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Introduction

CP is the discrete symmetry given by the combined application of the spatial parity (P)
and the charge conjugation operation (C). CP is known to be a broken symmetry, at this
could potentially explain the asymmetry between matter and anti-matter present in the
Universe, as inferred from astronomical observations. The first experimental evidence for
CP-violating effects (CPV) was found in weak transitions of the strange quark in year
1964, through precision measurements of the neutral kaon system. A crucial contribution
to the understanding of CPV was given by the BaBar and the Belle experiments, that
observed for the first time the presence of large CPV in transitions of another down—
type quark, the bottom, confirming its description within the Standard Model through a
single complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix, and providing
accurate measurements of its elements.

However, CPV in decays of up—type quarks has remained elusive until very recently.
Amongst them, only the charm quark offers concrete possibilities of observation of CPV
effects, because the up quark only produces light mesons (like 7° and 7) that do not
oscillate, while the top quark decays too quickly to form any meson states. But even
in charm hadrons CPV is difficult to observe, due to the smallness of effects expected
(O ~ 1073 — 1071), that are not even precisely calculable. Only in March of this year
CPV has finally been observed in the charm sector by the LHCb experiment at LHC,
measuring the integrated decay asymmetry difference of D' —K*K~ and D° —nt7n~
decays as (—15.4+2.9) x 10~

This event significantly boosted the interest in charm CPV measurements. The large
observed value (at the upper end of the range of Standard Model expectations), gives
hope that significant effects may be found also in other channels, and that precise enough
measurements can be made to investigate this new field in detail. Hopefully this will help
reducing model uncertainties and clarifying the theoretical picture, eventually leading to
understanding if CPV in charm also fits within the successful CKM model, or is coming
from a different source (possibly separate from down—type quarks).

One of the most promising candidates for further A" measurements is the D° — K2K?
decay, as it is possible for AT to take particularly large values (~ 1%). However, this is
balanced by the greater experimental difficulty of this mode, due to the pair of long-lived
neutral particles in the final state. This represents a particular challenge at LHCb because
the detector was not designed with this aim in mind, and it is more tuned to shorter-lived
decays of heavy flavored hadrons; K mesons often decay outside of the acceptance of the
precision vertex detector of LHCb (VELO), resulting in inferior resolution and greater
difficulty in triggering. However, the LHCb can count on a huge production of charm
particles and excellent detector performance — that were the very reason for its success in
achieving the first observation in the D° -=K+*K~ and D° —7"7~ modes — so it is worth
investigating its potential also in this interesting mode.




INTRODUCTION

The aim of my thesis is to look for ways to enhance the sensitivity of LHCb to this
decay mode, both with currently available data and in view of the upcoming run to start in
2021, by exploiting the sample more fully than has been done in the past. I concentrated
on the sizable sample collected by LHCD since 2017, that has not yet been analyzed by
the experiment, and has some novel features. First, the online selection of this sample
is different from the past, in that it has increased efficiency for those decays occurring
outside the VELO acceptance ("Downstream" decays). While such samples have been
used in past measurements, they have different features in this new samples that require
different analysis methods; in addition, they represent a larger proportion of the sample,
increasing their relative importance in the result. Moreover, it is in principle possible to
further enhance their collection efficiency in future runs, which underlines the importance
of determining the limits of their actual usability.

For this purpose I have introduced a novel analysis methodology tuned to the specifics
of this particular decay. While a standard LHCb analysis procedure is to apply cuts to
reject charm decays coming from the decay of a bottom hadron ("secondaries"), keeping
only those promptly produced in the pp collision, I have studied the possibility of keeping
also the secondaries in the analysis to increase the available yields. The motivation is
that those selection cuts are much more inefficient in the D° — K{K{ channel than in any
other charm mode, due to the lower resolution caused by the lack of VELO information,
causing a much larger loss of signal. Loosening the selection however brings together new
difficulties that are absent in all other charm analyses in LHCb, that [ had to tackle in
my thesis work in order to prove this to be a viable strategy.

The most important issue is the additional asymmetry that affects secondary decays,
due to the underlying production asymmetry of the bottom quark plus the cumulative
effects of CPV in the bottom—hadron decays leading to the D particle object of my
study. To solve this problem, I have demonstrated the possibility of subtracting this
confounding asymmetry by means of a special control sample of D° — K™ K~, collected
by a dedicated trigger that had not been used before for this purpose. This required
however to redesign completely the selection procedures of both samples to ensure the
same proportion of secondaries, and evaluate and correct for the residual differences while
keeping systematic uncertainties under control. In addition, the loss of information on
the position of the vertex of origin of the D° decay also requires some changes in the
approach to the measurement.

I conclude my work with an evaluation of the CPV resolution achievable with this new
analysis approach, and a look at the prospects from future data taking runs.




Chapter 1

CP violation and charm

In this chapter I introduce the phenomenology of CP Violation in the Standard Model of
particle physics, describing the three possible circumstances in which these effects arise.
Then I focus on the CP wiolation in the charm sector and in the D° —K2KQ decay.

1.1 CP symmetry

CP is a discrete symmetry given by the subsequent application of P and C. P is defined
as the spatial parity and corresponds to the inversion of space handedness, transforming
a system into its mirrored version (e.g. 7 — —7 for a vector). C is the charge conjuga-
tion operation and it reverses every internal quantum number (e.g. @ — —Q@ for electric
charge). The CP operation combines these effects, transforming a matter particle into an
anti-matter one, and vice versa.

P and C symmetries are both completely violated by weak interactions, as was proven
by Madame Wu in 1956 [42], with the discovery of P and C asymmetry effects in S-decay
of ©°Co nuclei. Unlike weak interactions, strong and electromagnetic had never show any
effect of P and C violation, despite several experimental searches.

After this experiment, instead of P and C individually, CP was assumed to be symme-
try of the Universe. This remained true until 1964, when Cronin and Fitch discovered a
violation of CP symmetry, in weak decays of K? into pion pairs [24].

After this discovery CP Violation (CPV') has become one of the most appealing problems
in physics. It gained attention when Sakharov proposed that CPV could explain the asym-
metry between matter and anti-matter in the Universe that emerges from astronomical
observations [36]. Since the observed CPV effects are too small to explain the significant
asymmetry present in the Universe, this lead to the realization of multiple experiment
and analyses during last decades, to search for new CPV sources.

1.2 The Cabibbo-Kobayashi-Maskawa matrix

The description of CPV was included within the Standard Model by Kobayashi and
Maskawa, with the introduction in the description of the weak interaction of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix |21, 31]. This is a 3 x 3 unitary matrix, describing
the coupling W-boson to quarks. Its presence is due to the discrepancy between weak-
interaction and mass eigenstates and the CKM represents the base-changing matrix. In
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1.3. TYPES OF CP VIOLATION

the mass eigenstates basis the interaction Lagrangian can be written as:

dr
Lint = -2 (Ur,Cr,tr) ¥ Vorm | sL VVJ + h.c (1.1)

V2 by

The CKM matrix allows for CP asymmetry since it contains an irreducible complex
phase in the process amplitude, that is non-invariant under CP. The phase is present
because the matrix is a 3 x 3 (since it mixes three quark families), complex and unitary
matrix and to describe it four parameters are necessary: three mixing angles (Eulero
angles in the quark vectors space) and one complex phase.

The CKM matrix plays a central role in the SM, allowing to make a wide range of
predictions and stringent tests on the theory; for these reasons several experiments were
performed to determine its elements [38]. The current results give:

Vud Vus Vub
Verkm = | Vea Ves Vo | =
Via Vie Vi

0.97427 + 0.00014  0.22536 + 0.00061 0.00355 4 0.00015
= | 0.22522 £ 0.00061 0.97343 +0.00015  0.0414 =+ 0.0012
0.00886 0 0o0ss 0.04057091L0.99914 + 0.00005

From the values of the matrix elements it is possible to discern the phenomenology of
quark mixing. Diagonal elements take values close to one, so processes involving quarks
of the same generation are always favored. Mixing between generations is not forbidden,
as shown by the non-zero values of out-diagonal elements, but these processes happen
less likely than processes between same family and with different probability for each
transition. The probability to have a mix between the first and the second generation
is O~ 107!, bigger than the one to have a transition between the second and third
(O~ 107%) and the first and the third generation (O~ 107?).

This hierarchy between CKM matrix elements is manifest when it is expressed through
the Wolfenstein parametrization [41], with the introduction of four parameters, called
AN p,m:

1—)%/2 A AX(p —in)
Veku = -\ 1-— )\2/2 AN? + O()\4)
AN(1—p—in) —AN 1

where A is the expansion parameter, related to the Cabibbo angle (sin(6.) = 0.232 +
0.002).

1.3 Types of CP violation

To discuss the different types of CP violation and the related observables it is useful to
introduce some definitions. M represents any charged or neutral hadron, and M is its
CP conjugate state. These hadrons can decay into a multi-particle final state |f) or its
CP-conjugate |f). The amplitudes that describe these processes are defined as:

Ap = (fIHIM), Ay = {fIHIM)
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1.3. TYPES OF CP VIOLATION

Ap = (fIHIM),  Ap=(fIH|M)

where H is the weak interactions Lagrangian. For processes involving charged-mesons or
baryons, CP-violating observables can be defined in terms of these amplitudes, through
the ratio |A7/Ay|.

In case of neutral flavored mesons the situation is different because of the possibility
for these particles to oscillate between the two C'P-conjugate states in a mixing process.
Mixing is the phenomenon where a particle, produced as a flavor eigenstate (e.g. M)
propagate as a superposition of M and M,. This is due to the non-correspondence between
flavor and mass eigenstates. Mass eigenstates |M;) and |Ms) can be written as:

M) = p|M) + q| M)

|Ma) = p|M) — q|M)

where p and ¢ are the probabilities to find one CP-eigenstate or the other (CPT invariance
is here assumed). Therefore a particle, produced with a given flavor (e.g. M), propagating
as a mass eigenstate can be revealed as its CP-conjugated state, M. In this case the pa-
rameter, similar to the one already shown, that allows to express CP-violating observables
is Ar = (q/p)(Af/Ayp).

As already said the existence of CPV is due to the complex phase present in the CKM
matrix. It is important to notice that this is not the only phase contributing to the decay
process: in the decay amplitude those coming from amplitude contribution given by weak
interaction change sign under CP application, but additional phases appear in decay am-
plitudes, usually due to final state strong interaction; these do not change sign under CP
application.

It is useful to write the decay amplitude making explicit the presence of the two phases:

Af = Z |CL1| ei(5i+¢i), /_lf = Z |a1| ei(éi_(bi) (12)

2

where ¢ runs over different processes that contribute to the decay, a; are the process
amplitudes, §; are the strong phases and ¢; are the weak phases.

1.3.1 CPV in the decay

The first analyzed type of CPV violation is the one that occurs in the decay of a particle
(also defined as direct CPV'), in particular this is the one that intervenes in the process
considered in this work, the D° —KJKQ decay. It is useful here to consider the decay of
two CP-conjugated states decaying into the same final state, CP eigenstate: M — f and
M — f. The CPV takes place when the magnitude of the two CP-conjugated amplitudes
is not equal:

A/ A #1 (1.3)

and experimentally leads to a different probability for M and M to decay into a final
state |f).

Since all observables are related to squared decay amplitude, single phases are not ob-
servable and only phase differences causes measurable effects. For this reason to have
|[1f/Af‘ # 1 it is necessary to have at least two different processes that contributes to the

5



1.3. TYPES OF CP VIOLATION

decay, with different weak and strong phases. If this occurs an interference term arises
that gives measurable effects:

Af] = Ag " = =2 Jaul |ax] sin(8 — 6,) sin(er — o) (1.4)
Lk

that, it can be noticed, is different from zero only if at least two different §; and ¢; are
present.
The golden observable of direct CPV is the asymmetry between the time-integrated decay
width of the two states decaying into |f):

ACP(f) _ F(M%f)_r(]\?%f)

I'M — f)+T(M — f)
where I' is proportional to the squared amplitude:
= 2
D(M — f) oc [Ag]*, T(M — f) o< | Af]

Therefore AY can written as:

2
cP _ A" — |45
2
[Af* + | Af]
and defining: B
Ay
[
it is equal to:
1— R3
cp f
= 1.5
1+ R; (1.5)

1.3.2 (CPV in mixing

The second source of CPV is the one that occurs only in processes involving neutral
flavored mesons, through the mixing process. It is present when the probability for one
state M to oscillate into its CP-conjugated state M (P(M — M)) is different from the
probability of the opposite process (P(M — M)).

This is summarized in the adopted formalism by the condition:

lg/p| #1 (1.6)

The CP asymmetry can be measured in this case exploiting the charged-current semilep-
tonic neutral meson decays M, M — [T X, where the flavor of the decaying meson can be
tagged trough the sign of the lepton present in the decay. The observable that allows to
measure the CP asymmetry is based on the "wrong-sign" decays, given by the oscillations:

_dU/dt[Mypys(t) — T X] — dU/dt[Mppys(t) — 17 X]
AU /At [ Mypys(t) — 1+ X] + dT/dt [ Mypys(t) — 1= X]
where M,,,s and Mphys are the mass eigenstates. This, similarly as done before, can be
expressed as:

AP (1) (1.7)

1 - R2
L) = ™ 1.
AT = 1 (18)
defining: ,
q
R, =|* 1.9
E (19)




1.4. THE CHARM SECTOR

1.3.3 CPV in the interference

The last possible manifestation of CPV is given by the interference between the decay of
M to a given final state f through direct decay or through mixing, where M oscillates to
M and this state decays into f. Therefore this type of CPV is present only when M and
M can both decay to a common final state f. The asymmetry corresponds to having a
different probability between the two possible decays: P(M — f) # P(M — M — f).
The necessary condition for this type of CPV, adopting the already defined variables is:

arg(As) +arg(Ag) #0
that in case the final state f is a CP eigenstate can be written as:
Im(Arg) # 0

Here the CP-asymmetry can be measured, for example, through the neutral meson decays
into CP-eigenstate final states:

AU /At Myppys(t) — fep] — dU/dt[ Mynys(t) — fop)
B dr/dt[MphyS<t) — fCP] + dr/dt[Mphys(t) — fCP]

A (1) (1.10)

1.4 The charm sector

The study of CP asymmetry in c-hadrons (particles containing at least one charm quark) is
particularly interesting, since it provides the possibility to measure CP asymmetry effects
in the decay of an up-type quark. This is only possible for the charm quark, because the
two other up-type quarks do not provide any experimental useful observable, for different
reasons: the up quark in the adronization creates 7°, that is a CP eigenstate, and the top
quark decays before adronization.

