.29(b) shows a photograph of an HPD.

an HPD is subjected to a magnetic field greater than a few mT, distortions are seen
in the electron optics which affect efficiency and hence PID. Each HPD therefore has
an individual 1 mm thick cylindrical p-metal magnetic shield to protect against stray
external fields up to 5 mT and both RICH subdetectors have large magnetic shielding
boxes around the HPD planes to reduce the stray field from the dipole magnet to an
acceptable level. Magnetic distortion corrections are also applied to the data at the

reconstruction stage of processing [118].

RICH reconstruction software

Knowledge of the HPD photon hit point and the optics of the detector allows recon-
struction of the Cherenkov emission angle for a given photon, under the assumption that
it originated from a given track. This information is then used by the reconstruction
software to carry out PID via a global log-likelihood method [119]; assuming a given
type of particle for each track and using momentum and tracking measurements from
other parts of the detector, the log-likelihood that all of the hits observed in the RICH
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Figure 2.30: The arrangement of HPDs in the upper box of RICHI.

HPDs were produced by these tracks is maximised for a whole event. The maximisation
is carried out strategically; particle type hypotheses are initially all set to be pion, as this
is expected to be the most numerous type of track in LHCb, and the log-likelihood is cal-
culated. The hypothesis for each track in turn is then changed to e*, u*, K* and proton,
leaving the other track hypotheses unchanged. The log-likelihood is recalculated for each
set of hypotheses, the change of hypothesis giving the largest increase in log-likelihood
is identified and that track is set to that hypothesis. This process is repeated, changing
all track hypotheses except the one set at the previous step, to find the next largest in-
crease in log-likelihood; iteration continues until no further increase in log-likelihood can
be found. The output of the RICH reconstruction is a best hypothesis and a set of Alog-

likelihoods, or AL Ls, for each track. Each gives the probability of it being one hypothesis
likelihood of particle being a K)

likelihood of particle being a 7

rather than another; for example, ALL(K—7) = In

The global method is preferred in high multiplicity (many ring) environments, such as
the LHCb RICH system, because it accounts for track “background” which is actually

composed of Cherenkov photons from other tracks [120].

The performance of the RICH system in 2010 and 2011 has been found using tracks
from clean samples of K§ — 7t7~, A — pr~, ¢ — K*K~ and D*(2010)* — D°/D°(Kr)n=*
decays [121], selected without use of PID information. Figure 2.31 shows the RICH sys-
tem performance for K/7 identification with 2010 data and early 2011 data.
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Figure 2.31: The RICH system performance in 2010 data (Figure 2.31(a))
and early 2011 data (Figure 2.31(b)) [122]. The efficiency for identifying kaons
as a function of the track momentum is shown in red. The misidentification
rate of calibration pions identified as kaons is shown in black. The open and
closed symbols show the distributions after two different ALL criteria have been
applied to the calibration tracks.

2.2.9 Calorimeters

The LHCb calorimeter system provides information for the hardware trigger and iden-
tifies and measures the energies and positions of both charged (electrons, hadrons) and
neutral (photons, 7°) particles. It includes four consecutive sections: the scintilla-
tor pad detector (SPD) and preshower (PS), followed by the electromagnetic (ECAL)
and hadronic (HCAL) calorimeters [96, 123]. Neutral particles leave no information
in the rest of the detector, so the accurate reconstruction of s and prompt photons
in the calorimeters is essential for flavour tagging and the study of some b-hadron de-
cays. The calorimeters are located downstream of the first muon station and cover
the complete 300 mrad x 250 mrad LHCb acceptance, except for a central region of
25 mrad x 25 mrad around the beam-pipe, the size of which is determined by accept-

able radiation dose levels.

The SPD/PS subdetectors consist of two planes of scintillator pads on either side of
a 15 mm thick lead converter plate. The information they provide is used to validate
the electromagnetic nature of the ECAL showers. Only charged particles will interact
with the scintillator of the SPD, the most upstream part of the calorimeter system,

allowing a distinction to be made between high Er electrons and high Er photons and
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7%, where Er is defined as the sum in quadrature of particle mass and pr. This is vital
for accurate low-level electron trigger information. The lead converter allows the PS to
perform charged pion background rejection. The thickness of the plate corresponds to
~ 2.5 radiation lengths for electrons, however only O (1%) of pions interact with this
thickness of lead as they pass through it [124].

The ECAL requires good energy resolution, fast response time and fine transverse
segmentation for efficient 7% reconstruction and discrimination between electrons and
hadrons with overlapping photon showers. It has a depth of 25 radiation lengths and is
a sampling calorimeter constructed from “shashlik” technology [125], that is individual
modules made of 4 mm thick scintillator tiles interspersed with 2 mm thick lead absorber
plates (see Figure 2.32). Light is collected by wavelength-shifting (WLS) fibres embedded
in the tiles. The fibres absorb scintillation light produced by charged particles traversing
the tiles and then re-emit it as light to be measured by photon detectors outside of LHCb
acceptance. This technology allows for a test-beam data energy resolution of [96]

o(E) (85-=95)%

= 0.8 2.2
= 75 ® 0.8%, (2.2)

where E is measured in GeV.

In order to match detector occupancy, the segmentation of the SPD, PS and ECAL is
different in three lateral regions, with the segmentations used in the SPD and PS scaled
depending on the z coordinate so that they match the ECAL segmentation projectively.

This allows for faster and simpler energy reconstruction in the trigger [126].

The main purpose of the HCAL is to provide information for the low-level hadron
trigger, so it requires a fast response time but not a particularly high energy resolution.
Due to this and space constraints, it is 5.6 hadron interaction lengths deep, so that
hadronic showers may not be fully contained within the calorimeter. The HCAL is
constructed from similar technology to the ECAL. Scintillating tiles, with one edge
parallel to the beam line, are sandwiched between steel absorber plates; alternate layers
consist of tiles and the steel absorber or steel only (see Figure 2.32). The scintillation
light is transmitted to photon detectors by WLS fibres, which are attached to the tile
edge. With this arrangement, the energy resolution of the HCAL from test-beam data
is [96]

o(E) (69+5)%

5= e OE% (2.3)
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where F is measured in GeV. The HCAL has only two regions of different segmentation,

with larger cell sizes, due to the dimensions of hadronic showers.
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Figure 2.32: The internal structure of the LHCb HCAL and ECAL, showing
scintillator tiles, absorber plates and WLS readout fibres.

Before the start of proton-proton collisions at the LHC, initial calibration and time
alignment of the calorimeters was performed using cosmic rays [127]. The performance
of the calorimeter system during 2010 and early 2011 is summarised in reference [128].
Calibration of the ECAL is carried out using the 7° mass peak reconstructed from pairs
of photons and HCAL calibration is performed using a radioactive source scan (**"C's);
the procedures are detailed in reference [129]. Figure 2.33 shows the invariant mass
distributions of some resonances reconstructed from varying amounts of 2010 data using

calorimeter information.

2.2.10 Muon system

The muon system provides identification of penetrating muons from b-hadron decays for
the High Level Trigger and offline analysis, and for low-level trigger information [96].
Many of the studied CP-violating and rare decay modes at LHCb contain muons and
so the muon trigger is an important part of the trigger scheme. The inner acceptance
of the muon system is 20 (16) mrad in the bending (non-bending) plane and the outer
boundary is 306 (258) mrad. This matches the rest of the LHCb detector acceptance.

The muon system consists of detectors at station M1 before the calorimeters and

stations M2-M5 after; M1 is used primarily to provide an improved pr measurement
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Figure 2.33: Invariant mass distributions from 2010 data using calorime-
ter information. Figure 2.33(a) shows the distribution for B? — ¢y decays,
Figure 2.33(b) shows the distribution for J/i)/1(2S) — ete™ decays and Fig-
ure 2.33(c) shows the distribution for n/w — 777~ 7° decays.

for muons that are detected in the other stations. M2-M5 are the most downstream
parts of the LHCb detector and are interleaved with 80 cm thick iron absorbers to select
penetrating muons. The minimum momentum for a muon to cross all five stations is
~ 6 GeV/c. The physical sizes of the stations are projective, as they are determined
by the angular acceptance requirement, so the sizes increase with downstream distance
from the interaction point. Each station is divided into four regions (R1-R4), centred
on the beam-pipe, with R1 innermost. A side view of the system, with region division
indicated, is shown in Figure 2.34. The linear dimensions and the spatial segmentations
of the regions are in the ratio 1:2:4:8 (R1-R4) so that the particle flux and channel

occupancy are roughly the same for each of the regions of a given station. Spatial
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resolution worsens towards the outer acceptance boundary but it is in any case limited

by the increase in multiple scattering at large angles.

M1 M2 M3 M4 M5

} A8l uaniy

Figure 2.34: The muon system, from the side, with regions R1-R4 indi-
cated [96].

Two types of detector technology are used in the muon stations. The inner re-
gion (R1) of M1 is constructed from triple Gas-Electron-Multiplier (triple-GEM) detec-
tors [130] because this area is subjected to the highest particle fluxes. The rest of M1 and
M2-M5 consist of multi-wire proportional chambers (MWPCs) [131]. In M2-M5 these
have four equal 5 mm gas gaps with anode wires at the centre of each gap, an applied
voltage of ~ 2.8kV and an Ar/CO,/CF, [132] mixture flowing through the gas gaps
in series. A muon crossing a gas gap produces electrons which are accelerated towards
the anode wires and undergo gas amplification near them. The four gaps are arranged
into two sensitive layers of independent readout: two adjacent gaps have their readout
electrodes hardwired together in OR to create a double gap layer. This improves the
trigger efficiency and time resolution of readout. In order to minimise material in front

of the ECAL, M1 has only two gas gaps, which are read out independently.

Different readout schemes are used in different MWPCs, depending on their distance

from the beam-pipe. In R4, the outermost region containing the most chambers, the
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required spatial resolution is relatively modest, and so the readout pads consist of adja-
cent anode wires grouped together. This is the safest and simplest readout method, but
as the wires are vertically aligned the horizontal resolution is limited by the anode wire
spacing (2.5 mm) and the vertical resolution by the chamber size (20 — 30 cm). In the
rest of the MWPCs, pads are etched onto the cathode planes of the chambers. Simple
cathode or anode readout cannot be used for the inner regions R1 and R2 in stations
M2 and M3 because the required horizontal spatial resolution would mean unfeasibly
small logical pad sizes. Therefore, a combination of wire and pad readout is used (see
Figure 2.35). This allows horizontal resolution to be defined by the anode wires and ver-
tical resolution by the cathode pad size. In the remaining MWPC regions of the muon
system, cathode pad readout alone is used. In some areas of the system, constraints on
noise level and dead-time of the front-end electronics mean that the physical size of the
readout pads is smaller than the required spatial resolution. In these cases, up to four

physical pads are logically OR-ed together to form one logical pad.
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Figure 2.35: The sectors of one quadrant of muon stations M2 and M3, seen
from the front [96]. The intersection of a cathode pad and anode wires to form
a logical readout pad is shown. A sector of region R1 (R2, R3, R4) contains 8
(4, 4, 4) horizontal strips and 6 (12, 24, 24) vertical strips.

2| B T -

Triple-GEM detectors consist of three perforated gas electron multiplier foils be-
tween an anode and a cathode plane; the drift gap between foils is also filled with an
Ar/CO./CF, gas mixture, but of a different composition ratio to that used in the MW-



The LHCD experiment at the LHC 73

PCs. An ionisation electron, produced in the gap between the cathode and the first foil,
is attracted through the successive foils by electric fields. It is multiplied as it passes
through each foil, before drifting to the anode plane for pad readout. Triple-GEM de-
tectors give good time and spatial resolution whilst being fairly robust against radiation

damage. In M1 R1, two superimposed triple-GEMs logically OR-ed together are used.

The muon system was initially spatially and time aligned using cosmic rays [133]. In
proton-proton collision data, muon identification efficiency has been estimated with a
tag-and-probe method using J/4b — p*u~ decays. The misidentification rate for pions
was estimated with K& — 77~ decays and for protons and pions with A — pr~
decays [134-136]. Figure 2.36 shows T resonances in the reconstructed dimuon invariant

mass distribution from 2010 data.
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Figure 2.36: The dimuon mass spectrum from 2010 data, showing T reso-
nances.

2.2.11 LHCD trigger system

Only a tiny fraction of LHC bunch crossings produce bb pairs and decays of interest in
physics analyses typically have branching fractions less than O (1073). Also, the fraction
of bb events with all of the decay products of at least one B-meson within LHCb detector
acceptance is ~ 0.15 [96]. Therefore, an efficient trigger system is vital in order to only
store data from events of interest. The huge reduction in event rate from the bunch

crossing frequency is obtained using a two-level trigger system [96, 137].
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The LHCb trigger exploits the presence of displaced secondary decay vertices (due
to the long b-hadron lifetime) and high pr daughter particles (allowed due to the large
invariant masses of b-hadrons) in order to select b-hadron events. Level-0 (L0) and the
High Level Trigger (HLT) form the two stages of the trigger. L0 is a hardware trigger
which uses information from specific parts of the detector and custom front-end electron-
ics. Events which pass L0 are fully read out from the whole detector and passed to the
HLT, a software trigger, for further processing. The trigger has been designed so that it
has the maximum efficiency for passing events which would be selected for physics anal-
ysis using the full event reconstruction, whilst maintaining strong background rejection.
The LO and HLT steps will be discussed in further detail below.

Level-0 trigger

The LO trigger is synchronised with the LHC bunch crossing frequency and has a max-
imum output rate of 1 MHz [138]. It is implemented in three discrete hardware com-
ponents, processing information from the pile-up, calorimeters and muon subdetectors.
The LO Decision Unit (LODU) combines the information from the different systems and
makes the final LO decision. The full detector information for an event is not read out
from the front-end electronics until the LODU has accepted it, so data from subdetec-
tors must be stored in memory buffers until the decision is made [139]. In LHCb the
storage time is fixed to be 4 ps and includes time-of-flight, cable delays and delays in

the front-end electronics, leaving 2 ps for the trigger decision processing [111].

The pile-up system consists of two R-sensor VELO planes, upstream of the interaction
point, which allows an estimate of the number of proton-proton primary interactions in

a given bunch crossing to be made.

The LO calorimeter trigger is designed to select tracks with high E7 deposits in the
calorimeters and to identify the highest Er photon, electron, 7° and hadron candidate
particles. In the ECAL and HCAL, high energy clusters are found by summing the
Er in each 2 x 2 cell cluster and then selecting the clusters with the largest Ep. This
cluster size is chosen because it contains most of the energy deposit for a track but avoids
overlap with deposits from neighbouring tracks. Information from the PS and SPD is
then added in order to identify the type of particle as photon, electron, 7° or hadron.
The highest Ep candidate for each particle type is passed to the LODU, along with the
total Er in the HCAL and the total charged track multiplicity in the SPD. The total

HCAL FEr information is used to reject events without visible interactions and the SPD
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multiplicity is used to reject events with many charged tracks [96].

The LO muon trigger is designed to select high pr muon candidates with hits in each
of the five muon stations. The hits must lie on a straight line which points towards the
proton-proton interaction point [96, 140, 141]. The position of the hits in the first two
muon stations allows the determination of the pr of the candidate. Each quadrant of
the detector is treated separately, so that the two highest pr muon candidates from each
quadrant are sent to the LODU.

The information from the three systems is passed to the LODU which then applies
pr, Er or multiplicity requirements as necessary. If required, the LODU can be repro-
grammed to allow a change in trigger thresholds [142]. A logical OR of the individual
system decisions is made and the resulting decision is sent to the Readout Supervisor (see
Section 2.3). The Readout Supervisor takes the final decision to broadcast a L0-accept

or LO-reject for an event.

High Level Trigger

The High Level Trigger is a software trigger implemented in C™ and is split into two
stages, HLT1 and HLT2. It has access to the full event information read out from the
LHCb detector. The trigger runs on processing nodes in an online computing farm,
called the Event Filter Farm (EFF).

The HLT1 stage uses a partial reconstruction of the data to allow access to event
objects such as tracks. During early and mid-2010, the HLT1 trigger consisted of an
L0 decision confirmation scheme, as detailed in references [96, 143|. Later in the year,
during the period when the majority of the integrated luminosity for that year was
recorded, the approach of the HLT1 was changed [144, 145]. The new strategy was also
used in 2011. The updated HLT'1 trigger is composed of a set of inclusive trigger “lines”
whose decisions are combined in a logical OR to give the final HLT1 decision. There are
approximately 20 lines, of which about 15 are intended for use in physics analysis; the
rest are minimum-bias type triggers. Each of the trigger lines used in physics analysis
requires the presence of one or two tracks (single or dimuons, single electrons, single
hadrons) which fulfil certain criteria, for example high transverse momentum and good

x? per degree of freedom for the track fit. HLT1 has a maximum output rate of ~ 40 kHz.

At the HLT2 stage, there are many (O (100)) lines, with each line triggering on the

presence of an inclusive decay signature or exclusive c- and b-hadron candidates. In each
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line, reconstruction and selection of the signature or candidate is performed in as similar
a way as possible to that performed on the fully reconstructed data. Any differences in
approach are due to limitations from computing time requirements; for example RICH
PID information is usually not used. The logical OR of the line decisions is taken to
give the final HLT2 decision; the maximum output rate of HLT2 is ~ 2 — 3 kHz.

The trigger is configured using a unique hexadecimal Trigger Configuration Key
(TCK); for example, setting 0x002e002a was used in 2010. The TCK setting defines
the sequence of lines included in the trigger and what thresholds and selection criteria
are used for each line. It is therefore possible to pinpoint exact trigger conditions for

individual events in data and to reproduce the trigger on MC simulated events.

In order to have well-defined data samples, events passing specific trigger lines are
used in physics analyses. Two further trigger selection categories, TOS and TIS, are

also often used. The categories are defined as follows:

e TOS (Trigger On Signal): the signal candidate or one or its constituent parts
triggered the event; and

e TIS (Trigger Independent of Signal): the event was triggered independently of the

presence of the signal candidate.

Candidates which are TOS will be affected by the trigger line under consideration, for
example they may have an implicit lifetime bias, which may or may not need to be
accounted for in a physics analysis. TIS candidates should be unbiased by the trigger.
Candidates can be classified as TIS with respect to specific trigger lines, or with respect
to all lines (“global” TIS).

For studies of hadronic decays in 2010 and 2011 data, certain trigger lines are typically

used at each stage of the trigger process:

e [0 Hadron: this requires the presence of a hadron candidate with high transverse
energy in the calorimeters. An SPD multiplicity requirement is also applied to

reject events with many charged tracks;

e HLT1 1Track: this line is based upon the premise that any b-hadron decay will
contain at least one well-fitted track with high transverse momentum and sepa-
ration from the proton-proton interaction point [146, 147]. If a track passing the

criteria is present in the event, the event passes the trigger; and
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e HLT2 Topological: these lines take advantage of the typical topology of b-hadron
decays. They reconstruct b-hadron candidates from two, three or four well-fitted
tracks with high separation from the proton-proton interaction point and high
transverse momenta. The candidates must have a large flight distance and a
mass lying within a certain range. A mass correction based on missing transverse
momentum is applied to the candidate, so that tracks from the full decay can be
missed in the reconstruction; for example the decay B — D(Kn ™7™ )K*, where
there are five tracks in the final state, can pass the 2-body Topological trigger. In
2010 the Topological trigger used a “cut-based” selection, with selection criteria
applied to the individual candidate components [148]. In 2011, a multivariate

Boosted Decision Tree approach was used [147].

2.3 Detector control, monitoring and data flow

The Experiment Control System (ECS) performs control and monitoring of the opera-
tional state of the LHCb detector [96, 149]. This includes, for example, Data Acquisition
(DAQ), as well as more typical detector properties such as temperature and pressure.
Due to its hierarchical structure, the ECS can be partitioned to allow independent oper-
ation of subdetectors for commissioning or calibration purposes. The control and data
paths are separated to ensure system reliability and the possibility of recovery after
errors without physical hardware interventions. The Timing and Fast Control (TFC)
system distributes the LHC beam-synchronous clock, L0 trigger, synchronous resets and
fast control commands and is therefore important in all stages of LHCb data read-
out [96, 149]. The main part of the system, the Readout Supervisor, implements the
interface between the LHCb trigger system and the data readout chain and so ensures
data is kept synchronous. It can also produce auto-triggers for subdetector calibration
and tests, and controls the trigger as the load on the readout system changes. If there
is danger of a front-end electronics data buffer overflow, the L0 trigger decision can be
overridden and throttling applied. The Readout Supervisor also balances workload in
the online computing farm (the EFF) by selecting and broadcasting events to send to
the processing nodes. The different stages of the LHCb HLT are run on each of the
EFF processing nodes. Events containing raw data from the whole detector are passed
to the farm at the LO trigger output rate. All of the information for an event is passed
to a single node, which then runs the trigger algorithms. The quality of acquired data is

checked on a separate online monitoring farm where special algorithms are run on HLT
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accepted events.

The full HLT output is transferred away from the EFF. The raw detector data is
reconstructed and saved in SDST file format, which contains reconstruction information
but not the full raw event information. Physics preselections (“stripping” selections) are
applied to the SDST events using DaVinci (see below) and the selected events are used
to produce smaller datasets which can be feasibly analysed by an individual. These final
datasets are in DST file format, which includes both the reconstruction information and
the full raw event information. The raw data is also stored long-term on tape. Repro-
cessing, that is restripping of reconstructed events or full reconstruction and restripping
of the raw data, occurs once or twice per year as more accurate detector description

parameters become available and the physics preselections are refined [150].

2.4 LHCD software and Monte-Carlo simulation

The LHCD software framework [151] is structured as a set of projects built upon Gaudi [152],
an experiment independent event data processing framework. Gaudi is an object-
oriented C* architecture that provides common functions needed by all of the various
projects, such as data access, histogram plotting and messaging, but does not perform
processing tasks on its own. Tasks are carried out by algorithms and tools within the
various CMT packages of the projects and are implemented separately from data stor-
age objects. This allows the change, replacement or addition of algorithms as often
as required, without repetition of data storage. The use of the Gaudi framework for
all applications means that the LHCb software is well suited to use on a distributed
computing system; in particular reconstruction and analysis jobs can be run on the
LHC Computing Grid (LCG) [153] which has significant storage and computing power
world wide. The GANGA project [154] provides the LCG job submission interface and
the LHCb DIRAC project [155, 156] contains the necessary tools to perform workload

management.

2.4.1 Monte-Carlo event simulation

Monte-Carlo (MC) simulated events are used to study the performance of the detector
and to carry out physics analyses. MC simulation is carried out by two LHCb applica-

tions (Gauss [157] and Boole [158]) and requires three steps:
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e Event generation (in Gauss) : simulation of proton-proton interactions and
scattering processes are carried out using PYTHIA [159]. The package has been
tuned to account for LHC beam effects such as beam cross-section and decreasing
luminosity throughout a run and also to produce multiplicities at low energies.
The outgoing hadrons from the PYTHIA simulation are then decayed using Evt-
Gen [160], developed by the BaBar experiment to specifically handle the decays of
b-hadrons, and modified for use in LHCb.

e Detector simulation (in Gauss) : after event generation, the simulation of
the interaction of the generated particles with the detector is carried out using the
GEANT4 toolkit [161, 162]. The detector simulation step includes, for example,
Cherenkov photon production in the RICH subdetectors and energy deposits in

silicon detectors.

e Detector digitisation (in Boole) : Boole takes the information from the de-
tector simulation and models the detector response to the particle interactions,
simulating the effects of readout electronics and LO trigger hardware. This in-
cludes noise, cross-talk, zero-suppression routines and spill-over from previous
bunch crossings. This is the final step in the simulation process as the format

of the MC events after detector digitisation is identical to that of real data.

2.4.2 HLT (software trigger)

The HLT (software trigger) is run by a project called Moore [163]. As well as running
on LHCb data during proton-proton collisions, Moore can run on MC simulated events
after the Boole digitisation step. It can be used in two modes: in rejection mode, only
events that pass the trigger lines are output. In pass through or flagging mode, all
events are output and the pass/fail information for all of the trigger lines is added to

each event.

