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Abstract

Measurements of Indirect C'P Violation in Charm at LHCb
Mark Smith
Doctor of Philosophy
The University of Manchester
September 2015

This thesis describes two pieces of work. The first is a study of the resolution
of the LHCD vertex locator throughout Run 1. The second comprises analyses to
measure the charm mixing and CP violation observables Ar and ycp.

An estimate of the resolution of the LHCb vertex locator is required for use
in the track fits. A method to measure the resolution with collision data has been
developed and tested. The performance of the sub-detector throughout Run 1 of
the LHC has been assessed. A significant degrading of the resolution has been
seen. The effects of this on the track reconstruction has been examined with little
change in the measured quantities being observed.

The measurement of indirect CP violation in neutral D meson transitions has
been measured through the observables Ap and ycp, using 1fb™! of pp collisions
with a centre of mass energy 7TeV, collected by the LHCb detector in 2011.

Ar describes the CP asymmetry of the lifetime of the D° decaying to a CP
eigenstate (K™K~ or 7#*77). The analysis documented here yields
Ar = (—0.17 £ 0.54) x 107% when the measurements are combined. This is the
world’s best result and represented a factor of four improvement over the previous
best measurement.

The observable yop compares the effective lifetimes of the Cabibbo favoured
decay D' — K~7" and the transition to a CP eigenstate (K™K~ or 777~ ). The
unblinded result obtained in this document, averaged over both final states is
yop = (5.61 & 1.56) x 1073, This result is commensurate with the world average
central value within 1.25 standard deviations and has significance of 3.6 o relative
to zero.
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Chapter 1

The Standard Model and Flavour
Physics

The Standard Model (SM) has proven itself to be a remarkably successful and
predictive theory. With the discovery of the Higgs boson in 2012 [1I, 2] the final
SM particle has been found. Nevertheless theoretical questions remain that the
SM is unable to answer. Alongside the contrary experimental observations, such as
neutrino masses, dark matter, gravity and the magnitude of Nature’s preference
for matter over anti-matter there are several aesthetic motivations for searching for
physics beyond the Standard Model. These include the fine tuning of particle
masses and the ‘strong CP problem’ as well as the large number of arbitrary
parameters in the theory. Although experiment has yet to directly observe new
physics, precision tests such as those described in this document may characterise
it.

In this chapter the Standard Model will be outlined, with the gauge
symmetries and their resulting interactions listed. Some attention will be given to
how flavour changing transitions arise. Finally charm physics will be examined in
detail. An overview of the theoretical challenges faced in the charm sector will be
followed by explanations of the principal techniques to measure the physics

parameters.

1.1 The Standard Model

The Standard Model is a quantum field theory that is a member of the
combination of SU(3) ® SU(2) ® U(1) gauge groups. The requirement for invariance
under each of these transformations introduces gauge fields that together describe

the interactions of the Standard Model as summarised in table [I.1l

The eight fields of the SU(3) group give rise to the strong force. The

21



CHAPTER 1. THE STANDARD MODEL AND FLAVOUR PHYSICS

Group ‘ Fields
SU(3) Al A8
SU©2) | Wt w2 w3
U(1) B

Table 1.1: The Standard Model gauge groups and their associated fields.

Quarks 8

w=| z° H°

Leptons 9

%/_/R//

Spin — % Spin — 1 Spin — 0

Figure 1.1: The Standard Model particles. On the left are the fundamental fermions,
in the centre the gauge bosons and on the right is the Higgs boson.

SU(2) ® U(1) symmetry of the electroweak force is spontaneously broken via the
Higgs mechanism [3] 4], 5] to give the observed massive weak bosons and
electromagnetic fields as well as the fermion masses. The particles of the Standard
Model are summarised in Fig. . The fundamental particles are the spin—%
fermions; the quarks and leptons. In addition are the particles arising from the

gauge fields, the bosons of spin-1 and spin-0.

1.1.1 Quantum chromodynamics

The Lagrangian for quantum chromodynamics (QCD) is
Locp = V(i) —m)p — %tr{GWG/“’},
with the covariant derivative
Dt = 0" —igAH(x),
and the gauge field tensor
Gy (1) = 0, AL (2) — 0, A5 () + g fare A (2) A (). (1.1)

22



1.1. THE STANDARD MODEL

Chirality Left-handed Right-handed
Particle Q T; Y Q T3 Y
2 1 1 2 4
.t 5tz t3 | 3 0 +3
1 1 1 1 2
d,s,b —3  —3 t3 | —3 0 —3
Ve,Vy,Vr 0 +% -1 - - -
e[t T -1 -1 —-1 -1 0 -2

Table 1.2: The assigned values of the third component of weak isospin, hypercharge
and electric charge for the fermions. As right-handed neutrinos have not been ex-
perimentally verified their values have been left blank.

The Lagrangian is invariant under transformations of the SU(3) group.

Expanding out the Lagrangian, one finds that the gauge fields interact with
the fermions and with themselves. That they self-interact leads to effects
characteristic of QCD; confinement [6] and asymptotic freedom [7], 8, 9]. At large
distances the coupling becomes strong and over short distances it is weak. This
implies that for low energy interactions (which have large characteristic lengths)
QCD is not perturbative and becomes difficult to calculate. Conversely for
interactions involving a large momentum transfer a perturbative approach is a
suitable approximation to make. Such considerations are particularly pertinent for

calculating charm processes as discussed in section [I.3.3]

1.1.2 Electroweak interaction

The electroweak interactions are described by the SU(2), x U(1)y symmetry. The
conserved quantity Y is referred to as the hypercharge defined as Y = 2(Q — T3)
where T3 is the third component of weak isospin that is the generator of the SU(2)
group. The values of the weak quantum numbers for the fundamental particles is
listed in table The gauge symmetry is spontaneously broken to leave the
U(1)g symmetry of electromagnetism () being the conserved electric charge) and
the three massive gauge bosons of the weak force. As shown in table the
electroweak force is a chiral theory; only left-handed particles participate in weak

interactions.

Before symmetry breaking the free Lagrangian for some fermion field f is

- 1 1
L= f@mf - ZW;WW/Z/ - ZIB#VBHV + Eqﬁ + »CYuka

where the index a sums over the three W fields and the field strength tensors are
defined analogously to equation The fermion field is split into a left doublet
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and right singlet such that
f=7JL+Ir
and the covariant derivative is
DV =o' +igr - WH + %g’YB“.

The Lagrangian for the scalar Higgs field ¢ is

Ly = (Do) (D"¢) = V(9),
with the Higgs potential ¢ taking the Mexican hat shape

V(9) = —i*d'o + A\(¢T¢)”.

Finally the Yukawa term introduces the fermion mass by the interactions of their

fields with the Higgs scalar when it acquires a vacuum expectation

Lyur = —gr(frofr + frOfr)-

Inserting the vacuum expectation of the Higgs and considering the physical

fluctuations h(x) around it

"= <%<v0+ h))’

breaks the symmetry. The W' and W? together form the W+ and W~ bosons with

the same masses (gv/2) whilst the W3 and B fields mix to form the massive Z°
7% = cos Oy W3 — sin Oy B,

and massless photon
A = sin 0y W3 + cos Oy B.

The weak mixing angle 6y, is given by the couplings to the W and B fields, g and

/

9

/

vy
(2 +g?)7

9

u— sin Oy, =
(9 +97)} :

cos Oy =
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1.2 Flavour physics

The precision study of flavour changing interactions has motivated much
theoretical progress in the SM. The discovery of parity violation in weak decays
[10] strongly hinted at the chiral structure of the weak interaction whilst the
measurement of CP violation [I1] suggested a rather extended quark sector
compared to what had been discovered at the time [I2]. The lack of flavour
changing neutral currents in kaon decays demanded the existence of a fourth quark
due to the GIM mechanism [13].

The charged current for lepton interactions is of the form

. N
Joc = Uz(Ql)ﬁV“(l — Y5)ty, (puy)-

The current is of the V-A form that maximally violates parity; the left handed u,,
and right-handed u; are picked out by the projection operator.
The quark charged currents are of a similar form but the strong quark states

have been transformed by the CKM matrix

d/ Vud Vus Vub d
sl =1Vea Ves Vap
v Via Vis Va

Imposing the constraint of unitarity and ignoring unobservable phases leaves four
independent parameters for the 3 x 3 matrix; three rotations of the quark states
and a complex phase. The matrix can be parametrised in any number of ways such
as the Wolfenstein parametrisation [14] which indicates the hierarchy of the
matrix. To fifth order it is

1_)\7_% A AN3(p — in)
Vo = | =A+ AN (G —p—in) 1= 7% = 5 (1+44%) ae .
AN —p—in)  —AN+ANE —p—in) 114N
(1.2)

with

A2 A2
p=pl1-—= n=n(1-2).
p p( 2), U] 77( 2)

A = sinf¢ = 0.22 where 6¢ is the Cabibbo angle of the 2 x 2 Cabibbo mixing
matrix [I5]. As is shown in equation [I.2] the Cabibbo matrix is very close to
unitary (it is to third order in \) and transitions between the third second

generations are suppressed by the \? factor. CP violation is introduced via the
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Figure 1.2: The current global fit of the unitary triangle for > V;4V;; = 0. From

i=u,c,t
[18].

complex element in the third generation.

The four parameters of the CKM matrix are fundamental quantities that
must be determined by experiment. Doing so forms a significant part of the
physics programme of the flavour factoried”| and is a prerequisite for making
accurate SM predictions of flavour changing transitions. The unitarity condition

places constraints on the CKM elements
> ViV =0,
k

which can be visualised in the complex plane as closed triangles. In Fig. the
current global fit of the triangle »_ V;;Vi; = 0 can be seen. This is

i=u,c,t
experimentally an interesting triangle due to the similar lengths of the sides.

1.2.1 CP violation

The parity transformation P changes the sign of spatial coordinates

T — —T.

*The flavour factories are experiments specifically designed to study flavour-changing transi-
tions. In particular Belle [16] and BaBar [I7] have measured large samples of B decays.
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1.2. FLAVOUR PHYSICS

Experimental evidence that weak interactions are not invariant under parity
transformations [I0] motivated the V' — A structure of the weak theory [19]. The

charge-parity transformation C changes particle to anti-particle and vice versa

Y =,

and has also been shown not to be a symmetry of weak interactions [20].
Furthermore the combination of C' and P, CP, is also not a perfect symmetry in

weak processes.

The discovery that weak interactions are not symmetric under the combined
operation of both transformations (CP) [11] led to the development of the theory
of flavour changing interactions described previously. That experiment found CP
violation in the mixing of neutral kaons, with asymmetries of the order of 0.2%. It
was not until 1999 that CP violation in the decay amplitudes of kaons was
conclusively discovered [21] 22]. In 2001 CP violation was found in B mesons
[23, 24] and since then many measurements have been made in B decay modes
(including B? and BT), constraining the parameters of the CKM matrix.
Currently CP asymmetry measurements are attractive for searches for new
physics. In the Standard Model they are rare processes and so new physics should

be clear to see through enhancements of CP asymmetries.

To observe CP violation in a physical transition two interfering amplitudes
are required with different strong and weak phases. The difference in magnitude of
a transition and its CP conjugate is proportional to sin(J) sin(¢) where § and ¢ are
the differences between the strong and weak phases of the contributing amplitudes.
The strong phase does not change sign under the CP transformation, whereas the

weak phase does.

Experimentally it has been seen that the hadronic weak interactions are the
only known part of the Standard Model to exhibit CP violation; most results have
shown consistency with the Standard Model, though some tension has become
apparent recently (for example AAcp in charm which will be discussed in section
[1.3.4). However due to the degree of CP violation demanded by the Sakharov
conditions [25] for the visible universe one knows there must be additional CP

violation in nature, motivating the search for new sources of it.

The strong force also allows for significant CP violation. That it has not
been seen, for example the neutron has no electric dipole moment [26], requires
arbitrarily setting a Standard Model parameter to be very small. One noted
solution to this ‘strong CP problem’ is that of the Peccei-Quinn mechanism [27],
which introduces another symmetry into the Standard Model that is spontaneously

broken. The resulting boson, the axion, is a rather attractive candidate for dark
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matter. Experimental searches are ongoing but thus far no clear axion signal has
been seen (see for example [28], 29]).

Neutrinos have been shown to mix [30] via the PMNS matrix [31], in a
manner analogous to the mechanism for quarks, suggesting that CP violation
could be present in leptonic weak interactions. Indeed neutrino mixing is already a
sign of physics beyond the Standard Model; measuring the possible neutrino CP

violating parameter  is an important goal of neutrino experiments.

1.3 Charm Physics

Since its discovery in 1974 [32, [33] the charm quark has not garnered the same
quantity of headlines that kaon and B physics have. However in this century
charmed spectroscopy has generated interest due to the observation of several
anomalous states [34], B5]. Indeed the charm quark forms the basis for the first
unambiguously observed tetraquark [36] and pentaquark [37] states. It was not
until 2007 that neutral meson oscillations were discovered in charm with the first
single measurement of charm mixing with greater than 5o significance being made
in 2011 [38]. Thus far there have also been no unambiguous signs of CP violation
in charm. Both mixing and CP violation are expected to be small, with potential
enhancement from new physics. With the large data sets acquired by the flavour
factories and the great statistical power afforded by the LHC the charm sector is
now a burgeoning area of flavour physics research.

In this section the phenomenology of mixing and CP violation in neutral
charm mesons will be outlined and the relevant physics parameters introduced;
much of the formalism applies to other neutral meson systems. The CP violating
observables ycp and Ar, whose measurements are the subject of this document,
will be derived. Finally overviews of the current theoretical and experimental
status of charm flavour physics will be presented. The interested reader may find

more information in the plethora of review articles, such as [39] 40].

1.3.1 Mixing and CP violation phenomenology

Considering the the two flavour eigenstates |D°) and |D°) one can write the time

evolution of the wave function |¢) = (gg) from the Schrodinger equation

ig7le) = v} = (M- 5T) o) (13

where the Hamiltonian H is a 2 X 2 matrix. The elements are such that

My, = Moy = M and I'y; = I'yg = I'. Non-zero values of the off-diagonal elements
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of H implies oscillations between the D° and D° whilst the diagonal part describes

the decay.

Diagonalising the Hamiltonian allows one to arrive at the mass eigenstates of
the neutral charm mesons, composed from linear combinations of the two flavour

eigenstates
|D1) = p|D%) +4¢|D°) | D2) = p| D) — q|D"). (1.4)

p and ¢ may be complex and [p|? + |[¢]*=1. If p=¢q = \/LQ these are CP
eigenstates, CP|D; 3) = 11.2|D12), with the convention chosen that n; = —1 and
n2 = +1. The masses and widths of the two mass states are m; o and I'y 5. The

mass states are observables so the Hamiltonian in this basis is Hermitian.

The differences in mass and width of |D;) and Ds) are

AM = 25}?\/ H12H21 Al = -4 V H12H217

with His and Hy; referring to the elements of the Hamiltonian of the flavour states.

Hiz = My — 51‘12 Hy = Mj, — 51“12,

and

(@)2 _Hp
p H21'

In the event of CP conservation Hi5 = Hy;. Calculating the elements of the
Hamiltonian is generally rather tricky, with the D system bringing its own issues
which are discussed further in [1.3.3

CP violation arises in mixing when p and ¢ are different (|p/q| # 1). An

asymmetry due to mixing, A,,, is defined as

‘z
p

By inserting equations into the time dependent Schrodinger equation one

+2
~1+ A, (1.5)

can establish the amplitude of finding the flavour eigenstates at time ¢ after the
formation of an initial flavour state. In the case of an initial D° the wavefunction

1S:

(1)) = |:<eim2téf‘2t 1 efim1tf%111t> DY) — q (67im2tférgt _ efimltfél“lt) ’50>1 .

p

DN | —

(1.6)
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With Am = my —m; and AI' =Ty — I'y,m; 5 and I'; 5 being the masses and
widths of the mass states, the following quantities that define the mixing of the

flavour states are defined:

m_m1+m2 F_F1+P2
a 2 2
Am AT
_ ¢ —— 1.
T =5 Y= 5r (1.7)

The decay amplitudes from a D to a final state f or its charge conjugate f

via the Hamiltonian 47 are

A, = (f|#]D) A; = (7|#|D%
A, = (f|#|D°) A = (fl2|D"). (L8)

Direct CP violation occurs for those amplitudes where ‘Af’ #+ ‘Zy‘. The direct CP

asymmetry, Ay, for decays to self conjugate final states is

A N 1+ A 1.9
Af ~ d> ( . )
and the parameter \s is defined as
A A A
_ 4% q f i(p+9)
Ap==—=|=||—]|exp : 1.10
J pA; ’p’ Ay ( )

CP violation is apparent if the magnitude of Ay deviates from one or the phase
between mixing and decay is not zero. The strong phase § is apparent in those
decays that are not to a CP eigenstate, for example D° — K ~7"; there is a phase
difference between the doubly Cabibbo suppressed amplitude and that for mixing
followed by decay, shown in Fig. [1.3] The strong phase does not change sign under
the CP transformation, the weak phase ¢ does. In the decays to CP eigenstates
(KK~ or mt7™) there is no strong phase difference (§ = 0).

The time dependent decay rate to a final state f from an initial D° state is
given by |[(f|2Z](t))|?. Inserting the parameters in [1.7| where appropriate one
finds
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RS: WS: , DO
mix CF
DO K- .I.[+ DO K+-|-[—

I N

Figure 1.3: The paths of the right-sign D° — K~7* (left) and wrong-sign D° —
K*7~ (right) decays. The right sign decay is completely dominated by the Cabibbo
favoured amplitude. The wrong-sign can proceed via the doubly Cabibbo supressed
decay or by mixing and then a Cabibbo favoured decay. There is a strong phase
between the two possible paths.

I (DP(E) > £) = Se AR+ [\F?) coshiyTe) + (1 — (AP cos(aT)

+Re(Af) sinh(yI't) — Im(Af) sin(zI't)]

I (D) f) = %e—“|zf|2[(1 T+ IAFYP) cosh(uTt) + (1 — | A7) cos(aT)
+Re(A; 1) sinh(yI't) — Im(A; ") sin(2T'¢)]. (1.11)

1.3.2 Ycpr and Ar

For decays to CP eigenstates (K™K~ or 77 ~) one inserts the appropriate
expression for Ay with its phase. Experiments have shown that for D mesons =
and y are small; the Heavy Flavour Averaging group lists z = (0.417)13) % and
y = (0.63709%) % [41] (allowing for both direct and indirect CP violation). Thus
equation can be expanded to first order to reach

I'(D(t) » KTK™) = e " |Agk|*[1 — Z%(y cos ¢ — xsin ¢)'t]

D(D(t) = KYK™) = e ™| g2l — g(y cos ¢ + x sin §)T]. (1.12)

Experimentally one seeks to fit the lifetime to an exponential decay

|A f|26fft. The Taylor expansion to first order of the exponential is
|AfPe ™~ | A 2 (1-1%). (1.13)
Therefore approximating the terms in parentheses in equation [1.12] as an
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exponential and collecting the terms appropriately one finds

(D’ — K*K") :F[1+|%|(ycos¢—xsin¢)] (1.14)

(D’ — KTK™) :F[1+|§|(ycosgb+xsin¢)]. (1.15)

Here I is the effective width of the decay and I'" is the total width.

Finally one arrives at two measurable time dependent quantities defined as

I'(D° — K*K~)+T(D° — K+tK~)

— 1
Yep oT
a| 4 (B a| _|p
I, B
1, 1 :
~ 1—§Am ycos¢—§Amxsm<b, (1.16)
and
A (D= K*K~)—T(D° = KtK™)
b T
a| _|p a| 4 |2
I B
1
~ §(Am + Ag)y cos ¢ — xsin ¢. (1.17)

The parameter I' (the total width) in the denominator can be measured from
the decay to the non CP eigenstates K 7. This decay is Cabibbo favoured and
can very closely be approximated to an exponential leading to the assertion that
f(D0 — K~n") =T. Assuming CP violating effects are small one can define ycp
and Ar as

[(D° — KTK™)

. 1 1.18
YOP =D S Koat) (1.18)

(D — KtK~) —T(D° — Kt*K"™)
Ap = —— : (1.19)
(D — K+K-)+ (D% — K+K-)

These can both be defined with the 7+ 7~ final state instead of KK, yielding
the same physics parameters.

In the limit of no CP violation |¢/p| =1 and ¢ = 0 leading to Ar = 0 and
yop becomes the mixing parameter y. To obtain a determination of CP violation

in mixing the yop result has to be compared with an independent measurement of
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y (for example [42] [43]). Equation shows that by measuring the lifetime 7
(where 7 = 1/T') for D° decays to the various final states one can calculate Ap and
yop. Such lifetime measurements are the subject of this document.

In the SM the phase ¢ is independent of the final state as it only describes
the CP phase

Assuming negligible direct CP violation this implies that Ar is final state
independent. New physics could well introduce some final state dependency so
measuring Ar for two different decays separately gives another test of the SM. If ¢

varies with decay the difference in Ar between KT K~ and 777~ is

AAF = AF(K+K_) — AF(W+7T_>
~ AAgycosp + (A + Ag)yA cos ¢ — xAsin ¢. (1.20)

1.3.3 Theoretical overview

At the quark level D° oscillations occur via box diagrams such as that shown on
the left in Fig. [I.4l As well as these short range interactions there is a considerable
contribution from longer range processes with the possibility of the intermediate
quarks forming hadronic states. This is in contrast to the B system where the
mixing is dominated by short range processes as the quarks involved in the
transition are heavy and there is a large momentum transfer (implying a short
range). In the D system however the charm quark is comparatively light so there
is a smaller momentum transfer, implying a longer range of the interaction with
the possibility that intermediate hadronic states are an influence. That the D° is
the only up type meson to mix makes it unique compared to the B and K systems;
it is the only one where the mixing occurs through intermediate down type quarks.
The diagram in Fig. suggests that the short range contributions to mixing
should be small in the SM as there is large GIM suppression due to the near
degeneracy of the d and s quark masses and the CKM suppression of the
contribution of the b [44]. That same suppression implies that CP violation is
small in mixing in the SM (the amplitude will be suppressed by Ve Vi ~ A).
Similarly in the decay, shown at tree level on the right of Fig. [I.4], the weak
phase of the third generation would enter in second order diagrams such as in Fig.
[1.5 again implying that CP violation is a small effect. These loop diagrams make
charm an attractive arena for the search for new physics as new particles can enter

into them, potentially giving significant enhancements to the CP violating
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Figure 1.4: The leading order Feynman diagrams for D° mixing (left) and a singly
Cabibbo suppressed decay, D° — K™K~ (right).
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Figure 1.5: Two penguin diagrams that may contribute to the CP violation in the
singly Cabibbo suppressed D — KK~ decay.

amplitudes.

Making theoretical predictions for the charm sector has proved a tricky
endeavour. For example consider Fig[1.6] an assembly of SM predictions for the
charm mixing parameters x and y from a few years before the discovery of charm
mixing. The numbers plotted show a spread of over three orders of magnitude.
Whilst theoretical calculations have improved since then there are still no
quantitative predictions for CP violation and calculations for the mixing

parameters and D lifetimes show some discrepancy with experiment.

One could take either of two approaches to calculating amplitudes of a charm
transition. An exclusive approach relies on explicitly accounting for every possible
intermediate state (see for example [46, [47]). Alternatively an inclusive method
may be utilised where the Hamiltonian describing the transition is replaced by an
effective Hamiltonian, parametrised as a series expansion of operators of increasing
dimensions in powers of miq, m, being the mass of the heavy (in this case ¢) quark.

In the B system the Heavy Quark Expansion (HQE) has been used to
successfully make predictions of lifetimes (see for example the review [48]). The b
quark is heavy so the expansion converges readily and long range QCD effects are

small. In the charmed system however the intermediate mass of the quark gives
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Figure 1.6: A collection of SM predictions for the charm mixing parameters x
(triangles) and y (squares). Taken from [45], see therein for the numbered references.

larger contributions to the higher order operators. Additionally the long range,
non-perturbative, QCD contributions are potentially much larger; unfortunately

they are also difficult to calculate.

The lack of a clear theoretical picture means that one cannot make a
statement about what to expect from CP violation in charm with any kind of
authority. As noted in [49] “CP wviolation of the order of one per mille is an
unambiguous signal for new physics” seems to be the consensus for many. However
the author notes that such statements should be met with caution and by
including large SU(3)r symmetry breaking effects CP violation of order several
1073 could be accommodated within the Standard Model.

Such thoughts were rather apparent after the LHCb AAgcp result in 2011. A
direct CP asymmetry had been measured of order a few per mille with significance
of more than three standard deviations [50], a result corroborated by other
experiments [51] [62]. Such a large deviation from 0 had not been expected and led
to a reconsidering of the SM expectations. Some have claimed that the SM could
be stretched to accommodate such large CP violation [53] 54] although numerical
predictions are still unavailable. More recent results have reduced the significance

of the central value for AAcp [55], 56] and the theoretical picture remains unclear.

As far as the measurements presented in this document are concerned the
figure usually quoted by the analysts for the SM expectation is Ap ~ O(107%).

That number comes from the averaged mixing parameter values and the above
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Figure 1.7:  The mass splits and widths of the neutral meson mass states. The
widths are the inverse of the lifetimes of the mesons. The mass differences determine
the oscillation frequencies. The two D mass states have almost the same masses and
widths which presents an experimental challenge to discern them. Reproduced from
[39].

statement about the expected size of A,, being less than % level, assuming a very
small phase. As already noted Ar should be very close to final state independent
in the SM (assuming negligible direct CP violation). Any difference between the
K™K~ and 7t7~ final states at the experimental precision currently achievable
would be an unambiguous indication of new physics.

The picture for yop is no clearer; predictions currently do not reflect the
experimental value of y. Again any kind of deviation from y is likely to be small
due to the A% term and the assumption that ¢ is small. Assuming no CP violation
the measurement of yop does provide a statistically powerful tool for measuring y

and will constrain the averages of the mixing parameters.

1.3.4 Experimental overview

The charm sector has its own unique challenges for flavour physics measurements.
As shown in Fig. the D mass states are very similar in mass and lifetime. In
contrast the BY and B? mesons have sizeable mass differences leading to rapid
oscillations of period much smaller than their mean lifetimes. Kaons have a small
mass splitting but very different widths allowing for the two mass states to be

discerned readily.
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This similarity between the masses and widths of the mass states of the
neutral D mesons makes measuring the mixing difficult (of course the B and K
mesons present experimental challenges of their own). As the oscillation period is
much longer than the mean lifetime most D mesons decay before the oscillation of
the mixed states has developed. The contrast with the B mesons can be seen in
Fig. . The current HFAG averages of the charm mixing parameters are [41]

z = (0.49701H%
y = (0.62 £ 0.08)%.

Identifying a D decay from the particles produced in a proton-proton
collision presents its own challenges. The momentum distribution of the decay
products of the D is lower than for a B so the requisite looser cuts inevitably leads
to a greater amount of background appearing in the data sample. If the selection
is based upon finding a displaced vertex (as for example at LHCb) the short
lifetime of the D again demands a loose selection (as well as good detector
precision), reducing the purity of the sample. Displaced vertex selections also cut
out a large quantity of the signal with low lifetimes. For a D° produced at the
interaction point, referred to as ‘prompt’, the initial flavour of the D is
determined by searching for the strong decay D*t — D%z, with the charge of the
pion indicating the D flavour. Such a tagged analysis also has the advantage of

greatly reducing combinatorial backgrounds.

An alternative is to select charm from B decays. This has the advantage of
much more efficient selections and in particular includes D at very low decay
times. At LHCDb such analyses are carried out using semi-leptonic B decays, giving
the results the moniker ‘semi-leptonic’, where the charge of the lepton indicates
the initial DY flavour. The downside of such measurements is the lower statistics
due to the reduced production cross-section of B particles with respect to charm
and the subsequent factor due to the branching ratio of the decay of interest.
Nevertheless they do provide independent data samples for checking the results for

charm produced at the interaction point.