This motivated multiple searches for CPV in several processes involving c-hadrons, but
despite these, any evidence for CPV in the charm sector remained unobserved for decades,
while the presence of CP asymmetries in down-quark systems (beauty and strange mesons)
was a well-established fact since the CPV discovery.

The situation has changed only in March of this year, when the LHCb collaboration
measured for the first time CP violation in the decay of a charm hadron, with a statistical
significance larger than 5 standard deviations [9].

1.5 CP violation observation in D" decay

For the purpose of this analysis it is useful and interesting to briefly summarize how the
measurement was performed and the result that has been achieved.

The measurement is performed on pp collisions, produced by LHC at a center of mass
energy of 13 TeV, for a total integrated luminosity of 5.9 fb™'. About 55 millions D°
—KTK~ and 17 millions D° —7 7~ events were reconstructed by LHCb. The CPV has
been observed in the observable:

AAYL = AP(KTYK™) — A (2t 77) (1.11)

where A (KTK~) and A (7t77) are the time-integrated CP asymmetries for decay
in brackets. In these asymmetries the dominant contribution is the direct one, and AAY
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1.5. CP VIOLATION OBSERVATION IN D° DECAY

corresponds with good approximation to AAYW = A (KTK~) — AN (7t 77), where A%
is the A" contribution given by the CPV that appears in the decay.

ACT can be experimentally measured through the asymmetry between the number of D°
and DO decaying into the same final state f1. Therefore, to measure AA" it is necessary
to identify the flavor of the DY present in each event. This was inferred exploiting two
particular decay chains through which D° is produced. The first is the one where the
D° comes from a D*(2010) —D°r strong decay; here the sign of the pion can be used to
extrapolate the DY flavor (7-tagged events). The other possibility is the

B =D uv, X decay, where a b-hadron produces a D° with a semileptonic decay, together
with other products X, a neutrino and a muon, which sign can be used to determine
the D° flavor (u-tagged events). With this strategy it is possible to calculate the raw
asymmetry (A™"), that is the asymmetry between the number of D° and DO decaying
into the same final state. This is done separately between m-tagged and p-tagged events,
with: B

N(D**(f) — D’z ™) — N(D*~(f) — D°x™)

A;ra;vtagged(f) = N(D*(f) = D'xt) + N(D*(f) — Do) (1.12)

agessed(py = VB 2 DA, X0) = NOB = D, X))
N(B — D(f)pv,X)+ N(B — Dutv,X)
where the D*(2010) is expressed here as D** and D*~.
These quantities do not directly correspond to A“C. In an environment as LHCDb these
asymmetries receive three different contributions:

Aw—tagged(f) ZACP(f)+Adet(7T)—|—Apmd(D*) <1‘14>

raw

Aﬂ—tagged(f) ZACP(f)—G—Adet([L)—I-Apmd(B) (1_15)

raw

where AT (f) is the physical CP-asymmetry, A% is the asymmetry given by the different
detection efficiency for opposite-sign 7 and p and AP is the asymmetry introduced by
the different cross section values for D** and D*~ or B* and B~, due to the not-neutral
pp initial state.

AA? is a golden observable since it can be extracted from the difference between the
A" values, separately for 7- and u-tagged events. This is possible because of two reasons:

e detection and production asymmetries that contribute to A" are independent of
the final state f, therefore in the difference between the A" values they cancel each
other, allowing the determination AA°";

e on the other side, the expected values for the D - KT K~ and D° —7*7~CP asym-
metries are of the same order, but opposite in sign |27, preventing any cancellation
effect in the A" difference.

With this strategy it was possible to extract AAY directly from the measured A7
values:

A.ACP — Araw(K+K—> o Amw(ﬁ+7T_) (1.16)

The number of signal events tagged with opposite flavor are extracted fitting mass dis-
tributions for D* and D° candidates for m- and u-tagged events, respectively. The signal

1f indicates the final state in which the D° decays, KTK~ or ntn—.




1.6. IMPLICATIONS OF THE OBSERVATIONS

yields correspond approximately to 44 and 9 million events for the 7- and u- tagged D°
—K*TK~ events, respectively and 14 and 3 million events for the 7- and p- tagged D°
—mt7~ events, respectively. The results obtained are:

AAT 880 = [-18.2 4 3.2(stat.) £ 0.9(syst.)] - 107 (1.17)

AAY 228 — (9 4 8(stat.) & H(syst.)] - 1074 (1.18)

and combining these results with previous LHCb results the final obtained AA value
is:

AAY = (—15.442.9)-107* (1.19)

which is different from zero for 5.3 standard deviations. This result represents the first
observation of CP violation in the decay of charm hadron.

1.6 Implications of the observations

The result described in the previous section represents a milestone in experimental particle
physics, but it can not be considered an endpoint. Much is still to be understood regarding
CPV in charm.

The Standard Model predicts that the AAT should assume a value that lies in the
10~*—1073 range |20, 26, 28, 17, 19, 23]. The measurement result seems to be compatible
with it, even if it lies at the upper end of the expected range and it is not possible to
definitively say if the measurement agrees with SM prediction, since this has too large
uncertainty. CPV measurements in charm decays, can be a significant probe for the
presence of contributions form particles not included in the SM. These, in fact, can give a
measurable effect in the loop present in the penguin amplitude that determines the arising
of CPV. These contributions can enhance the CPV size, adding unexpected contributions
to the loop in penguin amplitude and increasing its magnitude. Any discrepancy in these
observables can reveal Beyond Standard Model (BSM) contributions.

To evaluate the level of agreement present between SM predictions and experimental
measurements it is necessary to achieve an improvement in theoretical knowledge, in
order to obtain more precise predictions. This is not a simple result to achieve, since in
the considered processes low energy hadron interactions are always involved, that can be
analyzed only through non-perturbative QCD dynamics [35, 37].

In this view the achievement of other CPV parameters measurement is extremely desirable,
since these can add information in two different ways. Firstly they represent different
checks through which it is possible to test more stringently the theory, in order to better
understand the complex scenario of CPV in charm decays. In addition they may provide an
help in refining theoretical prediction by multiple comparisons with several experimental
observables.

An example is in [37] regarding A" predictions in charm decays. Here the direct CP
asymmetry in the decay of a DY into two hadrons (hh) final state is written as:

ACP = 20 P i (6) sin () (1.20)
Thp

where \ is the expansion parameter in the CKM Wolfenstein parametrization, pp;, and
Ty, are the penguin and tree amplitudes, respectively, and é and ¢ are the strong and

9



1.7. CP VIOLATION IN D' - KJKJ DECAY

weak phases as defined before.
Since in the decay of charm hadrons the penguin contribution is expected to be very
small (~ 1%) with respect to the tree diagram, it is possible to assume that the latter
dominates. This allows to determine a relevant relation between the asymmetry and the
branching ratio:

AP, o I (1.21)

/BR(hh)

This relation stands for each decay channel and allows to make predictions of unknown
variables, starting from measured values of both branching ratio and CP asymmetry. From
this point it is simple to understand the central role played by the first CPV measuerement
in c-hadrons decay, and the importance of achieving other similar results, in different

processes. For example this allows to make a more precise prediction for AA“. In [37]
a value for AYY (K+K~) is predicted:

AP(KTK ) ~55-1074 (1.22)
Through Eq. 1.21 it is possible to predict the A" value for other decay channels:
AP (rtr )~ AP (KTK7)V2.8 =—9.2-107* (1.23)
Exploiting this it is possible to determine an expected value for A A
AAY =14.7-107* (1.24)

with which AAY measurement is compatible within one standard deviation. It should
be noted that this prediction is based on approximation, assumed by the author in [37],
that allowed to determine the penguin amplitude and then AY for K+ K~ channel, but
it gives anyway a first important estimate for the theoretical value and an example on
how experimental measurements can add significant information. With the addition of
more measurements the number of bounds that can be used will increase and there is
hope that prediction will become increasingly precise, allowing a significant comparison
between theory and measurements.

1.7 CP violation in D' —K{K{ decay

1.7.1 A (KJKY)

In this view the measurement of A“C in D° — KJKJ decays plays a significant role. This
because here the CP asymmetry could be enhanced by the processes involved in the decay
to a value that can be as large as 1.1% at 95% C.L. [35]|. Therefore, as it has been a major
candidate for discovery of CPV in charm sector, now it is hoped to be an additional CPV
observation in the same sector.

This motivated several searches that looked for CPV evidence in D° —KJK{ decays
[5, 25, 40, 18]. The current status is summarized in Table 1.1.

The work here performed will follow the same line of the presented results, searching for
CPV in D° - KK decays through the measurement of time-integrated CP asymmetry,
in data collected by LHCb in 2017.

It is necessary to describe the phenomenology of CPV in D° —KJK¢ decays. This chan-
nel is part of the so-called Singly-Cabibbo-Suppressed (SCS) D decay modes, since its
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1.7. CP VIOLATION IN D' - KJK DECAY

AT (%) Yield Year Collaboration
-23 £ 19 65 £ 14 | 2008 CLEO
-29+£52+£22 627 + 33 | 2015 LHCb Run-1
-0.02 £ 1.3 £ 0.17 | 5399 £ 87 | 2016 Belle
43 +£34+£1.0 974 + 43 | 2018 | LHCb Run-2 (2015-16)
-0.38 £ 1.46 * * World average

Table 1.1: Previous A“Y measurements in D° —KSKY decays, taken from [18, 5, 40, 25].

decay amplitude is proportional to V,,V.% or V,4V. Other decay channels are classified
as Cabibbo-Favored (CF) or Doubly-Cabibbo-Suppressed (DCS) when the amplitude in-
cludes a factor that is V4V or V, V7, respectively.

Here CP asymmetry receives contributions from all three possible sources already ana-
lyzed, since it appears in a neutral- flavored-meson system. Since the expected values for
the asymmetries contributions are small (O ~ %), the time integrated CP-asymmetry
can be written as sum of different terms:

ACP:Adir+Aind<7t—_> <125>

The first term is the one given by the direct CPV that arises in the D° decay; it varies
for different decay modes and it is time independent. The second term is the indirect
CP asymmetry, given by the sum of mixing and interference contributions; it is decay
mode-independent and depends on time. For this reason, in case of a time-integrated
measurement its contribution is wighted by a factor, given by the average decay time in
the sample ({t)) divided by D° lifetime (7).

1.7.2 A" expectations

To explain in a clear way how the A" prediction is extracted it is useful to introduce the
topological diagram approach. This approach is based on the identification of relations be-
tween different decay modes, based on the definition of topological amplitudes describing
D-decays. These amplitudes are classified in function of the topology of the weak decay
that takes place. This approach is powerful for two main reasons: the identified relations
allow to fit directly branching ratios to measurements to extract theoretical parameters
and vice versa, these can be exploited to have information about unknown decay rates
from the measured ones.

The topological amplitudes that can be identified are classified in two main groups: tree
and penguin amplitudes, and weak annihilation amplitudes. The first one includes: color-
allowed (T) and color-suppressed (C) tree amplitudes, where there is an external and
internal W-emission respectively, QCD-penguin amplitude (P), color-favored (Pgy ) and
color-suppressed (Pg}y) electro-weak penguin amplitudes and the singlet QCD-penguin
amplitude (5). The second one includes: W-exchange (F) and W-annihilation (4) am-
plitudes, QCD-penguin exchange (PE) and QCD-penguin annihilation (PA) amplitudes,
electro-weak penguin exchange (PFEgy ) and electro-weak penguin annihilation (PAgwy )
amplitudes. Schematic representation of these is shown in Figure 1.1.

11
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(c) P, Py (d) S. Pew (g) PE, PErw (k) PA, PApw

Figure 1.1: Possible D-decays representation through topological amplitudes. Taken from
[22].

Adopting the topological diagram approach it is possible to write the decay amplitude
for the D° —KJKY{ decay as [35]:

%[()\s — ) At + A (1.26)

where A\, = V1V, are the CKM matrix contribution to the amplitude and V;; are CKM
matrix elements. Ay and A, can be written in function topological amplitudes as:

By + By, — By
V2

2K+ E1+ E>y+ E5+ PA
A, = + 1+\/2§+ 3+ (1.28)

Ey, E; and Ej3 amplitudes represent processes that can proceed only through SU(3)-
breaking. Their diagrams are reported in Figure 1.2.

S
(1) c C
g M § - (EI g
C C

A (1.27)

4l

w

Figure 1.2: Topological amplitudes describing SU(3)-breaking processes. Taken from |34].
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1.7. CP VIOLATION IN D' - KJK DECAY

According to SM predictions CPV effects in this decay arise from the interference

between (As — Ag)Asq and A\p A, terms, that can be expressed as:
Ab Ay

m>\S — )\dImASd (1.29)
The first term comes from the CKM matrix elements and is equal to
Im(M/(As — Ag)) ~ 6-107% It works as a suppression factor in CP asymmetry in
charm decays and it shows why its measurement is so challenging. The second term in
this channel can assume large values and suggests that CP-asymmetry can receive an
enhancement, because of direct CPV contribution in D° —KJK{ decays, represented by
A4 An enhancement is possible because of the different processes contribution to Ay
and A,. A,q goes only through SU(3)-breaking processes, as the ones represented by Ej,
Ey and E5 amplitudes, that vanish in the SU(3) limit [34]. By contrast A, also receives
contributions from E and PA diagrams. Since these are not SU(3)-breaking processes,
they do not vanish in the case of an exact SU(3) symmetry. It is this particular condition
that makes the DY —KJK? decay channel so special, since CP asymmetry, given by direct
contribution, can be significantly enhanced and can assume larger values with respect to
other typical decay modes of charm hadrons.