2.4.3 Event reconstruction and analysis

Event reconstruction is designed to run identically on MC simulation and real data. Any
extra MC information is processed separately from information present for real data and
then matching of reconstructed quantities with MC truth values is carried out. The

LHCD reconstruction project is called Brunel [164] and it performs the reconstruction of
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events passed to it in raw readout format. This includes track reconstruction algorithms
and particle identification for the tracks found in the RICH, muon and calorimeter
subdetectors. Pattern recognition algorithms are used to reconstruct tracks from the

detector response; a precise set of tracks is then passed to the PID routines for processing.

The LHCD physics analysis software, DaVinci [165], performs final event reconstruc-
tion, that is decay vertex reconstruction and assignment of particular particle hypotheses
to reconstructed tracks. Extrapolation and vertexing routines are used to follow the de-
cay trees of unstable particles through the detector. Particles and decays of interest
for physics and calibration studies are finally selected and studied using dedicated algo-

rithms.

Panoramix [166], the LHCb event display software, can be used to visualise the

detector geometry or to inspect MC simulated or data events.

2.5 2010 and 2011 data-taking

Proton-proton collisions started at the LHC in late 2009 at a centre-of-mass energy
Vs = 0.9 TeV. In March 2010, the first proton-proton collisions at a centre-of-mass
energy of /s = 7 TeV were recorded, and collisions continued at this energy until
October 2010. During this period, LHCb recorded 37.66 pb™' of the 42.15 pb™! of
integrated luminosity delivered by the LHC, as shown in Figure 2.37.

A large proportion of the data taken in this period had an average number of visible
proton-proton interactions per bunch crossing (x) higher than the nominal LHCb value
of < 1. The peak value of p occurs at the start of an LHC fill, immediately after the
LHC beams have been repopulated with protons and collisions have restarted. As can
be seen in Figures 2.38 and 2.39, the peak p increased steadily throughout the year
(increasing LHC fill number) as the instantaneous luminosity increased. The negative
effects of higher u data-taking include higher detector occupancy and a faster rate of

radiation damage to the subdetectors.
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Figure 2.37: The integrated luminosity delivered to and recorded by LHCb in
2010 proton-proton collisions.

3
=

Peak Mu over LHC FillNumber | 2011-02-16 16:25:28

2501

o
n
I\I\l\l\l\l

1
1450

P S S E VS S S S SR AR
1200 1250 1300 1350 1400
LHC Fill Number

Figure 2.38: The peak p per LHC fill at LHCb in 2010.

A second period of proton-proton collision data-taking started in April 2011 and
continued until October 2011. During this period, 1.1067 fb™* of the 1.2195 fb™! of inte-
grated luminosity delivered to LHCb by the LHC was recorded, as shown in Figure 2.40.

The inefficiency in recorded luminosity was dominated by readout dead time and the

time taken for the VELO to be closed after injection and acceleration of the proton

beams. Figure 2.41 shows the peak p during the LHC fills of this period. It can be seen

that the peak p values were still higher than the nominal LHCb value, but in general

slightly lower than in 2010. As can be seen in Figure 2.42, the peak instantaneous lu-

minosity per LHC fill was higher than the LHCb nominal value of 2 x 103 cm2 s for

the majority of this period.
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Figure 2.40: The integrated luminosity delivered to and recorded by LHCb in
2011 proton-proton collisions.
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2.6 Summary

The LHCDb experiment is one of the four large experimental detectors at the LHC at
CERN. The subdetector designs and trigger of LHCb have been optimised for stud-
ies of b-hadron decays; high numbers of these decays have been produced in LHC
proton-proton collisions since 2009. In 2010, LHCb recorded an integrated luminos-
ity of 37.66 pb~! at /s = 7 TeV, and in 2011 an integrated luminosity of 1.1067 fb~!
was recorded at the same proton-proton collision energy. The performance of the sub-
detectors in /s = 7 TeV data recorded in 2010 and 2011 has been investigated; all

subdetectors were operational for the data used in the analysis presented in this thesis.



Chapter 3

Bt — D(KSTF 77)K* candidate

reconstruction and selection

This chapter describes the event reconstruction and optimisation of the selection criteria
used to separate B — D(KZr+7~)K* signal candidates from background. D represents
either a D° or D meson. As described in Chapter 1, B* — D(K2r+7~)K* decays can
be used to measure the CKM angle v via the GGSZ (Dalitz) method; the topologically

+

similar decays B — D(Kn ™7~ )7® are an important control channel in the analysis.

The topology and reconstruction of B* — D(K3rTm~)K* decays is detailed in Sec-
tion 3.1, followed by a summary of the MC event samples (Section 3.2) used to optimise
the signal selection. Descriptions of selection variables which can be used to discriminate
between signal and background decays are given in Section 3.3. The selection optimisa-
tion procedure is then described in Section 3.4, followed by the results of the procedure

(Section 3.5), the final selection criteria and expected annual event yield (Section 3.6).

3.1 B* — D(Kdr7)K* reconstruction

A schematic of the topology of a B¥ — D(K&r™7~)K®* signal decay is shown in Fig-
ure 3.1. Each proton-proton collision in LHCb forms a PV which is reconstructed from
all of the tracks in the event which have been reconstructed by the VELO subdetector.
A B* meson coming from the PV will travel a short distance and then decay to form a
displaced secondary vertex; the comparatively long B lifetime of (1.64140.008) ps [18]

gives a B* flight distance of ~ 1 cm, so that the secondary vertex also lies within the

85
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VELO. At the secondary vertex, a D meson and a bachelor K* meson are produced.
The D meson has a lifetime of (0.4101 & 0.0015) ps [18], meaning that it results in a
further, tertiary vertex where it decays to Kir*n~. Finally, the K from the D meson
travels through the detector and then decays; in LHCD only the decay K§ — 7n~
is reconstructed. Due to the long lifetime of the K2, its daughter pion tracks can be
either upstream or long tracks if the K§ decays within the VELO or downstream tracks
if the decay occurs further downstream in the detector. The different track types are
described in detail in Section 2.2.6; long tracks have information from all of the tracking
subdetectors, but upstream and downstream tracks do not. In this analysis, each K2
candidate is reconstructed using either a long-long (LL) or a downstream-downstream
(DD) pair of pion daughters. Other daughter track combinations are possible but are
not considered here; for example an upstream-upstream combination would have a poor
Kg vertex resolution, and long-downstream/downstream-long combinations have a very
high background. The D and B* meson candidates reconstructed using the LL and
DD K2 candidates are also labelled with LL and DD throughout this thesis, in order to

differentiate between the two sets of candidates.

Figure 3.1: The topology of the decay B* — D(K%rT7~)K* (not to scale).

3.2 Monte-Carlo event samples

The MC simulation samples used in the optimisation of the candidate selection criteria
were produced using the software described in Section 2.4.1 as part of the MC09 MC
production. At the time of the selection optimisation the LHC had not yet started collid-
ing protons and the planned centre-of-mass energy of the 2010-2011 LHC collisions had
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not been chosen. Therefore, the MC09 production used the “best guess” proton-proton
collision energy of /s = 10 TeV. The GEANT4 detector description for the MC09
production was significantly improved compared to that used in the DC06 production

(events from the DC06 production were used for the studies of Chapter 2).

The specific MC09 samples used for the optimisation are shown in Table 3.1. Events
containing B¥ — D(K&r "7~ )K®* signal decays were simulated and reconstructed with
the LHCb geometric acceptance requirement applied. This requires that all of the par-
ticles of the decay are within the LHCb detector acceptance and it has an efficiency,
€acceptance, Known as the generator factor. The equivalent signal sample size is there-
fore equal to (generated sample size)/(generator factor) events. Each simulated event
in the MC signal sample contained at least one B* — D(K%r ™7~ )K* decay, with the
D — K%r™7~ part of the decay generated without a decay amplitude model applied;
in other words the whole possible phase space was filled with equal probability. The
predominant generic background to the signal decays arises from other b-hadron decays.
A large sample of “inclusive bb” events was therefore used as the background sample for
the optimisation. Each event in this sample has at least one b-hadron decaying within
the LHCb detector acceptance.

Reconstructed | MC sample | Generated | Generator factor, | Equivalent

candidate case sample size €acceptance sample size
LL Signal 975059 0.174 £ 0.001 5616699
LL Inclusive bb | 20825843 0.435 + 0.006 47875501
DD Signal 1392995 0.174 £ 0.001 8024165
DD Inclusive bb | 25143769 0.435 + 0.006 57801768

Table 3.1: The sizes of MC samples used in the optimisation of the signal event
selection.

3.3 Selection variables and the signal preselection

The variables used to differentiate signal B — D(KZ3r+7~)K* decays from background

include:

e the impact parameter (IP) x* of a track or candidate with respect to the PV. The
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impact parameter is the perpendicular distance from the PV to the extrapolated
momentum vector of that track or candidate. The IP y? is calculated by projecting
the particle to the position of closest approach to the PV and re-fitting the vertex.
Daughter tracks from B decays have large impact parameter x2s as they originate
from secondary or higher vertices. B candidates have a small impact parameter

x? as they originate from the PV;

the reconstructed candidate mass, which is compared to the measured global av-
erage value from the PDG [18]. A window around the average value is defined in

order to select signal candidates;

the decay vertez x* per degree of freedom (d.o.f.), which is a measure of the good-
ness of fit of a decay vertex. A small vertex x?/d.o.f. means that the vertex is

well-constrained;

the flight distance (FD) x?, which is calculated for a candidate by adding all of the
tracks from its reconstructed decay vertex to the PV and recalculating the vertex
2. The FD %2 is large for true B candidates as they are long-lived and the tracks
from the B decay do not form a good vertex with the PV tracks. This variable can
also be used for B daughters such as the K% in B* — D(K3r"77)K*. Again, the
x? is calculated between tracks from the PV and the decay vertex of the candidate

particle;

the Alog-likelihoods, or ALLs, constructed from the PID log-likelihoods. For
example, a cut of ALL(K — 7) > 0.0 means that the track is more likely to be a
K than a m;

the direction cosine, or DIRA. If a candidate is correctly reconstructed, its mo-
mentum vector and the vector between its reconstructed production and decay
points will be closely aligned. The DIRA is the cosine of the angle between the
momentum and direction vectors and for a well-reconstructed candidate should

peak at 1;

the track x?/d.o.f. is a measure of the quality of fit of a track. This variable is
useful for removing poorly-reconstructed tracks. A low track x?/d.o.f. corresponds

to a good track fit; and

the transverse momentum, pp, is the component of the particle’s momentum in
the plane perpendicular to the direction of the proton beams. Due to the large

mass of the B, its daughters tend to have high transverse momenta.
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B* — D(KirT7n7)K* candidates with either a LL or DD K$ daughter were recon-
structed from the MC event samples of Table 3.1 using DaVinci. A loose preselection of
some of the variables listed above was applied to the reconstructed candidates, thereby
reducing the number of candidates processed during the full optimisation. The variables

used in the preselection were:

e the impact parameter x? with respect to the PV of the daughter 7 from the Kg;
e the mass, vertex x?/d.o.f. and flight distance x? from the PV of the K§;

e the impact parameter y? with respect to the PV of the daughter m from the D;
e the mass and vertex x2/d.o.f. of the D;

e the impact parameter x* with respect to the PV and ALL(K — 7) of the bachelor
K*; and

e the mass, vertex y2/d.o.f., impact parameter y? with respect to the PV and point-
ing angle (DIRA) of the B=.

The preselection criteria are shown in Table 3.2 and were chosen with the aim of very
loosely selecting B* candidates in the signal channel and background candidates with

signal-like characteristics.
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No trigger selection was included in the preselection step because the LHCD trigger
was not well-defined at the time of optimisation. The preselected B* candidates were
saved for use as input for the optimisation algorithm; the preselected sample sizes were
55995 (69034) signal candidates and 264638 (110878) inclusive bb candidates in the LL
(DD) samples.

3.4 Optimisation of the B — D(Kr "7~ )K* candidate

selection

An optimisation algorithm [167] was used to carry out an automated optimisation of the
signal selection criteria. The preselected MC candidates in Section 3.3 were used as the
input signal and background samples; the optimisation was performed separately for the
LL and DD B¥ candidates as the available track information and decay topology were

different in the two cases.

The optimisation algorithm varied rectangular criteria (“cuts”) in order to max-

imise the metric \/i—B, where S is the yield of signal candidates and B is the yield of

background candidates. The signal and background candidate yields were normalised
to an integrated luminosity of 2 fb™', corresponding to the expected nominal year of
data-taking at LHCD (107 sec at an instantaneous luminosity of 2 x 1032 cm™ ). The
assumed bb cross-section at Vs = 10 TeV was o1grev = 336 pb. This value was cal-
culated by taking the ratio of cross-sections at /s = 10 TeV and /s = 14 TeV from
PYTHIA and then multiplying by 500 pb, the value which had been assumed for the
cross-section in previous /s = 14 TeV physics studies. Using oigrey = 336 pb gives a

yield of 0.672 x 102 bb pairs produced in a 2 fb~' nominal year.

The signal yield, S, was calculated as follows:

S =2x Ny; -f(b — B*)-Br(B* — DK¥)-Br(D — Kz 7")

. Bl"(Kg — 7T+7T7) * €sig,acceptance * Esig,sel (31>

where Ny = 0.672 X 102, €5y acceptance 18 the generator factor for the MC signal sample

and the B* hadronisation fraction and the branching fractions are given in Table 3.3.
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The selection efficiency of the signal, €4ig ser, is given by

number of signal candidates passing selection

€sig,sel = . .
g generated signal sample size

where the generated signal sample size is shown in Table 3.1.

Process Hadronisation/branching fraction
f(b — B¥) (40.3 £1.1)%
Br(B* — DK%) (3.68 +£0.33) x 1074
Br(D — Kirtm™) (2.81 £ 0.15)%
Br(K% — 7t77) (69.20 £ 0.05)%

Table 3.3: The signal branching fractions and B* hadronisation fraction, taken
from reference [18]. Br(B* — DK*) does not include the CKM suppressed
BT — DY(K%rt77)K* and B~ — DY(K%r "7~ )K~ decay modes.

Similarly, the background yield is given by,

B= NbB * €bkg,acceptance * €bkg,sel

=0.672 x 1012 X €bkg,acceptance * €bkg,sel (33)
where €yrg s is the selection efficiency for the background, given by

number of background candidates passing selection

, (3.4)

€ sel — -
Ph-sel generated background sample size
€bkg,acceptance 15 the generator factor for the MC background sample and the generated

background sample size is shown in Table 3.1.

The background candidates were divided into two categories: the low-mass back-
grounds (for example from B* — D*(2007)"K* decays), which peak in the reconstructed
B* candidate mass distribution at masses below the global average B mass, and the
combinatoric backgrounds, which are flat in B* mass. The low-mass background can-
didates were counted in the same way as signal candidates, with weight 1 if they had
mass lying within the signal B* mass window. In order to make best use of the avail-
able statistics, combinatoric background candidates were counted with weight 0.1 if they

had mass lying within an extended B* mass window of width 10x the signal window.
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The two contributions were then summed to give the number of background candidates

passing the selection of Equation 3.4.

The metric \/SSJTB was maximised using the optimisation algorithm, which performed

the following steps:

e the available cut values and the starting cut value for each variable were specified

at the start of each optimisation procedure;

e the value of the metric for the starting cut values was calculated and recorded as

the overall maximum metric;

e the available cut values for the first variable were stepped through sequentially and
the metric was calculated when each of the cut values was applied. The cut values
for all other variables were set to their initial values during this procedure. The
variable under consideration, the maximum metric possible for that variable and
the variable cut value corresponding to the maximum metric were recorded. The
maximum metric for this first variable was recorded as the temporary maximum

metric;

e the possible cuts for each of the remaining variables were stepped through in
the same manner. For each of these subsequent variables, the maximum metric
possible for the variable was compared to the temporary maximum metric and
if it was larger it was saved as the new temporary maximum. The variable and
cut value which corresponded to the new temporary maximum were also stored.
During the step through of a given variable, the other variables all had their cuts

set to their initial values;

e once all variables had been considered, a single iteration was complete. At this
point, the temporary maximum metric from the iteration was equal to the largest
possible metric achievable by changing the cut value of one variable and leaving

the others unchanged;

e the temporary maximum metric was compared to the overall maximum metric.
If the temporary maximum metric was larger than the current overall maximum
metric, the cut value for the variable corresponding to the temporary maximum
was moved one step towards the cut value which gave the maximum. This cut value
replaced the initial value as the default cut to be used when other variables were
being considered. The metric calculated with this changed cut, not the temporary

maximum metric, became the new overall maximum metric;
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e the iterations over all of the variables were repeated until no increase in the metric

could be achieved.

The algorithm considered the variables listed in Table 3.4.

Particle Variables
ALL(m — K)
K$ daughter 7 | impact parameter y? with respect to the PV
track x?/d.o.f.
K3 vertex x?/d.o.f.
flight distance x? from the PV
impact parameter y? with respect to the PV
D daughter 7 track x?/d.o.f.
ALL(r — K)
D vertex x?/d.o.f.
flight distance x? from the PV
ALL(K — )
ALL(K — p)
Bachelor K* track x?/d.o.f.
impact parameter y? with respect to the PV
pr
flight distance x? from the PV
vertex x2/d.o.f.

B* impact parameter y? with respect to the PV
DIRA

pr

Table 3.4: The variables considered by the optimisation algorithm.

The mass windows for the composite B¥, D and K§ meson candidates were fixed to
be +30 around the measured global average [18], where o was taken from a Gaussian
fit to the true mass distributions from the preselected signal events. Figures 3.2, 3.3
and 3.4 show the mass distributions and fits. Fixed upper momentum requirements of
100 GeV/c were applied to the bachelor kaon and all of the pions, corresponding to the
upper momentum limit of the capability of the RICH system to differentiate between m

and K hypotheses.
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It was not possible to ascertain if the set of optimal criteria identified from a given
starting point or with given available cut values was unique in maximising the metric
value. Therefore, the optimisation procedure was repeated many times with different
cut starting points and different available values for the cuts, with the aim of identi-
fying as many degenerate solutions as possible if they were present. On convergence
of the algorithm, if a cut for a particular variable had been placed at the minimum
or maximum allowed value, the whole procedure was repeated with a lower or higher
set of available cut values for that variable respectively, up to the bound placed by the
preselection criteria. Initially, large step sizes were used between the available cut values
for each variable. Once robust convergence had been achieved, however, the step size
between available values was reduced. During optimisation, the testing of all possible
cut values for all variables at each iteration minimised the dependence on the order in

which correlated variables were considered.
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Figure 3.2: The mass distributions for LL (Figure 3.2(a)) and DD (Figure
3.2(b)) true B* candidates from B* — D(K%r+t7~)K* MC. The lines are the
results of Gaussian fits to the distributions, with fitted os of 14.3 MeV/c? (LL)
and 14.3 MeV/c? (DD).
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3.5 Selection optimisation results

The results of the optimisation of the selections for B* — D(K2r 7~ )K* signal decays

with LL and DD K¢ are summarised in Tables 3.5 and 3.6 respectively.

For the LL candidate selection optimisation, it was found that the algorithm con-

verged to three different sets of criteria with the same value for the metric, —2— =

V5+B
69.7+0.4. Almost the same selection variables were chosen by the algorithm in all three

cases but with slightly different final criteria values. Although the LHCb trigger was
not finalised at the time of optimisation, the trigger selections typically take advantage
of the displaced secondary B decay vertex. Therefore, the sets of criteria (B and C') in
Table 3.5 with a flight distance x? requirement on the B* candidate were better aligned
with the expected trigger requirements than set A. Criteria set B was chosen as the final
selection because the BT flight distance x? requirement of set C' was potentially very
harsh. The selection passed 6841 signal candidates and no background candidates from

the preselected samples. The signal selection efficiency for LL candidates was therefore

€sigset = (7.02 £ 0.08) x 1073,
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For the DD candidate selection optimisation, the algorithm converged to two sets
of criteria with the same metric value, \/%—B = 79.2 + 0.3. The set of criteria labelled
criteria set B in Table 3.6 was chosen for the final DD candidate selection, again as it
was best aligned with expected trigger requirements. The selection passed 12996 signal
candidates and no background candidates from the preselected samples. The signal

selection efficiency for DD candidates was therefore €, ser = (9.33 £ 0.08) x 107,
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Figures 3.5—3.19 show the distributions of the variables used in the candidate se-
lections, comparing background and signal preselected candidates. The final optimised
cut value is indicated on each of the figures with a black line and an arrow to show the
region selected. In certain cases, such as that shown in Figure 3.7, the optimal cut value
was placed at the value imposed by the preselection criteria applied to the candidates.
This indicated that the metric was not sensitive to more stringent requirements on these
variables. Studies of topologically similar B decays indicate that the application of loose
requirements on these variables is necessary, however, in order to reduce the level of com-
binatoric background. These cut values were therefore included as part of the optimised

criteria.
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Figure 3.5: The IP x? (PV) distributions for LL (Figure 3.5(a)) and DD (Figure

3.5(b)) Kg daughter 7 in preselected MC events.
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Figure 3.16: The FD x? (PV) distributions for LL (Figure 3.16(a)) and DD
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3.6 Estimated candidate yields

Yield calculations were performed as described in Section 3.4. The criteria shown in
Tables 3.5 and 3.6 gave estimated signal yields of S = 4721 4+ 57 LL candidates and
S = 6277 £+ 55 DD candidates for an integrated luminosity of 2 fb™!, where the errors

are statistical.

For inclusive bb background candidates, upper limits were calculated for the 2 fb™!
yields because no candidates from the MC sample passed the selection. For the low-
mass backgrounds, no candidates passed within the £50 MeV/c? B* signal mass window.
Poisson statistics were assumed, leading to an upper limit of < 2.30 expected candidates
at 90% confidence level [18] in the mass window. This corresponds to an upper limit
on the background candidate yield of < 32284 (< 26740) for the LL (DD) selection
with an integrated luminosity of 2 fb~!. For the combinatoric flat backgrounds, no
candidates passed within the =500 MeV/c? B mass window. Again assuming Poisson
statistics, this corresponds to an upper limit of < 3228 (< 2674) candidates for the LL
(DD) background yields in the signal £50 MeV/c? B* mass window with an integrated
luminosity of 2 fb™'. These limits were constrained by the size of the available MC

background sample; lower values may have been found with a larger size sample.

3.7 Summary

The selection of B¥ — D(KSrt7~)K* signal decay candidates was optimised on MC
using an algorithm which maximised the metric \/%73. The resulting selection produced
signal selection efficiencies of €y 51 = (7.0240.08) x 1072 for LL candidates and €y 51 =
(9.3340.08) x 1072 for DD candidates. The corresponding yields were 4721 +57 LL and
6277455 DD B candidates, without any trigger applied, for an integrated luminosity of
2 tb™!. Upper limits were placed on the number of expected candidates from inclusive bb
decays in the signal mass window; for low-mass backgrounds the limits were < 32284 (<
26740) LL (DD) candidates and for combinatoric type backgrounds, the limits were

< 3228 (< 2674) LL (DD) candidates.






Chapter 4

A measurement of the ratio of
branching fractions Br(B* — DKT) /

Br(BT — Dr™) using 2010 data

This chapter describes the measurement of the ratio of branching fractions Br(B* —
DK#) / Br(B* — Dz*) using the decays B* — D(K3r 7~ )K* and B* — D(KSr 7 )7r*
and approximately 36.5 pb~! of /s = 7 TeV data collected by LHCb during 2010.

The measurement of the ratio of branching fractions Br(B* — DK¥*) / Br(B* —
D7%) with the decays B — D(K2rtn™)K* and B* — D(K%r 7~ )n* establishes many
of the necessary analysis components, for example detailed background studies, for the
measurement of v at LHCb using these decays. The decay channels B¥ — Dn* are
important control channels for B¥ — DK® decays, having almost identical topologies
but much higher branching fractions. They are far less sensitive to the CKM angle ~
than B* — DK* decays, with a ratio of decay amplitude magnitudes of [50]

A(Bt — D)

_ ~ 0.01, 4.1
A(B*+ — D) (4.1)

A(B~ — D%)
A(B= — D)

compared to the value of rg = 0.107 & 0.010 [34] for B¥* — DK% decays. They can
therefore be used to constrain acceptance effects such as the decay selection efficiency

across the Dalitz plane in a GGSZ analysis (Section 1.5.3).

