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Abstract

In this thesis, methods for studying the flavour changing neutral current
decay By — K*Ou*tp~ at LHCD are investigated. The decay proceeds via
a b — s loop, and will be sensitive to the effects of new particles, predicted
in many models of beyond-the-Standard-Model physics. The formalism
used to describe the decay will be introduced, and a number of observables
available in its angular distribution presented.

In the first few years of LHCbH data taking, the number of signal events
available will be relatively small and measurements must be optimized for
experimental sensitivity. The vanishing point of the angular observable S5
will be of particular interest; it has reduced theoretical uncertainties from
hadronic form factors and can be extracted with high precision at LHCb.
It provides a complementary measurement to that of Apg and Fy,, already
considered by BABAR, BELLE, and [CDF]

Once O(10*) By — K*%uTu~ signal events have been collected, a full-
angular analysis can be performed that will give the maximum available
sensitivity to new physics in the decay. It will also provide access to many
other observables with reduced theoretical uncertainties that are optimized
for sensitivity to particular classes of new physics. It is shown that the
full-angular analysis will be a sensitive probe of the decay, and can provide
power to distinguish between models if physics beyond the Standard Model
is discovered at the [LHC| Many of the conceptual issues associated with
making this measurement are explored.

Finally, a new decay model of By — K*Outu~ is presented for the
decay simulator EVTGEN that allows the model independent simulation of
new physics. This model is used to investigate the current state of b — s
observables, and it is shown that their 2009 experimental values are in

excellent agreement with the Standard Model.
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Chapter 1

Introduction

56
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(a) Visible (b) X-ray

Figure 1.1: The merging galactic cluster 1E 0657-558 at visible and X-ray wave-
lengths. In each case, the white scale bar shows how large a 200 kpc object would

appear if it was the same distance from us as the cluster. Fig. from Ref. [10].

1.1 Motivations

A drive to understand the world around us has long been an important feature
of mankind. As new technologies have been pioneered, this understanding has
grown, leading to a virtuous circle of development that has transformed our lives.
Today, we live in a world quite different from our ancient ancestors; however,
many of the same questions remain: Where did we come from? How were the
things around us made? Why is our universe like it is? We have learnt so much,
but as we develop new tools we find new questions to ask.

In modern physics, our ability to make measurements on very large and very
small distance scales has left us with many new challenges. An example can be
taken from astronomy. In 1933, the Swiss astrophysicist Fritz Zwicky showed that
an analysis of the Coma cluster of galaxies led to an estimate of the cluster mass

that was much greater than would be expected by looking at its light output
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[11]. The large ratio of these two mass estimates (~ 500) led him to propose
that there was dark matter present in the cluster. Fig. shows the merging
galactic cluster 1E 0657-558 in both X-ray and visible light [10]. The colliding
cluster can be conceptually divided into three components: the stars, the dust
and gas, and a hypothetical dark matter halo. The stars can be treated as
gravitational point masses at these scales, and do not collide; the two sub-clusters
are clearly distinguishable in Fig. [I.1Tal The gas and dust, however, interact
greatly, producing electro-magnetic (EM]) radiation, visible in the X-ray image,
Fig. [1.1b,. These interactions cause drag, leading to the separation of the visible
and X-ray distributions we see. The green lines show contours of the gravitational
field, derived from the statistical ellipticity of the background galaxies. These
contours follow the distribution of stars, but not that of the gas and dust. The
gravitational warping effect extends much beyond the visible boundary of each
grouping. This suggests that each sub-cluster is surrounded by a halo of dark
and massive matter which does not interact electro-magnetically with the dust
and gas.

Results from the Wilkinson Microwave Anisotropy Probe quantify
this significantly when combined with other astrophysical constraints [12]. They
find that only 4.6% of our Universe is made up of ordinary baryonic matter, and
23% from dark matter. Cosmological evolution models suggest that this must
be stable or extremely long lived, low energy (cold or warm) and non-baryonic
(for a review see Ref. [I3]). Consideration of the conditions that existed in the
early Universe can be used to predict the interaction cross-section required to
produce the dark matter density we see today, e.g. Ref. [I4]. The cross-section
found is one typical of the weak scale, corresponding to particle masses in the
100 GeV-1TeV range. This conclusion is known as the miracle and ties in
with predictions from electroweak theory that there must be new physics at
the TeV scale if any scalar fields present in the Standard Model are to be
protected from logarithmic divergences, e.g. Ref. [I5]. The missing CP violation
in the Universe [I6] or the experimental value of (¢ — 2), [I7] are also seen as
hints that there is beyond-the{SM] physics at work in our Universe.

The [LHC| project [18] at the Organisation Européenne pour la Recherche
Nucléaire offers the chance for physics at the TeV scale to be studied
in detail for the first time (for a brief review see Ref. [19]). If there is active
at [LHC] energies then we may hope to find it. There are two basic approaches
to this; we may look for the decays of new massive particles directly or study
their virtual contributions to the decays of [SM]| particles. The latter approach is
the one taken in flavour physics, which deals with the couplings of quarks and

leptons from different generations. At the time of writing, the agreement between
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precision flavour measurements and [SM] predictions is rather good (e.g. Ref. [20]),
which leaves us with a problem, known as the new physics flavour puzzle: If there
is at the weak scale, why haven’t we seen its effects in flavour physics? If
we hope to understand the physics of weak scale interactions, then both high-pr
and flavour physics observables must be considered. This thesis is focused on
the indirect search for contributions to b — s quark transitions in the rare
electroweak penguin decay By — K**(— Kn)u*pu~ with the LHCb detector.

1.2 The Standard Model of particle physics

The [21H29] is a relativistic quantum field theory that describes the strong,
weak, and electromagnetic forces and their interactions with the particles that
make up the Universe as we know it today. It is based upon the principle that
there are fundamental symmetries of nature that must be respected by any theory
which attempts to describe itﬂ These symmetries are specified in the language

of group theory as a product of three gauge groups,
Gsm :SU(3)C®SU(2)W®U(1)Y; (1.1)

SU(3)¢ describes the strong interaction and SU(2)y @U(1)y the electromagnetic
and weak interactions. The twelve generators of the group correspond to the eight
gluons, g, three weak bosons, W+ and Z°, and the photon, 7, which respectively
mediate the strong, weak, and electromagnetic forces. Together these account
for the known phenomenology of the quarks and leptons studied in collider and
low-energy experiments.

The matter fields of the can be assigned electroweak and strong quantum
numbers and grouped into gauge multiplets, as shown in Tab. [.1l The parityP]
violation seen in weak interactions [36] is implemented by giving the right- and
left-handed components different weak quantum numbers, so that they are placed
in different multiplets of the SU(2)w @ U(1)y group. The left-handed leptons are
grouped in SU(2)y doublets:

L= "), L,=("™"), L.=(""). (1.2)
er ML TL

!This section has been written following Refs [30-35].

x —x
2The parity operator changes the sign of all spatial elements in a vector: P (y) — (—y) .
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and similarly for the quarks,

_ (v _ (< _ ([t
a () a-(D) a-(9).  as

while their right-handed chiral partners are placed in singlets:

€R, HR, TR; (14)

ugr, dgr, Cr, Smr, tr, bg. (1.5)

The L and R labels denote the left- and right-handed projections of the spinor

fields (chiralities),
1

ViRr= 5(1 F )Y, (1.6)
that, in the limit of vanishing particle mass, select the right and left helicity
states. The primes indicate that these are the weak and not the mass eigenstates.
In the simplest form of the [SM] where the neutrino masses vanish, right-handed
neutrinos do not interact with any of the known particles and so are removed from
the theory, leaving purely left-handed neutrinos. A summary of the symmetry

properties of the [SM] matter fields is shown in Tab. [L.1]

Field SU@B)e SU2)w U(l)y Lorentz
Qi = <“/L) 3 2 /6 (1/2,0)
dj
uly 3 1 2/3  (0,1/2)
di 3 1 ~1/3  (0,1/2)
Li = (”L> 1 2 ~1/2  (1/2,0)
€r
el 1 1 1 (0,1/2)
H+
H= <H0> 1 2 /2 (0,0)

Table 1.1: Matter fields of the [SM] The dimensions of the SU(3)¢c and SU(2)w
representations are shown, as is the U(1)y charge, and the properties of the field
under the Lorentz group. The ¢ index denotes the generation and runs from one
to three.

The SM] Lagrangian, Lgy, is the most general re-normalizable Lagrangian
that is consistent with the [SM] gauge group, describes the known particles and

implements spontaneous symmetry breaking. It can be divided into three parts:

£SM — LKinetic + ﬁHiggs + EYukawa' (17)
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The requirement of local gauge invariance leads to the natural inclusion of the
force carriers of the [SM] It is most easily introduced by considering the La-

grangian density for a free Dirac field, v, with mass m:
£ = G(ir"d, — m)u. (1.8)

This is invariant under a global phase transformation, known as a global gauge

transformation,
) — e, (1.9)

The group of all such transformations is known as U(1). In quantum mechanics
(IQM)) the probability of finding a given state at position & can be found by taking

the squared modulus of the wave-function,

P() = [¢|* = *y. (1.10)

The probability density P(z) is invariant under the global gauge transformation
showing that « is not an observable, but it is also invariant under the more general

local gauge transform,
V(@) — D), (1.11)

where this transformation can be also extended to transform SU(N) spinors [37].
In order to enforce conservation of this symmetry on Eq. ([L.8]), the derivative can

be replaced by a new covariant derivative,
DIP =9, +icA,, (1.12)

where A, is a new vector gauge field, the photon. It is required if we are to
include derivative terms in the Lagrangian, which describe how the spinor ¥ (z)
transforms as & changes. We note that adding a mass term m?A, A* is forbidden
without spoiling the invariance; the photon is required to be massless.

These ideas can be extended to include the more complex [SM] group. In this

case the covariant derivative required is
D* = 0" +ig,G" L, + igW}'T, + ig' B"Y, (1.13)

leading to the force carriers of the : G* are the eight gluon fields, W/ the three
bosons of the weak interaction and B* is a single hypercharge boson, all of which
are also massless. The L, terms are the generators of SU(3)¢ (the 3 x 3 Gell-
Mann matrices), the T, terms are the SU(2)y generators (the Pauli matrices),

and the Y's are the U(1)y charges. Finally, gs, g, and ¢’ are the associated gauge
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coupling constants. In order to recover the Quantum Electrodynamics (QED)
result, the [SM] group must be spontaneously broken, reducing the group from
SUB)c@SUR2)w @U(1)y — SU(3)c ® U(1)g, where the quantity

Q=Y +1° (1.14)

is conserved and can be identified with the electric charge quantum number. In

order to implement this spontaneous symmetry breaking, a single scalar field,

H+
H— <H0> : (1.15)

is added to the theory, leading to the term
Ltiggs = (D#H)T(D“H) - V(H), (1.16)

appearing in the Lagrangian. The electroweak symmetry is broken by the Higgs
potential, V' (H), an example of which is shown in Fig. [1.2] The symmetry break-
ing mixes the W and Y bases,

A cosf, —sinb,\ [ A3
= “ , (1.17)
A sinf,  cos#b, B

to form the physical Z° and ~, where 0,, is the weak mizing angle. The mecha-
nism is outlined for U(1) in the caption of Fig. [1.2] however, the details for the
SU(2)w ® U(1)y are similar but more involved. This transformation allows for
gauge invariant mass terms for the Z° and W= to be generated and predicts a

simple relationship between their coefficients,
my = My cosO,,. (1.18)

Testing this and other predictions of the theory has led to remarkable agreement
being found between predictions and precision electroweak data, e.g. Refs [38,
39].

The quarks and leptons do not acquire masses during this process, and this
must be changed if the [SM]is to describe nature. Our choice of placing the left-
and right-handed components of the fermion fields in different gauge multiplets
means that we can not include a mass term in the Lagrangian without violating
the local gauge symmetry. Spontaneous symmetry breaking can again be used to

introduce fermion masses in a gauge invariant way. The quarks and leptons get
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Figure 1.2: An example of a Higg’s potential that leads to spontaneous symmetry
breaking. In this case, the potential V(¢) = —u?¢*¢ + %(¢*¢)2 leads to a U(1)

1/2
invariant minimum at (¢) = ¢y = (“;) . Decomposing ¢ around its minimum

gives ¢ = ¢g + —= (¢1 + i), so that V(¢) = —5xpu* + 3 - 21°¢%; ¢1 acquires a
mass, v/24, whlle ¢ is left massless.

masses because of their Yukawcﬂ couplings to the Higgs doublet,
Lyvkawa = GO0 H Q) — g dp H' QY — gie HIL) + hee.  (1.19)

where repeated i, j indices are summed and € is the antisymmetric matrixﬁ The

non-zero vacuum expectation value of the H doublet,

1 {0
(H) = 7 <U> : (1.20)

produces mass terms,

1 1 o 1 o
ALvugawa = ——=AVEr e — —=Agudy dl — —=\ vt u’y + h.c. (1.21)

V2 V2 V2

These terms give rise to the 3 x 3 quark and lepton mass matrices,
M, = v)\u/\/§; My = v)\d/\/ﬁ; M, = v/\e/\/ﬁ, (1.22)

where )\; are the dimensionless and re-normalizable Yukawa couplings. We can

3Named following the ideas presented in Ref. [40).

0 1
4 —
E(—l O)'
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define matrices, U, which diagonalize the Yukawa couplings so that all Higgs

interactions are generation specific,

m, 0 O
Uu, RA)IM U, L)=] 0 m. 0 |, (1.23)
0 0 iz
mq 0 0
Ud,R) I MguU(u,LY=| 0 ms; 0 |, (1.24)
0 0 mpy
me. O 0
Ule, R M U(e,L)=| 0 m, 0 |. (1.25)
0 0 m,

For the leptons, this poses no problem as neutrino masses may be neglected. To
diagonalize the quark Higgs couplings however requires different transformations
for the uy and dj, fields, which are part of the same SU(2) doublet. We can

redefine the original quark doublets as

y U(u, L
A T e IR S (1.26)
dy, U(d, L)dy, Vexmdr
where Veky is the unitary Cabibbo-Kobayashi-Maskawa (CKM)) matrix [28] 29],
defined as,

Vexn = U(u, L)U(d, L) (1.27)
Vud Vus vub

= |V Ves Voo |- (1.28)
Vie Vis Vi

Making the relevant substitutions in the [SM] Lagrangian leaves the quark kine-
matic terms, as well as the Z° and A couplings unaffected. However the W
couplings are not invariant under Veky, leading to tree-level flavour changing
charged interactions mediated by the W=.

The unitarity constraint in the [CKM] matrix means that not all the elements
are independent; further re-phasings of the quark fields can be used to remove

five parameters, leaving three independent angles, 615, 013, 623, and a single CP-
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Violatingﬂ phase, §. The most common parametrization has become [41],

0

C12C13 S12C13 S13€
_ ) )
Vemx = | —Si12¢23 — €12523513€" C12C23 — S12523513€" S23C13 | (1-29)
0 0
512523 — €12€23513€ —C12523 — 512€23513€ C23C13

where s;; = sinb;;, ¢;; = cosb;;, and the angles are chosen so that s;;,c;; > 0.
Experimentally, s13 < s93 < 12 < 1, meaning that there is clear hierarchy in the
matrix structure, with off-diagonal elements being much smaller than diagonal

elements. To an accuracy of better than 0(0.05), we may write,

1 A
Vemk = | =X 1 01, (1.30)
0

where A = 0.2257 T00005 [41].
Many of the measurements made in B-physics investigate corrections to this
picture, illustrated by the over-constrained unitary triangle, shown in Fig. [1.3]

This makes use of the Wolfenstein parametrization [42], with the following defi-

nitions:
oy ‘Vus| . _ 2 _ Vcb. i Y 3 - N
S12 =\ = TR ]Vus]27 Sg3 = AN =\ — s13€’ = Vi = AN (p+in);
so that we can write Vg as
1—X2/2 A AX3(p — in)
Vokum = - 1— )22 AN? +O\h. (1.31)
AN(1 —p—in) —AN? 1

The unitarity of the [CKM| matrix requires that, e.g.,

VudVJb + Vch’{, + Vig {Z =0. (1.32)

C

This relation prescribes a triangle in the complex plane; one of six which may be
drawn. We define

— . Vud *b
i = - 1.33
p VoaV: ( )
so that expanding in a Taylor series around A, we have,
_ 1 i 1
pzp—ép)\ + 77:77—577)\ + ... (1.34)

5The charge conjugation operator, C, negates the charge quantum number, so C : e~ — et.
CP is the combination of this and the parity operator previously defined.
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Figure 1.3: The current (summer 2009) status of the matrix [43], 45].

The height of this triangle in the p — 7 plane directly measures the C'P-violation
seen in the [SM] while the angles are defined as

Vch}’;) ( ViaVi, ) ( VudV*b>
—arg| ——=2|;, a=arg| — ; =arg | ———2 | . 1.35
e (- vt T ) 0

Fig. [L.3] combines many different measurements from the B-factories and the
TeVatron to make multiple constraints on parameter space to check for inconsis-
tencies which would be a sign of physics beyond the [CKM] picture. The length of
each side of the triangle is O(A\3), illustrating the precision required to make these
measurements. This framework has been extensively tested at the B-factories and
the TeVatron and has been found to be in excellent agreement with data [43] [44].
While some discrepancies have been reported, the overall picture is one of great
consistency with the [CKM] picture, and so with the [SM]
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1.3 Rare decays

As discussed in Sec. we are looking for the effects of [NP] at the weak scale,
myy, which naturally leads us to consider diagrams involving weak transitions.
As any new particles discoverable at the will likely have masses O(102 GeV),
the decays of heavy particles will be of particular interest [46]; specifically the
7 lepton and the t and b quarks. The mass hierarchy is such that m; > m, > m.
[41]. The t quark has a huge mass relative to other particles; despite the large
numbers that will be produced at the [LHC| making detailed measurements will
be very challenging due to the complex decay topologies involved.

The decays of the b quark are experimentally attractive for a number of rea-
sons. It is the heaviest of the quarks that form bound states. These states are
relatively stable, and decay a measurable distance from where they are producedﬂ.
This allows for their identification in a hadronic environment, by looking for de-
cay vertices displaced from the primary interaction point. At the [LHC], they will
be produced in bb pairs via processes like g — bb in huge quantities: the LHCb
collaboration estimates that O(10'2) bb pairs will be produced at their interaction
point per nominal year of data taking [47]. The effects from high mass scale par-
ticles in the decays of the b quark will, in general, be less significant than for the
t quark, however this may be compensated for by the large statistics and higher
selection efficiencies available.

The study of rare b decays is an attempt to combine the advantages of making
precision B-physics measurements with the probing of high mass scale processes.
We define a rare decay as being one which proceeds via an electroweak flavour
changing neutral current loop process, which are forbidden at tree-level
in the [SM] In the case of the b — s quark transition, the large mass of the
t quark means that the electroweak contribution can be significant even where
Quantum Chromodynamics processes are also active [4§]. One strategy
is to consider final states were the loop contribution from electroweak processes
must dominate. The canonical example of this are the b — sy decays.

The one-loop [SM]diagrams for b — s7 are shown in Fig. In this case,
effects only contribute as corrections, and relatively clean theoretical predictions
can be made for its inclusive branching ratio [49]. This can also be measured
cleanly at the B-factories (see Ref. [20] and references therein). If there are new
massive particles acting on the weak scale, they may be able to enter the b — s
loops, altering the branching fraction we see. Current measurements are, however,
in good agreement with the[SM]predictions, and this represents one of the greatest

challenges for the NP|hypothesis. A more extensive treatment of the current state

6The B meson has a mean lifetime of 75 = (1.530 4 0.009) x 1012 s[41].
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Figure 1.4: diagrams for the rare decay b — sv. Figures from Ref. [30].

of b — s constraints is given in Sec. [6.6f However, B(B — X,7) is not the end
of the story. It is only sensitive to certain classes of effects that could be
added to Fig. [[.4 Other rare decays provide overlapping and complementary
measurements of the underlying electroweak parameters and may be sensitive to
effects with different underlying gauge structures. To take these ideas further
requires the introduction of the Operator Product Expansion (OPE)).

1.3.1 The Operator Product Expansion

Effective field theories in particle physicsﬂ are built on the idea that the typical
energies involved in a particular process define a scale, u, for that process. The
contributions from virtual particles with masses much greater than that scale are
suppressed [46]. This can be thought of in terms of the typical distances involved
in an interaction. Unstable massive particles generally have short lifetimes so the
distances over which they can be involved in a process must also be short. Pro-
cesses operating at different scales are both spatially and temporally separated,
and so decoupled.

The force carriers of the weak interaction are very heavy relative to the masses
of the [SM] particles we see in the world around us; the typical distances at which
the weak force operates on are very small. Effective theories enable us to model
a process at the mass scale relevant to the particles involved. The canonical

example of this is Fermi’s description of 3 decay [50], shown in Fig. [1.5| The
Uy vy

—

Figure 1.5: The electroweak process of 3-decay in the full and effective pictures.
Figures from Ref. [30].

"The following section is based on Refs [30, [35].
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weak vertex is parametrized as an effective vertex with a coupling constant G,
the Fermi constant, given by
Gp= QQ—Q = 1.16637(1) x 107> GeV 2, (1.36)
8 m,
where g is the coupling constant of the weak force [41]. Fermi’s theory is invariant
under local SU(2)w @ U(1)y, and corresponds to the limit of the with infinite
heavy boson masses.

The framework of effective field theories is often applied to weak interactions
of the b quark. Rather than treat b decays with the full SM] we integrate out the
particles whose masses are significantly greater than that of the b quark, such as
the weak bosons and the ¢t quark. This allows us to concentrate on modelling
the physics active at the scale p ~ my, which is dominated by while still
including the effects from higher scale physics.

Making this separation requires that our full theory can be parametrized at
the scale at which it is active. For the [SM] this is the weak scale, = my,. We
can write the full SM| Hamiltonian in terms of an effective Hamiltonian, so that

for a given process

, (1.37)

I

(fIHeali) = (f[Hegld) ch (f|Oxld)

where the Wilson coefficients, C.(ut), parametrize the effects of physics acting on
scales higher (shorter range) than p, and Oy are matrix elements, often referred
to as local operators, for physics acting on lower scales (longer ranges) [51]. This
is know as the Operator Product Expansion. The values of the Wilson coefficients
can be found by matching the full and effective Hamiltonians at the weak scale.
They represent the coupling constants on effective vertexes, the gauge structure
of which are specified by the local operators. An illustration of this may be seen
in Fig. for the process of S-decay.

The Wilson coefficients can be calculated with high precision in the [SM] e.g.
Ref. [52], matching order-by-orderin ay; the same can also be done formodels,
such as the Minimal Supersymmetric Standard Model [53]. The values
of the Wilson coefficients are sensitive to the underlying physics model, and will
change from their values in the presence of new terms in the true Hy, found
in nature. They are process independent, and so may be determined separately
from many different measurements. If we can measure these coefficients, we can
either discover or exclude entire classes of [NP| as classified by the underlying
gauge structure of each corresponding operator. This makes the [OPE]| treatment

of B decays extremely powerful for making model independent tests of the [SM]
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Figure 1.6: Contributions to b — s¢T¢~ corresponding to Oy and Oyy. Figures
from Ref. [30].

The effective Hamiltonian relevant for this thesis is given in Eq. (1.38]) and

describes the inclusive transition b — s¢™¢~:

4G ° oy
Hop = — ﬂ% (clo;+c20§+zci0@-+2<cj0j+Cj0j>)a (1.38)

i=3 j

where j = 7,8,9,10, P, S and A, = V,,V;i — a combination of the relevant [CKM]

matrix elements. The most important contributions are given in the [SM] by the

operators Oz 19, defined in Eqs (1.39), (1.41)), and (1.42) (e.g. Refs [54H50]).

O7 = g%mb(schPRb)FW, 0; = émb(sawPLb)F“”, (1.39)
1 1

O = ;mb@duuTaPRb)Gwa, Oy = Emb(gngapr)GWa’ (1.40)
2 _ e2 _

Oy = g—z(ngLb) (64"0), O = ;(%PRZJ)(W«?), (1.41)
o2 _ e2 _

Or0 = 5 (S Prb)(E4"750), Oto = 5 (59 Prb) (" 350). (1.42)

O corresponds to the [SM| diagrams shown in Fig. and describes the emission
of a photon during the b — s transition; the photon undergoes leptonic pair
production to produce the ¢T¢~ pair seen in the final state. A gluonic version
of this operator, Og, also contributes, but is much suppressed in the SM, and
considered unpromising for NP. There are also the vector, Oy, and axial, Oy,
operators, contributions to which are shown in Fig. [1.6]

The operators all have right-handed partners, denoted with a prime, that are
suppressed by a factor of m/my, in the[SM] The contributions of O} for 1 < <6
are normally neglected as their impact is either heavily constrained or generically
very small. O;_,, can be greatly enhanced by and are of particular interest
(e.g. Ref. [57]). For C; g, both the helicity suppressed and non-suppressed terms
can be included as

Cro = o (Crs™ +CF) + G (1.43)

This may lead to large effects in the case where [NP| contributes to both right-
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and left-handed Wilson coefficients.