Adir — 7

1.7.3 A" expectations
The second term that contributes to the A" is the indirect one. It can be expresses as:
AR = AP AP, (1.30)

where AP, and AT, represent CP asymmetry in mixing and interference, respectively.
Aind g proportional to Ar, parameter that corresponds to the asymmetry between the
effective D° and D° decay widths :

A = — Ap (1.31)

and . .

Ar = L(D7) — 1(D°) (1.32)

['(D%) +T'(DY%)

Thanks to these relations and the knowledge on the Ar value it is possible to predict a
value for indirect contribution to CP asymmetry. Ar has been measured to be (—0.29 £+
0.28) - 1073 [8, 2| and it is decay mode-independent. To correctly evaluate the A™¢
contribution it is necessary to take into account the (t) /7. The average decay time on the
DY depends on the experimental configuration; for LHCb it assumes a value that makes
(t) /7 to be O ~ 1.Therefore the A" contribution assumes a value that is much smaller
than the expected sensitivity of this analysis and it can be therefore neglected.
From the expected values for A% and A™ it is simple to understand that for purposes
of our analysis the time integrated CP asymmetry can be expressed as:

AP~ pdir (1.33)

and A% is the only contribution that will be take into account from here.

Before explaining how A“Y (K{KY) measurement is performed in LHCb it is essential
to discuss the general structure of the LHCb detector.
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Chapter 2

The LHCDb detector

In this chapter I will start briefly describing the CERN accelerator complex. Then I will
focus my attention on LHCD, the only experiment located at the Large Hadron Collider
designed for the analysis of the decays of heavy-flavor hadrons, describing both the detector
and trigger system design.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a circular hadron accelerator, located at CERN
(Conseil Européen pour la Recherche Nucléaire) laboratories, near Geneva. It is located
in a 27 km long circular tunnel, placed 100 m underground, across the France-Swiss
border, where the Large Electron Positron collider (LEP) was previously housed. Along
the circumference four major experiments are present: ALICE, ATLAS, CMS and LHCb.
Particles move in the accelerator in two beams, circulating in opposite directions along the
ring and made collide where experiments are located. The beams are not continuous, but
organized in bunches of about 10! particles each, equally time spaced for a multiple of
25 ns, producing a bunch-crossing rate of about 40 MHz. Beams are maintained in orbit
through superconducting NbTi dipole magnets, keep at an operating temperature of 1.9
K through a liquid helium cooling system. To simultaneously bend two different beams,
both composed of positive particles, in each magnet two different cavities are present, that
provide a magnetic field of 8.3 T, with opposite direction. The LHC can accelerate protons
and heavy ions and provide collisions between these in different data-taking periods. The
maximum center-of-mass-energy (E.,,) at which the LHC can produce pp collision is 14
TeV. In the first two runs this energy has not been reached: the E.,, during Run 1 was
equal to 7 TeV in 2010 and 2011 and to 8 TeV in 2012, during Run 2, in 2015-2018, the
E.,, of collision was increased up to 13 TeV. These energies are not reached through a
single acceleration process in the LHC; protons are extracted from hydrogen ionization
and bring to the maximum energy through multiple accelerations, that take place in the
CERN accelerator complex, shown in Figure 2.1.

The accelerator can provide an instantaneous luminosity £ = 103 cm ~2s ~!. This high!
L value allows the search for rare processes, one of the LHC main purposes, since the rate

of a process is given by:
dN

'With respect to other hadron colliders.

14



2.2. THE LHCB DETECTOR
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Figure 2.1: Schematic representation of CERN accelerator complex.

where o(4/s) is the cross section of the process at the center-of-mass energy /s. The £
value is different at the LHCD interaction point, since it is focused on the study of charm
and bottom hadrons, that are produced with higher rate than events interesting for other
experiment. Because of the difference in processes cross section the nominal £ value is
counterproductive for the LHCb data taking, since it can cause high particle occupancy
in the detector. For this reason in correspondence of the LHCb experiment the luminosity
is reduced to a value of (2 —4)-10% c¢m ~2s ~! moving the beams apart transversely and
hence reducing their overlap at the collision. With this £ the number of pp interactions
per bunch crossing is reduced to less than 2.

2.2 The LHCDb detector

LHCb is one of the four major experiments located along the LHC circumference. Its
main purpose is the search for indirect evidence of physics Beyond the Standard Model.
The search is performed measuring, with a precision never reached before, CP violation
parameters and rare decays of charm and bottom hadrons. In fact, it is the only one
focused, and specifically designed, to reveal particles composed by b and ¢ quarks and
study heavy-flavor physics.

It is a single arm forward spectrometer, with a forward angular coverage from approxi-
mately 10 mrad to 300 (250) mrad in the horizontal (vertical) plane, corresponding to
a pseudorapidity? interval of 1.8 < n < 4.9 [12]. This particular geometry makes LHCb
complementary to other general purpose experiments located at LHC (for example CMS
covers a pseudorapidity range |n < 2.4|) and furnishes a heavy-flavor particles produc-

2Pseudorapidity is defined as n = — log(tan §/2) and 6 is the angle between the particle flight direction
and the beam axis.
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2.2. THE LHCB DETECTOR

tion rate never reached before. In fact, in an environment as LHC, b-hadrons are mainly
produced in a parallel direction to the beams one, both forwardly and backwardly, in
bb pairs via strong interactions, as shown in Figure 2.2. The LHCb geometrical accep-
tance covers most of the forward peak and allows to collect about 27% of the produced b
hadrons. To perform b and ¢ hadrons study, LHCb has two main necessities: it needs to

b

ol

LHCb MC
s =14 TeV

0, [rad] ™2
3n/4

/2
T 6, [rad]

Figure 2.2: bb production cross section as a function of the polar angle of the two particles,
with respect to the beam axis, in pp collisions simulated with PyTHIA. The LHCb
acceptance is displayed in red.

measure with good precision momentum, and hence mass, of charged particles produced
in the collisions and also to recognize all the different the kind of particles that flow in
the apparatus. These two needs are filled by the two subsystems composing the LHCb
detector: the tracking system and the particle identification system. The former is com-
posed by a dipole magnet and three different detectors: the VErtex LOcator (VELO), the
Tracker Turcensis (TT) and three tracking stations (T1-T3). The latter is composed by
several detectors exploiting different technologies: two Ring Imaging Cerenkov (RICH),
two calorimeters and the muon system, composed by five different detectors. These ele-
ments together constitute the entire LHCb detector, shown in Figure 2.3. The detector is
equipped with a readout system, that communicates the measured quantities from each
component, allowing the reconstruction of the event. It has a maximum rate correspond-
ing to 1 MHz. Because of the difference between this and the LHC bunch-crossing rate,
LHCb has to put a significant limit on the particle occupancy that can be managed.
This was kept under control decreasing the £ in the LHCb beams-intersection point, as
explained before.

2.2.1 Tracking system

The LHCb tracking system main purpose is to measure with good precision the trajectory
of charged particles (defined as tracks) produced in the pp interactions. Through these it
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Figure 2.3: Schematic representation of the LHCb detector side view. A right-handed
coordinate system is adopted in LHCb and shown: the z axis points toward the center of
the LHC ring, the y axis point to upwards and the z axis coincides with the beam flight
direction. Image taken from [12].

is possible to determine quantities as charge, vertex position and, with the presence of a
magnetic field, particle momentum and mass.

Dipole magnet

The dipole magnet present in the detector bends the trajectories of charged particles,
allowing the measurement of their momentum. It is a warm magnet, composed by two
saddle-shaped coils, placed with a small angle with respect to the beam axis, in order
to follow the LHCb angular acceptance; its structure can be seen in Figure 2.4. The
magnet produces an approximately vertical magnetic field. Its intensity varies along the
z-direction as it is shown in Figure 2.4 and it is measured before data-taking periods
with Hall probes, since its precise knowledge is essential to have a good momentum
and mass resolution. B, has a maximum strength of 1.1 T and a total bending power
of about 4 Tm. No tracking detectors are immersed in the magnetic field, but some
of them are placed in a region where the B, is different from zero. This happens for
the nearer components, hence the VELO and mostly the tracking stations. The LHCb
magnet has the possibility to reverse the direction of the magnetic field, feature absent
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Figure 2.4: Representation of the LHCb dipole magnet structure on the left, lengths are
in mm. On the right the variation of the magnetic field vertical component in function
of the z coordinate. Figures taken from [12].

in the other LHC experiments. Therefore two data-taking configurations are present,
with opposite magnet polarity, referred as MagUp and MagDown. In each configuration
particles with a certain charge preferentially enter the detector acceptance, while the other
with opposite charge are swap away from the magnet, and this can create large detection
asymmetries. The presence of these asymmetries should be avoided collecting data in both
configurations, if samples collected with opposite polarity has approximately the same
size and the detector operating conditions are stable enough. This is done periodically
switching the magnet polarity, indicatively every two weeks, during data-taking.

The Vertex Locator

The VErtex LOcator (VELO) [1] is the LHCb silicon-strip vertex detector. Its main
purpose is to reveal the charged particle tracks close to the interaction point, allowing
the measurement of the Primary Vertex (PV) position (pp interaction) and to reveal
the presence of any displaced vertex. The latter is crucial for LHCb purposes, since it
is the signature of an heavy-flavor hadron decay. These hadrons decay away from the
interaction point because of their typical ¢t values, that are ¢7 ~ 500 um and cr ~
100 — 300 wm, respectively for b-hadrons and neural, or charged, c-hadrons. To clearly
distinguish primary and secondary vertexes the VELO has to reach a sensitivity similar
to the c7 values.

The detector is composed by 21 disk-shaped silicon layers, positioned perpendicularly to
the beam direction, each divided in two retractile halves, defined as modules. Its structure
can be seen in Figure 2.5. Each module has two different series of silicon strip sensors
in each face, with different geometry, one with radial (¢-sensors) and one with azimuthal
(R-sensors) segmentation. Strips cover the region going from a radius of 8 mm to 42 mm
from the disk center, for both geometrical configurations. The R-sensors are a series of
azimuthal strips of constant radius, with a pitch that increases with radius, from 38 pm to
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Figure 2.5: Representation of VELO structure. On top is present the (z,z)-plan view,
where the modules position can be seen. On bottom the front-view of a modules pair is
shown, in both close and open configurations.

101.6 pm. This pitch design allows a good-position measurement for the first track hits?
and balances the occupancy between the inner and the outer region. The ¢-sensors have
a radial configuration and are divided in two concentric sections, the border is located at
a radius equal to 17.25 mm. Also here the pitch increases radially from the center, with
a discontinuity going from one region to the other. The module structure can be seen in
Figure 2.6. With this configuration the VELO can provide a raw hit resolution equal to
~ 10 — 25 um.

The modules can be damaged in case of high radiation and for this reason they can be
moved away (open configuration). This happens, for example, of unstable beams during
injection. In working configuration modules are then put closer (closed configuration) and
partially overlap.

Each detector half is encased in an aluminum shielding case. This material was chosen
because of its relatively small radiation length, in order to avoid deviation effects given
by the interaction of particles with matter before detector crossing. The case has two
purposes: it protects the VELO from the high-frequency electric field, given from the
beam bunched structure, and it maintains the vacuum inside the detector. The two cases
share the RF-foil, where they are merged, that has a highly corrugated structure, in order
to allow the overlap of the two VELO halves when in working condition, as can be seen

3 An hit is the measurement of the particle trajectory when it crosses one VELO module.

19



90.5™™

2.2. THE LHCB DETECTOR

% XX 683 strips,
i Outer
1365 strips

Phi Sensor

Figure 2.6: On the left representation of VELO modules silicon strip sensors, for both R-
and ¢-configurations. On the right the inner view of the RF-boxes, in closed working con-
figuration; the cases edges are not represented to show the overlap between the modules.
R- and ¢-sensors are coloured in yellow and purple, respectively. Figures taken from [4].

in Figure 2.6.

Tracker Turcensis

The Tracker Turcensis (TT) is a silicon microstrip tracker [16]. It is located upstream
the magnet, for two main purposes: it reconstructs the trajectories of low-momentum
particles, that are deflected from the detector acceptance by the magnet and can not be
reconstructed with detectors downstream of it, and it reconstructs tracks of particles that
have a long lifetime and are more likely to decay downstream of the VELO, without giving
any hit on it, as KJ or A. It covers the full detector acceptance with a sensitive area 150
cm wide and 130 cm high.

It is composed by four different layers, matched in pairs, positioned at a distance of 30 ¢cm
along the beam axis. The four layers are arranged in a configuration defined as z-u-v-z.
The first and the last layer, the z ones, have vertical strips, while the v and the v are
slightly rotated, by £5°, respectively. This layers structure is shown in Figure 2.7. This
arrangement allows to avoid the insurgence of fake hits in the detector, present in case of
a 90° rotation between layers. This can be better understood looking at Figure 2.8. The
TT provides a single-hit resolution that is ~ 50 pum.

T-stations

The T-stations are three tracking detectors (T1-T3), located immediately downstream
the magnet to reveal tracks of charged particles and determine their momentum through
the bending provided by the magnet. Each station is composed by four detection planes,
approximately 6 m wide and 4.5 m high. The plans consist of two different sub-detectors,
with different technology: the Inner Tracker (IT) and the Outer Tracker (OT). The first
covers the region near the beam pipe and shares the same silicon-strip technology of the
TT. The second one covers the external region of the plan and is a straw-tube detector.
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Figure 2.8: TT hits determination in case of a 90° rotation between layers (left) and 5°
rotation (right). The same hits in z-layers in the two different configurations creates, in
case of an orthogonal arrangement, the appearance of two additional fake hits, represented
in black; this, on the contrary, does not happen in the adopted configuration.