The ratio Br(B* — DK%*) / Br(B* — Dn¥) has been measured at Belle [168],
BaBar [169] and CLEO [170] using various two- and four-body charged track D decays;
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the average value is (7.6 + 0.6)% [18]. There is some spread between the results from
the different experiments, as can be seen in the likelihood curve shown in Figure 4.1.
Preliminary measurements have also been performed at LHCb using two- and four-body
D decays [66] and the same 2010 data set as considered in this chapter. These decays
have higher candidate statistics in this data set than the B* — D(KrT7~)K* and
B* — D(K%rtr )t decays. The nature of the reconstructed D decays used for both
the global average value and the other LHCb measurements lead to the contributions to
the measured branching fraction ratio from the suppressed B* — D°h and B~ — D°h
decays being different from the contributions in the B* — D(K%r*7~)h decay case

considered in this thesis.
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Figure 4.1: The likelihood curve for the ratio of branching fractions, Br(B* —
DK#) / Br(B* — Dz¥*) [18]. The values of the ratio are equal to the values
indicated on the horizontal axis multiplied by 1072.



A measurement of the ratio of branching fractions Br(B* — DK¥) /
Br(B* — D7*) using 2010 data 113

4.1 Introduction

The ratio of branching fractions is given by

signal
BY(B:I: — DK:‘:) NBi—>DKi EBEDrt

. . )
Br(B* — Dn#) éﬁiﬁgﬂi €B£ DK

(4.2)

where NJ#" is the number of candidates of the decay B* — D(K3r+7~)h (h denoting
a bachelor K* or %) and eg+_,py, is the total efficiency for B — D(Kr*7~)h. The total
efficiency combines the detector acceptance, trigger, stripping, decay reconstruction and

selection and can be written as products of the individual efficiencies,

___acceptance _reco trigger stripping sel

€B+—Dnt = €t _prt " CBE_DrE "R Lpgt T ERE_prt  EBEDaE (4.3)
___acceptance _reco trigger stripping sel

EBE—DK* = €pt_,pk+ ' EBEDK+ €+ _Lpk+ "Bt _pK* " EBE-DK* (4.4)

with each of the individual efficiencies being measured with respect to the previous one
in the product. esBeiﬂDh can be further decomposed into the product of the efficiencies
from kinematic and PID selection criteria,

sel __selkin sel,PID
€B+*—Dh — €B+_.Dp " B+ Dh " (4.5)

It is only necessary to find eSBei’igi for the bachelor hadron as the PID requirements
placed on the other particles in the decay are identical in both sets of decays and the
respective efficiencies will therefore cancel in the ratio. Similarly, the reconstruction,
trigger, stripping and kinematic selection efficiencies for the D — K277~ parts of the
decays should cancel in the ratio. They have been included in the individual efficiency

determinations in this analysis, however, for practical reasons.

The following sections of this chapter describe the selection of the two decay modes
(Section 4.2), the mass fit to the data to extract the signal yields (Section 4.3), calcu-
lation of the branching fraction ratio (Sections 4.4 and 4.5) and, finally, the systematic

uncertainties on the measurement (Section 4.6). The final result is given in Section 4.7.
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4.2 Decay selection criteria

During 2010, proton-proton collision data were recorded in both dipole magnet up
([ £dt = (18.0 £ 1.8) pb™") and magnet down ([ Ldt = (18.5 + 1.85) pb™ ") field con-
figurations. The data were processed and recorded as detailed in Chapter 2. At the
central stripping stage, B — D(Kr"7)n* and B — D(KZ3r 7~ )K* candidates were
reconstructed in the data using DaVinci with either a LL or DD K$ daughter. The se-
lection criteria given in Table 4.1 were applied at the stripping stage and the candidates
were saved to the centrally stored DSTs. These criteria were, in the most part, slightly
less stringent than the optimised selection criteria described in Chapter 3. The mass
windows were larger to allow for the study of backgrounds in the mass sidebands and
a difference in detector mass resolution compared to MC. Some additional criteria were
applied, including a requirement of fewer than 240 reconstructed tracks in the event,
removing events with high detector occupancy. A further momentum requirement, p
> 2.0 GeV/c, was applied to all of the pions and kaons in the decay in order to match
the lower momentum bound of efficient K — 7 separation in the RICH detectors. Finally,
all long (downstream) tracks had a track fit quality requirement of track x?/d.o.f.< 5.0

(< 10.0) applied to them to remove poorly-reconstructed tracks.
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DaVinci was then used to access and filter the saved candidates, applying further
selection criteria to them. The final, overall candidate selection criteria were almost

identical to the optimised selections shown in Tables 3.5 and 3.6; the differences being:

the requirement of fewer than 240 tracks per event;

e the additional momentum requirement, p > 2.0 GeV/c¢, applied to all pions and

kaons;

e the requirement on long tracks of track y?/d.o.f. < 5.0 and on downstream tracks
of track x?/d.o.f. < 10.0;

e the PID requirements on the bachelor pion and kaon were replaced with ALL(K —
7) < 0.0 and ALL(K —7) > 0.0, respectively. No ALL(K — p) requirements were

made; and

e B* candidates were reconstructed in a mass window £500 MeV/c? around the

global average value [18].

The detector description and conditions used to filter the B* candidates were identical

to those used to initially process the data.

Trigger decision criteria were also applied in order to obtain well-defined samples of
candidates with systematic errors which would cancel in the ratio of branching fractions.

Candidates were required to pass the combined logical criteria

((LO Hadron TOS) OR (L0 Global TIS)) AND
((HLT1 1Track TOS) OR (HLT1 Global TIS)) AND

((HLT2 Topological 2-body TOS) OR (HLT2 Topological 3-body TOS) OR (HLT2 Global TIS))
(4.6)

where the categories triggered on signal (TOS) and triggered independent of signal (TIS)
are described in detail in Chapter 2. The data were recorded over a period of several
months and during this time the trigger settings were altered, although a few settings

were dominant.

In cases where multiple B* candidates were reconstructed and selected in a single
event, the candidate with the largest value of B* flight distance x? from the PV was

retained and the other candidates discarded. It was found that the B* candidates in
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these events were within a few MeV/c? in reconstructed mass and were therefore most

likely differently reconstructed versions of a single real decay.

The resulting B — D(K7"77)h candidate mass distributions, combining the mag-
net up and the magnet down data, are shown in Figure 4.2. All candidates in these
distributions pass the full selection, including the combined trigger and stripping as de-
tailed above. In the B* — Dx¥ distributions, clear signal mass peaks can be seen near
the global average B* mass of (5279.2 4 0.3) MeV/c? [18]; in the B¥ — DK* cases the
statistics are much lower. In particular, the DD B* — DK% mass distribution (Fig-
ure 4.2(d)) does not show a clear signal peak and would therefore be difficult to fit. For
this reason, only the LL B¥ — D#* and LL B* — DK% candidates were used in the
calculation of the ratio of branching fractions and it is these that will be discussed in

the rest of this chapter.
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Figure 4.2: The B* — D(K3r"7)h candidate mass distributions from
36.5 pb! of 2010 data. Figure 4.2(a) shows the B* — Dz* LL distribution, Fig-
ure 4.2(b) the B* — Da* DD distribution, Figure 4.2(c) shows the B* — DK*
LL distribution and Figure 4.2(d) the B* — DK* DD distribution.
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4.3 Mass fit

In order to evaluate the yield of B — Dz* candidates and the ratio of yields of Equa-
tion 4.2, Ng’f“_%Ki Ng’f”_)a]l%i, the two mass distributions of Figures 4.2(a) and 4.2(c)
were fitted simultaneously with an extended unbinned likelihood fit using the RooFit
software toolkit [171]. The distributions were not separated into magnet up and down
subsets due to lack of statistics. The fit expression used for the mass distributions is
detailed below, preceded by a description of the backgrounds considered and the signal

and background component probability distribution functions (PDF's).

4.3.1 Signal and background fits to Monte-Carlo

In late 2010, further MC simulation was performed (see Section 2.4.1) as part of the
MC10 production; this simulation used a proton-proton collision energy of /s = 7
TeV, an average number of proton-proton interactions per bunch crossing of 2.5 and
an updated detector description so that it matched the majority of the data recorded
by LHCb during 2010 as closely as possible. The MC10 samples were produced with
the LHCDb dipole magnet in both up and down field configurations, and the kinematic
description of the decays and their reconstruction in the MC were in reasonably good
agreement with the data (see Appendix C), except for the PID performance [121]. The
different background and signal contributions to the mass distribution fit of the data were
evaluated with samples from this simulation; MC truth information was used to separate
candidates into the different possible categories. In all cases, multiple candidates in a
single event were removed in the same way as for data. Candidates from magnet up and

down MC samples were summed with equal weights to give the overall distributions.

In order to find appropriate PDF's for the signal mass distributions, B* — D(K%r ™7 ~)m

and B* — D(Kn "7~ )K* LL candidates were reconstructed and selected, using the full
selection including trigger and stripping, from approximately 3M (1.5M magnet up, 1.5M
magnet down) MC10 B* — D(K8r*n~)h signal events. As for the MC09 production,
in the MC10 samples the D — K377~ specific decay was generated according to phase
space and a decay amplitude model was not applied. The candidate mass distributions

were fitted with a sum of a Gaussian and a Crystal Ball PDF [172] with a low-mass tail,

+
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CB,

(&) ol ber) s ¢
CB (M|, o,a,n) = (n/\a|—|o;\—MT)2 M" (4.7)
cp (3 (M=£)") 2> o

where M is the mass of the B¥ — Dh candidates, p is the Gaussian mean, o is the
Gaussian width and « and n are parameters describing the low-mass tail. The Crystal
Ball and Gaussian were constrained to have the same mean in each of the fits. The
Crystal Ball low-mass tail accounts for radiative losses to the final state tracks and also
resolution effects; the Gaussian part of the Crystal Ball also provides a resolution effect

on the high mass side of the peak. The resulting distributions are shown in Figure 4.3.

The potential backgrounds to the signal B* — D(K%r™7~)h decays can be classified

into the following categories [79]:

1. phase-space combinatoric background: a fake D (with at least one fake final state

particle) combined with a true or fake bachelor A.

2. cross-feed background: a true D — K2r™7~ candidate combined with a true
bachelor h originating from the same B*, but the h is misidentified as the other

case of 7/K.

3. Dh-random background: a true D — K3r*7~ candidate combined with a true
or fake bachelor h originating from a different b-hadron or the underlying event.
Example decays include B¥ — Dz* where the D has been paired with a 7% from
the PV.

4. D* background: a true D — K277~ originating from the D* in a B — D*X
decay, combined with a true or fake h from the same B. Example decays include:
B — D (2007)°(D%)K*(892)"(K7), B — D*K, and B — D*p.

5. Dh-signal background: a true D — K8r*7~ candidate, originating either directly
or indirectly from a B, combined with a true or fake i from the same B (excluding
the D* and cross-feed backgrounds). Example decays include B — Du*v where
the p is misidentified as h and B — Dp where a daughter of the p is used as the

bachelor.

6. non-resonant background: a true B¥ — Dh decay, but the true D decay is to the

four-body final state wwmm; the decay is reconstructed as D — K2rt7~. This
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Figure 4.3: The signal B* — D(K7"77)h candidate mass distributions from
MC. Figure 4.3(a) shows the B* — Dr* signal distribution and Figure 4.3(b)
shows the B¥ — DK signal distribution. Figures 4.3(c) and 4.3(d) show the
same B* — D7t and B* — DK® distributions on log scales, respectively. The
total PDF (blue) is the sum of a Gaussian component (green) and Crystal Ball
PDF (red).
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background is only present for LL decays, where the K§ can be reconstructed as
short-lived, so that the tracks identified as K2 pion daughters and D pion daughters

could, in reality, be tracks coming from the same four-body D decay vertex.

For both B* — Dn* and B* — DK¥, the contributions from background Categories
1 and 3 — 5 were evaluated using a large, approximately 100M (50M magnet up, 50M
magnet down) event “cocktail” sample of MC10 b — DX decays, where b encompasses
B*, BY, B and A, and D represents D°, D* D_ and A, mesons and their excited states.
B — D(K¥rtn™)r® and B* — D(K%r "7~ )K* LL candidates were reconstructed and
selected as detailed in Section 4.2, using the full selection including trigger and stripping.
It was found that very few (between 0 and 5 over the whole B mass range) Category
1 (phase-space combinatoric) candidates and no Category 3 (Dh-random) candidates
passed the B¥ — Dz* and B* — DK% selections. Categories 4 and 5 also had low
numbers of candidates and so were combined to give a “low-mass background” category.
The B* mass distributions of the B* — D(K%r ™7~ )r* and B* — D(KZ%r "7 ~)K* candi-
dates in the low-mass background category can be seen in Figure 4.4. In the B¥ — Dr™
case, the distribution was best fitted with a total RooFit PDF consisting of the sum
of an exponential and two narrow Gaussian peaks. In the B* — DK™ case, the avail-
able statistics were still very low and so the distribution was fitted with a total PDF

consisting of the sum of an exponential and one broad Gaussian.

14 -
12 -

10— -

Events / ( 20 MeV/c?)
Events / (40 MeV/c?)
T
|

T N

ole—4s . ¢ T : T
5600 2 4800 5000 5200 5400 5600 2
B mass (MeV/c?) B mass (MeV/c?)

JJJJLIUHHHMMHHHIHHHH

| L1
o] 2 < *
4800 5000 5200 5400

(a) (b)

Figure 4.4: The background Category 4 and 5 (low-mass) B* — D(K%r 7 ~)h
candidate mass distributions from MC. Figure 4.4(a) shows the B* — Dr®
distribution and Figure 4.4(b) shows the B — DK¥ distribution.
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The Category 2 (cross-feed) background contribution was found by selecting B* —
D(K%r 7~ )n* LL candidates from B* — D(K%r 7 )K= signal MC10 events, and vice
versa, including the trigger and stripping. The B* mass distributions of the B¥ — Dr*
and B¥ — DK% candidates in this category can be seen in Figure 4.5. The distributions
were fitted with a double Crystal Ball PDF, DCB,

([ (L) ean(— L1512
(1) p(szﬂ\ ) Mo o g
(1/181-181-2=2)
DCB (M‘M70'704’n757 l) = exrp (-% (@)2 -0 < M;'LL <« (48)
(fa7)" - ean(=3lal?) M—u
e >
| (n/lal—lal+ 2=E) s =

where M is the mass of the B¥ — DA candidates, p is the Gaussian mean, o is the
Gaussian width, o and n are parameters describing the high-mass tail and 3 and [ are

parameters describing the low-mass tail.
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Figure 4.5: The background Category 2 (cross-feed) B* — D(K%r™7~)h can-
didate mass distributions from MC. Figure 4.5(a) shows the B* — Dz distri-
bution and Figure 4.5(b) shows the B* — DK* distribution.

The Category 6 (non-resonant) background was estimated by selecting LL B* —
D(K%rt7~)h candidates from B* — D(mxrrm)h MC10 samples (approximately 10M
events in each case), including trigger and stripping selections. Fits to the candidate B*
mass distribution with a Gaussian plus a Crystal Ball PDF (Figure 4.6) resulted in fitted
parameter values very similar to those from the fits to the signal shown in Figure 4.3.
In both B¥* — Dn* and B* — DK® cases, the Gaussian means were within 1o and

the Gaussian os were identical within 20; there were some larger discrepancies in the
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Crystal Ball PDF tail parameters, but these parts of the PDF's are susceptible to the
effects of low statistics in the mass distribution tails. These results indicate that this
background is indistinguishable from signal in the B¥ — D7* and B* — DK™ data mass
distributions. In the fit to the data described below, the evaluated yields N]‘;Zfi%Ki and
N§9TE , are therefore a sum of B¥ — D(K%rtr~)h and B* — D(rrrm)h candidates,
and the evaluated yields are not equal to the signal yields N]‘;’fia]l)h

possible, however, to correct for this background using the ratio of expected yields, where

in Equation 4.2. It is

the yields are calculated as described in Equation 3.1 and the relevant efficiencies are
found from MC. Certains terms in the yield ratio cancel, for example the bb cross-section.
This leaves the fraction Fp;, which is equal to the ratio of the total efficiencies eg+_,py,
(acceptance, reconstruction, trigger, stripping and selection, as defined in Equations 4.3
and 4.4), evaluated with MC10, and the non-cancelling measured branching fractions

from reference [18]. For example,

sig, fit _ sig, fit sig, fit
NBiHDKi - NBiHD(ngJfﬂ*)Ki + NBiHD(ﬂ-mrﬂ-)Ki
= Noig it (1+ Fpk), (4.9)

T T BESD(KIrta)KE
where Fpy is

€B+—D(rrrmkt - Br(D — mr7m)

(4.10)

Fprg = )
PK €B£ D (Kt )K= Br(D — Kerta~) - Br(K% — mta-)

+ candidates from the

€B+_D(Kortx )k 1S the total efficiency for B* — D(K¥rTr)K
B* — D(K§rn~)K* MC10 samples and eg_,p(rrrmkt 18 the total efficiency for B* —

D(K4rt 7~ )K* candidates from the B* — D(rrrm)K* MC10 samples.

It was found that Fpx = 0.26 £ 0.02 and Fp, = 0.25 £ 0.02, where the errors are
evaluated using toy MC (see Section 4.6) and include errors on the global averages of
branching fractions, statistical effects from limited MC sample sizes and uncertainties
on the integrated luminosity measurements used to weight the efficiencies according to
the proportions of data recorded in the magnet up and down detector configurations. In
order to calculate the ratio of branching fractions in Equation 4.2, Fpx and Fp, must
be included so that

N}Zifgl]l)Ki Ngifi%Ki (1+ Fpx)

, = ___ . i 4.11
stgnal sig, fit (1+FDK) ( )

B+ -Dr* B+ —Dr*
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The full expression for the branching fraction ratio then becomes

Br(B* — DK*) NJ#/" o (14 Fpy) eptprs

Br(B+ — D7) - sl (14 Fpk) ept_pk=’ 412)
where
€t Dt = (i - Y Dt (e C e Ep Dt e (4.13)
and
€BtDKE = GGBCET%IECE ’ TBeico—>DKi ) Eg:itgi%Ki ’ gi@pégi ) SBeiﬁgKi ~e§i’i§<i ) (4'14>

The contributions of cross-feed components from B* — D(mrrm)h decays were also
investigated. B* — D(K3n "7~ )h LL candidates were fully reconstructed and selected
from the B* — D(rmmm)h MC10 samples and the resulting mass distributions fitted
with a double Crystal Ball PDF (Figure 4.7). It was again found that the resulting
fitted parameter values were almost identical within errors to those of the fits to cross-
feed from B* — D(KrT77)h decays, shown in Figure 4.5, with the only differences
greater than 1o being in the fitted mean values; these were within 3¢ in both Dz and
DK cases. The B* — D(nrmm)h cross-feed contribution is therefore indistinguishable
from B* — D(K8rtn~)h cross-feed in the B — Dr® and B* — DK* data mass

distributions.

4.3.2 Fit to 2010 data

In order to extract the ratio of numbers of candidates Ngfi%Ki / Né’fi%ﬂi from the data,
the mass distributions of the reconstructed B¥ — DK®* and B* — Dn* candidates, each
including both magnet up and down candidates, were fitted simultaneously. The PDF's
for the components of the fit were chosen according to the results of the MC signal and

background fits described in the previous section.

For Category 1 background in both B¥ — Dn* and B¥ — DK™ cases, the number of
selected candidates from the cocktail MC sample was too small to parameterise the PDF.
It was therefore assumed that in both cases the Category 1 contribution could be included
in the exponential PDF used to partially fit the low-mass background. As no candidates
in Category 3 passed the selections on the MC cocktail sample, no specific PDF was
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Figure 4.6: The Category 6 background B* candidate mass distributions
from MC. Figure 4.6(a) shows the B* — D(KZr*n~)r® candidate distribu-
tion, selected from B* — D(mrrm)nt MCI10, and Figure 4.6(b) shows the
B* — D(KirT7n™)K* distribution, selected from B* — D(mrrm)KE MC10.
Figures 4.6(c) and 4.6(d) show the same B* — Dn* and B* — DK® distribu-
tions on log scales, respectively. The total PDF (blue) is the sum of a Gaussian
component (green) and Crystal Ball PDF (red).
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Figure 4.7: The Category 6 background cross-feed B* candidate mass dis-
tributions from MC. Figure 4.7(a) shows the B*¥ — D(Kirt7~)r* candidate
distribution, selected from B* — D(rmrm)K* MC10; Figure 4.7(b) shows the
B — D(Kirt7n™)K* candidate distribution, selected from B* — D(mrrm)r®
MC10.

included for this category; it was assumed that any candidates could be included under
the same exponential PDF, as previous studies showed this background to be flat in B*
mass [79]. The contribution from Category 6 was not included in the fit as the shape of

the mass distribution is identical to the decays of interest.

The overall fit expression, F, was therefore:

_ sig, fit sig, fit exp,comb and low-mass _exp,comb and low-mass
‘/T._R'NBiaDni'gDK +NB:§:_>DK;|: DK

+ Nloiuing;gi i lgq[u(-ma% + Ncross—feed cross-feed

B Bf—DK* "5DK

+ Ngﬁfz)ﬂi . gg%fit + Ng:(f,_c:g:rbiand low-mass gc;;:,comb and low-mass

+ NGETge  glgmesn 4 NfprTpesh . glgrmans

+Npsget g e (4.15
where N7F¢ . is the number of candidates of each type of background or signal, gir* is
the PDF for each type and R is the ratio NgifﬁgKi /N;fi%wi. The sum over the number
of candidates of each type is constrained to be equal to the total number of candidates
in the data sample, > NJF° = Nigtel

type
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The contributing B¥* — DK* PDF components for the signal and each type of

background were:

e a Gaussian PDF, g‘gﬂl’gf " for the signal and Category 6 background; due to low
statistics, it was not necessary to include the Crystal Ball PDF component in order

to fit the signal shape in the data;

. b and low- : -
e an exponential, gjyR " MmO hlug one Gaussian PDF gls¥:™mass for the com-

binatoric and low-mass backgrounds (background Categories 1, 3, 4 and 5); and

e a double Crystal Ball function, gg}’fs_f “d for the cross-feed (B¥ — Da® misiden-
tified as B* — DK, background Category 2).

The B* — Dn* PDF components were:

e a Gaussian plus Crystal Ball PDF, gj;'f;f " for the signal and Category 6 back-
ground, with the yield of candidates under the Crystal Ball PDF compared to the
yield under the signal Gaussian fixed to be the same as the proportion from the
MC signal fit;

. b and low- : - -
e an exponential, g5 e 4O Thlug two Gaussian PDFs, glgw-mass @ an( glow-mass b,

for the combinatoric and low-mass backgrounds (background Categories 1, 3, 4 and
5); and

e a double Crystal Ball function, g5°** /*? for the cross-feed (B* — DK* misiden-

tified as B¥ — D, background Category 2).

