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ABSTRACT

Precise measurements of neutral D meson mixing is a powerful probe for physics
beyond the Standard Model, as quantum loops governing charm mixing transi-
tions are sensitive to potential new heavy degrees of freedom and additional
sources of CP violation. In this thesis, semileptonic decays of the form D*t —
DO(— Ktu~v)mt are for the first time explored at LHCb to measure charm mix-
ing, using a sample of proton-proton collisions recorded in 2012 corresponding to
an integrated luminisity of 2fb~'. The flavour of the D® meson at the moment
of prodution and decay is determined by the charges of the pion and the muon,
respectively. In the scope of this work a full event selection and fitting procedure
is developed and validated, as well as the investigation of different correction
algorithms for the undetected neutrino in the final states. A sensitivity study is
performed with pseudo-experiments mimicking the observed data distributions,
showing that with the available sample a statistical precision of 0.01% on the de-
termination of the mixing rate Ryp; = (x? +y?)/2 can be achieved.

ZUSAMMENFASSUNG

Prazise Messungen der Mischung von neutralen D Mesonen ist ein wichtiger Test
auf Physik jenseits des Standard Modells, da die involvierten Quantenschleifen
sensitiv fiir neue schwere Freiheitsgrade und zusétzlichen Quellen von CP Ver-
letzung sind. In dieser Thesis werden zum ersten mal semileptonische Zerfille
der Form D** — D%(— K*p~v)nt im Rahmen einer Charm Mischungsanalyse
am LHCb Experiment untersucht. Dabei wird ein Datensatz von Proton-Proton
Kollisionen aus dem Jahr 2012 verwendet, welcher einer integrierten Luminositat
von 2fb~! entspricht. Die Quarkzusammensetzung der D® Mesonen zur Zeit der
Produktion und des Zerfalls wird durch die Ladungen des Pions und des Myons
bestimmt. Im Rahmen dieser Arbeit wird eine komplette Ereignisselektion und
eine Methode zur statistischen Trennung von Singal- und Untergrundereignis-
sen entwickelt und validiert. Auflerdem werden verschiedene Algorithmen zur
Rekonstruktion des nicht detektierbaren Neutrinos im Endzustands untersucht.
Mit Hilfe von Pseudoexperimenten, welche die beobachteten Datenverteilungen
imitieren, wird in einer Sensitivititsstudie gezeigt, dass mit dem verfiigbaren
Datansatz eine statisitische Prdzision von 0.01% auf die Bestimmung der Mis-

chungsrate Ry1 = (x% +y?)/2 erreicht werden kann.
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INTRODUCTION

It has been 40 years already since the current theory describing the properties of
the known elementary particles and their mutual interactions has been developed.
Called the Standard Model (SM) of particle physics, this theory has withstood
all experimental probes with increasing accuracy over the past years. The latest ex-
perimental confirmation of the theory happened recently with the discovery of the
Higgs boson, being the scalar field responsible of the electroweak-symmetry break-
ing. Nevertheless, it is clear that the theory is incomplete as there are phenomena,
such as dark matter, dark energy or the observed matter-antimatter asymmetry in
the Universe, which can not be explained and therefore drive the development of
new experiments to search for physics beyond the SM.

At the European Organization for Nuclear Research (CERN), the Large Hadron Col-
lider (LHC), being the highest energy proton-proton collider ever built, provides
the opportunity to search for physics beyond the SM by direct production of new
heavy particles. In addition, a much higher energy scale can be probed by the
investigation of processes involving quantum loops where the existence of new
particles may contribute to the observable amplitudes even if the available energy
is not sufficient for direct production. One of the four main experiments at the
LHC, the LHCb experiment, is dedicated to these indirect searches through the
study of c- and b-hadrons decays.

A powerful indirect probe for non-SM particles contributing to loops involving
mesons with charm or beauty is the phenomenon of periodical matter-antimatter
transitions, called oscillation or mixing. The process tests the structure of neutral
flavour changing interactions, which happen only at higher order in the SM, but
also allows to search for new sources of CP violation. CP violation describes the
different behavior of matter and antimatter, which is believed to be a key ingre-
dient to explain the observed matter-antimatter asymmetry in the Universe. The
amount of CP violation predicted by the SM is not however sufficient to explain
the observations, therefore alternative physic models providing additional sources
of CP violation need to be probed.

Over the past years most of the experimental activity focused on indirect searches
with kaon and beauty decays. Now LHCb has the potential to perform also in-
dept investigations of the charm sector. Only two years ago, LHCb reported the
first observation of charm mixing from a single measurement, using the hadronic
two-body decay D® — K*n~. This thesis represents the first attempt to study
charm mixing using semileptonic charm decays. Contrary to hadronic two-body
final states, where the same final state is accessible through mixing and highly
suppressed direct decays, semileptonic final states, such as D® — K*u~v, can

unambiguously indicate charm-anticharm transitions as the direct decay is in this
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case not possible. This allows to measure directly the mixing rate using a sim-
pler time-integrated analysis. However, semileptonic final states at LHCb are only
partially reconstructible due to the undetected neutrino and therefore suffer from
large background contamination. This introduces non-trivial experimental chal-
lenges, which are dealt with for the first time in this thesis.

The thesis is organized as follows. Chapter 1 presents the general formalism
and theoretical motivation for the study charm mixing, with special focus on the
semileptonic decays, as well as a summary of the current experimental status.
Chapter 2 gives a short description of the experimental apparatus. The topology
and experimental features of semileptonic charm decays at LHCb are introduced
in Chapter 3. Several algorithms which can be used to account/correct for the
missing neutrino are discussed in Chapter 4. Chapter 5 describes the data sample
and the specific selection requirement used to isolate the signal and suppress the
relevant backgrounds. Chapter 6 explains the analysis procedure developed to
statistically separate the semileptonic signal from remaining backgrounds. A first
attempt to fit the data is also there presented, before the final conclusions and

prospects are drawn.
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CHARM MIXING WITH SEMILEPTONIC DECAYS

This chapter introduces the theoretical background and the motivation for the study of
charm mixing with semileptonic decays. It first discusses the general formalism describing
neutral meson mixing and then focuses the attention on the charm system, explaining why
it is a sensible probe for physics beyond the Standard Model. An overview of how charm
mixing is experimentally measured and a summary of the available results is also given at
the end, with particular interest in the semileptonic decays here studied.

1.1 NEUTRAL MESON-ANTIMESON MIXING

Mesons are subatomic particles consisting of a quark-antiquark state, bound to-
gether by strong interactions. Mesons made of quark and antiquarks of different
flavour are usually referred to as flavoured mesons and can be identified by an
associated quantum number. Flavoured mesons composed by pairs of the first-
generation quarks, i.e. the up (u), the down (d) and the corresponding antiquarks
(t, d), are called light mesons; flavoured mesons containing a strange (s), a charm
(c), a bottom (b) quark or the corresponding antiquarks (s, € and b) are called
respectively kaons (or K), D and B mesons.

Contrarily to the neutral pion, which is composed by a linear combination of
u T and d d pairs, flavoured mesons with neutral electric charge appear in two
different charge-conjugated’ states with distinct quantum numbers, hereafter de-
noted as P and P° respectively. As originally postulated by Gell-Mann and Pais
in 1955 [1], this allows for flavour-changing P® — P° and P® — P° transitions
occurring before the decay. In particular, for times t much larger than the typical
strong interaction scale, the time evolution of the neutral meson-antimeson system

is described by the following effective Schrodinger equation:

— , (1)

L0 [IPO) —[Mir} PO(t))
ot \ PO(1)) 2 1\ poqn)

where M and T are 2 x 2 Hermitian matrices,

M M My T
M — 11 12 and F=['T "2 ,

M3, Mz M2 T2z

Charge conjugation (C) inverts the sign of all charges, thus transforming a particle into its antiparti-
cle.
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associated with transitions via off-shell (dispersive) and on-shell (absorptive) inter-
mediate states, respectively. The diagonal elements of the two matrices are as-
sociated with the flavour-conserving time-development PO — PY and P — PO
and must satisfy Mj1 = M3, and I'11 = I3 to be consistent with CPT invariance®.
The off-diagonal elements are instead associated with flavour-changing transitions
P% — P and P° — PO. The eigenstates resulting from Equation 1, [P1) and [P3),

can be expressed as linear combinations of the flavour eigenstates
P1,2) =p |[P°) £ q|P°),

where p and q are complex parameters satisfying the relations [p?|+|q?| = 1 and
q/p = j:\/ZMTZ — iF{‘Z)/\/(ZMu —1il2). The real and imaginary part of the cor-

responding eigenvalues,

i

I"
7112

i i
w12 =(My1— zrn) + %(Mu— iﬁz) =mi2—

identify the masses, m, and the decay widths, I' ;, of the two eigenstates, re-
spectively. Since the flavour-changing transitions occur only if the two eigenstates
have different masses or widths, flavour mixing is usually characterized by the
following two dimensionless parameters:

_omy—my =T

x=TIT S @)

with the average decay width defined as I' = (I'y +13)/2. The probability for an
initially (at t = 0) produced P° meson to oscillate or not into P° are then given
respectively by

|<P0(t) | PO(O)H2 o e "teosh(yTl't) + cos(xI't)],

|(PO(t) | PO(0))]? o

2
g‘ e "t[cosh(ylt) — cos(xT't)].

In the presence of flavour mixing, the typical exponential decay is then modified
with an oscillating term governed by the mass difference x and modulated by the
hyperbolic cosine term with argument proportional to the decay-width difference
.

The CP symmetry is violated in the mixing process if the probability for the
transition P® — P is different than that of P® — PC. This is only possible if |q/p| #
1. CP violation can also happen in the interference between a decay following

The CPT operator is the product of the three symmetry transformations C (charge conjugation), P
(parity) and T (time reversal) interchanging particles with antiparticles, changing sign to the spatial
coordinates (x — —x) and reversing the time direction (t — —t), respectively. While any of the three
individual symmetries may be violated, the CPT symmetry must be conserved in any local field
theory with Lorentz invariance [2].
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Figure 1: The (red) mixed and (blue) unmixed intensities as a function of normalized decay
time T't, for initially pure (a) K, (b) DY, (c) B® and (d) B(S) mesons. The plot is
taken from Ref. [3] and assumes |q/p| = 1.

mixing and a decay without mixing to the same final state. In that case, the phase
arg(q/p) # 0

Each neutral meson-antimeson system has its own set of mixing parameters
(Equation 2), thus flavour oscillations result in different behaviours depending on
the system considered, as shown in Figure 1. Neutral kaons have both very dif-
ferent masses and widths, with [x], [y| ~ O(1), and were the system where flavour
mixing was firstly observed in 1956 [4]. Oscillations in the B®-B® are instead dom-
inated by the large mass difference, with |x| ~ O(1) and [y| ~ 0.5%, and were
observed in 1987 [5]. The BY-B? mixing, where [x| ~ 20 and [y| ~ 5%, exhibits the
fastest oscillation frequency and required experiments with very accurate decay-
time resolution and was observed in 2006 [6]. The year after, several measurements
showed first evidence for D°-D° oscillations [7, 8, 9]. These, with |x|, ly| < 0.5%, oc-
cur with the smallest rate and require huge data samples to be observed. Indeed,
only in 2012 the LHCb collaboration published the first observation of neutral

charm mixing from a single measurement [10].

1.2 CHARM MIXING IN THE STANDARD MODEL AND BEYOND

Neutral meson-antimeson oscillations are interesting processes as they are sensi-

tive to potential not-yet-observed heavy particles which propagate in the under-

3 Setting the weak phase of the ratio of decay amplitudes A¢/A; to final state f to zero.
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Figure 2: Two Feynman diagrams describing processes contributing to neutral charm mix-
ing. Left: example for a short-range box diagram, where all possible down-type
quarks can run in the loop. Right: transition between the D® and the D° states
via long-range intermediate-meson states (here neutral pions).

lying flavour changing amplitudes. The observation of mixing in the K® and B°
systems implied the existence respectively of the charm and top quarks before
these particles were actually discovered. Similarly, by comparing observed meson
mixing with predictions of the Standard Model (SM), modern experimental stud-
ies have been able to constrain new physics models. Thanks to many years of
experimental investigations dedicated to the K°, B® and B? oscillations, it is to-
day clear that the initial hopes for large new physics contributions affecting these
processes have come to naught, as the SM successfully describes all the available
experimental results. While these investigations have and will continue to play
a central role in our quest to understand flavour physics, in-depth examinations
of the D mesons sector have only recently started reaching the needed level of
precision to be sensitive to possible NP contributions.

To better quantify this statement and motivate why studying of charm mixing
provides a unique, not-yet-exploited probe for physics beyond the SM, it is use-
ful to explain briefly how charm flavour-changing neutral currents are generated
in the SM framework. Flavour-changing processes in the SM are only possible
through weak interactions mediated by an electrically charged W* boson (charged
currents). These transitions are of the form ¢ — W*q’ (¢’ -+ W™ q), where q and
q’ are respectively an up- (u,c,t) and a down-type (d, s, b) quark, and happen
with probabilities proportional to the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element Vqq/ (Vg4/) [11, 12]. As these processes change the flavour by only one
unit, flavour-changing neutral currents such as D® — D°, where the charm flavour
is changed by two units, have to involve processes of higher order. Figure 2 shows
two examples of SM processes contributing to the charm mixing amplitude. The
first is a short-distance contributions made by a box diagrams, where a simultane-
ous exchange of two weak bosons allows for the transition between a charm and
and an anticharm quark. In the box diagrams, all possible down-type quarks can
participate. This is contrary to neutral kaon or B?S) meson systems, where only
the up-type quarks enter, and therefore provides a unique opportunity to study ef-
fects of physics beyond the SM in the down-type quark sector. The second possible
form of flavour-changing neutral currents in the SM, also shown in Figure 2, are
transitions via intermediate states accessible to both the D and the D° mesons,
referred to as long-distance contributions.
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The SM predicts the contributions of the box diagrams to be very small. This is
due to the small CKM coupling to the b quark, which is proportional to the factor
IVubV;‘bl2 / IVuSV:fSI2 ~ O(107°), and the destructively interfering contributions of
the light d and s quarks, historically known as the Glashow-Illiopoulos-Maiani
(GIM) mechanism [13]. In total, the prediction for the short-distance SM contribu-
tions are O(10°) for x and ©(10~7) for y [14]. For this reason, the dominant con-
tributions to charm mixing are expected to come from long-distance intermediate-
meson states, which cannot be calculated perturbatively and thus are hard to es-
timate. Different approaches for the SM contributions yield estimations differing
very much (e.g. x|, [yl < 1073 in Ref. [15, 16, 17] or |y| = 1072, |x| € (—1.0,—0.1) x y
in Ref. [18, 19]). Estimations for contributions of models extending the SM also dif-
fer by orders of magnitude, but can enhance the mixing rate significantly [20].
However, the large theoretical uncertainties for the SM contributions make it hard
to judge, if measured values of x and y are hints of physics beyond the SM or not.