The measurements of the charm mixing and CP violation parameters is
achieved through a veritable smorgasbord of complementary analyses. A summary
of the LHCD efforts (by no means exhaustive) and how they contribute to the
determination of the physics variables is shown in Fig. [1.9

Mixing of neutral charm mesons was first established in 2007 through a
combination of several measurements [58, 59, [60]. It was not until 2012 that the

first single measurement of charm mixing was made with statistical significance
greater than 5o using 1fb~! of data taken in 2011 by LHCb [38].
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Figure 1.8: The time evolution of the B° (left) [57] and D° (right) mesons [38]. The
left diagram shows the time evolution of the difference between the number of B°
candidates that have changed flavour (mixed) before decaying and those that have
not. The right hand plot displays the ratio of ‘right-sign’ to ‘wrong-sign’ decays as
a function of time. In both cases the effect of mixing can be clearly seen.
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Figure 1.9: The charm flavour physics parameters (left) and the observables mea-
sured by LHCb to ascertain them (right). This figure is not exhaustive and neglects
the great contributions of other flavour experiments. From Marco Gersabeck.
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LHCb studied the time evolution of the yields of D° — K*7~ and
D® — K—7t (with the charge conjugates), the wrong-sign (WS) and right-sign
(RS) decays respectively. Wrong-sign decays are heavily supressed as they can only
proceed via a doubly Cabibbo supressed decay or via mixing followed by the
Cabibbo favoured decay. The right-sign decay is dominated by the Cabibbo
favoured transition. As shown in the LHCD result in Fig. mixing causes the
ratio of the yields, R, to develop over proper time, the fitted curve giving access to

y' and 22, the mixing parameters (equation rotated by the strong phase ¢, as

N 2 /2
Rty = 25U _ gy SRpye s Y (1.21)
Ngs(t) 4

Rp is the ratio of the amplitudes of the Cabibbo favoured and and doubly
Cabibbo suppressed decays and Ny s(t) and Ngg(t) are the yields of the WS and
RS decays at proper time t. The no-mixing hypothesis was excluded by LHCb
with significance of 9.1 ¢ in 2011 and the subsequent update with the full Run 1
data set significantly improved on that [61]. Belle, Babar and CDF have made
similar measurements, albeit with less statistical reach. Of course other
combinations of RS and WS final state can be used, such as D° — K—ntatr

and D — K*n— 77—, with different strong phases and amplitude ratios.

Hadronic decays are also used to measure yop, which as previously noted
becomes y in the limit of no CP violation. Both Belle [62] and Babar [63] have
completed analyses on their full data sets, measuring yop # 0 with significance of
4.5 0 and 3.3 o respectively. It is hoped that the LHCb analysis presented in this
document makes the first individual measurement of yop with greater than 5o

significance.

For getting direct access to the mixing parameters one considers semi-leptonic
decays, again comparing WS (D° — [=7,X) and RS (D° — [*1;,X) modes. The
WS decay can only be seen due to mixing (as opposed to the doubly Cabibbo
suppressed channel in the hadronic modes) so that one has direct access to
% (z? 4+ y?). Such analyses have been performed at the flavour factories [64, 65] but
statistically they are not competitive due to the very small expected mixing rate.

At LHCD such studies would be difficult due to the missing energy of the neutrino.

In addition to the semi-leptonic measurements, lepton colliders benefit from
being able to produce quantum correlated D°-D° pairs for use in charm studies
via the channel ete™ — ¢(3770) — D°DP. As they are the only results of the
resonance decay they must be a quantum correlated C-odd state meaning that
ascertaining the CP of one D decay implies the other is in the opposite CP state.
For mixing this allows rather direct access to the strong phase in K~ 7" decays [66]
through the asymmetry of the CP state decays [67, [68].
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Although mixing is now well established, CP violation in either its direct or
indirect manifestations has yet to make an unambiguous appearance. As noted
previously the SM expectations are that it should be small, with O(10~%) usually
quoted for asymmetries such as Ar though up to O(1073) could be reasonable.
Experimental progress is such that precisions of a few 1073 are achievable.

Significant excitement was generated in the charm community by the
measurement of AAqcp by LHCD in 2011 [50]. AAcp is a time-integrated CP

asymmetry defined as

AACP = Ameas(K+K_) - Ameas (7T+7T_)
‘ t At
~ AA%, (1 + ycpg) + a’é’ﬁ%, (1.22)

where the individual asymmetries for final state f are

N(D° = f) = N(D° = f)
N(D® = f)+ N(D* = f)’

Ameas (f) -

which can be written as the sum of the physics Acp, production A,.,q and

detection Ag; asymmetries
Ameas(f) = ACP + Aprod + Adet-

Taking the difference between the final states should to a good approximation
cancel the last two leaving only the difference in the physics asymmetries which
are expected to be of opposite sign [69]. As the last term of eq. is very small
AAcp is mostly an exploration of direct CP violation; it can be thought of as

similar to a time integrated version of Ar.

In 2011 a preliminary result of AAcp = (—0.82 & 0.21 44 = 0.11,,5) % was
released by LHCD, a deviation from 0 of 3.5 ¢ significance, using 0.6 fb™! of data
taken in 2011 [50]. That was confirmed by the CDF analysis on their full 9.7 fb™"
data set which showed good agreement with LHCb and significance of 2.7 ¢ [51] as
well as Belle with 2.1 ¢ [52]. Such a value of AAqp was larger than expected in the
SM and lead to a reconsideration by the theoretical community of what to expect
as noted in section [L.3.3

However, the resulting update with the full 1fb™" 2011 data set [55] (there
was a significant change to the method so this result supersedes the previous one),
along with a complementary analysis using a statistically independent data set
from LHCb [56], referred to as the semi-leptonic sample (using charm from B
decays instead of that produced in the proton interaction), showed significantly

better agreement with 0. The current world average for AaZ?, is
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Figure 1.10: The fit results for ' and z? from the LHCb 2012 WS analysis. In
blue is the D fit, the D° being in red; the two agree within 1o uncertainty so no
CP violation in decay or mixing is seen. The right hand plot shows the total fit for
2'? and ' without CP violation. The no mixing point at (0,0) is very well excluded.
Reproduced from [61].

Aadt, = (—0.253 £ 0.104)%; new measurements are needed to clarify the situation.

In indirect CP violation searches LHCb results again give the highest
precision. The WS analysis that measured mixing has been updated to look for
CP violation with the full Run 1 data set [61] and with the data fitted under the
hypothesis of both direct and indirect CP violation. As can be see in Fig[1.10| none
can be distinguished in the fits but stringent limits on the physics parameters can
be set. The measurement of Ar, a time dependent CP asymmetry, has similarly
helped to constrain the physics parameters and is the subject of this thesis.

In addition to these modes multi-body hadronic decays can be studied. As
these proceed via intermediate resonances the phase space of the pairs of final
state particles must be considered to be sensitive to the contributions of each one.
Considering only the total final state (a global asymmetry) ignores the potential
for CP violation in the Dalitz plane that overall cancels. Such ‘Dalitz’ analyses can
be carried it in a model independent way such as in [70, [71]. Implementing a
model of the resonant structure of the decay does allow one to disentangle the
contributions to an observed asymmetry but then one is limited by veracity of the

model employed.

Experimental status of ycp and Ar

Before the LHCb Run 1 measurements, ycp and Ar have both been measured
extensively, the former using an array of possible Cabibbo favoured final states.
Determining ycp has been one of the principle avenues in the search for mixing.

These measurements have centred around measuring the effective lifetimes in the
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manner of the analyses that make up the bulk of this document. Doing so at the
flavour factories is somewhat more straightforward than at a hadron collider. The
low event rates and multiplicities at these facilities rather negate the need for a
complex trigger or any kind of detailed pre-selection before the event is
reconstructed; the datasets are therefore unbiased in proper time. The trigger
requirements of hadron colliders and the acceptance effects they introduce are a
great challenge for the analysts and novel methods have been developed (see
‘swimming’ in section .

An alternative method for determining Ar is to use a binned ratio method,
similar to that of the WS analysis. As the acceptance of the trigger should treat
D° and D° equally for the final state it will cancel in ratios. This method was used
as a complement to the lifetime measurement presented in this document,
although its larger systematic uncertainty meant it served as cross-check [72]. The
ratio method is an attractive prospect due to the reduced complexity of the fits
and the lower computing resources required. However this method is not suitable
for yop in Run 1 due to the different final states having different acceptances that

do not cancel in the ratio.

The final states K™K~ and 77~ as used for measuring Ar and ycp in this
thesis are two-body CP eigenstates. Alternatively one may use multi-body final
states that are self-conjugate (for example D — 777~ 7°) if the CP content of the
decay is known [73]. Generally Ar can be considered as the asymmetry of D° and
D decaying to a CP-even final state, with yop being the ratio of the effective
width of the CP even decay to the mean width of the D°. Therefore using the
known CP-even fraction, F'., of the multi-body decay one can define an effective

Ar and ycp [73] and add further input to the fits for the parameters ¢, x, y and

% . The CP content of the multi-body decays maybe ascertained using

quantum-correlated D° pairs as studied with CLEO [74]. Although the sensitivity
to the mixing and CP violation parameters would be reduced due to the fractional
CP content, such an analysis would benefit from the comparatively large branching

fraction of the multi-body mode and would help to constrain the parameters.

The state of yop and Ar prior to the two analyses presented in this thesis is
shown in Fig. with the Heavy Flavor Averaging Group (HFAG) average. The
‘LHCb 2012’ result was achieved with 29 pb ™" of data collected in 2010 [75]; this
analysis proved the validity of the method applied here although due to the low
statistics a number of simplifications were made to the background treatment.

Nevertheless it already was competitive in yop and showed promise for Ar.
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Figure 1.11: The HFAG averages for ycp (left) and Ar (right) from May 2012.
From [41].

1.3.5 Heavy Flavour Averaging Group fit

The fit of direct and indirect CP violation, using AAcp and Ar measurements
prior to the release of the results presented in this thesis is shown in Fig. [1.12

The fit of the parameters of indirect CP asymmetry, the magnitudes of p and
g and the phase between them is shown in Fig. [1.13]
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Figure 1.12: The HFAG fit for direct and indirect CP violation in charm from March
2013. Shown is the direct CP violation difference between KK~ and 77~ final
states as the LHCb prompt analysis does not unfold the individual asymmetries.

From [41].
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Figure 1.13: The HFAG fit for the magnitudes and phase of the mixing parameters
p and ¢. From [41].
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Chapter 2

LHC and LHCDb

The measurement of the charm CP violation observables ycp and Ar introduced in
the previous chapter are in this instance measured by studying the decay of
charmed hadrons produced in proton-proton collisions. In this chapter the

experimental apparatus used will be introduced.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a hadron synchrotron at the European
Organisation for Nuclear Research (CERN) on the Franco-Swiss border to the
north-west of the city of Geneva. Its 27 km circumference occupies the tunnel that
was formerly used by the LEP collider until 2000. Construction of the LHC was
approved in 1994 and proton beams first circulated in 2008. In 2010 data from
collisions was first taken with the subsequent running in 2011 and 2012 providing
the bulk of the data for physics analyses. In 2013 the machine was shut down for

repairs and upgrades, bringing an end to the Run 1 programme.

The LHC is designed to accelerate and collide beams of protons or lead ions;
data has been taken with proton-proton, lead-lead and proton-lead (in both
directions) interactions. The design energy of proton collisions is 14 TeV, an order
of magnitude greater than that managed by the TEVATRON [76] which was
previously the most powerful collider to have been built and operated. Thus far

the maximum proton collision energy was that for the 2012 data taking of 8 TeV.

The accelerator contains eight straight sections; in four are situated the large
experiments (ALICE, ATLAS, CMS and LHCb). The RF acceleration, beam

dump and beam collimation are contained in the others.
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2.1.1 Running conditions for 2011

In 2011 the proton collision energy was 7TeV with 50 ns bunch spacing. The
instantaneous luminosity at LHCb varied over the year but had reached
4 x 1032 cm? s ~! with about 1.8 visible proton interactions per bunch crossing. In

total 1.1fb™! of integrated luminosity was recorded by the detector.

The instantaneous luminosity at LHCb is somewhat lower than for the
general purpose detectors. The performance of the vertex detector is somewhat
degraded by additional reconstructed primary vertices; it is estimated that the
vertex resolution decreases by 5-10% for each additional primary vertex [77].
Therefore a lower luminosity is favourable for the LHCb physics programme with
its focus on high precision. Because of this the luminosity is stable over the course
of a fill at LHCb in contrast to the exponential decreases seen at the other
experiments due to the ‘luminosity levelling’ [78] implemented at the LHCb

interaction point.

2.2 LHCb

A full description of the detector and its components can be found in [79]. Here a
brief introduction to the LHCbh hardware and some relevant software will be
presented. Those parts that are particularly pertinent to the subjects of this thesis
will be expounded upon in a little more detail. These are the vertex locator and
the offline reconstruction. Some attention will be given to their performance over
Run 1. The interested reader may find more complete descriptions in the relevant
design reports, performance papers and conference presentations; where

appropriate the citations for these are given.

LHCb is situated at point 8 of the LHC ring adjacent to Geneva airport and
at a depth of 100m. The experimental cavern was previously occupied by the LEP
experiment DELPHI; that piece of history remains underground having been
moved to one side. Measuring 21 x 13 x 10m at its extremities, weighing
5600 tonnes and with a capital cost of 75 MCHF, LHCD is the smallest of the four
large LHC experiments [80]. The collaboration comprises roughly 700 members.

The detector itself is usually described by some amalgamation of the words
forward, spectrometer (occasionally with a bonus ‘single arm’), detector, precision,
(dedicated) heavy flavour and experiment. Such descriptions sum up the nature of

the experimental equipment in a succinct manner.
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Figure 2.1: A cross-section diagram of the LHCb detector. Reproduced from [79].

2.2.1 Detector overview

The primary physics goal of LHCDb is to study flavour physics, particularly with
respect to the b quark. The roadmap document of 2009 [81] details six
measurements that were expected to be made and have been; they include
measurements of the CKM angle + [82], measurements of B? mixing [83] and the
discovery of the rare B — pu~ decay [84] amongst others. The focus for all of
these is very high precision from the detector and great statistical power due to
the large event rates expected at a hadron collider. These are needed to study rare
decays or processes with small amplitudes such as CP violation. Such requirements
for accuracy were the motivation for the resulting design of the detector, which can

be seen in Fig. [2.1

The detector design is optimised for coverage of the region in which most b
quarks are produced in p-p collisions. As shown in Fig. this is mostly in cones
around the beam pipe in the forward or backward directions ( =0 or 6 = 7). As
these are the particles of interest only the forward region is instrumented, shown
by the red region on the left of Fig. or the red box on the right, unlike the
hermetic general purpose detectors. Doing so allows for the equipment to be
optimised for high precision. Of course a large amount of b quarks produced
cannot be measured; the simulation of Fig [2.2] estimates about 25% of b (or b)
quarks produced are within the LHCb acceptance, compared with about 50% in
ATLAS or CMS giving the general purpose detectors an advantage in statistical
power (due to production only) of ~ 1.4. However the b quarks produced in the

forward region are greatly boosted making them much easier to trigger on due to
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Figure 2.2: A simulation of the production of b pairs in 7TeV proton-proton colli-
sions. On the left the production rate as a function of the quark angles with respect
to the beam is shown, with the LHCb acceptance highlighted in red. On the right
the production is plotted as a function of the pseudo-rapidity of the two quarks with
the acceptances of LHCb (the red box) and the general purpose detectors (GPD,
ATLAS and CMS, in yellow) overlaid. Reproduced from [87].

the large decay vertex displacement. The acceptance of LHCb is defined by the
pseudo-rapidity 7 [/ as 2<n<5, compared to roughly n<2.5 for the general purpose
detectors. Therefore LHCb covers a unique pseudo-rapidity range that can
complement ATLAS and CMS measurements (for example in hadron [85] and
electroweak boson [86] production) in addition to its precision flavour physics
programme (see Fig. [2.3)).

The protons are brought to collision on the left of Fig. [2.1]in the vertex
locator at the edge of the LHC tunnel. The direction to the right of the interaction
point (towards the rest of the detector) is henceforth referred to as forward or
downstream; to the left and into the cavern wall is backward or upstream. The
tracking system comprises of the Tracking Turicensis (TT) and the stations T1, T2
and T3. The two Cherenkov detectors, RICH1 and RICH2, together provide good
hadronic particle identification capabilities. There are two calorimeters, ECAL and
HCAL, which provide energy estimates and with the pre-shower detectors (PS)
and scintillating pad detector (SPD) can be used to identify electromagnetic and
neutral particles. The ensemble of sub-detectors is completed by the five muon
stations, M1-M5, at the rear of the detector. There is also a conventional dipole
magnet (as opposed to the superconducting magnets of the general purpose

detectors) to allow for momentum estimation .

*The pseudo-rapidity is defined as n = — log (g), where 6 is the angle between the particle
trajectory and the beamline.

48



2.2. LHCB
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Figure 2.3: The CMS and LHCb experiments, one on top of the other, showing
their respective geometries. Reproduced from [8§].

LHCb uses a right-handed coordinate system with the z axis aligned with the
beam pipe and pointing from the interaction point to the rest of the detector. The

z—x plane is horizontal with the orthogonal y axis pointing vertically upwards.

2.2.2 VErtex LOcator

The proton collision point is surrounded by the VErtex LOcator (VELO), a silicon
strip detector for reconstructing production and decay vertices of short lived
particles. It is unique at the LHC for its exceptional accuracy which is due to some
novel design features.

A schematic of the VELO sensor layout can be seen in Fig. It is
composed of two halves, each half containing 21 sensing modules arranged
orthogonally to the beam direction and slightly offset from each other
longitudinally. The detecting surface is 8 mm from the beam at the innermost part
and it extends out to 42mm. Such proximity gives excellent vertex resolution.
During LHC filling, the two halves of the VELO can be retracted by ~3cm to
avoid potential damage due to the increased dynamic aperture of the machine;
once stable beams have been achieved they are brought together to overlap
slightly, giving complete azimuthal coverage.

Each module contains two silicon strip sensors, one measuring the radial
distance of the particle hit from the beam, the r coordinate, the other ascertains
the azimuthal angle of the hit, ¢. The r strips are concentric circles whilst those
on the ¢ sensors are at an angle to the radial direction. The pitch of the strips
varies between 40-100 um from centre to edge. The sensors themselves are of a
radiation hard n-type bulk, with n*-type strips and p back (there is one station

with n-on-p sensors). The sensors are aligned behind a thin foil to prevent picking
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Figure 2.4: A diagram of the VELO layout. The top shows the arrangement of the
42 modules into two halves with r and ¢ sensors on each one. On the bottom the
open and closed positions of the VELO halves can be seen. Reproduced from [79].

up the RF signal of the proton beam and separate the LHC vacuum from the
detector as shown in Fig [2.5

The reconstruction of hits and the measurement of the hit resolution of the
sensors is described in detail in chapter 3| where it is measured and parametrised.
For the moment it is sufficient to note that such resolution depends on the pitch of
the strips at which the particle has traversed the sensor and its angle with respect
to the sensor strips. Fig. [2.6] shows the hit resolution for r strips for two ranges of
angles as a function of the strip pitch. The best resolution at the smallest strip
pitch is 4 um [77].

The primary vertex (PV) resolution is displayed in Fig. and that of the
impact parameter (IP) min Fig. A good measurement of the IP is important
as LHCb primarily seeks displaced vertices in order to identify long lived hadrons
(B and D). To that end impact parameter constraints are typically used as it is a
quantity that can be quickly measured and cut on. The impact parameter
resolution is less than 30 um for high momenta tracks. Furthermore the VELO
achieves excellent proper-time resolution of 50 fs [91].

The VELO has been extensively studied in Run 1 to characterise the effects

of radiation damage on the silicon sensors [92]. Type inversion of the irradiated

TThe IP is defined as the shortest perpendicular distance between a track and the reconstructed
collision point.
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Figure 2.5: The VELO layout, imaged by reconstructing the primary vertices of
particles produced by interactions with detector material from beam-gas collisions.
The exceptional accuracy of the VELO makes such a visualisation possible. Taken
from [89], see [90] for details.
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Figure 2.7:  The primary vertex resolution of the VELO as a function of track
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y (blue), coordinates. The right plot shows the resolution in z along the beam
direction. The distributions have been fitted with a curve of the form opy = % +C.
Reproduced from [77].
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silicon has been observed as well as a coupling between the sensor and the metal

lines reading out the strips. A more complete discussion is given in chapter [3]

2.2.3 Tracking

Aside from the VELO, charged particle tracking is performed by the four tracking
stations: TT, T1, T2 and T3. The first is upstream of the magnet, the others just
after it. The three large downstream stations each contain an inner and outer
tracker (IT and OT respectively). The inner tracker is a silicon detector, the outer
gas filled straw tubes. The highest densities of tracks in events at LHCDb are to be
found adjacent to the beam pipe so in this region the higher resolution of a silicon
detector is required. Further away from the beam pipe the larger area can be more
cost effectively covered by straw tubes.

Each OT station contains four module layers; two are arranged vertically
whilst the other two are arranged at a 45 deg angle with respect to the vertical in
order to provide stereo resolution. The modules themselves are comprised of two
layers of 4.9 mm diameter straw tubes. The single hit resolution of the outer
tracker has been measured to be 205 pm [93].

The TT and IT are silicon strip detectors of 200 um pitch. The TT covers the
full LHCb acceptance, whilst the I'T covers the central regions of T1, T2 and T3.
As before, the silicon detectors stations are each comprised of four layers, arranged
in the same manner as the OT with orientation of the strips of two of them at an
angle with respect to the vertical. The hit resolutions of the TT and IT detectors
have been measured to be about 52.6 um and 50.3 pm respectively [93].

2.2.4 Cherenkov detectors

The majority of the differentiation between the particle identification hypotheses
of hadrons (pions, kaons and protons) is achieved with the two Ring Imaging
Cherenkov detectors, RICH1 and RICH2. The former is situated adjacent to the
VELO, the latter is between the tracking stations and calorimetry. Together they
cover the momentum range 2-100 GeV/ec.

RICHI1 is optimised for lower momenta particles and so covers the entire
LHCb acceptance. T'wo radiators are used in this detector. Gaseous C4F1g
provides pion-kaon separation down to about 9 GeV/c (the threshold momentum
for kaons to emit Cherenkov light). The momentum range below that is catered for
by an additional layer of silica aerogel.

The second detector uses CF, as the radiation medium. As high momentum

tracks tend to have smaller angles with respect to the beam pipe RICH2 covers a
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Figure 2.9: The PID performance for kaons (left) and protons (right) as a function of
momentum. Two different Alog £ conditions are shown along with the pion mis-ID
rates. Reproduced from [95].

smaller area than the total acceptance of the experiment (up to 120 mrad angle
compared to 300 mrad of LHCb acceptance).

In both instances the emitted Cherenkov light is focused onto sensing planes
of hybrid pixel detectors (HPD). These are situated outside the LHCb acceptance
in order to reduce the material budget.

The extraction of particle identification is done via a global likelihood
method [94]. For a single track the angle of the emitted Cherenkov light is
proportional the particle speed. Combining the speed with the measured
momentum leads to an estimate of the rest mass of the particle. For the large
multiplicity of tracks in a typical event a likelihood is constructed for the event
with HPD hits being associated with each track assuming all particles are pions.
This likelihood is then maximised by varying the particle identification hypothesis
(pion, kaon, proton, electron, muon) of each track in turn. The results is that for
each track one can calculate the relative change in the logarithm of the overall
event likelihood through changing the particle hypothesis from pion to some other
possibility, the Alog L.

The PID performance can be measured on single tracks where kinematic
constraints on particle combinations are sufficient for PID. Fig. shows the

measured kaon and proton PID performances as measured with data.

2.2.5 Calorimetry

The calorimetry is split into three parts, a pre-shower detector (SPD/PS),
electromagnetic (ECAL) and hadronic (HCAL) calorimeters. Together they allow
for energy estimates for use in the trigger, identification of electromagnetic and

neutral particles and some reconstruction capabilities for neutrals. This
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information is particularly used in the hardware trigger. All of these components
contain regions of differing granularities, the highest being close to the beam pipe,
reflecting the higher occupancy in those areas.

The first part is the SPD/PS, consisting of two layers of scintillating
detectors (the SPD and PS in order of increasing z) on either side of a lead plate
of 2.5 radiation lengths thickness. Scintillating light from each pad is collected and
transferred to a photo-multiplier tube that reads out the signal.

The ECAL is of a sampling type with alternating planes of 2mm thick lead
and 4 mm thick plastic scintillating tiles. Again the scintillated light is collected by
scintillating fibres and then read out at the back of the ECAL with photo tubes.
In total there are 66 layers of scintillator and lead giving a depth of 42 cm, or 25
radiation lengths. Such a thickness should mean that high energy photons are
completely contained within the ECAL, allowing for a good energy measurement,
a prerequisite for the reconstruction of a 7°. The mass resolution for neutral pions
has been measured to be ~ 30 MeV/c? at high momentum[93].

Finally the HCAL is another sampling device of alternating layers of steel
absorber and scintillator. In the direction of the beam the length of the layers are
one interaction length. In total the HCAL is 5.6 interaction lengths in thickness.
Hadronic showers do not need to be completely reconstructed and the information
gained is sufficient for the first level of the trigger to select high pt candidates.

Seeing where in the calorimeter the shower develops allows for particle
identification. Electrons and photons both shower in the lead between the SPD
and PS, the first detector allowing for charged particle discrimination. Hadrons
will only shower significantly in the HCAL. The PID performance using only the
calorimeter information is shown in Fig. The identification efficiency is
~ 92% with a mis-ID rate of ~ 4.5% for Alog LM° (e — h)>2; with additional
information from the RICH detectors these figures can be improved to 97% and

2% respectively [93].

2.2.6 Muon stations

At the back of the detector can be found the muon detectors which provide muon
identification for the trigger and offline analysis. The first station, M1, is situated
before the calorimeters with the remaining stations afterwards. M1 is used only in
the first level muon trigger where a fast estimate of pr is required. Tracks are
formed in M2-M5 and then matched to a hit in M1. The direction of the track
provides a fast estimate of the pr and the extra hit in M1 improves the resolution
over using just M2-M5 by ~ 25% [96]. In the high level trigger and offline a full

track reconstruction is performed whereby the muon tracks are matched to the rest

35



CHAPTER 2. LHC AND LHCB

105

E 14—
100f— | I F
> E_ —— ~ 12;
9 ® LHCb
e -
O 90 + ~ 1o Alog. ZCALO (¢ —h) > 0
o = —H— 3 r ——
% 535E as S e g
sof—4~ Alog ZCALO (e —h) > 0 F omee
= E H‘ © E Py Alog.ZCAO (e — ) > |
o 75E- ) N > —_—
= F Alog. ZCAO (e —h) > 1 é ) ——
8 7oi~_ CALO ) AT ——, Alog ZCAO (e —h) > 2
— | Alog. Z~* (e —h) >2 L et T
[8a) esF- LHCb 2,—"""“:..—‘—-”‘“—__" Alog A0 (e —h) >3
E Alog ZCALO (¢ —h) > 3 ot b
Gc'xlxlnlll“‘lnnnl11J|||l 1 0 | U IS S U S SNT S NSNS ST | P
20 40 60 80 100 120 140 20 40 60 80 100 120 140
momentum, GeV/c momentum, GeV/c

Figure 2.10: The PID efficiency (left) and mis-ID rate (right) of the calorimeters.
Different A log £ cuts using only the calorimeter information are shown. Reproduced
from [93].

of the tracking systems, so the hit in M1 is not utilised.

The detectors cover a total area of 435m 2 using multi wire proportional
chambers (MWPC) for the most part; the innermost region of M1 is instrumented
with gas electron multipliers (GEM). In between the stations M2 to M5 are 80 cm
thick steel absorbers such that a particle passing through the whole of the
calorimeter and muon systems would have traversed about 20 interaction lengths.

The first three stations (M1-M3) have high granularity and can contribute to
the tracking and momentum measurement of the muon candidate. All the muon
stations contribute to muon PID via a simple binary (‘IsMuon’) selection and a
likelihood estimate. The first accounts for how many stations a track traverses.
Those with momenta below 6 GeV/c only need to leave hits in M2 and M3 to be
considered a muon; higher momenta tracks need to be seen in M4 and M5.

A muon likelihood can then be assigned to a track depending on how well the
hits in the muon stations can be linearly extrapolated to the track in the forward
tracking. The closer they are to a linear track the higher the likelihood (see [97] for
details). Fig shows the efficacy of the muon identification using information
only from the muon systems. Combining these likelihoods with those from the two

RICH detectors and the calorimeters further improves performance.

2.2.7 Magnet

The LHCb magnet is a normal conducting dipole magnet of integrated field 4 Tm.
The field is orientated vertically so the bending plane is horizontal. The polarity
can be reversed, with the field direction up or down. The field map can be seen in
Fig. P.12

A normal conducting magnet benefits from reduced cost and increased safety
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Figure 2.11: The identification efficiency (left) and mis-ID rate (right) of muons
using the muon chambers. The black circles represent the binary selection, whilst the
two colours show the improvements achieved with the muon likelihoods. Reproduced

from [97].
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Figure 2.12: The measured field of the LHCb dipole magnet for the 2011 data taking
period. Shown is the strength of the field in the = (left) and y (right) directions,
both perpendicular to the beam pipe, as a function of the z position. The sign of
the magnet up polarity measurements have been inverted. The measurements are
made at fixed z and y, slightly offset from the beam axis. Reproduced from [98].
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compared to a superconducting apparatus. Additionally the magnetic field can be
ramped up and its polarity reversed quickly, which is an important feature. As
positive and negative particles are deflected in opposite directions any differences
in performance between the left and right sides of the detector could lead to extra
charge detection asymmetries. Performing analyses averaged over data taken with
both magnet polarities should cancel such effects.