In total, 18 parameters were left free in the fit:

the yields of candidates, N22¢ . for signal B¥ — Dn* and all backgrounds except

for cross-feed (six yields in total);

the ratio of yields R;

the mean and width of the Gaussian part of gi%/";

the width and tail parameters of the Crystal Ball part of g‘gﬁ’f i,

: . : b and low-
the power of the combinatoric/low-mass exponential g2 ¢ 7M. and
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the parameters of the low-mass Gaussians, glgw-massa  glowmassb and glow-mass

except for the mean of glow mass b

The remaining parameters were constrained:

the yields N;*° g;ﬁi nd N2 gei were constrained to be greater than zero;

the mean and width of the Gaussian g32%/" were constrained to be the same as for

the B* — Dr™ case;

sig, fit

the mean of the Crystal Ball part of g,;7”'" was constrained to be the same as the

mean of the Gaussian part of g5 Jit,

exp,comb and low-mass

the power of the combinatoric/low-mass exponential g7’ was con-

strained to be the same as for the B*¥ — D™ case;

the difference in mean mass value of glgemassb and glow-mass a wag fixed to be the
same as from the fit to the MC shown in Figure 4.4(a); and

d
cross-feed were fixed;

all parameters of the cross-feed double Crystal Ball functions g7,
excluding the means, the parameters were fixed to values obtained from the fits
to MC shown in Figure 4.5. In the data under consideration, a difference between
reconstructed candidate masses and global average values from reference [18] was
noted. This was due to a combination of detector mis-alignment, inaccuracies in
the description of detector material (which affects energy loss) and mis-calibration
of the magnetic field [173]. In order to estimate the shifted values of the double
Crystal Ball means, an initial fit to the data was performed with the means fixed to
the MC fit values. The mean of the signal B¥ — D7n* Gaussian in data was found;
the difference between this value and the global average B* mass was 4.3 MeV/c2.
In the final fit, the double Crystal Ball function mean values were therefore fixed

at 4.3 MeV/c? below the MC fitted values.
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4.3.3 Fit results and ratio of yields

Table 4.2 shows the values of the fitted parameters and Figure 4.8 shows the resulting
fits to the B* mass distributions. The total B¥ — Dz yield observed in the data was

85111 candidates and the ratio of yields from the fit, R, was found to be
R=0.1390% (4.16)

where the errors are statistical only.
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Figure 4.8: The fitted B* — D(K%rt7~)h candidate mass distributions from
36.5 pb ! of 2010 data. Figure 4.8(a) shows the fitted B¥ — Da* LL distribution
and Figure 4.8(b) shows the fitted B* — DK* LL distribution. The total

summed PDF's are blue.
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Parameter ‘ Fitted yield or value ‘
R 0.13%0:08
NEprcomb and low-mass 93 + 14
Ngesies 31715
N a3
Nyt s 85513
Ngxipﬁogjrbiand low-mass 200 + 21
Njgp-moass 7615
Ngemses? 1755
Ny lecd 0.24+6.7
gholit OB o 33 + 41 MeV/c?
gi0. /it CB o 0.5+0.1
ghofit 0B 9.5+ 4.6
gho it oo fit ), 527473 MeV/c?
S0, fit | g819. 1 Gaussian o 18 + 2 MeV/c?

exp,comb and low-

mass

exp,comb and low-mass

<o , gop power | (=2.9+0.3) x 1073
glow-mass |, 5101 £ 22 MeV/c?
glow-mass 64 & 22 MeV/c?

glowmass a 503015 MeV/c?
glgu-mass a o 56715 MeV/c?
glowmass b, 511715 MeV/c?
glggg—mass b o 743 MeV/c?
gg}){ss—feed o 1.3
g;{?sffeed 3 1.7
geross—feed 5314 MeV/c?
cross—feed 19.0 MeV/c?
geross—feed | 2.0
cg;(ssffeed n 2.4
gﬁss—feed o 16.7
g:;ss—fe@d B 19.3
giross—feed 5239 MeV/c?
gﬁss—feed o 18.8 MeV/c?
gzssffeed I 1.1
g’gss— feed 2.8

Table 4.2: The fitted yields and parameter values.
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4.4 Determination of efficiencies

In order to extract the ratio of branching fractions Br(B* — DK¥) / Br(B* — Dz¥) us-
ing Equation 4.12, the efficiencies appearing in Equations 4.13 and 4.14 were calculated,

using data for the PID efficiencies and MC10 simulation for the remaining efficiencies.

. . t . .
The acceptance efficiencies, 5™, were given by the generator factors (described

in Section 3.2) of the respective MC10 signal B* — D(K%7 "7 ~)h samples. The generator
factors shown in Table 4.3 were averaged according to the proportions of data recorded

by the experiment in the magnet up and down states,

—1 acceptance, magnet up —1 acceptance, magnet down
18 pb™ X egi N 185 pb™" X €py 1,

36.5 pb~* 36.5 pb~!

() =

, (4.17)
with resulting values

(elePiance) = 0.1665 + 0.0001
and

(eaceertancey — ().1629 =+ 0.0001.

The errors on the weighted averages include the statistical effects of the limited MC
samples and the uncertainties on the integrated luminosity measurements. The average
efficiencies were used in the calculation of the ratio of branching fractions because the
low data statistics in the B¥ — DK®* channel made it impractical to split the data set

into magnet up and magnet down contributions in the mass fit.

MC sample Generator factor, e%‘fﬁ%’,ﬁce
B* — DK* magnet up 0.1663 £ 0.0002
B* — DK* magnet down 0.1666 + 0.0002
B* — D7t magnet up 0.1627 £ 0.0002
B* — Dn* magnet down 0.1630 = 0.0002

Table 4.3: The acceptance efficiencies (generator factors) for the signal MC
samples.
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The combined efficiencies €50 |, - eni99 . SlIPPng . Lk in Equations 4.13 and 4.14

were also obtained from the MC10 B* — D(K$n7~)h signal samples. B* — D(K%r 7 ~)h
candidates with LL K daughters were reconstructed with DaVinci and the full selection
detailed in Section 4.2, including kinematic, stripping and trigger requirements, was ap-
plied. It was ensured that the candidates were true signal decays by matching with MC
truth information and multiple candidates were removed in the same way as for data.
One particular trigger setting was applied to the MC10 simulated events during sample
production, with Moore being used to flag each event on the DST as having passed or
failed each part of the trigger. The saved flagging information was extracted when the
candidates were reconstructed with DaVinci and then used to apply the trigger criteria
of Equation 4.6. The trigger setting, known as 0z002e002a, was used towards the end
of the 2010 data-taking period and approximately one fifth of the reconstructed and

selected B* — D7* candidates were from data recorded with this setting in place.

The resulting combined efficiencies are shown in Table 4.4. Weighted average effi-
ciencies, used in the ratio calculation, were calculated in a manner analagous to the

acceptance efficiencies (Equation 4.17); values of
<€71§eico—>DKiegigie];Kiegl@pé?ieslseiﬁ&(i> = (1.014+0.02) x 107
and
(Ehes0 | LemioIer S S LY = (1.04 £ 0.02) x 1073

were found. Again, the errors on the weighted averages include those coming from the
uncertainties on the integrated luminosity measurements as well as the statistical effects

of limited MC samples.

MC sample EgefiDhegigielgh thiiﬁpngg ]ﬁﬁgh
B* — DK* magnet up (0.99 +0.03) x 107*
B* — DK magnet down (1.02 £ 0.03) x 1073
B* — Dn* magnet up (1.00 £ 0.03) x 103
B* — Dn* magnet down (1.08 £0.03) x 1073

Table 4.4: The combined reconstruction and selection efficiencies for the signal
MC samples.



A measurement of the ratio of branching fractions Br(B* — DK¥) /
Br(B* — D7*) using 2010 data 135

The PID performance was not well-described in the MC10 simulation and so a data-
based calibration technique [121] was used to find the efficiencies of the PID selection
requirements on the bachelor tracks. Large, high purity calibration samples of pions
and kaons from prompt D*(2010)" — D(Kr)n® decays were available, reconstructed
and selected from 2010 data without the use of PID information. The samples covered
a wide range of track momentum, pseudo-rapidity and number of tracks per event; it is
expected that the performance of the PID should principally depend on these variables.
In order to emulate the PID performance for the signal decay bachelor tracks in data,
the calibration samples were weighted according to the kinematic distributions of the
bachelor tracks from selected B* — D(Knr*7~)h candidates in the signal MC, using a
binning scheme of 18 X 4 x 4 bins in momentum, pseudo-rapidity and number of tracks,
respectively. MC was used to provide the kinematic distributions because there were
too few BT — DA candidates from 2010 data to provide sufficient statistics in each bin

of the weighting scheme.

If the kinematic variables used in the weighting perfectly describe the PID perfor-
mance, the ALL(K — ) distributions of the weighted calibration sample should match
that of the signal. The method was verified using calibration samples obtained from
MC10 D* decays, weighted in the same way as the 2010 data calibration samples. The
unweighted and weighted MC calibration and signal distributions for positively charged
pions and kaons are shown in Figure 4.9, with the signal samples taken from the bachelor
tracks of selected BT — D(K%rT7n~)h*™ candidates in magnet up signal MC. It can be
seen that the agreement between the weighted (red) and signal (blue) distributions is

good.

The efficiencies of the bachelor PID requirements found from the weighted data
calibration sample are shown in Table 4.5, where the quoted errors are statistical. The
kaon ALL(K — 7) > 0.0 criterion efficiency was found by applying this criterion to the
calibration kaon sample after it had been weighted according to the kinematics of the MC
signal B¥ — DK® bachelor. The pion ALL(K—7) < 0.0 criterion efficiency was found by
applying this criterion to the calibration pion sample after it had been weighted according
to the kinematics of the MC signal B¥ — D bachelor. The available data calibration
sample was a mixture of magnet up and down events containing both positively and
negatively charged pion and kaon tracks. The weighting was performed with magnet up
signal MC samples, as in MC the decay kinematics should be independent of the magnet
polarity. It was found that the resulting PID efficiency values were consistent between

the positively and negatively charged track cases. The efficiencies shown in the table
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Figure 4.9: The verification of the PID weighting technique with MC. The un-
weighted calibration samples are shown in black, the weighted calibration sam-
ples in red and the signal samples in blue; Figure 4.9(a) shows the distributions
for 7 and Figure 4.9(b) shows the distributions for K.
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and used in further calculations are those for K*/n weighted by magnet up signal MC,
ecplIh L = 0.9222 + 0.0008
and

el . = 0.870 + 0.001.

MC weighting sample ésBei’]_D,{ﬁ

B* — DK* bachelor, magnet up, kaon ALL(K — 7) > 0.0 | 0.9222 4 0.0008
B* — Dn* bachelor, magnet up, pion ALL(K —7) < 0.0 | 0.870 4 0.001

Table 4.5: The PID requirement efficiencies for the weighted data calibration
samples.

4.5 Evaluation of the ratio of branching fractions

The ratio of branching fractions was calculated, according to Equation 4.12. The yield
ratio from the mass fit (R = 0.13%507), the correction factors for B — D(wr7n)h
decays (Fpx = 0.26 and Fp, = 0.25) and the efficiencies from Section 4.4 were used to

give the result

+ + acceptance
BI'(B — DK ) _ R (1 + FDﬂ-) <€Bi—>D7ri >
+ +\ ' " 7 acceptance
BI‘(B — D ) (1+FDK) <€Bi~>DKi>
<€reco Etrigger Estripping esel,kin > €sel,PID
Bf—Dr*t "B+ Drt "Bt Drt "B+ —Drt BfDnt
) <€reco etrigger Estripping sel,kin > ) Esel,PID
Bf—-DK*"Bf -DK* "Bf-DK*"B*-DK=* B+ DK=
_ +0.06
= 0.12+006 (4.18)

where the errors are statistical only, coming from the errors on R.

4.6 Systematic uncertainties

The measurement of the ratio of branching fractions for the two channels is advantageous

as many systematic effects cancel due to their similar topologies. Certain systematic
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errors on the ratio still need to be taken into account, however, including those related

to:

1. the measurement of the accumulated integrated luminosity of data (10% uncer-

tainty on the measurements);

2. the limited MC statistics for calculating the acceptance efficiencies (generator fac-
tor);

3. the limited MC statistics for calculating the reconstruction and selection efficien-

cies;
4. the limited data statistics for calculating the PID efficiencies;

5. the estimate of the relative levels of Category 6 B* — D(wrmm)h background

(limited MC statistics and global average branching fractions from reference [18]);
6. the use of a single trigger setting to estimate all trigger efficiencies;
7. the PID weighting technique; and

8. the PDF parameterisation used in the mass fit.

In order to evaluate the systematic errors 1 — 6 listed above, a toy MC study was
performed. This was necessary as various luminosity-weighted average efficiencies were

14+ Fpr) €pt_pr=t
used to find the ratio ) B

: of Equation 4.12, leading to correlated errors
(14 Fpk) e€B+—pk+
between the different components. For each of the independently evaluated components

under consideration, a Gaussian distribution with mean equal to the central value and
(14 Fpx) e€pt_prt

o equal to the error was randomly sampled. The ratio , expressed

(1+ Fpk) €es+_pk=
in terms of the independent components, was then calculated from the sampled values.

This was repeated 1M times in order to create a distribution for the ratio; the distribution
was fitted with a Gaussian PDF and the fitted value of the Gaussian o was taken to be

the error on the ratio.

Each of the systematic uncertainties will now be discussed in order.
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4.6.1 Systematic error from integrated luminosity measure-

ments and statistical errors

14 Fpr) €pt_prt
The error on the ratio ( ) B

0+ For) . from Equation 4.12, due to the uncertain-
DK) €B+—DK=*

ties on the integrated luminosity measurements and the statistical errors on acceptance,
reconstruction, trigger, stripping, kinematic selection and PID efficiencies, was found.
Gaussian distributions for each of these components were simultaneously randomly sam-
pled with the global average branching fractions fixed. The resulting ratio distribution

can be seen in Figure 4.10; the error is 0.02 and the fractional error on the ratio is 0.03.

@ [ T T T T T T T
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E B normalisation 9612+ 11.8
‘qc: 8000 N mean 0.9478 + 0.0000
; i o 0.02487 + 0.00002
o)
£ 6000— —
>
2 — |
4000— —
2000 —
O 1 1 L 1 1
0.8 0.9 1

1.
Ratio

14+ Fpr) €B+—Dx
Figure 4.10: The toy MC distribution for the ratio ( br)  BEoDbrt ac-

(14 Fpk) €p+_pk+
counting for luminosity and statistical errors. The black histogram is the toy

MC distribution and the blue Gaussian is fitted to this distribution.
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4.6.2 Systematic error from global average branching fraction

errors

1+ Fpr) €pt—pgt
The error on the ratio ( )

. from Equation 4.12, due to errors from the
(1+ Fpk) ep+_pk+
global average branching fractions, was found. Gaussian distributions for the branching

fraction values were randomly sampled and the integrated luminosity measurements and
the efficiencies were all fixed. The resulting ratio distribution can be seen in Figure 4.11;

the error is 0.0004 and the fractional error on the ratio is also 0.0004.

— T T T T T T T T T T T T
§ B Entries 1000000
S
10000 normalisation 1.071e+04 + 1.309e+01
> n
o
= B mean 0.9474 + 0.0000
= n
()]
s 8000 __ (¢ 0.0003698 + 0.0000003
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. .. . . (1 + FDTI') €EB+Dr*
Figure 4.11: The toy MC distribution for the ratio . ,
(1+ Fpk) e€p+_pk=+
counting for errors on the global average branching fractions. The black his-
togram is the toy MC distribution and the blue Gaussian is fitted to this distri-

bution.

ac-

4.6.3 Systematic error from estimation of the trigger efficiency

As described in Section 4.4, one trigger setting (0z002e002a) was used to evaluate the

overall efficiency of the trigger from MC. The data used in this analysis, however, were



A measurement of the ratio of branching fractions Br(B* — DK¥) /
Br(B* — D7*) using 2010 data 141

taken with many different settings. By definition, events passing in the category TIS will
have a ratio of efficiencies egigi Dt egigiegKi which will not be affected by the changes in
trigger setting. TOS events are affected, however, with the potential source of differences
in the ratio due to the various 2010 settings being dominated by differences in the L0
Hadron trigger transverse energy threshold. This is because the decays B* — D™
and B* — DK® should be kinematically and topologically very similar, but there are
expected to be small differences in the momentum spectra of the bachelor hadrons in
the two cases.

s 5 AT
reco 6trigger stripping _sel,kin
B+ —DK* B+ DK+ B+ DK+ B+ DK+
ing the pr requirement, equivalent to the nominal level of the LO Hadron threshold, for

Table 4.6 shows the effect on the ratio

of chang-

three of the 2010 trigger settings. Approximately 10% of the reconstructed and selected
B* — Dr* candidates were from data recorded with the setting 0z001e0030 and a
similar proportion were from events with setting 0z0019001f. The considered settings
were chosen as they were indicative of the variations in LO Hadron threshold affecting
the majority of reconstructed and selected B* candidates. Magnet up and down MC
signal B — D(K%r™7~)h candidates were studied in order to evaluate the combined
efficiencies for each setting, with the requirement that the candidates had passed all
of the selection steps. The trigger selection requirement of Equation 4.6 was, however,

changed to

((Track pr > threshold value) OR (LO Global TIS)) AND
((HLT1 1Track TOS) OR (HLT1 Global TIS)) AND

((HLT2 Topological 2-body TOS) OR (HLT?2 Topological 3-body TOS) OR (HLT2 Global TIS))
(4.19)

so that the LO Hadron TOS decision was replaced with a requirement that at least one
of the pion or kaon final state tracks from the B* candidate had pr greater than a given
threshold value. The ratio of integrated luminosity weighted average efficiencies was

then found, as detailed in Section 4.4.

It has also been shown [174] that the LO Hadron trigger was not well-calibrated
in 2010; the transverse energy measured at LO in the calorimeters was approximately
14% smaller than the energy measured in the tracking system. A nominal L0 Hadron
threshold therefore corresponded to an actual higher threshold being applied to the
tracks, for example a nominal Etr > 3.6 GeV threshold in the trigger (0z002e¢002a)
meant a real Bt threshold of 4.2 GeV. Table 4.6 also shows the effect of these increases
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in threshold. It can be seen that in all cases the change in the ratio from the value

obtained using the trigger setting 0x002e002a is < 2%.

T T e
ET threshold trigger stripping sel,kin

€Bto.DK* " €B*DK: " €B*_DK* ' €BE_DKE
Er > 3.6 GeV (nominal, 02002¢002a) 1.0223
Er > 4.2 GeV (corrected, 0x002¢002a) 1.0184
Er > 2.6 GeV (nominal, 0x001e0050) 1.0339
Er > 3.06 GeV (corrected, 0x001e0030) 1.0336
Er > 2.26 GeV (nominal, 0x0019001f) 1.0372
Er > 2.65 GeV (corrected, 0x0019001f) 1.0336
Full trigger 0x002e002a (for reference) 1.0350

Table 4.6: The effect of different L0 Hadron transverse energy thresholds on the
combined reconstruction and selection efficiency ratio for the signal MC samples.

To estimate the uncertainty due to the use of a single trigger setting, the ratio
(1+ Fpr) €pt_pat

(14 Fpk) JE—

was expressed with the efficiency ratio

reco . trigger . stripping _sel,kin
€Bt Dyt " EBE LDgt " EBEDnt "Bt Dt .
represented as a single number rather than the

reco trigger stripping sel,kin
€ptpK: B LDKE " €B: DK+ " €Bt_DK*
combination of its component values. The toy MC method was then used, with a
Gaussian distribution randomly sampled for the efficiency ratio only and all other mea-
surements fixed. The Gaussian mean was set to be equal to the value obtained using
trigger 0x002e002a (last entry in Table 4.6) and the o (0.017) to be the largest differ-

ence between the emulated values shown in Table 4.6 and the 0z002¢002a value. The
(1 —|— FDﬂ') EBEDr*

(1+ Fpx) €t _pK+
Figure 4.12; the error is 0.02 and the fractional error on the ratio is 0.02.

resulting distribution for the ratio from Equation 4.12 is shown in

4.6.4 Systematic error from the determination of the PID ef-

ficiency

The statistical errors from the data samples used in the PID weighting technique were
included in the toy MC error estimation described in Section 4.6.1. A further systematic

uncertainty due to the PID weighting technique was estimated. A value for each of the
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counting for the error from estimation of the trigger efficiency.
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PID requirement efficiencies was found from the unweighted data D* decay calibration
samples. The difference between the efficiency from the unweighted data and the effi-
ciency from the weighted data was taken as a conservative estimate of the error on the
efficiency from the weighted data. As the error was only estimated on one side of the
weighted efficiency values, a half-normal distribution was assumed. The full error for
each of the efficiencies was the o of this distribution, equal to / (1 — %) - Ae, where Ae
is the difference between the weighted and unweighted efficiency values®. Combining
these full errors in quadrature gave a fractional error on the original efficiency ratio of

G

) =0.03. (4.20)
<sel7PID sel,PID )

B+—Drt/ B+ DK+

4.6.5 Systematic error from the mass fit PDF parameterisation

There were several possible sources of systematic error coming from the mass fit used to

extract the yield ratio R, which is described in Section 4.3.

Signal Crystal Ball lineshape in B* — Dr* fit

In the nominal fit, a Gaussian and a Crystal Ball PDF were used to describe the shape
of the signal B¥ — Dn® mass peak, with the yield of candidates in the Crystal Ball
fixed to be a certain proportion of the yield of candidates in the Gaussian. In order to

conservatively estimate a systematic error due to this, the Crystal Ball component was

aIf z is a normally distributed variable with standard deviation o, the half-normal distribution for

y = |x| is
- ()

so that

Variance =< y? > — < y >?

(3)
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removed completely. This led to a fractional error on the original yield ratio of

o(R)

Low-mass Gaussian description in B* — Dz fit

In the nominal fit, two Gaussian PDFs were used to describe the shape of the B¥ — Dr*
partially reconstructed background mass distribution in the region 5000 to 5150 MeV/c2.
If the two Gaussians were replaced with one, broader Gaussian, the yield ratio changed,

giving a fractional error on the original yield ratio of

@—0009 (4.22)
7= 0.009. .

Exponential PDFs (combinatoric and low-mass backgrounds) in B* — Dr®
and B* — DK*® fits

In both the B* — Dzt and B* — DK®* nominal fits, the combinatoric background
and part of the low-mass background were described using exponential PDFs. Changing
these to linear PDFs [175] in both cases, with the PDFs constrained to have the same
gradient in both B* — Dz* and B* — DK%, gave a fractional error on the original

yield ratio of

o(R)
— =002, (4.23)

Cross-feed in BT — Dzt and BT — DK™ fits

Double Crystal Ball PDFs were used in both nominal fits to describe the cross-feed
distributions; uncertainties from the cross-feed yields and the fixed cross-feed lineshapes

were estimated.

In the B¥ — D#™ case the fitted cross-feed yield was less than one candidate, but
in the B¥ — DK* case the fitted yield was 8% candidates. An estimate was made
of the efficiency of selecting B* — D(Kr* 7™ )r* as BY — D(K¥r 7™ )K* and vice
versa, using each selection (including PID criteria) to find candidates from the magnet

up and down MC10 signal samples of the other decay; estimates were also made of the
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signal efficiencies using the B* — D(K%rT7")n* and B* — D(K%rT7")K* selections
(including PID criteria) on their respective MC samples. The efficiencies were then
used to calculate expected yields in 36.5 pb~! of data, using a bb cross-section of 284
nb [102]. The expected yields and the corresponding yields from the fit to 2010 data are
shown in Table 4.7. Tt should be noted that the fitted yields contain contamination from
B* — D(wrmm)h decays at a level of approximately 20%. It can be seen that the fitted
signal B — D(Kin*n~)7® yield was therefore approximately 55% of the expected yield;
it was assumed that the B¥ — Dn™* yield was the best known of the four fitted yields.
An attempt was made to quantify the cross-feed yield error by forcing a decrease and
increase in the cross-feed yields. In the B¥ — DK™ fit the cross-feed yield was changed
by +£90% and rounding to the nearest integer; at the same time the cross-feed yield in
the B¥ — Dr™ fit was changed by £90% and rounded to one significant figure. The
cross-feed yields were thereforce initially forced to be 0.02 in the B* — D#* fit and 1
in the B — DK* fit; the fit was then repeated with the cross-feed yields set as 0.4 and
15, respectively. The change in yield ratio from both fits gave the same fractional error

on the yield ratio of

o(R)
& = 0.2. (4.24)
Category Expected Fitted | Approximate fitted
B* — D(K3r7)h | BE = Dh | B* — D(K%rm)h
yield yield yield
B* — DK® signal 9.6+ 0.4 1178 9
B* — DK% cross-feed 10+£1 8*8 6
(really D)
B* — Dr¥ signal 12245 85112 68
B* — Dr* cross-feed 0.39 +0.07 0.2+6.7 0.16
(really DK¥)

Table 4.7: The signal and cross-feed expected 36.5 pb™' and fitted yields.
Errors on the expected yields are statistical only.