In the charm system, to a very good approximation, only two families of quarks
contribute to mixing and decay [21]. The CKM mechanism, however, needs at
least three families to generate CP violation [22]. For that reason, SM estimations
of CP violation in the charm system are tiny and the measurement CP-violating
asymmetries can be a powerful probe to test models beyond the SM, providing
additional sources of CP violation.

3 ‘ CPV allowed ) é Bio
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- FPCP 2014 | S 60 FPCP 2014 30
= L 40
1 3 B50 |
0.8 2
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Figure 3: Two dimensional confidence-level regions for the charm mixing parameters (left)
x —y and (right) |p/ql —arg(q/p), corresponding to 1 —5 Gaussian standard
deviations (o) [23]. The no-mixing [no-CP-violation] hypothesis correspond to
the (0,0) [(0, 1)] point.

To date, the combination of all available experimental measurements, as per-

formed by the Heavy Flavour Averaging Group [23], yield mixing parameters,

x=(0417312)% and y= (0.63753%) %,
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and CP-violating parameters,
la/pl =0.93730% and  arg(a/p) = (-8.7%57)°,

compatible with the SM expectations and with conservation of CP symmetry (Fig-
ure 3). These results do not yet close the possibility to observe new-physics effects
in the neutral D meson sector. Hence, additional and more precise measurements

are needed.

1.3 EXPERIMENTAL ASPECTS OF CHARM MIXING MEASUREMENTS

The cross section for ¢ ¢ production in proton-proton interactions is huge, o(cc) ~
1.4mb at a center-of-mass energy of /s = 7 TeV [24]*. Therefore the LHCb exper-
iment at the CERN’s Large Hadron Collider, that thanks to its dedicated design
to study heavy-flavoured mesons collected so far the world’s largest sample of
charm decays, is the ideal place to search for new physics through measurements
of mixing and CP violation in charm decays.

To determine whether a decay of a neutral charm meson followed a flavour os-
cillation or not, it is necessary to determine (tag) the flavour of the neutral D at
production time and compare it to that at the moment of its decay. Contrarily to
the case of the other neutral meson systems, where flavour tagging requires ded-
icated experimental setups or complicated analyses procedures, it is possible to
determine the production flavour of a neutral D meson by simply restricting the
analysis to those produced in the decay of a D*(201 0)* meson, hereafter indicated
simply as D**. This meson decays, with approximately 68% branching ratio [25],
through strong (flavour-conserving) interactions as D** — DOnt or D*~ — DO,
Hence, the charge of the charged pion unambiguously indicates the flavour of the
neutral D meson at production time.5 The small mass difference between the D**
and its decay products, Q = mp++ —mpo — M+ ~ 5.8 MeV [25], limits the avail-
able kinetic energy of the daughter particles. For this reason the charged pion from
the D** decay is usually referred as soft pion. The low Q-value is also experimen-
tally useful as it allows smaller mass resolutions, helping to drastically reduce the
amount of combinatorial background. As better described in Chapter 3, requiring
the presence of the parent D** is essential for reconstructing decays, such as those
studied in this thesis, where the D final state is partially reconstructed.

The flavour at decay time can only be inferred by analysing the decay products.
For final states that are not CP self-conjugated, it is conventional to define right-
sign (RS) and wrong-sign (WS) decays by comparing the charge of a special probe

Measured in the phase space available at LHCb

Another possibility would be to look at D mesons coming from the semileptonic decays of b hadrons,
where the charge of the lepton tags the D production flavour. This method was firstly used in LHCb,
where is particularly useful as it leads to very small mistag rates [26].
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particle in a multi-particle final state with the charge of the soft pion.® As charm
mesons decay mostly through Cabibbo-favoured ¢ — Ws transition, the probe
particle is usually identified with a charged kaon. Decay chains where the kaon
and the soft pion have opposite charge,”

D** - D%(— K X")nt, (3)
are called RS, while those where the kaon and the soft pion have same charge,
D** - D°%(— KX "), (1)

are called WS. The latter can also proceed through a D® — D° transition followed
by the Cabibbo-favoured decay D® — KX~ and is sensitive to mixing. If the
nature of the other final-state particles, indicated generically in Equation 3 and 4
as X%, is purely hadronic, the WS process can also occur through a direct doubly-
Cabbibo-supressed ¢ — W' (— us)d transition.? In this case, the mixing can be
distinguished from the doubly-Cabibbo-suppressed contribution by studying the

time-dependent WS rate. For an initially tagged D° mesons, this reads as
2 2

Nig(t) oc ‘g g (t) %A(DO — K"XT )+ A(D° = KTX)g_(t)| , (5)

where A indicates the direct decay amplitudes and the time-dependent coefficients

are

gj:(t) — (e—iun t + e—iwz t) .

N —

It is experimentally convenient to normalize the time-dependent WS rate to that
of the RS decays,

Nps(t) oc JA(D® — KTX7)|2e T,

so that many systematic uncertainties cancel:

2 pA(D® — K+X™)

qA(DO — K+X-)

~ Nws(t) 1

R = Nslt) ~ e

g+ (t) +9-(t)| . (6)

4q
P
The analogous expression for initially tagged D° mesons, R™(t), can be obtained

by replacing q/p with p/q and A(D® — K¥X7)/A(D° — K+*X~) with A(D® —
K—X+)/A(DO — K—X+).

For CP-self-conjugated final states different analysis strategies are used. For an overview see for
example Ref. [25].

Charge-conjugated decays are from now implied unless stated otherwise.

Similarly, for these decays the RS final state can be reached by D — D followed by the doubly-
Cabibbo-suppressed decay D® — K~X*. Because of the small charm mixing rate, this process is
however completely negligible when compared to the direct Cabibbo-favored decays and is therefore
ignored.
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1.3.1  Charm mixing with semileptonic decays

Contrarily to hadronic decays, where there is also a doubly-Cabibbo-suppressed
amplitude contributing to the WS process, semileptonic final states, such as K¢~ v,
can only be reached through mixing. In this case, the number of WS events per
decay time of Equation 6 takes the following simplified form

2x2+y2

4

1

RT(t) = e Tt

(Mt)?, (7)

P

where the right-hand side of the equation has been expanded to second order
for x|yl < 1/(T't). As a consequence, for semileptonic decays no time-dependent
analysis is needed and the mixing rate Ry = (x%2 +y?)/2 can be accessed directly
with a time-integrated measurement. The time-integrated WS-to-RS ratio R, is
the time integral of Equation 7, including the time-dependent selection and recon-

struction efficiency e(t):

2 5 2
—Tt|4|” XHu7 ()2
re _ INis(tar _Je 45 (ro2e(yat
" N[t [e TVe(t)at
= | RT(t)D(t)dt
L
=4 B | epar
pl 2
q|* Rm
= | = MM =2 .2
Cp 2 () (8)

where (t?) by definition represents the average value of t? computed over the

observed normalized distribution of decay times,

e Tte(t)

pt) = [eTte(t)dt’

The time-dependent efficiency e(t) and therfore also D(t) are subject to the exper-
imental environment. As the measured value of (t?) is depending on D(t), the
observed time-integrated WS-to-RS ratios may be different from experiment to ex-
periment. In experiments where the reconstruction efficiency does not depend on
decay time, as it is the case at the B-factories, the observed distribution coincides
with the simple exponential decay, D(t) = e~ " t. It follows that '*(t?) = 2 and
thus Rint = Rm (assuming |q/p| = T1). On the contrary, as better detailed in Chap-
ter 5, the data used in this analysis were collected with an online event selection
(trigger) that imposes requirements on the displacement of the D° meson decay
point from the production point, thus rejecting candidates with short decay times.
This results in larger values of (t?), thus providing better experimental sensitivities
to the mixing rate Ry1.
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Figure 4: Experimental status on the measurement of Rpq from semileptonic D® de-
cays [23].

Measuring the WS-to-RS time-integrated ratio separately for initially tagged D°
and D° events gives sensitivity to CP violation in mixing. The experimentally

convenient observable is in this case the semileptonic asymmetry:

ASL — R{Fnt_Ri_nt — |q/P|2—|P/q|2 (9)
R{._nt + Ri_nt |q/p|2 + |p/q|2

In the presence of CP violation in the mixing |q/p| # 1 and Asy # 0.

Although the semileptonic decay channel looks very attractive because of its
theoretical simplicity, it also implies difficult experimental challenges. Notably,
the presence of the undetectable neutrino in the final state does not allow for a
complete reconstruction of the decay chain. This, particularly at hadron-collider
experiments, greatly reduces the ability to isolate the rare WS decays from other
D° decays, where final state particles are misreconstructed or not detected, and
from irreducible combinatorial backgrounds. These challenges require sophisti-
cated analysis strategies, as it will be better described in the rest of this thesis,
which represents the first approach to measure Ry, using semileptonic decays at
the LHCb experiment.

Currently available experimental results are summarised in Figure 4. Measure-
ments have been performed by different experiment: Eyg1 [27], CLEO [28], BaBar [29,
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30] and Belle [31]. The world average is dominated by the Belle result with a preci-
sion of ~ 0.03% and is compatible with Ryp1 = 0, further confirming that measuring
charm mixing with semileptonic decays requires huge data samples and challeng-

ing analysis strategies.



EXPERIMENTAL APPARATUS

This chapter gives a brief description of the Large Hadron Collider and the LHCD detector,
focusing on the subsystems most important for the study of semileptonic charm decays

such as the tracking, the particle identification and the trigger systems.

2.1 THE LARGE HADRON COLLIDER

The Large Hadron Collider (LHC) [32] is a circular hadron collider located at the Eu-
ropean Organization for Nuclear Research (CERN) close to Geneva, Switzerland.
It represents the final stage of a more complex accelerators system, entirely repre-
sented in Figure 5, which provides beams to different typologies of experiments. In
its main operational mode the LHC receives bunches of 450 GeV protons from the
Super Proton Synchrotron (SPS) and further accelerates them in two storage rings,
working in opposite directions. At four positions along the LHC 27 km length the
two beams cross each other, producing collisions at a frequency of 40 MHz. These
interaction points are surrounded by particle detectors, which record the products
of the collision selecting interesting events in a fraction of a second.

The LHC operated with proton-proton collisions at an energy of 3.5 TeV per
beam in 2010 and 2011 and at 4 TeV in 2012. Beyond this main operation mode,
the LHC also collided protons with lead ions for two months in 2013 and used
lead-lead collisions for about one month each in 2010 and 2011. The LHC is cur-
rently in a shutdown period for major upgrades to increase proton beam energy
to 6.5 TeV, and further approaching its goal center-of-mass energy of \/s = 14 TeV,

with restarting planned for early 2015.

2.2 THE LHCb EXPERIMENT

The Large Hadron Collider beauty (LHCb) detector [34] is the only experiment at the
LHC having as primary goal the search for physics beyond the SM through the
study of heavy flavoured mesons containing a b or a ¢ quark. It is mainly build
to operate during pp collisions, but it has also been proficiently used to study
proton-lead collisions [35].

LHCb (see Figure 6) is a single-arm spectrometer with forward angular coverage
from approximately 10 to 300 (250) mrad in the bending (non-bending) plane. The
bending plane is defined by the magnetic field provided by a large dipole magnet
that deflects trajetories of charged particles. The special geometry is justified by the
fact that at the LHC energies both bb and c¢ pairs are predominately produced

13
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European Organization for Nuclear Research | Organisation européenne pour la recherche nucléaire

© CERN 2008

SPD/PS
ECAL

M
HCAL

2

5m 10m

Figure 6: Schematic vertical cross section through the LHCb detector, showing the various

subsystems [34].



2.2 THE LHCb EXPERIMENT

LHCb MC
(s =8 TeV

/2
T 0, [rad]

Figure 7: Simulated angular distribution of bb pair production in pp collisions at center-
of-mass energy of 8 TeV, corresponding to the conditions of the 2012 data-taking
period. The LHCb angular acceptance is coloured in red [36].
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Figure 8: Delivered and recorded luminosity by the LHCb detector as a function of time,
separately for 2010, 2011 and 2012 data-taking periods [36].

in the forward direction, as shown in Figure 7. Heavy flavoured mesons flying in
this direction are highly boosted and travel measurable distances in detector be-
fore they decay. Several subsystems allow for high-resolution track reconstruction,
measurement of engery and momentum as well as particle identification.

To efficiently operate at the LHC energies and rates, the instantaneous lumi-
nosity provided by the accelerator is reduced at the LHCb intersection point by
slightly separating the two colliding proton beams. This procedure allows to keep
a constant instantaneous luminosity profile during data taking and maintain sta-
ble detector performances. Figure 8 shows the delivered luminosity, as well as
that recorded by LHCb, as function of time. The detector operated with high effi-

ciency during the whole data-taking period and recorded in total approximately
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Figure 9: The LHCb dipole magnet (left) and the magnetic field along the z-axis (right)
[34]-

gopb™ !, 1fb~" and 2fb~" of integrated luminosity during 2010, 2011 and 2012,
respectively.

Before giving a more detailed description of the subdetectors that are relevant
for the analysis presented here, it is useful to introduce the coordinate system
adopted at LHCb (see also Figure 6). This is a right-handed Cartesian system with
z-axis along the beam and y-axis pointing vertically upwards." From this also a
spherical coordinate system is deduced with azimuthal and polar angle indicated
by ¢ and 6, respectively, where the polar angle also defines the pseudorapidity as
1 =—1In tan(6/2).

2.2.1  The tracking system

Tracking means measuring the trajectories of charged particles (tracks) and, in
the presence of a magnetic field, their charge and momentum. In LHCb this is
achieved with a system of subdetectors comprising a large non-super-
conducting dipole magnet [37]. The magnet, as shown in Figure 9, provides a
magnetic field oriented mainly in y-direction corresponding to bending power of
4Tm for a track of 10m length in z-direction. To mitigate detector-induced left-
right asymmetries the magnet polarity is regularly switched and a roughly equal
amount of data is recorded with each polarity.

Figure 9 shows a schematic view of the LHCb dipole and magnetic field along
the z-axis.