This choice allows to keep the cost of the system low and at the same time have a good
track resolution in the region near the pipe, where most of the particles flow. The four
plans constituting a station have the same z-u-v-z arrangement as the T'T one, for both
IT and OT and for the same reason. The stations structure can be seen in Figure 2.9.
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Figure 2.7: Schematic representation of the T'T' detector
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Inner Tracker

The Inner Tracker is the detector composing the T-stations located in the region around
the beam pipe. It has a cross-structure, approximately 125 cm wide and 40 c¢m high,
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Figure 2.9: Schematic representation of the frontal view of a T-station (lengths in cm),
on the left. The Inner Tracker is drawn orange, the Outer Tracker is in blue. On the right
it is represented the magnified view of Inner Tracker only, in case of an z plane.

covering an acceptance of ~ 150 — 200mrad in the z-z plane and ~ 40 — 60 mrad in
the y-z plane. Tt is a micro-strip silicon [16] detector as the TT, as already said, and it
provides the same single-hit resolution of ~ 50 um.

Outer Tracker

The Outer Tracker (OT) |3] composes the external part of the T-stations. It is a gaseous
ionization detector consisting of straw-tubes operating as proportional counters. Each
plan is composed of two staggered straw rows, as shown in Figure 2.10. This configuration

Figure 2.10: Structure of straw tubes composing a plan in a T-station in (a). Schematic
representation of the Outer Tracker in (b). Figure taken from [14].

excludes the presence of a non-sensitive zone between two straws. The drift tubes are 2.4
m long and made of Kapton-XC coated with aluminum. They have an inner diameter
of 4.9 mm and are filled with a gas mixture of Ar/COy /Oy (70%/28.5%/1.5%), which
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guarantees a drift time below 50 ns. The anode is a golden plated tungsten wire and has
a diameter of 25 um. In working condition the wire is put at a voltage of 1550 V with
respect to the tube. In the OT the drift time measurement provides a single-hit spatial
resolution of ~ 200 um in each detection plane.

2.2.2 Track reconstruction

Particle trajectories are identified in LHCDb through a pattern recognition algorithm that
matches the hits in the detectors composing the tracking system already explained to
form a single track. Depending on the decay topology and the particles involved in it, the
reconstruction can be performed with different detectors. This can significantly affect the
resolution on the position that can be achieved, since there are large differences between
detectors performances.

Different track types are defined, depending on the detectors crossed:

e as Long tracks are detected particles that crossed the entire tracking system; these
are reconstructed exploiting the VELO and T-stations, adding information provided
by TT when available;

e as Downstream tracks are reconstructed particles that produced hits only in the
TT and T-stations; long-living particles as K or A can be reconstructed in this
way, when they decay after the VELO acceptance;

e VELO tracks are reconstructed exploiting VELO hits only; these are exploited in
the PV reconstruction and as seeds for Long and Upstream tracks;

e as Upstream tracks are detected particles that produces hits in the VELO and
the TT only, since are deflected from the detector acceptance by the magnetic field;

e as T tracks are reconstructed particles that produced hits only in the T-stations.

In this analysis both Long and Downstream tracks are exploited; a scheme for the track
reconstruction is shown in Figure 2.11.

2.2.3 Particle identification system

As mentioned before this system is composed by five different detectors: two RICH detec-
tors, two calorimeters and the muon system. Its purpose is to provide the identification
of every particle that flows in the detector. This is possible through the analysis of the
signal pattern that the particle created in the detectors with its passage. Each RICH
allows the separation mostly between pions and kaons, calorimeters determine the pres-
ence of hadrons, electrons and photons and muons presence is revealed through the muon
chambers.

Ring Imaging Cerenkov

The two Ring Imaging Cerenkov detectors present in the experiment (RICH 1 and RICH
2) allow the separation between pions, kaons and protons. RICH1 is located upstream the
magnet, covering the full detector acceptance, the RICH2 is downstream the last tracking
station and has an an angular acceptance going from 15 to 120 (100) mrad in the bending
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Figure 2.11: Scheme of the tracks definition in LHCb, depending on the detectors ex-
ploited.

(non-bending) plane. The separation is based on the measurement of the angle emission
of Cerenkov radiation. It is emitted by charged particles passing through a medium with
a refraction index n # 1 and with a velocity that makes § > 1/n. When this happens the
particle emits photons with a fixed angle (6,.) with respect to the flight direction, given
by:

n p

From this relation the particle mass can be determined, allowing its identification as can
be seen in Figure 2.12.

In both RICHs two kinds of mirrors are present, to allow 6. measurement: spherical and
flat mirrors. The first ones allows ring-imaging, while the second ones direct radiation to
the Hybrid Photon Detectors (HPD) aimed to detect light. The HPD can detect emitted
Cerenkov light with a wavelength \ between 200 and 600 nm. These are located out of
the detector acceptance and encased in a magnetic shield that allows their correct activity.
The two RICHs are filled with two different substances, that allows Cerenkov light emis-
sion. In RICH1 both aerogel (n = 1.03) and C4F;y (n = 1.0014) are present, while RICH2
is filled with CF, (n = 1.0005). The adoption of different radiators tunes each RICH on
a different particle momentum range. RICHI is designed to identify particles with low
momentum, in the 1 — 60 GeV/c range, while RICH 2 is optimized for particles with an
higher momentum, hence in the 15 — 100 GeV/c range. The two RICHs, working simulta-
neously, allow the identification of charged particles with a momentum in the 1 —100 GeV
range. For pion-kaon with momenta up to 30 GeV/c the separation is 90% efficient.

o= L Ll (meY (2.2)
COSC_Bn_ .

Calorimeters system

The LHCb calorimetric system [13] allows the identification of hadron, electrons and pho-
tons and provides a raw measurement of their energy and position. These informations
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Figure 2.12: Relation between . and the particle momentum for RICH1. Figure taken
from [10].

are essential in the LHCb trigger, where they are exploited in the lowest level (L0, as
will be explained later). This because, even if raw, they can be rapidly accessed, giv-
ing early information about the event. All calorimeter detectors share the same readout
technology: wavelength-shifting fibers carry the light produced in the scintillator layer to
photomultipliers.

The calorimeter system is composed by four different sub-detectors. The first two ele-
ments are the Scintillator Pad Detector (SPD) and the PreShower detector (PS). These
are two scintillating planes, both with a width equal to 2 radiation length (X,) and
0.1 nuclear interaction lengths (\;,), separated by a 15 mm thick lead converter. The
SPD allows the distinction between neutral and charged particles, while the PS sepa-
rates between electromagnetic showers from hadron. The other two sub-detectors are the
electromagnetic calorimeter (ECAL) and the hadron calorimeter (HCAL), both placed
between the first and the second muon station, covering an angular acceptance of 25-300
(25-250) mrad in the bending (non-bending) plane. The ECAL is composed by alternate
scintillator (4 mm) and lead (2 mm) layers, for an overall thickness of 25 X, allowing
a complete electromagnetic shower containment and a good energy resolution, equal to
op/E(GeV) = 10%/+/E(GeV). It is divided in three regions, with different cell sizes
depending on the distance from the beam axis, as can be seen in Figure 2.13. The HCAL
is made of alternate scintillator (4 mm) and iron (16 mm) layers, for an overall thickness
of 5.6 \ine. It provides an energy resolution equal to op/E(GeV) = 70%/+/E(GeV). This
value is due to the poor thickness, that does not allow the complete shower containment
and hence energy measurement. For this reason the HCAL is exploited only for trigger
purposes and not for off-line analysis.

Muon system

The muon system [11] purposes are to reveal the presence of muons in the event and to
measure their transverse momentum. These informations are exploited both in the trigger
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Figure 2.13: Schematic representation of ECAL (left) and HCAL (right) cell segmentation.
Figure taken from [12].

and in the off-line analysis.

The system is based on five different detectors, labeled as (M1-M5), covering an angular
acceptance from 20 (16) mrad to 306 (258) mrad in the bending (non-bending) plane.
The structure is shown in Figure 2.14. Each station is divided in four different quadrants,
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Figure 2.14: Schematic representation of muon system. Figure taken from [12].

each divided again in four concentric regions (R1-R4), where R1 is the one closer to the
beam pipe and R4 is the farthest. The M2-M5 stations are located downstream of the
calorimeters, alternated with 80 cm thick iron absorber planes, resulting in an overall
thickness of about 20 Xj. The iron aims to select muons with high momentum; to cross
the entire detector for a muon is required a minimum momentum of about 6 GeV/c. The
first station, M1, is located between the RICH2 and the calorimeters, where the multiple-
scattering effects are less significant. In this configuration M1 improves the transverse
momentum measurement of downstream stations. Two different technologies are adopted
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in the muon system: triple gas electron multiplier and multi-wire proportional chamber
detectors, both based on Ar, CO, and CF; mixture, with different proportions. The
former is adopted in the R1 region of the M1 station only, since it ensures the radiation
tolerance necessary for the present high particle density. In all other detectors the latter
is adopted. This system provides a transverse momentum resolution of about 20% for
stand-alone muon reconstruction.

2.3 LHCbD trigger

A trigger consists in an algorithm aimed to select events, interesting for the analysis that
has to be performed, between background events, anyway produced in the collisions. The
presence of a trigger algorithm is necessary when it is impossible to save information
about all produced events, because of limited data-flow and storage dimension. In the
case of LHCDb these limitations are both present, since the high number of produced events
makes impossible the record of all of them and the detector has a limited readout rate,
as previously mentioned.

The LHCD trigger [29] is designed to distinguish and select events containing b- and c-
hadrons, experiment analyzes target, from the huge number of background processes, con-
taining mostly light quarks. The selection is based principally on the larger flight distance
of heavy-flavor hadrons and on the relatively high transverse momentum of interesting
events. To set an order-of-magnitude scale it can be said that light-quark processes are
produced in LHC with a rate similar to the one of the collisions, hence 40 MHz. On the
other hand, the production rate of events containing any b-hadron decay corresponds to
~ 15kHz and circa 20 times larger for c-hadron decay. In addition only a small fraction of
the considered heavy-flavor decay are useful, reducing the rate of these events to few Hz.
Consequently the trigger represents one of the essential components necessary to perform
a successful analysis for the LHCb experiment.

The trigger processes events in two sequential steps. The first one is an hardware-based
low level trigger, defined Level-0 trigger (L0), the second one is a software-based system,
called High-Level Trigger (HLT). The overall trigger performance allows to reduce the
events rate from 40 MHz of the bunch crossing to 12.5 kHz; the data-flow in the trigger is
reported in Figure 2.15.

2.3.1 Level-0 trigger

L0 is a completely-custom hardware system, based on FPGA technology. This choice was
driven by the necessity for a fast system, able to work at the LHC bunch-crossing rate.
In fact, LO purpose is to reduce the events rate from the initial 40 MHz, to a value smaller
than 1.1 MHz, that is the maximum rate at which the detector can be read out.

The event selection is based on three different trigger decisions, corresponding to differ-
ent requirements: LO pileup, L0 calorimeter and LO muon. The logic or between these
conditions defines the LO global decision. When at least one of the mentioned conditions
is satisfied, and hence the LO global is positive, the event is selected and the entire de-
tector information is read out and transferred to the subsequent trigger step. Because
of the bunch-crossing rate, the L0 decision has to be taken in a really short time, corre-
sponding to the buffer fixed latency time in which the detector information is temporarily
stored, that is equal to 4 us. Because of this, the LO trigger decision is based on simple
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Figure 2.15: Data-flow structure in the LHCb trigger. The reported values represent the
accepted rates for each stage.

information, that can be rapidly accessed through the read out of fast sub-detectors, as
calorimeters and muon stations.

LO pileup

The first trigger condition exploits VELO information to estimate the number of primary
vertices present in each bunch crossing and the backward charged particle multiplicity.
The events selected by this L0 line are not interesting for off-line analysis (events with
too high track multiplicity are usually vetoed using the SPD signal, for example) but are
exploited in the luminosity measurement.

L0 muon

The LO muon decision exploits information furnished from muon stations to determine
whether the event is interesting or not. Firstly the five muon stations determine the
presence of at least one muon in the event, and the first two (M1 and M2) provide the
measurement, of the muon transverse momentum, too. After this, the most energetic
muons are identified in each quadrant and, depending on their transverse momentum, the
event can be accepted or rejected, if it satisfies at least one of two different requirements:

e in LLO muon a threshold is set on the highest transverse momentum of muon in the
event;

e in LO dimuon a threshold is set on \/pT(ul) - pr(u2), where py and po are the two
muons with highest transverse momentum in the event.
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LO calorimeter

This trigger decision is based on a first transverse momentum estimate of electrons, pho-
tons and hadrons, provided by the calorimeter system detectors. The transverse momen-
tum estimate is done through the energy deposited by a particle in the calorimeter and
through the deposit position. Every calorimeter layer is divided into clusters of 2 x 2
cells. This clusters dimension is chosen to completely include a single particle energy
deposit and avoiding at the same time the overlap of different deposits. For each cluster
a transverse energy is identified, defined as:

4

=1

where ¢ runs over the four cells that define a cluster, E; is the energy deposit in each cell
and 0; is the angle between the beam axis and the direction identified by the cell center
and the nominal interaction point. The Et values extracted from each calorimeter are
then summed up, to give the overall Et estimate for the particle.

The event is accepted whether it has an Er greater than a certain threshold value, different
for hadrons (LO hadron), electrons (LO electron) and photons (LO photon). The particle
is identified through the pattern of the released energy in each layer, as explained before.
The requirement for a minimum value for hadron transverse energy selects more likely
particles (typically pions) coming from the decay of b- and c-hadrons, since these have,
on average, higher transverse momentum than particles coming from decay of particles
composed only by light quarks.