A momentum resolution of %p ~ 0.5% is achievable for high momentum
tracks (100 GeV/c) [93]. It is expected that the effect of the particle scattering in
the detector material is the limiting factor in the resolution. Both the detector
material and the accuracy of the measured field map are included in the

reconstruction algorithms.

2.2.8 Trigger

The LHCb detector is read out at a rate of ~2-5kHz, a scaling of the bunch
crossing frequency (20 MHz for Run 1) of order 10™*. Such a reduction is achieved
by the LHCb trigger. It is worth noting that LHCb has a significantly greater
readout rate compared to the general purpose experiments (reading out at

~500 Hz) as befits their respective physics goals.

The trigger is arranged in three parts: L0, HLT1 and HLT2. The first is a
hardware trigger due to the strict limitations on the processing time available to it.
L0 reduces the rate to 1 MHz. The high level trigger (the collective term for HLT1
and HLT?2) is implemented in software and further reduces the output rate to
43 kHz and then successively to the 3kHz that gets read out and stored for further
offline analysis.

L0 seeks to make decisions based on information that is immediately
available and does so within 1 us. It looks for a hard scatter with high momentum
transfer by seeking electrons, hadrons or muons with large pr. These manifest
themselves as either large deposits in the calorimeter or hits on the muon
chambers. The calorimeter trigger fires on the single largest energy deposit, whilst
the muon trigger takes either a single high pr track or the sum of two above a
threshold. The reduced rate of 1 MHz allows the rest of the detector to be read
out; their rates being limited by their front end electronics.

Those events that fire the L0 trigger are passed onto the first software stage.
It is here that a fast pattern recognition is carried out and tracks are first formed
and fitted, to which selections may be applied. For the most part one seeks
long-lived particles whose decay products will have a large impact parameter (IP)
with respect to the collision point. Therefore in HLT1 tracks can be quickly

constructed and their IP cut on (in practice the x%p is used) to provide a fast

58



2.2. LHCB

method for preferentially selecting long-lived hadrons (e.g. B or D) without
having to reconstruct the particle in question and its decay vertex, a process that
takes a significant amount of time.

From HLT1 events pass to HLT2 which can perform a full reconstruction,
although information from the Cherenkov detectors is generally not used due to
time constraints. Using this full reconstruction decays of heavy particles can be
reconstructed from their decay products and more stringent selections applied, for
example on the invariant mass. As well as the exclusive triggers operating purely
on a cut based method, topological triggers accounting for missing transverse
momentum and multivariate selections may be utilised.

Each layer of the HLT contains several selection algorithms (lines) optimised
for the analysis for which they have been created. Together they form the trigger
configuration described by a Trigger Configuration Key (TCK). Being
implemented in software gives the HLT great flexibility and allows it to be
optimised throughout the data taking. It also allows for the trigger to be re-run
offline, either on data or simulation, in exactly the same configuration as for data
taking. This is important for assessing trigger efficiencies or potential biases due to
the trigger (as will be outlined in section .

The trigger decisions at each level are split into three groups depending upon
the desired signal candidate. If the signal candidate is what caused the event to
pass a particular trigger line it is referred to as TOS (triggered on signal) with
respect to that line. On the occasions that some part of the event other than the
signal candidate fired the trigger it is referred to as TIS (triggered independently
of the signal). If the trigger is fired by both the signal candidate and another part
of the event it is referred to as TISTOS. Knowing what caused an event to pass
the trigger is essential for understanding potential trigger induced biases or
asymmetries.

In 2012 the triggering capabilities of LHCb were further improved by the
introduction of a ‘deferred trigger’ [99]. From the L0 output 25% of events were
stored in a buffer. At the end of an LHC fill and before the start of the next the
buffered events were processed by the HLT at a time when the computing farm
would otherwise be idle. Thus the HLT could process a greater amount of

information with the same accuracy in the reconstruction.

2.2.9 Offline selection and analysis

The data that passes the trigger is stored and then reconstructed offline. To the
resulting candidates further selection can be applied after the trigger for each

analysis. More stringent PID information becomes available offline as well as a
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slightly improved reconstruction due to the greater time available.

Each analysis can select decays using the standard LHCb software framework
which defines all the detector objects, the decay products and reconstructed
combined particles in a standard set of objects. Each analysis creates their
selections which are combined and then the raw data from the detector is processed
in one go with the results being written out to separate streams and made
available to the analysts. This is performed centrally for greater efficiency and to
negate the need for individuals to deal with enormous data sets. This processing is
periodically repeated with updated reconstruction and selection algorithms.

Subsequently individuals can apply further selections for their particular needs.

2.3 Charm at LHCb

The LHCb experiment has proved a fruitful environment for charm physics
analyses. Those qualities of the detector that were optimised for b physics serve
the charm sector just as well. In particular the high resolution of the VELO is
important for charm due to the relatively short flight distances of charmed mesons;
of the order of mm, instead of cm for B particles. The excellent impact parameter
resolution allows for efficient triggering on these comparatively short lived particles
whilst the proper time resolution of 50 fs [77], of the order of a tenth that of the D°
mean lifetime, facilitates precise time dependent measurements (a prerequisite for
the analyses presented in this thesis).

As well as the qualities of the detector, LHCb benefits from great statistical
power. The charm production cross section in the region of the LHCb acceptance
is roughly 20 times that for b particles [100} T0T],

Op.ace(TTeV) = (75.3 £ 14.1) ub
Ocoaee(TTEV) = (1419 £ 134) b,

providing LHCb with a very large sample of charm decays for analysis.
Additionally charm originating from B decays (usually via a semi-leptonic decay
with a muon, the lepton providing a flavour tag) provides a completely
independent sample with which to perform analyses. Such measurements have less
statistical power but provide cleaner data samples which are easier to trigger on.
In turn the trigger has a high output rate of ~2kHz for charm.

Many of the LHCDb achievements with regards charm flavour physics have
been highlighted already in chapter [I} In addition to these LHCb data is making
new contributions to charmed hadron spectroscopy [37, [36] and setting stringent

limits for searches of very rare decays[102, 103].
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VELO cluster resolution

The VErtex LOcator (VELO), situated at the interaction point, is an
exceptionally precise detector, capable of accurate measurements of production
and decay vertices and track impact parameters [77]. That excellent performance
is due in part to the ability to find and fit tracks accurately. For the purposes of
track fitting the uncertainty on the measurement of the position of each hit in the
detector needs to be known. If the relative uncertainty on the hit position is
incorrect then the optimum tracking performance will not be obtained. If the
absolute error is false then the total y? of the fit, along with the x? of associated
quantities, will also be incorrect. The error is ascertained by means of a
parametrisation that reflects the resolution of the detector. The estimation used
throughout Run 1 was based on simulation studies where the resolution was tuned
to test-beam data. The aim of the work presented here is to measure the hit
resolution of the VELO using collision data and update that parametrisation.

In this chapter the track fitting strategy of the LHCb VELO will be
described, highlighting the importance of knowing the true error of the hit
measurements and how to extract the unbiased residuals from the track fit. The
VELO sensors will be described in some detail with the physical parameters
pertinent to the resolution introduced. A method to measure the resolution will
then be outlined followed by a check with simulated data. The resolution for a
selection of short data-taking periods throughout Run 1 have been measured, with
unexpected results. They will be presented with some investigation as to the
possible causes of the trends seen. Finally the effect on the track fit and the

implications for physics analyses will be commented on.

3.1 Track fitting

One can never know precisely the true hit positions in the sensors from a particle

track; the individual measurements have an inherent uncertainty. Instead one can
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estimate the true particle path using the measurements from all the sensors. The
Kalman filter [104][105] seeks to do so via a recursive method where successive hits
are taken into account. This strategy is an alternative to a global track fitting
method (for example a global minimum y? fit). Such an approach has the
advantage of being comparatively quick and computationally straightforward to
carry out; there are no large global covariance matrices to calculate. It is also
excellent for dealing with ‘noisy’ data as one finds with the hit measurements in a
track fit. Assuming the uncertainties on the hit positions follow a normal
distribution then the Kalman filter is well-suited to extracting the true hit

positions from the noise of the hit uncertainties.

3.1.1 Kalman filters

The Kalman filter formalism is rather standard fare and can be found in most
textbooks on signal processing, an application for which it was initially developed.
Indeed the method can be applied to any processes that can be modelled in an
iterative manner. Here the most pertinent expressions are outlined in the language
of a track fitting algorithm. The process is carried out in three steps: prediction,
filtering and smoothing.

The true description of the track at the sensor labelled z is given by the state
vector x,. The state vector contains all the relevant information about the track;
its hit coordinates, slope and momentum. The estimate of the state vector that is
obtained by the Kalman filter is denoted x., with a covariance matrix describing
the uncertainties, P..

The first step, prediction, extrapolates the estimated measurement at the
sensor at z — 1 to the sensor at z via the transport matrix F, (there should be
nothing affecting the particle path between the sensors, such as residual magnetic

field), producing the estimate at z given the estimate at the previous station
Xoom1 = FoX. 1. (3.1)
The covariance matrix, is likewise transported in the prediction
P =F.P.F +Q., (3.2)

where Q. is the covariance of the noise associated with the transport. This noise is
caused by scattering in the detector material (the success of the fit also relies on
accurate descriptions of the detector material); it has a mean of 0. Having made
the prediction the estimate is updated with the measurement at z, denoted m,. It

is assumed that the uncertainties on both the prediction and the measurement are
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Gaussian in nature, such that the resulting error is also a Gaussian. The mapping

of the true state to the measurement is achieved via
m, = H.x, +v,, (3.3)

with v, representing the error on the measurement, again with mean 0 and
covariance V. The update of the prediction with the measurement at z to give
the filtered estimate is described by

)A(z|z = )A(z\zfl + Kz(mz - Hzf(z\zfl)a (34)
with the updated covariance matrix
Pz|z = Pz|z71 - KszPz\zfl- (35)

The Kalman gain matrix K, gives a relative weighting to the prediction and

measurement
K.=P,,. H (H.P,..H +V,)™". (3.6)

The filtered estimate contains information from all measurements prior to that z
station. The filtering stage is shown in Fig. [3.1]

The smoothing stage includes all measurements in the track, from z =1 to
z = N, where N is the total number of hits on the track. In essence this is
achieved by running the filter in reverse (extrapolating from z + 1 back to z) with
the filtered estimate used instead of the measurement and taking something akin

to the average of the two results
XN = KXo + AL (X1 — Xoya)2)- (3.7)
The matrix A, is the smoother gain matrix
A, =P.F;(P.yy.) 7, (3.8)
and the subsequent smoothed covariance matrix is
P.xn=P.+ A (P~ —P..)AL (3.9)
The residual of the estimate before filtering is
r. =m, — Hox; o, (3.10)
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/N
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z-1 z z+1

Figure 3.1: The Kalman filter. The true hit positions are denoted by the stars, with
the measurements m, and their associated uncertainties in red. The green curve
at z — 1 represents the filtered estimate X,_;;—;. The extrapolation of the hit and
its covariance is shown up to the sensor at z, with the subsequent filtered result
indicated by the blue curve, which will then be transported up to the z + 1 station
for the next stage of the recursive process.

with covariance
R...1=V.+HDP, H. (3.11)
After filtering, the residuals and their covariances are
rp. = (I— KK )r. (Ro. = (- HUK)V.. (3.12)

Hence the inputs required in the procedure are a description of the detector
material, the measured hit positions and the estimate of the hit errors. For
measuring the hit measurement errors the distribution of the residuals is

considered.

3.2 VELO clusters

The measurements of particle hits in the VELO sensors is displayed in Fig. |3.2
The particle path indicated by the line has released free charge carriers in the
sensor bulk that are collected by the strips on the surface. The charge detected at
each strip is indicated by the green bars. Clusters are initialised by strips that
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Figure 3.2: The construction of clusters in the VELO sensors. The charge collected
on each sensing strip is indicated by the green bars. The resulting measured and
true positions are indicated.

have charge greater than the seeding cut [77]. Having seeded the cluster the
adjacent strips are examined and if their collected charge is greater than the
inclusion cut they are added to the cluster. The resulting measured hit position is
simply the mean of the strip positions x;, weighted by their collected charge w;
strips
(T

_ 2w (3.13)

strips

> w

As a consequence the resolution of clusters with two-strips is somewhat better

xmeas

than that for single-strip clusters due to the extra information about the hit
position. A more complex treatment to calculate the measured hit position could
be used, such as the n function described in [106]. This more accurately models
the charge sharing between the strips. Such a function is not currently used in the
reconstruction although it is under investigation. Preliminary results suggest that

it is not expected to yield large improvements to the resolution.

3.2.1 Error parametrisation

To each measurement must be assigned an uncertainty for use in the Kalman filter.
This depends on the pitch of the strips as the greater the distance between them,
the larger the error. It also depends on the component of the track passing
through the sensor that is perpendicular to the strips, described by the projected
angle, ay,. This quantity is defined as the angle between the component of the
track perpendicular to the strip direction in the plane of the sensor and the plane
of the sensor as shown in Fig. |3.3]

For the sensor thickness d and distance travelled through the sensor
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Figure 3.3: The projected angle cy,. d is the thickness of the sensor, [, is the distance
the particle travels through the sensor in the direction perpendicular to the strip
orientation.

perpendicular to the strip orientation [, the projected angle can be calculated as
Iy
tan o, = R (3.14)

As strips on the ¢ sensors have a pseudo-radial geometry their clusters
mostly have very small projected angles unless the track has originated far from
the beam axis. The r clusters on the other hand have few hits at low or very large
angles, instead covering a range that mostly covers the detector geometry for long
tracks that traverse the tracking downstream of the magnet (they lie in the
nominal acceptance 2 < n < 5).

The dependence of the resolution on the projected angle is due to the charge
sharing between the sensing strips. For small angles (more perpendicular to the
sensor face) the charge is likely to be collected by a single strip giving a fairly poor
resolution. Multi-strip clusters can be formed at small angles but they are mostly
for hits equidistant from two strips. At larger angles there is a larger probability of
forming multi-strip clusters so the resolution is improved. Single-strip clusters
must be hits from much closer to a strip to prevent the charge sharing creating
sufficient charge for a second strip to be included in the cluster. The resolution
therefore improves with projected angle up to a minimum. At large angles the
resolution worsens again as the charge deposited by the track is spread out over a
large distance. The pitch and projected angle dependences of the resolution of the
VELO clusters is shown in Fig. [3.4] where they have been studied with simulated
data.

To facilitate the assigning of a measurement uncertainty to the hit the

resolution is parametrised as a function of pitch and «,,. Therefore when the track
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Figure 3.4: The dependence of the cluster resolution on pitch (left) and projected
angle (right). The red line in the left plot indicates the binary resolution. These
measurements were made on simulated data before the start of LHC Run 1. From
[107].

is constructed an estimate of a, and pitch is used to calculate the measurement
error which is used in the track fit. The track may subsequently be re-fitted with a

better estimate of the requisite parameters.

The parametrisation forms a two dimensional surface as a function of pitch
and «,. This is achieved by measuring the resolution in one degree bins of «,, as a
function of the pitch. As shown in the left plot of Fig. the resolution follows a
linear dependence with pitch so for each a,, bin the resolution at the centre is

parametrised by a first order polynomial
error(ay, pitch) = po(ay) + p1(a,) X pitch (3.15)

The resolution between the bin centres is then interpolated by implementing a
spline between the values of py and p;. Thus for a cluster of given pitch and o, po

and p; are determined and the resolution returned for the track fit.

The error parametrisation used thus far is taken from studies on simulated
data performed before the start of data taking in 2010. As stated previously the
aim of this work is to update that parametrisation with resolution measurements
made using real collision data as well as to investigate how the resolution changed

during Run 1.
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3.3 Measuring the cluster resolution

3.3.1 Method

The resolution of the detector can be ascertained by considering the distribution of
the residuals. For data the residual is the distance between the fitted track
position at the sensor in question and the measured track hit. The inclusion of the
sensor under consideration in the track fit biases this residual, so it is corrected by
a factor \/% [108, 106], where V' and R are the variance of the measurement and
residual respectively. An example of such a distribution is shown on the left of Fig.
B.5] Fitting it with a single Gaussian function and extracting its width indicates
the average error of the measurements.

These errors are measured in bins of «, which is further binned by pitch.
The resolution as a function of pitch is then plotted for each bin of a,, and fitted to
extract the parameters py and p;. Thus a new error parametrisation has been
found which can then be inserted back into the track reconstruction. As the error
parametrisation affects both the track fit and the un-biasing of the residuals the
process is repeated until successive iterations return the same measured residual
distributions. The veracity of the resulting parametrisation can be checked by

considering the pull distributions. The pull is defined as

biased residual

ull = .
p residual error

If the errors are properly estimated the distribution of the pulls should be
Gaussian in shape with width one. When measuring the pull distribution width
the standard deviation is used such that any biases, which would most likely be
indicative of misalignment and not of immediate interest for this study, do not
affect the result. A Gaussian fit to the distribution should give an identical result,
although it would not deal well with a shape that is not entirely as expected.

The reconstruction that was used for the study was exactly the same as that
used for analyses, with the exception of the modified error parametrisation.
Certain selections were made on the tracks to ensure that they were good quality.
They were required to have at least 10 hits in the VELO, a momentum of more
than 5GeV and x? of between 0.1 and 5. Only tracks that had traversed the
VELO and tracking systems and left energy in the calorimeters were selected
(called long tracks). These tracks have momentum measurements so the
uncertainty from multiple scattering can be accounted for, although the cut on
momentum excludes those tracks that suffer most from multiple scattering. Finally
the first and last VELO hits for each track were not included in the measurements;

these are extrapolated only from one side so the resolution returned by the track
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Figure 3.5: Example residual distributions for collision data (left) and simulation
(right). The green curve on the left plot represents a Gaussian fit. The plots show
different bins of pitch and projected angle and should not be compared.

fit may be worse than the true hit resolution. The r and ¢ clusters were considered
separately, with 7 being the subject of the simulation tests. They cover different
regions of «,, due to the strip geometry, ¢ having mostly very small «,, and r
slightly larger but should have the same resolution. Nevertheless they could be

affected differently by any misalignments in the detector.

3.3.2 Validation of the method

To test whether the proposed method reproduces the resolution of the detector a
study was carried out using simulated data. The true resolution of the simulated
detector can be ascertained as the exact paths of the particles are known. To do so
the distribution of the difference between the true hit (using the simulation
generator information) position and that of the measurement is considered,
henceforth referred to as the true residual distribution. This is entirely
independent of any information of the Kalman filter such as the description of
multiple scattering or the error parametrisation.

Initially the true resolution was measured using the simulation information.
An example of the residual distributions of the true residuals is shown on the right
of Fig. [3.5} as this is not close to a Gaussian shape the RMS was taken for the
width.

Using these widths the true resolution of the simulated detector was
measured and parametrised. It was noted that the resolution of one-strip and

two-strip clusters is rather different, a result that is to be expected; henceforth
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they were considered separately. Three-strip clusters were not accounted for in
either the study with simulated data, or that on collision data. They make up a
small fraction of clusters (see Fig. , the simulated data sample size was rather
limited so a large number of three-strip clusters was not present) and have a poor
resolution.

The parametrisation of the true resolution was put into the reconstruction
which was then run again on the same data. The residuals of the track fit were
then compared to the true residuals to check that the correct errors were being
returned. The results are shown in Fig. [3.6] For the two-strip r clusters the
resolution measured using the track residuals is the same as that determined using
the truth information. For 1-strip clusters the track errors are slightly larger. This
is due to the distributions of the truth residuals being rather square for 1-strip
clusters, whereas the track fit produces a more Gaussian like distribution; the
truth measurement has probably underestimated the true resolution. Taking the
resulting measurement and iterating once more returns the same resolution.

The hypothesis is born out by the plots in Fig. [3.7 comparing the pulls of the
reconstruction using the error parametrisation gleaned from the truth information
(left) and the subsequent iteration (right). For both the width of the pulls for the
two-strip clusters are close to one. For one-strip clusters the truth parametrisation
has produced pulls a little larger than one, implying that the error has been
underestimated. The subsequent iteration brings them closer to one. Henceforth
this measured resolution (the pink line in Fig. |3.6|) is considered as the true
resolution of the simulated sample.

Next the method for updating the parametrisation was trialled. Starting
from the default error parametrisation the reconstruction was run and the
resolution measured from the track fit results, parametrised and put back into the
reconstruction which was run again. The resolution using this parametrisation was
measured and compared to that used to produce the parametrisation; the two were
found to be identical suggesting that the method had converged quickly. As the
true resolution and the default parametrisation are not too dissimilar such a quick
convergence may be expected.

Thus the study with simulated data has shown that by measuring the cluster
resolution and iterating the parametrisation of the hit error a measurement of the
true resolution can be obtained. The resolution as a function of projected angle of
the simulated data sample is shown in Fig. [3.8] The best resolution is about 2 ym
for two strip clusters with projected angle of about 8° in simulation.

As previously stated, the residual distributions are not entirely Gaussian like
in their shape. Three strategies were used to evaluate the spread of the

distribution to extract a resolution measurement: the standard deviation, a fit of a
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Figure 3.6: Comparison of the true resolution with that measured by the track fit
for one-strip (a) and two-strip (b) r clusters for two angle bins. The MC truth
measurement is shown in blue, and the resulting resolution measured from the track
fit is in pink. The dashed red line shows the default error parametrisation used in

the reconstruction.
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Figure 3.7: Examples of the RMS of the pull distributions for the simulated data.
The reconstruction using the error parametrisation of the MC truth is on the left,
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projected angles between six and seven degrees. The lower are two-strip clusters
with angles between three and four degrees.
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Figure 3.8: The measured resolution divided by pitch for the simulated data sample
as a function of the projected angle. A range of pitch bins are plotted for one (left)
and two (right) strip clusters on 7 type sensors with the resolution evaluated using
the truth information.

72



3.3. MEASURING THE CLUSTER RESOLUTION

E O e TTTTTTTTTTTE T e ' ' ]
'E' [ o ceneratised nomai + :?: ] 'E' ®  Generalised normal i
-% 1 5;. Standard deviation ;?: ] % 15 @  Standard deviation ]
3 [ + 1% [ ]
2 L :g: & 18 L i
c & 4 et 9 + ]
10— ry — 10— . ¢ —
L 1 i . 1
i ] i 4 ¥ 1
JES + _ 5 L o |
L ] [ o™ ]
|- - _»é* -
P N R B R B I T S N B B

%0 50 60 70 80 90 100 9‘0 50 60 70 80 90 100
Strip Pitch [um] Strip Pitch [um]
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extract their widths. Shown are the standard deviations of Gaussian (green) and
generalised normal distributions (blue) fitted to the distributions as well as the
calculated standard deviation (pink). The three methods are shown to be in good
agreement.

Gaussian function and a fit of a generalised normal function. The standard
deviation has the benefit over the RMS that it is not be affected by a bias (neither
is the width of a fitted function). Fitting a function to the distributions should
negate the effects of outliers. Fig. shows the measured residuals for two angle
bins of the simulated data. As can be seen the three methods yield essentially

identical results if the bins contain a large number of entries.

3.3.3 2010 parametrisation

The hit resolution has been established using a sample of data recorded in 2010,
early in the Run 1 data taking period, using the method described above. A
selection of the results is shown in Figs. and [3.11] The measured resolution
broadly follows expectations. In particular as a function of projected angle it is
shown to reach a minimum at around eight degrees. The best resolution is
measured to be ~ 4 um (10 % of the pitch), slightly worse than that of the

simulated data.

A selection of the pulls for the reconstruction run using the error
parametrisation shown in Fig. [3.10]is shown in Fig. [3.12] Generally the RMS of
the pull distributions are around one; there is some deviation at the lowest and
largest pitches suggesting that the linear parametrisation of resolution with strip

pitch, although a good approximation, is not exact.
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Figure 3.10: The measured resolution for the 2010 data sample as a function of the
strip pitch. A range of projected angle bins are plotted for one (left) and two (right)
strip clusters on r type sensors.
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Figure 3.12: The RMS of the pull distributions for clusters reconstructed using the
new error parametrisation in Fig. [3.10, Shown are one (left) and two (right) strip
clusters for the angle bins 3-4 (a), 6-7 (b) and 9-10 (c) degrees.

3.4 Resolution throughout Run 1

The measurement of the resolution of both simulated data and the sample from

the start of Run 1 confirmed that the proposed method of updating the error

parametrisation would lead to correct results. Subsequently the evolution of the
VELO resolution over the data taking period from 2010 to 2012 was examined. It

was expected that the resolution would not change to a large degree. However

initial investigation suggested otherwise so the resolution was measured with data
taken at four different periods of Run 1: 2010, April 2011, March 2012 and
November 2012. All data was collected with an applied bias voltage of 150 V.

3.4.1 Effects of radiation damage

Radiation damage is known to have caused some significant changes in the sensors
[77,02]. For example consider Fig. showing the effective depletion voltage
(EDV) with fluence. Initially the EDV decreases with radiation, until the n bulk

undergoes type-inversion and the effective depletion voltage rises. Furthermore

charge loss to the readout metal layer has been observed (the lines reading out the

signals from the strips), leading to a reduced signal charge being collected by the

strips.
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Figure 3.13: The change in the effective depletion voltage of the VELO sensors with
fluence. From [77].

The effect of radiation damage on the charge collected per strip over Run 1
can be seen in Fig. which shows the variation of the charge collected per strip
from the start to end of the data taking period. By November 2012 less charge is
collected.

Additionally one can examine the fraction of VELO hits that are one, two
and three strip clusters, presented in Fig. |3.15] By the end of 2012 the fraction of
one strip clusters has considerably decreased at small projected angles.
Correspondingly the percentage of two and three strip clusters has increased,
strikingly for three strip clusters. This is initially surprising because for small
projected angles the tracks are almost perpendicular to the face of the sensor so
one would expect that charge sharing between strips would be minimal. The
evolution of the percentage of one two and three strip clusters with projected angle
is also much reduced in the 2012 sample; the distributions are much flatter. Whilst
a change in these distributions may not necessarily indicate that the hit resolutions
for the individual cluster types (one, two or three strips) have changed they do
suggest that the average hit resolution has. From the previous section it was seen
that one and three strip clusters have poorer resolution than two strip clusters.

Two physical processes were mooted to be behind the changes. The first
would be that the electric field inside the detector bulk has changed due to
radiation damage. The EDV first decreases with fluence before type inversion
occurs followed by increasing EDV (see Fig. [3.13)). Because of this the charge
deposited by a particle track spreads out further before reaching the strips,
increasing the likelihood of creating multi-strip clusters.

Alternatively the capacitive coupling between adjacent strips may have
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Figure 3.14: The average charge collected per strip (ADC counts) for all clusters on
r sensors for the 2010 (left) and November 2012 (right) samples. The results are
plotted against projected angle in bins of pitch.

changed. An increase in coupling again suggests larger clusters as it is more likely
that strips adjacent to a seed will have collected enough charge to be above the
inclusion threshold. Both effects have been crudely investigated using simulated
data.

The simulated data is the same as that used in section [3.3.2} simulated
beam-gas collisions with a minimum bias trigger. As the simulation files have been
retained the subsequent detector simulation can be re-run with different
configurations. The detector digitisation software gives a rather simplified

description of LHCb and the results must be interpreted with that in mind.

3.4.2 Bias voltage

The bias voltage in the simulation is more a description of how the electric field in
the sensor affects the distribution of charge rather than a physical voltage between
the sensor strips and the back plane. For a given hit position the subsequent
charge distribution is modelled by a normal distribution, the width of which is
inversely proportional to the bias voltage parameter as indicated in Fig. [3.16]

The standard simulation has the bias voltage at 150 V. The effect of halving
it is shown in Fig. 3.17 As expected the fraction of multi-strip clusters increases
for the lower bias voltage for the smallest pitch bin at low projected angles. For
larger pitches at lower angles there seems to be little difference indicating that the
now wider charge distribution is not large enough to cover multiple strips with
greater separations. The evolution of the distributions with projected angle is

rather flatter for the lower bias voltage suggesting that the width of the Gaussian
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Figure 3.15: The percentage of the data that is comprised of one (top), two (middle)
and three (bottom) strip clusters on r sensors for the 2010 (left) and November 2012
(right) samples.
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Figure 3.16: The simulation of the VELO with low (left) and high (right) bias
voltages. The electric field is indicated in blue and the green Gaussian shapes
represent the simulated distribution of the the charge from a particle hit.

function that describes the simulated field and subsequent spreading out of the

charge is having an effect of similar magnitude to the distribution of the charge

due to the angle of the particle path through the detector.