Two subdetectors are placed upstream of the dipole magnet: the VErtex LOcator
(VELO) and the Tracker Turicensis (TT). The VELO [38] is the detector situated clos-
est to the interaction point, as it is dedicated to the precise reconstruction of the
position where heavy-flavoured hadrons decay. Because of their typical lifetimes
of ~1ps and their heavy boost, b- and c-hadrons travel distances of the order of

1 As a result, the x-axis points away from the centre of the beam ring
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Figure 10: The upper part shows a schematic view of the arrangement of the 21 velo sta-
tions as well as the 2 pileup veto stations in the x-z plane at y=o. The lower part
shows one of the stations in the x-y plane. The two semicircle shaped parts can
can be moved apart when the beam is unstable [34].

1cm before decaying. The resulting decay products form then secondary vertices
that are well displaced from the vertex of the primary pp interaction. The VELO
allows to precisely measure the position of these vertices and determines the de-
cay time with a resolution for a fully reconstructed decay of approximately 45 fs.
The detector consists of 21 stations arranged in a row, as shown in Figure 10. Each
stations is divided into two semicircle shaped modules. On each module two dif-
ferent types of silicon-strip sensors are mounted. One of them is measuring radial
distances (R-sensors), the other is used to determine azimuthal angles (¢p-sensors).
Information of the third dimension is inferred from the position of the sensors
along the z-axis. Four additional R-sensors, placed behind the interaction point
in negative z-direction, form the pileup veto station which is used for triggering
purposes. The VELO is designed to measure particles in the range 1.6 < n| < 4.9
and |z| < 10.6cm, as for particles in this region at least three modules are hit. In
order to separate the vacuum inside the VELO from the ultra-high vacuum of the
LHC, the modules are covered by a thin-walled aluminum box. The two-halves
design allows to move the detector away from the beam when this is unstable and
threatens the sensitive electronics. It is possible to measure the minimum distance
of a track to a primary vertex with a spatial resolution of (154 29/pt) um. Here,
p1 denotes the component of the momentum in GeV/c, which is transverse to the
beam axis.

The TT [34], situated approximately at z = 2.5m, is a silicon microstrip detector
consisting of two pairs of single-sided detector layers for a total size of 150 cm in
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Figure 11: Left: Schematic view of the TT and IT silicon strip detectors in purple and the
OT straw-tube detector in cyan. Right: View inside an OT module, showing the
arangement of the straw-tubes inside [34].

width and 130 cm in height. In each pair one layer is tilted by a relative rotation of
+5° to allow for a three dimensiomal track measurement with a spatial resolution
of 50 um. The main purpose of the detector is to allow the reconstruction of both
low-momentum particles, that are bent by the magnetic field out of the acceptance
of the downstream tracking stations, and long-lived particles, such as K$ mesons
and A° baryons, that mostly decay after the VELO.

The tracking system is completed by three main tracking stations (T1-T3) located
downstream of the magnet. Each tracking station comprises two subsystems and
consists of four layers arranged in the tilted configuration like the TT. The first
subsystem is called Inner Tracker (IT) [39] as it covers the 120 cm wide and 40 cm
high region closest to the beam pipe, where the largest particle-flux is expected.
It consists of high-resolution silicon-microstrip sensors which provide a spatial
resolution of 50 pm. The second subsystem is called Outer Tracker (OT) [40]. It is
made of drift tubes with an inner diameter of 4.9 mm, filled with a mixture of Ar,
CO; and O;. The spatial resolution of 200 um is not as good as for the IT, but on
the other hand a large area of approximately 6 x 5m? is covered. Each of the four
layers of one station consists of two layers of drift tubes, as shown in the right part
of Figure 11. The momentum resolution provided by the tracking system is 0.4%
at low momentum and 0.6% at 100 GeV/c.

2.2.2  The particle identification system

Particle identification (PID) is an essential tool for many flavour-physics analyses.
For example, as explained in Section 1.3, the flavour of the neutral D mesons at
decay time is tagged by the charge of a kaon in the final state. It is therefore
necessary to identify the type of the particles in the final state with high reliability.
In LHCb several subdetectors are devoted to PID: two ring-imaging Cherenkov
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Figure 12: Left: schematic view of the RICH1 detector, showing how the combination of a
spherical and a plane mirror reflects the emitted Cherenkov light to the photo-
detectors. Right: the Cherenkov angle as function of the particle momentum for
different radiators and particle species [34].

detectors [41] (RICH1 and RICH2) are used for charged hadrons, a calorimeter
system identifies electrons and photons, the muon system takes care of muons.

The technique to identify hadrons is based on the Cherenkov effect. If a charged
particle travels through a medium faster than the speed of light in that medium,
electromagnetic radiation is emitted in the form of a cone around the particle
trajectory. The cone opening angle, 6, depends on the speed of the particle v and
on the refractive index of the medium n as cos 8¢ = c¢/(nv), so that its knowledge,
together with the particle momentum measured by the tracking system, can be
used to infer the mass of the particle. The RICH detectors consist then in suitable
radiator material and in a system of mirrors and photo-detectors which guide
and collect the emitted Cherenkov radiation, as shown in Figure 12. Two detectors
are employed to cover a larger momentum range, by using different radiators.
RICH1 uses aerogel and is designed to identify particles in the momentum range
1 — 60 GeV/c, while RICH2 with gaseous CF4 covers the range 50 — 150 GeV/c.
Figure 12 also shows the obtained separation power between different particle
species over the full momentum range.

Calorimetry refers to the measurement of a particle’s energy. The LHCb calorime-
ter system [42] consists of an electromagnetic (ECAL) followed by an hadronic
calorimeter (HCAL). In the ECAL, layers of 2mm thick lead and 4 mm thick scin-
tillating material are installed alternately to drive the shower production and de-
tect the rising secondary particles. The energy resolution of the ECAL is o /E =
10%/VE @ 1%, where E is in GeV and @ indicates the quadratic sum. In front of
the ECAL a scintillating pad detector (SPD) provides separation between photons
and electrons, as only the latter release a signal in the SPD. Separated by a layer of
lead, but still in front of the ECAL, the preshower detector measures the amount
of energy deposited in the lead, which is different for electrons and charged pi-
ons. The ECAL is followed by the HCAL, used to measure the energy of hadrons.
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Figure 13: A schematic view of the muon system in the y — z plane [43].

It consist of alternating layers of iron absorbers and scintillating tiles and has a
resolution of o /E = 80%/VE @& 10%.

Muons produced inside LHCb act as minimum ionizing particles, that means
they penetrate through all the inner detector subsystems, including the calorime-
ters. That is why the outermost part of the detector is specialized to detect muons.
As visible in Figure 13, the LHCb muon system [43] comprises one station before
(M1) and four stations after (M2-M5) the calorimeter system. The M2-M5 stations
are separated by 80 cm thick iron plates to further ensure that only muons can
reach the last station of the system. The stations are mainly made of multi-wire
proportional chambers that allow for a fast readout. This allows the muon system
to play an important role in the trigger.

2.2.3 The trigger system

The LHC is designed to bring two proton bunches to collision every 25ns, trans-
lating to an operating frequency of 40 MHz. This frequency has to be reduced
drastically to shrink the amount of data to a recordable level. LHCb uses a two-
stage trigger system [44] to quickly process the event and decide if it is worth
storing it. The trigger flow is graphically summarized in Figure 14.

The first stage (called level zero, L0) is hardware based and reduces the 40 MHz
bunch-crossing rate down to approximately 1t MHz. The limited time available
does not allow for a sophisticated event reconstruction based on the full informa-
tion provided by the detector. The decision is then taken based on the following
simple signatures:

e activity in the pileup veto stations of the VELO;



2.2 THE LHCb EXPERIMENT

40 MHz bunch crossing rate

v 5 >

LO Hardware Trigger : 1 MHz
readout, high E1r/Pr signatures

450 kHz 400 kHz

Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive
selection algorithms

~~ <> <>

5 kHz Rate to storage

2 kHz
Inclusive/

2 kHz
Inclusive
Topological

1 kHz
Muon and

Exclusive
DiMuon

Charm

Figure 14: Summary of the LHCb trigger system, reducing the operating frequency of 40
MHz down to 5 kHz in 3 steps [36].

* large enough transverse energy depositions in the calorimeter system;

* track segments in the muon system with sufficiently large transverse mo-

mentum.

Momentum and transverse energy thresholds vary across the different data-taking
periods and are better documented in Ref. [44].

The LO trigger is followed by a software based high-level trigger, further di-
vided in two consecutive steps (HLT1 and HLT2). In HLT1, the events passing
L0-selection are enhanced by information of the tracking system. A first and very
fast fitting procedure of the tracks is performed and allows to impose certain track
quality requirements and select for events with displaced secondary vertices. The
output rate of HTL1 is approximately 50 kHz. In HLT2 the rate is sufficiently low
to perform a full event reconstruction making use of all the LHCb subsystems.
Still the trigger has to meet strict timing requirements, so the reconstruction is
very similar to but also somehow simplified with respect to the offline algorithm
to be less CPU consuming. The total HLT2 output rate, corresponding to the rate
of events stored, is 5 kHz. These 5kHz have to be divided between different lines
dedicated for various physical analysis: 2kHz are taken by inclusive lines that se-
lect the typical topology of b-hadrons final states; another 2kHz are reserved for
inclusive and exclusive charm decays; and the rest is taken by dimuon or single-
muon final states. Inclusive lines are triggering on more generic event classes, as
for a example the presence of a D**. Contrarily, exclusive trigger lines allow to se-
lect for very particular final states. Exclusive lines are needed in the charm sector
because of the very high c¢ production rate at LHCD, far exceeding the bb rate.

More details about the trigger used to collect the sample analised in this thesis

are given in Section 5.1.

21






SEMILEPTONIC CHARM DECAYS AT LHCb

This chapter defines the variables used in the analysis to reconstruct and select semileptonic
charm decays at LHCD. It also introduces the various sources of background contamination
which can mimic the topology of the signal decay, preparing the discussion on the sample

selection carried out in the next chapter.

3.1 DECAY TOPOLOGY AND EXPERIMENTAL OBSERVABLES

Figure 15 shows the topology of the D** — D°(— K¥u*v)n* decay chain.
The D** meson is produced in the primary pp interaction vertex, where it in-
stantaneously decays through strong interactions into a D ® meson and a charged
pion. The charged pion interacts with the LHCb tracking detectors producing a
track with typical momentum of 5 GeV/c. The D° meson has a lifetime T o of
approximately 0.4 1 ps and a typical momentum of 50 GeV/ c, hence it flies be-
fore decaying. The tracks resulting from its charged decay products intersect each
other in a decay vertex, that is a few cm displaced from the primary vertex. This
feature is common to all weakly-decaying particles and is widely used to identify
decays of heavy-flavoured mesons. In addition to the flight distance, the impact
parameter (IP) of the track, i.e. the minimum distance between the track and the
primary vertex, can also help to judge whether a particle was produced in the pri-
mary interaction or not. As an example, the pion from the D** decay will have
small IP, whereas the charged kaon and the muon are more likely to have large IP
values.

The neutrino does not interact within LHCb and remains undetected. As a con-
sequence, the kinematical properties of the D® decay, such as momentum, decay
time and invariant mass, are only partially accessible. Chapter 4 describes different
techniques that can be used to overcome this limitation and estimate the momen-
tum carried by the neutrino. Meanwhile, it is worth to define those quantities that

can be directly reconstructed:

e the visible D° mass, i.e. the invariant mass of the K pair

m(Ky) =/ [E0K) + ()] — [FK) +pw)],

where E2(K, n) = mi’u + p?(K, u) with myg and m,, being the known kaon

and muon masses [25], respectively;
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Figure 15: Schematic view in the y-z plane of the D** — D%(— K~ p*v)nt decay chain
topology. The relative scale is arbitrary and not realistic

e the corrected D° mass

Meore(D) = /m(Kp)2 +p2 (Ku) +po (Kys),

where the component of the Kp pair momentum perpendicular to the flight
direction, p | (Ku), is used to partially account for the missing neutrino (see
also Chapter 4);

o the mass of the D°n* pair

m(Dr) = /B2 (Kur) — p2 (Kpr),

where

and mpo being the known DO mass [25]. This variable presents the same
feature as the more customary difference between the visible D** and D°
masses, Am = m(Kurm) — m(Ku), that the contribution of the momentum
of the undetected neutrino cancels to a large extent. This means that the
m(D°n) distribution of signal decays will have a peaking structure approxi-
mately at the known value of the D** mass, mp++ [25], providing a powerful

discrimination with respect to the background. In addition, contrary to Am,
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the m(D°n) variable has the advantage of being independent of the mass
hypotheses of the D° daughters.

Although the DO is not fully reconstructed, due to its large boost, the direction
of the D® momentum is supposed to be fairly aligned with the reconstructed
flight distance. That is the reason, why the angle between the reconstructed D°
momentum and flight distance has to be small, if all the particles in the decay
chain are combined correctly. The cosine of this angle is defined as direction angle
(DIRA) and expected to be close to one for signal events. Another variable used in
this analysis to decide whether two particles arise from the same mother particle
or not is the minimal three dimensional distance measured between two tracks,
called DOCA (distance of closest apprach).

Final state particles are identified at LHCb [45] using two different sets of observ-
ables: log-likelihood differences (DLL) and neural network probabilities (ProbNN).
For each charged particle, likelihood functions for several mass hypotheses are
constructed using information mainly from the RICH detectors and the tracking
stations. To test a certain mass hypothesis, say muon, for a particle candidate, the
difference between the logarithms of the likelihoods under such hypothesis and
under the pion hypothesis, DLL, _r, is computed. This difference allows to sepa-
rate muons from pions, as its value will be on average larger (smaller) than zero if
the candidate is really a muon (pion). To better profit from all particle identifica-
tion capabilities of the LHCb detector, a multivariate analysis based on an artificial
neural network is used to combine in a single probability, for each mass hypothesis,
the information coming from the tracking, RICH, muon and calorimeter systems.
While DLLs can separate one particle specie from another, these ProbNN variables
can be used to isolate the specified specie independently from other hypothesis.
In addition, to standard particle hypothesis, the neural network based algorithms
also allows to calculate the probability that a certain track is a ghost, i.e. a random
association of hits accidentally combined to form a track and not caused by the
passage of a real particle in the detector.

3.2 EXPECTED BACKGROUND SOURCES

To isolate the very rare mixing signal, it is important to understand which back-
grounds can possibly mimic the typical signature of a WS semileptonic charm
decay. Here is a list of different categories for the relevant background contribu-

tions.