2.3.2 High Level Trigger

For events that pass at least one of the LO trigger requirements, HLT receives the full
detector information. HLT is a software-based system, consisting on a C+- executable,
that runs on each processor of the Event Filter Farm (EFF) computer array. HLT performs
an analysis similar to the off-line one, based on a partial event reconstruction. The
complete off-line analysis can not be run on each event by HLT, because of the needed
computing time: for off-line analysis, which consists of complete event reconstruction, a
processing time of at least 2 s is necessary, while for on-line processing the available time
is considerably shorter, worthing at maximum 50 ms.

To increase the event selection efficiency in this condition the HLT is divided in two
sequential stages, defined as HLT1 and HLT2.

HLT1

HLT1 purpose is to reduce the event rate to a value of about 30 kHz. Events selection
is based on the event tracks reconstruction performed in the VELO. It is exploited to
identify in the analyzed events the present primary vertexes and also to measure their
position. Relying on these information it is possible to search for tracks that have large
Impact Parameter (IP)?, that is typically the sign of the presence, in the decay, of an
heavy-flavor hadron. These tracks are processed by several different algorithms, defined

4Distance of closest approach between the PV and the direction identified by the momentum of the
particle, as will be defined later.
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as trigger lines, that apply each one a different set of cuts, based on the tracks quality
reconstruction, IP and pr.

HLT?2

In HLT2 a more similar analysis to the off-line one is performed, based on a complete
event reconstruction, possible thanks to the significant event rate reduction performed by
HLT1. At this trigger stage all the detector information is exploited (track reconstruc-
tion and particle identification) and consequently it is possible to identify different event
types, through the kind of decay topology and particle involved in the process. Relying
on this capability, also HLT2 is divided in several and different trigger lines. Each one is
aimed to the selection of a certain kind of decay events as, for example, different decay
DP channels. The overall output rate after this final step is about 12.5 kHz.

The reported value for the final output rate of is limited by the disk storage space

available. For certain trigger lines, aimed to the collection of specific decay events, this
imposes the application of a pre-scaling procedure, hence the random selection of a fraction
of the triggered events. This allows the collection of events that have, for example, smaller
BR, but it significantly limits the overall number of collected events on disk. This reflects,
on the application of a limit on the statistical significance that can be achieved.
Charm physics is affected by the output rate constrain, since it has, as explained before, a
larger event rate with respect to other event types, as beauty physics. It is an important
target in LHCb to overcome these computing constrain, since it allows to achieve better
results, with the same experimental facility. A strategy implemented to solve this problem
is the turbo stream approach. It is based on performing an on-line analysis similar to the
off-line one, as done in HLT2. Having access to good-quality data already at trigger
step has big benefit. There is the possibility to record only processed data, discarding
raw information, as the tracks not involved in the interesting process, and used only to
determine the PV position. This decreases the event size, from 70 kB to 5 kB, allowing
the record of a larger number of events per second, with the same overall data flow. The
D° - K{K? events, analyzed in this work, are collected using the turbo stream strategy.
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Chapter 3

Measuring the DY %KgKg asymmetry

In this chapter I will describe on the experimental approach to the time-integrated CP
asymmetry in D° —KJ{K$ decays measurement. Even if this discussion shares some
points with the one presented in Chapter 1, I decided, for clarity, to explain the analysis
approach I adopted without reference to the previous one.

3.1 A" (KJKY) measurement in LHCb

The aim of the analysis is to measure the asymmetry between the probability for D° and
D to decay into the same KJKY final state, given by CPV in the decay. It is defined for
this final state as:

N(D° — KJKQ) — T'(D° — KJK3)
N(D° — KIKQ) + I'(D° — KJKY)

AP (KJKY) = (3.1)

Experimentally this quantity can be accessed by measuring the asymmetry between the
number of D® and D° decaying into K{KY, defined as A™*":

N(D° — KIKQ) — N(D° — KLKY)

AT’G/[U — __
N(D® — K¢Kg) + N(D° — KJKg)

(3.2)
that can be extracted revealing and counting these events.

3.1.1 D" tagging

In measuring the quantity expressed in 3.2, it emerges clearly that an essential requirement
is the identification of the presence of a D® or an D in the event, through which N(D°® —
K{KQ) and N(D° — KJKQ) can be extracted. For charged particles the distinction
between matter and anti-matter can be made by observing the net charge of the final
state, of opposite sign for the two cases. This strategy can not be adopted here, since
the DY is neutral and it decays into a final state that is a CP eigenstate. It is possible to
overcome this obstacle, and hence tag the presence of D° or D in the D — KK decay,
by reconstructing the complete DY decay chain. We exploit the process where a D° comes
from the decay of a D*, in which a 7 is produced:

D** — DY(D%)r* (3.3)
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where DY or D° are alternatively present. In this process, the sign of the pion - coming
from the same D* decay that generated the D°- can be used to tag the D° flavor. For
this reason I will refer to it as m,, from this point. In particular the presence of a 7t and
7~ indicates the presence of a D° and D°, respectively. This is because the considered
decay proceeds via strong interaction, that conserves CP. With this strategy the sample
can be split into two sub-samples, depending on the sign of the pion, where the yields can
be separately extracted, allowing the determination of the CP asymmetry.

3.1.2 Event detection

With the adoption of this tagging strategy, the events to be analyzed include the complete
decay chain:

Dt — DO(EO)W;EQ — (K(S)Kg)ﬂig — (7T+7T_)<7T+7T_)7T£g (3.4)

Its schematic representation is shown in Figure 3.1 (from here on I will omit for brevity
the D*, 7 sign and the D° flavor).
This kind of events are detected and then reconstructed through the five pions present
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Figure 3.1: Schematic representation of the analyzed decay chain, distances are not to
scale.

in the final state. The detection can happen in LHCb in three different configurations,
depending on the detectors adopted to reconstruct each pion pair from the K§ decays.
While the 7, is always reconstructed as a Long track, since it always causes some VELO
hits, pion pairs coming from K¢ can be revealed both with Long or Downstream tracks.
This is due to the K{ relatively long lifetime and boost at which are subjected, that is
significantly different from zero. In these events K2s have a (3v) ~ 70, determined from
the KJ momentum mean value, that can be estimated from the distributions present in
4.3. In this kinematic condition KJs can travel several cm and decay after the VELO
acceptance. In this configuration they are reconstructed as Downstream tracks, since
they produce hits only in the T'T and T-stations.

The sample is then divided into three separate sub-samples (channels), depending on the
K2s detection configuration:

e LL channel when both K2 are reconstructed with Long tracks;
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e LD channel when one K{ is reconstructed with Long and the other with Down-
stream tracks;

e DD channel when both K{ are reconstructed with Downstream tracks.

The three channels have different resolutions (for example in vertex position and momen-
tum), because of the different hits position resolution provided by the involved detectors
and the larger distance between the detector and the interaction point for the VELO,
TT and T-stations. To better handle these differences and obtain a better sensitivity on
ACT the three channels will be separately analyzed, three different A" values will be
extracted and then recombined to find the definitive result.

3.1.3 Decay chain fit

To extract information describing the detected process it is necessary to perform a fit. A
peculiarity of this decay chain is that it includes several neutral particles. These can not
be directly revealed, since they do not interact with the detectors material and can not
produce any hit and the situation requires a specific approach when is present the decay
of a neutral particle into two others, as happens in this case with D —KJKY.

In high energy physics experiments it is often necessary to reconstruct unstable particles,
that can be detected only through their decay products. The usual method adopted to
determine the observables related to the particles present in the decay chain is the "leaf-
by-leaf" method. This is adopted by LHCb too, with the decay chain fitter named LoKi
Fitter. Here quantities related to the mother particle are extracted through a vertex fit,
that takes as input information given by its decay products. This is done starting from
the end of the chain, with a "bottom-up" approach, separately for each present particle.
Given that in the leaf-by-leaf method each decay vertex is separately fit, one located
at the end of the decay chain does not influence the reconstruction of particles located
upstream. This does not properly work in case of a decay process that involves neutral
particles only, as the one considered here, since there are not tracks that can be used to
reconstruct the decayed particle.

This issue has been encountered previously in the BaBar experiment, in case of the recon-
struction of the K —7%7® decay, where no tracks can be exploited to reconstruct the Kg.
To solve this problem they set up a different method to fit the decay chain, named Decay
Tree Fitter (DTF) |30]. The main difference with the leaf-by-leaf method is that here the
whole decay chain is fitted in a single step and the parameters about each particle are
simultaneously extracted, allowing optimized reconstruction of decays as the KJ —m97°
or D - KJK2. This is done through the parametrization of the decay chain in terms of
vertex positions, momenta and decay times, with the extraction of these parameters in
an single fit. In this procedure two internal constrains are applied: the decay vertex of
a particle and the production vertex of its daughters have to coincide (vertex constrain)
and it is required the momentum conservation, ensuring the four-momentum conserva-
tion, too. More external constrains can be introduced, additionally to the internal ones.
In this analysis two different ones will be used: the mass of each K§ candidate is fixed to
the known value (K mass constrain) and the D* (and hence the D) is forced to come
from the PV (PV constrain).

These constrains can be extremely powerful, since they improve the mass resolution and
may allow a better signal to background ratio, but can not be used in the first part of the
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analysis. This is because, even if they give a tighter signal peak, they significantly distort
the background shape. Therefore until the background contribution is not significantly
reduced it is not useful to use the variables obtained through DTF, since the extraction
of signal yields can be difficult.

For these reasons in the analysis we will exploit both the Loki Fitter and DTF variables.
The former when the background contribution has not been reduced yet, while the latter
are adopted in the last part of the analysis, where a selection aimed to reject background
has been already applied.

3.1.4 Asymmetry extraction

The variables extracted by the fits are then used to extract N(D° — KJKS) and N(D° —
K{KY), and hence the A", To count the events we exploit the Am variable, where
Am = m (D° myg) - m (KSKY) is the difference between the mass of the D* and the D°
candidate, respectively. This is crucial in this analysis, because in Am distribution the
presence of the signal is a sharp peak and the signal yield can be directly extracted fitting
its shape.

Before the asymmetry extraction it is important in this analysis to apply a selection,
aimed to the rejection of a significant fraction of the various background sources. This is
not ordinary for an LHCb analysis on charm hadrons decay, because here the main issue is
usually due to the large amount of data that has to be managed. The D° — KK LHCb
sample, on the contrary, is typically made of few hundreds of events (|5, 40]) and the
greatest part of the effort is the research for a cuts configuration that allows the achieve-
ment of the best A" resolution, improving the signal to background ratio. The sample
smallness, with respect to other charm decays, is due to the difficulty in detection and
triggering of neutral and long-lived particles, as KJs, in the LHCb detector. It, in fact,
was tuned to detection of particles with smaller flight distance, typically - and c-hadrons,
that cross the VELO detector. On the contrary, large fraction of produced K{s decays
downstream of the VELO and can be reconstructed only with lower quality information.
This makes the collection and the analysis of the D° —K{K{ sample particularly chal-
lenging and requires specific efforts.

After the selection identification, fits to the Am distributions are performed, obtaining
the signal yields for the samples tagged with opposite m,, sign. From these, through (3.2),
it is possible to extract the A" value. It is important to remember that A" does not
directly corresponds to A°F. In fact, in an experimental environment like LHCD, the
considered asymmetry receives other contributions and it can be expressed as:

Araw %ACP—FApmd—F.Adet (35)

where the approximation is valid at first order. AP™? is the asymmetry between the
probability to produce a D** or a D*~ and A%" is the asymmetry between the 7/, and
Tqg detection efficiency. The detection efficiency of the two K is irrelevant, since these
are a CP-symmetric state.

3.1.5 Avd

LHC collisions are a not-CP symmetric initial state, composed by two protons. In this
configuration there is a non-zero AP term, given by the different values assumed by the
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Figure 3.2: m;,, charge asymmetry for LL channel collected during 2015 for MagUp (left)
and MagDown (right). Figure taken from [39].

D** and D*~ cross sections [32]:

o(D*) — o(D*)

prod __
A = D) T o (D)

(3.6)

3.1.6 Adet

The A% arises as a consequence of a different detection efficiency for W;g and m;, . This
is partially due to an intrinsic difference in probability of interaction with the detector for
opposite-sign particles, but the most significant contribution to .49 is given by the not-
symmetric magnetic field present in the detector. It, in fact, bends particles of different
sign in opposite directions and this leads to a different acceptance in the T-stations and
a different probability to cross the beam pipe for the two cases. These asymmetric effects
are significantly reduced thanks to periodic inversion of the magnetic field during data
taking, that averages the asymmetries to a smaller value, but even with this procedure
some detection asymmetries remains. It is important to pay attention to regions where
these assume large values. In this case the approximation adopted in (3.5) could not
stand, and for this reason, these regions are usually excluded with fiducial cuts. These
are cuts that exclude the regions where the asymmetry, for events collected with a single
magnet polarity, assumes a large value (near 100%). These regions, and the cuts applied
to remove them are shown in Figure 3.2. Fiducial cuts are identified by:

|p:c| < a(pz _pO) (37)

if |py/p2| < 0.02: |py| < p1— Bip: V |ps| > D2 + Bop: (3.8)

where p,, p, and p, are the m,, momentum components, o = 0.317, 5, = 0.01397,
fa = 0.01605, po = 2400 MeV/¢, p1 = 418 MeV/c and py, = 497 MeV/c. The first remove
regions where pions are bent inside the T station acceptance depending on their charge
(100% asymmetric regions for each magnet polarity) and the second one removes pions
flying near the beam pipe.
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3.1.7 A" and A% subtraction

To obtain A“Y from the measured A", AP™? and A% have to be subtracted. It is
not helpful to use the measured values for these two asymmetries, since the resulting
uncertainty on the A" value would be significantly worsened by the AP°¢ and A%
value. Therefore, in LHCb analyses of this type, AP"°? and A% are typically subtracted
by exploiting a control channel.