In the fit, the cross-feed double Crystal Ball lineshape parameters were fixed, with all
of the parameters except the means fixed to values obtained from fits to MC. The means

were shifted with respect to the MC fitted values. In order to estimate a systematic
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uncertainty due to this fixing, the os of both double Crystal Balls were increased. The
Gaussian o from the signal fit to B — D7r® MC is (16.5 4+ 0.3) MeV/c?%; the value from
the fit to data is (18 +2) MeV/c? (Table 4.2). The os of the cross-feed double Crystal
Ball functions were therefore both increased by 9% to find the uncertainty due to the
fixing of the cross-feed shape, giving a change in the fitted yield ratio and a fractional

error on the original yield ratio of

o(R)

——=0.04. 4.25
- (425)

4.6.6 Total systematic uncertainty

The contributing uncertainties, estimated as detailed above, are summarised in Table 4.8.

Each of the quoted values in the table is a fractional error on the ratio of interest; for

o
example the mass fit uncertainties are of the form ———. The values were combined in
quadrature to obtain the overall fractional error. The systematic uncertainty of £0.03
on the central value of the ratio of branching fractions was obtained by multiplying the

central value by the overall fractional error.

Source of uncertainty o(ratio) /ratio

Toy MC: integrated luminosity, efficiency statistical errors 0.03

Toy MC: global average branching fractions 0.0004

Use of single trigger setting 0.02

PID weighting, systematic 0.03

Mass fit signal Crystal Ball PDF (B* — Dr¥) 0.06

Mass fit low-mass background Gaussian PDFs (B* — Dr) 0.009
Mass fit exponential PDFs (B* — Dn* and B* — DK¥) 0.02
Mass fit cross-feed yields (B* — Dn* and B* — DK®) 0.2
Mass fit cross-feed os (B* — Dnt and B* — DK®) 0.04
Total fractional error = \/ S (o(ratio) /ratio)” 0.2

Table 4.8: A summary of the systematic errors.
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4.7 Summary

The ratio of branching fractions Br(B* — DK*) / Br(B* — D7) has been determined
using B* — D(K%r 77 )K* and B* — D(K8r 7~ )n* decays in approximately 36.5 pb™!
of \/s =7 TeV data collected in 2010 at LHCb. The resulting value,

Br(B* — DK®)

=0.121096 4 ¢, 4.2
Br(B* — Dr¥) 0122005 £ 0.03, (4.26)

is consistent with previous measurements of the ratio using two and four-body charged
track D decays and provides a useful cross-check of the first candidates reconstructed
from data recorded by LHCDb.



Chapter 5

A measurement of the ratio of
branching fractions Br(B* — DK*) /

Br(B* — Dr%) using 2011 data

This chapter describes a measurement of the ratio of branching fractions Br(B* — DK®)
/ Br(B* — Dn*) using (34249) pb™" of \/s = 7 TeV data collected at LHCb in 2011 and
the decays B — D(K%r ™77 )K* and B* — D(K2rtm~)n*. The larger data set allows
a more statistically accurate evaluation of the ratio than that described in Chapter 4.
The expression used to find the ratio of branching fractions is identical to that given
in Equation 4.2. Section 5.1 describes the candidate selection and Section 5.2 details
the mass fit to data. This mass fit includes a more detailed description of the low-
mass background contributions than the fit used in Chapter 4. Section 5.3 details the
evaluation of the efficiencies needed to calculate the branching fraction ratio, with the
efficiencies being found for three trigger settings which accounted for approximately 95%
of the data events containing selected candidates. Section 5.4 contains the evaluation of
the ratio of branching fractions, Section 5.5 summarises the systematic uncertainties on

the ratio measurement and the final result is given in Section 5.6.

5.1 Decay selection criteria

In the first half of 2011, data corresponding to an integrated luminosity of (143+5) pb~!
were recorded in the dipole magnet up field configuration and (199 £ 7) pb™! were

149
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recorded in the magnet down configuration at LHCb. The data were again processed
as detailed in Chapter 2. The selection criteria shown in Table 5.1 were applied at the
central stripping stage and the selected B* — D(K%r "7~ )K* and B* — D(K3r 7 )7
LL and DD candidates were saved to the centrally stored DSTs. The stripping criteria
were slightly different to those used in 2010 data-taking, with the majority of the criteria
changed to be equal to those of the optimised selection detailed in Chapter 3. The mass
windows remained larger than the optimised selection and additional requirements on
track momentum and track fit quality (track x?/d.o.f.) were applied in the same way as
for the 2010 data set. The 2010 requirement of fewer than 240 reconstructed tracks per
event was replaced by a requirement of fewer than 180 long type tracks per event. The
stripping criteria were changed with respect to those described in Chapter 4 in order to
meet LHCb-wide constraints on the number of fully reconstructed events in the stored

data sets.
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Further selection criteria were applied to the candidates using DaVinci; the overall
selection criteria were almost identical to the optimised selections shown in Tables 3.5
and 3.6. In summary, the differences to the optimised criteria were similar to those
described in Section 4.2:

e an additional requirement of fewer than 180 long tracks per event;
e a momentum requirement of p > 2.0 GeV/c applied to all pions and kaons;

e requirements of track x?/d.o.f. < 5.0 on long tracks and track x?/d.o.f. < 10.0 on

downstream tracks;

e the PID requirements on the bachelor pion and kaon were replaced with ALL(K —
7) < 0.0 and ALL(K —7) > 0.0, respectively. No ALL(K — p) requirements were

made; and

e B* candidates were reconstructed in a mass window £500 MeV/c? around the

global average value [18].

The detector description and conditions used to filter the B* candidates were identical

to those used to initially process the data.

Candidates were again required to pass the combined logical trigger decision criteria

((LO Hadron TOS) OR (LO Global TIS)) AND
((HLT1 1Track TOS) OR (HLT1 Global TIS)) AND

((HLT2 Topological 2-body TOS) OR (HLT2 Topological 3-body TOS) OR (HLT2 Global TIS)) .
(5.1)

In an identical manner to the analysis described in Chapter 4, if multiple B* candidates
were reconstructed and selected in a single event, the candidate with the largest value
of B* flight distance x? from the PV was retained and the other candidates discarded.

The resulting B — D(K377~)h candidate mass distributions, combining ~ 143 pb~!
magnet up and ~ 199 pb~! magnet down data, are shown in Figure 5.1. All candidates
in these distributions pass the full selection, including the combined trigger and strip-
ping selections as detailed above. In all distributions, signal mass peaks can be seen
around the global average B* mass, meaning that it was possible to use both LL and

DD candidates to find the ratio of branching fractions.
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The B* — D(K%r™7~)h candidate mass distributions from

342 pb~! of 2011 data. Figure 5.1(a) shows the B*¥ — Dz* LL distribution, Fig-
ure 5.1(b) the B* — D#® DD distribution, Figure 5.1(c) shows the B* — DK*
LL distribution and Figure 5.1(d) the B* — DK* DD distribution.
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5.2 Mass fit

The B* — Dzt and B* — DK® mass distributions were fitted simultaneously with
an extended unbinned likelihood fit, using RooFit, to evaluate the ratio of yields of
Equation 4.2, Nglle]éKi/N]‘;ifT]gwi, and the yield of B* — Dn* candidates. The pair of
LL B* — D7* and B* — DK® mass distributions (Figures 5.1(a) and 5.1(c)) was fitted
separately to the DD pair (Figures 5.1(b) and 5.1(d)), as different candidate selection
criteria were used in the LL and DD cases. The data set was not separated into magnet

up and down subsets.

5.2.1 Signal and background fits to Monte-Carlo

MC10 simulated event samples were again used to determine the individual RooF'it
PDFs to be used in the full data mass fits, with MC truth information used to separate
candidates into the different possible background categories described in Section 4.3.1.
It was possible to use the MC10 samples as the data-taking conditions and detector were
similar at the end of 2010 and beginning of 2011. Candidates were selected in the same
way as for data; the only exception was the application of trigger decisions, as the trig-
ger setting used to flag the MC10 samples in production (0z002e002a) was taken from
2010. The data under consideration were recorded with several trigger settings in place,
however three very similar settings (0x005a0032, 000640032 and 0x00730035) domi-
nated, accounting for approximately 95% of the events containing selected candidates.
The LHCD trigger software Moore was therefore run three times on reduced samples of
B* — D(K2rtr)nt and B* — D(Krtn~)K* MC10 signal DSTs, consisting only of
events containing selected signal candidates; the saved 0zx002e¢002a trigger information
was replaced with the information from each of the three settings of 2011. The new
saved flagging information was extracted when the candidates were reconstructed with
DaVinci and was then used to apply the trigger criteria of Equation 5.1 in the signal
and Category 3 cases. For the other background categories, the 0x002e002a information
was sufficient to extract the PDF's; this is discussed in detail below for the relevant

categories.

The data were not split into magnet up and down contributions in the fit, therefore for
signal and background studies the candidates from MC magnet up and down samples
were summed to give the final distributions. In the sum, individual candidates were

weighted according to the proportions of the total integrated luminosity recorded in the
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magnet up and down configurations.

In order to find appropriate PDF's for the signal mass distributions, B* — D(K%r 7 )7+
and B* — D(K3r*7~)K* candidates were reconstructed and selected, using the full se-
lection including trigger and stripping, from the respective B* — D(Kir*7~)h MC10
signal samples with 2011 trigger information. The candidate mass distributions were
each fitted with a sum of a Gaussian and a Crystal Ball PDF with a low-mass tail. The
Crystal Ball and Gaussian were forced to have the same mean in the fits. The resulting
distributions for trigger setting 0x00730035 are shown in Figures 5.2 and 5.3; the fits in

all three trigger setting cases are identical within errors.

As for the 2010 data analysis, very few Category 1 (combinatoric) and no Category
3 (Dh-random) B* — D(K%r™77)h candidates were selected from the large b — DX
“cocktail” MC10 sample. It was also attempted to estimate the level of Category 3
background using the signal B* — D(K%r ™77 )K* and B* — D(Kinr*7n~)7* samples
with 2011 trigger decisions; either one or no candidates were selected in total from these
samples in each case. To calculate upper limits on the yields for an integrated luminosity
of 342 pb™!, a bb cross-section of 284 pb [102] was used, and Poisson statistics were
assumed. This corresponds to < 3.89 or < 2.30 candidates being selected from each

sample respectively at 90% confidence level [18]. Then

Yield = 2 x N -f(b — D) -Br(D — Kdr 7)) - Br(KS — 7777) - €41
(5.2)

where €, is the efficiency of selecting a true D — K377~ decay and combining it with
a random track to give a candidate passing the full selection. This calculation gave
total (magnet up plus magnet down) upper limits of < 560, < 730, < 720 and < 800
candidates in the 500 MeV/c? B* mass window in the LL B* — Dr*, LL B* — DK%,
DD B* — Dn* and DD B* — DK® cases respectively. These limits were constrained

by the sizes of the MC samples.

The Category 2 (cross-feed) background PDFs were found by selecting B* — D(K%r )7t
candidates from B* — D(K&rT7~)K* signal MC10 events, and vice versa, with the
kinematic, stripping and 0z002e¢002a LO and HLT1 trigger criteria applied. The HLT2
trigger criteria from 0z002e002a were not imposed. The 2011 trigger settings used in
data-taking had very similar L0 Hadron and HLT1 1Track trigger thresholds to the
0x002e002a setting, so requiring the LO and HLT'1 criteria with this setting gave a good
representation of the effect of the 2011 L0 and HLT1 trigger settings on the B* candidate
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Figure 5.2: The signal LL B*¥ — D(Knr"7~)h candidate mass distributions
from MC, with trigger setting 0z00730035. Figure 5.2(a) shows the LL B* —
Dn* signal distribution and Figure 5.2(b) shows the LL B¥ — DK% signal
distribution. Figures 5.2(c) and 5.2(d) show the same B* — Dzn* and B* —
DK® distributions on log scales, respectively. The total PDF (blue) is the sum
of a Gaussian component (green) and Crystal Ball PDF (red).
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from MC, with trigger setting 0z00730035. Figure 5.3(a) shows the DD B* —
D7t signal distribution and Figure 5.3(b) shows the DD B* — DK% signal
distribution. Figures 5.3(c) and 5.3(d) show the same B* — Dzn* and B* —
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mass distributions. The HLT?2 Topological trigger was altered to use a Boosted Decision
Tree (BDT) method in 2011, however, rather than the cut-based method of 2010; both
versions of the Topological trigger were similar in exploiting the typical topology of B
decays, but it was not possible to assume that applying the HLT2 selection criteria with
the 0x002e002a setting would give an accurate representation of the effects of the 2011
HLT2 trigger. The mass distributions of the B¥ — Dz* and B* — DK% candidates
in Category 2 can be seen in Figures 5.4 and 5.5, with either LO, HLT1 and HLT2
(cut-based) trigger criteria or only L0 and HLT1 criteria applied to the candidates; a
double Crystal Ball PDF was used to fit these distributions. It was verified that the
additional application of 0z002¢002a HLT2 criteria did not change the PDF fitted pa-
rameters within errors. As the selection ethos of the 2011 BDT Topological trigger was
the same as that of the 2010 cut-based Topological trigger, it was assumed that the
same would be true for the 2011 BDT Topological trigger, and so application of the
0x002e002a 1O and HLT1 trigger criteria was sufficient to well-constrain the PDFs for
the fits to the 2011 data mass distributions.

In order to better determine the low-mass background contributions (Categories 4
and 5), the reconstructed B* — D(K%r7~)h candidates passing the full selection from
the b — DX “cocktail” MC sample were studied in further detail to ascertain the exact
nature of the decays involved. Large MC10 samples of the predominant background
decays were produced and are detailed in Table 5.2; the charge conjugate decays of
those given in the first column are included in each of the samples. All of the identified
backgrounds contain a D — Kir 7~ decay, which was generated in MC according to
phase space, without a decay amplitude model applied. The samples were all flagged in

production with trigger setting 0x002e¢002a information.



A measurement of the ratio of branching fractions Br(B* — DK¥) /

+ + :

Br(B* — D7™) using 2011 data 159
& aafT T T = o ET J
2 E E L 35— -
E 22— = E C ]
R 200 - ] 30 -
s Tk 3 s r ]
e 18 = ] C 1
- c = = 25— —
o 18 — 2 C ]
§ 14 = € Lof ]
o C E 2 20— =

120 = C ]
10 - 15— =
8- = F ]

E E 10— 4

6— = C |
4 = sE =
2 = E 3

D: J Ll ey T | . il |
4800 5000 5200 B mad i Wrevic 4800 5000 5200 B mad Wrevics)

(a) (b)

o F T T 3 FnlP = 3
o 70— — o 80— =
3 C ] > C |
= T 3 = 80 —
g e 3 g F ]
I r ] < 70— —
o~ |- — o~ E -
= 50— - = _E B
> ] 5 60 —
T r B c F 3
3 40 = [l E
a0l E w0 3

F ] 30~ =
20— | o 3

£ ] 20— —
10— - 10E E

L | e L 1§ J J E | ™ L g =
4800 5000 5200 5400 B 3822 (movic?) 4800 5000 5200 5400 B 3892 mevic?)

(c) (d)

Figure 5.4: The background Category 2 (cross-feed) B — D(Kirt7~)h LL
candidate mass distributions from MC, with and without application of HLT2
cut-based criteria. Figure 5.4(a) shows the LL B*¥ — Dz distribution with
HLT?2 criteria applied, Figure 5.4(b) shows the LL B* — Dr* distribution with-
out HLT2 criteria applied; Figure 5.4(c) shows the LL B* — DK% distribution
with HLT?2 criteria applied and Figure 5.4(d) shows the LL B* — DK% distri-
bution without HLT?2 criteria applied.
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Figure 5.5: The background Category 2 (cross-feed) B* — D(K3r*tw~)h DD
candidate mass distributions from MC, with and without application of HLT2
cut-based criteria. Figure 5.5(a) shows the DD B* — Dz* distribution with
HLT?2 criteria applied, Figure 5.5(b) shows the DD B* — Dx* distribution
without HLT2 criteria applied; Figure 5.5(c) shows the DD B* — DK* distri-
bution with HLT?2 criteria applied and Figure 5.5(d) shows the DD B* — DK*
distribution without HLT?2 criteria applied.
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B* — D(K%rT7 )7 and B* — D(K¥rtn)K* candidates were reconstructed
and selected from these samples, using the kinematic and stripping selections plus the
0x002e002a 1.0 and HLT1 trigger criteria. The HLT2 trigger criteria from 0z002¢002a
were not imposed. In a similar manner to the Category 2 background case, it was verified
that the additional application of 0z002e002a HLT2 criteria to the selected candidates
did not change the parameters of the PDFs fitted to their mass distributions, within
errors. To perform the check, ARGUS [176]* and Gaussian PDFs were fitted to the
B* candidate mass distributions from the B} — D%°, B* — D"(2007)°(D%, %)z and
BY — D*(2010)" (D%~ )K* MC samples, with either 0z002e¢002a L0, HLT1 and HLT2
(cut-based) trigger criteria or only LO and HLT1 criteria applied to the B* candidates
selected with the kinematic and stripping selections. Figures 5.6, 5.7, 5.8 and 5.9 show
the mass distributions and fits concerned. It was verified that the fits were unchanged
within errors for the two cases; for the D* samples, the fitted PDF parameters of the
distributions with and without HLT2 were all within one error in all cases. For the
BY — D% sample, the PDFs were less well-defined because of low statistics, with the
ARGUS PDF high-mass cut-off mqy being particularly affected; all of the parameters
except the upper mass cut-off in the DD case were within twice the errors. The DD
cut-off was within three times the errors. Therefore, application of the HLT2 cut-based
Topological trigger criteria did not change the mass distributions significantly. It was
assumed that the same would be true for the 2011 BDT Topological trigger, and so ap-
plication of the 0x002e002a L0 and HLT1 trigger criteria was sufficient to well-constrain
the PDFs fitted to the mass distributions. Using the 0x002e002a setting information
meant that it was not possible to estimate the full 2011 selection efficiencies for these
samples to high accuracy. It was found that the 0x002e002a cut-based Topological
trigger had similar efficiencies (~ 65 — 70% ) on LOXHLT1 selected candidates from all
of these decay modes, and in the full data fit (Section 5.2.2) the relative yields of the

different components were not fixed.

2The ARGUS PDF is
ARGUS (M;mq,c,p) = M (1 - (M/m0)2)pexp(c (1—(M/mo)?)) , (5.3)

where M is the mass, mg is the high-mass cut-off and ¢ and p are slope parameters.
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Figure 5.6: The B* — D(K%r*7)n* LL candidates from B} — D% and
Bt — D'(2007)(D%, 7%)x " MC samples, with and without application of HLT2
cut-based criteria. Figure 5.6(a) shows candidates from B — D%° with HLT2
criteria, Figure 5.6(b) shows candidates from BY — D°%° without HLT2; both
distributions are fitted with an ARGUS PDF. Figure 5.6(c) shows candidates
from B* — D' (2007)° (D%, 7%)x* with HLT2 criteria and Figure 5.6(d) shows
candidates from B+ — D" (2007)°(D%, 7%)x* without HLT2; both distributions
are fitted with a sum of four Gaussian PDF's in two pairs.
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Figure 5.7: The B* — D(K%rt7~)r* DD candidates from B} — D%?" and
B* — D'(2007)(D%, 7%)x " MC samples, with and without application of HLT2
cut-based criteria. Figure 5.7(a) shows candidates from B — D% with HLT2
criteria, Figure 5.7(b) shows candidates from BY — D%° without HLT2; both
distributions are fitted with an ARGUS PDF. Figure 5.7(c) shows candidates
from B* — D' (2007)°(D%, 7%)x* with HLT2 criteria and Figure 5.7(d) shows
candidates from B+ — D" (2007)°(D%, 7%)x* without HLT2; both distributions
are fitted with a sum of four Gaussian PDFs in two pairs.
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ure 5.9(b) shows candidates without HLT2; both distributions are fitted with a
sum of four Gaussian PDFs in two pairs.
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The B* — D(K%r "7 ~)h candidates passing the selections without HLT?2 criteria from
all of the samples were weighted according to their expected yields in 143 pb~! of magnet
up data and 199 pb™! of magnet down data. Candidates from certain combinations of
samples with similar mass distributions were combined and fitted to well-constrain the
PDFs contributing to the overall low-mass distribution. For B¥* — D#* LL and DD

cases, the combinations considered were:

e D*h: candidates from B} — D*(2010)7(BO(KgﬁF,)W*)K*,
BY — D*(2010)_(EO(KgW+W,)7T_)7T+, Bt — 5*(2007)0(50(Kgﬂ+r)% 7%)K* and BT —
E*<2007)0(50(Kg7r+ﬂ—)% 7%)7 " samples; in this case, the D*7 contributions are dom-
inant with very little contribution from D*K. The PDF's used to fit the mass dis-
tributions were sums of four Gaussian PDF's in two pairs; in each pair, the means

of the two Gaussian were fixed to be the same. The resulting fits can be seen in
Figures 5.10(a) and 5.11(a);

e D*p: candidates from B} — D*(2010)_(50(Kgﬂ+ﬂ_)7r_)p+ and
Bt — ﬁ*(2007)0(BO(KgW+ﬂ,)7,7T0)p+ samples; here Gaussian PDFs with large
o values were used to fit the mass distributions, as shown in Figures 5.10(b)
and 5.11(b); and

e Dp: candidates from BY — D(KSrt77)p® and B* — DO(KSr*7m~)p* samples;
here ARGUS PDFs were used to fit the mass distributions, as shown in Fig-
ures 5.10(c) and 5.11(c).
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Figure 5.10: The components of the low-mass background BT —
D(K%r 7~ )n* LL candidate mass distributions from MC. Figure 5.10(a) shows
the distribution from D*h, Figure 5.10(b) shows the distribution from D*p and
Figure 5.10(c) shows the distribution from Dp. In the D*h case, the solid blue
line is the total summed PDF.
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D(K%r 7~ )n® DD candidate mass distributions from MC. Figure 5.11(a) shows
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Figure 5.11(c) shows the distribution from Dp. In the D*h case, the solid blue
line is the total summed PDF.