OTHER SEMILEPTONIC CHARM DECAYS — Besides the D® — K~ pu*v decay in-
vestigated in this thesis, other semileptonic decay modes of the D° are pos-
sible. These can be decays with an associated electron being misidentified
as a muon, a pion misidentified as a muon or other decays with same

final-state particles and additional missing hadrons. An example would be
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D° — K*(892)u*v, with branching ratio B ~ 1.9%, where the intermedi-
ate K*(892) state further decays to K~ 7® and the neutral pion is not recon-
structed. These decays would not bias the WS-to-RS ratio, but will have a

different decay-time distribution.

HADRONIC TWO-BODY DECAYS — Hadronic two-body decays of D® mesons can

mimic a semileptonic decay when one or both final state particles are misiden-
tified. In particular, decays to CP-conjugated final states, such as D® — K+K~
or D — it with Bof ~4x 103 and ~ 1 x 103 respectively, can con-
tribute to both RS and WS decays through a double misidentification of the
final state hadrons. Cabibbo-favoured D® — K~—nt (B ~ 4 x 1072) decays
can enter the RS sample if the pion is misidentified as a muon, and the WS
sample if both the kaon is misidentified as a muon and the pion is misiden-
tified as a kaon. Contamination from mixed D® — D°® — K*n~ or doubly-
Cabibbo-suppressed D — K*n~ decays (B ~ 107°) can be neglected for
RS decays, but may be present in WS decays if the pion is misidentified
as a muon. In addition to particle identification selection, the background
from these decays can be easily isolated using kinematics, as explained in

Section 5.2.2, since the final state is, in this case, fully reconstructed.

HADRONIC MULTI-BODY DECAYS — Hadronic D° decays to multi-body final states

are, as the signal, partially reconstructed and therefore provide a very dan-
gerous source of peaking background. They have in general large branch-
ing fractions and may be kinematically very similar to the semileptonic sig-
nal. However, hadronic decays can mimic the signal candidates only if at
least one of the decay products is misidentified. Table 1 lists possible con-
tributions to the RS and WS samples, explaining which misidentification
should happen. As an example, a large contribution may be expected from
D® — K*tn~n® decays, where the pion is misidentified as a muon and the

neutral pion remains undetected.

RANDOM PIONS — In proton-proton collisions, lots of charged pions are produced

in every interaction as they are the lightest existing mesons. If a charged
pion not coming from the signal process is accidentally associated to a D°
candidate, the decay of a charged D* can be mimicked. This irreducible back-
ground is expected to provide the largest contribution to the WS sample, but
it can be easily separated from the signal as it features a different m(Dn)
distribution as explained in Chapter 6.

PURE COMBINATORICS — Pure combinatorial background arises when the D**

candidate is made of three randomly associated tracks. Again, this back-
ground will feature different kinematical properties that allow to statistically

separate it from the signal.
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Channel Branching ratio [%] Contribution to RS  Contribution to WS
D —» K ntnf 13.94+0.5 nt = pt nt 5 Kt K- = -
D — K 2ntn 8.1+94) ot — ot nt =5 KK =
D — K 2ntm n® 42404 t =t nt — KH K™ — pu~
D> m ntn® 1.43 +£0.06 nm Kt -put at Kt -
D — mnt2n° 1.04+0.09 n Kot spt o at s Kt o po
D — KTKn®° 0.32940.014 K+ — ut K™=~
D — Kt n® (DCS) 0.0304 + 0.0017 Kt s utn K- o —p-
D — K*7 7n® (through mixing)  0.073 + 0.005 Kt wutm K- 7 —pu~
D — KTt 2n— (DCS) 0.0262 =+ 0.0021 KF syt =K @ —u”
D — KTnt 27~ (through mixing) <0.04(CL = 90%) KT —=utm - K- 7 —u-
D — KT2K—mt* 0.0221 £ 0.0031 various K™ = u-

Table 1: D® decays to hadronic multi-body final states and how they can possibly con-
tribute to RS and WS samples through misidentification of final state particles.
Reported branching ratios are from Ref. [25].

SECONDARY D DECAYs — If the D** is not produced in the primary pp inter-
action, but as decay product of a b-hadron decay, the decay length is not
correctly computed. These secondary D** decays are therefore a background
to the promptly-produced semileptonic signal in that they result in a biased
decay-time distribution. They, however, do not change the observed WS-to-
RS ratio.






RECONSTRUCTION OF THE MISSING NEUTRINO

This chapter presents prospects and problems of different reconstruction algorithms for a
missing particle in decays with partially reconstructed final states. Although these tech-
niques may be simply adapted to any kind of missing particle in different experimental
environments, the main focus is on D® — K~ utv decays at LHCb, where the neutrino
remains undectected.

4.1 PARTIALLY RECONSTRUCTED DECAYS AT LHCD

Neutrinos hardly interact within LHCb and are not directly detectable. This con-
siderably complicates the study of semileptonic decays, as it is not possible to
determine the total momentum, and therefore the mass, of the D° candidate, thus
limiting the capabilities to separate the signal from backgrounds. Although the
mass variable m (D) is defined such that the neutrino’s missing momentum
contribution cancels to a large extent, accounting for the neutrino would provide
an improved mass resolution and a better signal-to-background discrimination.
In addition, an unbiased and precise knowledge of the D° decay time, usually
derived dividing the D? flight distance F by its velocity,

is desirable to enhance the sensitivity to mixing, as the WS-to-RS ratio grows
quadratically with time (see Equation 7).

Experiments at e e~ machines benefit from the precise knowledge of the col-
lision energy to conveniently derive the momentum of a missing particle in the
final state using momentum conservation. At hadron colliders, however, the mo-
mentum of the interacting partons remains unknown and other techniques have
to be developed. In this chapter, four different methods to correct for the missing

neutrino are presented:
* an average correction based on simulation, referred to as k-factor method;

¢ an empirical estimation derived by the E653 collaboration, refered to as E653
estimation;

* an analytical derivation of the neutrino momentum called neutrino closure
method;

* an alternative analytical derivation called cone closure method.
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The different methods are then compared quantitatively using a simulated sample
of D** — DO%(— K u*v)nt decays in terms of the difference between the
momentum estimated by the correction method, pcor, and true momentum of
the D candidate, pirye. The bias and resolution obtained with each correction
method are estimated by the mean and root mean square (r.m.s.) values of the

resulting pcor — Ptrue distributions.

4.1.1  k-factor method

The k-factor method is a well established technique to correct for the momentum
of a missing particle on a statistical basis using Monte Carlo simulated data. The k
factor is defined as the ratio between the momentum of the reconstructed daughter
particles of a decay and the true momentum of the mother particle. In the present
analysis this reads:

p(Ky)

k= ,
Ptrue

(11)

where p(Kp) is the magnitude of the momentum of the combined kaon-muon
system, referred to as visible D? momentum.

The visible momentum is correlated with the reconstructed invariant mass of
the system m(Ku). The larger the fraction of total momentum carried by the neu-
trino, the smaller the values of m(Ku) and p(Ku) and hence the smaller the k
factor. Figure 16 shows the two dimensional distribution of the k factor and the
visible mass. Overlaid, a profile plot, showing the average value (k) in bins of
the Kp mass, is fit with a simple second-order polynomial. The resulting fit func-
tion, (k) [m(Kp)], can be used in data as an average event-by-event correction to

determine the magnitude of the D® momentum:

p(Kp)

0y _
pcor(D )— <k> [m( l»l)]

(12)
The spatial orientation of the momentum vector is then assumed to be aligned
with the reconstructed D° flight direction . Since the D**+ decays instantaneously,
this is inferred from the measured positions of the primary pp interaction vertex,
Vpy, and the DO decay vertex, Vipo, as F= (Vpo —Vpy)/IVpo — Vpy|.

Figure 16 shows that the k-factor method reproduces the true D® momentum
with a small bias of —0.3 GeV/c and a resolution of 14 GeV/c. The main disadvan-
tage of this method is that, being based on simulation, it relies on an accurate
description of the decay under study. For semileptonic decays this may lead to
unwanted systematic uncertainties, as the form factors used to describe the decay
amplitude are not always well known. Additionally, the accuracy of the k-factor
correction may be limited by the size of the available simulated sample, which
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Figure 16: Left: (black points) two-dimensional distribution of the k factor and the visible
mass m(Ku); (blue points) profile of the distribution, showing the average k-
factor value in bins of m(Kp); (red curve) fit result to second-order polynomial.
Right: distribution of the relative difference between k-factor-corrected and true
D® momenta.

when studying charm decays it is generally much smaller then the corresponding

data sample.

4.1.2  E653 estimation

The E653 collaboration derived the following empirical formula to estimate the cor-
rected momentum, neglecting the component of the neutrino momentum parallel
to the reconstructed D flight distance [46]:

mpo E(Ku)
/P2 (Kn) +m2(Kp)

pcor(Do) = (13)

where E(Kp) is the energy of the kaon-muon system and p (Ku) is the component
of p(Ku) perpendicular to the reconstructed D° flight direction . Due to momen-
tum conservation, the magnitude of this component is equal to the perpendicular
component of the neutrino momentum and therefore helps to partially account
for the missing momentum. However, the component of the neutrino momentum
parallel to the flight distance remains unknown.

The momentum resolution obtained by this empirical formula, as shown in Fig-
ure 17, is comparable in both size and shape to that of the k-factor method. A bias
of 2GeV/c and a resolution of 15GeV/c is observed. The advantage of this method
with respect to the k-factor is that the correction does not rely on simulation.
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4.1.3 Neutrino closure method

In addition to require the D° momentum to be aligned with the reconstructed
flight direction F, the neutrino closure method requires that the three-body mass
m(Kpv) has to coincide with the known D° mass. To explain how this constraint
is used, it is convenient to express the momentum vectors in terms of their com-

ponents parallel and perpendicular to
pi=p-F pi=[p—p=[p—(p-F)
From momentum conservation it follows that
pL(Kw) =—pi(v) and p(D®) =pj(Ku)+pj(v).

Now using also energy conservation, E(D%) = E(Kp) + E(v), and imposing the D°

mass constraint such that mlzjo = E2(D°%) — p?(DO), it is possible to derive p(v)

from a quadratic equation of the form

xpl (V) + B pj(v) +v =0, (14)
where the coefficients are defined by

o =4 [p7 (Ku) +m*(Ku)],
B =4p(Ku) [2pL(Kw) —mfo +m?*(Ku)],
y =43 (Ky) [pF(Kp) +mde] — [mde —m?(Ku))*.
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momenta resulting from the neutrino closure method with P (v) solution cor-

responding to m(D°7) closer to (green) mp+ and (red) to threshold.

The neutrino’s momentum parallel to the D° flight direction can then be calculated
up to a two-fold ambiguity as

_ —BEVB2—day
2a '

py(v) = (15)

Resolution effects however lead, in approximately 40% of the cases for the decay
under study, to negative values of 32 — 4oy, making Equation 14 unsolvable.

For D** — D°(— K~ u*v)n" decays, the two-fold ambiguity of Equation 15
can be resolved thanks to the presence of the parent D** meson. For these de-
cays, the right solution for p(v) is indeed more likely to be that resulting in a
neutrino-corrected m(D°7t) mass closer to the known D** mass. From simulation,
we see that only in 16.6% of the cases this does not happen because of resolution
effects. As discussed in Section 4.2, this approach however induces a bias in the
neutrino-corrected m(D°7) mass distribution of background events and is there-
fore discarded. To avoid this problem, one can select the p|(v) solution resulting
in neutrino-corrected m(D°7) closer to the kinematical threshold of mpo + my+.
In simulation we see indeed that, because of the low Q value of the D** — D%
decay, this procedure allows to identify the right solution in approximately 75% of
the cases with just a limited loss in momentum resolution with respect to choosing
the solution closer to mp-+ (see Figure 18).

The neutrino closure method allows to reconstruct the D® momentum with much
better resolution (12.6 GeV/c) then the k-factor or E653 estimations, but does not
provide any correction in the ~ 40% of the cases where 32 — 4oy < 0.

33



34

RECONSTRUCTION OF THE MISSING NEUTRINO

0.16
0.14
0.12

LHCb Simulation

normalized

Cone Closure method

/2

0.08
D’ 0.06
0.04
0.02
o= L R RS L
-40000 -20000 0 20000 40000
w K pcor_ptrue[MeV/C]

Figure 19: Left: schematic view of the D** — DO(— K ptv)mt decay in the kp rest
frame; the magnitude of the D® momentum is fixed, while its spatial orientation
is restircted to be on a cone around the pion momentum. Right: distribution of
the relative difference between the corrected and true D® momenta resulting
from the cone closure method.

4.1.4 Cone closure method

The cone closure method [47] makes use of the same constraints of the neutrino
closure method and, in addition, also requires the invariant mass of the DO xt
system to be equivalent to the known mass of the D*. To derive the corrected D°
momentum with this method, it is convenient to boost the decay in the rest frame

of the Ku system, so that
p(Kw) =0, P(D°) =p(v) and E(D°) =m(Ku)+p(D°).

Using the D° mass constraint allows, in this reference frame, to determine the

magnitude of the D® momentum:

mf, = E*(D®) —p*(D°) = m?(Kp) + 2 m(Ku) p(D°)

2 0 — 2 K
— pD%)="D m(;mi)”). (16)

Additionally, using the D** mass constraint restricts the D momentum vector to
lie on a cone with respect to the momentum of the pion (see Figure 19 for a visual
representation), whose opening angle 0 is determined as

md.. = [E(D°) +E(n)]* — [F(D°) +p(m)]°
=m2, +m2, +2E(D®) E(m) — 2 p(D°) p(r) cos 0
2E(DO)E(m) — (M., —md, —m2,)
2p(D°)p(n)

= cos0 = (17)



4.2 EFFECT ON THE m(d®m) DISTRIBUTION

The full D® momentum vector is then determined when choosing the value of
the azimuthal angle ¢ (see Figure 19) that results in the best alignment between
P(D%) and the flight direction F in the laboratory frame. This is done numerically
by scanning the angle ¢ between 0 and 360° in steps of one degree.

Also in this case, because of finite experimental resolution, in ~ 5% of the cases
the method cannot be applied as Equation 17 results in [ cos(0)| > 1. When applica-
ble, the cone closure shows the best momentum resolution among tested methods
(10GeV/c). In addition, it is worth mentioning that this approach, because of the
D** mass constraint, cannot be used to determine the neutrino-corrected m(D°m)

distribution.