It is also possible to include scalar and pseudoscalar operators, Og p, and their
primed equivalents which vanish in the[SM], but may arise in certain [NP|scenarios
such as the [MSSM] due to scalar or pseudoscalar particles in the loops. These

are:

e? B B 2 i )

Os =15 =5mu(5Pb) (1), O =15—5m(5PLb) (), (1.44)
2 - B 62 i )

O =1z Mo(SFrb) (sn), Op =1g-2"e(5PL0) (s p0). (1.45)

For convenience, the following combinations of Wilson coefficients are defined:

47 1 4 20 80
Ceff _ . = = I
7 @ Cr 363 9C4 3 Cs 5 Cs,
4 1 10
Cf = 40— =Ci+20C — — G,
g 6 3
4
G = V().
47
Cf = —Cuo
. 4m
4,659,10 = a_ 4,8,9,107 (146)

where the function Y (¢?) is as given in Ref. [54] and includes the doubly-Cabibbo
suppressed contributions which lead to CP-violation in the SM] If[NP]was discov-
ered at the [LHC| making measurements of the Wilson coefficients in b — s¢*¢~
would allow its underlying gauge structure to be probed, giving guidance to model
builders as they work to replace the [SM]

The Wilson coefficients parametrize effects from particles with masses higher
than p; to describe physics at the my scale, they must be evolved down from
the matching scale, my,. As the scale is brought downwards, the effects of more
particles are integrated out from the local operators and into the Wilson coeffi-
cients, making the coefficients dependent on p. This evolution is implemented by

requiring that
d
- o li) = 0, 1.4
o Heli) =0 (1.47)

and solving the Renormalisation Group equations. This requires the calculation
of an anomalous dimension matrix, v, such as found in Ref. [58]. This will induce
mixing between the operators introduced and other b — s operatorﬁ. An example
of this is shown in Fig. [1.7, These mixing effects are included in the anomalous

dimension matrix, however truncation of the perturbative expansions used will

8A very extensive review of these issues can be found in Ref. [59].
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Figure 1.7: An example of operator mixing between O; and O,. O, is a four-
quark operator defined as e.g. O = (¢1;7,br,j)(51,;7uCL,i), mediated by a gluon.
In the diagram, a higher order correction to O, where an additional gluon loop
is included, leads to the embedding of Oy in O7. Figures from Ref. [30].

introduce some residual scale dependence that must be included in theoretical

uncertainty estimates.

1.3.2 Quantum Chromodynamics and

The strong force is described using the SU(3)¢ theory of This is a lo-
cally gauge invariant quantum field theory in which the quarks and gluons
carry colour charge. Physical states must, however, remain colour neutral, lead-
ing to the formation of mesons, ¢,q% and baryons, €°q,q,q.. The presence of
non-Abelian terms in the field strength tensor, and the size of its running
coupling constant, «a,, make perturbative calculations challenging for many pro-
cesses. The study of approximate symmetries of the Lagrangian is then
particularly important, as they allow for calculations to be made outside of the
perturbative regime.

The running of a; naturally leads to a division in between processes
operating at short (hard) and long (soft) ranges. The self-coupling of the gluon
fields and the confinement of colour lead to a competition between screening and
anti-screening effects. At short ranges, anti-screening effects, from integrating
over a spatially separated colour field, do not significantly contribute; a quark
can be approximated as a colour point charge. At these ranges, o, is small and
perturbative methods may be used. At longer ranges, when the energy scale
is greater than ~ Aqcp, anti-screening effects dominate; «a, is large and non-
perturbative methods must be used.

In the case of mesons containing a heavy quark, such as a b quark, we may
consider the limit where m, — oo. Unlike the case where m, — 0, this is
not a formal limit of the Lagrangian and an effective field theory must be
constructed which allows for this limit to be explicitly considered. This is the
heavy quark effective theory [61, 62]. In this limit, the heavy quark is

9The following section is based on Refs [34} 35 60].
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stationary in the rest frame of the meson, and provides a central source of colour
charge, much like a proton provides electric charge in the hydrogen atom. In this
colour potential sits a complex array of light ¢g pairs and gluons, termed brown
muck by Isgur (e.g. [63]). This sea of coloured objects is non-perturbative, and
hard to treat from first principles. The second valence quark (the light quark) in
the meson couples to the brown muck, rather than directly to the heavy quark,
through the emission and absorption of soft gluons; the underlying properties
of the heavy quark, such as its flavour, mass and spin, are unimportant. This
is analogous to the invariance of the properties of atoms under a change in the
isotope being considered; it leads to additional approximate symmetries which
may be exploited to simplify calculations [61]. Put exactly, the configuration of
the light quark in a meson should remain unchanged if the heavy quark, Q(s,v),
with spin s and velocity v, is replaced by another heavy quark, Q'(s’,v), with
different spin or flavour but the same velocity. This allows, for example, for
universal form factors to be calculated which will be valid for any heavy quark
coupling to a particular light quark. In reality, the heavy quarks do not have
infinite mass and there will be symmetry breaking corrections to this picture;
these will be of order Agcep/m, and arise due to the motion of the heavy quark
inside the meson.

These approximations are not enough to the treat heavy-to-light form factors
of interest in this thesis; additional constraints must be introduced. In the case
where the energy of the light hadron is large, an additional expansion in powers
of 1/E can be performed, using large energy effective theory [64]. In
the limit where £ — o0, the formation of the light hadron is mediated by soft-
gluon exchange; hard spectator effects can be neglected. When the light hadron
energy is large but finite, the hard spectator effects are suppressed by a factor
of 1/E. This separates the two different regimes, simplifying calculations. The
[LEET] must be modified to include the effects of collinear gluons in order to
reproduce the correct infrared behaviour of [QCD] This theory is known as soft-
collinear effective theory and has been used extensively in the theoretical
treatment of B decays [65-67].

1.4 By — K utpu~

By — [?*O/ﬁ,u_ is a [FCNC| b — s decay that proceeds via penguin and box

diagrams such as those shown in Fig. [1.8|

10We deal with the By as this contains the b quark. The formalism can be applied equally
to the By with appropriate redefinitions which will be indicated explicitly in the text.
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(a) Quark Penguin (b) W Penguin (c) W Box

Figure 1.8: [SM|Feynman diagrams for the By — K*°u* = decay.

It was first observed at BELLE [68] and has a branching ratio of (1.107 §33) x

1079 [41]. The decay is sensitive to contributions through the addition of new
diagrams where charged or neutral particles run in the loop [57, [69H71] and
can be described with Eq. . Studies show that the decay can be selected
using the LHCH detector, giving 6200 1750 By — K*Ou*u~ signal events with
1550 + 310 signal-like background events per nominal year of running [72] [73].

As with B(b — sv), introduced in Sec. B(By — K*°u*pu™) is sensitive to
effects; however, the value measured is very compatible with predictionﬂ.
However, as discussed in following chapters of this thesis, the four body final state
of By — K*Ou* 1~ can be used to access angular observables with complementary
sensitivity to the branching fraction. The kinematics of the decay are introduced
in Sec. 3.1}, and various angular observables are defined in Sec.

Two of these observables, Apg and Fi,, have been measured by BABAR, BELLE,
and [CDF| and are shown in Fig. for the kinematic region for which theoretical
calculations can be made [75H81]. It can be seen that these measurements are
also in good agreement with the SM} however, the clustering of the central values,
as well as larger than expected isospin asymmetries, has led to some suggestions
that effects are present, e.g. Ref. [82]. As shown in Sec. , speculations of
this sort are perhaps premature (see also Ref. [83]). The large increases in signal

statistics expected at LHCb should be able to clarify this situation considerably.

_ ''In the region where theoretical predictions can be made, Ref. [74] predicts B(By —
Kut ™)1 _gaeve = (1.2£0.4) x 107, while the BELLE collaboration measures (1.49 7545 +
0.12) x 10-7 [75].
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Figure 1.9: Recent results from BABAR (red triangles), BELLE (blue circles)
and (purple squares) for [(a)] App, and F, re-drawn from Ref. [75, [77,
R1]. theoretical predictions are shown; the orange, light green, and dark
green bands show the parametric and estimated 5% and 10% contributions from
unknown higher order terms in the 1/my, expansion, known as A/m, corrections
[1]. The light purple bands show the rate-weighted SM average in the region
¢% € [1GeV?,6 GeV?], with all uncertainties.
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Chapter 2

The LHCb detector

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC)) is a particle accelerator currently being com-
missioned at the Organisation Européenne pour la Recherche Nucléaire (CERN]|)[18].
It is designed to collide protons with a center-of-mass energy (ly/s|) of 14 TeV and

2

an unprecedented luminosity of 104 cm=2s!. It will also be used to collide heavy

ions; for lead nuclei the energy per nucleon is expected to be 2.8 TeV with a peak
luminosity of 102" cm2s~!. For protons, will be a factor of approximately
seven greater than the previous record holder, the TeVatron at Fermilab in Illi-
nois, which collides pp at 1.96 TeV.

The [LHC| is the latest addition to the [CERN] accelerator complex and makes
use of previously installed accelerators. The full chain can be seen in Fig. 2.1}
Considering only protons, the beam begins its journey as hydrogen gas that is
then ionized and fed into the Linac2. The beam is accelerated to 50 MeV per pro-
ton before being injected into the Proton Synchrotron Booster (PSB]), which takes
its energy to 1.4 GeV. The feeds into the Proton Synchrotron (PS)) (25 GeV)
from which the protons enter the Super Proton Synchrotron (SPS|) (450 GeV)
and finally the [LHC] (7 TeV) via two injection lines, TI2 and TI8. The fea-
tures two counter-rotating beams that can be brought into collision at interaction
points ([Pk) around the ring. The beams are accelerated with a system of super-
conducting radio frequency cavities, operating at a nominal frequency of
408 MHz. Bending and focusing of the beams is handled using a system of super-
conducting dipole and quadrupole magnets, along with a large number of smaller
beam correcting magnets. A cross-section through a[LHC| dipole magnet can be
seen in Fig. 2.2 where the dual-beam design is visible.

There are four main detectors at the two of which are general purpose
— ATLAS [85] and CMS [86]. These have been designed to probe the high-
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Figure 2.1: The |[CERN]| accelerator complex showing the full chain required to
inject particles into the [84].
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Figure 2.2: A cross-section through an dipole magnet. The two beam pipes
can be seen. Fig. from [I§]

energy frontier directly and are optimized to select objects with large transverse
momentum (pr). The other two detectors are LHCb, to be discussed in detail in
the next section, and ALICE, a heavy ion experiment that aims to study
in the asymptotically free regime [87].

At the time of writing['] the had restarted operation in November 2009,
following almost a year of repairs after an abortive 2008 run. The previous energy
record for a proton beam was broken on the 29 of November 2009; some fifty
thousand proton-proton collisions were induced at a of 2.36 TeV a few weeks
later. The machine was then stopped for a short winter shutdown and is scheduled
to restart in March 2010. It will then run at 3.5 TeV per beam for 18-24 months
before a longer shutdown, required to make the upgrades necessary for 7'TeV per

beam operation.
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Figure 2.3: Angular correlations in the production of bb pairs where 0,5 is the an-
gle defined with respect to the beam axis in the pp centre-of-mass frame. Fig. from
[47].

2.2 LHC)

LHCb is the experiment at the optimized for the study of CP violation and
rare decays in the B meson system [89]. The proposed physics programme re-
quires large data samples and a precision detector in order to study the flavour sec-
tor in the high-energy frontier. However, the b-quark production section at 14 TeV
will be huge, ~ 500 pb, meaning that for a modest luminosity of 2 x 1032 cm=2s7!,
10'2 bb pairs should be produced in 107 s of running [47]. This corresponds to a
nominal year of data-taking. At Leading Order , b quark production at the
is via gg, qg — bb where the former is dominant. The asymptotic nature of
the g and, to a lesser extent, the light quark parton distribution functions )
mean that the bb system is more likely to be produced in the forward direction,
due to the kinematical bias introduced by the bb mass. Fig. [2.3] shows this an-
gular correlation explicitly. In order to access these bb pairs, LHCb has been
designed to instrument the forward region with the detector covering from 10
to 300 (250) mrad in the bending (non-bending) plane. A diagram of LHCb is
shown in Fig. [2.4a, where the right-handed coordinate system can also be seen.
A photograph of the cavern just before the 2009 run is shown in Fig. for
comparison.

In order to make the best use of the existing Intersection Point 8 cavern,
which previously housed the DELPHI detector, the [[P] of the two [LHC| beams
is displaced to one side of the cavern (the right-hand side of Fig. using
a modification to the general optics. This allows for a very long detector

(~ 20m) to be installed, from the [[P|until almost the end of the cavern, as shown

IThis section was written on the 16*® of February, 2010. Updates can be found in Ref. [8§].
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Figure 2.4: Fig. @: A cross-section of the LHCb detector, from [89]. The
projective layout used for the sub-detectors is illustrated in the diagram. Fig. @:

The LHCbH cavern in August 2009. The interaction point is at the right edge of
the picture; the view is from the opposite side of the detector to that seen in @
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in Fig. 2.4al Excellent spatial resolutions can be achieved for tracks, which is
of great importance for many B-physics measurements. In order to reduce the
material budget, to keep detector services out of the acceptance, and to allow
access for maintenance, a slice architecture has been adopted, with sub-detectors
separated with empty space where possible. A warm dipole magnet, shown in
Fig. 2.4 provides bending in the horizontal plane, allowing for the momentum of
charged objects to be found with high precision. A 10 m track will experience an
integrated field of 4 Tm over its length.

The forward region will contain a large contribution from soft processes,
collinear with the beam direction. Including particle identification capa-
bilities in the detector will help suppress soft pions and allow the study of final
states where the hadron type is important — K, 7, and p hadrons should all be
distinguishable with high efficiency.

In nominal conditions, it is expected that reconstructible interactions will
occur within LHCb at a rate of 10 MHz. This must be reduced to 2kHz if the
detector readout is to be stored and processed effectively. This will require very
fast and effective triggering, so that b decays can be selected with high efficiency.

In the following sections, the individual subsystems will be reviewed to il-
lustrate how LHCDb is designed to deal with the harsh environment of the [LHC|
The rare decay By — K*0u* i~ will be used as an example, following the off-line
selection given in Refs [72], [90] and the discussion of trigger strategies found in
Ref. [§].

2.2.1 The tracking system

The tracking system is very important for LHCb. As discussed in Sec. [I.3] the
relatively long lifetime of the B meson combined with the large boosts seen in the
forward direction mean that the decay vertex is displaced from the[[P]by distances
of O(1 mm). Measuring this displacement via an impact parameter allows for the
unambiguous tagging of B meson decays and forms an important part of many
LHCb selections [§]. Having excellent vertex resolution also allows for particle
lifetimes to be measured with high precision.

High tracking efficiency is vital for the success of the experiment. Detector
technologies must be chosen that are very sensitive to the passing of charged
particles, while keeping the signal-to-noise ratio high; noise hits can generate
ghost tracks which obscure the physics processes of interest.

The off-line selection of By — K*°u" i~ makes very tight requirements on the
quality of the B vertex as well as the individual K7 and pu vertices. The B vertex

is also required to be significantly displaced from the interaction point. The decay
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features four charged tracks that are found by fitting a smoothly varying line to
the collection of detector hits. The quality of each track in this fit is also required
to be good. These quantities can be used to select the decay without biasing the

angular distribution, and so particularly stringent requirements are made [§].

The Vertex Locator

The Vertex Locator detector is a silicon vertex detector, responsible for
providing high precision tracking information close to the primary [[P} The active
area of the detector is made up of twenty-one discs of silicon, each divided into two
equal and partially overlapping segments. These segments are held in a vacuum
tank mounted at the interaction point (see Fig. , and separated from
the[LHC]beam by 200 gm thick corrugated aluminium foil. They are parted while
the beams are injected into the machine and then brought together once
stable conditions have been reached. This allows for the sensors to be placed
only 8 mm away from the beam axis providing the best possible resolution for
vertex position measurements by reducing the distances over which tracks must
be extrapolated. The harsh radiation environment at this distance means that the
silicon technology used must be extremely radiation hard if detector performance
is to be sustained over many years; the modules are held at a temperature between
—10° and 0° to slow ageing. The individual segments follow an R — ¢ layout,
shown in Fig. 2.5ak the R strips are laid out in concentric semi-circles centring
on the beam axis; these are sub-divided into 45° segments to reduce capacitance.
The ¢ sensors are implanted on the other face of the segment, and laid out radially
so that position information on silicon hits anywhere in the disc can be found
by combining the two faces. The segments are aligned so that segment faces of
the same type face one another, but with a relative offset in direction of the ¢
sensors to improve stereo resolution. This stereo angle is shown in Fig. 2.5a A
picture of the lower segments, mounted in the [VELO| vacuum tank, can be seen
in Fig. [2.50]

There are a further two sensors mounted upstream of the beam collision point,
known as the pile-up veto system. As LHCb is intended for making precision
measurements, the design luminosity is significantly reduced, compared to the
design luminosity, by focusing the beams relatively less before collision than
for the other [LHC|experiments. At this luminosity, most beam crossings will have
zero or one proton-proton interactions, however some events will have more than
this. As discussed in Sec. [2.2.5] beam crossings with multiple interactions can
be vetoed in the Level-0 trigger; these events will be rejected with 80%

efficiency while correctly accepting 95% of single interaction events.

36



90.5mm

" 1365 strips

Phi Sensor
/

///////

(a) The R — ¢ geometry | (b) modules
Figure 2.5: The [VELO| detector [89).

The Silicon Tracker

The Silicon Tracker (ST)) is made up of two sub-detectors, the Tracker Turicensis
(TT) and the Inner Tracker ([T)).

The Tracker Turicensis The [T'T]is 150 cm wide and 130 cm high. It is lo-
cated upstream of the LHCbH dipole magnet and covers the full acceptance of
the experiment, as shown in Fig. It is made up of four layers of silicon
micro-strip detector with the first and third layers rotated by a stereo angle of
5°. The detector has an active area of 8.4 m? with 143360 readout strips of up to
38 cm in length. Each layer is made of overlapping tiles with the required cooling
and readout electronics located outside of the active area. The [T'T]is positioned
to provide hit information between the [RICH|l detector and the magnet while

keeping the material budget to a minimum.

The Inner Tracker The[[T|covers a 120 cm by 40 cm region in the centre of the
three tracking stations, T1, T2, and T3. As shown in Fig. 2.4a] it is positioned
downstream of the magnet. The same silicon micro-strip technology is used as
the [TT] to provide 50 um spatial resolutions in the central region, which will have
the highest occupancies. These resolutions are required throughout the SO
that the track momentum resolution is dominated by multiple scattering effects
over the majority of particle momentum ranges. The [[T] has an active area of
4.0m? with 129024 readout strips of either 11cm or 22cm in length. In both
the and the the strip lengths were chosen to keep occupancies to a few

percent while minimizing the number of readout channels required.
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RICH2 HPD Panels with Pixels and CK Rings

Figure 2.6: CF4 rings in |RICH]| 2, produced during proton-proton collisions at
450 GeV per beam on the 6™ of December 2009 [91].

The Outer Tracker

The final pieces of the tracking system are provided by the Outer Tracker (OT)),
marked as T1, T2, and T3 in Fig. [2.4al This covers the areas in these tracking
stations, further away from the beam pipe, that are not within the acceptance
of the [T} The three tracking stations are located after the magnet, and so of
particular importance for making precision momentum measurements. The active
regions are made from gas-tight straws containing Argon (70%) and CO, (30%),
providing drift times of below 50 ns while keeping drift-coordinate resolutions at
about 200 pm. Each tracking station is made up of four layers of straws making
a total active area of 5971 x 4850 mm? per station. The straws in the first and
fourth layers are orientated vertically, with the second and third offset by +5°
with respect to the vertical. The relative areas of |I'l| and were chosen so that
the occupancy of the is always less than 10% per straw.

2.2.2 The particle identification system

is very important at LHCb. The background in the forward direction will
be dominated by soft pions from collinear [QCD] effects. While these can often be
removed with momentum cuts, this can be problematic for measurements of the
By — K*u*p~ angular distribution, where they produce systematic distortion
effects. The two Ring-Imaging Cerenkov detectors are used to separate
kaons and pions, which will be useful e.g. for the study of charmless B decays,

as described in Ref. [8], and for some of the measurements studied in this thesis.
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Figure 2.7: The geometry and construction of RICH[l and the momentum depen-
dence of the Cherenkov radiators used [89].

The [RICHIl detector sits in between the and the [TT] in an iron box
that shields its sensitive Hybrid Photon Detectors ) from the magnetic
field. Its position can be seen in Fig. [2.4a] and a schematic diagram of its layout
is shown in Fig. . It uses both aerogel and C,Fqy as Cherenkov radiators
and then focuses the light produced on a close-packed array of 196 [HPDE using
a system of flat and spherical mirrors. As a particle passes through the radiator,
light is emitted by the material at an acute angle, 0., to the particle’s direction of
travel. This light forms a cone, producing a ring such as those shown in Fig. [2.6
when it is projected onto the plane. For a given radiator, 0, is a function of
the momentum of the particle travelling through the medium and its type; this is
illustrated in Fig. By combining information from the tracking system with
the radius of the ring seen, an identification of the particle type can be made.

Several radiators are used so that the entire range of particle momenta is covered.
The necessity of this can again be seen in Fig.

[RICHR
The [RICHR detector is significantly larger than [RICH|l, and is located between

the last of the tracking stations and the first muon station. It uses CF, gas as
a radiator to provide [PID] for particles with momenta from 15 to 150 GeV. The
momentum dependence of the Cherenkov angle for this gas is shown in Fig. [2.7bl

The detector again uses a system of large flat and spherical glass mirrors to focus
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the Cherenkov light on to an array of 288 . The support box is built to
keep the [HPDp and all the support structure outside of the detector acceptance.
An example of rings found during 900 GeV proton-proton collisions is shown in
Fig. 2.6l The individual pixel hits can be seen, as can the ring centre as found

from the tracking system.

2.2.3 Calorimetry

The calorimetry system of LHCb consists of the three sub-detectors: the scintillator-
pad detector /pre-shower ; an electromagnetic calorimeter (ECALJ); and
an hadronic calorimeter . Together these detectors perform several func-
tions. They can be used to detect high transverse energy (E7) objects for the trig-
ger. This can be done fast enough for them to enter at[Lfl They provide identifi-
cation of electrons, photons, and hadrons and will help measure their position and
energies. These detectors are not heavily used in the selection of By — K*Outu~,
where the majority of events are triggered at |L{)|in the muon lines; however they
will be essential for studying other rare decays such as By — ¢.

The technology used in all three detectors is similar; they are sampling calorime-
ters featuring lead plates separated by sheets of plastic scintillator. If a shower
forms, the energy of any ionizing particles is deposited in the scintillator and
re-emitted as light. This is then transmitted to photomultiplier tubes )
outside the detector acceptance. The intensity of the light output gives a measure

of the real deposited energy once careful calibrations have been made.

The [SPD

The detector provides pre-shower information before particles enter the
[ECAL] It consists of a 15mm (2.5 X,) thick plate of lead sandwiched in between
two high granularity planes of segmented scintillator. The segments are arranged
to correspond with those of the [ECAT} a total of 12032 read-out channels are
employed. The detectors main purpose is to provide a 7% veto for the electron
and photon identification algorithms used with the ECAT]

The electromagnetic calorimeter

The [ECATL]is responsible for identifying events which contain high-E7 objects for
the trigger, as well as providing energy deposition and location information
for later analysis. The detector has enough energy resolution to give a B mass
resolution on photon penguin decays like B, — ¢ of 65 MeV. It is segmented into
modules: each is made up of alternating layers of 2 mm thick lead plates, 120 pm

thick reflecting paper and 4 mm thick compressed polystyrene scintillating tiles.
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Figure 2.8: Energy deposition of a [ECAL|{ module in (a) 50 GeV electrons and
(b) pions, produced by the .