3.4.3 Capacitive coupling

The capacitive coupling between the strips is simply modelled in the simulation.
In the default configuration a coupling of 1% is simulated; 2% of that strip’s
charge is taken off and evenly distributed to the two adjacent strips. Radiation
damage my cause the surface properties of the strips to change, affecting the

capacitance between adjacent strips. Fig. [3.18 shows the simulation reconstructed

with 15% coupling between adjacent strips applied.

As for the change in bias voltage, the capacitive coupling qualitatively
reproduces some of the changes seen in the data between 2010 and 2012. At low
angles and small pitches there is an increase in the percentage of multi-strip
clusters. Again the distributions as a function of projected angle are flatter with
the increase in capacitive coupling with the change being most noticeable for the

smallest pitch bin.

As mentioned previously the detector simulation is somewhat simplified, in
particular with regards the bias voltage and how charge moves through the
detector bulk. Additionally the changes are applied to all sensors evenly whereas

in the real VELO the radiation has a radial dependence and the damage would not

be evenly distributed.
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Figure 3.17: The effect of the bias in the VELO simulation. On the left is shown
the standard 150V bias, 75V on the right for one (top), two (middle) and three
(bottom) strip clusters.

80



3.4. RESOLUTION THROUGHOUT RUN 1

<100 = pitch bin (40-45) pm = 100¢ = pitch bin (40-45) um
E = v p!tch bin (55-60) um E 90F- v pitch bin (55-60) um
© - s pitch bin (70-75) um © F 4 pitch bin (70-75) um
O 8oL pitch bin (95-100) um 2 gob pitch bin (95-100) um
o . o F —a
S 70 . S 70k e
S F — S F I
© E —v— © E. ra = e
e 60_— —— e fire 60?_‘ —— —— -
50— -— 50F- - a
E A E —.— .
40F- - 40F- -
E - v E —.—
30 a 30
. - -
20 - 20 .
E .- E
10— 10—
) S P A PRI RN IR R B o) SR R AU IR IR ERRN R B
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Projected Angle (degree) Projected Angle (degree)
1902 pitch bin (40-45) um 100 = pitch bin (40-45) pm
o 902_ v pitch bin (55-60) um S 90:_ pitch bin (55-60) pm
© F 4 pitch bin (70-75) um © F 4 pitch bin (70-75) um
g 80F- pitch bin (95-100) um ~ ~=- g 80 pitch bin (95-100) um
c r —-— gl < r
S 70F S 70F -
8 - 8 _F -
= 60 = 60 -
E —— —— E
50— —— . 50 - ——
E ”'“___ —— = ——
40F . —— 40F . -
: s EoL R
30 i 30 ™ e o
E o E s
20F e 20F T
: [ : - —h—
10 10
) S A A SR U IR RPN B o) SIS A EEPURTIN VIR ISR IR R B
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Projected Angle (degree) Projected Angle (degree)
< 100F = pitch bin (40-45) um 100 = pitch bin (40-45) um
o 903_ v pitch bin (55-60) um o 903_ v pitch bin (55-60) um
© o s pitch bin (70-75) um © F 4+ pitch bin (70-75) pm
< 8o pitch bin (95-100) um 2 8o pitch bin (95-100) um
o E o E
c C c -
2 70 2 70
[} C %) C
O oF © o
@ 60F @ 60F
505— 505—
401~ 40
300 300
20 20
10F 10F
C S A= =j= == =j= ap= =]
L NS SIS S RN B R B o ST U R BRI RPN B B
0 4 6 8 10 12 14 0 2 4 6 8 10 12

Projected Angle (degree)

14
Projected Angle (degree)

Figure 3.18: The effect of the coupling between adjacent sensor strips in the VELO
simulation. On the left is shown the standard 1% coupling, 15% on the right for one
(top), two (middle) and three (bottom) strip clusters.
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Figure 3.19: An example of the linear parametrisation of the resolution with strip
pitch for the November 2012 data sample. Shown is the resolution of 1-strip r clusters
for tracks with projected angles in the range 8-9deg. A linear fit is overlaid, where
only points in the range 40-80 um were considered in the fit. The deviation from
the linear parametrisation at large strip pitches can be clearly seen.

3.4.4 Resolution

The resolution of the VELO was measured for the four samples of data from Run 1
(2010, April 2011, March 2012 and November 2012) using the iterative method
outlined earlier. From the April 2011 sample onwards it was noticed that the
parametrisation of resolution with pitch was deviating from a linear description for
larger pitches in some projected angle bins (for example see Fig. , probably
due to the large variation in damage with radius from the beam. To avoid these
larger pitches altering the results the parametrisation was fitted only between 40
and 80 um, the larger pitches being ignored for the purposes of this study. As
before the r and ¢ sensors were considered simultaneously though for brevity only
the r cluster results are presented here. The results plotted against projected angle
are shown in Fig. the changing resolution with time is apparent.
Confirmation of the November 2012 measurement can be seen in the example pull
widths in Fig. [3.21] produced using the reconstruction with the error
parametrisation taken from the results shown in Fig. |3.20] The deviation from a
linear parametrisation is apparent at the lowest and largest pitches where the
under-estimation of the true error leads to widths greater than one.

There appear to be two changes occurring. At the smaller angles the
resolution appears to improve between 2010 and April 2011. Subsequently in the
lower pitch bin the resolution degrades again towards the end of the data taking
period. In the larger bin the resolution progressively degrades throughout Run 1.
At larger angles the best resolution worsens over time, in particular during 2012
for the smaller pitch bin. This suggests that initially the increased charge sharing

in the bulk that one expects due to the radiation damage is leading to an increase
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Figure 3.20: The resolution divided by pitch plotted against projected angle for the
four data samples for the r sensors. Shown are all clusters sizes (a), one (b) and
two-strip (c) clusters in two bins of pitch8:340745 pum (left) and 70-75 pm (right).
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Figure 3.21: Examples of the widths of the pull distributions for the error parametri-
sation that was arrived at for the November 2012 data sample. Shown are the pro-
jected angle 3-4 (left) and 8-9 (right) degrees for one (top) and two (bottom) strip
r clusters. The deviation of the true error from the linear parametrisation can be
seen in the lowest and highest pitch bins where the error has been underestimated.

of the worst resolutions. On the other some other effect, potentially an increase in
the coupling between the strips, is decreasing the resolution. Eventually after
enough fluence the damage causing this degradation of the resolution dominates
leading to the trends seen.

The radiation damage is not uniform over the whole of the VELO; the
sensors closest to the interaction point receive the highest doses and the fluence
falls off roughly as inverse square law with radius [77] as shown in Fig. [3.22| The
results shown in Fig. [3.20| are integrated over all sensors so the variation in
damage with pitch and projected angle is causing the resolution plotted against

pitch to move away from being linear.

3.5 Effect on the reconstruction

As noted in section the aim of this study was to update the error
parametrisation used in the Kalman filter to reflect the true resolution of the
VELO. To that end the resolution measured at the end of 2012, as described in the
previous section, has been parametrised. The effect of updating the
parametrisation on the physics performance has been assessed with data taken in
November 2012. The reconstruction was run with the standard parametrisation
and the new one and the results compared. Additionally a comparison has been
made between the data taken in 2010 and in November 2012, both reconstructed
with updated error parametrisations.

One would expect that the effects of the error parametrisation would be most
apparent in the y? quantities, in particular the track x? and the impact parameter

x? as they both directly depend on the estimated errors of the track fit. Many
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Figure 3.22: The estimated received fluence against radial distance from the beam
axis after 1fb~! of integrated luminosity for collisions with 7TeV centre of mass
energy. Two sensors are shown, one close to the interaction region and one down-
stream. The plotted curves are from a simulation prediction. From [92].

analyses cut directly on the track y? to ensure good quality tracks as well as the
track impact parameter y? to look for a significantly displaced vertex.
Furthermore the track fit employs an outlier rejection, based on the distance
between a measurement and the track projection. The cut is imposed on the
number of standard deviations between these quantities. Therefore one may expect
that the number of outliers included or rejected would change with the updated
parametrisation.

As the errors used in the track fit are essentially only a weighting between
the predictions and measurements they should have minimal impact on the
absolute measured quantities (those that are not x?) if all the errors scale by the
same amount. The effects of the error parametrisation would be most readily
observed for high momentum tracks as the uncertainty on those with low

momentum will be dominated by the scattering effect of the detector material.

3.5.1 Tracks

For each track the hit efficiency can be estimated by the ratio of the number of
hits included in the track and the expected number of hits that the track should
have from the number of sensors traversed. A comparison of the efficiency is shown

in Fig. There is no significant change in the performance of attaching hits to
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Figure 3.23: The pseudo-hit efficiency of the VELO. On the left is a comparison be-
tween the new error parametrisation (red) and the standard parametrisation (black)
for the data taken in November 2012. On the right is a comparison between data
taken in 2010 (blue) and November 2012 (red), both reconstructed with their re-
spective updated error parametrisations. This efficiency compares the number of
VELO hits in the track with the expected number of hits for the particle path.

tracks when using different error parametrisations. However between the start and
end of Run 1 the efficiency has decreased, implying that hits are being missed.
This decrease is expected; the cluster finding efficiency has been found to decrease

with delivered luminosity to the detector [77].

The distribution of the x? probability of the VELO segment of tracks is
shown in Fig. [3.24] Ideally the distribution should be flat, resulting in a mean
probability of 0.5. The difference between the two parametrisations for the
November 2012 data sample can be seen in the left plot, particularly at higher
probabilities, with the new parametrisation producing a significantly improved,
flatter distribution. There is also a clear change between 2010 and November 2012
(the right plot) as a sign of the changing resolution, although using the updated
error parametrisation has lessened the change compared to persisting with the

standard parametrisation.

The change in the total track x?, which includes contributions from the other
tracking detectors (TT and the three downstream tracking stations), is shown in
Fig. [3.26] As can be seen the difference between the two parametrisations and the
difference between the start and end of Run 1 is much reduced when considering
the full tracks compared to just the VELO segments as expected. The implication
is that the total errors for long tracks are dominated by other sources, most likely

the resolutions of the other detectors.

From 2015 the primary vertex fit will be performed with just the VELO
segment of tracks. Therefore to investigate the primary vertex and impact

parameter quantities the VELO parts of fitted long tracks have been taken,
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Figure 3.24: The y? probability distribution of the VELO segment of tracks. On
the left is a comparison between data taken in November 2012 reconstructed with
the standard (black) and updated (red) error parametrisations. On the right is
the comparison between data taken in 2010 (blue) and November 2012 (red), both
reconstructed with their respective updated error parametrisations.
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Figure 3.25: The y? probability distribution of long tracks. On the left is the
November 2012 data sample reconstructed with the standard (black) and updated
(red) error parametrisations and on the right is a comparison between the 2010
data (blue) and the November 2012 sample (red). These distributions included
contributions from all tracking stations.
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Figure 3.26: The impact parameter y? distributions of tracks. On the left is the
November 2012 data sample reconstructed with the standard (black) and updated
(red) error parametrisations and on the right is a comparison between the 2010 data
(blue) and the November 2012 sample (red).

— std 0.045
— new

0.04

0.045] — 2010
— 2012

0.0

=

0.035] 0.035

0.0:

@

T[T T [ TTT T [TT T T[T

0.03
0.025] 0.025

0.0:

)

0.02
0.015 0.015

0.0

0.0

- TTwTTH‘THT“TTwTTH“HWHH“TH“HW

0.005

L L I L Lo
0.6 0.7 ?) 0.2 . . . 0.6 0.7
PV x2/NDOF PV x?/NDOF

0.005

L
L

Figure 3.27: The primary vertex x? per degree of freedom.On the left is the Novem-
ber 2012 data sample reconstructed with the standard (black) and updated (red)
error parametrisations and on the right is a comparison between the 2010 data (blue)
and the November 2012 sample (red).

refitted with just the VELO hits but using the full momentum information and
then primary vertex fitted with these VELO tracks. When calculating the impact
parameter quantities the primary vertex has been re-fitted with the track under
consideration excluded from the fit.

The change in the impact parameter x? distributions between reconstructions
with the standard and updated parametrisations and between the start and end of
Run 1 is small. Again there are several contributing uncertainties beyond those of
the VELO hit positions, such as the uncertainty on the primary vertex fit and the
errors of the other detectors.

The primary vertex x? per degree of freedom is shown in Fig. [3.27, There is
a slight shift between 2010 and 2012 but very little difference between the

standard and updated error parametrisations with the 2012 sample.
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Overall it therefore seems as if the error parametrisation has had very little
effect on the reconstructed quantities for each track. As noted previously this is to

be expected due to the other potential sources of errors.

3.5.2 Selected candidates

Beyond the individual particle tracks the effect on reconstructed short lived decays
has been investigated. A sample of previously selected and reconstructed charmed
hadron candidates was taken from a run in November 2012. The reconstruction
with the updated error parametrisation was run on this sample and then a selection
made for the DY — K~7" decay. This was compared to the same selection on the
data reconstructed with the standard error parametrisation. As the data had been
previously selected the purpose was not to examine the efficacy of cuts but to see if
the distributions of any of the reconstructed quantities, in particular the combined
DP candidate, had been affected by the change in error parametrisation.

No significant changes were found between the two reconstructions. The
tracks of the decay products had y? distributions very similar to that in Fig.
Other reconstructed quantities, such as the D° mass, momentum or impact

parameter x? showed no significant changes.

3.6 Conclusions

A data driven method to measure and parametrise the hit resolution of the VELO
has been tested on simulated data and shown to reproduce the true distribution to
a good degree of accuracy. The cluster resolution was measured on a sample of
data taken in 2010, at the start of the LHC Run 1 data taking period, with the
results being consistent with expectations. The method was subsequently applied
to samples of data from different periods of Run 1. The resolution was found to
change greatly over the data taking period. Initially the resolution improved in
some angular regions but overall the resolution measured at the end of 2012 was
somewhat worse than in 2010.

The reasons for the degradation of the sensor resolution have been briefly
explored with simulated data. Increases in capacitive coupling between the strips
and charge diffusion in the bulk both suggest the trends seen though they are not
conclusive. Of course the effects of radiation damage are not universal throughout
the detector and a more careful study is needed to assess the changing resolution
with fluence. However the relevant output of this study for the physics
reconstruction is obtaining a new error parametrisation. This has been extracted

and more accurately reflects the true performance of the sensors. This has been
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implemented in the LHCb reconstruction package for study by the tracking group.

Both the degrading resolution and the updating of the error parametrisation
has been shown to have some effect on the track reconstruction, particularly for
the VELO segments of tracks. However, for whole tracks and subsequent
reconstructed quantities (such as the impact parameter x?) the effects become
rather minimal as other contributions to the uncertainties dominate.

The resolution change with fluence merits some further comment as it was
not entirely expected. Of the two mechanisms suggested in this chapter, the
changes in electric field in the bulk silicon is the one that has been studied through
measurements of the effective depletion voltage [92] and was expected. The
suggestion of increased capacitive coupling between the strips is however less-well
understood. Test-beam data on irradiated pixel sensors [I09] has not shown such a
large increase as would be required to explain these results. If the mechanism is
due to effects on the surface of the sensors, reproducing them in a test
environment will be difficult as one will not be able to easily reproduce the
conditions for irradiation that the sensors in the experiment experience.

The second metal layer effect may also be a contributing factor. It has been
found that after irradiation the read out lines become coupled to the silicon bulk,
reducing the charge collected by the strips [02]. This was also an unexpected
observation. The effect would mostly dominate at large pitches in the r sensors
where there is a large number of routing lines perpendicular to the sensor strips.
There is some evidence of the resolution at the largest pitches degrading
considerably (see for example Fig. . Of course there could be changes in the
bulk silicon, for example due to increased trapping of charge carriers [110]
although a large effect is not expected.

It is possible that the bias voltages applied to the sensors at the end of Run 1
(150 V) was not high enough to fully deplete the sensors. Such a situation could be
expected to severely impinge on the resolution as the charge collection efficiency
would be rather compromised. In the future it would be worthwhile to study the
resolution as a function of the applied bias voltage to assess the effect of the
sensors not being fully depleted.

For Run 2 the error parametrisation will need to be measured again. The
bias voltage of the most irradiated sensors has been changed to account for the
expected increase in the effective depletion voltage [IT1]. After some data-taking
further updates will be needed due to the continued radiation damage. A more
pressing concern is the simulation which must be tuned to more accurately reflect

the changing condition of the detector.
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Chapter 4
Lifetime Measurements

The time-dependent observables Ar and ycp were introduced in chapter [1 The
former can be determined by the comparison of the effective lifetimes of the D
and D decaying to a CP eigenstate K™K~ or mt7~; ycp is the ratio of the
effective lifetimes of the Cabibbo favoured K~ 7t and singly Cabibbo suppressed
modes. For both cases one is making precision lifetime measurements via a fit to
measured lifetime distributions.

The overall analysis strategy that was common to each of these analyses is
outlined in this chapter, prefaced with a brief description of some statistical
techniques that feature heavily. The techniques described are sWeights and kernel
density estimation. A description of the analysis method will be given, including
how biasing effects of the selection are corrected in the fit. Some non-standard
functions used in the analysis will also be introduced.

In this thesis a result for each observable is presented. Although the analyses
are very similar they were completed at separate times; the first was the result for
Ar using data collected in 2011, followed by ycp with the same data. The details
of the fits changed between these results and are included in chapters [5] and [6]

4.1 Tools

The analyses make extensive use of sWeights and kernel density estimation for a
variety of purposes. As these subjects are not necessarily common knowledge they

will be outlined in the following sections.

4.1.1 sWeights

The aim of the sWeight [112] technique is to unfold the distribution of some
contribution to the data (signal or a background) in a variable, given a maximum

likelihood fit to a group of other discriminating control variables. This is necessary
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if one does not have a prior with which to fit that variable, for example if its shape
is unknown. For example in the analyses presented in this document the shapes of
the distributions of the backgrounds in decay time (the variable to be measured)
are not known and cannot be discriminated directly in the fit. However in the D°
mass variable the background probability density function is known and so
provides a control with which to unfold the background distribution in decay time.
The interested reader can find the derivation and a detailed discussion of the
sWeight technique in [I12]. The sole purpose of this section is to introduce the
sWeight and demonstrate its efficacy.

The sWeight for a single event for the class n, calculated using the group of
discriminating variables m is
N,
i1 Vo fi(m)

) = S Nfem) .

The sums are over the number of species contributing to the data (signal or
background), with Vi, being the estimated number of events of that species. f;(m)
is the probability function in the variable m for the class j resulting from a
maximum likelihood fit. The matrix V,,; distinguishes the sWeight from a simple
class probability as it contains information about the overlap of the classes. It can
be introduced as the covariance matrix of the likelihood fit to the discriminating

variable,

_ fn mMe f mE)
Vol = J 4.2
" 3N 3N Zl N Nifi(me))? 42)

As noted in the paper [I12] it is more accurate to calculate V},; explicitly,
replacing the sum over the events with an integral, rather than simply take the

covariance matrix of the fit.

As an example consider two independent variables, the discriminating
variables m and control ¢t with two contributions; signal and background. The data
for these two variables are shown in Fig. with the functions used to generate
signal and background overlaid. In ¢ both signal and background are exponential
lifetime decays. A fit to the signal generated data (with no background) yields
7 = (404.6 + 4.0)fs. The aim is to fit the signal component of ¢ in the total sample
with a single exponential but the precise background shape is unknown to the
experimenter so it cannot be included in a simple fit to the data; the signal

distribution must be unfolded.

Initially one performs a maximum likelihood fit to the m variable using some
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Figure 4.1: Generated data for two variables m (left) and ¢ (right) with the true
distributions for the signal and background components shown.
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Figure 4.2: The data weighted with sWeights (left) and probability (right) plotted
in the variable t. Overlaid are fits of single exponential functions. The fit to the
sWeights matches the generated signal data, that to the probabilities does not.

sensible priors that describe the data. The data are then weighted by sWeights for
the signal component. The ¢ variable can then be fitted with just the signal PDF.
The sWeighted t distribution is shown in Fig. with the fit result. The fitted
lifetime is 7 = (405.3 + 3.9)fs agreeing with the fit to the generated pure signal
data. On the right of Fig. is the data weighted by the probability of being
signal as determined by the fit to the variable m. That fit is rather unsuccessful,
yielding 7 = (279 £ 1.1)fs; the probability distribution is contaminated by the
background data.

One has to be aware that the discriminating variables (in this case m) must
be uncorrelated with the distribution of the variable to be found. If this is not the
case then some prior knowledge of that variable is required and the sWeight
technique is not appropriate.

Finally one can see the technique applied to the analysis fit itself in Fig. [4.3]
The plot is taken from a simulated experiment used to test the fitter. Data was

generated using the fit configuration for the K~ 7" final state with the unknown
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Figure 4.3: A comparison of an sPlot with generated data from a pseudo-experiment
produced for the 2011 yop analysis. The data points in black are the generated
data. The biased lifetime distribution of the combinatoric background which is
unfolded from the data using the D° mass and Am as discriminating variables is
shown in brown. The sWeights have been interpolated with kernel density estimates,
described in section [4.1.2] to produce a smooth distribution.

PDF's approximated with a combination of parametric PDFs. The fitter was then
run on this generated data in the normal manner producing the sPlots (sWeighted
distributions) of the backgrounds. Fig. shows a comparison between these
backgrounds and the PDF used in the generation. The sPlot closely matches the

generated data.

4.1.2 Kernel Density Estimators

Having obtained a distribution from the sPlots one might wish to produce a
continuous function that can be used in an unbinned fit. To this end kernel density
estimators [113] are used. A more comprehensive overview can be found in [113].

To each data point is attached some kernel function. One simply sums these
kernels to arrive at a continuous smooth PDF. The choice of function is up to the
analyst; for the works presented in this document Gaussian kernels are used.

Fig. shows the idea applied in a simple example. A Gaussian function (in
blue) of mean 0 and width 1 has been randomly measured 10 times leading to the
distribution of measurements on the axis. To each of these is applied a kernel of
suitable width which are summed to produce the continuous function in green, an
estimation of the true distribution; the accuracy here is limited by the sample size.

As the size of the bins in a histogram can distort the visualisation of data so

the width of the kernels can impinge on the veracity of the resultant function. An
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Figure 4.4: The Kernel Density Estimator technique. To the ten measurements
(bars on the axis) are applied kernels (red). The sum is shown in green along with
the true distribution in blue.

example is shown in Fig. with a demonstration of over or underestimating the
kernel width. For a normally distributed set of data the optimum width (standard
deviation of the Gaussian kernel) h is given by [113]

465\ 5

where ¢ is the standard deviation of the data sample, n is its size.

For a more general distribution the optimum bandwidth is given by h*

where K is the kernel function, ok its variance and f” the second derivative of the
true distribution of the data. R is the “statistical roughness” of the data defined

as

R(f) = / f(2)%dz. (4.5)

As derivatives of the true distribution are used to ascertain the statistical
roughness one is compelled to start with an initial estimate of the true shape.
Equation 4.3| can be used to produce said estimate, with its derivatives then

appearing in equation [£.4] to create a more optimal function. One can then iterate
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Figure 4.5: The importance of the kernel bandwidth. The true distribution is in
blue, with the function using the optimum bandwidth (equation in green. The
red and magenta curves are the functions resulting from the kernels being too wide
and narrow respectively.

until a reasonable representation of the true distribution has been achieved.

In reality the optimum bandwidth varies across the data. For example in the
tails of distributions there are few data points so wider kernels are more
appropriate than at the centre. Adaptive bandwidths and the relevant machinery
to implement them are introduced in [I13]. However, they were not used in the

analyses presented here so will not be discussed further.

Applying kernels at a border where the data has been cut poses a problem as
the kernel distribution should reflect this boundary. An example of the problem is
shown in Fig. [4.6] For each individual kernel one could apply the cut at the
boundary and renormalise the remaining distribution. This has the advantage of
keeping a smooth distribution at the border but it pushes the mean of the
distribution away from the boundary, distorting the total estimated distribution
around this region; the effect is apparent in the left plot of Fig. [4.6] Another
option would be to reflect the cut part of the kernel at the boundary back into the
rest of the kernel. The disadvantage of this approach is that the first derivative of
the kernels is zero at the boundary, shown on the right in Fig. [4.6] which again
would not reflect the data. For these analyses the former option was chosen; the
dataset is sufficiently large that the kernels widths are small so the distortions at

boundaries due to applied cuts are small.

Thus far only one dimensional kernels have been considered. For a two
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Figure 4.6: The treatment of boundaries in kernel density estimation. Shown is the
same data as in Fig. but a cut has been applied. On the left the kernels have
been renormalised leading to the total distribution being distorted away from the
boundary. On the right the kernels have been reflected at the boundary, causing the
total distribution to have a first derivative of zero at the border.

dimensional kernel one can could treat the two variables independently, in which
case a width for each is sufficient. However if there is strong correlation between
the two variables it would be more accurate to use a complete two dimensional
treatment. The result is that the optimum bandwidth is given by a matrix which
describes a rotation of the kernel. However in the work presented here the
variables of any two dimensional distributions to which kernels are applied are only
mildly correlated so the simple treatment is sufficient.

An example of the kernel density estimators used in the analysis can be seen
in Fig. 4.3l An sPlot has had kernels applied to it to form a smooth function for
use in an unbinned fit. The resulting function matches the generated data closely,

demonstrating the efficacy of both the sPlot and kernel techniques.

4.2 Analysis Method

4.2.1 Introduction

The measurement of the effective D° lifetime 7 as it decays to a specific final state
is achieved via the fitting of a single exponential decay function, e /7, to the
measured decay times t. The extracted lifetimes are then used to calculate the
observables of interest, ycp and Ar

The initial D° flavour is ascertained by searching for the strong decay
D** — DOrF, the charge of the pion indicating D° or D°. The pion is referred to
as ‘slow’ (7] ) as it is of low momentum compared to the D° decay products due

S

to the small Q) value of the transition. This method of tagging the D° flavour
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introduces a background of incorrectly tagged D° candidates due to the potential
of selecting a pion that originated in the proton-proton collision. Such an
occurrence is a mis-tag of the DY candidate and is referred to as the “random slow

pion” background.

An additional source of background in the analysis is from D° candidates
formed by combinations of tracks that are not from the signal decay. This
component is referred to as combinatoric background. Contributions also arise
from real decays that have been mis-reconstructed such that the candidate
resembles the signal decay. For example multi-body decays may have been
reconstructed with one or more daughter particles emitted or the daughter particle
may have been mis-identified. Finally a background arises due to charm produced
in the decay of a long lived particle (B) which is not reconstructed resulting in an

inaccurate measurement of the D° candidate’s decay time.

The analysis is performed using an unbinned maximum likelihood fit in two
stages, each fitting two variables. The first stage is to fit the DY mass, mpo, and
the difference between the D** and D® masses, Am. Fig. shows the
distribution of these variables. mpo allows for the separation of real D° from
combinatoric background and mis-reconstructed decays. The Am variable can be
used to preferentially select correctly tagged D candidates. If the " that is
combined with the D° does originate from a D** decay then the distribution will
peak in Am at 146 MeV, the difference in rest masses of the D** and D°. Other
random pions from the interaction point will lead to a continuous distribution that
cuts off at the pion rest mass. In Fig. the 71 background can be seen in
regions A, with combinatoric background dominating in regions B. Contributions
to the data of real D°, combinatoric, mis-reconstructed and 7} background are
henceforth referred to as classes (cl). The outcome of the first stage of the fit is to
assign a probability to each event that it is from a particular class.

Having separated the signal from the non-D backgrounds in the first stage,
the second stage is used to extract the effective lifetime of the signal. Two more
variables are fitted to do so: the DY decay times and the natural logarithm of the
x? of the D° impact parameter with respect to the primary vertex, in(x%p).

D° candidates (both signal and slow pion background) can be produced at
the interaction point from the collision, called prompt candidates, or from decays
of B particles, which are given the sobriquet secondaries. Prompt and secondaries
are the subclasses (scl) of the signal and random slow pion classes. A summary of
the classes and subclasses is shown in table 4.1 Secondary candidates have longer
measured decay times than the true D° decay time and thus would bias the
measurement as the intermediate B decay vertex is not reconstructed.

Consequently a variable is required that will allow the separation of the prompt
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Figure 4.7: Mass and Am distribution for a sample of D° — KTK~ in the 2011
data. The signal peak can be clearly seen in the centre.

and secondary subclasses.

As the secondary D° candidates come from the decay of another particle
they have a large impact parameter as shown in Fig. A DY produced at the
interaction point (left) should have an impact parameter of 0 as its momentum
vector points back to the primary vertex. A candidate produced by a B decay
(right) however points away from the primary vertex giving a large impact
parameter. A large impact parameter implies a similarly large x%p, defined as the
measured impact parameter divided by the uncertainty on the quantity (essentially
an indication of how significant the measured impact parameter is). The natural
logarithm is taken to give a shape that is readily fitted. Thus the variable to
discriminate prompt and secondary is In(x7p).