4.2 EFFECT ON THE m(D®7) DISTRIBUTION

The expected signal of the WS sample is tiny. Hence, any improvement in m (D ° )
resolution resulting from the neutrino reconstruction technique is precious. How-
ever, it is absolutely important to understand what is the effect of the employed
correction on the background to avoid the creation of artificial structures in the
m(DOn) distributions of the background that resembles the signal peak. The ef-
fect of the various neutrino reconstruction algorithms described in this chapter is
then tested also on the sample of artificially created random-pion combinations,
described in more details in Section 6.2, that reliably reproduces the kinematical
features of the random-pion background.

Figure 20 shows the neutrino-corrected D®ntt mass distribution separately for
simulated signal decays and random-pion background for the algorithms dis-
cussed. The effect on the signal is what expected as better mass resolutions are
achieved by the algorithms providing better momentum resolutions. For the back-
ground, instead, most methods do not result in dangerous changes on the mass
distribution. The only exception being the neutrino closure method with solution
of p| (v) yielding the mass closest to mp-+, where an artificial peak is created. On
the other hand, taking the solution resulting in a lower neutrino-corrected mass
also changes the mass shape (moving more events towards the threshold) but
does not create artificial peaks which prevent any discrimination between signal

and background candidates.

4.3 DECAY TIME RESOLUTION

The corrected D® momentum is used to calculate the corrected D° decay time with
Equation 10. Figure 21 shows the decay timer resolution defined as treco — tirue
in units of the known DP lifetime [25] integrated over the full decay-time range.
Resolution and bias of the reconstructed D° decay time of the presented correction
algorithms itself are depending on the corrected decay. Figure 22 shows the two

dimensional scatter plot of the difference tyeco — tirue Versus the corrrected decay
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Figure 20: Neutrino-corrected m (D7) distributions for (left) simulated signal decays and
(right) random-pion combinations as resulting from the different algorithms
discussed in this chapter.
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time with the profile plot overlaid, showing the mean and r.m.s. for tyeco — ttrue in
slices of the corrected decay time. The red lines indicate mean and r.m.s. integrated
over the whole decay-time range. All reconstruction algorithms show inreasing
bias and resolution at higher reconstructed lifetimes.

4.4 SUMMARY AND FINAL RECONSTRUCTION STRATEGY

Being able to reconstruct the missing neutrino momentum allows to determine
the D° decay time and helps to reduce the background thanks to an improved
m (D7) resolution. The performances of the neutrino-reconstruction methods just
described are compared in Table 2. Each method has advantages and disadvan-
tages. Clearly, the cone closure technique, using all possible constraints from the
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decay topology/kinematics, allows for the best resolution and will therefore be
used in the analysis to reconstruct the decay time. However, this method cannot
be employed to correct the D°nt™ mass. The mass will then be corrected using
the neutrino closure method, taking the p||(v) solution resulting in m(D°7) closer
to threshold. Unless otherwise specified, all distributions showing m(D%7) will
be corrected from now on. In all cases where the above two methods cannot be
applied because of resolution effect, i.e. when |cos 6| > 1 for the cone closure and

when B2 — 4oy < 0 for the neutrino closure, the E653 estimation is instead used.
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DATA SAMPLE SELECTION

This chapter describes the reconstruction and selection of D** — DO(— KEpFv)mt
decays at both online and offline level. The selection aims at isolating signal candidates
from expected backgrounds, mainly random pions, for which a multivariate analysis has

been developed.

5.1 ONLINE RECONSTRUCTION AND SELECTION

Events used in this analysis are triggered by signatures consistent with the D** —
DO(— K*uFv)mt decay.

At LO the signature could be either an hadronic energy deposition with a trans-
verse component of at least 3.5 GeV left by the charged kaon, or track segments in
the muon stations compatible with a muon with pt 2 1.5GeV/c." In addition, at
L0, also events triggered independently of the candidate D** — DO(— KEpFv)nt
decay are considered. It is possible that for example decay products of the charmed
hardon formed by the other charm of the cc pair produced by the pp interaction
triggered the event.

In HLT1, where tracking information becomes available, the kaon or the muon
is required to have large momentum, p 2 3GeV/c and pt 2 1.6GeV/c, and to be
incompatible with being produced in the primary vertex, IP> 0.1 mm and x?(IP) >
16. The x%(IP) is defined as the difference between the x2 obtained when fitting
the primary vertex with and without the considered particle, and is a measure
of consistency with the hypothesis that the particle originates from the primary
vertex. Events triggered at LO by the muon can also be selected at HLT1 if a track
with pt 2 1GeV/c is matched to hits in the muon stations, where the reduced pt
threshold is possible due to a lower rate.

In HLT2, a full event reconstruction is performed and the trigger decision aims
at selecting the specific final state of interest. For semileptonic neutral charm de-
cays, two trigger lines are available. The first employs an exclusive selection of
the D® — K*uTv decay, solely based on the presence of two displaced oppo-
sitely charged tracks fulfilling basic momentum and quality requirements. The
two tracks have to form a good-quality decay vertex with flight distance F > 4 mm
and F-2 > Omm to ensure that the D° candidate is flying in forward direction.
As the D° candidate is only partially reconstructed, only very loose requirements
are imposed on the visible and corrected D° masses: m(Ku) < 2500 MeV/c? and

The thresholds changed during data taking period. Here, only the values from the second half of
2012 are mentioned.
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1400 MeV/c? < meor < 2700MeV/c? . A variant of this trigger allows to recon-
struct also candidates where the D® daughters have the same charge. The second
HLT2 trigger line is designed to select D** — D°nt decays where the soft pion
has momentum larger 3 GeV/c and pt > 300 MeV/c and the D° decays inclusively
in any final state with at least two charged tracks having x2(IP) > 36. The soft pion
is also required to come from the primary vertex with x?(IP) < 9. This selection
criterion suppresses randomly associated pions and secondary D** decays. Com-
pared to the exclusive line, here no cut on the corrected mass is applied to account
for the missing neutrino, but the candidates are selected only by Am < 285 MeV/c?
to inclusively detect D° decays to multi-body final states. This trigger was imple-
mented in 2012 and therefore does not contribute to the sample collected during

2011.

5.2 OFFLINE RECONSTRUCTION AND SELECTION

At LHCDb, the event reconstruction from the collected data is done centrally and
only events passing a pre-selection (called in jargon stripping) are processed in
this analysis. The stripping reconstructs the candidates of interest by applying or
tightening, with offline-reconstructed quantities, the same selection requirements
used in the trigger. In addition, as particle-identification information is not avail-
able in the trigger, requirements on the kaon, muon and pion identification are
now implemented. The stripping-selection criteria are based on previous studies
of semileptonic charm decays at LHCb [48] and are summarized, together with
the other requirements used in this analysis, in Table 3.

The resulting sample can be seen in Figure 23. Figure 23a shows the m(D%) dis-
tribution for RS candidates. The peaking structure close to the kinematic threshold,
with maximum at the nominal D* mass value, is mostly due to RS D% —» K utv
signal candidates, but also includes D** — D°n* candidates where the D° de-
cays to a different final state. In the corresponding distribution for WS candidates,
shown in Figure 23b, no clear peaking structure can be distinguished from the
much broader distribution due to random-pions background. The spectra of the
visible D° mass for RS and WS candidates can be seen in Figure 23c and Fig-
ure 23d, respectively. The narrow peak close to the known D° mass value is due
fully reconstructed DO — K- nt decays, where the charged pion is misidentified as
a muon. For partially reconstructed candidates from semileptonic D° decays, the
visible mass is depending on the fraction of momentum carried by the neutrino,
thus resulting in a very broad distribution peaking at lower mass values. The fact
that RS and WS samples have very similar m(Ku) distributions indicates that the
composition of latter is dominated by background consisting of real semileptonic
D° decays accidentally associated to uncorrelated soft pions.

Figure 24 compares the m(D%7) distribution of the RS sample, normalized to
the same area, for different trigger categories for the data set collected during
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Figure 23: Spectra in m(D%) and m(Kp) after the stripping selection for RS and WS can-
didates. The narrow peak in m(Ku) close to the D° mass is due to misidentified
two body decays (see Section 5.2.2).

2012. Figure 24a compares events triggered by signal candidates at LO and those
triggered independently of the signal. The two samples consists of approximately
34 x 10° and 14 x 10° events, respectively, and have similar signal purities. The
overlap between the two samples is 10 x 10°. Figure 24b compares instead can-
didates selected by the inclusive and the exclusive HLT2 triggers. The inclusive
sample consists of approximately 32 x 10° events, all collected during 2012. The
exclusive trigger collected instead approximately 13 x 10° events, 36% of which
during 2011. The exclusively triggered sample, as clearly visible in the plot, pro-
vides a larger background contamination and adds only a limited amount of sig-
nal (when the overlap between the samples is considered). For these reasons, and
to simplify the treatment of the data, the analysis is limited only to candidates
selected by the inclusive HLT2 trigger during 2012.

Specific selections to suppress the relevant background described in Section 3.2
have been developed for this analysis, as described in the following.
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Figure 24: Comparison of the different trigger categories. The distributions are normalized
to the same area. Scaling factors are given in the legend.

5.2.1 Suppression of random-pion background

To reduce the amount of purely combinatorial candidates and of those where a
soft pion has been associated accidentally to a correctly reconstructed D°, a mul-
tivariate analysis is performed to combine information of several discriminating
variables into a single observable. The available information provided by each vari-
able, and by the correlations between the different variables, is this way used most
efficiently allowing for a better signal-to-background discriminating power.

Several methods have been tested from those available in the Toolkit for Multi-
variate Analysis (TMVA) [49]. Among those, the boosted decision tree (BDT) [50] pro-
vides the best performances and is therefore chosen for the analysis. More details
on how a BDT works are provided in Appendix A.

The BDT is trained directly on approximately 10% of the RS data sample, where
signal and random-pion background are disentangled using the sPlot technique [51].
The sPlot is a statistical tool that allows to separate signal and background con-
tributions in various control variables from the knowledge of the distributions of
a discriminating variable, in this case the m(D%). A weight is calculated on an
event-by-event basis, so that the weighted distributions in the control variables
reproduce on average the corresponding true signal and background components.
The signal and background (i = sig, bkg) weights are calculated as [51]

 Visig Psig(m) + Vi pig Pokg(m)

iPi m) — s
Tl Nsig Psig(m) + Npig Pokg(m)

(18)

where Ngig (Npyg) is the total number of signal (background) candidates, Psig (Ppkg)
is the m(D°7) probability distribution function (PDF) for signal (background) and
Vj; are the elements of the covariance matrix relating Ngjg and Npyg. These param-
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Figure 25: m(DO%n) distribution for the RS subsample used in the BDT training, with fit
projections overlaid. The fit results are used to calculate the weights of Equa-
tion 18.

eters are all estimated from a minimum x? fit to the m(D%m) distribution of the
RS sample used in the training. Figure 25 shows the result of the fit, whose details
can be found in Chapter 6.

Input variables for the BDT are chosen to maximize the statistical separation
between signal and background, and to avoid correlations between the BDT output
and the mass variables m(D°7) and m(Kp), later used to extract the signal yield
(see Chapter 6). The chosen set of input variables is shown in Figure 26 and listed
below:

* Log ProbNN, . (7), logarithm of the probability for the soft pion to be a
ghost track (5 = 1.2%);

¢ /DOCA(Ky, ), square root of the distance of closest approach between the
K pair and soft pion flight directions (8 = 0.5%);

¢ /DOCA(K, u), square root of the distance of closest approach between the
kaon and muon flight directions (& = 1.2%);

DO flight distance (5 = 0.6%);
e D transverse momentum (8 = 5.2%);

e DO pseudorapidity (5 = 0.4%);
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BDT training.
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Figure 27: Signal (blue) and backgorund (red) distributions of the BDT response.
e [[ProbNN(7t) = ProbNN () [1 — ProbNNH(ﬁ)] [1 — ProbNNK(ﬁ)] 6 =
6.0%).

Here, the quantity § indicates the statistical separation provided by each variable,
defined as

5 — ]J (Psig(y) — Porg(y))?
2 :Psig (y) +j)bkg(y)

dy

with the signal (Psig(y)) and background (Pyig(y)) PDF for variable y [49]. For
some variables, simple transformations such as the square root or the logarithm
of the original variable provide better signal-to-background separation and are
therefore used.
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Figure 28: Application of the BDT. Preselection refers to stripping and trigger selection.

Figure 27 shows the obtained BDT response separately for the training sample
and for an independent testing sample. Large differences in the BDT response for
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training the testing sample arise if the BDT is trained on statistical fluctuations;
here, the distributions look very similar and no indication for training on fluctu-
ations is visible. The achieved signal-to-background separation is & = 13.6%. An
optimal BDT selection requirement of BDT > —0.09 is chosen, corresponding to

the maximum for the figure of merit® [52]

S — Nsig

n 1.5+\/kag.

Figure 28 shows the m(D°n) distribution of the RS sample before and after the
BDT selection. The number of RS signal candidates decreases by approximately
12% from ~ 18.6 x 10° to ~ 16.4 x 10°, while the background is reduced by 35%
from ~ 6.8 - 10° to 4.4 x 10°, improving the signal-to-background ratio from 2.7 to
3.6.
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Figure 29: Testing the effect of BDT cut on m (D7) with candidates, where D° daughters
and the soft pion have all the same charge. Left: m(D°) distribution applying
different BDT cuts. Richt: two dimensional plane of mass and BDT response.

The effect of the BDT selection on the m(D°7) distribution is checked using
candidates where the D° daughters and the soft pion have all the same charge. As
this selection is only available for events collected by the exclusive trigger, the BDT
was retrained on such sample before performing the check. Figure 29 shows the
comparison between the D° 7+ mass distibutions obtained with and without the
BDT selection requirement, as well as the two-dimensional distribution of m(D%7)
versus BDT. The plots confirm that the BDT response is independent of m(D%7)
and therefore no artificially peaking structures, which may fake the signal, are
created by the BDT selection.

. .  Neg . s . .
The form of this f.o.mis: S = — T2y N with a being the significance aimed to optimize for, chosen

to be a = 3 in this case.
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5.2.2  Suppression of misidentified decays

The muon track is required to match a segment of hits in the muon stations
by the IsMuon algorithm [53], while both the kaon and the soft pion are not.
Tight requirements on the muon identification variables, ProbNN (i) > 0.6, are
then added to further suppress hadronic D° decays where one of the final state
hadron is misidentified as a muon. Misidentified kaons are reduced by requiring
ProbNNk (K) > 0.6. These requirements, however, do not completely suppress the
background from misidentified hadronic decays.