A total of sixty-six layers are used giving a combined thickness of 42 cm (25 Xj).
Electrons and pions can be distinguished by looking at the profile of the shower
as it progresses; the differing detector responses are shown from test beam data
in Fig. [2.8]

The hadronic calorimeter

The[HCATL]is a sampling calorimeter, made up of alternating layers of scintillating
tiles and iron plates. Hadrons passing though the iron plates interact with the
material, producing a shower of charged particles that then induce light to be
radiated in the scintillator. This light is collected with optical fibres and read out
with [PMTE located outside of the detector acceptance. The detector is segmented
into square cells with 131.3 mm length sides in the inner section of the detector
and 262.6 mm in the outer section. Information from the [HCAT]is available to

the |L{) trigger in order to identify events containing high- £ hadrons.

2.2.4 The muon system

The study of decays with muons in the final state is key for many measurements
at LHCb [§]. Muons also play an important part in the LHCbH triggering and
flavour tagging strategies. There are five muon stations, M1-M5, placed from
before the system to the cavern wall. Their positions may be seen
in Fig. 2.9 (left). M2-M5 are separated by 80cm thick blocks of iron absorber
that stop the majority of particles before they reach M5. In order to select
highly-penetrating muons, hits are required in all five muon stations by the LHCb
reconstruction algorithms; the minimum momentum for a muon to traverse the

entire system is about 6 GeV/c. Muons with momenta down to 3 GeV/c can be
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found by reducing the required number of stations hit. These low-momentum
muons are important in the selection of By — K*0u* 1=, as the systematic failure
to reconstruct events with one hard and one soft muon leads to a distortion of the
full-angular distribution [8]. An example of a proton-proton collision containing
at least one muon can be seen in Fig. the associated tracks are shown in
green.

Each muon station is split into regions, shown in Fig. 2.9 (left). Each region is
then segmented into logical pads, which provide binary hit information to the
trigger. The granularity of the segments decreases from region one to region five
to maintain a constant occupancy, as shown in Fig. [2.9) (centre and right). M1-M3
have high spatial resolutions in the bending plane, and provide the track direc-
tion and momentum resolution. M4 and M5 are much more coarsely segmented,
and are mainly for identifying penetrating particles. [MWPCk are used for all
segments apart from R1 of M1, where gas electron multiplier detectors
are instead used due to their superior radiation hardness and granularity. These
detector technologies provide the very high efficiencies and fast response times
required for a five-coincidence (i.e. €°) trigger operating at 40 MHz. The off-line
muon identification efficiency is expected to be better than ninety percent for a
few percent mis-identification rate over a large range of muon momenta, from
3-200 GeV/c [92, 93].

2.2.5 The trigger

Building an efficient trigger is of utmost importance in a hadronic environment.
The huge data rates available at the [LHC| will make the filtering of interesting
events essential. The [LHC| bunch-crossing rate is 40 MHz. The lower operating
luminosity of 2 x 1032 ecm™2s™! chosen for LHCb means that the actual rate of

events which contain at least one collision visible in the detector should be about
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LHCb Event Display

Figure 2.10: A proton-proton collision at 450 GeV per beam recorded during
stable running on the 12" of December 2009. A large number of particles
are seen, including three muons tracks (shown in green) [91].

10 MHz; about one percent of these will contain a bb pair. This gives a bb rate of
about 100 kHz, however, only fifteen percent of these pairs will produce at least
one B meson with its decay products in the detector acceptance. The rate of B
decays that can be analysed should then be about 15 kHz.

The LHCbH computing model allows for a final data rate from the detector
of 2kHz, which will be stored and processed off-line. This rate is very high
compared to the general purpose detectors at the [LHC| [85], B6] and is made
possible by the relatively small number of read-out channels in LHC) (leading to
small data files, O(40kb) per event). To make the final reduction from 15kHz to
2kHz, the most interesting events must be selected from those which are poorly
reconstructed or unlikely to be of physics interest. The level to which this is
possible will directly affect the statistical uncertainties available for the physics
observables under study at LHCb. However, throwing away events that were
of physics interest risks that new discoveries are missed. This is the nightmare
scenario at the [LHC

The LHCDb trigger is made up of two basic levels: a|L{)| trigger implemented in
hardware that runs synchronously with the machine, and a software High-Level
Trigger that runs asynchronously on a dedicated computing farm. The
basic structure and inputs to the trigger are shown in Fig. 2.11al The [L{] trigger
must be very fast to throw events away while still maintaining high efficiency for
signal events. The should confirm the decision once the full detector
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Level-0 Line Signal Selection Efficiency (%) Rate (kHz)

Single muon 89.9+ 0.2 230

Di-muon 62.9+0.3 40

Hadron 27.0+0.3 720
Total 93.1+0.2 ~1000

Table 2.1: Estimated Level-0 efficiencies and rates for By — K*°u*tpu~. The
efficiencies shown are relative to off-line selected signal events [§].

readout is available and then filter out those events which are most likely to be

of physics interest.

Level 0

The architecture of the [L{)| trigger is shown in Fig. [2.11bl Due to the large mass
of the B meson, the decay products often feature high-p; and Ep objects that
can be identified via the calorimeter and muon systems. These are described in
Secs [2.2.3| and [2.2.4] respectively. The [L{| trigger attempts to find the largest Er

hadron, electron, and photon clusters in the calorimeters, and the two highest pr

candidates in the muon system. Events with multiple interactions in the same
bunch-crossing can be vetoed with the pile-up system. The trigger is made up
of three sub-systems, described below, that are then combined in the |[L{)| decision
unit with the OR logical operation.

For By — K*9u*u~, the majority of signal events come through the single
and di-muon lines at[Lf However, a non-negligible fraction are from the hadronic
trigger also, due to the K*° decay. A summary of the efficiencies for By —
K*°u*p~ is shown in Tab. .

The calorimeter trigger The calorimeter trigger looks for high Er hadrons,
electrons, or photons. It forms clusters by considering 2 x 2 cells, and then se-
lecting the clusters with the largest Ep. Simple [PID]is achieved by considering
whether clusters appear in the [SPD/PS| [ECAL] or the HCAL] The Er of all

[HCAT] cells is summed in order to reject events outside the detector acceptance

and muons from [LHC| beam halo interactions. A hierarchical structure is adopted
where neighbouring sections of the calorimeter are read out and the highest Fr
clusters in each section found using twenty-eight custom validation cards, located
close to the detector. Each card takes eight input-channels from the three de-
tectors and finds the highest Er electron, photon, and hadron. The output from
these cards are then fed into the [L{)| decision unit, where Er > 3.5GeV in the
[HCAT] gives a hadron trigger, and Er > 3.5GeV in the [ECAT] gives a photon or
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electron trigger, depending on the hits seen in the [SPD/PS|

The muon trigger The muon trigger uses stand-alone tracking from the muon
system to produce pr estimates with a resolution of ~ 20%. The two highest pr
muon candidates in the detector are then selected. Straight-line track finding
is used by combining hits in the five muon stations to form vectors pointing
towards the interaction point, starting from seed hits in M3. Hits in the other
muon stations are then added to the track until there are five points lying on an
approximately straight line. The track is marked as a muon track for further use
and the pr measured.

As described in Sec. each muon station is subdivided into regions, R1-
R4, which are then subdivided into towers (forty-eight per quadrant), spread over
the five stations. The output from each tower is read into a processing element.
In order to deal with the borders between towers, fast communication between
neighbouring elements is essential. Each processing element is able to run up
to ninety-six track-finding algorithms in parallel — one for every M3 seed within
the tower. This massively parallel architecture is made possible by the use of
large field-programmable gate arrays (FPGAS), which allow many copies of the
same algorithm to be implemented in low-level logic. The processing elements
for nearby parts of the detector are collected in groups of four on a processing
board. A fifth [FPGA] selects the two highest pr tracks from the board, which
are then passed to a chain of controller boards that finally find the two highest
pr muon tracks in the detector. These are used in the decision unit, giving
the single and di-muon trigger channels. The current configuration triggers for
muon candidates with pr > 1.5 GeV/c (single-muon) or |pr!| + |pr?| > 1.5 GeV/c
(di-muon) [94].

The pile-up system This consists of two R-geometry discs before the [VELO]
(see Sec. and Fig. to measure the radial distance of hits from the beam
line. As the magnetic field at this point in the detector is negligible, coincident
pairs of hits in the two discs can be used to find the position on the z-axis
(shown in Fig. from where the track originated. Due to radiation hardness
requirements, the sensitive areas are formed in strips, which give coverage to a 45°
arc in the x — y plane. As many pairs of hits are produced, their corresponding
z-axis co-ordinates can be histogrammed; each primary interaction point will
produce multiple tracks and so a peak in the histogram. Bunch-crossings with
multiple interactions will produce multiple peaks in this histogram and can be
vetoed. This is primarily of use for the hadronic trigger lines; the veto is currently

not included in the muon trigger.
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The High-Level Trigger

The is implemented in Ct++, and runs on a dedicated computing cluster
(the event filtering farm), located underground at . It is designed to use the
full detector readout progressively so that events may be discarded quickly. It
is subdivided into two levels — [HLT]l and [HCTR. Each trigger is made up of
multiple alleys, the function of which will be detailed below. As the [HLT] is
software based, its algorithms and architecture may be refined as experience with
the [LHC] environment is gained.

The objects in the detector that led to the [L{)] trigger are used as seeds
for a partial reconstruction of the event. Hits in the tracking stations and [VELO]
are matched to the track in order to improve the py resolution and add im-
pact parameter information. Secondary vertexes are also identified, so that loose

invariant mass constraints can be applied. The main trigger alleys areﬂ:

e Hadron: The [L{| hadron candidate is confirmed if its py it greater than
2.5 GeV/c and its impact parameter is above 150 um. The candidate can

also be accepted if a secondary vertex is found along with a track [95].

e Muon: The muon and di-muon candidates are confirmed in a similar
way to the hadrons. Single muons tracks are accepted if they have an
impact parameter of 8mm or greater and a pr greater than 1.3 GeV/c.
Candidates with pr > 6 GeV/c are accepted without the impact parameter
requirement. Di-muon candidates are confirmed if the distance of closest
approach between the two muon tracks is less than 0.5mm and M, >
2.5GeV/c? or they have an impact parameter greater than 0.15mm and
M, > 0.5GeV/c* [96].

e Muon + track: The confirmed muon candidate is required to form
a vertex with another track; the combined invariant mass must be greater
than 0.8 GeV/c?. In addition, we require pr(u, track) > (1,0.8) GeV/c and
IP(u, track) > (25,50) pm [97]. This alley is the most efficient for triggering
By — K*u* i~ events; a selection efficiency of 87.2 £ 0.2% relative to off-
line and [L{)] selected events is expected [§].

e Electromagnetic: Electron and photon candidates are confirmed by con-
sidering clustering in the [ECAL] and then vetoing merged 7°s using shower
shape variables. Tracking from the [VELO] is used to identify at least one

2The cuts presented in this section are particularly liable to change as the LHCb trigger is
commissioned. They are intended to be representative, however, different strategies are used in
different regions of phase space.
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track with impact parameter greater than 0.15mm and pr greater than
2.8 GeV/c [98]. This trigger line has been carefully optimized so that b — s

decays can be identified.

It is envisaged that there will be also be a small number of inclusive [HLT]l selec-

tions to identify, for example, D*, D¥ and ¢ decays.

[HLTR The [HLTR uses the full detector readout and event reconstruction to
analyse events. In addition to many exclusive selections implemented with custom

algorithms, there are inclusive algorithms such as:

e Topological: This attempts to identify the decays of b and ¢ quarks by
looking for displaced vertexes and by making constraints on the invariant

mass of the system.

e Leptonic: The single-muon, di-muon and muon-+track triggers found in
[HLT] are all present. The improved mass, impact parameter, and momen-
tum resolutions means that more stringent constraints can be used to reduce
the rates from background events. For B; — K*°u*p~, the muon+track
alley dominates as in [HLTJl. The overall trigger efficiency is expected to be

about 87%, once all of the contributing lines have been combined.

2.2.6 Detector summary

Performing B-physics measurements at the [LHC| will be challenging. The LHCb
detector has been carefully designed to give excellent mass, momentum, and
vertex resolutions, which will be essential for identifying events B decays with
charged tracks in the final state. The detector also features dedicated calorimetry
and to enable complex final states to be disentangled. The general design of
the detector has been reviewed with emphasis on the selection of the rare decay
By — K*u*u~. The overall selection efficiency for this decay is expected to
be about one percent [§], meaning that many thousands of signal events will be
selected each year. Commissioning of the detector is currently taking place; the

author looks forward to the first publications analysing proton-proton collision
data at the [LHC from LHCb.
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Chapter 3

The full-angular distribution of
By — K 0utp~

3.1 Angular distribution

We assume that the K*° always decays on its mass shell to a K~ and a 7+,
explicitly ignoring any non-resonant By — K~ 7t~ contribution. In this
approximation, known as the narrow width approximation, the decay is com-
pletely kinematically constrained by three decay angles, 6,, 0x~, and ¢, and by
the invariant mass of the muon pair, ¢?. This allows for a manifestly covariant
expansion to be made, see Eqs |3.12 while still explicitly conserving energy

and momentum. The angles are defined in the intervals
0<t,<m, 0<Og+<m, —w<op<m, (3.1)

where only the ¢ angle is signed. The decay kinematics are shown in Fig. and
the definitions of the angles are given in the caption. We can derive a simplified
differential decay width for the By, where a sum over final state particle spins
has been included. The distribution for the B, is

d'T'g, 9
dq?df, dbr-dp 327

I(q?, 04,05+, @) sin Oy sin O+ (3.2)

IThe size of these non-resonant contributions is currently unknown, but expected to be small.
These contributions will affect the angular distribution, as it no-longer fully Pseudoscalar—
VectorVector, but may give additional sensitivity [99].
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Figure 3.1: The angles used to describe the decay By — K*utpu~. The z-axis
is the direction in which the B meson flies in the rest frame of the utpu=. 6, is
the angle between the =~ and the z-axis in the p ™ rest frame, O« is the angle
between the K~ and the z-axis in the K* rest frame, and ¢ is the angle between
the normals to the utp~ and K7 decay planes in the B rest frame. For the B,
the angles 6, and O~ are defined relative to the u™ and K™ respectively.

where the physical region of phase space is 4m? < ¢*> < (mp — mg-)? and

I(q?, 04,05+, ¢) = Isin® O + ICcos? O + (1—25 sin? O« + I§ cos? GK*) cos 20,
+ I3 sin? O sin® 0 cos 2¢ + 14 sin 20 ¢+ sin 26, cos ¢
+ I5 sin 20« sin 6y cos ¢ + I sin? O«
+ 17 8in 20k« sin 0, sin ¢ + Ig sin 20« sin 26, sin ¢
+ Iy sin® O+ sin? G sin 2. (3.3)

For the By

d4FBd 9 -
= 3o [\ 00 Oxce s 9) sin Oy sin O 3.4
d(ﬂd@gd@;{* d¢ 397 (q7 VK 7¢)Sln ¢ SIN Vg ( )

and if CP conservation is assumed, we have

Losaer = liosaer, (3.5a)
Lso = —Is5s9. (3.5b)

The functions I; ¢ in Eq. (3.3]) can be written in terms of K*° spin amplitudes,
Ay Ao, A, A ﬂ the latter three have both left- and right-handed components
and all are functions of ¢?. A; corresponds to the scalar component of the virtual

K*°, which is negligible if the individual lepton masses are small in comparison

2These amplitudes are linear combinations of the relevant helicity amplitudes — A =
(Hyyr ¥ H_1)/V?2, Ay = Hy, A, = H, [55].
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to the mass of the lepton pair. For m; = 0, we find,

1= AP + AP + (L~ R)) (3.6a)
Iy = [|AOL|2 + |A0R|2] (3.6b)
o= AP +1ARP + (L - R)], (3.60)
Is = —[|AoLl + Aor|?] (3.6d)
ho= g |0auP - 4P+ @ - B (3.60)
1 *
L= — [Re(AOLAL) (L — R)] , (3.6f)
i = VE[Re(Ay L) - (L - R, (3.68)
o= 2 [Re(A”LAjL) (L R)] , (3.6h)
I, = V2 [Im<AOLAﬁL) — (L — R)} , (3.61)
1 . .
Iy = 2 |:Im(A0LAJ_L) + (L — R)}’ (3.65)
Iy = {Im(AﬁLAlL) + (L — R)} . (3.6k)

The (L — R) terms above represent a repeat of the previous terms with the
left-handed amplitudes exchanged for right-handed. Note that I{ = 3I5 and
If = —I5. Tt is by extracting the values of the K** spin amplitudes that we
can detect the effects of physics beyond the SM acting on the underlying Wilson

coefficients.

3.2 Symmetries

The angular distribution has four independent global symmetries in the m; = 0
limit. In this case there is no interference between right- and left-handed ampli-
tudes, the distribution is invariant under both L and R global phase transforma-
tions,

A/LL =er Ay, A]IL = eid’LAHL, AgL = e Ay (3.7)

and
Al p=e"AL g, Ajp=e""Ajg, Agp = e Aop . (3.8)
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There is a global symmetry under continuous L < R rotations,

A, = +cosBA L +sinfA*

Al p = —sinfA*, +cosfA g

Ay, = +cosBAg, —sinfAL,

Aoyr = +sinbA;;, + cosfAor

Ay, = +cosbA)L —sinbA|,

Ajg = +sinfAj + cosOA)p. (3.9)

One consequence of this is that the L and R labels are actually arbitrary, as L
amplitudes can be rotated to R amplitudes and wvice-versa. Finally there is a

fourth global continuous symmetry which was unknown at the time of writing
Ref. [11,

A, = +coshigpA, L +sinhipA’
AJ_R — + SlIlh Z¢A1L + COSh Z¢ALR
Ay, = +coshipAg, —sinhipAj,

Ay = —sinhigpAj; + coshigpAgr
Ay, = +coshigpAyp — sinhigpAf,
Alp = —sinhigAf, + coshipAr. (3.10)

These relations must be taken into account when constructing both angular ob-

servables and the full-angular fit.

3.3 Theoretical cleanliness

As discussed in Chap. [5] the framework of factorization (QCD{) can be used
to separate physics effects operating at different energy scales so that they can
be considered independently. Starting from the effective b — sl™{~ Hamiltonian,

the matrix element for By — K*°(— K7)u*pu~ can be written as [55],

G S * e =
M —}—;mbvm{ il Pl

me
—_ ?

+ Cle§<KW|§7“PLbIB>(l_vwsl)}, (3.11)

C;H<KW|§iJ“”quRb|B>} (Iv,)
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where the helicity suppressed contributions have been neglected and non-standard
symbols are defined in Chap. [§lor below. The hadronic part of the matrix element
describes the B — K decay. It can be parametrized in terms of form factors by
finding the most general expansion which is invariant under the Lorentz group
using an approximation (see for example [100]) where the width of the K*° is
neglected. The form factors are scalar functions which give the relative contri-
bution of each possible term. For B; — K*°u* ™, there are seven form factors
and they are functions of ¢?. Conceptually they parametrize the ¢*> dependence

of the K** formation and are defined in the following way [55]:

) . . ve o VI(g*)
(K™ (pr+)|57uPrL,rb| B(p)) = t€uape”™p qﬁm
1 * 2 * A2(q2)
jFé{Eﬂ(mB +mg-)A1(q”) — (€ q)(2p — Q)um
2mgs
2 () - A (3.12)
where
+ mp« mp — Mk«
As(q?) = W—A 2y = AL(g? 1
3(q%) S 1(q%) ST 2(q%) . (3.13)
and
<K* (pK*) gio'/wquR,LMB(p» = _ieul/aﬁey*paqﬁTl (q2)
1
£5{ et = m) = (€ )20 - )Tl

2
+(€ - q) {qp, = m@p - Q)u:| Ts(qz)}- (3.14)

In the above, € is the K* polarization vector, and P, r = %(1IF75) is a projection
operator. The seven form factors are shown in bold. In the limit where the B
hadron is heavy and the K*° has a large energy, Ex-o, they can be reduced to
two heavy-to-light transition form factors, £, ||, the so called soft form factorﬂ. A
double perturbative expansion in Aqep/my and Agep/Ex+o is employed to make
this reduction [64, TOTHI03] that induces symmetry-breaking corrections of order
as and 1/my. The ay corrections are known to Next-to-Leading Order
[54], but the Agep/my corrections are not. While there are other approaches
available [50], the one described above is most commonly used in the literature.
The seven form factors are a priori independent and unknown. They are

low-energy quantities which must be calculated within some non-perturbative

3These form factors are calculated in the large recoil limit where the b and s quarks in the
initial and final states are assumed to interact with the spectator quark via the exchange of soft
gluons.
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framework such as in Ref. [104]. Once the reduction is made we are left with only
two unknown form factors. Some constraints on these can be set by looking at
B — K*%y decays [54, [74], but they still lead to large theoretical uncertainties
on e.g. B(By — K*utp~™) [69]. This is a particular problem for searches,
where robust [SM] predictions are required.

Once the form factor reductions have been made, at we can write the K*°
spin amplitudes as [55]:

.
Aipr =V2Nmp(1 - 3) [(c;ff F O 4 %(Cﬁﬁ n c;eff)} £ (Ex+), (3.15a)

A € € Qm € ! e
AHL:R = \/§Nm3<1 —3) {(Cgﬁ + O1gf) + Tb(c%ﬁr -y ﬁ)] §1(Ek-),

(3.15b)

NmB

OLLR = — m(l — ) [(Cgelcf F Ofgf) + me(c%eﬁ - Oéeﬁ)} §1(Ex-),
K*

(3.15¢)

with § = ¢*/m%, m; = m;/mp, and neglecting A;. The chirality-flipped op-
erators Oy g = Og10(PL, — Pr) may be included by making the substitutions
Cgﬁo - (Cs,f{o + Céi%) in Eq. and Cgﬁo - (Cgﬁo - El)?lfg) in Egs
and [55]. Tt is then possible to find observables which use ratios of these
amplitudes to cancel the soft form factor contributions at by taking specific
combinations of &, | [II, 55, [105]. We refer to these observables as being theoret-
ically clean. Outside of the ¢* € [1,6] GeV?/¢* range these cancellations cannot
be made as the assumptions used are no longer valid. This leads to uncontrolled
theoretical uncertainties on the observables. It is an important requirement that
any observable is invariant under the symmetries presented in Sec. This is
not true for all observables in the literature including A(Tl ) [55], whose extraction

was the initial motivation of the analysis presented in the next chapter.

3.4 Observables

We would like to use the angular distribution of By — K*u* i~ to gain sensitivity
to the underlying Wilson coefficients and so to any [NP|contributions present. This

can be done in several ways:

e The angular distribution can be expressed in terms of the Wilson coefficients
and a fit made to the observed distribution. Due to the large uncertainty in
the form factors introduced by perturbative[QCD], this approach would leave
us with a large theoretical uncertainty on the extracted Wilson coefficients

and correlations between the form factors and Wilson coefficients in the fit.
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e For a set of models one could compute the full-angular distribution and
compare it to the observed angular distribution. On a model-by-model basis
it would then be possible to exclude them as being incompatible with the
observations. This approach is obviously not model independent and would
make it very difficult to use the quoted results to exclude models that were

not considered at the time of publication.

e One can derive a set of observables that can be extracted directly from
the observed angular distribution but at the same time have the advantage
that theoretical uncertainties cancel out as discussed in Sec. In this way
the model independence can be retained while also reducing the theoretical
uncertainty in the quoted results. For any new theory these new observables

can be calculated at a later date.

We have chosen to investigate the last of these approaches. The observables are
carefully constructed combinations of the spin amplitudes, which are themselves
functions of the Wilson coefficients and form factors as shown in Eq. .
We need to find observables with good sensitivity to any operators, small
theoretical uncertainties and finally good experimental resolutions.

The angular observables to be investigated are listed below, where theoreti-

cally clean observables are shown in bold:

3Re(A)LA7 ) — Re(ArA%R)

Im(A, A}) +Im(A RA]
Ap = (Air ||L) (ALr HR); (3.17)
I‘/
(2) :lAle - |AII|2. (3.18)
TOUALP + 1Ay
Aot At + AX LA
Ag’) :l oL L OR llRl; (3.19)
VIAo|?|ALI?
@ |A0LAj_L - ASRALRl. (3.20)
T - * * ’ :
|A0LA||L + AORA||R|
A 2
p AL (3.21)
where
A A] EAiL(q2)A;L(q2) + AiR(QQ)A;R(QQ) (i,5 =0, [, 1), (3.22)
and
,dl 2 2 2
[ = i (JAoL)* + |ALLl + |4l + (L — R)) . (3.23)

25



The [NP]sensitivity provided by each of these observables is model and param-
eter space dependent, however they have been studied for models with non-SM
contributions to C4*% in [I, 55, 57]. In the , App has a zero-crossing point,
where Apg(g?) vanishes. At this point the soft form factors cancel at [LO} the
value of ¢? at which this occurs is also theoretically clean. We define this point as
q2(App). There are no such cancellations found for Fj, or Ap,. Further theoretical
discussions of the observables will be left to Ref. [I].