The In(x3p) of the secondary exhibits a profound decay time dependence;
the longer lived the B, the greater on average the D impact parameter is. For this
reason the second stage fit is in these two dimensions with the in(y%p) variable

being described by a PDF that is conditional on proper time.

2010 analysis

The first measurements of ycp and Ap at LHCb were made using 29pb ™" of data
with collisions at 7TeV collected in 2010. That analysis served as a proof of the
principal of the method and the analysis of the 2011 data broadly follows the
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K+ Kt

secondary

Figure 4.8: The separation of prompt and secondary. On the left a prompt D°
candidate points back to the primary vertex. On the right a secondary candidate
has a large impact parameter.

Class Subclass
. prompt
1
Signa secondary
. prompt
1
STow pion secondary
Combinatoric -
Mis-reconstructed -

Table 4.1: The classes and subclasses of the fit.

template of that effort [114]. The results are [115]

Yop = (55 + 6-3stat + 4-1syst) X ]_0_3
Ar = (5.9 £ 5950 £ 2.15,5) x 1072, (4.6)

The statistical precision of these numbers was already competitive with that of the
HFAG averages at the time [41]. The largest uncertainties were due to

combinatoric and secondary backgrounds.

The 2010 data sample was small compared to the dataset that has been
analysed here. In that analysis very tight cuts were applied around the correctly
tagged D peak in the Am variable and combinatoric and mis-tag backgrounds
were assumed to be negligible. The much larger numbers of candidates that
followed required a much more thorough fitting method to be employed in the
subsequent analyses. A proper description of the backgrounds had to be included,

as did more carefully considered models for each of the variables.
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4.2.2 Data and selection

The data set analysed was collected in 2011 and comprises of 1fb~" of

proton-proton collisions at 7 TeV centre of mass energy. Section lists the cuts

applied to the data in the trigger and stripping (see sections [2.2.8 and [2.2.9| for

descriptions of both).

The data are selected from exclusive D to two-body trigger and stripping
lines. Initially there are no requirements on the L0 decision. In HLT1 the
candidate must be TOS (the trigger must be fired by the signal candidate) on the
Hlt1TrackALLLO line. This line reconstructs the tracks of the decay products and
imposes some minimum momentum and track quality cuts (track fit x? and
minimum number of hits in the detector). It also requires a minimum impact
parameter (the closest distance between the track and the interaction point) for
the track to select those that likely originate from the decay of a long-lived
particle. From HLT2 the candidate must come from one of the exclusive D to two
body lines which combine the tracks of HLT1 into the decaying particles. The
trigger lines come in pairs, a default and a wide-mass line. The latter allows for a
wider range of D candidate masses and is pre-scaled by 0.1 so as not to waste the
trigger bandwidth. The wider mass range can be used to study background events
which do not peak at the D° mass. The trigger aims to produce D° candidates
from pairs of tracks using a fast reconstruction compared to that performed offline.
After the triggering the data is processed offline where tighter cuts are applied
with the aim of producing high purity samples of the decays of interest. It is at

this stage that a 7 candidate is selected in order to tag the initial D° flavour.

For selecting DY candidates (or any other long lived particle) from
proton-proton collisions, where potentially many different particles and tracks are
produced, one primarily seeks a displaced decay vertex. This is done quickly by
applying impact-parameter (IP) cuts on the daughter tracks in HLT1 and flight
distance cuts on the reconstructed D° candidate in HLT2 and offline. This search
for a displaced vertex introduces a time dependent acceptance function which is
discussed further in section [4.2.3] The acceptance function must be taken into

account as the selection has a higher efficiency for longer lived candidates.

Finally some extra selection cuts are applied after the stripping. The most
pertinent is to select one candidate from each event. For some collisions more than
one D° or D*T candidate may be constructed (for example combining the D° with
more than one possible 7 candidate). Only one randomly selected candidate per
event is used in the fit. A minimum decay time cut of 0.25 ps is used to remove a
region where very few events are selected. This prevents the fit from becoming

unstable in the low lifetime region where statistics are low. For each final state the
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particle identification requirements on the daughters are adjusted to further
increase the purity of the data set. An upper limit on the radial (perpendicular to
the beam direction) flight distance of 4 mm is imposed. This value is just less than
the distance between the LHC beam and the inside edge of the VELO RF foil.
The cut therefore prevents very long lived D candidates that have originated from
interactions between particles and the VELO material.

The data are split into samples that reflect the experimental conditions, the
divisions being motivated by the magnet polarity or the occurrence of LHC
technical stops. During these technical stops the alignment or trigger changes
could influence aspects of the fit. As the Ar measurement is a flavour tagged
analysis the samples are also split into D° and D° to be fitted separately. The

same splits were adopted for the yop analysis.

4.2.3 Swimming

In order to select long lived particles (be it a B, D or anything else) from proton
collisions, where most interactions do not produce something of interest to the
analysis, one usually searches for a displaced vertex from which two or more tracks
originate. For reasons of speed in the HLT this is achieved initially by imposing a
minimum impact parameter requirement on individual tracks; combining tracks to
try and fit a vertex takes time, especially if several combinations have to be tried.
Once a more complete reconstruction can be done, such as in HLT2 and offline,
more accurate vertexing requirements can be imposed. These kinds of
requirements invariably create some lifetime bias in the collected data. In
particular, the trigger requirements on the daughter IP y? and D° flight distance
favour a longer lived D°. To measure the unbiased mean lifetime of the D° one
therefore has to include the effects of selection in the fit by means of an acceptance
function f(A). The acceptance is found on a per-event basis using the data driven
‘swimming’ [116], 115] method.

To obtain f(A) with this technique one has to be able to rerun the trigger
and stripping in the same conditions as for the online data taking and subsequent
processing. Having the LHCb HLT implemented in software allows for this. The
L0 hardware trigger only has very basic requirements on the calorimeter and muon
systems and should not introduce any lifetime bias.

The principle of the method is shown in Fig. [£.9] For a single event the
acceptance resembles a simple top hat with values of 0 or 1; for a given decay time
it is either accepted or rejected. The D° production vertex is moved along the
flight direction, changing the D decay time for the same kinematics. The trigger

and stripping is rerun separately at each point along this variation and the
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decisions are recorded, constructing the top hat as shown. On the left the primary
vertex has been moved such that the event fails the impact parameter requirement
on one of the daughters. In the middle is the point where the decay time is such
that the event is at the cut values and the selection decision changes. This decay
time, t,,;, is the first turning point. On the right is shown the measured decay time
where the event has passed the selection. The acceptance is stored as a series of

turning points where the decision changes from rejected to accepted and vice versa.

To account for finite computing resources the search for the turning points is
done in steps. Initially a rough search is performed; a granularity of 4mm for the
region +200mm around the PV and a granularity of 40mm for larger regions up to
+600mm. For those areas where a turning point is found (where the selection
decision has changed) the precision is improved with smaller search regions over
four iterations giving a final turning point resolution of %%m [72]. This
represents the resolution of the smallest search interval. The initial search region
does imply that top hats of less than 4mm width might not be picked up though
the effect of this is believed to be negligible. Such a small top hat implies that the
DP has flown far enough to be accepted but then fallen into the region of another
primary vertex to be rejected very quickly. However the interaction region is
comparatively large (~ 30mm) and the interaction multiplicity small (~2 on

average) that such an occurrence is unlikely.

As mentioned previously the swimming must be performed with exactly the
same trigger setup as the original selection. The same trigger software versions and
TCKs (trigger configuration keys that record the setup of the trigger) are used as
in the data taking periods, along with the DDDB (the description of the detector
geometry) and LHCBCOND (the LHCb conditions database which records any
time dependent changes to the detector such as alignment configurations) tags,
which together describe the layout of the detector and running conditions. The
trigger and offline stripping are swum separately. Additionally an upper lifetime
acceptance effect is taken into account through an analytical calculation. A very
long lived D° may lead to its daughter final state tracks no longer having the
minimum number of hits in the VELO (5 in the HLT and 3 in the stripping),
something that cannot be tested by only moving the primary vertex. However
considering the event geometry and flight direction allows for the upper lifetime

limit of an event to be calculated.

Finally the acceptance from each stage (trigger, stripping and VELO) are
combined by a simple multiplication of the top hat functions for each event to give

the overall per-event acceptance function which can be used in the fit.
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Figure 4.9: The swimming method. The primary vertex is moved along the DY
flight direction. On the left the decay time is such that one of the daughters (h™)
fails the IP cut. In the middle is the decay time, t,,;, at which it first passes the
cut and there is a turning point in the acceptance function. On the right is the
measured decay time showing the event passing the selection and the subsequent
top hat shape of the function. Reproduced from [115]

4.2.4 Total Fit PDF

In all, four variables are fitted to extract the signal lifetime: mpo, Am, In(x3p)
and t. The first two are assumed to be uncorrelated with the second two so the fit
is performed in two stages. mpo and Am are fitted together to separate the classes
and the results used in the fit for ¢ and In(x%p) to separate the subclasses. There
are approximately 42 fitted parameters, depending precisely on the configuration
of the fit which varies slightly for the different final states and between the Ar and
ycp analyses. The true numbers are given in sections [5.2.4] and [6.1.5]

For each stage the total PDF is the sum of the PDFs of each class (and
subclass) weighted by their respective fractions p,. The first stage is given by

flm, Am) =" paf(m, Amlcl). (4.7)

As the two variables are considered independent f(m, Am|cl) is the product
of the PDF's of the two variables for each class, f(mlcl) and f(Am|cl). The
specific configuration of the PDF's can be found in the chapters pertaining to each
individual analysis. Using Bayes’ theorem one finds that for a single candidate the

probability to belong to a given class is

f(mpo, Am|cl)pg
f(mpo, Am)

P(cllmpo, Am) = (4.8)

In the second stage the total fit PDF for a single event of given mass and
Am is described by

ft, in(x3p), Almpo, Am) = Z ft, in(x3p), Alcl) - P(cl|mpoAm), (4.9)
cl
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where A describes the acceptance.

For combinatoric and mis-reconstructed background components
f(t,In(x3p), Alcl) is not an analytic function but instead an interpolated numerical
distribution. The method for ascertaining these PDF's is described in section [4.2.7]
The signal and 7} background must be further deconstructed into their subclasses

for prompt and secondary

Pt n0Gp), Alel) = 37 Pscllel) - (£ in(3p), Alel,sel),  (4.10)

scl

where P(scl|cl) is the fraction of the subclass within the class. Breaking down the

second term gives
F(t (), Alel, scl) = F(n(xEp)[t A, sel) - [(t|A, cl, sel) - f(Alel, sel). (4.11)

The first function is a conditional PDF describing the in(x?p) variable as it
varies with decay time. The second is the decay time distribution for a given
acceptance function, the third term being that acceptance function which is found
by the swimming. Together the last two give the biased lifetime PDF. The content
of f(t|A, cl, scl) is expounded upon in section [£.2.6]

4.2.5 Acceptance functions for analytic PDF's

The output of the swimming provides a per event acceptance function from which
the total acceptance of the data sample can be obtained. However one needs to
find the individual acceptance functions for each class and subclass f(A|cl, scl) to
insert into equation An iterative method is used to unfold the distributions.
f(A) is the probability density of finding a particular acceptance function. A
more convenient way to present this in the fit is to break the function down into
some constituents. The top-hats for each candidate that emerge from the
swimming can be described as points in time where the trigger decision has been
found to change (rejected to accepted and vice versa), the turning points. For n
turning points the acceptance can therefore be described by the first turning point

(T'P;) and subsequently the difference between successive points

f(A) = f(TP,,TP,..TP,)
= f(TP) x f(TP,—TP) % ..f(TP, — TP,_,)

= f(TP) x ﬁ f(TP, = TP_y). (4.12)

=2

These turning point distributions can be parametrised in any way the analyst
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deems to be most convenient, in this case decay time ¢t. For the purposes of
keeping the analysis manageable only candidates with two turning points are used
(those with a single top hat acceptance). Few events are cut out from this as the

radial cut tends to be the upper limiting factor.

For a given subclass of a class the per event probability is

P(scl|cl,m, Am,In(x7p)t, TP;)

fm, Aml|cl)g(t|A, cl, scl)g(In(x3p)|t, A, cl, scl)T Py (t|cl, scl) P(scl|cl)
= . . (4.13)
> fim, Am,cl)g(t|A, el)g(in(xip)|t, A, )T Py (t|cl, scl) P(cl)

scl

If the turning point distribution f(7'P;) on the right is correct then it should
match the distribution of probabilities produced by equation 4.13| when plotted in
the TPy variable. Starting from some estimate of f(7'P;) the probabilities are
calculated and compared to the estimate. If different this new probability
distribution is plotted in f(7'P;), kernels applied to make a continuous function
and then inserted back into the equation to calculate a new set of probabilities.
This process is iterated until successive f(T'P;) estimates are similar at which
point it is thought to have converged and a good approximation of the true

distribution has been found.

The initial estimate of the turning point function is taken from data. Prompt
candidates mostly lie at small In(x%p) and should not exhibit significant time
dependence. Their turning point distributions are therefore estimated from the
data with a cut applied at in(x%p) < 1. As secondaries do have significant time
dependence and occupy a large range of in(x%p) all candidates are used to produce
the estimate f(TP;).

The parametric functions describing the lifetime and In(x%p) on the right in
equation are of course not known (they are to be fitted). However to produce
the turning point functions it is sufficient to use estimates given by the results of a
previous fit. The full fit can be run several times and with each iteration the
starting values for these functions are updated, improving the accuracy of the

generated turning point PDFs.

The turning point difference function is calculated in exactly the same
manner, just inserting f(7P, — T P;) into equation instead of f(T'P;). The
sum of the individual turning point PDFs can be compared to the data as in
Figure [£.10] As can be seen good agreement is observed suggesting the method has

produced something reasonable.
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Figure 4.10: Plots of the distributions of T'P; (left) and T'P, — T'P; (right) overlaid
with the fit PDFs f(T'P;) and f(T P, —TP;) for each component and their sum for
the K~ 7" final state in the 2011 ycp analysis. The data is shown with the subclass
PDFs and their sum overlaid. As can be see the resultant total function for these
two variables matches the data to a good degree.

4.2.6 The lifetime PDF

Prompt

For a single prompt event the normalised lifetime PDF is

Le=t/7O(t)
+0o0

[ Le-tTO(t)dt

f(t|A, cl, prompt) = (4.14)

The Heaviside function ©(¢) is 1 for the times at which the candidate is
accepted, 0 otherwise. Performing the integral in the denominator gives
le—t/T

t|A, cl, prompt) = e . 4.15
f( ’ p p ) ZZ [eftmin,i/T _ e*tmaz,i/T} ( )

The index 7 represents the number of top hats in the acceptance for the event. In
principal a candidate could have several top hats though in practice only those
with one are used in the analysis (rendering the sum obsolete) to make the
calculation of the turning point functions rather more straightforward.

The detector decay time resolution is taken into account with a Gaussian
function of width o = 50fs

1 t/ )2
e (4.16)

R(t,o) =

2mo

This choice of model is motivated by the study in [91]. As noted in that study a
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more complex resolution model could be used. The veracity of the chosen single
Gaussian is tested and a systematic uncertainty assigned for it (see section |4.2.11]).

The convolution of the Gaussian with the single exponential is

1, ] 1 0 apge 1 [0 2
—e7TO)| @ R(t,0) = e M 12T . —— e z2d
e @ Rito) = - ety
_Letrerrrp (L0 (4.17)
T g T

The function F (fr — %) is related to the error function by

F(z) = % {1 terf <%)} , (4.18)

where
VTl

is the cumulative probability of a normal distribution between 4.

erf(x) e dr (4.19)

The signal lifetime PDF may also include a variation of the efficiency of the
track reconstruction with decay time. The track finding algorithms prefer tracks
that originate from the axis of the beam line. Therefore longer lived D° candidates
that tend to decay further from the beam line will have daughters that are less
likely to be reconstructed. The details of this efficiency are outlined in [91]. The
key result is that this efficiency can be parametrised as a quadratic function of the

particle’s distance of closest approach to the beamline,the DOCAZ

e(DOCAZ) = a + 8 x DOCAZ?. (4.20)

Each track’s DOCAZ can be expressed in terms of the particle decay lifetime

via the linear dependence

DOCAZ =  + 6t. (4.21)

For each event there are two tracks with displaced vertices giving

e(t) = (a + - DOCAZI)(a + B - DOCAZ3)
= (a+ B+ 01t)*) (e + B(y2 + d2t)?). (4.22)
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The efficiency is included in the per-event probability

f(t|A, sig, prompt) = €(t) (%et/T ® R(t, O')> %, (4.23)

where N is a normalisation factor. The parameter 8 takes negative values so the
efficiency of each track being reconstructed is parabolic with decay time; there are
regions of time where the efficiency becomes negative according to the
parametrisation. At these times the efficiency is assumed to be 0, so the limits of
the integral in the normalisation is given by the roots of the efficiency for each
track. Labelling each track 7 and 7, and the first and second roots as r1; and 719

the normalisation becomes

min(ry,2,m2,2)

N = e(t) Fe‘t/T ® R(t,a)} O(t)dt, (4.24)

maz(ri,1,r2,2) T

where again the Heaviside function describes the acceptance top hat function.
The parameterisation of DOCAZ (~; and §;) is worked out for each track so

the efficiency correction is applied on a per-event basis. This is computationally

intensive so is not applied as standard in the fit. The effect is tested and if

non-negligible a systematic assigned to it.

Secondary

The secondary lifetime PDF does not have the resolution or efficiency corrections
applied to it; it comprises a small part of the data (<10%) and is long-lived. The
measured decay times of secondary candidates could naively be expected to be the

convolution of two single exponential decays of lifetimes 7 and 7,
f(t|A el,sec) = (e7/™ @ e7/™) O(1). (4.25)
The convolution of two exponentials gives their difference

f(t|A, cl, sec) = SSER (e_t/T1 —e ™) O(t). (4.26)
T2 —T1

As the intermediate vertex is not reconstructed and the B and D flight
directions are not parallel the lifetimes 7; and 75 are not the physical B and D
lifetimes but effective lifetimes. Fig. shows a fit to simulated data for
secondaries.

It was found that the low lifetime region of secondaries is very hard to fit in
the data. This region is dominated by prompt decays and in the In(x%p) variable

the secondaries mostly lie under the prompt peak. For this reason one of the
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Figure 4.11: The decay-time distribution of secondary D° decays from simulated
data. The result of the fit of equation is overlaid. Reproduced from [114].

secondary lifetime parameters, 71 is fixed from a fit to MC data as in Fig.
The possible bias due to this fixing of a parameter is included in the systematic

uncertainties.

An average acceptance function

In order to visualise the fitted PDF it is convenient to define a biased decay time
function. This can be simply taken as the sum of the per-event functions over the
data sample. Doing so one recovers the purely unbiased exponential decay %e*t/ T

multiplied by an average acceptance function A(t),

1
A= Y g A (127
715/7‘ )
candidates a{; € dt
where the integral is over the accepted times of that candidate. An example of the
average acceptance is shown in Fig. [4.12] The turn on of the acceptance at low
lifetimes due to the lifetime biasing cuts of the selection is clearly seen as well as

the reduction of the acceptance at larger lifetimes due to the radial cut.

Cuts associated with the lifetime PDF

Some selections have been mentioned in the previous sections and they are

summarised here.
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Figure 4.12: An example of the average acceptance function. Plotted is the gener-
ated average acceptance function for the prompt signal component of a fit to K7+
data from the 2011 yop analysis. The fit was to magnet polarity down data taken
during the run before the July technical stop.

There is a minimum decay time cut imposed to try and avoid regions where
very few events are expected. The acceptance here should be effectively 0 so in the
normalisation integral a small number results if the second turning point is also at
low times and the acceptance function may become unreasonably large. The effect
of this cut on the measurement is tested by altering the cut and a systematic
uncertainty is assigned. Additionally, due to the resolution of the swimming and
decay time measurements any events with their measured decay time outside of
the two turning points are rejected.

Only candidates with two turning points are used as the extra complications
from those with more greatly impact the time required to run the fit. As a test the
number of turning points accepted is increased to four and the results compared

with the standard fit to ensure no bias is introduced by the cut.

4.2.7 Non-analytic background PDF's

The shapes of the combinatoric and mis-reconstructed backgrounds in the ¢ and
In(x?p) variables are not known so they cannot be included in the fit by analytic
PDFs. For this reason the functions in the fit are kernelised sPlots. One needs to
find the unbiased time, conditional in(x%p) and acceptance function for these
classes.

The turning point and conditional In(x?p) distributions (f(TP),
f(TP, —TP) and f(In(x3p)|t, A, cl)) can all be found using the techniques
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already described. From the mass fit the probabilities and sWeights are calculated.
Initially the data are assumed to be normally distributed and using equation
Gaussian kernels are applied to the probability distribution and a continuous
function formed. Using this the first and second derivatives are calculated at each
point to give the optimum bandwidth of the kernels for the data (equation .
The kernels are then applied to the sPlot giving these three PDF's.

The biased decay time PDF is also found by this method, leaving only the
unbiased PDF and average acceptance function to be found using an iterative

approach. The biased function is
f(t, AlcDpias = f(Et|el)unbias X f(Alcl). (4.28)

Initially an estimate is used for the unbiased time PDF; a single exponential decay
with the lifetime parameter taken to be the mean of the sWeighted decay time

distribution for that class. The acceptance function is given by

1
f f(t|Cl)unbiasdt .

acc

FAll) = " sWeight(cl)oana X f(TPy) x f(TP, = TP;) x

candidates

(4.29)

Using the estimate f(A|cl) can be calculated, multiplied by the unbiased time
distribution estimate and compared to the biased PDF of the kernelised sPlot. If
the unbiased time estimate is the correct distribution the two should be the same.
If they are not then the biased time sPlot is divided by the new acceptance to give
a second estimate of the unbiased time PDF and the process is iterated.
Eventually the product of the unbiased time PDF and acceptance function should
match the sPlot at which point the method has converged. The unbiased time
PDF can then be inserted into the fitter.

4.2.8 Unusual PDF definitions

For the most part the analysis used standard PDF's; combinations of Gaussian,
exponentials etc. However some special PDF's were employed and they are listed

here. The derivations of the first two are in [72].

The phase space PDF

For the Am variable a PDF is required for the 7} background. This is a

distribution that has a cut off at the 7 mass and models the energy released in the
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D** decay based on the two body Lorentz invariant phase space

LIPS(mp«+) = \/[mD*+ (o e [y~ e e , (4.30)

2
mD*+

where in this instance mp++ and mpo are the invariant masses of the D** and D°
that have been reconstructed (not the PDG [I17] average masses). Defining the
energy released as () = mp«+ — mpo — m, and inserting into the equation, one
arrives at the PDF

1/2 3/2
f(@Qlmbkg.) = O @20 (4.31)
0 Q <0.

In the fit the 7 is assumed to be a true pion at the PDG average mass. The

variable Am is used and so () is redefined for ) = Am — m,.

Smeared In(x3,) PDF

This PDF is used to model the prompt and secondary In(x?p) shapes; an example
of the distribution of the prompt component is in Fig. [£.13] It allows for the
translation of the secondary shape (as it evolves with decay time) and some
smearing to take into account the wider shape of the secondaries. It is based upon
taking the natural logarithm of a y? distribution with two degrees of freedom and

introducing some smearing into the resulting function:

exp{ary —exp{ar(y — p)}} y<u
exp{app + ar(y — ) —exp{ar(y — w)}} y>p

P(y) = (4.32)

Crystal Ball PDF

The Crystal Ball PDF [118] is designed to model distributions of processes with
energy loss. It is comprised of a Gaussian distribution with the lower tail becoming

a power law distribution below a certain point. It is defined as

x—uz
N x e_( s = >a
flw) = o (4.33)
Ax (B— )" L <

o o

Where 1 and o are the mean and standard deviation of the Gaussian distribution
respectively. The parameter o determines the number of deviations from the mean

at which the distribution transitions between the Gaussian and power law
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Figure 4.13: The distribution of In(x%p) for simulated prompt DY — K" decays.

components. The factors N, A and B ensure the total distribution is correctly
normalised and that the function and its first derivative are continuous at the
transition.

For these analyses the Crystal Ball is used to model the energy loss of the
pion in D° — K~7t and D — 77~ decays. As it is light the pion radiates
significantly such that the measured momentum as shifted to lower values than the
initial momentum from the decay. This produces a long tail in the reconstructed

invariant mass distributions for these modes.

4.2.9 Blinding

The measurements were carried out in a blinded fashion in order to avoid biases
due to the expectations of the analysts when setting up the fit. The prompt signal
lifetime parameters 7 for the K™K~ and 77 fits were multiplied by a blinding
factor at the interface between the minimiser and the fitting classes. Thus the true
values are fitted to the data but the user will see the blinded lifetimes.

The K~ nt final state was not blinded as the comparison of the measured
lifetime with the PDG was used to validate the fit. The two final states from
which the physics results were obtained and the two initial states (DY or D°) were
blinded separately. The blinding factor b for a given final state is the sum of a

tagged and untagged part

bl)o = buntagged + btagged7 ijO = buntagged - btagged7
where byntagged and bigggeq are different for KK~ and 7w. The Ar measurement
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can therefore be unblinded without revealing the true lifetimes and unblinding ycp

by removing the b;qg¢eq Parameter.

4.2.10 Combining results

When quoting results for the whole sample the following method is used. For
combinations of D° and DP° lifetimes the un-weighted mean of the individual
numbers is taken. When combining the results from the splits by magnet polarity

or technical stop the weighted mean is used, the weighting being the signal yield.

4.2.11 Checks and Systematics Overview

The veracity of the results of the fitter and the systematic uncertainties are
evaluated both through tests on data and with pseudo-experiments. The latter
involves generating several data sets, fitting them and comparing the results with
the parameters used in the generation. They are henceforth referred to by the
sobriquet toy experiments.

The most straightforward test of the fitter compares K~ 7" fitted lifetime
with the PDG [I17] average of (410.1 & 1.5) fs. The analyses are not absolute
lifetime measurements and a lot of the biases cancel in the ratios to produce ycp
and Ar. However for the results to be believable they should agree with the world
average within the uncertainties. Additionally one hopes that the quality of the
fits would instil confidence that the results are accurate.

The fit configurations for each of the final states are tested using toys to
check they do not introduce biases. Many (of the order of 330 though the precise
number varies depending on individual job successes) data sets are generated using
the default fitter configurations and then fitted; the results of the fits are compared
with the generating parameters and checked for biases. The data sets are
generated using the current world averages for the D lifetime and yop. In the case
of Ar the D° and D° lifetimes are the same for the standard generation and to
check the sensitivity to that observable a set it also generated with a non-zero Ar.

The sources of systematic uncertainties are the same for yop and Ar. They
are summarised in table which also lists how they are tested.

For the tests using fits to data (for example the effect of the minimum decay
time cut) the assigned uncertainty is half of the full variation (plus and minus) of
the quantity in question (yop or Ar). In the case of tests using toys the
uncertainty is taken as the observed bias on the mean of the pulls resulting from
the changes to the fitter. The larger of the absolute bias or the difference between
the biases of the test and the standard configuration is used. The toy data sets

have similar statistics to the 777~ data sample, so to produce an absolute
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Source Test

vary fixed 7y parameter in time PDF

dari . : :
Secondaries toys with varied secondary fraction

Scale turning points

A t functi . .
coeptance tunetions Offset turning points

Change resolution model

Decay-time resolution Change resolution width

Vary lifetime of unbiased estimate PDF

Mis- tructed bkg. . .
is-reconstructe & Change fractions around the nominal fit values

Toys with different generating PDF's in mpo and Am

Combinatoric bkg. Toys with varied combinatoric time generation
Toys with increased combinatoric fraction, 777~ only
Minimum decay-time cut Vary the cut
Reconstruction efficiency Apply efficiency correction
No. of TPs Include up to 4 TPs

Table 4.2: A summary of the systematic checks for yop and Ar. The precise varia-
tions are described in the text in sections £.4.2] and [6.4]

uncertainty the bias is multiplied by the 7+7~ statistical uncertainty (1.06 x 1073)
to give an absolute uncertainty. In the circumstances where more than one test is
carried out to measure a source of uncertainty the larger value is taken. For the
toy tests the two final states have the same figure for the uncertainty assigned to
them unless a specific test has been carried out for that final state (for example

when checking the combinatoric background).

Backgrounds not from D°

Combinatoric background is present in all three final states. As its time PDF is
obtained by producing the sPlot extracted from the mass fit its systematic is
investigated by examining the effect of using an incorrect model in the mass fit. To
that end toys are generated with the combinatoric component using a different
PDF in mpo and Am to the standard fit. These are then fitted with the regular
PDF's and the resulting bias taken. The time distribution of the generated
combinatoric background is varied in a separate test and the bias again measured.