As an example, Figure 30a and Figure 30b show the distribution of m(K* 7 ™)
and m(nt"K™), i.e. the invariant mass computed when assigning the pion hypothe-
sis to the muon and both assigning pion mass to the kaon and kaon mass hypoth-
esis to the muon, respectively, for the WS sample with fit projection overlaid. In
Figure 30a, a peak from D® — K7t~ decays, where the pion was misidentified as
a muon, is clearly visible. Figure 30b shows the peak from doubly misidentified
D® — K~m* decays. Figure 30c and Figure 30d show the number of candidates
in the peaks as a function of the ProbNN, (1) and ProbNN (K) cut value, in com-
parison with the corresponding number of expected WS signal candidates. The
latter is estimated by scaling the RS signal yiel by the mixing rate x* +y? ~ 10~
The plots make evident that misidentified backgrounds from hadronic D° decays
to multi-body final states, such as D° — Kt mP, can be certainly reduced im-
posing tighter particle identification requirements but never to a negligible level.
They are therefore accounted for when measuring the signal yield, as described
in Chapter 6. On the contrary, two-body hadronic decays are vetoed by excluding
candidates with the relevant two-body mass within 24 MeV/c? (corresponding to

approximately 30 in mass resolution) of mpo.

5.2.3 Multiple candidates removal

More than one RS or WS D** candidate can be reconstructed in the same event.
Usually, this happens because the same D° candidate can be easily associated
to different soft pions produced in the primary vertex. Multiple candidates are
removed from the selected sample, by randomly choosing only one candidate per
event, to avoid any potential bias they may create on the result. This removes
approximately 3.0% of both RS and WS candidates from the sample.

In addition, it is possible to form both a RS and a WS D** candidate by associat-
ing soft pions of opposite charge to the same D° candidate. Since it is much more
probable for such D° candidates to be real RS than real WS D** decays, they are
identified and removed from the WS sample. This procedure removes ~ 9.5% of

the WS random-pion background, with negligible loss in the expected signal.
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Figure 30: Study of singly and doubly misidentified D° two body decays.

5.2.4 Optimal decay-time selection

As already explained in Chapter 1, a biased decay-time selection helps to increase
the sensitivity to mixing because the WS-to-RS ratio increase quadratically with
decay time (see Equation 7). Moreover, a selection cut on the D° decay time can
also help to reduce the random-pion background because, consisting mainly of
unmixed D candidates associated to uncorrelated pions, this background features
a different decay-time distribution with respect to the WS signal.
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Figure 31: Optimizing the decay time cut.

Figure 31a shows the expected decay-time distribution of the mixed (WS) and
unmixed (RS) signals, normalized to the same area, as derived from simulation
studies. Scaling the distributions to the expected number of WS signal and random-
pion background events allows to compute the significance as a function of the
minimum decay-time cut, as shown in Figure 31b. The optimal value, correspond-
ing to the maximum of the curve, is t > 2.3tpo. At this point, the average of the
squared decay time (t®) as introduced in Section 1.3.1 is estimated by using the
sample of simulated signal candidates to be <t2> ~11.11 TZDO after the decay time
cut.

In addition, candidates with decay times in excess of 20 1o are removed from
the sample, as they are expected to be dominated by badly reconstructed events
rather than by signal.

The final set of selection criteria are listed in Table 3. Figure 32 shows the
m(DOr) and m(Ku) distributions for RS and WS candidates after the different
steps of the selection.
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Candidate Variable HLT2 selection  Stripping Offline selection Unit
Muon PT > 800 MeV/c
Xirack >2.25
x2(IP) > 36
DLL—# >0
IsMuon true
ProbNN,, > 0.6
ProbNNgnost >0
Kaon PT > 600 MeV/c
Xirack >2.25
x2(IP) > 36
DLLk_» >0
IsMuon false
ProbNNy > 0.6
ProbNNgnost >0
D° DIRA > 0.99
X > 100
m(Kp) < 2500 < Mmpo MeV/c?
Xertex/ndf <10 <9
P > 20000 MeV/c
PT > 2800 MeV/c
DOCA(Ku) < 0.07 mm
Meor (1400, 2700] MeV/c?
teor/Tpo [2.3,20]
[m(KK) —mpo| > 24 MeV/c?
Im(K7t) — mpo| > 24 MeV/c?
|m(mK) — mpol > 24 MeV/c?
F >4 mm
Fz >0 mm
Fxvy <4 mm
Pion P > 3000 MeV/c
PT > 300 MeV/c
x2(IP) <9
DLL, = <1
IsMuon false
ProbNNgpost >0
D* PT > 3750 MeV/c
DOCA(D%tg) < 100 <04 mm
Am [0,285] < 200 MeV/c?
m(DOn) < 2050 MeV/c?
m(Kum) > 300 MeV/c?
Xvertex/ndf <9

Table 3: List of all selection criteria used in the analysis, separately for HLT2 trigger, pre-
selection (stripping) and final offline selection. If not explicitly mentioned, the trig-
ger cuts have been adopted also in the stripping.
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Figure 32: The spectra are normalized to the area of the distributions after the full selection.
Scaling factors are given in the legends.
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FIT OF SAMPLE COMPOSITION

This chapters describes the strategy developped to extract the signal yields on a statistical
basis. First, the general strategy is explained and then applied to the RS sample. Second, a
preliminary fit to the WS sample is shown.

6.1 GENERAL STRATEGY

Although the selection of Chapter 5 is designed to minimize the background con-
tamination in the sample, the remaining events are a mixture of unknown compo-
sition and the amount of signal events has to be identified statistically. No single
variable is found to be sufficient to separate the signal candidates from all dif-
ferent kinds of backgrounds discussed in Section 3.2 at once. However, the two
dimensional space spanned by the invariant masses m(DOr) and m(Kp) shows
promising separation to isolate the signal as explained in the following.

Figure 33 schematically shows the expected shapes for signal, misidentified and
multi-body D° decays, random pions and purely combinatorial background. Ran-
dom pions and combinatorial background can easily be identified in m(D°n), be-
cause they feature a different non-peaking shape compared to signal and misiden-
tified multi-body decays. Having both similar peaking distributions in m(D%n),
misidentified multi-body decays and signal candidates can instead be separated
in m(Kp), where they are expected to have different shapes as the amount of
missing momentum does depend on the number and species of particles not re-
constructed. Combining the information of m(D°) and m(Kp) in a bidimensional
fit would allow to disentangle the individual components. While this is the prefer-
able approach in terms of statistical precision, it would require to know the two-

dimensional distribution of each component, as correlations between m(D%n) and

signal multi-body real D° 3 random
decays + random n tracks
m(D°m)[MeVic?] B /_\ E /_\
m(Kp)[MeV/c?] ? ?

Figure 33: Schematic mass shapes for signal and backgound components in m(D°7) and
m(Ku).
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m(Ku) do not allow to factorize the joint PDFs. This makes the bidimensional
fit difficult and subject to unwanted systematic uncertainties, as for some of the
background component, such as the purely combinatorial background, the two-
dimensional distributions are not known and cannot be simply extracted from
simulation or control samples. Also, to reliably extract the two-dimensional distri-
bution of the physics backgrounds from the simulation does requires huge sam-
ples of simulated events, which, as discussed later, are not always available.

To overcome these limitations, in this analysis a different fitting strategy is em-
ployed. This consists of fitting the sample in two successive steps. First, the data
sample is divided in bins of m(Ku). In each bin, a one-dimensional fit to m(D%n)
is performed to get the number of peaking events. This number includes signal
and misidentified multi-body D° decays, while non-peaking random pions and
combinatorial background are statistically subtracted. Plotting these yields in the
bins of the visible mass reveals the m(Kp) projection for signal and multi-body de-
cays only. Next, signal decays are separated from background due to misidentified
multi-body decays by a one-dimensional fit to the obtained m(Ku) distribution.
With this procedure, the number of fit components which needs to be described is
drastically reduced and correlations are implicitly accounted for.

Details of the fit in m(D°n) are presented in Section 6.2, where the peaking
signal-like part is described by a phenomenological analytical function and the
non-peaking component is modeled by an artificially created random-pion sample
derived from data. Section 6.3 describes instead the subsequent fit in m(Kp), where
the mass shapes are extracted from simulated events. Therefore, a huge sample of
inclusive D* decays has been generated which is briefly described in Section 6.3

and in more detail in Appendix B.

6.2 A MODEL To FIT m(D%n)

As just explained, the purpose of the m (D) fit is to isolate the peaking compo-
nent, including signal and misidentified multibody decays, from the non-peaking
component, which is mainly composed by random associations of real D° can-
didates and uncorrelated soft pions from the primary vertex. For this a reliable
model for the random pions is required. The idea is to mimic fake D* candidates
by associating D° candidates from one event to soft pions from another event and
extract the m (D) shape from them.

A naive association is not sufficient, as it is only possible to sample from already
selected candidates and the kinematics of the final state particles are this way not
correctly reproduced. An example, is shown in Figure 34, where the transverse
momentum distribution of the soft pion from a sideband of the naively mixed
random-pion sample is compared to the same sideband of the WS data’. Since the

mass shape may depend on the kinematical features of the sample, the association

1 It has been checked that RS and WS sideband do not show significant differences.



6.2 A MODEL TO FIT m(d°m) 55

0.07F E

B B st ]
£ = 008f 1 5 007 E
g 0.061 WS data B 0.07¢ WS data 1 5 0.06F WS data E
= 3 i & E 2 ERE-] E El
0.05¢- pr,) sampled) 0.06 E p/x,) sampled) ] 0.05¢- p(r,) sampled) 3
0.04 } - n (n,) reweighted) { ()4()55— X n(x,) rewelghled)—E 0.04 ; 7 (r) reweighted) {
[ iy ] 0.04 |} El E E|
0.03F Y 3 E X E| 0.03- E
E ] 0.03 E : ]
0.02 ? 7 E 0.02 ; N é 0.02 ;* =
0.01F _ B! 0.01F E 0.01F B
o) A Y e ] 0 EL . i o
500 1000 1500 0 5000 1000C 0 5000 1000C
p, () [MeV/c] P, () [MeV/c] p,(K) [MeV/c]
= 0.035F — ——— T - -
£ oot 1 2%
5 003F E go ost 1 Eoo2sf E
3 WS data s F WS data s E WS data
= 0.0251 3 = £ ] = L ]
E p(n,) sampled)  § 0.02F p/x,) sampled) 0.02¢ p|(r,) sampled)
0.02+ 1 (z,) reweighted) | E L1 7 (r,) reweighted) F | (x,) reweighted)
[ ] E 0.015 ; i 4
0.015F 0.015¢ ! 1 F
001k 0‘01: : ) E 0.01 F / 3
0.005 000SF \\\ Y ]
0 C 0 et P ] 0 B
2

5 5 5
nm) nw N(K)

Figure 34: Transverse momentum and n distibution of the final state particles at the differ-
ent steps of the procedure.

procedure is tuned to create a background sample consistent with the kinematics
of the data sideband defined by m(DO) > 2035MeV/c?. In particular, the artificial
association of D° and soft pions is done in the following steps:

1. a soft pions from one event is combined to a D° candidates from another

event;

2. all selection cuts on the kinematics of the formed D* candidate, e.g. Am <
200 MeV/c?, are applied;

3. the combinations surviving the cuts are sampled according to the p ()
distribution observed in the sideband of the WS data (with a keep-or-reject
method).

The D°7t combinations obtained with this procedure shows increased agreement
with the WS data sideband not only in pt(7r) but also in the distributions of kaon
and muon momenta, as shown in Figure 34. However, residual discrepancies re-
main in the pseudorapidity distributions. These are adjusted by assigning a weight
to each event. The weight is calculated from the ratio of the normalized n(7) distri-
butions observed in the WS and random-pion samples. Again, the procedure also
corrects for the deviations observed in n(K) and n(p) as shown in Figure 34.
Figure 35a shows the m(D°7) distibution of the mixed-events associations at
the different steps of the procedure. While correctly reproducing all kinematical
variables is important to ensure a reliable model for the m(D°n) distribution of
the random pions, it is worth noticing that the effect of the pt sampling and the 1-
reweighting on the mass shape is marginal (especially the latter). Figure 35b shows
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Figure 35

the m(D°m) distribution of the mixed-events associations for different m(Ku) bins.
The changes in shapes are mainly caused by the stripping selection requirement
on Am, which introduces correlations between m(D°7) and m(Kp).

In total, the random-pion sample consists of approximately 150 x 10® candidates
and therefore the available statistic is much higher than the data sample. These
events are used to build histograms that are used in the m(D°n) fit as templates
for the random-pion background PDF:

1

73%(‘”1)/

Pron— ing(m) =
non peaklng( ) NJ{

where R(m) returns the value of the histogram filled with random pions and N

is an appropriate normalization factor.

2 0.I8F ' ' 3 = i ' ' ;
9 : ] 8 0.16F 3
= 0.16F = = C ]
g E LHCb Simulation = 0.141 LHCb Simulation —
‘g 0.14 :— D°->Kpv _E ‘g 012 E_ D°->multibody _f
0.12 - 600 MeV/c?<m(Ky)< 1000 MeV/c? E C 600 MeV/c?<m(Ky)< 1000 MeV/c?> ]
E 1000 MeV/c?<m(Kp)< 1400 MeV/c? 1 0.1 1000 MeV/c?<m(Kp)< 1400 MeV/c? ]
0.1 1400 MeV/c?<m(Ky)< 1850 MeV/c* r 1400 MeV/c<m(Ky)< 1850 MeV/c? |
0.08F 3 0.08 ]
0.06 2 E 0.06F -
0.04F E 0.04F E
0.02F —f 0.02F ]
0 L. I R S S TR ] 0 E s M R T T s E

2000 2010 2020 2030 2000 2010 2020 2030

m(Dn) [MeV/c?]

m(Dn) [MeV/c?]

(a) Simulated m(D°n) distribution for
signal candidates.

(b) Simulated m(D%n) distribution for
misidentified multi-body decays.