In addition to these constructed observables, it is possible to consider the
angular coefficients I;_g. These are generally not theoretically clean but are
more directly linked with the angular distribution. Chap. [f] looks in more detail
at this as a way of finding effects in the angular distribution in the first few
years of LHCbH data-taking.

3.5 Estimating Aqcp/my corrections

The theoretically clean observables highlighted in Sec. are expected to have
reduced theoretical uncertainties due to the cancellation of the soft form factors.
However the relations used to make these cancellations are only valid at in
the A/my expansion, and corrections to higher orders are not known. For these
theoretically clean observables to be useful, the impact of these corrections on
the observables must be robustly bounded. If is to be discovered in By —
K*Outp~, it must be possible to demonstrate that any effect seen is indeed
and not just the effect of an unknown [SM] correction. Various solutions to this

problem are evaluated.

3.5.1 Ensemble method

One relatively conservative approach to this is to parametrize each of the K*°

spin-amplitudes with some unknown linear correction,
A= A%(1 + Cye®). (3.24)

C; gives the size of the correction relative to the full amplitude A? and 6; is
an associated strong phase. If we vary C; and 6; within their chosen ranges, an
estimate for the theoretical uncertainty due to these unknown parameters can be
found. In order to make this parametrization generic, however, extra terms must
be introduced. In principle the effective Hamiltonian which controls the decay

has three terms,
He = H™M 4 HOSM L ONF (3.25)
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The first term is very small, arising from doubly-Cabibbo suppressed penguin
diagrams, but is responsible for all the [SM] CP-violation in the decay. It is
neglected for most purposes in this thesis. The second term is responsible for
the decay in the [SM] while the third adds possible contributions. The fourth
possible term HS;})NP generically does not contribute to the model independent
amplitudes and is neglected. Each of these contributions is generated by different
sets of diagrams and so in principle can have different values of C; and 6;. The
amplitude parametrization must be modified so that each of the three possible

sub-amplitudes is treated separately [0],

A =[(Asm(Au # 0) — Asn(Au = 0)) x (14 Cre™)] +
[Asnvi(A = 0) x (14 Coe™™)] +
[(AFull(/\u 7£ O) — ASM<)\u 7é 0)) X (1 + 036203)} . (326)

The full amplitude Agy (A, # 0) includes allandcontributions, however it
is assumed that only one operator is active so as not to introduce extra terms.
The sub-amplitudes can then be extracted from the full amplitude calculation by
applying Eq. to the amplitudes with (A, # 0) and without (A, = 0)
the CP-violating contributions; )\, is the product of the b — d [CKM] elements
VoV Vi Vit

An estimate of the theoretical uncertainty arising from the unknown A/m;
corrections and strong phases can now be made using a randomly selected en-
semble. For each member of the ensemble, values of C1_3 and 6;_3 are chosen
in the ranges C; € [—0.1,0.1] or C; € [—0.05,0.05] and ¢; € [—m, 7| using the
random uniform distribution. This is done for the seven K** spin-amplitudes,
Ay, Aor,r, Ayr,r, ALrLgr, to provide a complete description of the decay, M;,
using the full distribution with m; = m,,. It is assumed that the corrections and
phases are not functions of ¢, although in practise they may actually be. Any
(unknown) correlations are also ignored. While these effects could lead to an
underestimate of the theoretical envelope, it is thought that this method allows
for a conservative estimate of the theoretical uncertainties to be made [6]. An
ensemble of these amplitudes was created, {M,}?%.

To estimate the contribution to the theoretical uncertainties from A/my cor-
rections for a particular observable, each element in the ensemble was used to
calculate the value of that observable at a fixed value of ¢?. This gave five hun-
dred values of the observable, which were then sorted. The size of the theoretical
envelope could be estimated by selecting the values closest to the one o contour.
This was done for both C; € [—0.05,0.05] and C; € [—0.1,0.1] to illustrate the

effects of five and ten percent corrections. By repeating this process for different
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values of ¢2, bands can be built up. These show the likely range of values that
the observable will have in the presence of a small and approximately linear cor-
rection and strong phase. In principle, this method could be extended to other
forms of theoretical uncertainties to improve the statistical validity of, e.g., scale
dependence and parametric uncertainties. However, computational constraints

make this difficult for calculations implemented in MATHEMATICA.

3.5.2 Quadrature method

The method presented above must be contrasted to that used in Ref. [1]. In that

case a similar parametrization was made,
A= A1+ Cy), (3.27)

and CP-violatating effects were neglected. To calculate the theoretical uncertain-
ties from A/my corrections for a particular observable at a fixed value of ¢%, each
amplitude was varied in turn while keeping the others at their central values. The
seven differences in the observable were then added in quadrature to produce a
total estimate of the theoretical uncertainty. This process was repeated for all val-
ues of ¢? and with C; set to 0.05 and 0.1. This procedure is however statistically
dubious. There is no reason to expect all amplitudes to receive the maximum
possible correction, even if we assume that a ten percent correction is genuinely
the largest allowed. Adding the differences in quadrature is also unlikely to pro-
duce a correct estimate, as there are few normally distributed quantities present.
It will be shown that the quadrature method provides an over-estimate of the
probable contribution from A/m; corrections. This is obviously significant when

it comes to comparing theoretical and experimental results at LHCb.

3.5.3 Results

The full[QCD{ amplitudes were used as input to the two methods described above.
Those used with the quadrature method are detailed in Ref. [I], while those for
the ensemble method were updated versions from [6]. We choose to compare the
observable Ag? ), whose central value is approximately zero in both treatments.
Any differences in the size of the estimated A/my, uncertainties should then be due
to the difference in methods used. This can be seen in Fig. The corrections
estimated using the quadrature are over twice the size of those found using the
ensemble. While there are assumptions in either approach, it is thought that
the ensemble approach produces a more realistic estimate of the contribution of

unknown /A/my, corrections to the overall theoretical uncertainty. This will have
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Figure 3.2: Fig. @ shows the effect of unknown five (light band) and ten

(dark band) percent A/m, corrections on Ag?) [1]. These were produced with
the quadrature method described in Sec. [3.5.2] Four [NP| models, described in
Ref. [57], are shown for comparison. The small dark (orange) band shows the
contribution from the soft form factors, as well as parametric and scale uncer-
tainties to the final error. Fig. @ shows the same thing, but using the ensemble
method described in Sec. However, only the A/m; bands are shown.

implications when considering the overall theoretical uncertainty estimate.

3.5.4 Adding new physics

The methods presented above can be used to estimate the effects of A/my, cor-
rections in the presence of NPl The model independent amplitudes described in
Ref. [6] include both real and imaginary [NP| contributions to the Wilson coeffi-
cients C¢&f, Cft and Cé’j)P including all INLO[|QCD)| effects. When evaluating
observables, it is useful to see whether they provide enough sensitivity to once

all theoretical uncertainties have been taken into account. If they are in principle
distinguishable theoretically, it then becomes interesting to know whether they
are distinguishable experimentally. This will be dealt with in the next chapter.
Fig. shows the distributions of the theoretically clean observables Ag ), Ag‘?’ ),
and A? )in the presence of contributions to C¢T and Cflo) T 1t can be seen
that there is considerable sensitivity to [NP] effects in these Wilson coefficients,
particularly in Ag) and Agfl). The variation in Ag?) is less extreme, but it has
been optimized for sensitivity to C4% [57], which was not changed here. The
magnitudes and phases of the [NP| contribution to each Wilson coefficient should
be compared to the currently allowed parameter space presented in Chap. [6]
The impact of A/m, corrections on observables sensitive to CP-violation can
also be studied. In Ref. [106] it is shown that their effect is negligible on the
available CP asymmetries, the exact definitions of which will be left until Chap. []

(Eq. (6.2])). As explained in Sec. the CP-violation coming from the
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Figure 3.3: The effect of unknown five (light band) and ten (dark band) percent
A/my, corrections, estimated using the ensemble method, on the theoretically
clean observables Ag? ), Agg'), and Agl) in the presence of In each case, the
green bands show the [SM] distribution, while the red, grey and blue bands show
CSENP — 9615 CeINP = 1.5¢'5, and O} = 2¢'s respectively.
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Figure 3.4: The effect of unknown five and ten percent A/m, corrections on the
CP asymmetry Az for two different values of the [NP|phase. The colour coding is

the same as in Fig. , but in Fig. @ the phase is § while in Fig. @ it is 3.

matrix is very small. Any significant CP-violation would have to come from a
mechanism beyond this. This is included by allowing the Wilson coefficients to
acquire new weak phases. Fig. shows estimates for the A/my related un-
certainties for the CP asymmetry A7, the rate averaged asymmetry of I;. As
shown in Ref. [56], this asymmetry can become quite large in the presence of
NPl However it can be seen from the figure that the A/m, uncertainties scale
with the value of the observable. The assumption that these corrections can be
neglected for the CP asymmetries is probably not valid. These uncertainties must

be included when making comparisons to the [SM]

3.6 Summary

In this chapter the basic properties of the By — K**utpu~ angular distribution
relevant to making an experimental analysis have been presented. It has been
shown that the angular distribution is subject to four continuous global symme-
tries. These will be of particular importance when it comes to constructing a
full-angular analysis. A selection of observables that are both invariant under
these symmetries and theoretically clean have been presented. These use specific
combinations of the K** spin amplitudes to cancel the dependence on two uni-
versal heavy-to-light form factors {, | at @ They are however then dependent
on unknown A/my, corrections, arising from reducing the number of form factors
from seven to two. A simple parametrization was presented that can be used to
investigate the likely impact of these corrections on the theoretically clean observ-
ables. It was shown that for CP-conserving observables such as Ag? ), the expected
A/my, corrections are smaller than previously thought. It was also shown that

the opposite is true for the CP asymmetries. This will be particularly useful once
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LHCb data sets become large enough to perform a full-angular analysis, which is

the subject of the next chapter.
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Chapter 4

Performing the full-angular

analysis of By — K*0utp~

The rare decay By — K*°(— Km)u*pu~ can be used to probe the inner work-
ings of the b — s quark transition by studying its angular distribution. This
provides information beyond that available from B(b — sv) measurements alone.
In addition to the Og/) operators active in those decays, Oéf)lo can also make sig-
nificant contributions away from the photon pole (see Sec. . The angular
dependence of each term active in the distribution (see Eq. (3.2))) means that the
contributions of the different operators can be disentangled. There are enough in-
dependent angular observables available to fully constrain the operators expected
to play a significant role in the decay, allowing both the magnitude and phase
of each of the relevant Wilson coefficients to be measured. This could allow for
physics beyond the to be discovered. However, it also offers the opportunity
to learn something of the underlying gauge structure of the [NP]if discovered else-
where. The huge statistics at LHCb should make the full-angular analysis of this
decay possible for the first time. There will be other interesting measurements
on the way (see for example Chap. @, but it is the full-angular analysis which
offers the chance to extract all of the available information from the decay. This
has the potential to be one of the most exciting measurements made by LHCb.

In the previous chapter, the properties of the angular distribution were in-
troduced, as were a set of observables with reduced theoretical uncertainties.
While A(T2 ) is available with poor resolution using a counting experiment or one-
dimensional fit, Ag? ) and Agﬁl ) are only available via the full-angular analysis [107].
It was for this reason that a fit was developed, leading to Refs [1, 2]. At the time
of their publication, the symmetry shown in the previous chapter as Eq.
was not known. Many of the results shown in this chapter were produced without
this symmetry. The implications of this will be dealt with in Sec. [4.6]
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4.1 Sensitivity at LHCb)

Theoretical treatments of By — K*u*u~ at normally make use of the
factorization (QCDf{)) framework [65, 60, 108] as described in Ref. [54].

These calculations are involved and while it is now possible to perform a Monte
Carlo simulation of the decay using a full treatment, as described in Chap. ,
this was not the case when the bulk of the work presented in this chapter was
undertaken. Instead a toy approach was used where the results of the full
calculation from Ref. [I] are used as input to a toy model. This allows the
generation of toy LHCbH data sets which can then be used to verify the fitting

methods presented in the next sections and assess their relative merits.

4.1.1 A toy model of By — K*°utpu~

A toy Monte Carlo model of the decay was created within the ROOFIT framework
[T09] using Eq. as a probability density function (PDEF|). The function
I(¢% 0,,0k+, @) is parametrized in terms of the real and imaginary parts of the
spin amplitudes, A 7 r, Ajrr, and Agr g, giving twelve parameters for each
point in ¢%. It was assumed that m; = 0 and A, was neglected as explained in
the previous chapter.

The symmetry relations introduced in Sec. [3.2] can be exploited to reduce the
number of free parameters in the system. Eq. is used to make Agy; real
by setting ¢, = — arg(Apr) and similarly for Aoz with Eq. (3.8). Eq. can
then be used to remove Agg completely by setting § = arctan(—Aggr/Aor). This
leaves nine free parameters at each point in ¢>. One more parameter can be
eliminated by recognizing that the angular observables are not sensitive to the
absolute normalization which cancels in each case. Sensitivity can be gained to
the relative normalization, IV, by performing an explicit normalization at some
fixed value of ¢2, here denoted X,. We divide all spin amplitudes by the value of
Re(Aoz) at Xy = 3.5 GeV?/ct. This leaves the eight degrees of freedom. The effect
of adding the fourth available symmetry constraint will be assessed in Sec. [4.6]

Following Ref. [107], the signal is assumed to have a Gaussian distribution in
mp with a width of 14 MeV/c? in a window of mp+50 MeV/c? and a Breit-Wigner
in mp, with width 48 MeV/c? in a window of my-o0 £ 100 MeV/c?. A simplified
background model is included. This is uniformly distributed in all angles, effec-
tively treating all background as combinatorial, but follows the ¢? distribution of
the signal. Acceptance effects have been studied in Ref. [8], where it is shown that
the detector’s geometric acceptance produces the main effect, with the trigger and
offline selection having little extra impact. A data-driven acceptance correction is

being investigated, and so these effects are neglected in this study. CP violation
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effects are also neglected, allowing us to treat B; — K*°u*p~ and its charge
conjugate simultaneously. Contributions from non-resonant By — K- ntutpu~
events are not included, as they can not normally be treated within [QCD{i

4.1.2 Generation of toy data

The model described in the last section allows the probability of a particular set
of observables (0, Ox+, ¢ and ¢*) occurring to be calculated. The overall nor-
malization of the [PDF] is not known a priori, however it could be determined
numerically by integrating I, defined in Eq. , over the allowed ¢? range.
This is done explicitly using the GNU Scientific Library [110]. An ac-
cept/reject algorithm can then be used to generate a data set of events with the
correct distributions. The ¢? dependence of the spin amplitudes is included by
generating many sub-data sets in 0.05 GeV?/c¢* ¢2 bins and then combining them,
so avoiding the ¢? parametrization introduced in the next section. In each sub-
bin, I'" weighted mean spin amplitudes, found using values taken from Ref. [1J,
were used when calculating (g%, 0y, 0+, ¢). The number of events for a given ¢?
sub-bin is

gdmax 1/

_ 57b dmin
Moo = No" e, (4.1)

2
4mu

where N§ is the number of signal events expected in 2fb~! for ¢* € [42, 9] GeV?/c*
(N§ = 4032, giving a total selection efficiency of approximately 1%.) [72] and T”
is derived from the input amplitude calculation. As Hgf‘f)SM is neglected, the B
and B contributions for each sample can be generated together. The number of
background events was calculated in the same way with the value of N taken
from the same full simulation study (N§ = 1168). In both cases the value of n
is Poisson fluctuated so that not all toy data sets are of the same size. For 10 and
100fb~! samples N§ and Nj were scaled linearly. models were dealt with by
supplying input spin amplitude values, again from [I], for a particular model.

4.1.3 Fitting of data to extract sensitivities

As discussed in Sec. [£.1.7], the decay [PDF| has eight unconstrained spin ampli-
tudes at each point in ¢, which can be extracted from data using a fit. The ¢?
dependence of these amplitudes must be taken into account. We can explicitly
parametrize this dependence or divide the experimental data into a small number
of ¢* bins (ideally a single 1-6 GeV/c? bin) and perform an independent fit in each
bin, making the assumption that the ¢> dependence can be neglected. The latter

approach allows for fewer parameters to be used, assuming the number of bins
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is < 3, but produces significant systematic fit biases if the ¢> dependence across
the bin is non-linear and the effect ignored. These biases arise from the differing
¢* dependence of each of the spin amplitude components and appear even if the
fit is properly convergenlﬂ It was found that the biases could not be eliminated
while preserving enough statistics in each bin to perform the fit reliably. Instead
an unbinned approach was used where the ¢ dependence of each spin amplitude
component is parametrized as a 2"¢ order polynomial, the coefficients of which
are then extracted.

The parametrization is as follows. For Re(Az) we use a standard polynomial
fp(q2) = AP(QQ - Xo)? + Bp(q2 — Xo) + G, (4.2)

where A, B, and C, are constant coefficients and X is defined below. This form
allows a normalization choice, made at the point f,(Xy), to directly constrain C,.

For the other amplitude components we use a Chebyshev polynomial,
fe(@®) = Ac(2(¢* — X0)> = 1) + Bo(¢* — Xo) + C., (4.3)

to improve fit stability. In this parameterization, the polynomials corresponding

to the amplitude components Re(Apr), Im(Aoz), and Im(Aggr) are Re(Aor) _

fclm(AOL) _ fclm(AOR) = 0 for all ¢, while the constant term of the polynomial

CIE{ e(AOL), is set to one once the symmetry transforms

parameterizing Re(Aor),
and normalization, introduced in Sec. [f.1.1] have been applied. Making a mea-
surement in this framework requires that the polynomial ansatz be satisfied for
all spin amplitude components in the range ¢, — ¢ ... Fig. in Appendix
shows an example data set, generated following Sec. where numerical pro-
jections of the final polynomial [PDF]for each of the experimental observables can
be seen. The background component is also shown separately. The agreement
between the binned generation [PDF| and the unbinned fitting [PDF] is excellent.
By generating an ensemble of toy-LHCb data sets and then fitting them with
the polynomial model, the experimental sensitivities for a given integrated lumi-
nosity can be estimated and any biases introduced by the method can be found.
The fit was well behaved but could be sensitive to the initial values chosen for
the fit parameters. To deal with this, the fit was run repeatedly with randomly
chosen initial values until an accurate covariance matrix was found?l Each refit

was initialized from scratch so that each refit result was independent of the last.

'Tf it was possible to integrate Eq. over ¢2 then these problems could be avoided.
However it is not possible to do this in a model independent way as the ¢> dependence of the
spin amplitudes must be explicitly known.

2Signified by a Minuit covariance quality of three.
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Figure 4.1: Sensitivity bands for the individual spin amplitude components as
a function of ¢* for 10fb™! of SM data. The dashed black line is the input
distribution. The solid red line shows the median result over an ensemble of a
thousand toy experiments, while the light and dark bands show the one and two
o confidence levels. The effect of the normalization at ¢*> = X, = 3.5 GeV?/¢*
can be seen on Re(Ay), as can the strong anti-correlation between Re(Ar) and

Re(AJ_R>.

For an ensemble of 1076 10fb™! experiments, each of which assumed the the
mean number of refits required was 2.97, and the maximum was 103. For 1006
2fb~! data sets the mean increased to 6.81 and 0.7% of experiments failed
to converge at alf] It was verified that the final fit results were independent of
the starting values by performing several refits of each data set. Any variation
on the output of repeated successful refits was seen to be small compared to the
errors on the fit parameters.

There were significant correlations between parameters in some of the experi-
ments. The constant terms of Re(A4r) and Re(A | ) and to a lesser extent those
of Im(Ar) and Im(A, ) were anti-correlated, leading to significant biases on

these parameters. The biases were not seen in the angular observables, but are

3The maximum number of allowed refits was fixed at 1600 in order to limit the amount of
Grid resources used. This number could be dramatically increased if required when the real
measurement was made.
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obvious in the individual amplitude components shown in Fig. [£.1] This is symp-
tomatic of an extra symmetry in the angular distribution and eventually aided

its discovery [6].

4.2 Results

The methods described in Sec. were used to generate and fit ensembles of
experiments for three different LHCb integrated luminosities; 2, 10, and 100 fb~*.
These are the expected data set sizes for a nominal year of data-taking, at the
end of LHCb data-taking and at the end of a run with an upgraded SuperLHCb
detector respectively. The results for 10fb™" will be presented here, while those
for the other integrated luminosities are available in Appendix [A]

Fig. shows the experimental sensitivity to App in the[SM]as derived from
the ensemble of 10 fb™" experiments. The median value is shown as the solid (red)
line while the light and dark (blue) regions mark the contours of one and two o
significance at their external boundaries. These are calculated, as in Chap. [3] by
ordering the ensemble of results and then selecting 33% and 47.5% of experiments
either side of the median at any given ¢ value.

Fig. shows explicitly the ensemble of App zero-crossing point result&ﬁ. By
comparing the dashed black [SM] and median lines in both figures, the agreement
between input and output distributions can be seen. The fit fails to reproduce
the input exactly, but the discrepancy is small compared to the overall exper-
imental uncertainty. These discrepancies seem to be due to the failure of the
polynomial ansatz, and are particularly significant at the edges of the ¢ region
under consideration as seen by the deviation of the solid red (input) and dashed
black (median fit result) lines in the figure.

Figs. and m show the sensitivity bands for the new observables Ag‘? ) and
Agfl ). The limitations of the polynomial ansatz can again be seen, but the overall

shape is well reproduced, and the deviation is small compared to the statistical

errors. Figs. d.4a] 4.4b| and [4.4d show respectively the sensitivity bands for Ay,

A(T2 ) and F1,. Like Apg, these observables are also accessible by making projection
fits as discussed in Sec. [4.3] Finally Fig. [4.4d shows the sensitivity band for I”
relative to the point Xy = 3.5 GeV?/¢*, the midpoint of the ¢* range.

4One of the thousand toy experiments did not have a zero-crossing point and so is excluded
from the distribution.
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4.3 Comparison with a simultaneous projection
fit

4.3.1 AFB, AIm, AC(I?) and FL

In Ref. [I07], angular projections over Eq. (3.2)) were used to extract the param-
eters Arp, Amm, Ag?) and Fj, in bins of ¢. For the B, decay:

dr’ I’ 1 () .
P (1 + 2(1 — F1) A7’ cos 2¢ 4+ Apy sin 2¢ (4.4a)
dl—v ’ 3 ) 3 2 3
@0, = T ZFL sin® 0, + g(l — F1)(1 4 cos” 0y) + App cos 0, | sin 0¢4.4b)
dr’ 3T
w7l = 0 sin Oy (2F7, cos® O+ + (1 — Fy) sin® O+ (4.4c)
K*

These differential widths were used as [PDEk in the construction of three new
ROOFIT models with the same physics and background treatment as that de-
scribed in Sec. [4.1.1} Simultaneous fits to the three decay angles were performed
in single bins of ¢? from 1 — 6GeV¥ ¢! to find rate weighted averages of each
observable across the bin. Input data sets were generated as in Sec. A
reasonable comparison can be made between the full-angular and projection fit
approaches by explicitly calculating the rate average over the ¢? range for each

observable, A, using

fqmax dl"A
(A) = —== , (4.5)

dg?

9min
where dI'/dg? is extracted directly from the fit, as shown in Fig. 4.4d]

In Tab. Al resolution estimates from an ensemble of a thousand fits are shown
for both full-angular and projection fits. It can be seen that the full-angular ap-
proach provides a significant increase in experimental resolution for all observables
considered. The difference in resolutions between the full-angular and projection
fit approaches, shown in the table, is particularly significant for Ag ). This arises
from the (1 — F1,) suppression in Eq. where Fp, is 0.86 + 0.05 in the .
In contrast, F, is well constrained in the projections and the full-angular fits do

not significantly improve the resolutions attainable.