For this purpose, it is necessary to identify another decay process, affected by the same
APt and A%t of the signal sample, available with high statistics and with a A" value
known with a precision better than the expected sensitivity of the analysis. If these
conditions apply, it is possible to extract the difference between the two A" values
(defined as AAT) from the difference between the signal and control channel A%

A (KIKS) — A (c.c.) = AP (KJKS) — A% (c.c.) = AATY (3.9)

since AP™% and A% cancel each other in the A7 difference. From AAT it is possible
to extract A“C (KJK?) simply adding the AY (c.c.) term:

AP(KIKD) = AAY + A (c.c.) (3.10)

This procedure does not worsen the sensitivity on A" (KJK?) measurement, thanks to
the control channel high statistics and the precision on the A" (c.c.) measurement. In
most recent LHCb analysis, the D° — K+ K~ sample has been adopted as control channel
for the D° — KJK{ analysis, since the two samples contain events with the same event
topology, except for the D° decay mode and AY (K+K~) has already been measured
with a precision that is one order of magnitude smaller than the expected resolution of our
analysis [7]. In older analyses of the same channel, the D® — K~ 7" was used as control
channel [5].

3.2 Experimental status

The measurement of A" in D° —KJKY decays has been already performed, by several
experiments. LHCb provided the most recent measurement of this quantity, exploiting
data collected during first two years of Run-2, achieving a statistical sensitivity of 3.4%.
Extrapolating this resolution naively to the Run-2 data yields expectations for A" res-
olution around 2%. This is still insufficient for a useful exploration of this channel. The
future Run-3 will bring more data, but it is not yet clear what the efficiency for this dif-
ficult channel will be in the upgraded experiment, that will have much tighter precessing
time requirements. As a consequence, it is very important to perform now a study of
possible ways to enhance the LHCD sensitivity to this "golden" channel - both with the
already available data, and with the samples that will come. This will be the central
subject of the rest of this document.
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Chapter 4

DY %KgK(S) in LHCDb new data

In this chapter I explain the first part of the analysis I performed, based on the estimate
of the sample signal yields and on the analysis of new trigger performance. In the last
part I explain the different approach to this measurement, that I adopted here for the first
time, and why it has been conceived.

The analysis presented in this document follows along the same line as the ones already
performed by LHCD ([5] [40]) and it is focused in the same way to the measurement of A,
in D' — KYK? decays. It exploits new data, in particular the ones collected by LHCb
in 2017. The obtained results can be extended to the complete 2017-18 sample. Here the
analysis is restarted from the beginning, in order to maximize the resolution that can be
achieved also accounting for the fact that the on-line selection has been modified since
the previous measurement.

4.1 2017 sample

The sample on which this analysis is performed was collected by LHCb at a center of
mass energy of /s = 13 TeV and it corresponds to a total integrated luminosity of 1.7
fb~!, as can be seen in Table 4.1, where also a comparison with past samples is shown.
The inclusion of new data, collected in the second part of the Run-2 allows to improve the
sensitivity of the analysis, adding a significant amount of statistics to the D° — K°K?
decays sample, that at the current status is what limits the resolution of the measurement.

Data taking period | [ Ldt [fb™" || /s [TeV |
Run-1 3 7-8
Run-2 2015-2016 1.98 13
Run-2 2017 1.7 13
Run-2 2018 2.2 13

Table 4.1: Luminosity and center of mass energy for sample used in this analysis and for
the ones used in Run-1 and Run-2 measurements.
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4.1.1 Variables definition

Before starting to describe the trigger selection used to collect data in 2017-2018 it is
necessary to give a definition of variables that will be used extensively later.

Primary Vertex(PV): spatial point of the primary pp interaction.

Secondary Vertex: spatial point of the decay of the particle produced in the inter-
action. Typically a heavy flavor hadron as a charmed or beauty hadron.

x%/ndf: x? obtained from the fit of a track revealed in the detector, normalized to
its degrees of freedom.

X3t squared significance of the distance between primary and decay vertex cal-
culated using the positions and covariance matrices of the two fitted vertexes.

p: momentum of the particle.

pr: transverse component of the particle momentum with respect to beams flight
direction.

7: lifetime of the particle.

Tppy: defined as 7gpy = FD/vfBc = FDm/pe, where FD is the particle flight
distance between the PV and the decay vertex; it represents the time necessary for
the particle to travel from the PV to its decay vertex, normalized to the particle
boost.

Pseudorapidity (n): defined as —log(tan(#/2)), where 6 is the angle between the
beams flight direction and the momentum of the particle.

Oprra (direction angle): angle between the momentum of a particle and the direc-
tion identified by the PV and the decay vertex of that particle. This angle tends
to be larger in case of a partially reconstructed prompt particle, or a particle not
produced in the primary pp interaction.

Pynost: probability for the track to be a misidentified track (ghost); this variable is
returned by a Neural Network, that exploits various variables which describe track
reconstruction and global event properties in order to separate ghost tracks, which
are spurious combination of hits, from real tracks.

Impact Parameter(IP): distance of closest approach between the PV and the direc-
tion identified by the momentum of the particle. For a particle not produced in the
PV due to the pp interaction, as K2 in the considered decay chain, this variable is
more likely to assume larger values.

X2 difference between x? obtained from PV fitting including or not including a
particle in the fit. For a particle does not come from the PV this variable assumes
larger value on average.

X2 /ndf: x? of the fit to the vertex of origin of two or more tracks, normalized to
its degrees of freedom.
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4.2 Trigger

As mentioned in the introduction the trigger adopted to collect LHCb events is organized
in three sequential steps: L0, HLT1 and HLT2. At every trigger level, we define two
different event classes, depending on how the events were collected:

e Trigger On-Signal (TOS): is defined like this an event triggered directly on the
presence of the signal decay chain. One or more tracks coming from it satisfied the
selection criteria of the relative trigger line and the event will be recorded even if
the signal process would be the only one present;

o Trigger Independent-of-Signal (TIS): in this case the event has been recorded be-
cause of another process present in the same interaction. Tracks coming from that
process satisfied a trigger line different from the one aimed to the signal collection.

4.2.1 LO

The first step in the selection is given by LO trigger requirements. Several L0 configura-
tions have been used to trigger the considered events, given by the three different lines
(and even combination of these). For the purposes of the analysis not all the possible
configurations can be accepted. In particular if the m,, is the particle that satisfied the
L0 requirements there is the possibility that this introduces a significant detection asym-
metry in the sample. What is worse, the L0 processing is based on hardware threshold
affected by fluctuations that are not perfectly reproducible in a simulation. The resulting
asymmetry could be significantly different between our signal and control sample, and for
this reason we decided not to trust the cancellation for this effect. We require, therefore,
for events included in the sample that particles other the m,, satisfied the LO require-
ments. Doing this, the detection asymmetry due to the LO trigger is kept under control.
The two accepted configurations are when the DY is TOS (LOHadron TOS) or the D* is
TIS on the global L0 decision (L.LOGlobal TIS). In the former the event is triggered because
of the DY presence in the event, while in the latter a D* is present in an event triggered
because of other tracks.

4.2.2 HIt1

Events present in our sample can be selected by every HLT1 line, being TIS or TOS
on these, but the HLT1 lines that select most of the events are: HIlt1TrackMVA and
Hlt1TwoTrackMVA. These lines search for one or two (respectively) detached high mo-
mentum good-quality track, signature of the decay distant from the primary vertex of an
heavy flavor hadron.

The requirements of the first line is a track that satisfies:

o \?/ndf < 2.5
® Fghost < 0.4

(X3 >T74)}V {[1.0 < pr < 25.0] A |Inx% > In(7.4) + 1_—(1)0)Q + 04(1 — g—g)} }

(pr
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Figure 4.1: Different configurations of Hlt1TrackMVA, in terms of different « values.

here pr is expressed in GeV /¢, a is a parameter that varies during data acquisition and
modifies the configuration of requirements, in a way that can be seen in Figure 4.1. The
requirements for the track to considered good are represented by constraints in x?/ndf
and in Pgpes. The constraints on pr and in xf» assure that the track has an high pr and
is detached from PV.

The requirements of the Hlt1TwoTrackMVA line on the single track are:
e pr > 500 MeV/c
e p > 5000 MeV/c
e \?/ndf < 2.5
° Xip >4
and on the combination of the two are:
o 2, <10
e 2<n<5d

o 1 < My < 10% Gev/c?

COS(QDIRA) >0

selection on the output of a classifier calculated from the following variables: (1)
x? of the two-track vertex, (2) distance between the primary vertex (PV) and the
two-track vertex, (3) sum of the pr of the two tracks, (4) number of tracks with
X% > 16. The classifier is based on Boosted Decision Trees and should help in
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selecting good quality tracks compatible with the decay of a long-lived particle.
But it has been trained on b ~hadron decays and therefore it is not necessarily
optimal for the selection of a charm decays.

here My (corrected mass) is defined as |/m? —I—p%mm and pr s 1S the missing trans-
verse momentum needed to have the total sum of pr of the daughter particle equal to

zero with respect to the flight direction of the mother particle.

4.2.3 HIt2

Events that satisfy both L0 and HLT1 requirements are then processed by many HLT?2
lines, each aimed at the recognition of a certain decay pattern and the selection of those
events. The lines I have chosen in this analysis are three:

e HIt2CharmHadDstp2D0Pip D02KSOKS0 KSOLLTurbo
e Hlt2CharmHadDstp2DO0Pip_ DO02KSOKS0 KSOLL KSODDTurbo
e HIt2CharmHadDstp2D0Pip D02KSOKS0 KSODDTurbo

that select respectively LL, LD and DD events.

In HLT?2 tracks identified as pions are matched together to form two different K2 candi-
dates; their four-momentum is determined from the sum of those of daughter particles.
The process is repeated matching two K{s in order to identify a D° candidate and match-
ing a D" and a pion to identify a D*. On those events are then applied a series of cuts,
summarized in Table 4.2 and 4.3.

Variable K$, —nin; KQ, — mhmp
x* /ndf() <3 <4
Pghost(ﬂ-) <04 <04
Xip(T) > 36 —
pr(m) — > 175 MeV/c
p(m) — > 3000 MeV/c
|m(7mT7~) — m(KYQ)| < 35 MeV/c? < 64 MeV/c?
Xoix/nAE(K) < 30 < 30
7(K9) > 2 ps > 0.5 ps
2(K§) — 2(PV) - > 400 mm
2(K3) € [~100,500] mm | € [300,2275] mm

Table 4.2: Summary of K2 selection in HLT2: two such candidates are then combined to

form DY candidates.

The HLT2 algorithm is different from the one adopted during 2015-16 data-taking.

HLT1 was requiring the presence of at least one Long track, while HLT2 was requiring
the D° candidate to be TOS on any HLT1 line. The presence of that unwanted condition
caused the absence of any DD event in the 2015-16 sample. It has been removed, allowing
the collection of DD events. Downstream K¢ are especially relevant for the D* —K{K§
decay channel, seen that they are long-lived particles and approximatively 60% of the K
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Variable D’ — K§,K§, | D" — K¢, K2, | D° — KJ,K{,
> ko PT > 1500 MeV/c
pr(K3) > 500 MeV/c
XIQP(Kg) >4
X%/VD(DO) > 5
m(KJKg) € [1775,1955] MeV/c?
Xipx/ndf(D°) <10
Opira(D°) < 34.6 mrad
m(D°Taq) — m(KZKS) € [=75, 170] MeV/c?
PT(Ttag) > 200 MeV/e
Penost (Ttag) <0.25
XQ/ndf(ﬂ-tag> < 3
Xiw/ndf (DY) < 25

Table 4.3: Summary of HLT2 trigger selection on D° candidates.

decay downstream of the VELO and can be detected only as Downstream tracks. For this
reason the presence of a DD sample is important, since it offers another point of view,
additional to the one given by LD sample, to understand the performances that can be
achieved with Downstream tracks. One of my tasks will therefore be to analyze this new
sample and evaluate its suitability for the measurement.

The other difference present between the 2015-16 and 2017 trigger algorithm are the
changes introduced in the limits for HLT2 requirements, that were tuned in order to
increase signal acceptance. The work on the trigger selections is an essential step for
this analysis, necessary to increase the sensitivity that can be achieved, limited at the
moment by the restricted size of the available sample. This has to be done in particular
for trigger aimed to the detection of Downstream revealed particles. A trigger with a
greater detection efficiency on these could exploit the relative abundance of K decayed
after the VELO, producing larger samples, under the same event conditions.

The changes introduced in the sample in order to improve the D —KJKQ detection
efficiency are the loosening of HLT2 cuts and the removal of the requirement for the D°
to be TOS on some HLT'1 line. Understand quantitatively the effect of the former changes
on the detection efficiency is difficult without exploiting a Monte Carlo simulation. With
the removal of the HLT1 cuts we collects also events where is the m,, that triggered
HLT1 and the events was collected as TIS on HLT1. Therefore we include in the sample
events where, for the LL channel, pions coming from K§ decays did not triggered HLT1
and events where, for the LD channel, pions coming from the Long K did not triggered
HLT1. We can suppose that the improvement should be bigger for the LD channel with
respect to the LL one. Therefore verifying the effective improvement in signal event
acceptance due to the adoption of the new trigger has been crucial, since the introduced
changes and their efficacy can be used as a baseline for future trigger upgrades.
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4.3 2017 sample preliminary analysis

Due to the novelties in the sample, it is essential to examine it preliminary before any
more complex study to understand how it behaves and if there are some major differences
with past samples that should be taken into account during the analysis. The first neces-
sary thing is an estimate of signal yields and comparison with the past.

The main observable T use in evaluating yields is the Am, as explained in Chapter 3.
Therefore [ started taking a first look at Am distribution of each of three channels without
the application of any other cut excepting for trigger and fiducial cuts. In this preliminary
analysis I will use kinematic variables produced by the Loki Fitter (derived directly from
measured four-momenta, with only vertex constrain applied). This excepting for Am cal-
culation, because in the Loki fitter D° and D* masses are computed by fitting separately
the two vertex particles, and procedure can distort Am distribution, especially for events
where the vertex resolution is worse. For this reason, to have a coherent calculation of
these masses, I computed in this preliminary analysis D* mass from the D° and 7y,
four-momenta and then computed Am from this.