Figure 36



6.2 A MODEL TO FIT m(d°m) 57

The events peaking in m(D°n) are instead described by an empirical analytic
function, with sufficient degrees of freedom to account for the broad peaking struc-
ture, the long tail and the sharp turn-on observed in simulated decays. The mass
shapes for a simulated sample of misidentified multi-body D° decays and for the
DO — Kuv signal, in different m(Kp) bins, are shown in Figure 36. For signal can-
didates, the m(D°7) mass shape is only subject to small changes within different
m(Kp) bins. Comparing misidentified multi-body decays, however, the shape in
m(D°n) is varying a lot, because the composition of the different multi-body com-
ponents is depending on the considered m(Ku) bin. Generally, the shape for the
misidentified multi-body decays is broader compared to signal. The PDF used to
account for all these effects is the following:

Ppeaking (ML, &, @b, ) = 151 (mlu, 01)
+ (1 —=1f1)f2G2(m|u2, 02)
+ (1 —F1)(1 —f2)f393(mlps, 03)
+ (1 —=F1)(1—f2)(1 —f3)f4T1(mlas, by)
+ (1 =) (1= f2) (1 —f3)(1 — f4)T2(mlaz, ba),

where G are three Gaussian distributions describing the bulk and the high-mass
tail of the peaking structure,

'] _
Gi(mlui, 01) = @6 i,

and T; are used to model the sharp turn-on close to threshold,

Ti(mlay, bi) = NL(m_mmin)ai L DM mmin),
Ti

The factors Ng, and Ng, normalize the corresponding functions to unitary area
and the fractions f; € [0, 1] determine the relative contribution of the individual
functions. The kinematic threshold at mupin = MmMpo + M+ ~ 2004.41 MeV/ c? is
fixed in the fit.

The final fitting function is then the sum of the peaking part, including signal
and misidentified multi-body decays, and the non-peaking part including random
pions and pure combinatorial background:

Sftotal(mm) = Npeaking preaking (ml@) + :Nnonfpeaking :Pnonfpeaking (TTI)

Here, 6 includes all the free parameters used to describe the signal shape. Since all
the components are properly normalized, the coefficients Npeaking and Nnon—peaking
correspond to the yields of candidates peaking and not peaking in m(D°7), respec-

tively. A plot of Ppeaking and Pron—peaking is shown in Figure 37.
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Figure 37: PFDs used in the fit to m(D%7).

6.3 A MODEL TO FIT m(Ku)

As mentioned in Section 3.2, a large contamination from multi-body decays can
enter both the RS and the WS samples by misidentification of one or more fi-
nal state particles. The shape in m(Kp) depends on the actual composition and
therefore can only be studied with simulation. A sample of simulated inclusive
D** — DOn* decays has been produced, where all possible decays of the D° are
generated according to the known branching ratios [25].

A reliable model is only possible if not only the generation but also the full detec-
tor response is correctly simulated to account for resolution effects and misidenti-
fication probabilities. Generally, this is very CPU intensive and requires time (typ-
ically one minute per event). To accelerate the generation step, a private Monte
Carlo production chain is set up, where the PARTICLE GUN generator is used.
Contrary to the standard production chain, where PyTH1A [54] simulates the full
proton-proton interaction, PARTICLE GUN generates just the decay of interest al-
lowing to simulate one event in approximately three seconds. Details on this
alternative Monte Carlo production are described in Appendix B. A total of ap-
proximately 7 x 108 decays have been generated, of which only approximately
73 x 103 (18 x 10%) RS candidates survive the stripping (offline) selection. Of these
approximately 63 x 103 (17 x 103) are D® — K putv signal, while the remain-
ing are misidentified background from multi-body D° decays. As mixed and un-
mixed D° mesons feature the same kinematical properties, the signal mass shape
for candidates reconstructed as RS and WS is the same. The situation is differ-
ent for misidentified multi-body decays. Here, the relative composition in the RS
and WS samples can differ as the relevant contributions enter the sample with
branching ratios different misidentification probabilities. For example, consider
the suppressed D® — K*n~n® decay (B ~ 3 x 10~%), which contributes to the
WS sample when the pion is misidentified as a muon. It will instead contribute to
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Figure 38: Visible mass for signal candidates and misidentified multi-body decays taken
from a sample of inclusive D decays.

the RS sample only if both the kaon and the pion are misidentified. The opposite
happens for the favoured D® — K~ nt7t® decay (B ~ 14 x 1072). Therefore, while
the suppressed decay will be negligible for the RS but not for the WS signal, the
favoured one will contribute to both with different relative contamination. As a
result, the m(Kp) shape for the misidentified multi-body background is expected
to be different for between RS and WS candidates. The number simulated misiden-
tified WS candidates surviving the full selection is only 13 and thus unusable for
the determination of the corresponding m(Kp) shape. For this reason, while the
analysis procedure is fully completed on the RS sample, no attempt is performed
to fit the Ku-mass distribution of the WS data. Nevertheless, a preliminary esti-
mation of the expected sensitivity on the mixing ratio is provided in Section 6.5.1,
using pseudo-experiments that mimic the observed data distributions.

Figure 38 shows the m(Kp) distributions for the simulated events reconstructed
as RS candidates, which are used as PDF templates in the fit. The distributions are
well separated and expected to be identifiable by a fit. The corresponding distri-
bution for multi-body decays reconstructed as WS candidates remains unknown
due to low Monte Carlo statistics.

The total fitting function is therefore the sum of two components,
:Ptotal(m) = Nsig?sig (m) + kag?bkg (m)/

where the signal and background components,

and

59



60

FIT OF SAMPLE COMPOSITION

x10°

180
160
140
120
100

80

60

* RS Data

—— Fit (¢&/ndf = 307/212)

Candidates per 0.2 MeV/c?

------ Random pions

N
(e}
T

20

0:. S PP I PR ISR
2000 2010 2020 2030 2040 2050
m(D’) [MeV/c?]

AlG

Figure 39: Fit to m(D°n) to the integrated RS sample.

correspond to the appropriately normalized histograms for signal and multi-body
decays background, respectively. In this definition, the parameters Ng;4 and Ny 4
directly correspond to signal yield and background from misidentified multi-body

decays , respectively.

64 RESULTS OF THE FIT TO THE RIGHT-SIGN SAMPLE

The fit model described in Section 6.2 is now used to determine the signal yield
of the RS sample. Figure 39 shows the fit in m(D°7) to the RS sample, integrated
over the full m(Kp) range. The yields of peaking events obtained by this fit is:
N oking = (4.944 +0.006) x 10°.

This number includes both signal and misidentified multi-body decays. The ana-
lytical function defined in Section 6.3 and the model for the random combinations
are sufficiently describing the shape of the observed peaking and non-peaking
components in m(D°m).

Following the procedure described in Section 6.3, the data are divided in 41 bins
of m(Ku), with variable bin widths to ensure reasonable amount of candidates in
each bin. The same binning is used to divide the random-pion sample which
is used as background template for the m(D°n) fits. In the individual fits, all
parameters of the signal PDF explained in Section 6.2 are left free to float. The
m(D°n) signal shape is expected to vary as a function of m(Kp), as it depends on

the relative composition of semileptonic and multi-body decays. Low-m(Ky) bins
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are expected to be dominated by peaking background, whereas at higher masses
the semileptonic signal contribution is enhanced (see Figure 38).

The projections of the m(D°n) fits for each m(Ku) bin can be found in Ap-
pendix C. The corresponding yields for peaking and non-peaking components
are shown in Figure 40, together with their statistical uncertainties. The extracted
m(Ku) shapes for the peaking and non-peaking components in m(D°7) are very
similar and both resemble the Monte Carlo signal shape of Figure 38. This again
confirms that most of the subtracted non-peaking component is due to real semilep-
tonic D® decays with randomly attached pions and also that most of the peaking
component is made of signal.

To determine the RS signal yield, the histogram shown in Figure 40a is fitted as
explained in Section 6.3. Figure 41 shows the resulting projection, from which
a fraction of (10.55 £ 0.09)% of background from misidentified multi-body de-
cays is extracted. The fit quality is satisfactory and the number of D** — D°(—
K~ utv)nt decays estimated is

Ngs = (4.44+0.05) x 10°.
A larger sample of simulated inclusive D** decays can certainly allow a more

refined fitting model and improved precision.

65 PRELIMINARY FIT TO THE WRONG-SIGN SAMPLE

To measure the ratio of WS and RS events, the same procedure has to be applied
to the WS sample. Figure 42 shows the fit projection to m(D°m) for the WS data,
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Figure 41: Fit to m(Ku) to RS yields peaking in m(DOn).

integrated over the full m(Ku) range. The total amount of peaking events, again
including signal and misidentified multi-body decays, is
Neaking = (2.03£0.04) x 10°,

The same binning as defined for the RS fit is used to divide the WS sample
in subsamples according to the visible D® mass. As the statistic is significantly
lower compared to the RS sample, the number of free parameters for the signal
component in the individual m(D°n) fits is reduced. A double-Gaussian function
is sufficient in the first 23 bins, while a single-Gaussian distribution is used for the
rest.

Figure 43 shows the yields of the peaking and the non-peaking components ob-
tained by the individual fits in the corresponding m(Ku) bins. The projections of
the fits for each m(Ku) bin are in Appendix C. Also in this case (see Figure 44),
the distribution of the non-peaking component looks consistent to what observed
in the RS and signal Monte Carlo samples, confirming again that the dominant
non-peaking background is due to random pions. The m(Ku) distribution for the
candidates peaking in m (D7), however, differs completely from both the signal
and the multi-body decays shapes shown in Figure 38. As explained in Section 6.3,
the composition, and therefore the mass distribution, of multi-body decays re-
constructed as RS candidates is expected to differ from that of the decays recon-
structed as WS candidates. A measurement of the WS signal yield requires the



65 PRELIMINARY FIT TO THE WRONG-SIGN SAMPLE

el
(=)
(=l
(=]

8000
7000
6000
5000
4000
3000
2000
1000

* WS Data
— Fit (x*/ndf = 269/212)

Candidates per 0.2 MeV/c?

------ Random pions

O o by e by b by
2000 2010 2020 2030 2040 2050
m(D’) [MeV/c?]

AlG

Figure 42: Fit to m(D°7) to the integrated WS sample.

knowledge of this distribution and is at this stage not performed due to lack of
Monte Carlo statistics.

6.5.1 Expected sensitivity to the mixing ratio

To estimate the expected sensitivity to the mixing ratio Ry = (x? +y?)/2, pseudo-
experiments that mimic the observed data distributions are performed.

Using the RS signal yield measured in Section 6.4, the world average values
of the mixing parameters [23] and the value of I'? (t*) = 11.11 determined from
simulation, it is possible to calculate the expected number of mixed WS signal
events with Equation 8 to be

Nosig = N&3 RTM M {(t?) ~ 697. (19)
These correspond to ~ 0.3% of the measured yield of WS candidates peaking in
m(D%7). Assuming therefore that the measured m(Ku) distribution of Figure 40a
is esentially composed of only background, it is possible to generate pseudo-
experiments acoording to the observed features of the WS data where a known
and fluctuated mixing signal is injected. These pseudo-experiments can then be
used to estimate the expected precision on Ry provided by the analysis proce-
dure developed here. While performing the m(Kp) fit, the mass template for the
multibody background of the WS sample is assumed to be known with a pre-
cision corresponding to the statistic of the available data. Therfore the statistic

uncertainty due to limited Monte Carlo is taken into account.
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Figure 44

Figure 45a shows an example for generated m(Ku) distributions for signal and
misidentified mulit-body decays in a pseudo-experiment. In Figure 45b, the cor-
responding fit to the combined distribution is shown. The extracted mixing ra-
tio is Ry = (0.0025 4 0.0107)% and therfore still compatible with zero. To better
estimate the statisitical precision, 10* independent pseudo-experiments are per-
formed, where the distribution of the resulting uncertainties on Ryq are shown in
Figure 46. The estimated statistical precision on the mixing ratio is 0.01%, which
corresponds to a factor of two improvement with respect to the current world’s
best determination of Ry1 = (0.013 £ 0.022)% using semileptonic final states [31].
The estimation does not include systematic uncertainties due to the mass shapes
extracted from simulations, such as form factors used to describe the decay ampli-
tutes which are not always well known. These systematic uncertainties have to be

evaluated carfully when sufficient Monte Carlo statistic is available.
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SUMMARY AND OUTLOOK

This thesis presents a study of D® — K*uFv decays for a possible measurement
of the charm mixing rate at LHCb. Charm mixing describes periodical meson-
antimeson transitions in the time evolution of a neutral D decays. It is a powerful
indirect probe for non-SM particles contributing to quantum loops and allows to
search for new sources of CP violation. The semileptonic decay channel opens the
chance to measure the mixing rate directly through a time-integrated analysis. By
selecting D® mesons arising from strong-interaction decays of D** — DOn*, the
flavour of the D® meson at production time can be determined by the charge of
the accompanying pion. With semileptonic final states, the flavour of the D at the
time of decay is unambiguously determined by the charge of the muon and allows
to decide if flavour changing transitions occurred or not. The work of this thesis
represents the first attempt to measure charm mixing in this channel at LHCb. The
entire analysis strategy is developed from the start.

In LHCb the presence of the neutrino does not allow to fully reconstruct the
semileptonic final state, introducing much larger background contamination than
with fully reconstructed charm decays. The thesis presents therefore a detailed
study of several algorithms that may be used to correct for the undetected neu-
trino and determine the D® momentum. This study shows that substantial im-
provements in momentum resolution can be achieved, which also result in im-
proved mass as well as decay-time resolutions, hence providing an important han-
dle to suppress backgrounds. Expected sources of backgrounds are studied and
an specific selection requirements are developed to isolate the semileptonic signal.
These include a multivariate analysis technique based on a boosted decision tree,
an optimized lower decay-time threshold, particle-identification requirements and
multiple candidate removal.

An original method to statistically separate the signal from all background com-
ponents surviving the final selection is developed. The two-dimensional space
m(D7r) x m(Ku) is found to show sufficient separation between the distinct com-
ponents. First, fits to the m(DOn) distribution in bins of m(Ku) are performed to
remove background from fake D** candidates. The m(D°m) shape of this non-
peaking background is modeled by an artificially created sample, where soft pion
candidates from one event are randomly associated to D candidates from another.
In this work, an new association procedure is developed to ensure a reliable back-
ground sample consistent with the observed kinematics of the data sideband. The
m(Ku) distribution of the resulting yields of candidates peaking in m(DOn) are fit,
using templates derived from simulation, to disentangle the semileptonic signal
from misidentified D° decays to multi-body final states. For these purpose, large

simulated samples of inclusive D** decays are needed to account for all possible
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sources of contamination. The thesis includes therefore the development of a new
Monte Carlo production chain, which allows to reduce by a factor 20 the CPU-time
required to simulate an event. This part of the work, partially based on already
existing tools, is in the process to be adopted as official Monte Carlo production
within the LHCb collaboration. The analysis procedure is fully tested on the data
corresponding to 2fb~' of integrated luminosity, with unmixed D® — K~ utv
decays, and yields satisfactory results. No attempt is performed to fit the mixing
signal, as further studies are needed to better understand the background faking
the D® — Kt~ v decay. These require simulated samples of larger statistics which
will become available when the new simulation chain will be adopted as official
production chain.