Value from Ref. [T]. This can be contrasted with 0.76 + 0.08 from Chap. |5} 0.73 595 from
Ref. [106], and 0.73 £ 0.12 from Ref. [111].
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Input Projection Full Angular (Uf—gl’)

(A) (A)p op (A)p OF %

Apg 0036 00325 +0.0078 0.0344 99047 3%
A 0000 0000 +0.015  0.0004 %% 61
AP 0030 -003  £026  -0.043 0% 64
F, 0865 08799 =+0.0064 08582 *99%2 14

Table 4.1: Comparison between integrated values for the angular observables
Arg, A, AE,?) and [y, in the range 1 < ¢? < 6 GeV?/¢* from an ensemble of a
thousand 10fb™" LHCbH data sets with averaged input values (A);. (A)pp are
the median values of the averages as calculated using Eq. , while opr are
estimates of the 1o uncertainty for both methods. The percentage resolution
improvement offered by the full-angular analysis relative to the projection fit
method is shown in the last column, where 6 is the mean of the asymmetric
uncertainties for each observable.

4.3.2 The App zero-crossing point

A comparison of the sensitivity to the App zero-crossing point can also be found
by following the methods of Ref. [112], but fitting the three angles simultane-
ously. In this case a thousand 10fb™' data sets were binned into five ¢ bins in
the range 1 < ¢? < 6 GeV?/c!, each with width of 1 GeV?/c?. For each data set
an independent simultaneous projection fit was performed in each of the ¢* bins
and the resulting points fit to a straight line in the range 2 < ¢* < 6 GeV?/c? to
extract the zero-crossing point. An example of this is shown in Fig. [£.5] The me-
dian zero-crossing found was 4.357053 GeV?/c* for an input value of 4.39 GeV?%/c*.
The quoted sensitivity is in reasonable agreement with that found in Ref. [I12],
although the two results are not directly comparable. Comparing now with the
full-angular fit, we see a 28% improvement in the resolution relative to the pro-
jections result.

The value of Apg at a given ¢? value is a quadratic function of the universal
form factor £, [54], introduced in Sec. . Again, following [54], the ¢* depen-

dence of the form factor can be parametrized as
1 2
2
_ I 4.

where Mp is the mass of the By and £, (0) gives the normalization at ¢* =
0. This can be extracted from experiment by performing a fit to By — K*y
measurements or from [54, 113]. At the zero-crossing point, these form
factors cancel at [LO| however the particular value of £, (0) used to generate the
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Figure 4.5: An example toy experiment in which an Agg value has been extracted
in five independent 1GeV?/ ¢! ¢? bins using a simultaneous projection fit to the
three decay angles. The points show the Apg value found for each ¢? bin and its
error. The z error bar shows the width of the ¢? bin. The solid red line shows a
fit to the linear function y = pl x + p0 in the range 2 < ¢*> < 6 GeV?/c* as used in
[T12]. This allows a zero-crossing point of g2 = 4.09+0.21 GeV?/c* to be extracted
for this particular experiment.

App spectrum will affect the gradient of Apg going through the zero-crossing
point quadratically.

The experimental sensitivity for the zero-crossing point should be an approx-
imately linear function of the App gradient, so the value of &, (0), both in this
study and in nature, strongly affects the experimental sensitivity to the zero-
crossing point. The zero-crossing sensitivities we quote are extracted from toy
input data where &, (0) = 0.26, based on the updated value from [74]. This
should be contrasted with the model used in [I12] and based upon [69], which
uses a value of £, (0) = 0.34. If this value had instead been used in this study
then an improvement in the zero-crossing resolution by a factor two would be
expected. The observables Ag,? Y are constructed to have no sensitivity to the
form factors over the complete ¢? range under study and so no major change in

their resolutions is expected as we vary &, (0).

4.4 New physics model discrimination

In this section the methods in Sec. will be applied to a generic [NP| model
with right-handed currents in order to demonstrate the discriminating power of
the angular observables. Sensitivities to the observables introduced in Sec.
are extracted and compared to the [SM] theoretical distributions.

The model to be examined, SUSY-b, is a non-minimal flavour changing
version of the with R-parity conservation, where the gluino mass is large,
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mg = 1TeV, the down squark mass is mj; = 250 GeV and there is a low value
of tan = 5 [57]. In addition, there is a single insertion in the down squark
mass matrix, parametrized by (6¢5)32 = 0.036, which generates right-handed
currents. The flavour diagonal parameters are fixed at y = My = My = My+ =
mg = 1 TeV. It has been recently re-verified that this scenario is within current
experimental and theoretical bounds [I].

This model has been chosen as it generates non values of CLeft; (Ceft Cleft) =
(—0.32,0.24) which should be compared with the[SM] values of (—0.31,0.00). The
observables Ap,, Arp (and its zero-crossing) and F}, are not very sensitive to de-
viations in CZ°T and so offer little discrimination power. However, Ag? ), Agf’ ) and
A%‘ ) have been constructed in such as way as to maximize the sensitivity to this
Wilson coefficient and hence allow better discrimination between SUSY-b and the
SM

Fig. [4.6] shows the comparison between the estimated sensitivities to SUSY-b,
as extracted from an ensemble of a thousand 10fb~* LHCH data sets and the
theoretical distribution from Ref. [I] for A(T2 ), Agi)’ ), Agfl ). The power of these
observables is clear for observing non values of C7°% particularly in the low
¢ region where the operator Og) dominates. Consideration of Fig. suggests
that a similar conclusion would be reached if a[NPlscenario with contributions in
Cetoor Cfg " had been studied. Due to the correlations along the band for both
the theory and experimental curves, careful thought is needed to turn these mea-
surements into a confidence level that the [SM] could be rejected if indeed nature
turned out to be supersymmetric in the way modelled by SUSY-b. However, it
seems clear that such a measurement could be of great interest if [NP|is discovered
at the [LHCl

Fig. [4.7 shows the same comparison for the angular observables Agg, Fy,, and
Am. As expected, these observables offer poor sensitivity to C7 across the entire
¢* range. Fy, looks more promising than Apg for this particular scenario, but
is hindered by the large theoretical uncertainties on the prediction.

4.5 CP-violation

By — K*°(— Kr)u*u~ will be reconstructed in LHCb via charged decays of the
K*9, allowing the flavour of the B meson to be identified using the sign of the K
[8, [72]. Decays of this sort are known as self-tagging. As shown in Chap. @, the
phases of the Wilson coefficients are almost completely unconstrained by current
experimental data. Any measurement of the CP-violation in By — K*utu~
would therefore reduce the parameter space available for or provide a clear

signal for it. The improved sensitivity that was shown for the full-angular analysis
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Figure 4.6: Comparison between the estimated experimental sensitivities to Ag? ),
Ag‘?’), AE_;‘) and the theoretical distribution. The solid red line shows the
median of values extracted from an ensemble of a thousand 10fb~' LHCbH data
sets where SUSY-b was used as the input model, shown as the dark-blue dotted
line. The (light and dark blue) bands either side of the median show asymmetric
1 and 2 o confidence levels as in Fig. The [SM] theory bands are explained
in more detail in Ref. [I]. The dashed (black) line is the central value, while
the surrounding bands (orange, light green, dark green), are respectively the
theoretical uncertainties excluding O(A/my) corrections, and those including 5%
and 10% A/my, corrections.
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in Sec. means that it could contribute to this programme significantly.

The methods described in Sec. can be applied to get an estimate of the sen-
sitivities to the CP asymmetries introduced in Sec. [3.5.4] The mis-identification
of a B as a B in this channel will be very rare as it requires that both the K
and 7 are reconstructed incorrectly. A full simulation study of the selection and
backgrounds confirms this conclusion [8], although a specific mass veto must be
employed to remove B, — ¢up decays. Thus, mis-id effects are neglected in this
study. The [SM] amplitudes used for the toy model generation do not include the
tiny CP violating contribution from b — d penguin decays so the CP asymmetries
vanish in the . An ensemble of B-only data sets was produced as in Sec.
for 10fb™! of LHCb data, assuming the . Each data set was generated to
have, on average, half the contents of those used in Sec. [4.1 A full-angular fit
was then performed for each data set in the ensemble. An ensemble of B fits was
also produced in the same way. These two statistically independent ensembles
were then combined. The fits are only sensitive to the normalization of the spin
amplitudes relative to the value of Re(Aqr) at Xo. When combining a B and a
B fit result, the B result was re-normalized to correct for any differences between
the two reference points.

Results are shown for the CP-asymmetries A; and Ag in Fig. for 10fb~*
of LHCbH data, assuming the , but neglecting the CP violating terms [6]. A7
and Ag are respectively the rate weighted CP asymmetries of I; and Iy. The
sensitivities found are good when compared to Ag? Y and suggest that large
effects could be detected with these observables. A selection of distributions
for A; are shown in Fig. |3.4] Full estimates of the theoretical uncertainties can
be found in Refs [0, 56 [106], however the figure indicates the level of variation
attainable. It is interesting to compare Fig. |4.8b| with Fig. 4.4al which shows the
expected sensitivity to Ap,. This is the CP-average of Iy, and so is sensitive to
the same terms in the full-angular distribution as Ag. Due to the self-tagging
nature of the decay, the penalty required to extract CP-asymmetries rather than
CP-averages is relatively small in this case. However, these measurements are
unlikely to provide enough resolution for anything other than a [SM] null-test to
be performed unless the phases are large.

4.6 The fourth symmetry

In order to extend this work to include the massive lepton terms in the angular
distribution needed to gain sensitivity to scalar and pseudoscalar [NP] contribu-
tions, a more systematic analysis of Eq. (3.2]) was undertaken [6]. This revealed

the presence of a fourth symmetry in the massless leptons distribution unknown
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Figure 4.8: Estimated experimental sensitivities to the CP asymmetries A; and
Ay using a full-angular analysis with 10fb~" of LHCb data. The is assumed,
but the tiny b — d penguin contributions have been neglected. The colour scheme

is the same as in Fig. [1.1]

at the time of writing Refs [1} IZHH This symmetry was first identified numerically
and then Eq. found. This implies that the constraint counting done in
Sec. was incorrect; there are only eight free parameters at each value of ¢2,
or seven once the normalization has been taken into account.

The rotation choices made in Sec. £.1.1] along with the specific form of the
symmetries, lead to the spin amplitude correlations seen in Fig. The ob-
servables presented in Sec. are invariant under all four symmetries meaning
that the bias seen on the amplitudes does not lead to a bias on the observables.
The fit, although in principle under-constrained, is able to converge due to the
polynomial parametrization employed. Ignoring the normalization for a moment,
we have four independent rotations which can be made at every point in ¢2.
Fixing the value of three spin amplitude components means that three of the
rotation angles are also effectively fixed. The fourth rotation angle is free to vary.
The negative log-likelihood that each signal event contributes is concep-
tually invariant under changes in this angle. However, the ¢?> dependent shape
of each spin amplitude component is not. The polynomial ansatz requires that
each amplitude must be smoothly varying. The fit then selects the value of the
fourth rotation angle for each signal event which produces the most polynomial-
like distribution, as this will have the smallest [NLL] The minimizer is able to
find a genuine minimum and converges properly. This leads to the prediction
that adding the extra constraint implied by Eq. should not significantly
improve the experimental resolutions, but should reduce the degree of correlation

seen in the fits.

50n which this chapter is based.
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4.6.1 The polynomial ansatz re-examined

A key assumption of the fitting approach taken in Sec. is that the spin ampli-
tude components are smoothly varying functions in the range ¢* € [1, 6] GeV%/ct.
It was found that when all four symmetries of the massless angular distribu-
tion are taken into account, this assumption no longer holds. The shape of the
spin amplitude components is not invariant under the four symmetries; their
shape can be distorted in such a way that they are no longer well described
by 2"d order polynomials. This can be understood qualitatively by consider-
ing the three symmetry case at a fixed ¢® value. Agr is removed by setting
0 = arctan (—Re(Aor)/Re(AgL)), once their phases have been rotated away. This

can be understood by substituting the trigonometric identities,

sin(arctan(©)) = \/%; cos(arctan(©)) = \/ﬁ (4.7)
into Eq. (3.9). This introduces a [1 + (Re(Agg)2/Re(Aor)?)] 2 term into each
non-zero amplitude component, which will not be well behaved as Aq, — 0.
For the three-symmetry fit, these problems can be avoided by taking Re(Ag.) as
the reference amplitude component, forcing it to be relatively large at Xy. To
include the fourth symmetry constraint however, a more complicated form must
be used in order to set four amplitude components simultaneously. A different
value of each of the four rotation angles is required for every point in ¢? due to the
changing spin amplitudes. There is no guarantee that a set of rotation angles can
be found such that the unfixed spin amplitude components resemble smoothly
varying polynomials for all ¢?>. The ¢* dependence of the input amplitude
Re(Apr) is shown in Fig. once the four symmetries have been applied to
fix Im(Ayz), Im(Ajr), Re(4).), and Im(A, ) to zero, as required in the next
section. This particular feature is caused by Re(A);) — 0 at ¢* ~ 2, however
other rotation choices led to similar features. The distribution can no longer be
well described by a 2" order polynomial. It may be possible to find a choice
of rotation parameters that preserve the polynomial features of the input spin
amplitude components, however, there are no guarantee that a particular choice
would work when faced with experimental data, particularly if we are looking
for NPl Worse still, an incorrect choice will lead to biases in the case where the
parametrization is a poor match for the underlying amplitudes. A more generic

solution is required, but is beyond the scope of this thesis.
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Figure 4.9: The ¢* dependence of Im(Agy) after using the four symmetries of the
full-angular distribution to fix Im(Az), Im(Ar), Re(A)z), and Im(A, 1) to zero.

4.6.2 Fit quality

The effect of adding the fourth symmetry constraint was tested, by comparing en-
sembles of three- and four-symmetry fits. The two ensembles were generated with
the same random seed values so that the ensemble of input data sets was the same
for the two approaches. To make the test more robust, the generation scheme
described in Sec. was modified so that data was produced with the full[PDF],
adding lepton mass effects. For completeness, doubly-Cabibbo penguin contribu-
tions and A; were also included, and the signal and background estimates were
updated to the most recent LHCH estimates [8]. To allow comparison with other
parts of Ref. [6], the fixed spin amplitude components were chosen to be Im(A4;.),
Im(A)r), Re(A)r), and in the case of the four symmetry fit also Im(A, ;). The
amplitudes were still normalized relative to Re(4or) at Xo = 3.5 GeV?/c?, how-
ever the fits were performed in the range ¢* € [2.5,6] GeV%¢* to avoid the non-
polynomial features seen in the spin amplitude components, such as shown in
Fig. 4.9

The sensitivities found for the angular observables are much poorer than those
presented in Sec. , due to the decreased signal statistics in the reduced ¢?
window, however it is interesting to compare the performance of the two fitting
methods. A histogram of the of each fit is shown in Fig.[4.10a] The ensemble
of three-symmetry fits (hatched) and four-symmetry fits (solid) can be seen. The
ensemble of input data sets is slightly different in each case due to a small number
of failed computing jobs, but the output distributions look very similar. This
shows that the depth of the minima found is approximately the same for the
three- and four-symmetry fits. We can also introduce a global correlation factor
G, which is the unsigned mean of the individual global correlation coefficients
calculated from the full covariance matrix. It takes values in the range G¢ € [0, 1],

where zero shows all variables as completely uncorrected, and one shows total fit
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Figure 4.10: The negative log-likelihood @ and global correlation factor @
for the three symmetry (blue hatched) and four symmetry (red solid) ensembles
of fits to 10fb™! toy data sets of LHCb data, assuming the and with ¢% €
[2.5,6] GeV?/c?.

correlation. It can be seen that the mean correlation of the fit is reduced once
the fourth symmetry is taken into account. There are less outliers at very low
G¢ and the distribution appears more Gaussian, indicating an increase in fit
stability has been achieved. The mean number of refits required also fell from
6.9+ 27.6 to 0.1 4+ 1.4; the uncertainty quoted is the root-mean square of
the distribution.

Fig. 4.11|shows the estimated experimental sensitivities found for the theoret-
ically clean observable AE,? ) in the range ¢% € 2.5, 6] GeV?/c?, with and without
the fourth symmetry constraint. The fits are for 10 fb™" of LHCb integrated lumi-
nosity assuming the [SM] The quality metrics of these fits are shown in Fig. [4.10]
As might be expected from Fig. [£.10a] there is little difference in the estimated
experimental resolutions seen. The same conclusion is reached when inspecting
other observables. We find that the three-symmetry fit presented in Sec.
probably provides a correct estimate of the statistical uncertainties that would
be expected from a experimental analysis of 10fb~" of LHCb data. However the
discovery of the symmetry Eq. and a re-analysis of Eq. suggests that
the fit must be reformulated if it is going to be robust in the presence of [ND}

4.7 Summary and outlook

The full-angular fit for By — K*°u i~ allows access to any arbitrary combination
of the spin amplitudes as a function of ¢? in the region 1 < ¢* < 6GeV?/ct. A
set of angular observables can be constructed from these amplitudes which give
LHCb great power to discover [NP|and to discriminate between models in a model

independent way. In this chapter, several of these observables have been studied
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Figure 4.11: One and two o contours of estimated experimental sensitivity to the
theoretically clean observable Ag? ) with full-angular fit to 10fb~" of LHCbH data
assuming the Fig. [(a)] has Im(A), Im(A ), and Re(A|) fixed at zero. In
Fig. [(D)] the fourth symmetry is used to fix Im(A, ) to zero also. The colour
scheme is the same as in Fig. 4.1|

in order to estimate the experimental sensitivities at LHCb for 2, 10 and 100 fb™*
data sets.

A full-angular analysis was constructed as a prototype for making the mea-
surement. It has been shown that the analysis can both significantly improve
the sensitivity to some observables assessable in other ways, as well as allow the
determination of theoretically clean observables which can only be found via a
full-angular analysis. A fit that was binned in ¢? was first tried, but found to be
biased by the non-linear relationships between the K*° spin amplitudes. This led
to the development of a fit which used a polynomial parametrization to extract
the ¢* dependence of the amplitudes. Despite correlations in the underlying am-
plitudes, unbiased measurements of the theoretically clean observables could be
made. Estimated sensitivities for both the [SM] and a [NP| model were presented
and it was shown that for larger integrated luminosities, these observables offer

powerful discrimination in the case where (¢ £ (C7eff SM

. The sensitivity to the
CP-asymmetries A; and Ag was also estimated. It was shown that there is scope
to make an interesting and discriminating measurement if any [NP|found has large
phases coming from outside of the [CKM] mechanism.

This work led to a systematic re-analysis of the B; — K*°u*u~ angular dis-
tribution. A new symmetry was found, so demonstrating that the fits presented
have been under-constrained in principle, although not in practise due to the
polynomial parametrization. This extra symmetry constraint was incorporated
into the fit and its implications studied. It was shown that the additional sym-
metry did little to improve fit quality, although it aided convergence. It did
however warp the distribution of the spin amplitude components in such a way

as to make the polynomial parametrization unworkable in the general case. A
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new approach must be developed that incorporates the symmetry constraints in
a more fundamental way. This will require study beyond the time-scale of this
thesis.

Putting these methods into practise at LHCb will be a great technical chal-
lenge, and the success of the analysis will depend on our ability to understand the
detector acceptance and the angular shapes of our backgrounds. This chapter has
demonstrated that the sensitivity gained by performing the full angular analysis
makes this a very interesting measurement to make at LHCb, and one that could

potentially be done after a few years of stable running.
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Chapter 5

A decay model of
B; — K*®utpu~

An important ingredient in most High Energy Physics analyses is a de-
tailed simulation of the detector response and underlying physics processes oc-
curring during collisions. In this chapter, a new decay model of By — K*'u*p~
is presented [114]. The new model contains a state-of-the-art treatment as
well as a model-independent parametrization of possible [NP| effects through its
inclusion of operators suppressed or forbidden in the[SM] Many more details may
be found in Ref. [7].

5.1 Simulating physics events at the

events are complex, with many different particles present. A typical bunch-
crossing simulation will start by determining the number and properties of the
protons interacting by considering the beam parameters and machine optics. The
individual interactions will then be simulated using a general purpose event gen-
erator such as those described in Refs [I15] [116]. These generators are responsible
for the production and decay of particles coming from the hard process as well as
the treatment of the proton break-up. They use phenomenological models to re-
produce the distributions observed in collider events, and are highly configurable.

The majority of particles produced in a simulated event are not the children of
the particles created in the hard scatter but of quarks and gluons produced during
the early stages of the interaction’s evolution. These partons then hadronize to
form the long-lived particles seen in detectors. Their production and hadroniza-
tion is normally modelled using a parton shower. While many algorithms exist,
the ones in common use today produce daughter particles which are kinemati-

cally but not spin correlated. Any interference effects seen in the decay of heavy
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particles like b-quarks and 7-leptons are ignored. For a correct treatment of these
effects we can turn to the dedicated decay simulator EVTGEN [117, [118]. This
can be used as a stand-alone generator or to handle the heavy particles created
by the general purpose generators once a particular spin configuration has been
chosen. The latter is the approach used within LHCb.

5.1.1 EvtGen

EVTGEN is a framework for handling the decays of particles where the spin
correlations are important. It provides a large library of generic matrix elements,
while also supporting the inclusion of custom calculations for a particular decay.
These calculations are known as decay models. It makes use of the spin-density
framework (see Ref. [I17]) in order to generate particle decays in a generic but
relatively optimal way.

Particle decays are treated as a tree where each node is handled separately,
however the correlations must still be propagated. The algorithm starts for ex-
ample with a B meson of known momenta and energy. EVTGEN has a large table
listing all possible decays of each particle along with branching fractions for each
mode. It can then choose at random which mode to use, or this can be specified
by the user. As an example we take the decay B — D*(— Dm)7(— 7v)v. The
amplitude for this can be written as the spin-averaged product of the individual
decays,

A= AFRT o AY TP AT, (5.1)

Ap*Ar

where A, p- label the individual spin states of the 7 and D* and for example
ATT™ gives the complex amplitude for the decay of 7 — 7v for the spin state
A-. The algorithm treats each stage of the decay separately, starting from the B
and working down the decay chain. A phase-space calculator is used to generate
a random set of kinematics for the D*, 7 and v. A semi-leptonic matrix element
is used to calculate the amplitude AB~P"7” for each D* and 7 spin configuration.

The probability for a particular set of kinematics  is given by

Pp(2)= Y |AF NP (5.2)

Ap*Ar

Pg(Z) is rarely normalized to unity or easily integrable. In order to convert
it into a normalized probability distribution an accept/reject algorithm is used.
This requires that the maximum possible probability PE* can be found. Pg(Z)
is then mapped on to the random uniform function, uniform(0,1). This is a[PDF]

where the probability of drawing any value in the range [0, 1] is equal, and zero
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outside of this region. An event is accepted if Pg(Z)/wps > PE™* x uniform(0, 1)
and rejected otherwise. wy, is used as a weight so that kinematically disfavoured
events are kept more often, ensuring that these regions are still sampled.

Once a B — D*rv event has been accepted the momenta of the D* and 7
are known and the particles can be decayed, again starting from the relevant
phase space distributions. The 7 decay is performed with a specialized 7 — Sv
decay model where S is a scalar, while the D* decay model is a generic vector
to two scalar model which takes account of the quantum numbers of the system.
The same VSS model is used to handle the K*© — K part of the decay of
By — K*(— Km)uu.

The probabilities to be accepted or rejected must be weighted with the prob-
ability that the daughter particle is produced in a particular spin state. This is
done with a spin-density matrix. Summing over the spin states of the 7 we have
for the D*,

Py, = D (A T AL R (5.3)

Ar
the matrix of probability densities for each D* spin state, labelled by Ap« and
Np.. The probability to be used when accepting or rejecting a particular D*

momentum configuration is then

P

Z PAD*,\ ?;*—)DW)(AD*_)DW) ) (5.4)

Tr D~
P Aps Ao,

where the trace term acts to re-normalize the probability without affecting the
angular distribution.

Finally the 7 has to be decayed. In order to get the spin correlations in the
decay correct, spin-density matrices for both the B — D*rv and D* — D decay

nodes must be considered. Combining these gives

P = D [(ARTPAR TP x [(AG Ry Ay ]. (55)

Aps Xy

The probability to be accepted or rejected can be easily obtained by making the
replacement D* — 7 in Eq. . This algorithm allows for efficient generation
of large decay trees, as each node is accepted before the next one is considered. It
also allows for many different decays to be simulated with a smaller set of models,
as each one only needs to provide the spin-density matrix for one particular decay

node, from which complex topologies can be built up.
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5.2 The physics of By — K*°u*tu~ decay

The EVTGEN framework can be applied to simulate By — K*0(— Km)utu~
where a dedicated decay model is used to handle the By — K*°u*u~ part and the
K*? produced is then decayed separately. A decay model, BTOSLLBALL, based on
Ref. [69] has been in use for some time at the B-factories and LHCb. This section
describes the physics used in a replacement for this model, BTOKSTARLLDURHAMO7.
It is, to a close approximation, a complete implementation of Ref. [56]. A more

complete theoretical description of the model may be found in Ref. [7].