Am distributions for 2017 sample with application of only the two mentioned set of cuts,
are shown in Figure 4.2, 4.3 and 4.4, for the three main subsamples of my interest. The
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Figure 4.2: Am distribution for LL channel, with only trigger, LO and fiducial cuts.

three distributions have different shapes. The signal contribution can be noticed at a Am
~ 145.5 MeV /c?. This value is given by the difference between the mass of a real D* and
a real DY when part of the decay chain considered in this analysis. The presence of the
signal is discernible only for the LL and LD channel, while it is not for the DD channel.
At this level there is however still a large background in the continuum distribution (com-
binatorial) and also in the peak region - as will be discussed later.

Other important observables are obviously the mass distribution of D° and K§ candidates,
shown in Figure 4.5, 4.6 and 4.7. For K§ candidates mass distributions the presence
of real K is proved by the significant peak centered at KJ mass. The peak in the D°
candidates mass distributions is significantly lower and it can be discerned only for LL
and LD channels, as happens for the Am distributions. The resolution on invariant mass
worsens from LL to LD and DD channel. This trend is expected, due to lack of precision
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Figure 4.3: Am distribution for LD channel, with only trigger, L.O and fiducial cuts.
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Figure 4.4: Am distribution for DD channel, with only trigger, L0 and fiducial cuts.
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Figure 4.5: K§ (left) and D (right) mass distributions for LL channel candidates, with
only trigger and fiducial cuts. Vertical lines indicate the chosen values for the mass cuts.
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Figure 4.6: K Long (top left), KJ Downstream (top right) and D° (bottom) mass dis-
tributions for LD channel candidates, with only trigger and fiducial cuts. Vertical lines
indicate the chosen values for the mass cuts.
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Figure 4.7: K{ (left) and D (right) mass distributions for DD channel candidates, with
only trigger and fiducial cuts. Vertical lines indicate the chosen values for the mass cuts.

VELO points in the Downstream tracks. In all distributions is clear the presence of a
large background contribution; this was expected. The trigger selections are designed to
obtain the largest signal acceptance and this causes also a large background acceptance.
Other interesting variables are the momentum distributions of particles involved in the
process. In Figure 4.8, 4.9 and 4.10 the momentum distributions are shown. The distri-
bution of kinematic variables are similar between different channels, since the adoption of
different detectors does not significantly influence the acceptance. In the K momentum
distribution for the LD channel two different trends can be discerned. This is due to
the presence of TIS and TOS events. These two have two different momentum distribu-
tion because they are collected through separate trigger lines, that differently influence
the events kinematics. In particular, TOS events have a larger momentum on average,
since for these one of the tracks present in the event directly satisfied one of the trigger
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Figure 4.8: D" (top left), K§ (top right), 7 coming from K decay (bottom left) and 7,
(bottom right) momentum distributions for LL channel, with only trigger, L0 and fiducial
cuts.
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Figure 4.9: D (top left), K (top right), 7 coming from K¢ decay (bottom left) and 4,
(bottom right) momentum distributions for LD channel, with only trigger, 1.0 and fiducial
cuts.

requirements, based on momentum, too.

4.3.1 Background classification

The main contributions to background in analyzes performed so far, involving charmed
hadrons can be categorized in three classes: combinatorial background, prompt peaking
background and secondary decays.

Combinatorial background is produced by fake K2, D° and D* candidates. Those are not
real particles, they are wrongly reconstructed matching two random particles or candidates
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Figure 4.10: D (top left), K2 (top right), = coming from K¢ decay (bottom left) and
Tiag (bottom right) momentum distributions for DD channel, with only trigger, L0 and
fiducial cuts.

present in the event, whose trajectories accidentally cross each other and form a good
vertex. This kind of background does not peak in Am distribution and contributes to the
continuous component. This because it is given by fake particles, that do not have the
mass of the real candidates and does not respect kinematic constrain.

The peaking background contribution is produced by events where a real D* decays into
a D%, that reaches the same four-pion final state of D° —K{K{ decay through a different
decay channel. The largest contribution to this kind of background is given by D — KQrr
and D' —mrrm decay. These decay channels for D° are prevailing because they shares
the same final state with the signal and because of their branching ratio, two order of
magnitudes larger than our signal. These events give a peaking contribution to Am
because both D* and D° are real in these events and the decay configuration of the D* is
equal to that of signal events. For this reason they have to be carefully removed.
Secondary decays are events where the D* is not produced in the primary pp interaction,
but it comes from the decay of a b-hadron. The decay configuration of these, and prompt
events, can be better understood looking at Figure 4.11. These events have the same

PV @

Figure 4.11: Schematic representation of the decay topology of secondary (left) and
prompt (right) decays. It emerges that for the former x# (D°) and X% (74,) assumes
larger values.
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physical properties of those promptly produced, but different production asymmetry, that
influences the AP value. Therefore AP is given by two different contributions, from
D* and any b-hadron production asymmetry:

APl — (1= " fi) A e+ [ A (4.1)

where f; denotes the fraction of secondary candidates coming from the decay of a certain
b-hadron, and the index 7 runs over all b-hadrons. For secondary decays the production
asymmetry assumes a different value because of the different asymmetry in the b-hadrons
cross section and additionally because of the influence of CPV effects occurring in the
b-hadron decays. While it is in principle possible to measure the production asymmetry
of b-hadrons (and to some extent it has been done [6]), the overall effect given by the
mixture of the different b-hadron species on the D* production asymmetry is extremely
hard to evaluate precisely, since each one contributes with a different weight (correspond-
ing to f;), with both production and CP asymmetries (some still not measured). This
would not be a problem, if the signal and calibration channel were composed by exactly
the same mixture of prompt and secondary decays, that would assure cancellation of the
unknown effect between the two. In reality it is really difficult to obtain two samples
with this feature, since already at trigger level cuts that can differently bias the fraction
of secondary decays are applied. When the two fractions are different, the AP assume
different values for signal and control channel, introducing a bias in the A“C extraction.
For these reasons the usual LHCb approach to secondary decays is to reject them with
appropriate cuts, to force their fraction in the sample to zero, avoiding any bias.

As a first step we would like to evaluate the yields of the samples before performing
any significant selection, in order to understand the "starting point" provided to us by
the new trigger selection adopted in 2017. In particular, in order to allow a meaningful
comparison with older data samples, we want to avoid any selection cuts whose efficiency
may be affected by factors, other than the trigger, that may have changed (e.g. subtle
resolution /alignment effects). However, in order to extract even an appropriate estimate
of signal yields from presented distributions it is necessary to reduce the high level of
background present in these plots. In particular, peaking background events must be
strongly rejected before fitting, in order to avoid getting misleading results. Continuous
component does not cause any bias on signal yield, but its presence worsens the sensitivity
that can be achieved on yield.

We therefore need to apply at least a minimal set of cuts, that we will refer to as our
"fiducial selection” in the following.

4.3.2 Mass cuts

First selection that has been applied is a series of rectangular cuts on mass of reconstructed
candidates, hence K and D°. A cut on D* mass is not applied, as it would reflects on a
cut on Am distribution, that will be fitted to extract number of signal events.

These sample cuts are reliably almost-full efficient on signal, while being extremely pow-
erful in rejecting combinatorial background because if the candidate is given by a random
intersection of two particle trajectories present in the event, the invariant mass of the
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candidate does not have to correspond to the mass of the real particle. This works both
for random pions that are matched to fake K and random K2 matched to fake D°.
The cut on K mass also reject peaking background, as in case of a D° —K{rm decay,
only one of the pion pairs present in the final state come from a real K§ and its invariant
mass corresponds to the K§ mass. On the other hand, for the other pair in the decay
there is a small probability to have an invariant mass near the value of the mass of a real
K2.

The cut ranges have to be selected taking into account the resolution on masses, of K
and D°. If the applied cut is too tight it rejects also real particles, that have an invariant
mass distant from the real value because of the finite resolution on momentum measure-
ment, and this needs to be avoided.

Selected mass windows are:

o |m(KQ) —497.6 MeV/c?| < 10.5 MeV/c? and |m(D°) — 1865 MeV/c?| < 20 MeV/¢?
for LL channel;

o |m(K3) —497.6 MeV/c?| < 10.5 MeV/c? for K3 detected as Long tracks
Im(KQ) —497.6 MeV/c?| < 15 MeV/c? for K3 detected as Downstream tracks and
|m(D°) — 1865 MeV/c?| < 20 MeV/c? for LD channel;

o |m(K3) —497.6 MeV/c?| < 15 MeV/c? and |m(D°) — 1865 MeV/c?| < 20 MeV/c? for
DD channel.

Reported in Figure 4.5, 4.6 and 4.7. From the area of the histogram out of mass window
it is possible to gauge the effectiveness of these cuts on excluding a large amount of
background otherwise present in the sample.

4.3.3 Flight distance cuts

A fraction of peaking background events is still present after the application of mass cuts,
even if they are highly effective on reducing background contribution to the sample. This
happens because there is the possibility for a pion pair do not coming from the decay of
a KY to randomly have an invariant mass near to K§ mass and hence to pass the already
applied cuts. For this reason it is necessary to apply other cuts to reject DY —KQrr
events.

There is another relevant difference between D° —K{nm and D° —KJKJ events that
allows to distinguish them. Tt is based on the flight distance of the K§ candidate. K¢ is a
long-lived particle and it is possible to be sensitive on its flight distance, e.g. the difference
between the PV of the event and its decay vertex. For fake K@ coming from D° —K{rr
decays the flight distance is smaller with respect to the one of a real KJ. The variable
I used is not directly K flight distance, but it is the z-projection (zgp) of the distance
between the decay vertex of the K and the PV. The use of this simple variable allows
to distinguish between real and fake K coming from D° —K{n7 in an efficient way. T
preferred to do not adopt more complex variables, as x? rp, since these are sensitive to
vertex position and resolutions.

This can be better understood looking at the plot in Figure 4.12. Here a double check
can be made: K not only fly for a distance that is significantly different from zero, but
they also cluster in mass distribution and can be better identified. In Figure 4.12 K¢
reconstructed with Long and with Downstream tracks are superimposed, therefore the
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Figure 4.12: Scatter plot of reconstructed mass of K on x-axis and z-projection of K
flight distance on y-axis, for LD channel, with only trigger and fiducial cuts.

plot sums up all the information necessary to understand the value of the cut that has to
be applied. For K{ revealed with Downstream tracks it is not necessary to apply any cut
on zgp, since by definition a Downstream track it is detected without exploiting VELO
hits and hence the particle traveled for at least 400 mm (where the VELO ends) after the
PV; this distance is much larger than the cut that will be applied.

Observing plot in the region of events populated by Long tracks it is clearly visible an
events cluster around K(s) mass, detached from zero in zpp. The cut has to select these
events.

To better understand which cut value should be applied for Long tracks it is useful to
look at Figure 4.13. Here it is reported the same plot as in Figure 4.12, selecting region
at small zpp. It is more clear the presence of the events cluster described before and it
is visible a group of events with different K mass but smaller zrp, given by D° —K{rn
events. The chosen value for the cut to exclude the presence of a peaking background
is zpp = 60 mm. This cut has an high efficiency on real KJs, since these fly, in this
sample, for an average distance equal to yBcr ~ 68 - 2.7cm = 180 cm. Plots like the one
present in Figure 4.12 for LL and DD channels are not reported here, since they do not
give significant additional information.

4.4 Signal yield estimate

After the application of these cuts I give a first estimate of the signal yields for the three
channels.
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Figure 4.13: In Figure are plotted reconstructed mass of K on x-axis and z-projection
of flight distance for LD channel, highlighting region at small zgp.

4.4.1 Fit model

The function used to fit histograms is the sum of two components, corresponding to signal
and background events. To shape the signal peak a Gaussian p.d.f. was chosen:

Fualo) o —senp { £ 20 (12)

where mean p and o are free parameters. And to model the background contribution an
empirical p.d.f. was adopted:

fong () o 1 — exp[—c(x — my)] + b(z — my) (4.3)

where b and c are free parameters.
A maximum likelihood fit is performed, where the likelihood assumes the form:

_ Nobs
E = € NeszéX%bs Hb [nsig . fsig(x) + nbk:gfbkg('qj)]

4.4
Nobs! Nsig + Npkg ( )

=1

where ng;, and ny, are the yields for signal and background, respectively, Negp, = Msig+1pig
and N, is the number of observed events.

4.4.2 Yield values

With the rejection of peaking background contribution it is meaningful to give a first
estimate of signal yields fitting Am histograms for three channels. The Am histograms
are shown in Figure 4.14, 4.15 and 4.16, together with performed fits. As can be seen,
there is only a weak signal evidence for DD channel. Here, to extract the yield value, I
fixed the shape of the signal peak and fitted only the number of signal events. The mean
of the Gaussian was fixed to 145.4 MeV/c?, the standard deviation to the value extracted
from fit to LD channel.
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Figure 4.15: Am distribution and relative fit for LD channel, after the application of cuts
on KQ and D" mass and zpp.

We can now make a comparison between number of signal events collected in 2017 sample
and 2015-16 sample; to do this properly, I had to go back to original 2015-16 data and
rerun the selection. The comparison is summarized in Table 4.4. This procedure allows

sample | Integrated luminosity LL LD orr |fb] orp [fb]
2015-16 1.98 fb~! 1701 £ 116 | 1437 £ 115 | 859 £ 59 726 £ 58
2017 1.7 fb? 1873 £ 124 | 2631 £359 | 1102 £ 73 | 1548 £+ 211

Table 4.4: Signal yields for LL and LD channels after cuts K$ and D° masses and zpp.

o here represents the cross section times detection efficiency and geometrical acceptance

(extracted as number of signal yields divided by number of fb™1).
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Figure 4.16: Am distribution and relative fit for DD channel, after the application of cuts
on K and D° mass and zpp.

to make a comparison between the two trigger selections adopted in the data-taking.
My results confirm that the 2017 sample contains more signal events per collected fb™",
showing a better detection efficiency. The enhancement of the trigger efficiency from
2015-16 to 2017 corresponds to a factor of ~ 1.3 for LL channel, and this is even bigger
for the LD channel, where it is equal to ~ 2.1.