A measurement of the ratio of branching fractions Br(B* — DK¥) /
Br(B* — D7*) using 2011 data 169

For B* — DK™ LL and DD cases, the combinations considered were:

e D*K: candidates from BY — D*(2010)_(50(Kgﬂ+ﬂ_)7r_)K+ and
BT — ﬁ*(2007)0(50(Kgﬂ+w,)7, )K" samples; in this case, the PDFs used to fit
the mass distributions were sums of four Gaussian PDFs in two pairs; in each pair,

the means of the two Gaussian were fixed to be the same. The resulting fits can
be seen in Figures 5.12(a) and 5.13(a);

e D*m: candidates from By — D*(201O)_(50(Kgﬂ+ﬂ_)7r_)7r+ and
Bt — E*(2OO7)O(BO(KgW+W,)%7r0)7r+ samples; in this case, the D*7 contributions
have distorted mass distributions due to the mis-identification of 7 as K. The
PDFs used to fit the mass distributions were sums of two double Crystal Ball
PDF's and the resulting fits can be seen in Figures 5.12(b) and 5.13(b);

e D*p: candidates from B} — D*(2010)_(EO(Kgﬂ+ﬂ_)7r_)p+ and
Bt — ﬁ*(2007)0(50(ng+ﬂ,)7,7r0)p+ samples; here Gaussian PDFs with large
o values were used to fit the mass distributions, as shown in Figures 5.12(c)
and 5.13(c); and

e Dp: candidates from BY — D(KSr*77)p® and B* — DO(K3r*7~)p* samples;
here the sum of a Gaussian PDF and an exponential PDF were used to fit the
mass distributions, as shown in Figures 5.12(d) and 5.13(d).
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Figure 5.12: The components of the low-mass background B* —
D(K%r 7~ )K* LL candidate mass distributions from MC. Figure 5.12(a) shows
the distribution from D*K, Figure 5.12(b) shows the distribution from D*r,
Figure 5.12(c) shows the distribution from D*p and Figure 5.12(d) shows the
distribution from Dp. In the D*h and Dp cases, the solid blue lines are the total
summed PDFs.
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Figure 5.13: The components of the low-mass background BT —
D(K%rt7~)K* DD candidate mass distributions from MC. Figure 5.13(a) shows
the distribution from D*K, Figure 5.13(b) shows the distribution from D*r,
Figure 5.13(c) shows the distribution from D*p and Figure 5.13(d) shows the
distribution from Dp. In the D*h and Dp cases, the solid blue lines are the total
summed PDFs.
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Fits to the sum of all the candidates were then performed as a cross-check, with the
total PDFs a sum of the individual components listed above; the shapes and yields of

the individual components were fixed. These fits are shown in Figure 5.14.
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Figure 5.14: The total low-mass background B* — D(K%r"7)h candidate
mass distributions from MC. Figure 5.14(a) shows the LL B* — Dz* distribu-
tion, Figure 5.14(b) shows the LL B* — DK% distribution; Figure 5.14(c) shows
the DD B* — Dz distribution and Figure 5.14(d) shows the DD B* — DK*
distribution. In all cases, the solid blue lines are the total summed PDFs.
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The Category 6 (non-resonant) background was assumed to be indistinguishable from
the signal or cross-feed contributions in the data mass fits of LL B* candidates, as found
in the studies of Chapter 4. Therefore, the ratio of yields extracted from the fit must be

corrected for the background contribution in the LL case, so that

Br(B* — DK*) N3P/ (1+Fpr) eps prs

Bl"(B:l: — Dﬂ'i) ;Z:f:]iz]jt)ni ' (1 + FDK) ' €EBE_DK=* '

(5.4)

To estimate Fpx and Fp,, the B* — D(rrnm)h and B* — D(KrT77)h selection effi-
ciency values obtained from MC10 in Chapter 4 were used, but the luminosity weighting
was changed; the resulting values of Fipg and Fp, were found to be Fpr = 0.26 £+ 0.02

and Fp, = 0.2540.02, where the errors were estimated using toy MC (see Section 5.5).

It was confirmed using MC10 B* — D(w7mm)h samples that the Category 6 back-
ground was negligible for the DD case, as expected. The expression for the ratio of

branching fractions for DD candidates is therefore

Br(Bi — DKi) B Néligﬁ%Ki €R* Dyt

Br(B* — D7#) gfﬁ%ﬂi €B+_DK*

(5.5)

In both LL and DD cases, the efficiencies appearing in the branching fraction ratio
are the products

__ acceptance _reco _trigger _ stripping _sel,kin . sel,PID (5 6)
€B*—Drt = €pt_prt "Bt Dt €t prt  CBt Dyt CBtDrt  CBt_Drt :

and

___acceptance _reco trigger stripping sel,kin sel,PID 5.7
€B+—DK* = €p+_pg+ B+ DK* "€+ pK+ "t DK+ "B+ DK+ B DK* - (5.7)

5.2.2 Fit to 2011 data

In order to extract the ratio of numbers of signal candidates Ngfﬁ%Ki Ngfi%ﬂi from
the data, the mass distributions of the reconstructed B¥* — DK* and B* — Dn™* candi-
dates, each including both magnet up and down candidates, were fitted simultaneously.
The PDFs for the LL and DD candidate fits were chosen according to the results of
the MC signal and background fits described in the previous section. It was assumed

that an exponential PDF could be used for the combinatoric type Category 1 and 3
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backgrounds.

The same contributing components were used in both the LL and DD fits. The

overall fit expression, F, was therefore:

F =R NG NG R+ VB s g
+ NEE b s 8Bk P+ NBaT ks - 80K “ + Npe ks - 8DK
NBi—>DKi gDP+N + DK+ gDK Ngffg;?i g})(ss_feed
VB g NGRS g
+ NR e ggnhb+N L ppt gD NBiHD,ri'ggi
b NG g 59

where N tyfe " pp, is the number of candidates of each type of background or signal, g peC s
the PDF for each type and R is the ratio N“g f%Ki N9t Tn each of the LL and DD

Bt -Dnxt
fits, the sum over the number of candidates of each type is constrained to be equal to

the total number of LL or DD candidates in the data sample, > N22° = Niotel

—Dh B*—Dh*
type

The B* — DK* PDF components for the signal and each type of background were:

a Gaussian plus Crystal Ball PDF, g59/" for the signal (and Category 6 back-

ground in the LL case), with the same mean. The yield of candidates under the
Crystal Ball PDF compared to the yield under the signal Gaussian was fixed to
be the same as the proportion from the MC signal fit;

ETDP,

e an exponential PDF, g7 comb, for the combinatoric type backgrounds (Categories

1 and 3);

e for the D*K low-mass background (Category 4), sums of four Gaussian PDFs in

two pairs, gD Ka Db

and gp 7" 7; in each pair, the yield of candidates under the broader
Gaussian PDF compared to the yield under the narrower Gaussian PDF was fixed

to be the same as the proportion from the MC signal fit;

e for the D*r low-mass background (Category 4), sums of two double Crystal Ball
PDFs, gB,7 ¢ and gB,7 %

a Gaussian PDF, gDK, for the D*p low-mass background (Category 4);
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e a Gaussian plus exponential PDF, gg%, for the Dp low-mass background (Category
5), with the yield of candidates under the exponential PDF compared to the yield
under the Gaussian fixed to be the same as the proportion from the MC signal fit;

and

e a double Crystal Ball function, g5 /¢ for the cross-feed (B¥* — Dz mis-
identified as B — DK, Category 2).

The contributing B* — D7t PDF components were:

e a Gaussian plus Crystal Ball PDF, gfjifr’f " for the signal (and Category 6 back-
ground in the LL case), with the same mean. The yield of candidates under the
Crystal Ball PDF compared to the yield under the signal Gaussian was fixed to
be the same as the proportion from the MC signal fit;

e an exponential PDF, g7 for the combinatoric type backgrounds (Categories

1 and 3);

e for the D*h low-mass background (Category 4), sums of four Gaussian PDFs in
two pairs, g5 " ¢ and g5 " %; in each pair, the yield of candidates under the broader
Gaussian PDF compared to the yield under the narrower Gaussian PDF was fixed

to be the same as the proportion from the MC signal fit;
e a Gaussian PDF, gg;”, for the D*p low-mass background (Category 4);
e an ARGUS PDF, ggﬁ, for the Dp low-mass background (Category 5); and

e a double Crystal Ball function, g5~/  for the cross-feed (B* — DK* mis-

identified as B* — Dr*, Category 2).

It was assumed that the various Category 4 and 5 background PDFs used were
adequate in describing the low-mass regions of the distributions as each represents a
different number and type of particle missed in candidate reconstruction. A specific PDF
for background candidates from semi-leptonic decays, B — Dlv, was not included in the
fit. In the muonic case, this background has been found elsewhere [66] for B¥ — D(hh)h
decays to be non-peaking in the mass range considered in this analysis and well-fitted
with a Gaussian PDF tail in the low-mass region. The most significant contribution
from this background is far from the signal mass peak, however the upper extent of the

tail infringes slightly on the signal mass peak region, particularly in the B¥ — Dz case.
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In the case where [ is an electron, the contribution should not extend under the signal

mass peaks as the mass of an electron is much smaller than that of a kaon or pion. In

either case, it was assumed that the candidates would be accounted for either by the

combinatoric exponential PDF or one of the other low-mass background PDFs.

In total, eight parameters were left free in each fit:

the yield of B¥f — Dr¥ signal candidates N:9/%

BfSDrt)
the ratio of yields R;
sig,fit,

the mean and width of the Gaussian part of g7

: : . b b
the powers of the combinatoric exponentials g77w“™” and gih?”“™”"; and

the widths of the cross-feed double Crystal Ball functions ggflss'f ced,

The remaining parameters were constrained:

the yields of candidates in each Category of background (NpE°, pp) Were con-

strained to be greater than or equal to zero;

N;rffgzed) in each distribution were fixed using the signal

the cross-feed yields (
yields from the other distribution and the efficiencies of the bachelor PID require-
ments; for example, in the B¥ — DK% distribution, the yield of B¥ — Dz*

mis-reconstructed as B¥ — DK* was fixed as

Ncross—feed o Nsig,fit <€ALL(K_7")>O-O>
Bt—DK+ — ‘'BfDgpE’ {

6ALL(K—7r)<O.O> . (5'9)
Individual magnet up and down PID requirement efficiencies were found using the
data-based calibration technique described in detail in Section 4.4 and below in
Section 5.3, and then luminosity-weighted averages of the efficiencies were used to
evaluate the ratio appearing in Equation 5.9. For the example of Equation 5.9,
the efficiencies were calculated from pion calibration samples, weighted with the

kinematics of bachelor pion tracks from B* — Dz signal MC10 candidates;

the mean and width of the Gaussian part of g;ii;f " was constrained to be the same

as for the B¥ — D7t case;
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e the parameters of the Crystal Ball parts of ggi’f " except the means, were fixed
to the values obtained from the fits to MC; the means were constrained to be the

' o
same as the mean of the Gaussian parts of g%i’f .

e the parameters of the low-mass background PDFs were all fixed; excluding the
mass-related parameters such as means and the ARGUS high mass cut-off, the
parameters were fixed to values obtained from the fits to MC shown in Section 5.2.1;

and

e the cross-feed double Crystal Ball function tail parameters were fixed to values
obtained from the fits to MC shown in Section 5.2.1; the means were fixed but not
to the values from the MC fits.

In the data set under consideration, there was a difference between the reconstructed
candidate masses and the global average values from reference [18]. This was largely due
to a mis-alignment of the detector [177]. In order to estimate the shifts of the double
Crystal Ball means and the low-mass PDF means and ARGUS high mass cut-off from
the MC fit values, an initial fit to the data was performed with the means fixed to the
MC fit values. The mean of the signal B¥ — Dn* Gaussian in data was found; the
difference between this value and the global average B* mass was 8.8 MeV/c? in the
LL case and 8.2 MeV/c? in the DD case. In the final fits, the double Crystal Ball and
low-mass PDF mean values and the ARGUS high mass cut-off value were therefore fixed
at 8.8 MeV/c? below the MC fitted values in the LL case and 8.2 MeV/c? below the MC
fitted values in the DD case.
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5.2.3 Fit results and ratio of yields

Tables 5.3 and 5.4 show the fitted yields and parameter values and Figures 5.15 and 5.16
show the resulting fitted B* mass distributions. The total B¥ — Dz yield observed in
the data was 110075; LL candidates and 669 + 31 DD candidates. The ratio of yields
from the fit, R, was found to be

R =0.10 £0.02 (5.10)
in the LL case and
R =0.07+£0.02 (5.11)

in the DD case, where the errors are statistical only.
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parameter values in the LL case.

’ Parameter ‘ Fitted yield/value ‘ ’ Parameter Fitted value ‘
R 0.10 +0.02 gB e 5020 MeV/c?
N Exff}g}?i 969ﬂ38 gg;{K ¢ g 13 MeV/c?
NP Ka | 15+ 16 gb K @ vesolution o 51 MeV/c?
NDIKb . 44138 gD 5095 MeV/c?
NDime . 63752 gh Kb 5 14 MeV/c?
NP s 101453 gB K b resolution o 52 MeV/c?
ND 827 &5 v a 5
NPP s 80 + 258 ghima g 0.7
Nyg 1100437 ghima 5056 MeV/c?
Ngmpeomd, 7637138 ghira o 13 MeV/c?
NDha 438733 gBr el 9.5
NPRE L 680 + 62 ghlren 10
NP o 70315 ghrla 0.35
NDO . 499 + 130 ghimb g 0.4
ghe/" CB o 23.0 MeV/c? ghr b 5129 MeV/c?
g‘g%ﬁt CB « 2.1 ghrbo 12 MeV/c?
ghy!" CB n 1.8 gBr 15
gsDifr’fit CBo 48.0 MeV/c? ghxbn 20
gh? /" CB a 0.62 gpil 1 4885 MeV/c?
gh??" CB n 10.0 gnt o 84 MeV/c?
gp®! ", gnd™ | 5270.1 £ 0.6 MeV/c? gt 1 5084 MeV/c?
gSDigéfit, g%i’ﬂt Gaus o 18.1f8:g MeV/c? gg% o 82 MeV/c?
g?ﬁ’comb power (—1.670%) x 1073 ggf< exp power -8 x 1073
TP power (—1.4£0.4) x 1072 gBle 5016 MeV/c?
g?gs_feed @ 1.2 gh'ha g 20 MeV/c?
cross—feed g 1.6 gp. @ resolution o | 88 MeV/c?
gross—feed 5309 MeV/c? gp by, 5092.2 MeV/c?
cross—feed 24 + 3 MeV/c? ghht o 17 MeV/c?
g‘;(ss_f eed | 2.5 glg;h b resolution o 54 MeV/c?
geross—feed 2.4 g P 4828 MeV/c?
cross— feed 1.7 ggif’ o 80 MeV/c?
cross—feed g 11 gb? myg 5174 MeV/c?
ggross—feed 5236 MeV/c? ghP ¢ —35
cross—feed 16 + 5 MeV/c?2 ghP p L5
g::ss—feed I 3 '
cross— feed 3 Table 5.3: The fitted yield and
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Parameter Fitted yield/value ‘ ’ Parameter Fitted value
R 0.07 +0.02 gh e 5015 MeV/c?
Nepeomb 1191738, ghila 5 16 MeV/c?
NP Ka. | 1m+7 gb K @ vesolution o 64 MeV/c?
Né)l’j{’mi 41733 gb by, 5090 MeV/c?
NEma et 44739 gD Kb 5 16 MeV/c?
NP s 42735 gb K b resolution o 54 MeV/c?
NP s 5x 107° £ 191 ghira o 2.3
NDe 21+ 369 Ly 038
Ny 669 + 31 gBr e 5068 MeV/c?
NG 9327133 gDR " o 16 MeV/e?
NDiha | 402 + 57 gBFal 3.4
NDRE 487 + 43 ghran 0.3
Npe? pot 47875 Spi 0.6
NElopes 13035 s 2.7
o719l OB o 46.0 MeV/c2 gy 5131 MeV/c?
gn?/" CB a 0.8 spi "o 20 MeV/e?
gned" CB n 5.0 gpi "l 9
gsDifr’fit CBo 33.0 MeV/c? ghxbn 125
g%’%fit CB o 0.8 gg;’? U 4862 MeV/c?
gSDif,’ﬁt CBn 3.0 gg}’ o 160 MeV/c?
ghioJit gsigfit 5271.1 £ 0.9 MeV/c? ghh 5100 MeV/c?
ghiofit o819t Gaus o | 18.4 4+ 0.9 MeV/c? grh o 79 MeV/c?
gSTP.Lomb 1 owver (—1.8701) x 1073 gDl exp power -3.1x1073
g™ power (1.2 40.4) x 102 ghe 5017 MeV/c?
cross— feed 1.7 gh'hag 20 MeV/c?
g})(s‘sffeed 3 2.9 ghb 1 @ resolution o 81 MeV/c?
goross—feed 5315 MeV/c2 gbhb 5092.7 MeV/c?
g?(ss—feed o 2278 MeV/c? ghht g 16.5 MeV/c?
g;(ss—f eed | 1.2 gb 1 b resolution o 55 MeV/c?
goross—feed 10 g P 4841 MeV/c?
cross— feed 93 ggif’ o 69 MeV/c?
cross—feed g 91 gP” my 5196.7 MeV/c?
ggfrssffeed 1 5230 MeV/c? ggﬁ c -38
cross—feed ; 16 + 14 MeV/c? ghl p 2.4
cross—feed | 07 '
eross feed 3 Table 5.4: The fitted yield and

parameter values in the DD case.
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Figure 5.15: The fitted B* — D(K37"7~)h LL candidate mass distributions
from 342 pb™' of 2011 data. Figure 5.15(a) shows the fitted B* — Dn* LL

distribution and Figure 5.15(b) shows the fitted B¥* — DK* LL distribution.

The solid blue lines are the total PDFs.
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Figure 5.16: The fitted B¥ — D(K3r*7~)h DD candidate mass distributions

from 342 pb™' of 2011 data. Figure 5.16(a

) shows the fitted B* — Dn* DD

distribution and Figure 5.16(b) shows the fitted B* — DK* DD distribution.

The solid blue lines are the total PDFs.
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5.3 Determination of efficiencies

The efficiencies appearing in Equations 5.6 and 5.7 were calculated to allow the extrac-
tion of the ratio of branching fractions using Equations 5.4 and 5.5. It was again possible
to use the MC10 simulation to find several of the relevant efficiencies, but not the PID

efficiencies.

. . t .
The acceptance efficiencies, e "5, were given by the generator factors of the re-

spective MC10 signal B* — D(K%r™7~)h samples, as described in Chapter 4. Table 5.5
shows the generator factors found in the magnet up and magnet down cases. As the data
set was not split into magnet up and magnet down contributions in the mass fit, average
efficiencies, weighted according to the proportions of 2011 data recorded in the magnet
up and down states, were used in the calculation of the ratio of branching fractions:

—1 acceptance, magnet up —1 acceptance, magnet down
143 pb™" X €gs_pp N 199 pb™" X egr 'y,

342 pb! 342 pb~!

< acceptance> —

€B+_Dh . (5.12)

The resulting averages
(edecePlaney = 0.1665 £ 0.0001
and

(efecePioncey = 0.1629 4 0.0001
are the same in the LL and DD cases. The statistical effects of the limited MC samples
and the uncertainties on the integrated luminosity measurements both contribute to the

errors on the weighted averages.

MC sample Generator factor, e%‘fﬁ%’,ﬁce
B* — DK* magnet up 0.1663 £ 0.0002
B* — DK* magnet down 0.1666 + 0.0002
B* — D7t magnet up 0.1627 £ 0.0002
B* — Dn* magnet down 0.1630 = 0.0002

Table 5.5: The acceptance efficiencies (generator factors) for the signal MC
samples.
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. ) . . tri tripi 1. ki . .
To obtain the combined efficiencies €5 1, - €pe ipn - €ne by Epe. .y aPPeAring in

Equations 5.6 and 5.7, B¥f — D(K8r"7~)h candidates with LL and DD K$ daughters
were reconstructed from signal MC10 B* — D(K%r "7 ~)h samples with DaVinci and the
full selection detailed in Section 5.1, including kinematic, stripping and trigger require-
ments, was applied. As for data, if multiple candidates were reconstructed and selected
in a single event, the candidate with the largest value of BT flight distance x? from the
PV was retained and the other candidates discarded. MC truth information was used to
ensure the selected candidates were true signal decays. The flagged trigger information
originally saved on the MC10 DST's was not suitable for evaluating egigf];h, because the
trigger setting used in the MC10 production flagging step (0z002¢002a) was not used in
2011 data-taking. Instead, the MC10 samples described in Section 5.2, where the trigger
information had been replaced with the information from 2011 settings, were used to

evaluate the efficiencies.

The resulting combined efficiencies are shown in Tables 5.6 and 5.7, with values
quoted for each of the three 2011 trigger settings 0x005a0032, 0x006d0032 and 0x00730035.
It can be seen that the combined efficiencies are identical for all three trigger settings.
Weighted average efficiencies, calculated in a manner analagous to the acceptance ef-
ficiencies (Equation 5.12), are used in the branching fraction ratio calculation. Values
of

reco trigger stripping _sel,kin o -3
(€55 pre€pt Dt Drs€pe pre) = (1.20 +0.02) x 10

and

< reco trigger stripping Esel,kin > _ (121 + 002) % 1073

EBiADWiEBi—»DWiGBi—»DWi Bf—DrE
were found in the LL case, and

reco trigger stripping _sel,kin - -3
(€5 pre€pt Dr+€pe brtps pre) = (1.50 £0.02) x 10

and

< reco trigger 6stripping Esel,kin > _ (158 4 002) > 10_3

B DrtBE LDrt B LDrtEBE DAt

were found in the DD case. The errors on the weighted averages include the uncertainties
on the integrated luminosity measurements and the statistical effects of limited MC

samples.
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MC sample Trigger setting | ef°, Dhegigi%hegiﬁpﬁg els;i’ifgh
B* — DK® magnet up 0x005a0052 (1.2140.03) x 1073
B* — DK® magnet up 0x006d0052 (1.2140.03) x 1073
B* — DK* magnet up 0200730035 (1.21 +£0.03) x 1073
B* — DK* magnet down | 0200500032 (1.194£0.03) x 1073
B* — DK* magnet down | 0z006d0032 (1.19+0.03) x 1073
B* — DK* magnet down | 0100730035 (1.1940.03) x 103
B* — D™ magnet up 0200500032 (1.17 £ 0.03) x 1073
B* — D7* magnet up 0x006d0032 (1.17 £ 0.03) x 1073
B* — D7* magnet up 0z00730035 (1.17+0.03) x 1073
B* — Dr* magnet down | 0200500032 (1.2440.03) x 1073
B* — D7 magnet down | 0z006d0052 (1.24 +0.03) x 1073
B* — D7* magnet down | 0300730035 (1.24 +0.03) x 1073

Table 5.6: The combined reconstruction and selection efficiencies for the signal
MC samples, LL candidates.

MC sample Trigger setting | e, Dhegigf];h SBtliip]glg SBei’ifgh
B* — DK® magnet up 0200500052 (1.48 +0.03) x 1073
B* — DK* magnet up 0200640032 (1.48 +£0.03) x 1073
B* — DK® magnet up 0x00730035 (1.48 +0.03) x 1073
B* — DK* magnet down | 0200500032 (1.51 £ 0.03) x 1073
B* — DK* magnet down | 0z006d0032 (1.5140.03) x 1073
B* — DK* magnet down | 0200730035 (1.5140.03) x 1073
B* — D7 magnet up 0200500032 (1.57 £ 0.03) x 1073
B* — D7* magnet up 0200640052 (1.57 £ 0.03) x 1073
B* — D7* magnet up 0z00730035 (1.57+0.03) x 1073
B* — Dr* magnet down | 0200500032 (1.59 +0.03) x 1073
B* — D7 magnet down | 0z006d0052 (1.59 +0.03) x 1073
B* — Dr* magnet down | 0z00750035 (1.59 +0.03) x 1073

Table 5.7: The combined reconstruction and selection efficiencies for the signal
MC samples, DD candidates.

The efficiencies of the bachelor PID requirements were found using the data-based

calibration technique described in detail in Section 4.4. Separate magnet up and mag-
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net down calibration samples of pions and kaons from prompt D*(2010)* — D(Knr)r*
decays in the 2011 data set were available. The calibration samples were weighted with
the kinematic distributions of the bachelor tracks from selected B — D(K%r 7~ )h
candidates in signal MC10, using a binning scheme of 18 x 4 X 4 bins in momentum,
pseudo-rapidity and number of tracks, respectively. Magnet up calibration tracks were
weighted with magnet up MC tracks and magnet down calibration tracks with magnet
down MC tracks; the weighting was performed three times in each case in order to find
the efficiencies for the three trigger settings 0z005a0032, 0x006d0032 and 0z00730035.
The resulting efficiencies are shown in Tables 5.8 and 5.9, where the quoted errors are
statistical. Except for the DD B* — Dz* magnet up case, the PID requirement effi-

ciencies were the same for all three trigger settings.