5.2.1 Factorization

The decay By — K*°u*p~ is made possible by physics effects operating at the
weak scale, where typical particle masses are O(my,) and interaction times are
very short. We expect any [NP| effects to be operating at these scales, however
they must be detected via their effects on particles with masses far below this.
Understanding the formation of these particles is then critical if robust predictions
are to be made. It is this process to which is applied. In this framework,
effects arising from the decay of the heavy b quark are separated from those
coming from other processes. The former is dominated by hard gluons
which may be treated with perturbative [QCD], and the latter by soft collinear
gluons which must be treated non-perturbatively. These two have distinct typical
energy scales; the mass of the b quark, m;, ~ 4.52GeV, and the scale
Aqgep ~ 0.22GeV. This separation is broken by processes which operate at
intermediate scales, however these can often be brought under theoretical control
[64, [T0T], 102].

The By — K*u*p~ decay proceeds via b — s quark loops such as the
[SM] diagrams shown in Fig. [[.8, The treatment of this decay employed by all
recent authors follows Refs [54] [74], however several updates have been made in
Refs [55, [56] to include recent theoretical results and additional operators. A
double expansion in the strong coupling constant, g, and the ratio Aqcp/myp is
used. This treatment is commonly classified as being [NLO|in «, as corrections
proportional to o are included, but only in 1/my,.

Starting from the effective Hamiltonian shown in Eq. , a decay amplitude

may be derived. Schematically, this can be written as

F
_ _ —~ =
(IFI" K’ Heg| B) = C) €0+ @5 @ Ty @ Ppevo +O(1/my), (5.6)

NF

where a =L, || labels the K*° polarization as being transverse or longitudinal. The
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symbol &, refers to the heavy-to-light or soft form factors introduced in Chap. [3
These can be thought of as parameterizing the momentum dependence of the K*°
formation and are calculable using non-perturbative methods such as in Ref. [104].
They are, however, universal, low energy, and should be free from [NP)] effects.
These are weighted by a hard vertex correction factor, C}' = 1+ O(a;). Together
these determine the factorizable (F) contribution to the decay.

The second term is the non-factorizable part (NF), and groups those effects
not included in the soft form factors. T, is a process dependent hard-scattering
kernel. This encodes the effects from short range, and so high mass scale, physics
parametrized by the Wilson coefficients. However, other effects must also
be included. Finally, there are the process independent light-cone-distribution
amplitudes &g and P +0. These are non-perturbative, and control the probability

of finding a valence quark in the B and K*° with a given momentum fraction.

5.2.2 Wilson coefficients

The Wilson coefficients C;(p) are process independent coupling constants for the
basis of dimension-five effective vertices described by local operators O;(u). They
encode contributions to the effective vertices at scales above a particular renor-
malization scale p. In the presence of [NP| their values will change from their
values, and additional operators may become relevant. For more details see
Chap. [T} Tab. gives the values of the Wilson coefficients at u = m; in the
[SM] while Tab. gives their modified values for a number of benchmark [NP|
models included with the decay model.

The Wilson coefficients are calculated in the[SM]or other [NP|models by match-
ing the full and effective theories at a matching scale my,, the mass of the W
boson. For the Wilson coefficients Next-to-Next-to-Leading Log
accuracy is used, which requires the calculation of the matching conditions at
p = my to two-loop accuracy. This has been done in Ref. [53]. contributions
are included to one-loop accuracy only; model independent corrections are not
known but are expected to be smalll] These coefficients must then be evolved
down to the scale y ~ my. The evolution has been implemented using the full
10 x 10 anomalous dimension matrix following [58]. The primed operators are
evolved as their unprimed equivalents, and the scalar and pseudoscalars do not
require evolution as discussed in Ref. [56]. Finally, there is no sensitivity in ei-

ther By — K*°u*p~ or any of the constraints considered in the next chapter to

I'We know from experiment that the dominates. Any contribution is constrained
to be small, and corrections to these contributions must be smaller still. A 10% correction
on a 10% effect would normally be of negligible importance, unless very high precision
experimental tests are available.
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Ci(p) Calp) Cs(p) Calp) Cs(p) Co(p)  CFF(p) Cs%(u) AC§T () CfF(u)

-0.135 1.054 0.012 -0.033 0.009 -0.039 -0.306 -0.159 4.220 -4.093

Table 5.1: Wilson coefficients at p = myps(2GeV/c?) = 4.52GeV/c2.
ACs™ (1) = C5 () = Y (¢?).

separate Cs p from Cg p. They are combined as (Cs-Cy) and (Cp-Cp).

5.2.3 Decay amplitudes

EVTGEN requires the calculation of the spin-amplitude AB¢—=K v 1™ For each
allowed spin state, the amplitude to be calculated, following the notation in

Refs [69, [I19] for ease of comparison with the previous decay model, is
M o< [T} (v 1) + T, (s 1) + S(fa )] (5.7a)
where

T} = A eupape™ % P — iB(q%) €+

iC(®)(€" - pp) P + iD(@®) (" - P5) G (5.7b)
T2 = E(0*)6upas €7D D — 1F(a°) €5+

iG(q*) (€ - Pp) Dy + 1H () (€" - P) Gu (5.7c)

and
S =2m+ (" - pp) I(q2). (5.7d)

In the rest-frame of the B meson, pg g+ and mp g« are the four-vectors and
masses of the respective particles, p = pg + px+o, q is the invariant mass of the u
pair and €, is the K *0 polarization vector. Each of these is represented by a ded-
icated EVTGEN object which implements the appropriate algebraic operations.
Adding a hat denotes division by mp, so for example g« = mg«/mp. The
functions A(q?) to I(g?), defined below, contain all theoretical information via
the Wilson coefficients and the P — VE| form factors V', A2, and 1753 (see for
example [104]). For the conjugate By — K*°u*pu~ decay,

Al¢?) — —A(¢®); E(¢®) — —E(d), (5.8)

2Pseudoscalar— Vector
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while the other auxiliary functions remain unchanged (see Eq. (3.5))). The terms
(l_v“l), (l_y"vd) and (Il) refer to the vector, axial and scalar lepton currents
respectively, through which the lepton spins are included.

The auxiliary functions have been updated to include the additional opera-

tors O,_,, and Og}P. QCDA| corrections are also included through the functions
7NM°(¢%) and TN0(¢?). These are similar to 7(¢*) and 7, (¢®) defined in [54],

but neglect the factorizable corrections and numerically small weak-annihilation

diagrams derived in that reference. The corrections to the helicity suppressed
operators are also included. We define 7,N9(¢*) and T{N'°(¢®) as the analo-
gous functions to TN9(¢?) and T1"(¢?) with all Wilson coefficients replaced
by their primed equivalents. The factorizable corrections arise from expressing
the full form factors, V', Ag 12, and T} 53 in terms of the soft form factors, &, .
Following Ref. [56], the [LO] results are expressed in terms of the full form
factors, automatically including these factorizable corrections from the form fac-

tor calculation.

M) = (G4 ) + 2 (65 + T )

TN 4 TP ) (5.92)
B(a?) =(1-+ ) (G5F — CEM A + 2501 = ) (657 - 4 Tl

2B (TEO() - T ) (5.9)
Cla") == { (1= (G5 = G Aa()

i ((CFF = CENT) + ST

(14 AT 2B oy o

T - TN ) (5.9¢)
Be®) =y (Gl + OV (@) (5.90)
F(@®) =(1 + e ) (CEF — CM A () (5.90)
Gla7) ~(cif - it (5.9
H(P) = (O = OO (L e Ab(a?) = (1 = e )

~ e () ) = TR A Cp — C: (5.9%)
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Figure 5.1: Comparison between the form factor models shown in Tab. . The
(blue) triangles, (red) pluses, (green) crosses and (orange) circles show respec-
tively the Ball ’07 [120], Ali 01 [69], Ball 05 [104], and Beneke 05 [74], 113]
models. The solid (black) line shows the full unparameterized Ball '07 calcula-
tion. These figures can be compared with Fig. 1 of Ref. [56], which uses a very
similar calculation.

1(¢*) = — Ao(¢*)(Cs — C§). (5.9h)

5.2.4 Form factors

The default form factor model ‘Ball ‘07" was implemented as a full Light Cone
Sum Rules calculation in MATHEMATICA 6.0 [I20]. This has been
parametrized, following Ref. [69], as a exponentiated polynomial. To achieve
agreement between the parameterization and the full calculation at the sub-
percent level the polynomial has been extended to higher order than used in

that reference,
6
F(¢*) = F(0) exp (Z C’i§i) : (5.10)
i=1

F(0), and C}_g are free parameters to be extracted via a fit to the full calculation
and § = ¢*/m%. The fitted values are listed in Tab. , while a comparison
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Form factor F(0) C} Cy Cs Cy Cs Cs (%)

V 031 1.24 078 -0.11 -0.16 1.00 2.22  0.05
Ao 0.35 131 079 -0.07 -0.16 0.81 2.10 0.05
Ay 023 037 028 -0.12 —-0.34 0.32 3.07 0.05
A, 0.19 0.89 044 -0.38 —0.31 142 3.39 0.03
Ty 027 126 082 -0.15 -0.19 1.15 194 0.05
T, 027 033 020 -0.14 -0.29 0.34 2.82 0.06
15 0.16 0.89 0.20 —-0.20 0.42 141 0.30 0.04
& 0.12 2.05 1.16 207 =3.06 —1.57 8&8.72 0.18
&1 026 124 081 -0.15 -0.19 1.16 2.09 0.05

Table 5.2: Form factor parameters, as extracted from a fit to Eq. (5.10]), of the
full Ball ’07 calculation.

between the parameterization and the original calculation is shown in Fig. |5.1}

To access the fit quality we use the metric

oy SO 0
A W

where f(t) is the result from the full calculation, fi*(¢) is the result from the fit,
and ¢ is the value of ¢* over the range t € {0, 14} GeV?/c? in steps of 0.5 GeV?/c!
as in Ref. [I04]. The goodness of fit as a function of ¢ can be seen in Fig. m,

as explained in the caption. The full calculation is reproduced to one percent

(5.11)

over most of the kinematic range. The parametrization performs most poorly
for £, however it was found that going to even higher orders in the polynomial
led to oscillation in the shape. The failure to reproduce this form factor distri-
bution is one of the largest sources of numerical discrepancy between the C++
and MATHEMATICA versions of the model. While other parametrizations from
Ref. [104] and their higher-order extensions were evaluated, none outperformed
Eq. and so were not adopted. A number of other form factor models are
provided for comparison, and these are also shown in Fig. [5.1, Details can be
found in Tab. . These may be of interest for some analyses where the ¢
dependence of observables is important, however, the parameters used in these

models are often not compatible with current Particle Data Group (PDGJ) values
[41].

5.2.5 New physics models

A number of benchmark models have been included to enable the study of
experimental effects arising from the presence of beyond-the{SM| physics. The

decay model is implemented model independently. New models can thus be in-
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Figure 5.2: Form factor fit quality as a function of ¢ over the entire kinematic
range. Fig. l@] shows the fit quality §(¢?) metric, which is the value of Eq.
at a given value of t = ¢%, for V, Ay, A; and Ay shown as solid (blue), dashed
(red), dotted (green) and dash-dotted (black) lines respectively. Fig. [(b)] shows
Ti, Ty and T3 as solid (blue), dashed (red), and dotted (green) lines while Fig.
shows £, {| as solid (blue) and dashed (red).
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cluded as an additional table of Wilson coefficients or via the EVTGEN decay file,
as described in Appendix [B.I] Some benchmark models are listed below. The

effective Wilson coefficients for each model are shown in Tab. [5.3]

e Universal Extra Dimensions : This model suggests that all
particles can propagate freely in additional spatial dimensions [121].
In order to respect existing experimental constraints on B(Bs — ptu™)
[122], the compactification scale 1/R = 400 GeV/c?* is adopted; otherwise
the treatment is as in Ref. [71].

e Flavour Blind MSSM| (FBMSSM)): Here the Minimal Flavour Violation
(MEV)) version of the[MSSM|is modified by some flavour conserving but CP-
violating phases in the soft Supersymmetry (SUSY]) breaking terms [123].

The Wilson coefficients used, [124], correspond to those calculated in sce-

nario [FBMSSM]| II defined in Tab. 11 of Ref. [56].

e General MSSM| (GMSSM)): IMFV|is not imposed, and generic flavour-
and CP-violating soft [SUSY}breaking terms are allowed [125]. The Wilson
coefficients used, [124], are similar those used in the scenario (GMSSM| IV
of Ref. [50].

e Littlest Higgs with T-Parity (LHT]): The model follows model
IT from Ref. [56], however the phenomenology is such that the effects in

By — Kt~ are very limited. It is included for completeness.

In order to allow for a more global view of b — s transitions, detailed calculations
for a number of related experimental observables are included with the model.
Definitions, calculation details and [SM] uncertainties are included in Sec. [6.6]
However, their value for the benchmark models is shown in Tab.

5.2.6 Validity

It is accepted that the assumptions required to use the framework for
Bq — K*u*p~ only hold in the ¢? region from 1GeV?/c* to 6 GeV?/ct. This
is discussed in a number of references including [T, 56]. At low ¢?, the decay is
dominated by the photon diagrams which give rise to the B — K*%y decay. This
photon pole is visible in Fig. [5.4al There may be unknown resonances which will
spoil factorization as long-range effects become important. The same is true as ¢?
gets closer to the charm resonance at 4m?. The upper limit of 6 GeV?/¢* is thought
to be far enough away from this point that these effects can be neglected. While
there are some attempts in the literature to include resonance effects from p, w

and cé [126], it is not clear that studying these contributions in By — K*utpu~
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Model

SM FBMSSM GMSSM LHT UED
Cf () —0.306  0.031 +0.475i —0.186 +0.002i —0.308 —0.0017 —0.297
Cf () —0.159 —0.085 +0.149i —0.062 +0.004i —0.159 —0.137
ACST (1) 4220  4.257 4.231 4.295 +0.006i  4.230
Celt () —4.093 —4.063 —4.241 —4.566 —0.0407 —4.212
CLef (1) —0.007  0.008 +0.003i 0.155 +0.160i —0.007 —0.007
CLef (1) —0.004 —0.000 +0.001i 0.330 +0.336i —0.004 —0.003
Cef () 0.002 0.018 +0.018;
Cref(p) 0.004 0.003 +0.003:
(Cs — C) (1) —0.044 —0.056i  0.000 +0.001:
(Cp —Clh)(p) 0.043 +0.054i  0.001 4-0.0013

Table 5.3: Wilson coefficients at u = my, ps(2 GeV/c?) = 4.52 GeV/ .

Observable Model SM| Error
[SM|  [FBMSSM| [GMSSM| [UED|
B(B, — pp) x 10° 3.70 34.0 3.79 392 40.31
B(By — Xv) x 10* 3.28 3.28 3.05 313 £0.25
B(By — X JIT17)_gaa2 X 106 1.97 3.23 2.19 205  £0.11
Scp(Bg — K*%v) x 102 —2.6 —3.0 49 —26 +0.5

a2 (Ss5) 2.37 0.57 230  +0.11
@2 (App) 4.03 0.63 2.73 392  £0.15
(AFB) |6 ov? 0.04 —0.12  —0.05 0.03  +0.03
(FL), s v 0.76 0.56 0.70  0.76  =£0.08
(S5)1_s qov? —0.11 —0.28  —0.34 —0.12  +0.03

Table 5.4:
models.

Predictions for b — s observables for the benchmark physics
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gives new information when compared to other more abundant channels. These
effects are not included in the present decay model as other models included in
EVTGEN are better suited for these resonance regions.

The form factors used may be applied over a wider ¢? range than that
specified above. In Ref. [104], the B — K** form factors are presented in the
range ¢* € [0,14] GeV¥/ct. As the Wilson coefficients are not ¢? dependent, the
model may have some relevance above the charm resonances. However there are
few theoretical results in this region with which to compare. corrections
are relatively small so the behaviour will be similar to the previous BTOSLLBALL
model. Simulations done with either model will be unreliable in this region.
However, the model will simulate signal events over the entire kinematic ¢? range
as required for LHCb [MC| production.

5.3 Implementation

The decay model is a full implementation of the theoretical treatment introduced
in Sec. It was first prototyped with MATHEMATICA, and then translated into
C++ for inclusion in EVTGEN. This two step process was important to guarantee
numerical correctness; the process of cross-checking the Ct+ model identified
numerous problems with the MATHEMATICA version and vice-versa. The final
versions of both models were in agreement to one percent for a wide range of ¢
values. The main source of differences was in the form factor parametrizations, as
discussed in Sec.[5.2.4] For this to be achieved, it was necessary to make extensive
usage of numerical routines provided in both the EVTGEN framework and the
GNU Scientific Library [I10]. Most stages of the calculation were required to
be undertaken using complex numbers, even if the input and outputs were real.
In addition, each spin-amplitude calculation requires four numerical integrals
to calculate contributions to 7"“°(¢?) and TH(/)NLO(qQ) at INLO| As one of
the design requirements was that additional [NP| models could be easily added,

these integrals are computed numerically during the decay amplitude calculation.
These factors makes the full calculation significantly slower than the previous
BTOSLLBALL model.

5.3.1 Performance

One requirement for the model was that it must be significantly faster to run
than the detailed detector simulation used within LHCb to produce [MC] signal
samples. Due to the accept/reject architecture of EVTGEN, some events take

longer to generate than others depending on the region of parameter space they
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Figure 5.3:  Fig. shows the unnormalized decay probability for B; —
K*0u* = for the |[SM] (solid black), (dot-dash green), (dot-
ted red), (dashed purple) and, (long-dashed blue). The poles at high
and low ¢? can be seen. Fig. @ shows the same unnormalized probability dis-
tribution for the for three values of the K** mass. These are mg«o = mbo¢
(solid black), my-0 = m% (dot-dashed blue) and, mg-o = mE% (dashed green).

sample. As many signal events are typically produced in a single batch, the
important metric is the mean time to decay an event. The presence of very long
tails in the decay time distribution must be avoided.

When testing the model it was found that a very long tail was indeed present.
As explained in Sec. , the accept/reject algorithm used in EVTGEN maps
the probability distribution encoded in the decay amplitudes into the uniform
distribution. One consequence of this is that the probability to accept a given
event scales with 1/P™** the maximum probability that can be produced by the
decay model. This is not known a priori and so is calculated during initialization
by scanning the allowed regions of ¢* with three different values of the K*° mass,

PDG i
Mo, Mo, and m

max

K*0)
K*° natural width away from the nominal mass. The probability profiles

generated by the decay model are shown in Fig. [5.3] The probability is highly

where the latter two extremes are fifteen times the

asymptotic at large values of ¢?. This is mainly due to the form factors, shown
in Fig. 5.1} which increase sharply as ¢ goes to its kinematic maximum. This
behaviour was seen to be particularly extreme in the [GMSSM]| which featured
P2 yalues of O(10°). Such large values are probably not physically meaningful,
as the calculation is being applied a long way from the region in ¢? for which it
is valid. At the same time however, the phase space to actually produce a K*° is
decreasing; it must be produced approximately at rest. Events with high ¢* have
a large decay probability, but a small phase space left to decay into. The result
of these competing effects can be seen in Fig. which shows the generated ¢?
distribution. The number of generated events above a ¢* of 18 GeV?/c?* rapidly

falls off, however, there is a distinct pole starting at this point. It was found that
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Figure 5.4: Fig. @ shows the generated ¢® distribution for the Fig. @
shows the [CPU] time to generate a [SM] signal event. The mean generation time
over 8M signal events was 8.2 s.

the mean time to generate an event is strongly related to the value of P™*, A
cut was introduced into the model, so that the probability is artificially forbidden
from increasing past 18.25 GeV?/¢*. This cut-off was chosen to minimize the
impact on the ¢? distribution while still providing acceptable performance.

Fig. shows a histogram of the number of [CPU] seconds required to gen-
erate each signal event from a sample of 8 million [SM] events. This sample was
generated using 957 individual jobs, running at 42 different computing sites. This
is a representative sample for the kind of [MC| production done in LHCb. The
mean time to generate an event was 8.2s. This should be compared with a mean
of 1.9 s for the previous model, however it is still much less than the time required
to run the full LHCb detector simulation.
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5.3.2 Comparisons
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Figure 5.5: Comparison of Apg distributions. The blue open points show the
App distribution produced by the BTOKSTARLLDURHAMO7 decay model. The black
solid line shows the predicted distribution in the range ¢ € [1,6] GeV?/c* using
the underlying K*° spin amplitudes. The red triangles meanwhile show the Agg
distribution produced by the BTOSLLBALL model.

Fig. [5.5| shows the App distributions produced by the BTOKSTARLLDURHAMO7 and
BTOSLLBALL models. The agreement is excellent in the region ¢? € [0, 5.76] GeV?/c*.
That the two models produce similar distributions is not surprising; both use sim-
ilar form factor models [104] 120] and Wilson coefficients. However,
there is a clear discontinuity at ¢* of 5.76 GeV?/¢! arising from a change in the
Wilson coefficient treatment as different renormalization scales become appropri-
ate. The new model is able to avoid these unphysical effects as both low and
high scale contributions are simultaneously present for all ¢? values. It should be
noted however that the Apg gradients produced by both models are similar at
the zero-crossing point. This was, however, not true for the previous version of
the BTOSLLBALL model considered in Ref. [T12].

5.4 Summary

A new decay model for the simulation of By — K*u*u~ has been developed
which allows for a state-of-the-art [SM] simulation to be performed. The [LO] con-
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tributions from [NP| may also be included using a selection of benchmark models,
or via the direct specification of [NP| Wilson coefficient components. The basic
theoretical framework used in the model has been described, and some compar-
isons have been made with the previous version. The model is fast enough to be
used in signal [MC| production. It is hoped that it will be a useful tool for the
study of By — K*0uT = as we enter the era.
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Chapter 6

Counting experiments for the

first few years

6.1 Introduction

The four-body final state of By — K**(— K7)u*p~ allows for a wealth of observ-
ables beyond the branching fraction. The majority of signal events reconstructed
at LHCb will be in the charged decay channel of the K*°. The presence of four
charged tracks means that the angular resolution should be such that the three
decay angles shown in Fig. are available with high precision. The invariant
mass of the muon pair will also be accurately determined. Thus it will be possible
to make a detailed study of the angular distribution of the decay with LHCbH. In
the most commonly used basis, the angular distribution is made up of twelve

basic components. The relative contribution of each is given by a coefficient IZ»(a)
(see Chap. 3)) [56]:

d*T

[s . 29 . _[C 20 .
dq2dC0895d0089K*d¢0( 18In" O« + 17 cos™ O

+ (I; sin? - + 15 cos? HK*) cos 26,

+ I3 sin® Ok~ sin® 0, cos 2¢

+ I, 8in 20 g+ sin 260, cos ¢

+ I5 sin 20 i+ sin 0y cos ¢

+ (I sin® O~ + I§ cos® O ) cos b,

+ I7sin 20+ sin 0, sin ¢

+ Ig sin 20+ sin 20, sin ¢

+ Iy sin® O« sin® 0, sin 2. (6.1)
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These coefficients are functions of ¢ only. To avoid absolute measurements, these
coefficients are normalized by the total rate at a given value of ¢* to give the
relative decay rate received by each component of the angular distribution. The
distribution for a fixed value of ¢? is shown in Fig.[6.1l Both the symmetries
and the general features of the distribution can be seen. For more details see
Sec. . can alter it by enhancing or suppressing one or more of the Ii(a)
basis coefficients, in turn making particular features more or less pronounced.
Disentangling the effect of each coefficient is the ultimate aim when planning a

programme of measurements at LHCb.

Figure 6.1: Contours of the differential decay rate for By — K*u*tp~. The
surfaces show contours of equal differential decay rate, d*T"/dq*df,d0~d¢, for
a fixed value of ¢ equal to 3.5GeV?/¢*. The colour of a contour denotes the
decay rate on that contour, following a rainbow ordering where red shows the
largest decay rate. The distribution shown was generated from the decay model
described in Chap. [5| using the calculation.

Considering both CP-averaged and CP-violating quantities we can define two

sets of observables [50],

@\ ,d(T+T) @\ ,d(T+T)
S = (19 4 10) jS A = (10 - 1) S (62
1 1 + 1 / dq2 ) 1 1 1 / dq2 ) ( )

that describe the properties of the angular distribution and can in turn be com-
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pared to theoretical predictions. The total differential width is

ar- 3 ... . 1. .

implying the normalization condition
3 S C 1 S C
1(251 +57) — 1(252 +55) =1 (6.4)

In the limit where the rest mass of the muons is small compared to their
invariant mass, further simplifications to the angular distribution are possible.
These are discussed further in Chap. However these approximations will be
avoided unless explicitly stated as they may introduce small experimental sys-
tematic effects.