An additional test of the combinatoric background is performed for the 77~
final state. There is a far greater amount of it in that mode so toys are generated
with a larger combinatoric fraction to reflect that and compared with the standard
configuration.

The mis-reconstructed backgrounds of the KK~ mode are examined with a
combination of fits to data and toys. Fits are run with their fractions varied to be
+the best fit values. The initial estimate unbiased time PDF that is used to

extract the acceptance function is also varied.
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Secondaries

An additional major source of background are candidates originating from B
decays. These are particularly troublesome as their separation in the In(x?p) fit is
tricky. The result of the fit to simulated data used to fix the 71 in the unbiased
time PDF (see section is checked by examining the effect of varying that
parameter.

Additionally toys are generated with half as much and twice as much
secondary as in data and the bias examined. A test is also performed with the

generated data having the In(x%p) time evolution different to that found in the fit.

Turning points

The accuracy with which the turning points are determined by the swimming
technique is tested using data through two methods.

In one instance the turning points all have an offset applied to them, referred
to as introducing a turning point bias (TP bias). The values of the biases tested
varied over the three analyses (see the individual sections for the details). This was
due to the analysts gaining a better understanding of the TP resolution.

The second test is to apply a scale to the turning points by multiplying them
by some constant factor. Again for reasons of a change in understanding the details

changed between the measurements and are discussed in the relevant sections.

Decay time resolution

As noted in section the exponential decay time PDF is convolved with a
Gaussian resolution function. The estimated decay-time resolution of LHCD is
taken to be 50 fs, motivated by the study in [91]. To test the effect of the decay
time resolution model, this uncertainty parameter in the PDF is varied between
30fs and 100 fs. Additionally it was shown that a more complex model that is the
sum of three Gaussian functions may give a slightly more accurate description of
the detector performance. the three widths are o7 = 321s, 0o = 65fs and

o3 = 380 fm. The respective fractions are f; = 0.714, f, = 0.282 and f3 = 0.004.
This more complex model is also trialled and compared to the standard model.

The largest variation is taken as the systematic uncertainty.

Checks

As well as the numerical uncertainties described above some checks are carried out
to ensure the stability of the results. In particular one hopes to find that the

results from the individual data splits are consistent between the magnet polarities
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and either side of technical stops. These are then split further into shorter run
periods to see if there is any systematic trend over the course of the data taking.

The data is also split by some kinematic variables: D° p, pr and 7. Track
multiplicity, the direction of the flight of the D° and L0 trigger decisions are also
checked.

4.3 Summary

Both the Ar and ycp analysis follow the methods presented in this chapter. Some
details changed between the two results being obtained and they are detailed in
the following chapters along with the results and detailed descriptions of the

assessments of the systematic uncertainties.
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Chapter 5

2011 Ar analysis

The measurement of Ar on the data collected by LHCb in 2011 was published in
Physics Review Letters at the start of 2014 [119]. The Cabibbo favoured K~ 7+
final state is included in the analysis as it provides a check for the fitter by
comparison of the measured lifetime with the world average and through an Ar
pseudo-measurement with the expectation of a null result.

The details particular to this measurement, in particular the selection of the
data and configuration of the fitter are expounded upon in sections section and
section 5.2l The blinded fit results are then presented in section [5.3], followed by
the results of the systematics tests in[5.4] Finally the un-blinded measurement of

Ar is given.

5.1 Selection

5.1.1 Trigger

The data is selected by two exclusive D to two-body hadron high level trigger
lines: a signal and wide-mass line. The latter is pre-scaled by a factor of about 0.1
and covers a wider mass range than the signal line. The trigger cuts are
summarised in table 5.1} The trigger configuration was altered slightly in the July
2011 technical stop (TS) where some cuts were tightened. The most pertinent cuts
are those related to the distance of the D candidate decay with respect to the
primary vertex. In particular there is a minimum requirement on the impact
parameter y? with respect to the primary vertex of 2.0 before the TS, 9.0 after.
The impact parameter (IP) is defined as the closest distance between the track
direction and the interaction point; the x? is the IP divided by the uncertainty on
the impact parameter, where the uncertainty is a combination of the results of the
track fit and the vertex fit. There is also a minimum requirement for the D° flight
distance x? (the x? is defined analogously as for the IP x?) of 25.0 and 40.0 before
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Particle Quantity Cut
pr >800 MeV /¢ with one >1500 MeV /¢
D >5.0 GeV/c
Daughter Track x?/DoF <3.0
IP \* w.r.t. PV ~2.0 (9.0)
max DOCA <0.1 mm
pr >2.0 GeV/c
vertex x?/DoF <10.0
o flight distance x? w.r.t. PV >25.0 (40.0)
PV DIRA <0.99985
mass signal 1815.0 < mpo < 1915.0 MeV/c?
mass wide mass 1715.0 < mpo < 2015.0 MeV/c?
Global No. of tracks <180
Hlt1TrackAlILO TOS True

Table 5.1: The trigger cuts for the 2011 data taking. Those numbers in parentheses
are the cuts after the July technical stop.

and after the technical stop.

In addition there are several cuts relating to the quality of the reconstruction,
both for the fit of the tracks of the D° candidate decay products and the vertex
fits. Finally the ranges of the signal and wide mass trigger ranges are defined as
1815-1915 MeV/¢? for the former and 1715-2015 MeV/c? for the latter.

The output of the trigger gives a data set that is as close to being ready for
analysis as possible. In essence the selection for the whole analysis has been
performed in the HLT, with the exception of the particle identification

requirements that are not available in the trigger.

5.1.2 Stripping

For the most part the cuts applied in the offline processing reflect those in the
trigger, although the offline reconstruction is more complete than that in the
trigger reflecting the greater time available to it. The differences in selection relate
to the extra information available offline for the 7 and the particle identification
PID. In the stripping selection a 7} candidate is combined with a D candidate to
form the D**. Requirements on the quality of the 7} track and the resulting
vertex fit are imposed for the DY and 7 to form the D*T. The difference in D**
and D} mass, Am, is required to be in the range Am<160.0 MeV/c?.

The particle identification is also applied at this stage. Any tracks that have
associated hits in the muon system are vetoed. Additionally selection cuts are
applied to the hadron PID likelihoods to separate pions and kaons. These cuts are

initially fairly loose in order to retain the maximum number of signal candidates.
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Particle Quantity Cut
7+ DLL(K-7 <-b
Daughter K* DLL<(K—7T )) 5
Radial decay distance < 4mm
Do Decay time >0.25 ps
mpo wide-mass 18151820 MeV/c? | 1910-1915 MeV/c?
mpo signal 1820-1910 MeV/¢?
D** and 7 Am 140-152 MeV/c?
No. of TPs 2
Global t outside swimming acc. False
No.of candidates in event 1

Table 5.2: A summary of the cuts made after the stripping.

5.1.3 Futher cuts

After the stripping some additional tightening of the cuts was enacted,
summarised in table 5.2l A cut on the number of candidates in the event was
made such that only one was chosen from events with multiple reconstructed
candidates. The chosen candidate from the was selected at random and the effect
of this was checked to ensure no biases were introduced.

The daughter PID cuts were tightened to improve the pion-kaon separation
and reduce the possible backgrounds. The fit range in D° mass and Am were
defined. Finally candidates with un-physical acceptance functions (the measured
decay time is outside the acceptance from the swimming due to the finite
resolution) were rejected as were those events with more than two turning points

(more than a single top hat acceptance for the event) in the acceptance (see

section |4.2.5)).

5.1.4 Data splits

The data set was split into eight sub-samples for fitting. The division was by
magnet polarity (up or down), D° flavour and by data-taking period before and
after the technical stop in July. The sample sizes that were fitted (the number of
candidates after all selections) are in tables 5.3 (777 ™), |5.4| (K™K ~) and
(K—7t).

5.1.5 Decay Tree Fitter

In this analysis the Decay Tree Fitter (DTF) algorithm [120] was used in the
reconstruction of the D** candidate. This algorithm is designed to reconstruct

decays using a more holistic view than the traditional method of combining final
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Magnet polarity | D° D

Up 135144 | 137979

Pre TS Down 164764 | 165041
Up 195874 | 200543

Post TS Down 318083 | 316866

Table 5.3: The number of fitted 77~ candidates in each sub-sample.

Magnet polarity | D° D’

Up 379227 | 391680

Pre TS Down 161698 | 461139
Up 558690 | 575832

Post TS Down 063432 | 965379

Table 5.4: The number of fitted K+ K~ candidates in each sub-sample.

state particles to make candidates of decaying particles. Instead the whole decay
chain is fitted together. In the process one can impose constraints on the decay
vertices, the directions and the invariant masses of the particles. Information
about the reconstructed particles with and without the fit was kept.

The D° candidates were made from combining two kaons without applying
any constraints. The DTF was not used for the D° to avoid any possible effects
the vertex constraint may have on the measured decay time. A 7F was added
which was constrained in the fits so its direction of flight points back to the
primary vertex. The 4-vectors of the D° (without DTF) and 7 (after applying
the DTF constraints) were then combined to form a new D** candidate.

The effect of this algorithm is to improve the Am resolution. The 7 is a low
momentum track and consequently has poor relative momentum and direction
resolution; it is this particle that contributes most to the Am uncertainty. The
improvement in Am resolution can be seen in Fig. 5.1 The stripping cut on Am
at 160 MeV/c? leads to the distribution with the constraint decreasing at higher
values; this motivates the tighter Am cut listed in table [5.2]

Using DTF in this manner introduces some time dependency in the Am

variable. This is due to the effect on background events originating from B decays,

Magnet polarity DY D°

Up 9829271 | 2964950

Pre TS Down 2900389 | 2966165
Up 4205761 | 4426319

Post, 'T3 Down 6850383 | 6990802
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Figure 5.1: Comparison of Am with (blue) and without (red) a constraint on the
7t vertex using DTF. From [72].

known as the secondary component. For those secondary events that are correctly
tagged the attached 7} has its momentum vector altered significantly to point
back to the primary vertex in the reconstruction. This correction is time
dependent; for apparently longer lived D° candidates the correction to the 7
momentum is greater than for those that are shorter lived. This manifests itself in
a time dependent Am distribution for the secondary component. In the fit Am
and decay time are considered completely independent. This assumption could
potentially bias the fit. For this reason the tests with simplified simulations that
are used to test the fitter are generated with a time-dependent Am distribution for
the secondary component and then fitted with the standard configuration. To
estimate the time dependence a sample of B — D decays that had previously been
selected and reconstructed are taken. These are then reconstructed again without
the intermediate B and assuming that the D has originated at the collision point.
These events are binned in decay time and fitter in Am with a Gaussian function.
Fig. shows how the mean and width of the Am distribution varies with time
for the K+ K~ final state. The overlaid red lines are linear fits that describe how

the variables evolve and which are used when generating the toys.

5.2 Fitter configuration

5.2.1 Mis-reconstructed backgrounds

A study was carried out to examine the possibility of mis-reconstructed events

appearing as backgrounds in the selected data. These backgrounds are from decay
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Figure 5.2: The time evolution of secondary decays in the Am variable. The
data has been binned in proper time and the Am variable of each bin fitted with a
Gaussian function. On the left is plotted the mean of the Gaussian, on the right the
standard deviation. The overlaid red lines are linear fits. The final state is KK .
From [72].

Decay Branching fraction
D% — K—nt (3.89 +0.05)%
D — KTK~ | (3.9340.08) x 1073
D° — 7fr~ | (1.40 £0.03) x 1073

Table 5.6: The branching fractions of the three signal modes, from PDG [117].

modes, other than the one of interest, that have been reconstructed as the signal.
Such candidates may affect the shape of the mass and Am distributions and affect
the quality of those fits. They may also extend under the signal peak in mass and
Am and be mistaken for signal, biasing the eventual lifetime measurement. They

therefore must be considered in the fit.

Potential background sources were examined that have a branching ratio of
comparable size or larger than the signal modes and are listed in table They
also must be reconstructed to lie in the D° mass range of interest, either due to
some mis-ID changing the reconstructed mass or due to a particle not being
reconstructed. The most pernicious of these backgrounds may peak in either D°
mass or Am in which case they would be mistaken for signal if not taken into
account. The modes considered are listed in table along with how they may be

mistaken for signal.

Simulated data samples were obtained for each of these as well as for the

signal decays. Using the MC truth information only true signal for each decay was
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Signal mode | Background mode | Branching fraction % | Mis-reconstruction
DY — ntn— 70 1.44 7 — K=, 7% lost
Fomat D’ — K- uty, 3.3 put— Kt
Dt — ghatg~ 0.3 T — K~
Df - KTK—rn* 5.5 7t lost
DY — K—ntgY 13.9 7t — KT, 7% lost
o D’ — K uty, 3.3 put— K+
DYK ntnt 9.4 7t — K~, " lost
Df - KTK—n™ 5.5 7t lost
Ttm D’ — mety, 0.28 et -7t

Table 5.7: Possible mis-reconstructed backgrounds, their branching fractions and
the mis-reconstruction.

taken. The stripping selections were then applied to each assuming the signal
hypothesis and the expected yield of the backgrounds calculated. The results for
the Kt K~ final state are in table 5.8 and K7 in table 5.9

Channel Events in MC Candidatejs Sfelected Expected fraction w.r.t.
by stripping signal
D' - KtK- 10060944 41441 —
DY —» K—mtr® 2027984 8 3
D’ — K~ uty, 6380471 9 0.3
Dt - K rntnt 10150948 32 3
Df - KTK—nt 4014973 44 2

Table 5.8: The results of the Monte Carlo background study for the K™K~ final
state. The results of the stripping selections are compared between each background
and the signal and combined with the relative fractions to give the estimate of the
amount of background expected with respect to signal.

In the K~ 7" mode only the D° — 77~ 7% decay was found to be
non-negligible. In K+ K~ the four listed backgrounds were thought to be
significant. For these the MC was fitted in mpo and Am assuming the signal
hypothesis. Some of the stripping cuts had to be removed to increase the sample
sizes for the purposes of fitting, in particular those of the PID. Additionally the
mass windows were widened for the fits in order to obtain reasonable statistics. As
examples the fits for the K -7 7° component can be see in Fig. and for the D}
in Fig. 5.4 These shapes were then fixed and included in the fitter as new classes
whose fractions were free to float.

Trial fits determined that the K~ 7" fit was not sensitive to the
mis-reconstructed background. The fraction fitted to be negligible and so it was
left out of the final fit configuration. Similarly in K+ K~ the D* — K~n"x" and
D — K~ utv, were found to be too similar to the other backgrounds shapes and

the fraction fitted zero. In the case of the former it was very similar to the
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Figure 5.3: Simulation of D® — K7+ 7? reconstructed under the K™K~ hypothe-
sis. Shown are the mpo (left) and Am (right) variables with fit results overlaid.
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esis. Shown are the mpo (left) and Am (right) variables with fit results overlaid.
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Channel Events in MC Candidate.s sglected Expected .fraction w.r.t.
by stripping signal
DY — K—n*t 10141454 303147 -
D’ — K- uty, 6380471 0 <4x1073
D — ntp— 70 - - 0.03
Dt — ghatg~ 2038992 57 7x 1073
Df —» ntptn~ 2053988 0 <4x1073

Table 5.9: The results of the Monte Carlo background study for the K~ 7" final
state. The results of the stripping selections are compared between each background
and the signal and combined with the relative fractions to give the estimate of the
amount of background expected with respect to signal. In the case of D* — 7770
the result of D™ — 777~ has been combined with the relative branching fractions
of that decay for the estimate due to the lack of suitable Monte Carlo data.

combinatoric background in both fitted variables. The latter distribution had a
strong resemblance to the larger K ~7"7° mode. In reality it does not matter if
these specific decays are not included explicitly as long as they are accounted for in
some kind of general background model which is propagated to the time fit via the
kernelised sPlots.

The determination of the mis-reconstructed backgrounds, in particular by
taking the fit shape from MC with limited statistics, could provide a source of
systematic uncertainty. The effect of this was evaluated and is described in section

b4l

5.2.2 Mass fit

The mass signal peak was described by the sum of two Gaussian functions and a
Crystal Ball function (see section with common means but independent
widths. Together these describe a mass peak with some per-event measurement
errors that are not known but can be described by the combination of Gaussian
functions. The Crystal Ball function models the low tail of the mass peak due to
the radiation of the final state pions. In K™K~ this radiative tail is negligible so
the Crystal Ball turnover parameter, o was fixed to some arbitrarily large value as
was the power law of the tail, V.

In K7t and 77~ the radiative tail is significant. For 7t7~ both the turn
over and power were fixed to the values obtained from a fit to simulation as the
data set was not large enough to constrain them. In the large K~ 7+ data set the
power was similarly fixed but the a parameter was allowed to float. Again due to
the limited statistics, the contribution of the third Gaussian in the 777~ was fixed
as was its width, this time to the result of the K7™ fit.

The 7 background PDF was the same as the signal PDF in mpo as it
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comprised of true DY candidates. The combinatoric was a floated exponential
function whilst the mis-reconstructed background shapes were fixed to the results
of fits to simulation as described in section [5.2.1] The fractions describing the
contributions of each background was left to float.

In Am the correctly tagged signal was described by three independent
Gaussian functions for K™K~ and K~ 7. As with the mass projection these
functions model the peak and a resolution function. Additionally as the decay tree
fitter affects the Am of the secondary it was important that these functions had
freedom to take that into account. In 777~ however the three means were forced
to be the same due to the limited size of the data set. The combinatoric and 7
backgrounds were described by the phase space PDF as described in Eq. As
in the mass variable the mis-reconstructed background shapes were fixed to the
results of the fits to simulated data.

These PDFs are summarised in section [5.2.4]

5.2.3 Time fit

A substantial challenge for this analysis was obtaining a good two-dimensional fit
to decay time and In(x?p). In particular the time dependence of the secondary
component was open to question. A study with simulated data was performed in
order to estimate the evolution of the shape of In(x%5) with proper time for the
secondary component.

A sample of unbiased (no selections were applied) D° — K™K~ MC
simulation was taken. From these only those that had come from a B decay were
selected to form a sample of secondary candidates. This sample was then broken
into slices of time and the In(x%p) variable for each slice fitted with the secondary
PDF, a smeared In(x?p) PDF from equation [4.32] (see section [4.2.8). The fit
parameters at each time point were plotted and fitted with suitable functions. The
results for the mean and right-hand smearing parameters (u and ag respectively)
are shown in Fig. [5.5] where the fits have been performed with the left-hand
smearing parameter (o) fixed to 1. The time evolutions were both fitted with

functions of the form
p(t) =A+ B-t+ C-arctan(D - t). (5.1)

The same study was done with data using a sample of reconstructed
B — DX decays (see [72] for the complete list of modes used) with the D°
decaying to either K*K~, 77~ or K~ 7n". Similar results were obtained as those
found with simulation. The results of study with data were used when examining

alternative time evolutions for the systematics assessment.
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Figure 5.5: Evolution of the secondary fit parameters. Simulated data of the sec-
ondary background has been binned in decay time and fitted with the smeared
In(x3p) PDF in equation [4.32] Plotted are the y (left) and ap parameters of the
fits in each bin of decay time. Overlaid in red are fits of the function in Eq. [5.1]

In the analysis fit it was found that the time evolution of the secondary ag
parameter fitted to resemble a linear function. This was adopted as the standard
configuration. The time dependence of «, was also described by a linear function

to allow for some variation.

Both signal and 7} background prompt In(x?p) components were made up of
two of the smeared In(x?p) PDFs (equation with a common «; parameter,
the signal and 7} background PDF's sharing the same parameters and the same
time evolutions of those parameters. The combination of the two PDFs described
the natural logarithm of a y? distribution and allows for some distortion due to
instrumental effects, such as the errors in the x? calculation not necessarily being

accurate.

The secondary components were modelled with a single smeared In(x%p)
function, again with shared parameters. This component is small enough that a
single PDF was sufficient to describe the data. As in the mass fit some
simplifications were made for the 777~ final state: the time evolution of the ay,
parameter was fixed to the fit from the study with simulated data and the

evolution of the mean parameter neglected the linear term.

The decay time PDFs were as described in section 4.2.6| The signal and 7
background prompt PDF's had independent decay times. The secondary signal and
7 PDFs however had common lifetime parameters to simplify the fit
configuration. The differences between them were expected to be small and the
secondary components comprise a small portion of the data. In K™K~ and K~ 7t
the secondary lifetime PDF was the sum of two of the difference of exponential
PDFs from Eg. with one common fixed lifetime parameter and two floated.
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For 77~ just one difference of exponentials PDF was used again with a fixed
parameter. For each component the turning point distributions were calculated

separately giving different acceptance functions for each component of the fit.

Numerical PDFs

As noted in section the PDFs for the turning points and backgrounds are
numerical PDFs. It was initially thought that the PDFs produced by each of the
eight samples alone would suffer from a lack of statistics in some of the smaller
background classes. For this reason it was decided to apply the methods to the
whole data set. The individual mass fits were performed first. The weighted
averages of the fitted parameters were taken to produce an estimate PDF for the

whole data sample. The total mass PDF was then constructed using these

averaged numbers and the techniques of sections |4.2.5| and [4.2.7| were applied using

the whole data set with this average.

5.2.4 Fit PDFs summary

The fit configuration has been outlined in the previous section. Here the model for

each variable is summarised.

® 1Npo:

— Correctly tagged D°: The sum of two Gaussian functions and a Crystal
Ball with common mean. The widths of the second and third are
parametrised as ratios compared to the first. In the case of K*K~ the
transition to the power law is fixed to a large value as it should not
contribute significantly to the mass distribution and the power itself is
fixed to an arbitrary value. Therefore the 777~ PDFs have 8 free
parameters and the KTK~ 6.

— 7} background: The same PDF as correctly tagged.

— Combinatoric background: A single exponential with floating decay

constant. 1 free parameter.

— Mis-reconstructed backgrounds: The shapes are fixed as in section [5.2.1}

the fraction of their contributions are left to float.

— Correctly tagged D°: Three Gaussian functions with independent
means. The second and third widths are parametrised as scales with

respect to the first width. There are therefore 8 fitted parameters: three
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means, three for the widths and two for the relative fractions of the

Gaussian functions.

— 7 background: Phase space PDF of Eq. [4.31} The factor for the power
% was fixed to 1. Higher orders were found to fit to 0 so were not

included.

— Combinatoric background: Same PDF as the 7 background with the

same fit parameters.

— Mis-reconstructed background: Fixed shapes from MC.

e In(x%p) against ¢:

— Prompt signal: The sum of two smeared In(x%,) PDFs of Eq. The
two have common mean and «j, parameters. The right hand side
smearings, ag, are independent. There are 5 fitted parameters
(p,aep,aep1,cego and the relative fraction of the functions). All the
parameters are given a linear time evolution, with the two apr

parameters having common evolutions
p(t) = A+ B x t. (5.2)

The time evolutions therefore introduce a further 3 parameters to be
fitted.

— Secondary signal: A single smeared In(x%p) PDF, giving 3 parameters.

The mean p has the time dependence
p(t)=A+ B-t+C -arctan(D - t). (5.3)

Both the left and right hand side smear parameters, oy, and ag followed

a linear function
p(t) = A+ B x t. (5.4)

Therefore the time evolutions of the parameters introduced 5

parameters.

— Prompt 7} background: The same PDF as for the prompt signal with

common parameters.

— Secondary 7} backgrounds: The same PDF as for the secondary signal

with common parameters.

— Combinatoric backgrounds: Kernelised sPlots.
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— Mis-reconstructed backgrounds: Kernelised sPlots.
e Decay time:

— Prompt signal: A single exponential convolved with a Gaussian
resolution function (Eq. [4.17)). 1 free parameter.

— Secondary signal: The sum of two secondary lifetime PDF's (the
convolution of two single exponentials) as in Eq. . The two share a
common 7; parameter of 0.27 ps, fixed from a fit to simulation. There
are 3 parameters to be fitted: the two lifetime parameters and the

relative fraction between them.

— Prompt 7} background: Another single exponential convolved with a

Gaussian function. 1 fitted parameter.

— Secondary 7 background: The same PDF as for secondary signal with

the same lifetime parameters.
— Combinatoric background: Kernelised sPlots.

— Mis-reconstructed backgrounds: Kernelised sPlots.

The fractions of the classes were allowed to float, giving 2 parameters for 777~
and 4 for K K~. Furthermore the fractions of the prompt sub-classes within the
signal and 7" background classes floated introducing 2 additional parameters. In
total therefore there are 19 parameters in the mass - Am fit, 23 in the decay time
-In(x3p) fit, resulting in 42 fitted parameters in total for both the K+ K~ and

777~ final states.

5.3 Fit results

The K*K~ and m*7~ mass and Am fit results are shown in Fig. [5.6 for an
example data sample chosen at random. The fitted distributions for In(x?p,) and
decay time are in Fig. and the T'P1 and T'Py¢¢ plots are given in Fig. [5.8]
Underneath the distributions pull plots are shown. For each plotted bin the pull is
defined as

data — fit
uncertainty

where the uncertainty is the statistical uncertainty of the plotted bin. An example
of the two-dimensional pull distribution for the In(x?p) and ¢ fit is shown in Fig.
5.9 for one of the 77~ fits.

As can be seen there are regions in the time fit where the fit model has not

adequately described the data. In In(x?p) this was found to be mostly in the
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7t~ (right) final states with fitted components overlaid. The data sample shown
here is D candidates, with magnet polarity down for the run period before the July
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Figure 5.9: An example of the two-dimensional pull distribution. Plotted are the
pulls for the fits to ¢ and In(x?p) for the 777~ final state, magnet polarity down for
the run period before the July technical stop.

region where the secondary component dominates (In(x%5)>3). Despite significant
investigation into the secondary parametrisation no improvement could be made.
The effect of this is included in the systematics studies as part of the assigned
uncertainty due to the secondary component of the data. Most importantly the
prompt peak looks to be well described and hence the fit was sufficient for the
purposes of measuring Ar. Since the final states analysed are identical any
potential biases in the lifetime due to the fit quality should be small and cancel
when the resulting ratios are calculated for Ar. Section gives details as to

why the fit quality is considered to be sufficient for the measurement of Ar.

5.4 Systematic uncertainties and checks

5.4.1 Fitter Validation

The fitter was validated by determining the mean lifetime of the K7 mode; the
measured lifetime value was (412.876 £ 0.084) fs. This shows reasonable agreement
with the world average of (410.1 + 1.5) fs [I17]. As there is no physics information
in the K7 lifetime this measurement was not blinded (whereas the K™K~ and
w7~ states were). Furthermore no systematics studies were carried out for the
K7 mode due to the long computing time required to analyse the large data-set.
Therefore, although the statistical error is very small this is in no way a

measurement of the mean D lifetime beyond the fitter validation. The lifetimes of
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Pre TS Post TS
MagUp MagDown MagUp MagDown
(DY) (fs) | 414.70+£0.29 | 414.42 4 0.29 | 412.07 +0.24 | 412.01 £0.18
7(D°) (fs) | 414.74+0.29 | 414.924+0.29 | 412.10 £ 0.24 | 411.66 £ 0.18
Average (fs) | 414.72 £0.21 | 414.67 £0.21 | 412.09 +0.17 | 411.84 +0.13

Table 5.10: The measured K~ 7" lifetime for the eight individual sub-samples. The
average is un-weighted.

Split Average D° and D° 7 (fs)
MagUp 413.14 £0.13
MagDown 412.68 + 0.11
Pre TS 414.69 £ 0.15
Post TS 411.93 £0.10

Table 5.11: The average lifetimes for the run periods and magnet polarities.

the individual data samples can be seen in table along with the D° and D°
un-weighted averages. The weighted lifetime averages for the data samples with
different magnet polarities and before and after the technical stops are in table
NI

There is good agreement in the lifetimes for the split by magnet polarity but
a discrepancy between the run periods of order 1%. For Ar such a lifetime
difference should cancel out so the result would not be affected. As expected for
the Cabibbo favoured mode (K~ 7*) the D® and D lifetimes agree giving
Ap(K—7t) = (=0.05 4 0.20) x 1073,

A null test was performed by measuring a pseudo-Ar with the K™K~ and
w7~ final states using a random flavour tag. The fits were performed with
samples that contained randomly selected D° and D° candidates so each sample
should have roughly equal numbers of each initial state. Measuring Ar should give
0 in this instance. For KK~ the measured value for the whole data set was
(1.04+0.6) x 1073, in 77~ it was (—0.4 4+ 1.1) x 1073; both consistent with 0.