The luminosity weighted average efficiencies were calculated to be
(7D L) = 0.9458 + 0.0004
and
(PP ) = 0.883 + 0.002
in the LL case and
(eebPID ) = 0.9483 + 0.0004
and
(e D ) = 0.8959 + 0.0007 (trigger settings 0200500032, 0x00730035)
or
(exbPID ) = 0.8960 + 0.0007 (trigger setting 0x006d0032)

in the DD case. The errors on the luminosity weighted averages again include contribu-
tions from the uncertainties on the integrated luminosity measurements and the statis-
tical errors from the limited sizes of the calibration samples used in the PID weighting
technique. The averaged efficiencies were used for the calculation of the ratio of branch-
ing fractions; in the DD B* — Dr* case, the value (¢;2"1 ) = 0.8959 + 0.0007 was
used.
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5.4 Evaluation of the ratio of branching fractions

The ratio of branching fractions was calculated, according to Equations 5.4 and 5.5. For
LL candidates, the yield ratio from the mass fit (R = 0.10+0.02), the correction factors
for B* — D(nrmm)h decays (Fpx = 0.26 and Fp, = 0.25) and the efficiencies from

Section 5.3 were used to give the result

+ + acceptance
Br(B* — DK®) _p (14 Fpr) (egttpes)
+ +\ ’ ' acceptance
BI’(B — Dm ) (1 + FDK) <€BiHDKi>

< reco trigger stripping _sel,kin > < sel,PID >

eBiHDﬂiEBiHDNi Bf—-Drt"Bf—Drt Bf—Dr*
) reco trigger stripping _sel,kin ) sel,PID
(€57 DR+ €pt DK+t DK+CRE DK+) (€ DK)
= 0.09 £ 0.01 (5.13)

where the error is statistical only, coming from the error on R.

For DD candidates, the yield ratio from the mass fit (R = 0.07 £ 0.02) and the

efficiencies from Section 5.3 were used to give the result

+ + acceptance reco trigger stripping _sel,kin sel,PID
Br(B* — DK~) (€t pns ) (EBET prt €t Dt Rt prt€pt pat) (€t _prt)
+ _ +) " 7/ _acceptance\  / reco trigger stripping _sel,kin " sel,PID
Br(B D7) (et =) (€550 pKEEBL DK ERt DKRECRE DKE) (€t DKE)
= 0.07 +0.02 (5.14)

where the error is again statistical only, coming from the error on R. In this case the
value of the combined ratio of efficiencies is such that the central value of the ratio of

branching fractions is equal to the value of R at the level of precision of the measurement.

5.5 Systematic uncertainties

The systematic errors on the branching fraction ratios need to be taken into account,

following the same procedures as detailed in Chapter 4. Errors related to:

1. the measurement of the accumulated integrated luminosity of data (~ 3.5% uncertainty

on the measurements);

2. the limited MC statistics for calculating the acceptance efficiencies (generator fac-
tor);
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3. the limited MC statistics for calculating the reconstruction and selection efficien-

cies;
4. the limited data statistics for calculating the PID efficiencies;
5. the PID weighting technique; and

6. the PDF parameterisation used in the mass fit

need to be considered. In the LL case, the uncertainty from the evaluation of the level
of Category 6 background was also included (limited MC statistics and global average

branching fractions).

Errors 1 —4 and the error related to Category 6 background in the LL case only were
found using toy MC. The procedure was identical to that described in Section 4.6; in
(1 + FDﬂ-) EBE_DrE

(1+ Fpk) ' ep+_pK+

the LL case, errors on the ratio from Equation 5.4 were evaluated,

. . EBF—Drt . .
and in the DD case errors on the ratio ———— from Equation 5.5 were estimated.
EB* DK=

5.5.1 Systematic error from integrated luminosity measure-

ments and statistical errors

(1 —|— FDﬂ-) EBEDr*

The error on the ratio from Equation 5.4, due to the uncertainties

(1+ Fpk) e€p+_pk=+
on the integrated luminosity measurements and the statistical errors on acceptance,

reconstruction, trigger, stripping, kinematic selection and PID efficiencies, was found for
the LL case. Gaussian distributions for each of these components were simultaneously
randomly sampled with the global average branching fractions fixed. The resulting ratio
distribution can be seen in Figure 5.17; the error is 0.02 and the fractional error on the

ratio is also 0.02.

€EB:xDr*

In the DD case, the error on the ratio ———— from Equation 5.5 due to the uncer-
€B+DK=*

tainties on the integrated luminosity measurements and the statistical errors on accep-

tance, selection and PID efficiencies was found. Gaussian distributions were simultane-
ously randomly sampled for all of the components. The resulting ratio distribution can

be seen in Figure 5.18; the error is 0.02 and the fractional error on the ratio is also 0.02.
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Figure 5.17: The toy MC distribution for the ratio
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counting for luminosity and statistical errors, LL case. The black histogram is

the toy MC distribution and the blue Gaussian is fitted to this distribution.
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Figure 5.18: The toy MC distribution for the ratio
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distribution and the blue Gaussian is fitted to this distribution.
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5.5.2 Systematic error from global average branching fraction

errors

(1+ Fpr) ept_prt

(1+ Fpx) €t _pk+
to the inclusion of global average background fractions in Fp, and Fpx was also found.

For LL candidates, the error on the ratio from Equation 5.4 due

Gaussian distributions for the branching fraction values were randomly sampled and the
integrated luminosity measurements and the efficiencies were fixed. The resulting ratio
distribution can be seen in Figure 5.19; the error is 0.0004 and the fractional error on
the ratio is also 0.0004.

Entries 1000000

9000

2000 normalisation 9163+ 11.2

mean +
7000 0.9128 + 0.0000

+
6000 c 0.0003891+ 0.0000003

Number of entries/0.000009

5000

4000

3000

2000

1000

(1 + FDﬂ') €EBtDxt
(14 Fpk) €p+_pr=
counting for errors on the global average branching fractions, LL case. The
black histogram is the toy MC distribution and the blue Gaussian is fitted to
this distribution.

Figure 5.19: The toy MC distribution for the ratio ac-

5.5.3 Systematic error from the determination of the PID ef-

ficiency

In order to estimate the non-statistical systematic uncertainty from the PID weighting
technique, the values of magnet up and down PID requirement efficiencies were found
from the unweighted data D* decay calibration samples. As described in Section 4.6.4,

the difference between the efficiency from the unweighted calibration data and the effi-
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ciency from the weighted data was taken as a conservative estimate of the error on each
efficiency from the weighted data. As the error was only estimated on one side of the
weighted efficiency values, a half-normal distribution was assumed, and the full error
was equal to the o of this distribution, 4/ (1 — %) - |€weighted — Eunweighted|- The full error
on each of the efficiencies was propagated through the luminosity-weighted average effi-
ciencies to give the overall error on the ratio of PID criterion efficiencies; uncertainties in
the measurement of integrated luminosity and statistical errors from the PID weighting
technique were not included in the propagation. This led to a fractional error on the

efficiency ratio of

sel,PID sel,PID
Bt—Drt/ B+ DK+

) = 0.01 (5.15)

sel,PID /sel,PID
€p+_.Drt/ EBE_DK=

in the LL case and

sel,PID sel,PID
€B+_Dnt/ B+ DK=

> = 0.008 (5.16)
(sel,PID sel,PID )

€p+_Drt/ EBE_.DK=

in the DD case.

5.5.4 Systematic error from the mass fit PDF parameterisation

There were several possible sources of systematic error coming from the mass fits used

to extract the yield ratio R, which is described in Section 5.2.

Signal Crystal Ball lineshape in B* — D7* and B* — DK™ fits

In the nominal fits, a Gaussian and a Crystal Ball PDF were used to describe the shape
of the signal B¥ — Dz* and B* — DK® mass peaks, with the yield of candidates
in the Crystal Balls fixed to be a certain proportion of the yield of candidates in the
Gaussians. In order to conservatively estimate a systematic error due to this, the Crystal
Ball components were removed completely from both fits. This led to a fractional error

on the original yield ratio of

= 0.006 (5.17)
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in the LL case and

=0.07 (5.18)

in the DD case.

Low-mass PDFs in BT — Dzt and BT — DK™ fits

In the nominal fits, the low-mass background PDFs were constrained from various MC
samples. These PDFs were replaced with two Gaussian PDFs in the B¥ — Dr¥ case
and one Gaussian PDF in the B¥ — DK® case, giving a fractional error on the original

yield ratio of

in the LL case and

in the DD case.

Exponential PDFs in B* — Dr* and BT — DK™ fits

In both the B¥ — Dn* and B* — DK* nominal fits, the combinatoric backgrounds
were described using exponential PDFs. Changing these to second order polynomial

PDFs in both cases gave a fractional error on the original yield ratio of

( )—004 5.21

R ' ( )
in the LL case and

() 0.1 5.22

— 0. ( )

in the DD case.
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Cross-feed in B* — Dzt and BT — DK® fits

In both LL and DD fits, the yield of cross-feed in each mass distribution was fixed using
the signal yield from the other distribution and luminosity-averaged efficiencies from the
PID weighting technique; see Equation 5.9. In order to estimate the systematic error due
to fixing the ratio of PID efficiencies, (€arrk—r)>0.0) and (€arr(k—=)<0.0) Were increased
and decreased by their errors (combined PID statistical and luminosity measurement)
and the efficiency ratio was recalculated. The fit was then repeated with the changed
efficiency ratio values in place. The maximum changes in the fitted yield ratio gave

fractional errors on the original yield ratio of

o(R) 0.003 5.23
7 =0 (5.23)
in the LL case and
o(R)
7 = 0.005 (5.24)

in the DD case.

5.5.5 Total systematic uncertainties

Tables 5.10 and 5.11 summarise the contributing systematic uncertainties, estimated

as detailed above. The quoted errors are fractional errors on the ratio of interest, for

o(R o
. The errors were combined in

example the mass fit uncertainties are of the form
quadrature to obtain the overall fractional error. The systematic uncertainties on the
central branching fraction ratio values were found to be 0.006 for LL candidates and
0.01 for DD candidates.
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Source of uncertainty o(ratio) /ratio
Toy MC: global average branching fractions 0.0004
Toy MC: integrated luminosity, efficiency statistical errors 0.02
PID weighting, systematic 0.01
Mass fit signal Crystal Ball PDFs (B* — D7* and B* — DK%) 0.006
Mass fit low-mass background PDFs (B* — D7® and B* — DK%) 0.05
Mass fit exponential PDFs (B* — Dn* and B* — DK®) 0.04
Mass fit cross-feed (B* — D7r® and B* — DK%*) 0.003
Total fractional error = \/ S (o(ratio) /ratio)” 0.07

Table 5.10: A summary of the systematic errors in the LL case.

Source of uncertainty o(ratio)/ratio

Toy MC: integrated luminosity, efficiency statistical errors 0.02

PID weighting, systematic 0.008

Mass fit signal Crystal Ball PDFs (B* — Dz* and B* — DK%) 0.07
Mass fit low-mass background PDFs (B* — D7* and B* — DK%) 0.1
Mass fit exponential PDFs (B* — Dn* and B* — DK¥) 0.1

Mass fit cross-feed (B* — D7r® and B* — DK%*) 0.005

Total fractional error = \/ 5 (o(ratio) /ratio)” 0.2

Table 5.11: A summary of the systematic errors in the DD case.

5.6 Summary

The ratio of branching fractions Br(B* — DK*) / Br(B* — Dn¥) has been determined
using B* — D(K&r*77)K* and B* — D(Kr*7~)n* decays in approximately 342 pb ™!
of \/s =7 TeV data collected in 2011 at LHCb. The resulting values from LL and DD

decays are

Br(B* — DK¥)

_ +0.015
Br(BE 5 Dy~ 080Th0i £ 0.006 (5.25)
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and

Br(B* — DK%)
Br(B* — Dr¥)

=0.07 +0.02 £ 0.01, (5.26)

where the first errors are statistical and the second errors are systematic. These values
are consistent with each other, with previous measurements and with the measurement
described in Chapter 4 of this thesis. Combining the LL and DD decay results under
the assumption of independent statistical errors and 100% correlated systematic errors

gives a weighted average value for the ratio of branching fractions,

Br(B* — DK®)
Br(B* — Dn#)

= 0.08 +0.01 (5.27)

where the larger of the asymmetric statistical errors in each case has been used.






Chapter 6

Summary and outlook

6.1 Summary

This thesis describes studies performed at the LHCb experiment, primarily detailing the
first analysis of B¥ — DY/DY(K&r*7)K* and B* — D°/D(Kér*7~)7* decays with
LHCb data. The data used were recorded in proton-proton collisions at /s = 7 TeV in
2010 and early 2011.

Good performance of the LHCb RICH subdetectors is vital in separating decays such
as B — DY/DO(K%rtn~)K* and B* — D°/DY(K3r*7~ ). Selection criteria have been
developed to select isolated Cherenkov light rings in the RICH subdetectors, both for
rings with and without tracks associated to them. It has been shown that the isolated
rings can be used for monitoring of the refractive indices of the RICH radiators with and
without information from the tracking subdetectors. Since the start of proton-proton
collisions in 2010, the isolated rings with tracks and isolated trackless rings have been
used in offline and online RICH monitoring, to ensure that the information provided by
the RICH system is of the highest quality.

The decay B* — D°/D(K3r*7~)K* allows a Standard Model benchmark measure-
ment of the CKM angle v to be made using the GGSZ (Dalitz) method. Selection criteria
for these decays have been optimised using Monte-Carlo simulated events. The optimised
criteria were used to select B¥ — D%/DY(K3r*7~)K* and B* — D°/DY(Kir*m~)r*
candidates from the first ~ 36.5 pb~" of proton-proton collision data at /s = 7 TeV

recorded in 2010. Candidates with a K decay near to the proton-proton interaction point

199
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Br(B* — D?/DO(K%rtm™)K*)
Br(B* — D°/DO(K%rt7r—)7r+)’

were used to evaluate the ratio of branching fractions

giving the result

Br(B* — D%/D(K%r 7~ )K*)
Br(B* — D%/DO(K%rtm)7r¥)

= 0.127502 £0.03, (6.1)

where the first error is statistical and the second systematic. Preliminary measurements
have also performed at LHCb using two- and four-body D decays and the same 2010
data set [66]. Using B¥ — D°/DY(K*nFr*rT)h and B* — DY/DY(K*x¥)h decays, a
value for the ratio of 0.0630 £ 0.0038 + 0.0040 was found. For B* — D°/D%(K*K¥)h
decays, a value of 0.0931 + 0.0189 4 0.0053 was found; both results are consistent with
the result of this thesis.

Further and more precise measurements of the ratio of branching fractions have
been made using proton-proton collision data recorded in 2011 and corresponding to
an integrated luminosity of ~ 342 pb™' at /s = 7 TeV. Values were found from two
independent samples of B¥ — D°/DO(K37 "7~ )K* and B* — D%/D(K%r+7~)w* decays
where the K decay occurs either near to the proton-proton interaction point (LL) or
further into the LHCb detector (DD). The resulting values are

Br(B* — D%/DO(K%r+r~)K*)
Br(B= — DY/DO(K%rtr—)n¥)

= 0.08970013 £ 0.006 (6.2)

and

Br(B* — D%/DO(K%r+r~)K*)
Br(B* — D?/DO(K%r+m)7r¥)

= 0.07 +0.02 £ 0.01, (6.3)

where the first errors are statistical and the second systematic. Figure 6.1 shows the
likelihood curve for the published results of this measurement [18]; the average value is
(7.6 £0.6)%. Superimposed on the curve are the two results presented in this thesis
from the analysis of the early 2011 data. The indicated errors are the quadratic sum
of the statistical and systematic uncertainties on the presented measurements. It can
be seen that the results from this thesis are consistent with the previous measurements.
It should be noted that, due to the different reconstructed D decay modes, the global
average input measurements and the other LHCb results contain different contributions
to the measured branching fraction ratio from the suppressed Bt — D% and B~ — D°h

decays than the contributions in the B* — D(KSr™7~)h decay case considered in this
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thesis. A combination of the two results from the 342 pb~' data set gives a weighted

average value for the ratio of branching fractions,

Br(BjE — EO/DO(K8W+7T_)Ki)

=5 5 =0.08£0.01.
Br(B* — D”/DO(Kgntn—)7n*)
WEIGHTED AVERAGE
7.620.6 (Error scaled by 2.3)
xQ
-+ HORII 08 BELL 4.7
---------- AUBERT 04M BABR 3.2
-+ BORNHEIM 03 CLE2 3.0
10.9
(Confidence Level = 0.0044)
L |

4 &6 8 10 12 14 16

(6.4)

Figure 6.1: The likelihood curve for the ratio of branching fractions, Br(B* —
DY/D°K*) / Br(B* — DY/DO*) [18], with results from this thesis superim-
posed. The values of the ratio are equal to the values indicated on the horizontal

axis multiplied by 1072.

6.2 Outlook

Br(B* — D°/DK#)

The measurement of the ratio of branching fractions

Br(B* — D%/DOor)

with the de-

cays B¥ — DY/D(Klrtn)K* and B* — DY/DY(KSr*7~)n* establishes many of

the necessary analysis components, for example detailed background studies, for the

measurement, of v at LHCb using these decays. For the ~ analysis, the background

composition must be well-understood because the various backgrounds are distributed

differently across the Dalitz plane. The B* candidate mass distributions for B* —
DY/DY(K¢rt7™)K* and B* — D°/DO(K%r 7~ )7+ decays from the full 2011 data set of
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~ 1fb~" are shown in Figure 6.2. The candidates were selected using the same criteria
as described in Chapter 5 [150]. The selection criteria will be reoptimised on data when

sufficient statistics have been obtained.
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Figure 6.2: The B* candidate mass distributions from ~ 1 fb™! of 2011 data.
Figure 6.2(a) shows the B¥f — D?/D%* LL distribution, Figure 6.2(b) the
B* — D%/D%%* DD distribution, Figure 6.2(c) shows the B¥ — D?/D°K* LL
distribution and Figure 6.2(d) the B — D°%/D°K* DD distribution.

Figures 6.3 and 6.4 show the B* and B~ Dalitz plots from B* — D°/DO(KSr 7~ )K*
candidate decays, using the full 2011 data set. The candidates included in the Dalitz
plots have been selected using the same criteria as described in Chapter 5, except for fur-
ther requirements on B* candidate mass and bachelor kaon particle identification [150].
The B* candidates were also re-fitted with the D candidate mass constrained to the

global average value from reference [18]. Scaling a sensitivity estimate from previous
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studies in reference [79] according to candidate yields, a conservative estimate of the
expected statistical sensitivity to 7 from these candidates (~ 800 candidates in total) is
approximately 25° with ~ 1 fb™' of LHCb data. Global studies from LHCb, combining
the potential sensitivity to v from all B — DK™ decay modes under study and inde-
pendent from the studies of this thesis, estimate that a precision of approximately 7° on
7 can be achieved with the full 2011 data set [55, 85].
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Figure 6.3: Dalitz plots for B¥f — D%/DY(K%r*7n~)K* LL candidate decays
from the full 2011 LHCb data set (~ 1fb™"). Figure 6.3(a) shows the Dalitz
plot for BT candidates and Figure 6.3(b) shows the Dalitz plot for B~ candidates.
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Figure 6.4: Dalitz plots for Bf — D%/D(K%r+7~)K* DD candidate decays
from the full 2011 LHCD data set (~ 1 fb™" ). Figure 6.4(a) shows the Dalitz plot
for BT candidates and Figure 6.4(b) shows the Dalitz plot for B~ candidates.






Appendix A

Cherenkov radiation

As a charged particle moves at a speed v through a dielectric medium with refractive
index n, it polarises the material around it so that the surrounding atoms gain in-
duced dipoles. If the particle speed is less than the local speed of light in the medium
(¢ /m) these dipoles are causally connected and form a symmetric arrangement about
the particle track, with no net dipole and hence no resulting emission of radiation. If
the particle speed is greater than (¢ /n), however, the particle is travelling faster than
information about it can propagate through the medium, so the dipoles are not causally
connected and form an asymmetric distribution around the track. The net dipole leads
to spontaneous emission of photons, known as Cherenkov radiation. The Cherenkov
effect was first discovered in 1934 by P. A. Cherenkov and explained by I. M. Frank and
[. E. Tamm [178, 179].

The characteristic angle of photon emission depends, in all practical cases, only on
the speed of the particle and the refractive index of the dielectric medium. The principle
of particle identification by RICH detectors depends entirely on this characteristic angle;
a speed measurement, derived from the Cherenkov angle, combined with a momentum

measurement from the tracking detectors, allows the particle to be identified.

Classically, the direction of radiation emission can be derived using a Huygens con-
struction of interfering spherical wavefronts, as illustrated in Figure A.1.  Consideration
of secondary wavefronts emitted at ¢ = — 7 and ¢ = 0 leads to constructive interference
along a line at angle cos = (¢T'/n) /vT =1/ Bn to the particle trajectory [180] where
B =wv/ec. A direct consequence of Cherenkov emission only occurring when the speed
of the charged particle is greater than the local speed of light (G > 1 /n) is that the re-
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Figure A.1: A Huygens construction for Cherenkov radiation.

fractive index of the medium must be greater than one. At the threshold for Cherenkov
emission (v = c¢/n), the radiation is emitted in the forward cone i.e. § = 0. At the

other extreme ( = 1), the Cherenkov angle saturates so that § = arccos (1 /n).

The energy loss per unit length by a charged particle travelling through a dielectric

medium is given by the Frank-Tamm relation [181]

e = 2262/ wll-— ! dw (A1)
de ), ..  Awegc? (@) > 1 32n? ’ )

where Ze is the charge of the radiating particle and y/¢(w) is the refractive index of the

medium. Assuming that the refractive index (n) is independent of photon frequency,

this can be re-arranged to give the expected number of photons in an interval dE around
energy E emitted from a particle traversing a radiator of length L

dN o
= 17% () sin®g A2
dE ch) (A.2)

where « is the electromagnetic fine structure constant.

This relation is independent of £ and so the spectrum of Cherenkov radiation is flat
in energy. A high frequency cut-off, when the refractive index of the medium falls below
unity, prevents the divergence of the total energy emitted [179]. In the LHCb RICH de-

tectors, photons are detected over the approximate wavelength range 200 — 600 nm [96].



Appendix B

Isolated Cherenkov rings in the
LHCb RICH subdetectors

The LHCD experiment includes two RICH subdetectors, described in Section 2.2.8, which
are crucial for charged particle identification. The RICH system performance for dis-
tinguishing different types of particle is highly dependent on accurate knowledge of the
refractive indices of the RICH radiators, and good performance of kaon and pion par-
ticle identification is vital in separating decays such as B* — D°/D(K&r*7~)K* and
B* — DYDO(K%rtr~)r*. It is therefore important that the subdetector conditions
affecting the refractive indices, such as pressure, temperature and gas purity [182], are
closely monitored. To provide hardware monitoring, various sensors are included in the
experimental apparatus. As described in this appendix, it is also possible to monitor for

changes in refractive index using isolated Cherenkov light rings from the data.

In Section B.1, the development of selection criteria for the identification of isolated
rings with associated tracks is described. The adaptation of the criteria to identify
isolated rings without associated tracks is then discussed in Section B.2, with a Markov
chain ring fitter [183, 184] being used to identify rings in the RICH subdetectors which
do not have an associated track. Isolated rings selected with these approaches have been
used within RICH monitoring since the start of proton-proton collision data-taking at
LHCDb, both online (for real-time monitoring of detector conditions) and offline (after

full data reconstruction, for data quality purposes).
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B.1 Isolated RICH rings with tracks

A typical low-occupancy event from proton-proton collision data, showing the RICH2
HPD planes as seen in Panoramix, the LHCb event display software, is shown in Fig-
ure B.1. The figure illustrates various objects related to the reconstructed tracks and
detected Cherenkov photons which are used in the selection criteria described in this
appendix. For example, HPD pixels which have detected photon “hits” are represented
by small orange filled circles. The small triangles are the reconstructed track hit posi-
tions, corresponding to the extrapolated position on the HPD plane, in local coordinates,
where the track particle would have been detected if it was a photon. The larger open
circles passing through the pixel hits are the reconstructed Cherenkov ring fits for dif-
ferent track particle type hypotheses. The red line indicates the boundary between the
two HPD planes.

Figure B.1: A typical low-occupancy event from proton-proton collision data,
showing the RICH2 HPD planes as seen in Panoramix, the LHCb event display
software [150].
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B.1.1 Cherenkov angles 6 and ¢

Two angles are necessary to describe the distribution of photons around a detected
Cherenkov light ring in the RICH subdetectors. The azimuthal angle, Cherenkov ¢, de-
scribes the position of an emitted photon around the circumference of the detected ring.
The distribution of photons should show no variation with ¢ as there is no azimuthal
angular preference for direction of photon emission from the track. The angle @ is the
constant angle of emission between the track and each emitted photon and is referred
to as the Cherenkov angle (see Appendix A). A typical distribution of reconstructed
Cherenkov 6 for MC events, including all photons, is shown in Figure B.2; a high level

of background can be seen beneath the peak.