The distributions of the CP-conserving and CP-violating observables are shown
in Figs[6.2] and [6.3 for the theoretically clean region in ¢* from 1-6 GeV?/¢* both
for the and for various models (see Chap. [f). While these figures do
not necessarily indicate the full range of allowed values they do show the relative
contributions to the angular distribution that might be expected. Several broad
conclusions can be drawn by inspecting these figures. Firstly considering the
CP-conserving observables shown in Fig. [6.2] the numerical sizes of S5 and S7_g
are rather small when compared to typical experimental resolutions attainable
for angular observables (e.g. Chap. . Noting that in the massless limit that
S5 =1— 55, there are four observables with predicted magnitudes of order 0.1
in the These are S§, Sy, S5 and, Sg. Closer inspection of Eq. shows
that S, must be accessed via a full-angular fit due to the particular combination
of trigonometric functions present; the term that it contributes to integrates out
of the one- and two-dimensional distributions. The same is true for the term
containing Sg. When a full-angular fit becomes possible (Sec. , other con-
siderations are relevant when choosing which observables to measure in order to
minimize the combined experimental and theoretical uncertainties (see Chap. |3).
The other three observables however can be accessed by considering one or two
decay angles only. This will allow for their extraction at an earlier stage than Sy.

For this reason, they will be the major focus of this chapter.
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Figure 6.2: CP-conserving angular observables with . These figures can be
compared with Fig. 2 of Ref. [56]. The individual models shown are introduced

in Sec. @
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6.2 CP-conserving observables

As discussed in Ref. [56], S§ and Sg are related to the commonly studied [75-
78, [81] observables App [127] and Fy, [55]:

3
Arp =3 (25§ + 5§) ; F,=-255. (6.5)

S¢ vanishes in the and generically small in the presence of ([56] and the
constraints shown in Sec. . Ss is not linearly related to any other proposed
observable, although it contributes to Ag,fl) [1]. It provides complementary
sensitivity to Apg and F; in addition to C7e and C’eff it is sensitive to C7 off
and O [56]. These observables may be extracted using a fit to one or more
decay angles (e.g. [107]) or by counting the number of events in specific angular
bins. The latter approach has been extensively studied within LHCb as a method
of extracting App [112) 128]. In this case the number of signal events are split
into two samples; one with cosf, € [—1,0] and another with cos@, € [0,1]. App
can be found using Eq. by estimating the number of signal events in each

sample.

dcosf, — dcos 8,

AFB( 2) fO 8q2800895 f 1 8q28cos€

fO Bq%ﬂcos&g dcos ‘94 + f 1 Bq280059 d cos 04

This is either done in bins of ¢* as in Ref. [I12] or unbinned in ¢ as in Ref. [12§].

(6.6)

These so called counting experiments are attractive as relatively early measure-
ments at LHCb due to their conceptual simplicity. If we limit ourselves to those
expressions which involve one or two decay angles then a variety of interesting
observables become accessible, including those shown below, where Agg ) is defined
in Chap. 3| We have:

1 1/2 3T +T) /A +T)
c——_[11-1 d cos f-d
% 9 ( 0 [/1/2 K dg? dfk- / dg?

] d2(F + F)/d(F +1)
(1- F,)A%

dqZ do dq?
1
~3
4| o/ oo d*( —T) r+r
S - d - d 0 *
573 /0 /?,,T/2 / ] (on /_J COSquQdCOSGK*dqﬁ/ !

4 d>T+T) /d@T+T
Sg ~— / / ]dGe a2 3—98)/ (d(—; ), neglecting the contribution from Sg,

L
V.J;F\za\

, if the lepton masses can be neglected; (6.8)
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Of the numerically large observables, only S5 and Sg are accessible by considering
a single decay angle. At the price of considering two decay angles, S5 may also

be extracted.

6.3 CP-violating observables

The expectations for the AZ(-G) observables are very small and are neglected in
Fig.[6.3] Allowing a weak phase to enter the Wilson coefficients can generate
large CP asymmetries, for example in A; and Ay which are both available without
performing a full-angular analysis [106]. The contribution comes from a
doubly Cabibbo suppressed term in the effective Hamiltonian (see Sec. [3.5.1)).
Any observation of non-zero asymmetries would be a clear sign of physics beyond
the standard model. Both A; and Ay may be extracted using angular counting

as shown below.

_é[/W_/%]d‘b{/l_/jdcoseK*dq?dcoseKd¢/ gl
SElUSTAEE e

As discussed in Ref. [I06], Ag is particularly attractive experimentally. It is the

CP asymmetry of the Ay, observable studied in Chap.[d] The angular coefficients

I transform under CP as

Il(a2)347 - 1123477 15(?6),8,9 - _IEE?6),8,9’ (6.13)
By performing the transformation ¢ — —¢ on the signal B sample, A9 may be
extracted by considering only the ¢ angle and considering the B and B samples

together.

6.4 Experimental analysis

In order to make a fair comparison between the statistical experimental sensi-
tivities that might be expected for the different observables, a framework for
making ¢ binned and unbinned counting analyses was constructed, following
Refs [112] [128] where possible.
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compared with Fig. 3 of Ref. [50].

T - T Py s s g g ey oy |
0.000 f===s=r===-—FEWSSH:
SM UED LHT
—0.002} ]
-0.004 ]
o
<
~0.006 | ]
-0.008 ]
~0.010 .""----..9M§§M-----v"""""""""t
1 2 3 4 5 6
q? (Gev?)
(b) As
0015F e, 1
~'~...GMSSM
0.010 | 8
n ....i
< RRRCTION
mmeme—oo._ FBMSSM el
0.005 | Bt T TP ]
SM UED LHT
0.000 EE—== s ; ;
1 2 3 4 5 6
q° (Gev?)
(d) As
0.2 Freero w 7
Tl GMSSM
0.1} ]
0.0 SM UED LHT
-
<
-0l b
0.2} _,-_.—-"’ 1
—em-="TFBMSSM
_0.3km=="T" , , . E
1 2 3 4 5 6
o (Gev?)
(f) Az
0.10
s
3
0.08) ]
,
‘\
0.06 [ S, ]
-,
0.04fF . b
[=2] “0
< 0.02f * ]
" GMSSM
— R UED LHT
0.00 =52 T LT —rr
*... FBMSSM
-0.02F el ]
—0.04]
1 2 3 4 5 6

107

9% GeV?)
(h) Ag

CP-violating angular observables with . These figures can be



6.4.1 Generation

The decay model introduced in Chap. [5] was used to generate a sample of 8 million
generator level signal events. These events were used as a source of signal
events to produce an ensemble of toy experiments. A background sample was also
included. Asin Chap.[d] this background was generated as flat in the decay angles
but follows the signal in ¢? and a gently falling exponential in mp, the invariant
mass of the B meson. The signal, background, and combined distributions are
shown in Fig.[6.4 A particular event could be identified as being from the signal

or background distributions, however this information was not used in the fits.

6.4.2 B mass fits

Fits to the B invariant mass distribution were used to determine the relative
contribution of signal and background. The signal shape was parametrized as
a Gaussian with an exponential tail, known as the Crystal Ball function (e.g.
[129]). This includes the contribution from final state radiation. The background
was modelled as an exponential with a single negative floating parameter. The
shape parameters were determined in a fit to the entire data set and then fixed

to determine the fraction of signal and background present in each angular bin.
An example fit to 2fb™" of simulated data can be seen in Fig. [6.4¢

6.4.3 Polynomial fits

A simultaneous fit in the signal region (m5P% 450 MeV) and the region outside of
this was performed to get the shape of each angular region as a function of ¢?; mp
is the measured B meson mass, while mEP¢ is its nominal value. A 10 MeV region
either side of the signal box was excluded so that the signal contamination in the
B mass side-band could be neglected. The background side-band region was taken
to be (mEPY — 250 MeV) < mp < (mEPE + 150 MeV), in line with LHCbH offline
selections [72]. The signal fraction in the signal region was fixed using a fit to the
B mass distribution and re-normalized numerically using the background shape
function. It was assumed that all events in the mass side-band were background
events although a one percent contamination was seen in the lower mass side
band. The background distribution was modelled as a second order Chebyshev

polynomial, while the signal distribution was taken to third order.

6.4.4 Analysis procedure: Agp

Following Eq. (6.10), App can be extracted by performing separate fits in two
bins of the decay angle ,. This was done for events with ¢* € [0.5,8.5] GeV?/c!
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Figure 6.4: A sample 2fb™! toy data set showing the decay angles (Figs @-
[(c)), and the invariant masses of the di-muon (squared; Fig. [[d)]) and total decay
(Fig. . The blue closed circles, red open triangles and green open squares
show respectively the combined, generated signal, and background distribution.
In addition Fig. @ shows an example mass fit to the entire toy data set.
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to maximize the sensitivity to the zero-crossing [12§]. The analysis framework

described above was applied as follows:

Perform a fit to the B mass distribution for all events with ¢* € [¢2,., ¢2 ..

to determine the mp signal and background shape parameters. An example
2fb™! fit can be seen in Fig. 6.4l

Divide the data set into two; one with cosf, € [—1,0] and another with
cos b, € [0, 1], following Eq. (6.10)).

Perform individual fits to the B mass distribution with the shape param-
eters fixed. Determine the signal fraction in each of the angular bins and
estimate its value in the signal region. The number of signal events in each
bin, ng and np can be found. Example fits are shown in Figs[6.5a] and [6.5d

Fit the ¢? distribution simultaneously in the signal and B mass side-band
regions using Chebyshev polynomials. The signal fraction in the signal
region is now fixed to the value found in the previous step. This allows for
the background subtracted signal distributions f(¢?) and b(¢?) to be found.
Example fits are shown in Figs[6.5b] and [6.5d]

Use the number of signal events found with the mass fits, and the shape

information from the polynomial fits to determine

nrf(q¢*) — npb(g®)
npb(qQ) + an(QQ) ’

App(q?) = (6.14)

Determine the point in ¢*> were App is zero using a iterative numerical

algorithm applied to Eq. (6.14]).

Any observable which can be extracted via a counting experiment of this sort

can in principle have its ¢* dependent distribution determined if there are enough

events in each angular bin to perform a mass fit. For smaller data sets, considering

¢? integrated quantities will produce more robust results.

6.4.5 Integrated quantities

Theoretical uncertainties are under control in the theoretically clean window, ¢ €

[1,6] GeV?/c*, as discussed in Chap. [3} To minimize the combined experimental

and theoretical uncertainties, a single measurement can be made of the rate

average of an observable within this window, defined for a variable V' (¢?) as

6 GeV? 6 GeV?
F + F)
(V)i—6cee = / dg*V(q® / i (6.15)
1 GeV?2 Gev?



While the ¢? dependence of the angular observables will be important to separate
different classes of if discovered, comparing [SM] predictions and the rate
averaged quantities offer a chance for discovery with lower integrated luminosities
and allows for precision measurements.

The same tools are used to perform the fits as in the previous section. A B
mass fit of the entire data set is performed to extract the signal and background
shape parameters, as described in Sec. [6.4.2] The data is then split up into the
appropriate angular bins and a second B mass fit is performed in each bin. These
are used to extract the fraction of signal and background per angular bin, from
which an estimate of the actual number of signal events present can be made.
These numbers may then be used to find the integrated value of each observable

directly using the appropriate expression.

6.5 Results

The methods described in Sec. can be applied to a number of observables us-
ing Eqs . This was done for toy LHCb data sets corresponding to 0.5fb™,
1fb~" and 2fb™!, assuming the . It is expected that LHCb will accumulate the
largest of these data set sizes in the first three years of running, so these samples
illustrate what may be possible in this time. Following the methods of Chap. [4]
an ensemble of 1200 toy LHCbH experimental data sets was generated for each of
the three integrated luminosities considered. Each data set was produced as de-
scribed in Sec. m For each data set, ¢> dependent analyses were performed to
extract Apg, S3, S5, A7, and Ag as well as the zero-crossing points of Apg and Sj.
In addition ¢? integrated analyses were run to extract <AFB>1—6 Gev?2s <FL>1_6 Gev?)
(S5)1_6 a2, and (Ag); saav2- Each data set was independent, however the indi-
vidual analyses were run sequentially on the same data, so that any correlations
could be seen. This produced a further ensemble, for example, {(Arp), ¢aqa2 } 2"
enabling an estimate of the 1o statistical uncertainty expected for a data set of
that size to be found. As in chapters [3] and [4 this was done by ordering the
ensemble and then selecting the results closest to the appropriate contour.

Fig. shows the results of this process for the integrated quantities and zero-
crossings using 2 fb ™! data sets. The one and two ¢ contours are shown, as are
the median and input values. It can be seen that for all but (F1,); a2, shown in
Fig. [6.6d, any biases seen are small compared to the estimated sensitivities. This
bias appears relative to the value of (F1,); ¢qa2 calculated using the underlying
amplitudes of the decay model and is thought to be an artefact of the method
used to generate the input data sets. A summary of the estimated sensitivities
can be found in Tab. Where possible the smallest available official LHCb
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Observable  2fb~! 1fb™' 0.5fb™! LHCbH 2fb~! Ref.

q5(Arp) e T - 0.42 [128]
73 (5s) S (R - -
(AFB)1_goev>  T001 003 o006 0.020 [107]
(FL)1_gqevz 2005 1003 ‘006 0.016 [107]
<S > +0.07 —+0.09 +0.16 o

5/1—6 GeV?2 —0.08 —0.11 —0.15
(Aobigaae 1008 201 02 o015 Y

Table 6.1: Estimated 1o LHCbH sensitivities for 2fb™", 1fb~' and 0.5fb™! of
integrated luminosity, assuming the [SM| Where available, the smallest official
LHCb 2fb™" sensitivity estimate is also shown. Only Ref. [128] is directly com-
parable with this work, although LHCb signal yield estimates have been revised
downwards since its release [8] [72].

“Based on the sensitivity to Arm, which is the CP average of the Iy angular term while Ag
is the CP asymmetry. See also Sec.

2fb™! estimate is also shown for comparison. The same ordering procedure can
be used to estimate the contours for the ¢> dependent quantities. In this case the
contours are found as with the integrated quantities, but with a fixed value of ¢.

Doing this at many values of ¢? results in the bands shown in Fig. .

6.5.1 Analysis

The sensitivities shown in Tab. follow a pattern hinted at in Sec. [6.1] The
observable with the largest absolute size, as shown in Fig.|6.2] is Fy,. This can be
extracted using only the 6 decay angle with Eq. . This is borne out by re-
cent BELLE experimental results [75]. The ratio of uncertainties for (Arp); ¢aqa2
and (F1), ¢qe2 15 similar to that found by BELLE. The estimated sensitivity
on (S5);_gaav2 15 poorer still. (F); sqq2 Mmay be extracted by performing fits
in two bins, as can (Arp); gga2- 10 extract (S5); saqa2 Tequires six angular
bins; experimental systematic effects are also likely to be a concern due to a more
challenging angular acceptance.

We also study the sensitivity to S5, which is related to the well known ob-
servable Ag,? ) [55]. Tts smallness in the means that, as found in Ref. [107], the
experimental resolutions obtained are poor, as seen in Fig. [6.7c, In the presence
of significant in O’ this term can be considerably enhanced [57], however
it will be challenging to find an unambiguous [NP] signal in the first few years
with this observable alone. Fig. shows the Sj distribution in various [NP]
scenarios, including the which has CLTNP = (0.174 4 0.174i. While the
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Figure 6.6: Figs @ and @ show histograms of the ¢? values at which the Apg
and S5 distributions shown in Figs and respectively are equal to zero.
Figs show the ensemble of ¢? integrated observables for 2fb™! of simulated
[SM] data. In each figure the input distribution is shown as a dashed black line.
The median value of the ensemble as a function of ¢* is shown as a solid red line.
The light and dark bands show estimates of the one and two sigma confidence
levels that would be found if these fits were performed on 2fb™* of like data.
In addition the very dark blue bands indicate those events in the ensemble which
fall outside of the two sigma contour.
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Figure 6.7: Results of unbinned polynomial fits for 2fb™! in the range
q* € [0.5,8.5] GeV?/c*. The colour scheme is the same as in Fig. [6.6] but regions
outside the 20 contour are no longer shown.
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enhancement seen is significant, the overall magnitude is still rather small. In this
chapter, those observables which are numerically large are favoured for pragmatic
reasons and so S5 will be left for other works less bound by these considerations,
notably Ref. [IJ.

Both App and S5 have zero-crossings in the [SM] These are of interest as they
provide additional opportunities for comparison with theoretical predictions and
have reduced hadronic theoretical uncertainties [7]. As discussed in Sec. [4.3.2)]
the experimental uncertainty on a zero-crossing point is approximately linearly
related to the gradient of the distribution as it goes through the zero. We define

these gradients for Apg and Sj as

dAFB dS5
Go(Ars) = d—q2|q3<AFB) and  Go(5) = a2 s (6.16)
In the [SM] treatment used in this chapter, these have the ratio
Go(Ss)
—— =~ 1.75. 6.17
Go(Arp) (6.17)

The ratio of the estimated ¢3(Arp) and ¢2(Ss) uncertainties shown in Tab. [6.1] is
actually greater than this due to the long negative tail in the ¢3(Arg) ensemble,
see Fig. [6.6a]; the [RMSE of the two distributions are closer to the expected value

of two. This is significant, as it offers the chance to access ¢3(Ss5) with better

statistical precision than for ¢2(Apg) for the same integrated luminosity.

Finally the CP asymmetries A; and Ag are considered. As can be seen in
Fig.[6.3] these asymmetries vanish in the [SM] but may be significantly enhanced
in some [NP| models. The experimental sensitivity, as seen from Tab. and
Fig. is quite limited. As explained in Ref. [I06], (Ag); g2 has some promise
as it may be extracted using just two angular bins in the ¢ decay angle. Current
limits on CP violation are rather poor, and any constraint would be worthwhile.
The sensitivities for a 10fb~* full-angular analysis are shown in Fig. 4.8] The im-
provement is significantly better than would be expected from naive scaling of the
uncertainties. It may require an analysis of this sort before these measurements
reach the precision required to exclude more realistic [NP| models.

Consideration of Tab. shows that the counting analyses presented, while
generic, are not optimal. The LHCb By — K*u*p~ signal yield estimates
have recently been revised downwards [8]. This is reflected in this work, but
not in those referenced in Tab. The sensitivities presented in this chapter
are expected to be relatively conservative and may be improved once dedicated

methods have been developed and LHCb data taking has further progressed.
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6.6 Model-independent constraints on

Experimental results can be used to constrain contributions, CNY| of the
Wilson coefficients, C;, where C; = C?M 4+ CNP. We can then determine possi-
ble model-independent effects of on By — K*u*p~. The most important

constraints on the Wilson coefficients are the following:

B(B; — ptp™): This is used to constrain the possible NP| contribution to the
scalar and pseudoscalar operators. To calculate the branching ratio the standard
result from Ref. [50] is used. In agreement with existing results, we find the
prediction BR(B, — putp~) = (3.70 £ 0.31) - 1072 to be well below the current
experimental upper bound 3.6 - 1078 [122].

B(B — X, tl7): We compare predictions for B(B — X lTl™);_gqev? tO
the mean experimental value (1.604+0.51)-107%, as adopted in Ref. [L06] combining
the results of BABAR, (1.840.740.5)- 1075 [I30], and BELLE, (1.497033 4 0.50) -
107% [I31]. This helps to constrain the [NP|contribution to C’%?QH as well as Cg)P.

Being an inclusive mode, the calculation for the region ¢ € [1,6] GeV?/¢* of the

branching ratio is theoretically clean. We use the expression for the differential
decay distribution in Ref. [I32], but also include the NLO corrections computed
in Ref. [133], and the contribution of the primed operators as in Ref. [134]. Using
our parameters we predict B(B — X *17) = (1.97 £0.11) - 10~° for the [SM]

B(B — Xgv): The recent theoretical result of Ref. [49], (3.28 £ 0.25) - 107*,
is used and effects are included as in Ref. [57]. This can be compared to the
current experimental average for E, > 1.6 GeV, B(B — X,v) = (3.52£0.23 £
0.09) - 1072 found by the Heavy Flavour Averaging Group [20].

S(B — K*v): The time-dependent CP asymmetry of B — K*%v is sensitive
to the photon polarization, and hence to C2°%. Our result of S(B — K*v) =
(—0.26 £ 0.05) - 107" agrees with that of Ref. [I06] within uncertainties. This
should be compared to S(B — K*y) = (—1.6 £2.2) - 10~ from experiment [20].

(ArB);_gaev2 for Bqg — K*®utp~: BELLE has a recent measurement of
(ArB)1_gaevz €qual to —0.26 £ 0.29 [75]. This is to be compared to the
prediction of 0.04 £+ 0.03, made using the underlying amplitudes of the decay
model presented in Chap. 5| and compatible with the value found in Ref. [I11]
once the sign convention change has been taken into account. While BABAR

has a comparable measurement [77], it is made in a larger ¢* window which is
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Observable Experiment SM| Theory

B(By — ptp”) 3.6 - 1078 [122] (3.70 £0.31) - 107°
B(B — X 17);_ggev? (1.60 £ 0.51) - 1076 [106] (1.97 £ 0.11) - 1075
B(B — Xv) (3.52+£0.234+0.09) - 107* 20]  (3.28 £ 0.25) - 10~*
S(B — K*v) (—1.6 +2.2) - 107! [20] (—0.26 4+ 0.05) - 107*
(ArB)1_6 Gev? —0.26 4 0.29 [75] 0.04 +0.03
(FL)1_6Gev? 0.67 & 0.24 [75] 0.76 £ 0.08

Table 6.2: Experimental measurements used as constraints, along with theoretical
predictions in the [SM]

problematic to handle theoretically. An analysis which includes the BABAR data
can be found in Ref. [I35].

(FLY,_¢aqev2 for B4 — K*ptpu~: BELLE has also recently measured (F), ¢ o2
to be 0.67+0.24 [75]. This should be compared to the [SM] prediction 0.76 £ 0.08,
again made using the underlying decay model amplitudes. This is very compatible
with the values found in Refs [106], 111] but less so with Ref. [1].

These expressions were implemented using the framework introduced in Chap.
This allowed for their value with arbitrary values of Cl-(/)NP to be calculated, for
i € {7-10, S, P}. No observable considered here has sensitivity to Csp and Cg p
individually. These are combined as (Cs-Cs) and (Cp-Cp) for clarity. A semi-
random walk through parameter space was performed in order to assess the im-
pact of these constraints on the underlying Wilson coefficients in as general a
way as possible. We allow the [NP| components of all Wilson coefficients to vary
simultaneously, both in magnitude and phase. A simple optimization algorithm,
shown in Alg. [I|and based on the ideas of Markov Chain Monte Carlo ,
was used to sample the allowed regions of parameter space without prejudice.
It traces a path through parameter space where each point has a x?2, calculated
using the six experimental constraints above, smaller than the last point in the
chain, until a region is found that is in better agreement with data than two o.

A probability metric was used which treats experimental uncertainties as being
normally distributed, but theoretical uncertainties as having uniform probability

within a specified range,

(Pi+op,)
Pr(C;, P, 00,,0p,) —/ Gaus[C;, 0¢,](z) dz
(Pi_UPZ')
= Erf (C’i - a:)] : (6.18)
220, (Pitop,)

This probability was then mapped on to the one dimensional y? distribution.
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Algorithm 1 The algorithm for a semi-random walk through Wilson
coefficients parameter space.

1: repeat

2. {Pick starting values}

3. for j €17,8,9,10,S5, P|] do

4: C; « Gaus(0, 1) exp(¢ uniform(0, 27))

5: Ci « Gaus(0, 1) exp(i uniform(0, 27))

6: end for

7. until % < 5o

8: repeat

9:  total «— x?*; prob « Pr(total)

10: repeat

11: for j €1[7,8,9,10, 5, P| do

12: {Perturb both modulus and phases of all coefficients}
13: Cj « Cj x Gaus(0,1 — prob);  C; « C; x Gaus(0, 1 — prob)
14: end for

15: if (x* > total) then

16: if (uniform(0,1000) < 997) then

17: Reset to previous values of CJ@

18: end if

19: end if

20:  until x? < total
21: until total < 20

Using this approach, greater consistency was provided with the treatment of
theoretical uncertainties in Sec. 3.5l However the difference between this and a
traditional x? metric was minimal.