Further validation was achieved with toy studies. 300 toy data sets of 1.5
million candidates were generated using the fitter configurations of the K+ K~
mode with the best fit results to data. The lifetime parameter was generated using
what was the world average for yop, giving 7(KTK~) = 406.0fs; Ar was assumed
to be 0 so D° and D° events were generated with the same lifetimes. The time
dependence of the secondary shape in the Am variable due to the DTF was
included in the generation. Each individual 1.5 million candidates set was split
into 8 to roughly match the statistics of the sub-samples in the real data (including

the slight difference between D° and D). The statistics of each roughly matches
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Figure 5.10: The results of fits to 300 toy simulation samples, generated with Ar =0.
Shown are the DY (left) and D° (right) lifetimes. The means of the distributions
are 407.7fs (D) and 407.6 fs (D).

the size of the 777~ sample. Ideally larger toy sets would have been processed to
reflect the larger K+ K~ and K~ 7" modes but the available computing resources
were prohibitive.

The lifetimes of both D° and D° fits exhibited a noticeable bias of 1.7fs as
shown in Fig. [5.10, However the resulting Ar was unbiased (Fig. [5.11)).

To check that the fit really is sensitive to measuring non-zero Ar values
another set of toys was generated with Ar =5 x 1072 (7(D°) = 403.97 fs and
7(D") = 408.03fs). The result, shown in Fig. shows no bias on the resulting

Ar measurement.

Binned Ar

The Ar measurement was simultaneously made using the same data with an
alternative method, known as the ‘binned” method. The analysis was carried out
completely independently and so it provides a cross check of the lifetime fit. The
full details may be found in [119] [72].

The binned method measures Ar by measuring the ratio of the yields of
signal D° and D candidates decaying to K*K~ or 777~ in bins of proper time.

This ratio as a function of time, R(t), for the K"K~ mode can be expressed as

N
R(t) = NDU exp (1 +

DO

_ —At/‘l‘*g
2A1’* t) 1 e D (55>

T ) 1 —e Ao’

where At is the width of the time bin. Thus by a fit of a straight line to a plot of
R(t) against ¢ one may extract Ar from the gradient.

The blinding was implemented such that the two methods could be compared
before unblinding. The blinded results for the total data sample are in table
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Figure 5.11: The results of fits to 300 toy simulation samples with a zero Ar value
used in the data generation. On the left are the absolute measured values, on the
right the pulls. The overlaid curve is a reference Gaussian with mean 0 and width 1.
The mean values of each distribution are shown, along with the RMS of the pulls.
The results are unbiased with the statistical uncertainty and the errors have been
estimated correctly. The pulls have a mean of —0.03 = 0.07 and RMS 1.1 +0.1; the
result is unbiased.
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Figure 5.12: The results of fits to 300 toy simulation samples using a non-zero Ar
in the data generation. On the left are the absolute measured values, on the right
the pulls. The overlaid curve is a reference Gaussian with mean 0 and width 1. The
pulls have a mean of —0.03 4+ 0.07 and RMS 1.1 4 0.1; the result is unbiased. The
mean of the distribution of the measured Ar is (4.97 4 0.07) x 1073, matching the
value of Ar used in the generation.
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| Ap(KTK7)(x107%)  Ap(mm)(x107%)
Unbinned —16.4 £ 0.63 —22.94+1.06
Binned —15.68 4 0.80 —21.734+1.16

Table 5.12: The blinded results for the binned and unbinned methods. The quoted
uncertainties are statistical.

and can be seen to be consistent.

5.4.2 Systematic uncertainties

The tests outlined in section were performed. Typically the tests tend to
show a pronounced effect on the measured D° and D° lifetimes but the changes
are very similar between the two. Therefore these shifts largely cancel in the ratio
that is calculated for measuring Ar. For example Fig. shows the lifetime
deviations for one of the tests to ascertain the turning point accuracy, with the Ar
results shown in Fig. [5.15 The lifetimes change in a similar manner leading to a
small Ap variation.

The results of all the tests to determine the systematic uncertainties are
summarised in table with the sign (positive or negative) of the shifts where
only one test has been compared to the standard fit. In the case where more than
one test has been performed for a source the largest resulting uncertainty was

assigned. The assigned uncertainties are summarised in table [5.14]

Decay-time resolution and efficiency correction

The decay-time resolution was tested through variations to the resolution model;
either changing the Gaussian resolution width from the standard value (50 fs)
between 30 fs to 100 fs or introducing the more complex function described in
section [4.2.T1] Both tests of the decay time resolution returned absolute
uncertainties of the order of 10=7 on Ap for both final states. The uncertainty due
to the resolution model was therefore considered to be negligible. Using the

efficiency correction in the signal lifetime returned a similarly negligible effect on
Ar.

7w} background

The tests for the effects of inaccuracies in modelling the 7} background were only
carried out on the 777~ sample, the same result being assigned to the two final
states. Allowing for a fully independent description of the 7" component in the
mpo variable led to a negligible change in Ar, as did treating the 7] lifetime

parameter as a multiplication of the signal lifetime parameter. Allowing only the
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CHAPTER 5. 2011 Ar ANALYSIS

width of the 7" mass peak to deviate from the signal introduced a change in Ap
that gives an uncertainty of 0.01 x 1073, The sign of the change for the single test

is positive but a symmetric uncertainty has been assigned.

Combinatoric background

Two toy tests were carried out, one varying the mass and Am description, the
other the unbiased time distribution, both in the generation of the data. The first
test resulted in a bias of —0.01 4+ 0.07 in the mean of the pulls. The second gave
0.01 £ 0.10. The default bias is -0.01, so the test varying the time distribution gave
the biggest relative uncertainty of 2%. Multiplying by the 7" 7~ statistical
uncertainty yields an absolute uncertainty on Ar of 0.02 x 1073.

T~ specific test with toys was carried out whereby the

In addition a 7
generated data had a greatly increased combinatoric component to more closely
reflect that in the data for this final state. The fits to these data sets exhibited a
bias in the mean of the pulls of —0.04 £ 0.06 leading to an uncertainty of

0.04 x 1073 for the 77~ final state.

Mis-reconstructed backgrounds

The uncertainty due to the effect of the mis-reconstructed backgrounds in the
K™K~ mode involved fixing the unbiased lifetime estimate PDF instead of
iterating with the baised distribution from the sWeights. The fixed PDF was a
single exponential the lifetime parameter of which was varied. For the

D — K—7t7" backgrounds the lifetimes tried were 550 fs, 740 fs and 1200 fs; for
D — K~ K*n™ they were 520 fs, 860 fs and 1250 fs. These numbers were
motivated by fits to simulated data with and without the stripping selections and
the mean of the likelihood distributions that are produced from the first stage of
the fit (1226 fs and 1250 fs for K~ 7"7% and D). The alteration was done in pairs,

550 fs with 520 fs and so on. The systematic uncertainty was evaluated to be

2.4 x 107 (see Fig. |5.13)).

A second test was carried out whereby the fractions of the each
mis-reconstructed background component was fixed at to be at one standard
deviation above or below the standard fit results to mimic the effect of a possible
incorrect shape leading to their contributions being under or ever estimated. Each
of the two contributions was varied over the possible nine combinations with the

resulting uncertainty being 1.7 x 107°.
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Figure 5.13: The variation of Ar due to varying the lifetime of the unbiased PDFs
of the mis-reconstructed backgrounds. Shown is the average value of Ar for all the
subsamples.

Secondaries

Fits were performed with the fixed lifetime parameter of the secondary unbiased
lifetime PDF being varied between 0.15 ps and 0.35 ps (the standard fit fixes it at
0.27ps). The variation in Ar caused by this was 2.7 x 107% for 777~ and

2.0 x 1079 for the K* K~ mode.

Toy tests were also carried out as outlined in section [4.2.11} Fits to the toy
data sets with double and half the standard secondary fractions yielded biases in
the mean of the pulls for Ar of —0.03 +0.09 and —0.06 + 0.08 respectively.

The second test to change the time dependency of the mean parameter of the
secondary In(x?p) distribution was designed to examine the effect of an inaccurate
description of that evolution in the fit. This was believed to have lead to the poor
fit quality in Fig. 5.7 The time dependency was taken from fits to an enriched
sample of secondary decays. These were events that had already been
reconstructed as B — D decays which were then reconstructed as prompt decays.
They were binned in decay time and fitted with the In(x%,) PDF in order to
extract an estimate of the time evolution of the In(x%p) variable (similarly to the
plots in Fig. but using data instead of simulation). A spline was applied to
those fit points and used as the time dependency when generating the toys. The
toys were then fitted with the standard configuration with the exception that the
fixed secondary lifetime parameter was changed to 0.2 ps in the fit to try and
mimic the poor pulls at low decay times seen in the fits to data. Such a test
yielded a bias on the pulls of —0.05 4 0.07.
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Figure 5.14: The effect on the measured Ar of varying the minimum time cut. On
the left is the 777~ final state and the K™K~ is on the right.

For evaluating the toy uncertainties whichever was the larger of the difference
in the biases between the test and the standard configuration (-0.01), or the
absolute value of the bias was taken. In this case the largest pull was —0.06, or a
relative uncertainty of 6%. The toy data sets were of similar size to the 77~
sample so the relative uncertainty (6%) was multiplied by the 777~ statistical
uncertainty (1.06 x 1073) to yield the absolute systematic uncertainty on Ar of
0.07 x 1073 which was assigned for the effect of the modelling of the secondary
component of the data in the fit.

Minimum decay time cut

Any change in Ar due to a change in the value of the minimum decay time cut
should be statistical in nature. The fits were performed with the minimum time
cut varied from 0.15ps to 0.35 ps. To test whether the resulting variation was
statistical in nature, a x? probability of the variation being consistent with a
statistical variation was calculated. For the two final states the probability was
large; 50.4% for K™K~ and 9.9% for 77~ It was therefore decided that the
variation observed was consistent with statistical variation and so a systematic

uncertainty was not assigned for this effect. The deviations can be seen in Fig.

514

144



5.4. SYSTEMATIC UNCERTAINTIES AND CHECKS

02 QU
L ] : :
< < :
- . 20,015 | e ._
20,0221 | 3 b
| ¢ bovte e + i i i
_ T — -
‘ ‘ - T .
QU028 _ i ]
L 4 20,017 ]
- LHCb Internal 1 | LHCb Internal i

B ¥ R T R R TR B R | R
Offset [mm] Offset [mm)]

Figure 5.15: The variation of Ar due to adding an offset to each turning point.
The 777~ final state is on the left, KT K~ on the right.

Turning point accuracy

The effects of the limited turning point accuracy was tested through altering the
turning points in one of two ways. The first was to apply a constant offset to each
turning point of up to £0.1 mm. This covers a range of two multiples of the
smallest step size used in the swimming method when searching for turning points.
The second alteration was to apply a scale to each turning point of up to £1%.
The former test produced the biggest deviation for both modes and the
values were assigned for the systematic uncertainties due to the limited turning
point accuracy; the values were 0.11 x 1072 in 7+7~ and 0.09 x 1073 for KTK~
from applying the offset. Applying the scale resulted in 0.05 x 1073 and
0.02 x 1073 respectively. The results of the first test is in Fig the second in
Fig|5.16| Fig. [5.17| shows how the D° and D° lifetimes are affected by the offset

test for the KT K~ final state; as can be seen, to a large degree the systematic

variation has cancelled when Ar is calculated. Nevertheless the uncertainty due to

the turning point precision remains significant.

Summary

A summary of the assigned systematic uncertainties for each source is in table [5.14
along with the total systematic and statistical uncertainties. All of the systematic
uncertainties are assumed to be symmetric in nature. They are so small relative to
the statistical uncertainty that this conservative estimate has been used. In

particular for the toys, although an individual bias may appear in one direction
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Figure 5.16: The variation of Ar due to applying a scale to each turning point.
The 7t7~ final state is on the left, K™K~ on the right.
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Source Ar(KK) x1072 | Ap(mm) x1073
Mis-reconstructed bkg. +0.09 -

Secondary bkg. +0.07 +0.07
Combinatoric bkg. +0.02 +0.04
7t bkg +0.01 +0.01
Turning points +0.09 +0.11
Time resolution +0.00 £0.00
Reconstruction eff. +0.00 +0.00
Total systematic uncertainty +0.12 +0.14
Total statistical uncertainty +0.62 +1.06

Table 5.14: The assigned systematic uncertainties for each potential source along
with the total systematic and statistical uncertainties.

Variable Ranges
D% p <45GeV/c , 45-65 GeV/c , 65-95 GeV/c , >95 GeV/c
D° py <3.3GeV/c , 3.3-4.3GeV/c , 4.3-6GeV/c , >6GeV/c
D% 0-3,335,354,46
D ¢ detector halves and quadrants
T X4p <15,15-75,>75
No. of PVs 1,2,>2
No. of tracks < 50, 50-100 , >100

Table 5.15: A summary of the ranges of the kinematic checks.

the statistical uncertainty of the toy test is usually larger than the resulting shift

in bias so one should be conservative.

5.4.3 Checks

Several checks were carried out in addition to the systematics checks detailed
above. The first of these were to ensure that the result was not dependent upon
the kinematics of the event. The data was split by kinematic variables and for
each split the fits were carried out and Ar computed. These kinematic checks and
splits are detailed in table [5.15] The split by ¢ refers to the azimuthal angle of the
DP flight direction. The cuts are therefore designed to check that the results is not
dependent on which part of the detector the D° decay components are found in;
they pick out the top, bottom, left and right halves and the individual quadrants
(top left, top right etc..). Additional splits were made by the 7~ PID with respect
to leptons and the level 0 trigger decision. For all these checks no systematic trend
was seen. As an example the results of the DY transverse momentum split is shown
in Fig.

The effect of selecting events with only two turning points was checked by
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Figure 5.18: The value of Ap determined for different ranges of D° candidate
transverse momentum. The 7*7~ final state is on the left, KK~ is on the right.

doing the fits with the maximum number changed to four. The fits were also
repeated with a different candidate selected in those events with multiple
candidates to ensure the candidate selection did not bias the result. Different
selections in the hardware trigger were tried to ensure the trigger selections did not
affect the result. Finally cuts on the likelihood of the 7] being a pion compared to
a lepton were imposed. For all of these checks no significant deviation in Ar was

observed beyond statistical variations.

5.5 Results

The results obtained for Ar measured using the 2011 data set are

Ar(KK) = (-0.3540.62 4+ 0.12) x 1073
Ar(rm) = (0.33 4 1.06 £ 0.14) x 1073,

where the first error is statistical and the second systematic. The weighted average

of the two modes is
Ar = (—=0.17 £ 0.54) x 107,

The two modes are consistent with each other and with there being no CP
violation at the quoted precision. The ratios of DY and D candidates as a
function of decay time are plotted in Fig. for the two final states. Overlaid
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Figure 5.19: The ratios of the extracted D° and D° yields as a function of decay
time as they decay to the K™K~ (top) and 77~ (bottom) final states. The green
curve is the ratio of the fitted signal PDFs, the blue the total PDFs.

are the ratios of the fitted signal PDF (green) and total PDF (blue). The data and
fits are flat, showing no time dependence which indicates that there is no
time-dependent CP violation observed.

The resulting HFAG [41] average is shown in Fig. [5.20] As can be seen the
measurement with the K™K~ final state represents a considerable improvement of
a factor of four in precision over previous efforts. This was also the first time that

Ar had been presented separately for the two modes.

5.6 Further checks

Following the publication of the Ar measurement [I19], new sources of bias have
been identified. These are the dependence of the in(x%p) variable on the DY mass
and a potential mistreatment of the acceptance functions. By its nature, the

observable Ar should be robust against such biases. A full description of these

effects is given in sections [6.4.2] and [6.1.1] respectively. Here only the effect on Ar is
described.

5.6.1 Acceptance function

The realisation that the acceptance that had been used in the fits is false has
implications for the measurement of Ar. Whilst biases due to the acceptance
should mostly cancel in the difference, the acceptance potentially skews the fit
results in a non-trivial manner (as well as contributing to the poor fit quality).

This should to a certain extent be described by the systematic tests regarding the
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CHARM 2013

Belle 2012 -0.030 = 0.200 + 0.080 %

0.088 £ 0.255 = 0.058 %

LHCb 2013 KK H -0.035 + 0.062 + 0.012 %
LHCb 2013 ’—o—‘ 0.033 £0.106 = 0.014 %

World average H -0.014 £ 0.052 %

02 01 -0 01 02 03
Ar (%)

Figure 5.20: The HFAG average for Ar in September 2013 featuring the new
Apr(KTK~) and Ap(n*7~) results. Reproduced from [41].
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‘ Tt ‘ KTK~
Standard 1700255 | 4882719
Both tracks reco. | 1584511 | 4580088

Table 5.16: The data set sizes for the standard reconstruction and that requiring
both tracks to be reconstructed in the high level trigger. The fractional change is
consistent between the final states, with about 93% of candidates returned in the
latter sample.

turning point accuracies.

Another test has been carried out with fits to data. As well as the trigger
decision, the swimming algorithm also contains information as to whether the
track was reconstructed in the trigger. Therefore for this test (and for the future
yop analysis) the requirement has been made that both tracks that have been
reconstructed offline were reconstructed in HLT1. This should imply that for the
dataset being analysed the online-offline efficiency is one so there is no step in the
acceptance should a second track fire the trigger. There is a slight loss in statistics
as shown in table but it is far less severe than the selection on the trigger
decisions.

As the precise fitter configuration has changed somewhat since the original
analysis this test determines the change in the Ar central value between the full
dataset and the dataset with both tracks reconstructed in HLT1. The full dataset
and the dataset with restriction on the tracks were both fitted under the same
conditions. For the 777~ state the difference between the two is
(+0.24 £ 0.22) x 1073 and for KK~ it is (—0.12 & 0.16) x 1072 where the
uncertainties are statistical due to the changes in sample size. These represent
deviations of 1.1 0 and 0.74 o relative to the change in statistical uncertainty. They
are not in the same direction. One can therefore conclude that the shifts seen are

statistical in nature and not systematic.

5.6.2 Mass—In(x3p) correlation

The potential bias due to the dependence of In(x?5) on mass for the prompt
components of the data have been assessed using simplified simulations (‘toys’).
As one is comparing identical final states for Ar there is limited scope for this
correlation to introduce a bias. If the size of the bias on lifetimes is somehow
dependent on sample size then that would propagate to Ar as D° and D° comprise
different fractions of the data due to the charm production asymmetry [121] (the
difference in data is close to 1% in favour of D°). Alternatively a significant true
value of Ar could lead to the biases on the lifetimes of the D° and D°
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Figure 5.21: The result of the tests with simplified simulations for the In(x?p)- mass
correlations. On the left is the test with Ar = 1 x 1073, on the right the test with
the data generated with D fraction of 40%. Both plots show the pulls of the fitted
datasets. The means are 0.05 £ 0.11 and —0.01 4 0.18 respectively.

measurements being different, again leading to a bias on the measured Ar.

Both hypotheses have been tested with toy simulations for the KK~ final
state which has a more complex background description and so more scope for
adjustments to creep in. Data was generated with the correlation included for the
prompt components of the signal and random slow-pion background classes and
then fitted with the standard fit configuration. The parametrisation for the
correlation in the generation was taken from a fit to the simulated data in Fig. [6.3]

To test the effect of the difference in D° and D° sample sizes toys were
generated with the standard 1% larger D° fraction as well as exaggerated samples
of 60% and 40% D°. In all three instances although the individual lifetimes were
significantly skewed, the resulting Ar was unbiased. The results for the 40% D°
test are shown in the right of Fig. [5.21]

For the second test the toys were generated with an Ap value of 1 x 1073
which is indicative of the magnitude of the current HFAG average of
(—0.59 4 0.4) x 1073 [41] plus its uncertainty (the toys are agnostic to the sign of
Ar). This is the largest value of Ar that the analysis would reasonably be
expected to measure given previous results. Again, although the individual
lifetimes are shifted, the resulting Ar measurement is unbiased. The pull plot for
this test is the left plot of Fig. [5.21]
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Chapter 6
2011 ycop analysis

The measurement of yop using the 2011 data set was separated from the Ar
results. Initially this was due to the greatly increased computing time required to
process the systematic checks on the larger K~ 7t data set and the desire to
publish Ar in a timely fashion. Additionally ycp is a rather more tricky
measurement due to the different final states so any biases or systematic effects do
not cancel to such a degree as they did for Ar. It was also hoped that a better fit
configuration could be produced to improve the quality and stability of the fits. In
this section the changes from the Ar analysis are detailed, the systematic studies
and finally the result for the measurement of yop using the 2011 data set are
presented.

At the time of writing this analysis is under review within the collaboration.
The intention is to publish the final result in the first half of 2016.

6.1 Fitter updates

Several updates were implemented for the measurement of yop and they are
discussed in the following sections. The measurement of Ar and the LHCb
measurement of AAcp [50), 53] showed that at this precision the KK~ and 77~
final states should have the same effective lifetimes. Therefore the difference
between them was unblinded (in addition to the difference between D° and D°

from the Ar analysis) in order to provide a further powerful check on the results.

6.1.1 Turning point treatment

During the course of updating the analysis several inconsistencies were found
amongst the results. In particular there was a difference in lifetime between the
data samples either side of the July technical stop of almost 1% (~4fs), first noted

in the 2011 Ar analysis. Although the resulting ycp measurements were consistent
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Figure 6.1: The acceptance function for an event with two tracks reconstructed in
the trigger. On the left the DY decay time is such that the trigger impact parameter
requirement on track two has been satisfied and there is a step in the acceptance.
The other track in the event (one) does not pass the trigger selection. On the right
the primary vertex has been swum such that the second track now passed the trigger,
as well as the first track leading to a second step in the acceptance. The heights of
the two steps depends on the efficiency for a track to be reconstructed in the trigger.

for the samples split by time period it was noted that such a large discrepancy of
the lifetimes, ten times larger than the statistical uncertainty for the K~ 7" mode,
was undesirable if one were to claim that the acceptances were being dealt with
properly. More concerning was a consistent difference in the measured lifetimes of
the CP eigenstates of roughly two standard deviations significance (see the left
plot of Fig. [6.2)). This remained regardless of any alterations to the fit model or

cuts on the backgrounds.

It was eventually realised that the previous treatment of the turning points
to extract the per-event acceptance was flawed. The selection required one of the
reconstructed tracks to be selected in the first level of the trigger. One therefore
has an acceptance due to the trigger for each of the two tracks. If only one track
from the event can pass the trigger over the whole swimming range the acceptance
would be a simple top hat as before. However in the event that both tracks could
pass the trigger, possibly at different lifetime ranges then one arrives at a more
complex acceptance for the event as there would be two possibilities that the event
would be selected. The problem is shown in Fig. [6.1f The correct implementation
of such an acceptance is described in [73]. The acceptance has to be normalised
accounting for both tracks in the trigger, with the single track efficiency (the
number of the decay product tracks that are reconstructed by the trigger
compared to the number selected offline) fitted for.

To facilitate the more complex acceptance would require extensive
modification of the analysis method. As an alternative one could require both
tracks to fire the first level trigger, obtaining only a single top-hat acceptance for

each event. The caveat is that a large quantity of the recorded data is now rejected
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Figure 6.2: The effect of the acceptance treatment on the measured lifetimes of the
K*K~ (green) and 777~ (red) modes. On the left are the results of fits to the entire
dataset and on the right when selecting that both daughter tracks are selected by
HLT1. The agreement between the two modes is much improved when applying
the additional selection and the split in lifetimes around the technical stop is much
reduced for both K™K~ and 7tn~.

with only around 30% of the data remaining. This leads to a considerable loss of
statistical precision.

The effect of the acceptance correction can be seen in Fig. which
compares the lifetimes of the CP eigenstates when fitted with the entire data set or
when selecting those candidates with both daughters firing HLT1. For the entire
dataset there is a significant difference between the fitted KK~ and 77~
lifetimes, although they should be the same. Both modes also show a large
difference in the lifetimes either side of the July technical stop. For the data with
both daughter tracks passing HLT1 on the right, the difference between the modes

is reduced, as is the split around the technical stop.

6.1.2 Mass - In(x3p) correlation

The second major change to the analysis is again due to an assumption proving to
be false. One of the most basic requirements of the analysis is that the variables in
the first stage of the fit (D° mass and Am) are independent of the second stage
(decay time and In(x%p)), allowing for the total fit PDF to be factorised and the
analysis to be performed in these two stages. Unfortunately an examination of
simulated data showed this is not the case. Consider Fig. [6.3 which plots the
arithmetic mean of the In(x3p) distribution in bins of mass for simulated

D® — K=" decays; the correlation between the two variables is clear to see. This
correlation could potentially cause a large bias in the individual lifetimes and if it
is final state dependent that would propagate into a large bias on yop (as Ar

measures the same final states any bias would cancel).
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Figure 6.3: The correlation between D° mass and In(x?p). Plotted is the mean of the
In(x3p) distribution in bins of D® mass ascertained from D° — K7+ simulation.

Quantity | Bias
- -0.33
TK+K~ -0.99
TK—n+ 0.32

yop(mm) | 0.461

yop(KK) | 0.99

Table 6.1: The biases due to the correlation between the D° mass and In(x?p)
variables. Show are the differences in the biases on the pulls between simulations
with and without the correlation applied when generating the data.

To assess the size of the bias a test with simplified simulations was
performed. Samples of simulated data for the three final states were obtained and
the correlations between mass and In(x?p) plotted and fitted. Subsequently
datasets were generated with these correlations and then fitted with the default fit.
The subsequent bias on ycp was compared to that obtained by generating and

fitting data without the correlations (otherwise with the same configuration).

The results of the test for the three lifetimes is shown in table [6.1]

As the bias was found to potentially be very large (of the order of the
statistical uncertainty in the K"K~ mode) it was decided to perform the analysis

in a reduced bin of DY candidate mass. The chosen bin is 1860-1870 MeV, centred

around the D° mass.

To improve the statistics in each individual fit, D° and D candidates were
fitted together. Additionally fits of mass and Am over the full mass range were
performed (1815-1915MeV) in order to extract the sPlots of the background
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Figure 6.4: The measured blinded lifetimes when fitting to the whole mass range
(red) and the mass range 1860-1870 MeV (green). Shown are the lifetimes of the
7tn~ (left) and KTK~ (right) final states. There is a significant change in the
lifetimes of the 77~ fits but for the K™K~ mode there is little change.

components and the first estimates of the turning point PDFs. The turning point
PDF's were subsequently unfolded individually for each sub-sample. These shapes
were then used in the fits over the reduced range. For the individual fits in the
mass bin the shape parameters of the PDF's for the mass variables were fixed. The
Am PDF shapes were allowed to float to account for the change in Am resolution
with D® mass. The fractions of each component in the fit in the bin in question
were calculated and fixed in the fit as there is little discrimination between the
components in such a small fit range.

The effect of the correlation on the lifetime fits with data can be seen in Fig.
6.4 The blinded results of the CP eigenstate lifetimes are shown, both with the fit
performed in the small mass bin and for the single fit done over the full mass

range. There is a clear shift in measured lifetimes of the 777~ final state.

6.1.3 Backgounds

A bug was found in the fitter implementation such that in effect the acceptance
function was being applied twice to the unbiased lifetime PDFs for these
components. For the Ar analysis this was particularly noticeable in the 77~
In(x?p) fits, where the combinatoric component was shifted to higher values than
it should have been. It was also apparent in the toy studies although the cause of
the poor fits was mis-attributed to a substandard secondary parametrisation.
Rectifying the bug fortunately produced little change in Ar for 77~
(0.80 £ 1.08) x 1073 and none in KK~ (—0.3540.62) x 1073; 777~ showed an
alteration but it was within the statistical uncertainties and the physics conclusion

was unaffected. However the fit quality was somewhat improved as a result,
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Quantity Bias

(e -0.13
TR+ K- -0.68
TR -nt -0.38

yop(rtn™) | -0.63
yCP(K+K_> +0.74

Table 6.2: The biases due to the correlation between Am and decay time when using
decay tree fitter to constrain the slow pion to the primary vertex. These numbers
are the biases on the pull distributions.

particularly in the projection of the In(x%p) variable.

For the fits more freedom was given to the mis-reconstructed background
components in the mass fit for yop. These are the backgrounds Df — K+K 7"
and D° — K~ 7t7° present in the K™K~ final state. For the former background
the Am shape was changed to be the same as the random slow pion, as its
distribution should be comprised entirely of random pions. In mass the shape
remained fixed and as before the fraction of the component in the fit was allowed
to float.

For the D° — K~ 7° background the shape of the mass component was
again fixed. In Am however the PDF was broken into a signal and random slow
pion component. The shapes of each of these were fixed to the results of the fits to
simulation as in Ar but the fraction between them could now float. Again the

fraction of the background component in the data was allowed to float.

6.1.4 Decay Tree Fitter

As noted in section the Decay Tree Fitter (DTF) [120] algorithm can be used
to increase the resolution in the Am variable. A correlation between decay time
and Am is however introduced by DTF for the secondary component of the data.
In Ar this correlation was found to introduce no bias to the measurement. For yop
as the comparison is now between different final states the potential bias was
re-examined.