The resolution of 0, A#, is defined as
A0 = 0rec — beap (B.1)

where 0,.. is the reconstructed angle for a given track-photon pair and 0.,, is the ex-
pected angle for a track, given its measured momentum, knowledge of the radiator and
a particular particle type hypothesis. Figure B.3 shows a Cherenkov 6 resolution distri-
bution for MC true photons only, with a fitted o of 0.64 mrad.

The resolution distribution, A#, is predicted to alter with unexpected variations of
refractive index, because 0,¢. will change but 6.,, will not. Changes in the resolution
distribution can therefore be used to monitor fluctuations in the refractive index. For
the most effective monitoring, a resolution distribution with as little background contri-
bution as possible is required, and this can be obtained using a sample of clean, isolated

Cherenkov rings.

B.1.2 Selection criteria

As described in the previous section, a clean sample of Cherenkov rings is required for
the most effective refractive index monitoring; to provide this sample, isolation selection
criteria are therefore applied to track segments and their associated HPD hit pixels and
reconstructed photons, to determine whether or not each segment produced an isolated
Cherenkov ring. A track segment is a software object, corresponding to the section of
a reconstructed track lying within the RICH subdetectors, and has associated with it
all of the RICH PID and Cherenkov emission information for the track. The isolation
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Figure B.2: The reconstructed Cherenkov 6 distribution for all photons [185]
(from MC).
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Figure B.3: The Cherenkov 6 resolution distribution for MC true photons
only [185].

selection criteria were initially developed for RICH2 rings and can be used for RICH1

gas radiator rings, as indicated below, by changing some of the requirements.

The isolation criteria were tested using approximately 100,000 MC simulated events,
where each event contained at least one b-hadron decaying within the LHCb acceptance.

They were simulated as described in Section 2.4.1 at centre-of-mass energy /s = 14 TeV
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and with settings corresponding to DC06, the MC simulation performed with a 2006 de-
tector description in GEANT4. This description included a RICH2 nominal subdetector

pressure of 970 mbar.

MC truth information was used to flag all photons as “true” or “background” with
respect to a given track segment. For each tested set of selection criteria, the Cherenkov
f resolution distribution for all photons from isolated rings with tracks was compared
to the distribution from MC true photons from the same tracks. For clean, well-isolated
rings, the distributions should be identical, as a truly isolated ring contains only photons
produced by the corresponding track. To allow comparison of the two distributions,
Gaussian functions were fitted to the distributions and the Gaussian o values found.
The o value from Figure B.3 was used to check for potential biasing of the isolated ring

resolution distributions due to the applied criteria.

Selection criteria were applied to the MC event test sample in different combinations
and several numerical values were considered for each of the criteria. It was found
that highly selective selection criteria could improve the resolution distribution greatly,
so that the o values from Gaussian fits to the distributions from all isolated photons
and from MC true photons were almost identical. They also caused the number of
tracks passing the criteria to be low, however, which is not ideal for real-time detector
monitoring purposes. The following criteria, also summarised in Table B.1, were found
to produce the best combination of clean rings with a suitable number of rings with

tracks passing the criteria for RICH2:

e if the track segment lies in RICH2, the track segment exit point (the position of
the track as it leaves the radiator) is required to be > 100 mm from the RICH2
discontinuity at x=0; if it is closer than this, the Cherenkov ring produced by
the track is split across the two HPD planes. Similarly, for tracks in RICH1, a

requirement on the distance from the y=0 discontinuity is used;

e a requirement on track segment momentum of > 20 GeV/c is made. Tracks fulfill-
ing this requirement will not necessarily produce saturated Cherenkov rings (see
Figures 2.27 and 2.28), so that rings for different particle hypotheses will not have
the same radii. In this case PID information must be used for some of the other
selection criteria. A higher momentum requirement (e.g. > 80 GeV/c¢) would mean
that the rings would be saturated and different particle types would give rings of
the same radius. The pion particle type hypothesis could therefore be used for

other selection criteria. However, only a small proportion of the tracks in an event
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would have a momentum high enough to meet this requirement;

the reconstructed track hit position of the chosen track is required to be separated
by > 260 mm from the other track hit positions in the same event, thereby remov-
ing track segments with overlapping rings. A separation requirement of > 260 mm
is made because the radius of a saturated ring is calculated to be approximately
130 mm in RICH2 and the reconstructed track hit position can be taken as the
centre of the Cherenkov ring formed by the track. A similar requirement is made
for RICHI,

the geometric efficiency of the ring, which is the fraction of the ring’s circumference
lying within the acceptance area of the HPDs, is required to be > 70%. To evaluate

this requirement, a particle type hypothesis is required for the segment;

a requirement on the distribution of hit pixels in terms of Cherenkov 6 is made
(see Figure B.4). The average 6 value around the track hit position is found using
the track’s particle type hypothesis and a band is defined around this average
value. The width of the band on either side of the average is nominally 50 from a
Gaussian fit to the reconstructed 6 distribution with no isolation criteria applied.
This width (9.44 mrad) was chosen because it gives an indication of the scale of
Cherenkov 6 angle but is not small enough to bias the 6 resolution distribution
for isolated rings. All hit pixels within a circular region of interest centred on the
track hit position are considered; the fraction of these lying within the predefined 6
band is calculated and a requirement of fraction > 80% is made. The width of the
6 band and the required fraction of hits within the chosen band can be configured.
The radius of the circular region of interest is fixed to be 1.5 times the saturated
ring radius. This criterion removes rings which have background photons near to

the centre of the Cherenkov ring but not lying on the ring itself;

a requirement on the distribution of hit pixels in terms of Cherenkov ¢ is made.
The [0,27] range of angle ¢ is divided into eight equally sized angular regions
(see Figure B.5). The fraction of the reconstructed photons associated with the
track in each of these regions is found and a maximum requirement is made on
this fraction. For photons evenly distributed in ¢, as expected for true Cherenkov
photons, there should be on average 12.5% of the total number in each of the
eight regions. Background photons are not expected to be evenly distributed in ¢
and small clusters of them are often observed. This criterion removes rings with

clusters of background photon hits near to the true Cherenkov photon ring. The



Isolated Cherenkov rings in the LHCb RICH subdetectors 215

Figure B.4: A schematic illustrating the 6 requirement (not to scale). Hit pixels
within the larger circular area around the track hit position (central cross) are
considered. The fraction of these within the darker 6 band is calculated.

default requirement is that no more than 21.25% of the hits lie in any one of the
eight regions. Both the number of angular regions and the allowed fraction in each

can be configured; and

e it is ensured that < 20% of photons associated with the chosen track are also
associated with other tracks. This requirement removes track segments with back-

ground photon contributions which are in fact signal from another track segment.

If a RICH ring and corresponding track segment pass all of these criteria, they are
identified as isolated. Some examples of MC RICH2 rings, which were identified as

isolated using the criteria of Table B.1, are shown in Figure B.6.

Figure B.5: A schematic illustrating the ¢ requirement. Lines showing the
angular division are superimposed onto an isolated RICH2 ring from MC, viewed
with Panoramix.
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Criterion applied to track segment Criterion value
Exit distance from RICH 2 discontinuity > 100 mm
Momentum > 20 GeV/e
Separation of track hit positions > 260 mm
Geometric efficiency > 70%
Cherenkov 6 ring width 9.44 mrad
Cherenkov # requirement > 80% within the defined ring
Cherenkov ¢ requirement < 21.25% in each of eight ¢ regions
Photon association > 80% not associated with another track

Table B.1: The nominal isolation selection criteria for rings with associated
tracks.

B.1.3 Cherenkov angle resolution distributions from isolated

rings with tracks

The Cherenkov angle resolution distribution for the criteria of Table B.1 is shown in
Figure B.7 for all photons from selected isolated rings with tracks; Figure B.8 shows
the distribution for MC true photons from the same tracks. It can be seen that the
distributions are very similar, with fitted Gaussian o values of 0.694 mrad and 0.685
mrad respectively. The fit is slightly sensitive to the fit range, due to non-Gaussian tails.
For the isolated ring photon distribution, varying the fit range gave a possible range of
o values 0.689-0.700 mrad; for the MC true photons the range was 0.674-0.682 mrad.
Hence, the errors due to choosing a particular Gaussian fit range are similar in size to the
difference between the isolated and MC true o values (0.009 mrad). Figure B.9 shows
the same distribution as Figure B.7, with the remaining background photon contribution
to this distribution superimposed. The low level of background in this distribution and
the similar fitted Gaussian o values for the distributions of Figures B.7 and B.8 indicate
that the nominal selection criteria are effective in producing a clean set of Cherenkov

rings.

The application of a momentum requirement of > 80 GeV/¢, selecting from the same
MC events with all other criteria taking the values shown in Table B.1, led to only four
track segments being identified as having isolated rings. This is due to the shape of the
momentum distribution of tracks, as shown in Figure B.10; there are far fewer tracks

with high momenta than with low momenta.
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Figure B.6: RICH2 isolated rings with tracks, taken from different MC events,
as seen in the Panoramix view of HPD planes.
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B.1.4 Background contributions

The types of background photon contributing to isolated rings selected with the criteria
of Table B.1 were examined using MC history information for the hit pixels, to see
if any further reduction in background could be achieved. The term “background”
encompasses any photons which are not MC true for the track and so it includes both
signal photons from another track segment and photons due to subdetector background.
In RICH2 the subdetector background includes HPD charge share hits, in which the
photon produces several hits across neighbouring HPD silicon pixels, dark hits and gas
quartz window Cherenkov photons from a particle passing through the quartz window in
the box separating the HPDs from the radiator gas. Also contributing to the subdetector
background are Cherenkov photons from a particle traversing an HPD quartz front
window and Cherenkov photons from a particle crossing nitrogen gas. It was found that
the largest contribution to the total background was from signal photons from other
tracks (see Figure B.11). The level of this background could not be reduced without
making the selection criteria more discriminating and in turn reducing the number of

rings with tracks identified as isolated.

+

TEE
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-ZE*#%M 2 T

Cherenkov angle resolution /rad

Figure B.11: The Cherenkov # resolution distribution for background photons
from isolated rings with tracks, showing the contributions from different back-
ground photon types in MC. “Total background” denotes all photons which are
not MC true for a given track; “Signal background” denotes the subset of “Total
background” photons which are signal for another track but background for the
selected one and “CS background” the subset which are charge share photons.
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The largest subdetector background contribution was due to HPD charge share hits,
so an attempt was made to reduce this background by applying a clustering algorithm
to the HPD pixel hits. Given a minimum and a maximum cluster size, the algorithm
searched for hits in neighbouring pixels and then grouped them together to be treated
as a single pixel hit. A typical background photon resolution distribution with clusters
of size 1-4 pixels allowed is shown in Figure B.12. A slight reduction in background was
found, but the number of tracks identified as isolated from a given set of events was also
reduced. This, and the fact that the charge share contribution without clustering was
still significantly smaller than background from other track signal photons, led to the
decision not to pursue the application of the clustering algorithm further; no changes

were made to the nominal isolation criteria described in Section B.1.2.
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Figure B.12: The Cherenkov 6 resolution distribution for background photons
from isolated rings with tracks, with clustering applied (from MC).

B.1.5 Changes in resolution with variation of radiator pressure

It is expected that a change in radiator gas pressure will alter the refractive index of the
gas [182] and in turn the Cherenkov € resolution distribution. In order to check that
the Cherenkov 6 resolution distribution does indeed alter under a pressure variation, a
further sample of MC events was simulated with a RICH2 pressure of 965 mbar. This
pressure was chosen because the nominal running pressure for RICH2 is 970 mbar and a

typical pressure fluctuation in the subdetector is of the order 5-10 mbar. The Cherenkov
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resolution distribution for all MC true photons in the 965 mbar simulation (Figure B.13)
shows the expected shift and is not well fitted by a Gaussian. As shown in Section B.1.3,
with enough statistics the Cherenkov € resolution distribution from isolated rings should
resemble the MC true resolution distribution. It is therefore possible to use the resolution
distribution from isolated rings to observe fluctuations in resolution due to changes in

the subdetector conditions.
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Figure B.13: The Cherenkov 6 resolution distribution for MC true photons
with a RICH2 pressure of 965 mbar. The points are the distribution and the
line is a Gaussian function fitted to the distribution.

B.2 Isolated trackless rings

It is also valuable to be able to monitor the RICH radiator refractive indices without
the input of information from the tracking subdetectors. “Trackless” rings, to be used
for this monitoring, were identified in RICH2 using an algorithm [183, 184] which fits
Cherenkov light rings. The algorithm uses a Markov chain sampler and only RICH pixel
hit information and knowledge of the RICH subdetector to locate rings. It does not need
any track seeding or information from the rest of the LHCb detector, so the fitted rings
are ideal for use in tracking-independent monitoring of the RICH system. The fitter
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produces perfectly circular rings, however, and cannot take into account the “keyhole”
shape obtained when a ring is split across two sections of mirror in RICH2. In this case,
an arc of the ring appears displaced from the rest of the ring on the HPD plane; some
examples of these non-circular rings can be seen in Figure B.6. Visualisation of events
in Panoramix showed that the inability to fit these shapes properly leads to mis-fitting
of trackless rings in regions of high ring density and background. It was concluded that
isolation criteria should be applied to the trackless rings to provide a clean sample for

use in tracking-independent RICH monitoring.

B.2.1 Selection criteria

The selection criteria used to provide a sample of isolated Markov rings are similar to
those applied to rings with tracks. As the information available for the Markov rings
is limited, however, there are only three requirements. The Markov fitted rings have
a centre, radius, RICH radiator type and a list of associated pixel hits. The selection
criteria, which were again developed for RICH2 and can be suitably altered for usage in
RICHI, were tested on the MC events described in Section B.1.2. The criteria are:

e a requirement on the separation of a Markov ring centre from others around it,
in order to prevent overlapping rings from being selected as isolated. This is
nominally set to > 260 mm between ring centres, as for the isolated rings with
tracks, due to the RICH2 saturated ring radius;

e a requirement on the distribution of hit pixels in terms of Cherenkov 6 is made.
A band of 6 is defined around the Markov ring radius, with a nominal width
of 9.44 mrad again chosen. # is calculated for each associated pixel hit and the
fraction of the hits lying within the predefined 6 band is found. Only pixel hits
within a circular region of interest around the Markov ring centre are considered
for association with the ring when it is fitted and all of these are then used within
the fraction calculation. It is required that > 40% of the hits lie within the band
around the average #; both the ring width and the demand for 40% within the

chosen # band can be altered; and

e a requirement on the distribution of hit pixels in terms of Cherenkov ¢ is made.
The [0, 27] range of angle ¢ in which a pixel hit can lie on the ring is divided
up into eight angular regions, then the angle ¢ for each associated pixel hit is

calculated and the fraction of these lying in each region is found. It is required
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that no region has more than 30% of the ring’s associated pixel hits in it. As for
the isolated rings with tracks, the number of ¢ regions and the maximum fraction

in each region can be configured.

The final two criteria are, by default, less stringent than those for the rings with tracks;
this is because further use of the Markov rings (see Section B.2.2) requires only that

they are adequately well-fitted to the hits.

B.2.2 Ring radius distribution and changes with varying radi-

ator pressure

If the Markov rings are well-fitted, the ring radius should be proportional to Cherenkov
0 for the track which produced the photon ring. This means that the distribution of
ring radii should change if the Cherenkov 6 distribution changes. The ring radii can

therefore be used to search for changes in the radiator refractive index.

The distributions of ring radii for isolated Markov rings found in MC events at RICH2
pressures of 970 mbar and 965 mbar were fitted using a polynomial x Gaussian function
and the ring radius corresponding to the maximum of this function was found. The
ring radius distribution for 970 mbar, normal RICH2 running pressure, can be seen in
Figure B.14. As previously stated, a typical pressure fluctuation in RICH2 is predicted
to be of the order 5—10 mbar. Further MC events were produced at different RICH2
radiator pressures (930 mbar, 975 mbar, 985 mbar) and the ring radius distributions for
the isolated Markov rings found in these data sets were also fitted. Figure B.15 shows
the fitted distribution for 930 mbar data, which would be a large pressure change for

normal data-taking conditions.

Figure B.16 shows the variation of the ring radius at distribution maximum with
changing RICH2 pressure for isolated Markov rings. It can be seen that the expected
variation in ring radius is present, although it is very small. It is therefore possible to

use the distribution of ring radii to monitor fluctuations in the subdetector conditions.
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Figure B.14: The ring radius distribution of isolated Markov rings, at a RICH2
pressure of 970 mbar (from MC). The fitted radius at maximum is 0.0283 rad.
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Figure B.15: The ring radius distribution of isolated Markov rings, at a RICH2
pressure of 930 mbar (from MC). The fitted radius at maximum is 0.0276 rad.
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Variation of Markov ring radius with pressure in RICH 2
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Figure B.16: The ring radius at distribution maximum versus RICH2 pressure,
for isolated Markov rings (from MC).
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B.3 Usage in proton-proton collision data-taking

Since the start of proton-proton collisions in 2010, the isolated rings with tracks (Sec-
tion B.1) and isolated trackless rings (Section B.2) have been used in offline and online
RICH monitoring. Although the selection criteria were initially developed and tested for
RICH2 only, they have been extended to be applicable for RICH1 gas radiator rings [150].

B.3.1 Monitoring with isolated rings with tracks

Isolated rings with tracks are used for offline RICH monitoring purposes, with the ring
selection criteria described in Section B.1.2 unchanged. An example of an isolated ring
in RICH2 proton-proton collision data is shown in Figure B.17(a). A histogram of
Cherenkov resolution for isolated rings is included in the offline data quality histogram
presenter, along with a reference histogram, to allow fluctuations in radiator refractive
index to be observed and reported. It is currently not possible to use these rings online as
the full reconstruction software does not run in the online environment and the necessary
information is therefore not available. A version of the reconstruction software for the
online environment is under development for use in 2012 and should allow usage of the

isolated rings with tracks online [150].

B.3.2 Monitoring with isolated trackless rings

Isolated trackless rings are used in the online RICH monitoring. As described in Sec-
tion B.2 above, a Markov chain sampler ring finding algorithm was originally used to
identify trackless rings, however it was found to use too much CPU time when run in
the high detector occupancy environment experienced during proton-proton collisions.
A faster trackless ring finding method was developed to replace it, using an elastic neu-
ral network approach [186-188]. The isolation criteria described in Section B.2.1 are
still employed to provide a clean sample of these rings, however the requirements have
been altered slightly to compensate for the different environment experienced in proton-
proton collision data-taking compared to MC simulation and to fulfil the requirement
of having an adequate number of rings identified in a given time period [150]. An ex-
ample of an isolated trackless ring in RICH2 proton-proton collision data is shown in
Figure B.17(b).
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As track information is not available in online monitoring, isolated trackless rings
are used by default to provide histograms. In particular, a histogram of ring radius is
produced, along with a reference, for observing changes in the shape of the distribution
or a shift in peak position which would indicate a fluctuation in refractive index. Fig-
ure B.18 shows a snapshot of the online presenter with histograms related to the isolated

trackless rings.

Figure B.17: RICH2 isolated rings taken from different proton-proton collision
events. Ring (a) is a ring identified as an isolated ring with track. Ring (b) is
an isolated trackless ring.
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B.4 Summary

Selection criteria have been developed to identify isolated Cherenkov rings, both with
and without associated tracks, in the RICH subdetectors of LHCb. These rings provide
clean samples which can be used to monitor the refractive indices of the RICH system

radiators.

Isolation selection requirements on rings with tracks have been shown in MC simu-
lated events to allow the reliable reproduction of Cherenkov 6 resolution distributions
similar to those found using MC truth. It has also been shown that the resolution dis-
tribution alters when detector conditions change, and so the distribution can be used to

monitor the conditions, as expected.

Criteria for selecting isolated Cherenkov rings in the RICH subdetectors with no
track associated to them have also been developed. The trackless rings were taken from

a Markov chain ring fitter acting on MC events; these were then subjected to selection
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criteria similar to those of the ring with track case, before a distribution of Markov
ring radius was made and fitted. These rings can provide a method for refractive index
monitoring independent of tracking information, as the Markov ring radius distribution

showed small shifts under radiator pressure changes.

During proton-proton collision data-taking, isolated rings with tracks and isolated
trackless rings are used within offline and online RICH monitoring respectively, to allow

data quality checks to be performed and for detector conditions to be monitored.



Appendix C

Comparison of MC10 and 2010 data

In order to validate the use of the MC10 samples in extracting lineshapes and efficiencies,
it was necessary to perform a comparison of distributions of key variables from the MC
and data. B* — D(KZrtn~)h LL candidates were selected from the 2010 data and
signal B* — D(K%rtn~)h MC10 samples, using the full selection criteria described
in Chapter 4 including PID requirement and trigger and stripping. B mass windows
of +£50 MeV/c? around the global average value were applied. Magnet up and down
samples were summed to give the total distributions; MC truth information was used
to ensure that the candidates from MC10 were true signal decays. Figures C.1 to C.13
show various distributions from the resulting candidate samples, with selection criteria
indicated with black arrows. It should be noted that there will be some contribution
to the 2010 data distributions from B* — D(wmnm)h decays and other backgrounds.
Unfortunately, due to the low statistics in the data (in the DK case in particular) it
is difficult to draw firm conclusions about the agreement between the MC and data
distributions. It appears that there is good agreement in many cases, with some small
disagreement in variables where a detector resolution is used, such as impact parameter
x?2, vertex x? and flight distance x?. These differences are understood as being due
to the slightly worse detector resolution in data than in MC. The detector occupancy,
described in terms of total number of tracks or number of long tracks per event, is
also not perfectly described. It is expected, however, that these differences will be very
similar in the B* — Dz and B* — DK™ cases, so that they will effectively cancel
in the ratios of efficiencies and are not a cause for concern. The distributions of PID
variables ALL(K — 7) and ALL(K — p) were not compared, as it was already known
that the PID performance was not well-described in the MC.
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Comparison of MC10 and 2010 data

A MC10-2010 data comparison has been performed elsewhere for B* — D(hh)h
decays, where the number of candidates in the 2010 dataset was much larger [189]. It
was found that for almost all variables considered, agreement between MC10 and data
was good. The notable exceptions were the PID variables, where the distributions were
not well-matched, as expected. Other distributions involving detector resolution also

exhibited small variations between data and MC. This confirms the conclusions drawn

from the figures below.
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Figure C.1: A comparison of the IP x? (PV) distributions for K& daughter 7
from MC10 and 2010 data. Figure C.1(a) shows the B* — Dz distributions
and Figure C.1(b) shows the B¥ — DK® distributions.
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Figure C.2: A comparison of the vertex x? distributions for K candidates
from MC10 and 2010 data. Figure C.2(a) shows the B¥ — Dr¥ distributions
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and Figure C.2(b) shows the B¥ — DK* distributions.
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Figure C.3: A comparison of the FD x? (PV) distributions for K% candidates
from MC10 and 2010 data. Figure C.3(a) shows the B* — Dz distributions
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and Figure C.3(b) shows the B¥ — DK¥ distributions.
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Comparison of MC10 and 2010 data

Normalisgg number of candidates

Figure C.4: A comparison of the IP x* (PV) distributions for D daughter 7
from MC10 and 2010 data. Figure C.4(a) shows the B¥ — Dr¥ distributions
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and Figure C.4(b) shows the B* — DK* distributions.
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Figure C.5: A comparison of the vertex y? distributions for D candidates from
MC10 and 2010 data. Figure C.5(a) shows the B* — D#¥ distributions and
Figure C.5(b) shows the B* — DK¥ distributions.
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and Figure C.6(b) shows the B¥ — DK* distributions.
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Figure C.12: A comparison of the DIRA distributions for B candidates from
MC10 and 2010 data. Figure C.12(a) shows the B* — Dx* distributions and
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