In order to treat the B(Bs; — p™p~) measurement consistently with other
constraints, it was assumed that the reported exclusion contours were normally
distributed. This allowed for the ninety and ninety-five percent exclusion limits
to be converted to a central value and uncertainty. This is illustrated in Fig. [6.8
The central value found was (1.13 4 1.93) x 1078, The fact that positive values
are favoured suggests that signal events were seen, but with low significance.

As shown in Alg. [I] the random walk is guided by the value of the x? so
that regions with higher compatibility may be identified. The additive nature
of the x? distribution was particularly important as some constraints were much
less computationally intensive to calculate than others. The fastest constraints
to calculate were applied first with looser bounds, so that computationally com-
plex quantities such as (App),_gqa2 Were only calculated if the agreement with
other observables was already close to the level required. Using this method, a
sample of 2.5 - 10° independent sets of Wilson coefficients were produced. Each
set results in predictions for the observables listed above with better than two o

agreement with current measurements. It was found that the agreement with the
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Figure 6.8: The contours of B(B; — putpu™) from Ref. [122] assuming normal
distribution.

is currently excellent, with a x? per degree of freedom of 0.35 (91%). This
agreement is better than would normally be expected for six semi-independent
measurements. The current treatment neglects correlations between theoretical
uncertainties; the low y? found may suggest that a more detailed study of the
theoretical uncertainties will be required once higher precision experimental mea-
surements become available.

Fig. shows the range of values found for the phase and magnitude of the
contribution to CT during the parameter space exploration. It is shown at
the weak scale, u = my,. The colour index shows the mean probability of that
point being compatible with current experimental results. Areas with probability
greater than one o are shaded red, while those below this are shaded blue. The
outline of the one ¢ contour can be seen. For comparison, the values of the

Wilson coefficients are shown for the [SM] the [FBMSSM] and the [GMSSM] All

three models are compatible with current constraints. Similar figures are shown
for the other Wilson coefficients in Figs and [6.11] The allowed regions of
parameter space are still large.

The ensemble of constrained models can also be used to explore the likely

values of ¢2(Arg) and ¢3(S5). It was found that eight percent of parameter space

points considered had no Apg zero in the range ¢ € [0.5, 15] GeV?/c?*, and twelve
percent for Ss. Theoretical uncertainties are not well controlled over this ¢? range,
however, the majority of points within the one ¢ contour lie in the theoretically
clean region, ¢*> € [1,6]GeV¥ct. The distribution can be seen in Fig. [6.12a]
Fig. shows the distribution of Apg and S5 gradients at their zero-crossing
points. There is a clear linear relationship. We find for the majority of points,
Go(S5) is greater than Go(App). This suggests that the improvement on the

experimental resolution of ¢2(Ss) relative to ¢2(Arg) is a general feature of the

120



ar:g( C?NP{Q#J] arg[ C?Asm]
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Figure 6.9: Allowed parameter space for the contribution to the Wilson
coefficients C£T and Ci°T at myy. The point lies at the origin and is marked
with a black point. The SM point is shown in black at the origin, while the
FBMSSM is a green square and the GMSSM is an blue triangle. These models
are introduced in Chap. [f] The colour of each point in parameter space denotes
the mean degree of compatibility between current measurements and the sets
of observables which fall into that particular {abs(C{? " NPY arg(C{) " NP)} bin.
Points with a compatibility with data of sixty-eight percent or better are drawn
with a red colour pallet, while those less compatible than this are shown with a
blue pallet. All points are required to have a compatibility with data better than
five percent.
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Figure 6.10: Allowed parameter space for the Wilson coeflicients Céfgeff after
applying 2009 b — s experimental constraints. The colour coding is the same as

in Fig. [6.9
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Figure 6.11: Allowed parameter space for the Wilson coefficients C}&f, (Cs —Cs),
and (Cp — Cp) after applying 2009 b — s experimental constraints. The colour

coding is the same as in Fig. [6.9]
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Figure 6.12: Fig. shows allowed values of the Arg and S5 zero-crossing points
in the range ¢* € [0.5,15] GeV?/c*. The [SM| point and its uncertainty is shown as
a black ellipse. Fig. @ shows the gradient of the Apg and S5 at the zero-point.
In each case the colour index has the same meaning as in Fig.

decay and not just a property of the[SM] Analysis of the soft form factors shows
that this prediction is robust [7].

6.7 Experimental impact

The relative impact of the different analyses presented in Sec. can be assessed
by again considering the results of the parameter space exploration performed in
Sec. [6.6] Tt is assumed that LHCbH will make 2fb™' measurements of the observ-
ables (App);_ggas (S5)1-gcavzs (FL)1_gcev2: 4(Ars) and g5(Ss) and that the
resultant experimental uncertainties are symmetrized versions of those given in
Tab. [6.1] In addition, we assume that there is no [NP| present in b — s decays
and that the extracted value of each observable is as given in Tab. The total
x? for each point in parameter space is then updated to reflect the hypothetical
[SM] measurements. Where individual measurements are superseded they are re-
placed with no attempt at combination. However, other current constraints such
as B(B — X,v) are included as before. The constraining power of each analysis
can then be compared.

Fig. [6.13] shows the relative impact of these measurements on the com-
ponent of CFT. In Fig. , values of (App), ¢qa2 and ¢j(Arp) are im-
posed with the estimated 2fb™" experimental sensitivities taken from Tab. .
Fig. |6.13b| shows the impact of (F1), g2 and Fig. of (S5); gaa2 and
q2(S5) for the same LHCb integrated luminosity. These should be compared with
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In each case the colour index has the same meaning as in Fig.
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the currently allowed parameter space for C£%, shown in Fig. . The small sta-
tistical uncertainty shown in Tab. for ¢3(Ss) allows for a stringent constraint
on parameter space to be made.

Fig. |6.14] shows the combined effect of the proposed measurements, again
assuming the[SM]and the estimated sensitivities from Tab.[6.1]on the [NP|compo-
nents of the Wilson coefficients C*T, CL°f - Cef and 1. These are relevant
for Ss. The other Wilson coefficient components are shown in Figs [6.15] and
6.16, The amount of parameter space left after these measurements would be
significantly reduced. Most [NP] contributions would lie outside the one o contour
unless there are significant weak phases present. This again illustrates the im-
portance of CP-asymmetries, as described in [106]. The and
models would be excluded by these measurements alone. The [UED] could also be
excluded if proposed LHCb measurements of B(Bs — putpu~) were included [§].

6.8 Summary

In this chapter, angular observables in the decay distribution of By — K**(—
K7)u" = have been studied with emphasis on finding suitable measurements for
the first few years of LHCbH data taking. Techniques to extract the observables
Apg, F1,, S3, S5, A7 and Ag have been presented. Two different approaches have
been investigated. The first, where a ¢? integrated value is extracted, is suitable
for making both precision and low-statistics measurements. The other, where the
¢* dependence is also mapped out, offers additional discrimination once data
set sizes increase and allows for zero crossings to be extracted where available.
The sensitivity to the Apg and Sj zero crossings have been found. It was shown
that the sensitivity to ¢2(Ss) should be considerably better than for ¢2(Arg), as
the ratio Go(S5)/Go(Arg) is close to two in the [SM]

An analysis of the parameter space allowed by experimental constraints has
been presented. There is significant room for [NP| contributions to b — s tran-
sitions, especially if extra weak phases from beyond the [CKM]| mechanism are
present. It was also shown that the ratio of G(S5)/Go(Arp) will be greater than
one for most allowed areas of parameter space, if current form factor predictions
and uncertainties are upheld.

By applying the results of hypothetical [SM] results, the impact of making
2 fb~! LHCb measurements was assessed. (Arp); ¢ aa2, (FL)1 s carzs (95) 16 cav?s
q2(Arp), and ¢3(Ss5) all provide useful and complementary constraints, enabling
a number of the specific NP| models considered in Chap. [5] to be excluded. The
constraining power of S5 was particularly significant due to the projected small-

ness of the ¢2(Ss) uncertainty. Thus, it is recommended that an analysis of Ss is
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Figure 6.14: Allowed parameter space for the Wilson coefficients CT, C7eff,
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performed with the first few years of LHCb data in addition to those of Apg and
Fy, already planned [g].
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Chapter 7
Conclusions

At the time of writing this thesis, the [LHC| was just starting its 2010 run. It is to
be hoped that this will herald the start of a new era of discovery in [HEP]} There
are many long-standing problems with our current model of weak interactions;
however, the overall picture is one of amazing consistency between experimental
measurements and predictions. It seems unlikely that the is valid to
the Planck scale; it must break down at some energy. It is reasonable to think
that this will occur at the TeV scale, and that we may see light shed on the
mechanisms behind the electroweak symmetry breaking at the [LHC|

The evidence for the existence of massive dark matter on cosmological scales
with significantly suppressed [EM] interactions is increasingly convincing — there
is something new to discover (see Fig. [1.1)). There is no guarantee that this
discovery will be in collider physics; however, we can interpret the cosmological
relic density of dark matter as a hint that there are new massive particles to study
on weak scales.

Flavour physics offers a direct connection to the mechanisms behind elec-
troweak symmetry breaking in the [SM] through the Yukawa couplings. The un-
explained hierarchy of the matrix, shown in Eq. , as well as the huge
t-quark mass means that if there are weak scale effects, they might be seen
in the interactions of the third generation.

This thesis has been focused on the discovery of in the b — s quark
transition through the study of rare electroweak decays. These are governed
by the [CKM] elements Vj, and Vi and are dominated by loop effects, giving
sensitivity to new massive virtual particles that might be present. The effects of
current b — s observables were considered in Sec. [6.6] where it was shown that
the [NP] parameter space is still large. The b-quark production cross-section at
the [LHC] is expected to be huge; even very rare decays can be studied in detail
so that the allowed parameter space can be significantly reduced.

The LHCbH detector, introduced in Chap. [2] has been developed to make pre-
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cision measurements of B meson decays at the [LHC] It is a single-arm spectrom-
eter with highly specialized vertex tracking, [PID] from two [RICH] detectors, and
an extensive muon system. It has been designed to operate at a luminosity of
2 x 1032 cm~2s7!, producing a proton-proton interaction rate of 10 MHz. This
must be reduced to 2kHz for storage; this is achieved with a two-level trigger.
The first level uses custom hardware to select high Fr hadrons and photons as
well as high pr muons. The second then uses the full detector read-out to analyse
events in software. The detector provides excellent B mass and track momentum
resolutions, allowing many rare B decays to be selected with high efficiency.

By — K*u*p~ is a rare electroweak penguin decay that will be recorded
thousands of times a year by LHCb. The presence of four charged tracks in the
final state mean that it can be selected with relative ease, and gives access to
the angular distribution, the study of which has been of primary concern in this
thesis. The decay has been introduced in Sec. [I.4] and many of the features of
LHCb that allow for its detection described in Chap. 2] It is commonly studied
in the framework of introduced in Sec. [I.3.1] using [HQET] described in
Sec. [1.3.2] A model-independent treatment of the full-angular distribution can
then be derived in terms of three decay angles and one invariant mass. Several
measurements of the decay have been made at BABAR, BELLE, and [CDF| but,
given current experimental uncertainties, they are in good agreement with
predictions.

The properties of the By — K*°u* = angular distribution were discussed in
Sec.[3.1], and a selection of observables that have reduced theoretical uncertainties
in certain areas of phase space were introduced in Sec. It was shown that these
observables may, in principle, be measured by considering the symmetries of the
angular distribution in Sec. That the [NP| sensitivity they provide is enough
when theoretical uncertainties are taken into account was verified in Sec. B.5.4land
Ref. [1]. In addition, it was shown that the estimates of theoretical uncertainties
coming from Aqcp/my, corrections, which are expected to be the dominant source
of theoretical uncertainty, are not as large as previously thought; [NP|effects could
in principle be distinguished using these observables.

An important tool in developing these measurements will be simulations of
By — K*°u*p~ decays in the LHCb detector. A new model was developed as
a plug-in for EVTGEN that allows simulation of the signal angular distribution,
both in the [SM] and model independently with [NP| The EVTGEN framework
was introduced in Sec. [5.1.1] and then the theoretical framework was specified in
Sec. [5.2 in a way that allows comparison with the previous generation of decay

models. The performance of the model was studied and it was shown that it is

good enough to be used in LHCbH [MC| productions, as discussed in Sec. [5.3]
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In the first few years of [LHC| running, it will be important to focus on those
observables which are relatively straight-forward to measure. The most widely
studied of these observables is Apg, defined in Eq. . This can be found
by counting the number of signal events with cosf, greater than zero and less
than zero, and then forming an asymmetry. In the [SM] this vanishes at some
point in ¢, known as the zero-crossing point, ¢3(Arg). The value of the zero-
crossing has reduced hadronic uncertainties in the large recoil limit, due to the[LO]
cancellation of the universal heavy-to-light form factors, as explained in Sec. [3.3]
The extraction of the zero-crossing has attracted significant study at LHCb.

There are a number of other observables that may be found in a similar way,
taking asymmetries in angular bins of one or more decay angles, as introduced
in Secs. and These observables were studied in a simplified analysis
framework that allowed for a fair comparison to be made between them. It
was shown that the zero-crossing of the observable S5 can be found with small
uncertainty due to the gradient of the S distribution at that point, Go(Ss).
Furthermore, it was demonstrated model independently in Sec. that Go(Ss)
is greater than Go(App) for most of the allowed parameter space. This implies
that ¢2(S5) can often be found with an uncertainty smaller than that for ¢Z(Arg),
despite the use of two decay angles. The implications for a 2fb~! measurement
on parameter space were assessed; it was found that an S5 measurement would
be a useful addition to those already considered by LHCb.

In later years of LHCb running, the number of By — K*°u* i~ signal events
may be great enough, and the detector well enough understood, to make a full-
angular analysis of the decay. The general framework for doing this was con-
sidered in the first three sections of Chap. [} A number of theoretically clean
observables can be found which provide reduced hadronic theoretical uncertain-
ties and excellent sensitivity to [NP] A fitting methodology was developed in
Sec. 1] that allowed for estimates of the LHCb sensitivities to these observables
with 10fb™" to be made, both for the and following the SUSY-b model. This
work led to many of the conceptual issues associated with making fits of this kind
being explored. It was shown in Sec. that performing the full-angular analy-
sis provided large improvements in the sensitivity to those observables available
through angular projection fits; Ag? ) and Apg both showed significant improve-
ment. CP-asymmetries were also considered with the aim of imposing constraints
on the [NP| phases of the Wilson coefficients active in the decay.

Correlations in the fit led to the discovery of an additional symmetry in the
angular distribution. The implications of this were discussed in Sec. It seems
that while the sensitivity estimates shown in Chap. [] are probably correct, the

presence of a fourth symmetry means that a new fitting methodology must be
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developed before this measurement can be made. The requirements for this are
clear, however work must continue beyond the time-scale of this thesis. The
full-angular analysis remains the ultimate goal of the B; — K*Ou*pu~ physics
programme at LHCb and has the potential to be one of the most interesting
measurements performed with the detector.

In summary, this thesis has laid out the theoretical and experimental reasons
to search for effects in the weak sector, and particularly in rare electroweak
b — s penguin decays like By — K*utp~. Both the m project and the
LHCb detector have been introduced. It has been shown that the allowed regions
in parameter space for in b — s quark transitions are still relatively large,
despite a number of interesting measurements already made at the B-factories
and the TeVatron. A programme of measurements has been outlined that would
take the LHCb collaboration from its first measurements of the decay to its last.
Particular input to this has been made, showing that the S5 zero-crossing is an
excellent candidate for study in the first few years of running, and providing
many details on how to perform a full-angular analysis with larger data sets. In
addition, a new decay model was been developed which will allow the study of
experimental effects in the presence of [NPl The author is now keenly awaiting
the first results from LHCb.

133



Appendix A

Results of full-angular analysis

In this appendix, additional results for the full-angular analysis described in
Chap. {4| are presented. Firstly, Fig. shows the fit-quality of an example
10fb~1 three-symmetry fit directly. The actual toy data set used in the fit
is shown; the figure shows the distributions of all four experimental observables.
Numerical projections of the full-angular must be used in order to make a
direct comparison between the input data and the extracted distributions. The
solid red line shows the input distribution from which the toy data was generated
using an accept/reject algorithm. The blue line shows the distribution obtained
by performing the full-angular fit. The agreement between these two lines is
excellent for the 6, and O~ distributions, and slightly worse for ¢. The largest
discrepancy is in the ¢? distribution. This may be due to a failure of the polyno-
mial parametrization, and is particularly distinct at the high and low extremes
of the ¢ window. The effect is, however, relatively small.

The other figures shown in this appendix give estimates for the statistical
uncertainties obtainable with 2 and 100fb™'. These integrated luminosities are
the nominal values expected after one year of LHCbH data taking, and at the
end of a SuperLHCb run. As explained in the main thesis body, full-angular fit
convergence may be achieved with only 2fb™! of integrated luminosity. Whether
an analysis can be made will depend on how well LHCb can be understood.
Estimated sensitivities are also shown for an upgraded LHCb detector at the end
of an extended run where 100fb™" of integrated luminosity might be expected.
In this case, the fit could provide extremely precise estimates for many angular

observables.
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Figure A.1: Numerical projections of the full polynomial fit over an example
toy data set for each of the experimental observables. The points show a randomly
chosen 10fb™! data set, generated assuming the SM as described in Sec. .
The solid red line shows numerical projections over this data set with the full-
angular polynomial [PDF] described in Sec. [{.1.1], with its parameters set via a
fit to the data set. The dashed line shows only the background contribution.
Underlayed on each plot is the blue line showing the input [PDF] The parameters
of this have been set by performing a polynomial fit to each of the K** spin
amplitudes. Comparing these two lines we see that the full-angular fit is able to
extract the [PDF] parameters with good accuracy. The differences are largest for
the ¢? distribution.
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Appendix B

Model commands and decay files

In this appendix, more detailed information of how to control the decay model
described in Chap. |5| will be presented. The model may be configured at run
time using commands in the EVTGEN decay file. The syntax of this file has been
extended with a dedicated parser so that different physics models, form factors,
and options may be selected without recompiling the model. An example of this
is shown in Fig. B.I] A summary of the available commands is given in Tab. B.1]

and extra information is given below.

Alias MyK*0 K*0
Alias Myanti-K*0 anti-K+*0
ChargeConj Myanti-K*0 MyKx*0
EVTBTOKSTARLLDURHAMO7 _MODEL physicsModel (UED_Model),calcConstraints(1)
Decay BOsig
1.000 MyK*0 mu+ mu- EVTBTOKSTARLLDURHAMO7 ;
Enddecay
CDecay anti-BOsig
Decay MyK*0

1.000 K+ pi- VSS;
Enddecay
CDecay Myanti-K*0
End

Figure B.1: An example decay file for B; — K*u*p~ with K*° — Km. The
first decay is done with the new EVTBTOKSTARLLDURHAMO7 decay model, while
the second is done with the generic VSS model, which models resonant vector
to scalar scalar decay. Additional commands are passed to the model with the
command EVTBTOKSTARLLDURHAMO7 _MODEL. This accepts a comma separated list
of setting commands. The supported commands are given in Tab.

e calcConstraints: Calculate a set of experimental constraints for using
the selected physics and form factor models. Values are found for the zero-

crossing points of Apg, Sy and Ss, the rate averages of Apg, F1, and S5 in the
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Command Valid Arguments Default Value

calcConstraints(logical) Oor 1l 0
formFactorModel (number) See Tab. 0

highq2Cut (q2) 4m?, < ¢> < (mp — mgw0)®>  (mp — mgwo)?
lowq2Cut (g2) 4mi < ¢® < (mp — mg=o)? 4mi
physicsModel (name) See Tab. [B.3 Standard Model
wilsonCoefficients(list)  See Sec. @ values

writeProbProfile(logical) Oorl

Table B.1: Model commands, their arguments and default values.

range ¢ € [1 GeV?/ct, 6 GeV?/ct], B(Bs — up), B(B — X4v), B(B — X 00)
and, Scp(B — K*). More details are given in Chap. [

e formFactorModel: The particular model for the vector form factors used
will affect physical observables in a way which may produce better or
worse sensitivities than will be obtained from actual measurements - see
e.g. Ref. [2]. Several form factor models are provided so that this can be

explored however their use in production is not recommended.

e high/lowq2Cut: EVTGEN requires each model to report the maximum
probability it could produce. The maximum probability is found by sam-
pling the available phase space as a function of ¢>. The highq2Cut and
lowq2Cut commands allow for bounds to be put on the region sampled in

order to cut-off poles and very low and high ¢.

e physicsModel: A number of new physics models have been provided as
sets of Wilson coefficients at my,. Additional new physics models can be
added at run time by making use of the Generic Model. See Sec. B.1]

e writeProbProfile: If this option is set, the probability profile used to set
the maximum probability will be written to a file. These files may be of
particular interest in the case that a particular [NP|model is generating with
very low efficiency. Example output from this routine can be seen in Fig.|5.3

for the benchmark physics models.

B.1 The generic physics model

New physics models can be added at run-time by specifying a set of Wilson coeffi-
cients at my,. These may include those with complex values. Wilson coefficients

not explicitly set will default to their [SM] values. It is also possible to modify
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Model Ref Number

Ball '07 561 0
Ali 01 [69] 1
Ball 05 [104] 2
Beneke '05 74, 113] 3

“Private communication. Statistically compatible but slightly modified version of that used
in reference.

Table B.2: Available form factor models with references. The entries in the col-
umn ‘Number’ are the arguments to the command formFactorModel (n) needed
to activate that model.

a given [SM| Wilson coefficient from its [SM] value by a scaling factor using the
operators +=, -=, *= and, /=. For clarity, C, = LX and C, = RX where x can be
in the range 1-12 for left-handed coefficients and 7-10 for right-handed version
(L11 = Cg, = (Cs — C%) and L12 = Cy, = (Cp — Cp)). Each coefficient must be

followed by a colon.
physicsModel (Generic_Model) ,wilsonCoefficients(L7*1.05:R9=0.34-10.78:)

In the following example, C;(my ) = 1.05 x C;(my)®™ and C)(my ) = 0.34—0.78i.
Wilson coefficient indices out of the range i € {1,..,12} will throw an exception

at run time.

Model Name

FBMSSM_Model

Generic Generic_Model
GMSSM| GMSSM_Model
LHT LHT Model

SM Standard_Model
UED UED_Model

Table B.3: The physics model to be used can be specified in the model decay file
using the command physicsModel (Name) where the appropriate Name is shown
for each model appearing in Tab. [5.3]
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Appendix C
List of acronyms

CDF  Collider Detector at Fermilab
CERN Organisation Européenne pour la Recherche Nucléaire
CKM  Cabibbo-Kobayashi-Maskawa
\s center-of-mass energy

CPU  Central Processing Unit

ECAL clectromagnetic calorimeter
HCAL hadronic calorimeter

EM electro-magnetic

FPGA field-programmable gate array
FBMSSM Flavour Blind
GMSSM General

FCNC flavour changing neutral current
GEM  gas electron multiplier

GSL GNU Scientific Library

HEP  High Energy Physics

HFAG Heavy Flavour Averaging Group
HLT  High-Level Trigger

HQET heavy quark effective theory
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HPD Hybrid Photon Detector

IP interaction point

IP8 Intersection Point 8

IT Inner Tracker

L0 Level-0

LEET large energy effective theory
LCSR Light Cone Sum Rules

LHC  Large Hadron Collider

LHT  Littlest Higgs with T-Parity
LO Leading Order

MC Monte Carlo

MCMC Markov Chain Monte Carlo
MFV  Minimal Flavour Violation
MSSM Minimal Supersymmetric Standard Model
MWPC multiple-wire proportional chamber
NLL negative log-likelihood

NLO  Next-to-Leading Order
NNLL Next-to-Next-to-Leading Log
NP new physics

OPE  Operator Product Expansion
oT Outer Tracker

PDF  parton distribution function
PDF  probability density function
PDG Particle Data Group

PID particle identification
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PMT photomultiplier tube

PSB  Proton Synchrotron Booster

PS Proton Synchrotron

SPD/PS scintillator-pad detector/pre-shower
QCD Quantum Chromodynamics

QCDf factorization

QED Quantum Electrodynamics

QFT  quantum field theory

QM quantum mechanics

RF radio frequency

RGE Renormalisation Group equation
RICH Ring-Imaging Cerenkov

RMS root-mean square

SCET soft-collinear effective theory

SM Standard Model

SPS Super Proton Synchrotron

ST Silicon Tracker

STFC Science and Technology Research Council
SUSY Supersymmetry

TT Tracker Turicensis

UED  Universal Extra Dimensions

VELO Vertex Locator

WIMP Weakly-Interacting Massive Particle

WMAP Wilkinson Microwave Anisotropy Probe
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