Simplified simulated data sets were generated with the secondary component
having a time-dependent Am description as shown in Fig. Each final state
was assessed separately with their own time-dependent parametrisations. The
simulations were then fitted with the standard fit configuration (assuming ¢ and
Am to be independent) and the bias compared to fits to simulations generated
without a Am time-dependence. The changes in the bias on the pulls are shown in
table[6.2] As the biases on ycp are so large it was decided to proceed without the

use of decay tree fitter to constrain the slow pion to the primary vertex.
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Figure 6.5: The distribution of In(x?p) for a simulated sample of prompt D° —
K~m* decays. Overlaid is a fit of the function described in section [6.1.5]

6.1.5 The fit model

Some alterations were made to the fit model in order to produce better quality fits.
Furthermore as the lifetimes of the different final states were now under direct
comparison it was considered important that all three modes should have the same

decay time fit model to avoid the choice of model biasing the result.

In(x3,) PDFs

The prompt In(x%5) PDF was updated to better describe the right hand side of
the In(x3p) distribution seen in simulation in Fig. 6.5l The function used was the
sum of a smeared In(x?p) PDF of equation and a similar PDF but with a
long tail on either side. This extra PDF has the form

explary —exp{ar(y — p)}} y<p

Ply) = .
A-exp{—agr(y — p) —exp{ar(y —p)}} y>nu

The fit to simulated prompt K~ 7t decays is in Fig. [6.5. The two functions have
the same left hand smearing parameters oy, and means p, with independent right
hand parameters, ag; and age. The smearing parameters are constant with decay
time.

The secondary In(x3p) PDF was a single bifurcated Gaussian distribution.
The time evolution of the width parameters o; and or were studied again, this
time with a larger sample of simulated secondary decays that had the analysis

selection applied. Again the data were split into bins of decay time and the
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Figure 6.6: The time evolution of the secondary In(x%,) width parameters, extracted
from simulation. Plotted are the width parameters extracted from fits to In(x%p) in
bins of decay time. On the left is the o parameter, on the right or. Overlaid are
the results of the fits. oy has been fitted with the function in equation [6.1} whilst
or has been fitted with a linear funciton.

In(x3p) distribution in each fitted. The fit parameters in each bin of time were
extracted in order to assess their time evolutions. The two width parameters are
shown in Fig. [6.6] The o parameter is fitted with a function of the form

O'L(t) ZO'L—A'GiB.t. (61)

o is fitted with a linear function.

In the fit to collision data the exponent parameter B of the o, time evolution
has been fixed to the result of the fit to simulation, —1.49 ps~!. The other two
parameters are left to float, as are both of the parameters of the linear function
describing the time evolution of og.

The time dependency of the prompt mean parameter was also revised. There
is a cut on the angle between the momentum vector of the DY candidate and the
displacement vector between the decay vertex and primary vertex (this quantity is
referred to as the DIRA, for direction angle). It is designed to suppress secondary
candidates which in general will have a large angle between the two vectors. The
cut also introduces a time dependence on the mean of the prompt In(x%p) decays.
At low decay times a DY candidate with large impact parameter (hence large
In(x3p)) would have a large angle between the momentum vector and
displacement vector as shown in Fig. [6.7] At large decay times the angle can be

small and still give a large In(x7p).

The time evolution for a sample of simulated prompt decays with the DIRA
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Figure 6.7: The time dependent effect of the DIRA cut. At low decay times (left)
the candidate would fail the DIRA cut due to the large angle between the momentum
vector, p, and the flight distance vector. At higher decay times this angle is smaller
for the same impact parameter and the candidate would pass the cut.
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Figure 6.8: The effect of the DIRA cut on the In(x?p) mean. Plotted is the arith-
metic mean of the distribution of the In(x%p) variable in bins of proper time. Over-
laid is a fit of the form . The data is simulated prompt D° — K~ 7 decays.

cut alone applied (the sample is otherwise unbiased) is shown in Fig. overlaid
with a fit of a function of similar form to equation [6.1] In the full fits to data the B
parameters have been fixed to the values obtained from the fits to the simulation in
Fig. [6.8 although separate values were obtained for each of the three final states.
The secondary time evolution remained the arctan function as before and
again the assumption was made that at ¢ = 0 the prompt and secondary in(x%p)
distributions should have the same means. This is important as it allows one to

constrain the low lifetime behaviour of the secondary component.

Secondary lifetime PDF

In order to improve the fit quality the secondary description was examined more

carefully. A sample of simulated D° — K" decays, with the D° originating from
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a B decay was obtained. The complete trigger and offline selection was applied to
produce a biased sample for comparison with the collision data. The swimming
was subsequently run on the simulation to examine the acceptance function.
Furthermore a comparison was made with unbiased simulation to ensure the

swimming was functioning as expected for the secondary decays.

The unbiased and biased data can be seen in Fig. Both have been
overlaid with the results of the fit of the PDF

f(t) = SUSER (e’t/T1 - e’t/”) : (6.2)

T — T2

The fit to the biased sample has been done with the per-event acceptance
accounted for. The two samples give very different fit results, as shown in table
6.3} It appears as if applying the swimming to the secondary decays does not
reproduce the unbiased distribution. Furthermore, combining the unbiased PDF
with the per-event acceptance given by the turning points produces a distribution

rather different to the biased simulation.

Such a result was somewhat surprising as it suggests the swimming method
does not work for the secondary component. This is perhaps to be expected as the
momentum vector and the flight distance vector are not parallel for such decays.
The swimming is performed along the momentum direction and the projection of
the momentum along the flight distance is subsequently used to calculate the

lifetime.

As well as the lifetimes the poor fit quality obtained using the PDF in
equation [6.2 was noted. It was hypothesised that the poor description of the
secondary lifetime was responsible for the fit quality. Adding a further exponential
to give a PDF of the form

T 1
F(t) = - D2 (et Y (1 f) et (6.3)
T — T2 T3
markedly improves the fits to the simulations (again with a large discrepancy in
the lifetimes between the biased and unbiased samples) as can be seen in Fig. [6.10]
The fit results are shown in table [6.4]

This more complex PDF was used to fit the collision data. The secondary
lifetime parameters tend to very small values when left to float, suggesting the fit
is not sensitive the to the secondary component at low lifetimes. Therefore the
parameters 71 and 7, were fixed to those obtained from the fit to simulation. A
systematic uncertainty for the description of the secondary component was

ascertained as described in section [6.4.3]

162



6.1. FITTER UPDATES

LHCb Simulation | 4000

3500

.
*

LHCb Simulation

2500 Ay,

2000 3000

2500
1500

2000
1000 1500]

1000|
501

=1
o
=3
=1

>
F

7
t[ps]

Pull

h o o
Pull

(4] o

Figure 6.9: The decay time distribution of simulated D° — K~ 7" decays where the
DP has originated from a B decay. On the left is the unbiased sample, on the right
the sample with selections applied. Overlaid are fits of the secondary lifetime PDF

in equation [6.2}

Parameter ‘ Unbiased value Biased value
71 (fs) 317+ 7 178 £5
7o (fs) 1447 + 6 77144

Table 6.3: The results of fits to simulated secondary decays using the PDF in equa-
tion [6.2] The fits to the unbiased and biased samples return very different results.
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Figure 6.10: The decay time distribution of simulated D° — K~7" decays where
the DY has originated from a B decay. On the left is the unbiased sample, on the
right the sample with selections applied. Overlaid are fits of the secondary lifetime
PDF in equation [6.3]
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Parameter | Fit value

f 0.19 £0.04
71 (fs) 265 + 15
m(fs) | 60525
73 (fs) 1348 £ 89

Table 6.4: The results of a fit to simulated secondary decays using the PDF in
equation [6.3]

Data split Tr -+ (18)
MagUp pre-TS 407.49 + 0.55
MagDown pre-TS | 405.93 4+ 0.44
MagUp pre-TS 406.93 + 0.52
MagDown post-TS | 405.80 4+ 0.35

MagUp 406.55 £ 0.34
MagDown 406.13 + 0.29
pre-TS 407.21 +0.38
post-TS 405.85 + 0.27
Total 406.31 £ 0.22

Table 6.5: The measured K lifetimes for ycp. The top four rows are averaged
results for both flavours in each split by polarity and run period. The next four
rows are the weighted averages for each run period or polarity. The final column is
the total weighted average.

6.2 Fitter validation

The veracity of the fit results can be checked with the fits to data. In particular as
the K™K~ and 717~ final states have the same blinding applied, agreement
between the two is a powerful test of the fitter stability. Additionally the fits to
the four individual samples within each final state (the two magnet polarities and

two run periods) should agree with each other within their statistical uncertainties.

6.2.1 K 7T lifetime

The measured K77 lifetimes are shown in table [6.5l The fits to the flavours have
been averaged and are not shown here. As can be seen there is a difference of
almost 1% between the period before the July technical stop (pre-TS) and that
after it (post-TS) as was noted when measuring Ar (see section [5.4.1). The total
averaged lifetime is in reasonable agreement with the world average with the

post-TS being within the quoted uncertainty on the world average.
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Data split yor(KK) x 1072 yep(mm) x 1073
MagUp pre-TS 25.93 +4.28 27.19 £ 7.96
MagDown pre-TS 20.58 £ 3.52 16.43 + 6.39
MagUp post-TS 15.40 + 3.84 27.54 £ 7.23
MagDown post-TS 17.88 + 2.66 21.55 £ 5.03
MagUp 22.70 £ 2.72 20.69 + 4.98
MagDown 16.97 +2.19 23.41+4.13
pre-TS 20.17 + 2.86 27.43 +5.35
post-TS 16.97 + 2.19 19.61 £+ 3.95
Total 19.26 +1.70 22.32 +3.18

Table 6.6: The blinded values of yop for the two final states.

6.2.2 Final state agreement

The blinded values for yop are shown in table and plotted in Fig. [6.11} As can
be seen the results for the two modes agree with each other within the quoted

statistical uncertainties.

6.3 Fit results

The projections of the data of the three decay modes in the four fitted variables
(mpo, Am, In(x3p) and t) and the turning point functions (T'P; and T'Py;sy) with
the fit results overlaid are shown in Fig. (7t77), Fig. (KTK™) and Fig.
The data sample shown is that with the magnet polarity down, before the
July technical stop. The two-dimensional pull distributions for the three final
states are shown in Fig.

6.4 Systematic uncertainties

For the most part the assessment of the systematic uncertainties for yop followed
that of the Ar analysis. The reader may refer back to the relevant sections
and for the details. Here only those systematics studies that changed
compared to the Ar analysis will be described in detail. All the systematic

uncertainties are summarised in table [6.71

6.4.1 Turning point accuracy

The systematic uncertainty due to the accuracy of the turning points obtained by
the swimming method had previously been assessed by applying either a scale to

the turning points of up to 1% or an offset of up to 0.1 mm. The test that scaled
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Figure 6.11: The blinded values of yop for the two final states, K™K~ in green and
7t~ in red.

the turning points by up to 1% introduced a shift in T'P; of between about 2.5 fs
and 30fs. The size of the offset was roughly four times the smallest search
increment of the swimming algorithm and could cause a shift of well over 100 fs in
the turning point.

The true turning point resolution can be estimated from data by considering
the distribution of the difference between the first turning point and the measured
decay time. This should be a step function at t = 0, with some spreading out due
to the turning point resolution. The distribution of ¢ — T'P; is shown in Fig.
with the fit of a frequency function overlaid (the convolution of the step function
and a Gaussian resolution function). The fitted width of the resolution is
(0.17 £ 0.02) fs with a mean of (0.42 £0.01) fs.

The sizes of the variations of the scale and bias in the systematics tests had
therefore been greatly overestimated. To make the assessment more commensurate
with the resolution as measured with the data the ranges were altered. The scale
was changed to be up to 0.01% and the bias to 5 um, the expected resolution of
the smallest increment in the search. Furthermore the changes were only applied
in the positive direction (previously both positive and negative alterations had
been used). The negative shift in the turning points increases the acceptance at
the lowest lifetimes to be below where the cut was applied. As the data has
already been taken this is unreasonable as the events cannot be regained so a bias

would be introduced.

For both 77~ and K™K~ the test which introduced an offset to the turning
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(middle) and In(x%p) and ¢t (bottom), overlaid with the results of the fits, for the
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Figure 6.15: The two-dimensional pull distributions in the in(x?p) and ¢ variables of
the fits to the three decay modes: K7t (top), KTK~ (middle) and 77~ (bottom).
The sample is the magnet down polarity, before the July technical stop.
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Figure 6.17: The variation of yop when offsetting the turning point distributions.
The 77~ mode is on the left, K™K~ on the right.

points produced the biggest variation in the measured value of yop: 0.70 x 1073
and 0.27 x 1073 respectively. These values were therefore assigned as the
uncertainties due to the accuracy of the turning points. Although the deviations in
yop were all positive, so were the applied biases. It is not know what the result
would be for negative biases so a symmetric uncertainty has been assumed. The
variations of yop for the offset test are shown in Fig. As the test allows only
for a positive bias or scale, the resulting systematic uncertainty is assumer to be

symmetric.

6.4.2 Mass-In(x3p) correlation

The uncertainty due to the remaining correlation between the D° mass and
In(x3p) fit variables in the fitted mass bin is assessed by splitting the bin in two
and comparing the standard ycp result with the average from the two bins, the
difference being the assigned error. For K™K~ the difference is 0.21 x 1073, for
atrT it is 0.28 x 1073,

It should be noted that this correlation will not be relevant in the future.
The full analysis will account for correlations between the fit variables in a more
comprehensive manner. An alternative option for assessing this systematic
uncertainty would be a study with simplified simulations that closely represents

the analysis method.

6.4.3 Secondary lifetime PDF

As noted in section the secondary PDF is more complex than had previously
been used in the Ar analysis. There are two fixed parameters in this PDF: 7, and

7o that have been ascertained from fits to simulation. To assess a systematic
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Figure 6.18: The variation of yop when varying the secondary lifetime PDF. The
777~ mode is on the left, K™K~ on the right. For K™K~ the systematic was
assessed with the magnet polarity up, post technical stop sample, shown here.

uncertainty due to the secondary component of the data the two fit variables are
varied by twice the uncertainty of the result of the fit to simulation. Four tests are
done; two where the variation is in the same direction and two where the
parameters are varied in opposite direction.

The resulting uncertainties are 0.31 x 1072 and 0.27 x 1073 for 77~ and
K* K~ respectively. The variations of ycp are displayed in Fig. [6.18] The KT K~
error was ascertained from a single sub-sample (magnet polarity up, post technical

stop) due to the fits failing for the magnet down samples.

6.4.4 Combinatoric background

The uncertainty due to the combinatoric background has been assessed with two
tests using simplified simulations. Both involved generating 330 toy datasets for
each final state. The K+ K~ and K~ 7" datasets had 4.8 million candidates each,
with 1.5 million in the 777~. The two tests are compared to a control sample
whereby the generated data are fitted with the same fit model to ascertain the
change in bias caused by the test.

The data are split into eight sub-samples (D° and D°, the two magnet
polarities and the two run periods) which were fitted across the entire mass range
(1815-1915 MeV). The results are combined and the pulls for the combination of
fits for each dataset ascertained to gain the bias of the fits as a fraction of the
statistical errors.

The first test changes the combinatoric mass model used in the generation
from an exponential to a linear function. The data are subsequently fitted with the
standard exponential function. For the K™ K~ mode the change in the bias from

the standard fits is 5.4% of the statistical uncertainty, giving an absolute
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systematic uncertainty of 0.09 x 1073, In 7+7~ the change in bias is 4.3%, yielding
a systematic uncertainty of 0.14 x 1073,

The second test varies the generated combinatoric time fit model from the
standard lifetime extracted from the mean of the sWeights in the data. For KT K~
the resulting change in the bias is 6.4%, with an absolute uncertainty of
0.11 x 1073, For 77~ the bias change is 1.4% with the absolute uncertainty being
0.04 x 1073,

As the fits are done to the entire mass range these systematic uncertainties
are likely an overestimate. When cutting tightly on mass around the signal peak
one significantly increases the signal to background ratio, limiting the effect of the
combinatoric backgrounds on the fit. For each mode the assigned systematic

uncertainty is taken from the test that yields the larger result.

6.4.5 Reconstruction efficiency

The standard fits were done again with the correction of the signal lifetime PDF
due to the time dependent reconstruction efficiency applied. These results were
compared to the standard fits without the efficiency correction and half the
difference taken as the systematic error. For KK~ the assigned uncertainty is
+0.17 x 1073 and for 77~ it is 20.09 x 1073,

6.4.6 Time resolution

The uncertainty due to the time resolution model was assessed using the test
whereby the average error is varied between 0.03 ps and 0.1 ps. This test yielded
errors of +0.22 x 1072 for both the K* K~ and 7*7~ modes.

6.4.7 Minimum time cut

The effect of the minimum decay time cut (¢ = 0.25 ps) is examined in the same
fashion as was done for the Ar analysis (section , whereby the cut value is
varied between 0.15 ps and 0.35 ps; four values were assessed. Again the variation
of the measured ycp should be statistical in nature and a y? probability has been
calculated to assess that hypothesis. In each case the two variations that had the
largest difference to the standard fit were used to calculate the total x? (giving two
degrees of freedom).

In the K™K~ mode the two differences between the tests and the standard
fit were (0.24 4 0.25) x 1073 and (0.17 + 0.29) x 1073, leading to a x? probability

of agreement with the statistical variation of 53%. For 777~ the the differences
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Source yor(KK) x1072 | yop(rm) x1073
Mis-reconstructed bkg. +0.08 -

Secondary bkg. +0.23 +0.31
Combinatoric bkg. +0.11 +0.14
Turning points +0.27 +0.70
Time resolution +0.22 +0.22
Reconstruction eff. +0.17 +0.09
Mass-In(x3p) +0.21 +0.28
Total systematic uncertainty +0.52 +0.86
Total statistical uncertainty +1.65 +3.15

Table 6.7: The assigned systematic uncertainties for each potential source along
with the total systematic and statistical uncertainties.

were (0.10 +0.09) x 1073 and (0.33 4 0.19) leading to a x? probability of 12%. The

variation for both final states is therefore consistent with being of statistical origin.

6.4.8 Summary of uncertainties

The assigned systematic uncertainties are summarised in table The total
systematic error is smaller than the statistical uncertainty for both modes so one
should expect to obtain greater precision with higher statistics once the acceptance

has been correctly accounted for in the remaining fraction of the data sample.

6.5 Results

The unblinded values of yop measured using the 2011 data set are

yop(KK) = (5.06 £ 1.70 £ 0.52) x 107
yop(rm) = (8.08 £3.18 £ 0.86) x 1072,

where the first error is statistical and the second systematic. The weighted average

of the two modes is
yop = (5.61 £ 1.56) x 107°.

The two modes are consistent with each other within their statistical uncertainties.
This represents a measurement of yop with significance of 3.6 o relative to zero.
The precision of this measurement matches the current world average. The central

value is consistent with the HFAG average [41] within 1.25 standard deviations.
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Chapter 7
Conclusions

Measurements of CP violation and mixing in charm mesons have been described in
this thesis, along with a study of the resolution of the LHCb vertex locator. The
VELO work has been commented on extensively in section [3.6, The error
parametrisation of the VELO has been extracted from data for the first time and a
surprisingly large change in the resolution during Run 1 was observed. In this
chapter the impact of the results given in chapters [5 and [6] on the overall picture of
charm flavour physics will be described. Finally the prospects for these

measurements in the future will be investigated.

7.1 Status of yop

At the time of writing, the analysis of ycp described in chapter [6]is ongoing. The
result presented in this document represent a fraction of the available data and so
suffers from a significant statistical uncertainty. Much work is being carried out to
overcome the complications outlined in the previous chapter.

In particular the correlation between the In(x?p) and D° mass variables is
being much more rigorously treated. The signal and random slow-pion
backgrounds now include a dependence on the mass that is modelled on data. Of
course the sWeights that are used for the description of the mis-reconstructed and
combinatoric backgrounds will be biased due to the correlation. Unfortunately
there is no real alternative. One could take the combinatoric shape from the mass
and Am sidebands as this component of the fit does not exhibit the correlation.
This is shown in Fig. which shows the dependence of In(x?p) on mass for
same-sign K7t data. This is data that has the same selections as the regular
D® — K~7" mode but with the requirement that the decay products have the
same charge.The statistics in the sidebands are low and there will be varying
amounts of mis-reconstructed backgrounds that would not be properly represented

in them. Furthermore there is a background that peaks in Am in the K™K~ final
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Figure 7.1: The dependence of In(x3p) on invariant mass for same-sign K 7" data.
Shown is the mean of the In(x?p) of the data in bins of mass, overlaid with a fit of
a constant in red.

state that still needs to be dealt with. The approach is therefore to persist with
using the sWeights to describe the background shapes and assign a corresponding
systematic uncertainty using simplified simulations. As the backgrounds form a

relatively small fraction of the data then this uncertainty should be small.

The effect of the step in the acceptance function, described in section [6.1.1
has also been more closely investigated. The tracking efficiency can be evaluated
using the swimming information. At each trialled swum point information is
gained as to whether the track was reconstructed in the trigger as well as whether
it subsequently passed. Therefore one can impose the requirement that both tracks
were reconstructed in the trigger instead of requiring them to fire it. This
essentially ensures that the reconstruction efficiency of the selected sample is
always one with respect to the offline reconstruction. This approach is now being

used for the yop analysis.

The information from the swimming can also be used to assess the online
reconstruction efficiency of the sample with respect to the offline reconstruction.
Fig. shows the efficiency for reconstructing the tracks of the decay products for
the K"K~ and 77~ final states. As can be seen it is very high at LHCb, being
over 99% for both modes. The efficiency relative to the offline reconstruction also
appears to be independent of decay time (although the absolute efficiency is still
time-dependent as described in section .
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Figure 7.2: The efficiency of reconstructing tracks in the HLT relative to the offline
reconstruction for the K™K~ (red) and 777~ (blue) final states. The efficiency is
plotted in bins of decay time.

7.2 Impact of the measurements

The result presented in sections |5.5| showed a considerable improvement in
precision over the previous world average for Ar. The ycop measurement in section
is of similar precision to the current world average. Together with several other
measurements made at LHCb during Run 1 (particularly the wrong-sign mixing
analysis [38], [61], the measurements of AAcp [56, [65] and the semi-leptonic A
analysis [122]) these results have considerably tightened the constraints on the

sizes of the indirect and direct charm CP violation parameters.

q

The change in the constraint on . and ¢ (the argument of ¢ and p) can be

seen in Fig. [7.3] The point for no CP violation in mixing is within the 1o contour
of the fit. The current average of direct and indirect CP violation is in Fig. [7.4]
The no CP violation point is now a little over 2 ¢ from the world average,
consistent with CP symmetry. The measurement of Ar with prompt D° — K™K~
decays, presented in this thesis is the most precise result thus far. Together these
LHCb Ar measurements have tightly constrained the possible value of indirect CP

violation.
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7.3 Future prospects

7.3.1 Ar and ycp

In the immediate future the acceptance effect discussed in section will be
properly accounted for in the fit method. This should triple the statistics analysed
for yop in the 2011 data set. Subsequently both Ar and yop will be measured with
the data taken by LHCb in 2012 [123]. That data set is roughly double the size of
that used in the analyses with the 2011 data and as such the results should reflect
that increased precision. The method for these updated measurements will be the
same as for the analyses described in this document.

A considerable challenge of the current analysis technique has been to
effectively deal with the time-dependent acceptance introduced by the selections.
The swimming method is effective but presents many challenges, in particular
unfolding the turning point distributions for each component of the data. The
acceptance has brought about extra complexities when dealing with the secondary
background component. There is so little data at low lifetimes that it is very
difficult to effectively discriminate the prompt and secondary candidates in this
region. The large systematic uncertainty in ycp for the secondary component
reflects this.

The method is being reconsidered for Run 2 to simplify this, profiting from
improvements made to the trigger. Whereas previously only individual tracks were
reconstructed in the first stage of the trigger, leading to a complex acceptance, for
the next period of data taking the full reconstruction is being run in HLT1 [124].
This means that vertices will be fitted and final state particles combined to
reconstruct decay candidates before any lifetime biasing selections need to be
applied. It is therefore expected that the sample of charm candidates produced by
this will have a much simpler acceptance. The effects due to the physical
dimensions of the VELO, tracking efficiency, clone killing etc. still exist but they
are much more readily dealt with than those of the trigger selection.

If the result of the trigger improvements is a trivially biased data set the
lifetime analyses can be greatly simplified and a potentially large systematic
uncertainty removed. The swimming algorithm (a computationally intensive
process) will not be needed as there will be no per-event acceptance to account for.
As well as saving computing time this will allow the analysts to make changes to
the reconstruction of the data (for example refitting the primary vertex without
the signal candidate tracks) quickly. Furthermore the fit to the lifetime
distribution will be drastically simplified and sped up; one may not need to
calculate an integral for the event without the acceptance if the efficiencies are

dealt with as an average over the whole dataset.
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Furthermore a simpler acceptance function will allow alternative fit methods
to be used. In the future with the greatly increased delivered luminosities a binned
fit to the decay time could be performed with equivalent precision to the current
unbinned maximum likelihood fit, again increasing the speed of the analysis. The
ratio method, introduced in section [5.4.1} which looks at the yields of signal
candidates in bins of decay time could hitherto only be used for Ar where the
identical final states means that the acceptance cancels. If the biasing effects of
the acceptance are readily dealt with and similar between the final states the ratio
method can be readily adapted for a measurement of yop, providing a useful

cross-check to an analysis measuring the effective lifetimes.

7.3.2 Charm physics

At the end of Run 1 of the LHC CP violation in charm has yet to be
unambiguously observed. Mixing has now been observed in individual
measurements although some work remains, such as a 5 ¢ determination of the
parameter x to assess which of the two mass states is heavier. One may ask at
what point one would expect to make a discovery of CP violation in charm and
how that might come about.

For LHCDb the trigger improvements mentioned in the previous section should
help to greatly increase the size of the sample of charm decays collected in Run 2.
During that time it is hoped that LHCb will have recorded an integrated
luminosity of around 5fb~" [125]. During the next long shutdown (LS2) of the
LHC the detector will be upgraded and by the end of 2030 have recorded in total
50fb~*. The estimated precision for the measurement of Ar by that point is
0.07 x 1073[126]. Assuming a value of the order of 10™* for the Standard Model Ar
expectation then one would expect to see signs of CP violation by the end of the
upgrade, assuming the systematic uncertainties are likewise reduced. Benefits to
the precision come from several sources beyond simply the delivered luminosity.
The charm production cross-section in the LHCb acceptance will increase with
collision energy augmenting the yield. One would also expect an increase in the
performance of the trigger in Run 2 as noted previously. For the upgrade further
improvements are planned, in particular the removal of the level-0 hardware
trigger and the reading out of the whole detector at the nominal bunch-crossing
frequency of 40 MHz. The level-0 trigger is inefficient for hadronic charm due to
the selection of tracks with high transverse momentum. Therefore doing away with
it should improve the efficiency considerably.

As noted in section the CP violation parameters are obtained by several

complementary measurements. An estimate of the sensitivity of LHCb
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Figure 7.5: The expected sensitivity of measurements of the CP violation parameters
q and p by the end of the LHCb upgrade. The estimate includes contributions
from yop, Ar the wrong-sign mixing analysis (see section and an analysis of
D° - Krtr™). From [125)].

measurements to CP violation in mixing (the parameters ¢ and |%|) is shown in

q
Fig. , taken from [125]. The projection assumes the current wcz)orld averages for
the central point and estimates an increase in production cross section with
collision energy and selection efficiency with the upgrade. As can be seen by the
end of Run 4 the combination of the measurements should be sensitive to CP
violation in mixing.

As well as LHCb other experiments are expected to make a contribution to
charm measurements. In particular Belle II [I127] is expected to start taking
physics data in 2018 with an integrated luminosity of 50 ab™! collected by 2024.
With that data set the expected uncertainties on yop and Ar measured at Belle 11
would be 0.05% and 0.04 % respectively [128], roughly equivalent to that achieved
by LHCDb at the end of Run 1. Having another experiment with comparable
statistical reach to LHCb is important to verify measurements, particularly as the

required precision will be very high.

With the start of Run 2 LHCD is well placed to drive down the statistical
uncertainties of several measurements. In particular the new data will help to clear
up the situation with regards AAgcp and the interplay of direct and indirect CP
violation in charm. Eventually CP violation may finally be observed in the charm

sector.

The implications for finding a significant amount of CP violation in the
charm sector are hard to discern. As explained in section the expectations of
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what to expect in charm are somewhat unclear. Certainly if CP violation were
discovered at the current experimental precision (~ 1073) it would be a strong hint
of new physics at play. It would however need to be seen in more than one

observable to be able to characterise its nature.
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