A sensitivity study has been performed with pseudo-experiments that mimic
the features of the real data. The study shows that with the available data a statis-
tical precision of 0.01% on the determination of the mixing rate Ry = (x? +y?)/2
can be achieved. Comparing to the current world’s most precise measurement of
charm mixing in semileptonic decays from Belle [31], (0.013 % 0.022)%, this would
be an improvement by a factor of two. In this sensitivity study, systematic un-
certainties related to mass shapes taken from simulations are not considered and
need to be evaluated.

While this first and very preliminary study already shows that a competitive
measurement of charm mixing with semileptonic D° decays is possible at LHCb,
it is clear that many aspects of the analysis can be further improved in the near
future. Moreover, larger data samples will become available during the upcom-
ing Run II, where more efficient trigger and offline selections are foreseen to be
used. During this period, LHCb is expected to collect more than 5fb~" of inte-
grated luminosity and will therefore be in an excellent position to contribute to

our understanding of mixing and CP violation with semileptonic charm decays.



BOOSTED DECISION TREES

This chapter explains the general principle of boosted decision trees, focusing on the config-

uration chosen in this analysis.

A.1 THE IDEA OF MULTIVARIATE ANALYSES

A boosted decision tree is an example for a multivariate analysis. Multivariate
techniques combine information of several discriminating variables into one sin-
gle response variable, called a multivariate classifier. The signal-to-background dis-
criminating information is this way fully exploited as all correlations between the
discriminating variables are used to separate signal and background events. In
the analysis described in this thesis, the boosted dicision tree (BDT) method [50]
available in the Toolkit for Multivariate Analysis (TMVA) [49] is used. The following

explains how the BDT work and how it has been configured.

A.2 BOOSTED DECISION TREES

A BDT is based on binary decision trees. Starting from the original sample, called
the root node, the best cut on one of the discriminating variables is defined that
divides the sample in two branches, as shown in Figure 47. The criterion used
in this analysis to determine the best cut value is that minimizing the Gini In-
dex [49], which is defined by p(1 —p), where p is the signal purity. This procedure
is repeated subsequently for all other discriminating variables. At each step a new
node of the tree is formed. The same variable can be used at several different nodes.
The number of cuts per variable tested at a node is set to 20, which is the standard
setting that represents a compromise between computing time and step size. The
last sample at the end of a branch is called leaf. Depending of the composition
of a leaf, it is labeled as signal-like or background-like. This classification is done
according to the purity of the individual samples. The procedure of splitting is re-
peated until a convergence criterion is fulfilled. For this analysis, the convergence
is reached when a node containing 2.5% of the total training sample is created.
Compared to a selection which is based on rectangular cuts, not only one hy-
percube in the multidimensional space spanned by the selection variables is acces-
sible, but several signal- and background-like hypercubes at the end of the tree.
This makes the decision tree a powerful tool, which is unfortunately very sensitive
to statistical fluctuations of the training sample. Slightly different compositions in
the root node can, indeed, cause large differences in the structure of the tree. For
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Figure 47: The principle of a binary decision tree [49].

this reason, not only one tree is derived from the training sample, but a so-called
forest consisting of various trees. In the forest, every tree is subsequently subject
to a boosting algorithm. After having derived a tree, the events that has been mis-
classified within a signal- or background-like leaf are assigned a weight. Several
boosting algorithms are available, but in this analysis the AdaBoost algorithm [55]

is used.

A.2.1  The AdaBoost algorithm

In the AdaBoost algorithm, the boosting is done in the following way. Let N be the
total number of events in a training sample, x; the set of discriminating variables
for the ith event, m the index of the tree within a forest and wi™ the weight of
an event in tree m. The function Ty, (xi) returns (+1) (—1) if event i ended up in
a signal-like (background-like) node for the tree m. If event i was really a signal
(background) event the variable y; is set to +1 (—1). To boost only misclassified
events, the weight for the event i in the tree m 41 is defined as

W{nJH :Wzneo‘m I(‘Ji?éTm(Xi)),
where
1—err N Wi l(us # T (3
am =p In——" with erry, = i Wi ](\Iy‘ 7 Tm(x1))

TTm Dis1 Wi



A.2 BOOSTED DECISION TREES

and

1 if yi # Tim(xi)

I[(yi # Tm(x1)) = .
Wi 7 Tnlx)] {o iy = Tmlxo)

The final weight for an event 1 is then calculated as the weighted sum over all the

individual trees:

N trees

T(Xi) = Z (Xme(Xi)-
m=1

In this analysis, the boosting factor 3 is set to 0.5 and the number of trees is

decided to be 850 to be robust against statistical fluctuations in the training sample.
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MONTE CARLO SIMULATION USING PARTICLE GUN

This is chapter presents in more details the PARTICLE GUN generator and the Monte Carlo
simulation chain used in this analysis. A comparison with the standard Monte Carlo
production, based on the PYTHIA generator is also provided.

B.1 MONTE CARLO SIMULATION AT LHCB

At LHCD, the production of Monte Carlo simulations is processed in five subse-
quent steps using different software packages based on the Gaup1 framwork [56]:

causs — The Gauss package [57] is used for generation of the signal process
and the simulation part, where the the passage of the particles through the
detector is simulated with GEANT4 [58].

BOOLE— BOOLE [59] is simulating the detector response due to the interaction of
the generated and secondary particles with the detector components.

MOORE— The simulation of the LHCb trigger is done by MOORE [60], which em-
ulates the hardware trigger and executes the same algorithm used for real

data in the software stage.

BRUNEL- The offline reconstruction (tracking, particle identifications, etc.) is done

by BRUNEL [61] in exactly same way as for real data.

DAVINCI- DAVINCI [62] is used to reconstruct and select signal topologies of a
desired process by combining the particle candidates created by BRUNEL.
The stripping selection is part of the DAVINCI step.

In the generation phase of Gauss, the standard production tool used at LHCb
is PyTHIA [54], where the proton-proton collision is simulated including the hard
process and hadronization. The decay of the produced particles is governed by
the particle decay simulation package EvIGEN [63]. This produces large multi-
plicities of particles, whose passage through the detector has to be simulated by
GEANT4. The simulation process becomes therefore very CPU and time consum-
ing. To speed up the production of the large Monte Carlo samples of simulated
inclusive D** — D°n" decays required for this analysis, a simpler generation
of only the particle of interest has been used in place of PyrHia. This alternative
generator is called PARTICLE GUN and is described in the following.
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Figure 48: Two dimensional py,p, distribution taken from alrady generated Pyrara D*
decays and projections.

B.2 THE PRODUCTION CHAIN USING PARTICLE GUN

The idea of PArTICLE GUN is not to simulate the full proton-proton interaction, but
to only send a single signal particle into the detector. The advantage is to benefit
from time saving during the generation itself and mainly in the simulation part
due to a very low track multiplicity.

As no proton-proton collision is simulated, the starting momentum of the signal
particle has to be given as input. One possibility is to sample from an multidi-
mensional histogram provided externally by the user. In this analysis, solely D*
decays are generated. A sample of already existing PyTHIA generated D* decays
is used to fill a two-dimensional histogram with the transverse momentum and
the z-component of the momentum of the D* candidates. The histogram shown
in Figure 48 is used during the generation process to randomly sample pt and
P> and assigning the components py, py, p- to the D* candidate, assuming a flat
distribution in ¢. To be more efficient, only (pT,p.) configurations leading to a D*
within the LHCb detector acceptance are allowed as shown by the visible kinemat-
ical borders of Figure 48. The D* is forced to decay into a D°nt™ pair by EvIGeN,
followed by all possible D° decays according to their known branching ratios [25].

For simplicity only one D** candidate is generated per event. Its generated po-
sition in the detector will then coincide with the primary vertex. To simulate a
realistic distribution, the primary vertex position is extracted event-by-event fol-
lowing the same parameterization of the luminous region used by PyrHiA. Fig-
ure 49 shows the three-dimensional distribution of the primary vertex position, as
well as the corresponding projections along the three axes.

Following the generation, the digitalisation by BOOLE can be processed with
standard configurations. Since, in the work here presented, we are not interested
in determining precise trigger efficiencies, which may depend on the full event
and not only on the signal-candidate particles, the MOORE step is skipped and the
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trigger selection is emulated later on offline-reconstructed quantities. During the
BRUNEL reconstruction, the low track multiplicity does not allow to fit the primary
vertex position. At this stage, a new tool has been implemented to smear the po-
sition of the generated primary vertex with realistic resolutions. The smearing is
done according to an externally provided three-dimensional histogram, filled with
the (x,y,z) resolutions extracted from a high-statistics simulated sample of mini-
mum bias events. The projections of the three dimensional histogram are shown
in Figure 50, where the resolution in each dimension i = x,y,z is defined as
opvi = Vpyi — ,’5{}5‘3, where V{5 and V{E,Tv“ie are the reconstructed and gener-
ated position of the primary vertex, respectively. Finally, in the DAVINCT step, the
stripping selection explained in Chapter 5 is performed together with the emula-
tion of the trigger.

B.3 COMPARISON PYTHIA AND PARTICLE GUN

The ParTICLE GUN production chain was tested by comparing a sample of 5 x
10® simulated D** — DO(K~utv)nt candidates to an existing sample of equal

amount produced with the standard Monte Carlo production based on PyTHIA.
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Figure 51 and Figure 52 show the comparison of m(Ku), Am, reconstructed primary-
vertex position, transverse momenta and impact parameter of the reconstructed
candidates. No significant differences are observed in the distribution, confirming
that the PARTICLE GUN simulation chain is effective in reproducing the same kine-
matical features as that resulting from the standard simulation chain. Differences
between PArTICLE GUN and PyTHIA are instead visible when comparing the x2(IP)
and the particle-identification variables (see Figure 53). This is somewhat expected
as these variables are correlated with the track multiplicity of the event. For the
scope of this thesis, where a mass model for background studies is needed, the
agreement obtained is however sufficient and these differences can be ignored.
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FITS IN BINS OF m(Kp)

In this chapter, the fits in m (D Om) for all bin in m (K ) are shown. See Chapter 6 for

details.
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Figure 55: Fits in bins of m(Ku) RS sample (part 2 of 4)
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Figure 57: Fits in bins of m(Kp) RS sample (part 4 of 4)



Cc.2

Candidates per 0.5 MeV/c? Ao Candidates per 0.5 MeV/c? Ao Candidates per 0.5 MeV/c?

Ao

C.2 WRONG SIGN SAMPLE 83

WRONG SIGN SAMPLE

T T T T N§ r T T T T "§ 240 £ T T T T 3
500 MeVic? <m()<700 MeVic? 2 100 ’ 700 MeVIc? <m(Ku)<750 MeVic? < 220¢ 750 MeVic? <m(Ki)<800 MoVic?
35 - Dan - [ - D = 200¢ - Daa
B0k —— it 107%0) S sof — Rugnaanssy S 180F — Fuenaetasy
E -+ Rand 5} F - g 160F - E
3 andom pons g : Random pions g |0F Random s
»E g oof 5 1aF
20F k= [ 3
E 2 [ \ \ = 100f
1sf g 4or fi 2 s0F
10E S r O 60F
3 20F 40F
| b 20F 3
i e b b b bau OA‘AAlAAAAlAAAAlAAAAlAAAA
Moo~ 3010 2020 2030 20402050 Moo 2010 2020 20302040 2050 2000 2010 2020 2030 2040 2050
M(D") [MeV/c?] M(D") [MeV/c?] M(D"m) [MeV/c?]

Ao

Loy

200F T T T T ] %L 240F T T T T N T T T T
E 1 > 220F E > 300f
180 800 MeViet m(K)<e2s Movict 2 S0k 825 MeVIcE <m(Ki)<850 Mov/c? g 550 MoVI? (K <675 Mo
I60§ - Daa « n 180F * < - Daa 3 - 250F - Daa
140F —— Fit (@ind! = 77/93) E o —— Fit (¢éindf = 122/93) o —— Fit (¢eindf = 90/93)
£ - Randk E 5 l6oF - Rand 5 200F o s
120f andom pons E 2 jaof andom pons z o ions
80F E 3 8 =]
60 E £ S0 S 100F
£ E o 60F O
40 d E
£ 40 50F
20F E 20F ]
0 4 1 1 1 1 d 1 1 1 1 1
2000 2010 2020 2030 2040 2050 Moo 2010 2020 2030 2040 2050 Moo 2010 2020 2030 2040 2050
M(Dr) [MeV/c?] M(Dn) [MeV/c?] M(Dn) [MeV/c?]
o o 3 °o 3
3 1' E 3 E
. o e P o o o o S A
350F E L2 400 2 ]
3 ] 5 350 z ]
F 875 MeV/c? <m(Kp)<900 MeV/c? B 900 MeV/c? <m(Ku)<925 MeVic? - 925 MeV/c? <m(Ku)<950 MeV/c? 4
300¢ S 1 = S 2 400f S 1
E ] 300 B \ ]
250F —— Fit (tindt = 100193) Ei S —— Fit (¢éindt = 85193) o —— Fit (¢eindt = 117/93) ]
200; -+ Random pions j g 250 -+ Random pions § 300F -+ Random pions E
150F E g0 i‘;‘ ]
> 1 % 150 5 200 ]
100 E r: g g ]
E N S 100 S ]
E } 100f
S0F 3 ]
0 E 4 1 1 1 1 k| 0 4 1 1 1 1 3 1 1 1 1 |
2000 2010 2020 2030 2040 2050 2000 2010 2020 2030 2040 2050 M0 2010 2020 2030 2040 2050
M(D°r) [MeV/c?] M(D°n) [MeV/c?] M(Dn) [MeV/c?]

Figure 58: Fits in bins of m(Kp) WS sample (part 1 of 4)
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Figure 59: Fits in bins of m(Kp) WS sample (part 2 of 4)
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Figure 60: Fits in bins of m(Kp) WS sample (part 3 of 4)
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Figure 61: Fits in bins of m(Kp) WS sample (part 4 of 4)
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