In the next section I will start considering the possibilities for further improving this
performance, beyond what was given by the trigger.

4.5 The issue of secondary decays rejection

The sample identified from the cuts applied so far still contains secondary decays. As
mentioned before, they can bias the A" extraction, and the standard approach in LHCb
is to reject them with appropriate cuts. We will now discuss however, why this is a bigger
issue in the channel of our interest, than in other charm asymmetry measurements. The
variables that mostly allows to distinguish prompt and secondary decays are the x# (D°)
and X7 (Tiag), and the x3yp (D*), since, for a particle not coming from the PV, these
assume on average a larger value.

Applying a cut on xfp (may) and x3p (D°) it is possible to select prompt events, where
the D* comes from the PV. x{, distributions are shown in Figure 4.17, 4.18 and 4.19.
In these distributions it is possible to see two different trends: a peak at small y% values
and a contribution at higher values. The first is due to prompt events, the second one
is given by secondary decays. The cuts applied on m,, and D° x%, to reject secondary
decays in the sample are:

e log(x?5(D%)) < 3 and log(x?p(7iay)) < 2 for LL channel;
e log(x?5(D%)) < 4 and log(x?p(Tiag)) < 3.5 for LD channel;

e log(x?5(D%)) < 4 and log(x?p(Tag)) < 3.5 for DD channel;
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m(KQ) and m(D") and zpp are applied. The vertical line represents the applied cut on
the variable.
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These cuts are the ones applied in the most recent analysis, shown in |39]. Here the cuts
have been chosen looking at Monte Carlo simulation for the D —KJK? events, for both
prompt and secondary decays. Since no significant difference between the distributions of
these variables because of the different trigger is expected, the same cuts are applied.

The other considered variable is the x%p (D*). It represents the compatibility between
the PV and the D* decay vertex. Therefore even this variable assumes larger values when
the D* in the event is not promptly produced. The %~ (D*) distributions for the three
channels are shown in Figure 4.5. The trend is similar to the Y3, one, where the events
at smaller x?~, are prompt ones, while for the secondary decays that variable assumes
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Figure 4.20: LL (up left), LD (up right) and DD (down) channels x3p, distributions.
Cuts KQ and D mass and zrp are applied. The vertical line represents the applied cut
on the variable.

larger values.
The cuts applied on the x%yp (D*) to reject secondary decays are:

e log(x3yp(D*)) < 2.5 for LL channel;
e log(x3yp(D*)) < 2 for LD channel;

e log(x3yp(D*)) < 2 for DD channel;

After the application of these cuts it is useful to extract the signal yields, fitting Am
histograms. This allows to understand the effects of these cuts. Histograms and fits
about the sample after the rejection of secondary decays are shown in Figure 4.21, 4.22
and 4.23. To fit DD channel distribution I fixed mean and standard deviation of the
Gaussian p.d.f. to the value extracted from the LD channel fit.

4.5.1 Signal event rejection

In Table 4.5 a comparison between signal yields before and after secondary decays is
summarized. From these data it is clear that with the application of cuts on x% and
X~ to remove secondary decays takes place also a significant loss of signal events. This
happens in every channel, but not with the same magnitude: the effect on LD events is
more than twice the one on LL and DD events. Even if it should be noticed that the
uncertainty on the DD yields it is comparable to the value of the fraction of lost events.
This is not a feature of the 2017 sample only: by looking at 2015-16 numbers ([39]) we
can see that the same effect was present there. This shown that the rejection of secondary
decays causes a significant drop in event yields.
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Figure 4.21: Am distribution and relative fit for LL channel, after the application of cuts
on KQ and D mass, zrp, X% and Xivp-

~ L T T T T T
Lo -

S 600F + :

~ C -

~~ - -

500 = —

2] — .

B wof i 5

L ~ a=-0.00117 * 0.0093 -

300 b = -0.000066 + 0.00053 =

- mean = 145.35+ 0.13 -

200 :_ n_bkg = 13000 + 140 _:

~ n sig= 355+ 83 -

100 :_ sigma= 0.70 + 0.18 _:

0 n ; =

1 1 1 1 1 1 1
140 145 155

150
m(D° Th,g) - MK KQ) [Mev/c?]

Figure 4.22: Am distribution and relative fit for LD channel, after the application of cuts
on KQ and D mass, zrp, x&p and X3vp-

Sample | Before x7p and xip cuts | After x#p and x3yp cuts | Cut efficiency
LL 1873 £ 124 1173 £ 63 63 %
LD 2631 £ 359 355 £ 83 15 %
DD 308 £+ 144 12 + 33 65 %

Table 4.5: Comparison between signal yields for 2017 sample before and after rejection
of secondary decays.
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Chapter 5

An improved approach to the analysis

In this chapter I analyze several variables exploited to distinguish signal to background
component present in the sample. After I identify with an automated procedure the cuts
configuration that mazimize the resolution that can be achieved.

In this part of the work I want to obtain the best resolution on A“F with the adoption
of the new strategy. To achieve this result it is necessary to identify and optimize a set
of cuts that allows to reject backgrounds, in both peaking and combinatorial component
and that do not apply any bias on the fraction of secondary decays. This implies that we
should not make any cut whose efficiency depends on the location of the decay vertex of
the D* particle relative to the PV. We will refer to this as a "vertex unbiased" selection.
To figure out the effect of the new strategy and to make a comparison with the alternative
strategy it is necessary, after the cuts application, to extract a value for the resolution
for the two selections that will be identified. This is not done in this analysis for the
DD channel, because of the small evidence of signal that was found that makes difficult
a significant comparison and shows little promise of contributing significantly to the final
result.

The analysis will be performed in the LL and LD channel separately, in order to achieve
the best possible resolution.

In the previous chapter a significant signal event loss was verified in case of the rejection
of secondary decays. Why this happens can be better understood looking at the variables
that allows the determination of x% and X3vp, and therefore on which the distinction
between prompt and secondary decays is based.

The signal events loss is due to the difficulty in distinguishing between D° coming from
prompt and secondary decays. Why this happens, and why this trend between channels
appears, can be clearly understood by looking at the shown xf (D%), x%p (m,) and
Xovp (D*) distributions. y% offers a good separation between prompt and secondary
decays only when the uncertainty on the D° decay vertex position is smaller than the
mean value of the difference between IP of secondary and primary decays. This condition
does not happen in the reconstruction of neutral and long-lived particles as KJ. In this
case the vertex resolution is not good enough, in particular the vertex that affects most
the determination of the x% is the DY decay vertex!. The uncertainty on the D° vertex

1\% is in reality determined also from the DY momentum direction, but with a parallel p(D°) transla-
tion, the uncertainty on the D° decay vertex reflects directly on the uncertainty on the distance between
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position for the three channels is shown in Figure 5.1. It is possible to see a strong decrease
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Figure 5.1: LL channel (top left), LD channel (top right), DD channel (bottom) uncer-
tainty on the D° decay vertex position distribution, for LL channel.

of the sensitivity from LL to LD and DD channels. The mean values of the resolutions on
the DY decay vertex are equal to 1.2 mm, 14 mm and 17 mm, for LL, LD and DD channel,
respectively. The expected difference between the IP of a secondary and a prompt decay
is related, and typically smaller, to the difference between the c¢7 of a b-hadron and a c-
hadron, that is ~ 400 um, and therefore assumes on average a smaller value with respect
to the resolution on the decay vertex position. It is useful to look at the resolution on
the D* decay vertex position, too. This is the variable that mostly affects the x3p (D*),
since the PV position is known with an higher resolution. The distributions of the D*
decay vertex position uncertainty, for the three channels, is shown in Figure 5.2. From
these plots emerges that the position of the D* decay vertex is known with a precision
even worse than the one of the D decay vertex. The mean values of the uncertainty on
the D* decay vertex position are equal to 19 mm, 25 mm and 60 mm, respectively for
the LL, LD and DD channel. These values have to be compared with the average flight
distance of a b-hadron in LHCb, that approximately is vGcr ~ 13 x 400 pm ~ 5.3 mimn,
assuming for these particles an average momentum equal to the D° one. These plots show
that LHCb ability to distinguish between particles coming from the PV or a displaced
vertex is strongly impaired in the presence of Downstream K¢.

It is simple to understand that, in these conditions, the application of a cut aimed to the
rejection of secondary decays removes from the sample a significant fraction of prompt
events, too, causing the observed statistics loss. This is a serious problem for the D°
— KK analysis, since it is mostly limited by the available statistics, and this approach
reduces again the available events. While other off-line selection cuts have more moderate

the PV and the D momentum, hence on the IP.
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Figure 5.2: LL channel (top left), LD channel (top right), DD channel (bottom) uncer-
tainty on the D* decay vertex position distribution, for LL channel.

effects and are probably unavoidable, it is worthwhile to ask whether it might be possible
to do without the secondary removal cuts. Much of what follows is devoted to the study
of this issue.

5.1 A new approach: including secondary decays

These limits are set by the LHCb configuration, not directly designed to reveal K2. There-
fore, to achieve a better resolution a new approach has to be thought, that allows to handle
secondary decays.

Therefore I set up an innovative way to analyze D° —KJK{ decay events, where sec-
ondary decays are not considered as background, but signal events. With this approach
no cut to reject them is applied. For this reason it is not present signal event loss, even
if the resolution does not allow to distinguish between the two event categories.

The difficulty associated with keeping secondary decays in the samples may seem a prob-
lem, but it must be considered that even in the standard analysis, some fraction of these
survives the cuts anyway, and the uncertainty on its amount introduced a non-negligible
systematics in the final result. In fact, since secondary decays can not be completely
distinguished from prompt events, the cuts applied do not reject all events coming from
b-hadrons. This circumstance requires the introduction of a systematic uncertainty, be-
cause of the different A7°¢ value assumed in the two samples, influenced by a different
fraction of secondary decays. The systematic uncertainty is usually computed esteeming
the fraction of secondary decays present in the sample, multiplied by the difference be-
tween the AP™? for prompt and secondary decays. In the most recent analysis performed
at LHCb this worthed 2 x 107%. This was not what limited the precision in analyzes
performed so far, but with the perspective of a increased statistics, this can become a
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serious problem.

By including secondary decays explicitly in the sample, we may instead be able to account
more accurately for their presence than in the old approach, avoiding the insurgence of
systematic effects. This is possible whether signal and control sample share the same
fraction of secondary decays. In this case in the difference between the two A"*" the
contributions from production asymmetries cancel completely.

Therefore the analysis I want to design have to include secondary decays in the sample,
but maintaining the same fraction of these in signal and control sample.

This however is more difficult than it may appear at first glance, because most of the
candidate channels to use as control channel are collected by triggers that include cuts on
impact parameters of tracks whose effect on the fraction of secondaries is extremely diffi-
cult to reproduce with some precision in the K$KY channel, due to its peculiar tracking
configuration. It is certainly not possible with the two samples that have been previously
used as control for the K{KY.

The simplest way to perform an analysis with this purpose is to do not apply any cut
on variables that can bias the fraction of secondary decays present in the sample. This
is possible through the application to signal and control channel of the same selection,
aimed to reject background.

5.1.1 Control channel

If the analysis I want to perform does not have to apply any bias on the fraction of
secondary events, it is necessary to have access to a control channel collected with a
trigger algorithm that does not apply any cut on variables that can influence the fraction
of secondary decays that can not be exactly mirrored on the K{K{ mode. This means
essentially that only cuts on global D° and D* variables, that are not related with precision
parameters like IP are allowed. A sample that can satisfy these requirements was indeed
collected during Run-2, it is the so-called D° — K+ K~ lifetime-unbiased sample. It will
be better explained later.

5.2 Variables analysis

In the following sections I will consider a number of vertex-independent observables, to
understand which allows to distinguish between signal and background event and to im-
prove signal to background ratio. We must also be careful in avoiding making cuts on
observables, whose effect can not be reproduced on our control sample. This may happen
for instance when resolution is very different for that variable in the two samples. The risk
we want to avoid is to affect some kinematic distribution, that in turn may be correlated
with D* vertex, leading to unwanted indirect biases on such vertex. At the end of the
whole selection process, we will perform a check of consistency of the kinematical distri-
butions of the signal with the control sample, to look for possible surviving differences,
and corrections if necessary. Each variable is particularly helpful in reducing one type of
background and I will present each variable considering the source of background that
allows to reject. At the end cuts will be applied on some of them. The value of the cut will
be chosen with an automated procedure that scans all the possible cuts combinations and
fits the Am distribution to extrapolate the achieved resolution on the number of signal
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events. This allows to determine the combination of rectangular cuts providing the best
resolution on our parameter of interest, that is AF.

5.2.1 Peaking background reduction

The first considered variable is the yZp of the KY candidates. It is the significance on the
flight distance of the K candidates present in the event. Only for a real K{ it assumes
a value significantly different from zero, if the resolution on the origin and decay vertex
of the K is small enough. In this situation it allows to distinguish between D° — KK
events and D* —K2rm or D° —mrrm, where the pion pairs identified as K have a null
FD. This cut on this variable has the same purpose of the one on zpp. Now that I
am not anymore concerned with comparing with previous data sample, for the definitive
selection it is preferred to use x%p (in particular its logarithm) because it exploits the full
information on K¢ candidates FD and not only its projection on one direction. Tt must
notices that , while this cut does in principle involve the position of the PV, the size of the
K lifetime is so much larger than the lifetime of b-hadron, that the potential bias on the
D* vertex position is absolutely negligible. Regarding comparing with the control sample,
this cut simply has no parallel in that sample, being purely "internal" to the decay tree.
The plot that allows to understand the cut that has to be applied is the two x3p (K3)
scatter plot, it is shown in Figure 5.3 and 5.4 for the two channels. For the LI channel
it is possible to distinguish four different regions where events cluster. In the bottom left
both K candidates have FD compatible with zero. These events are given by D' —rrrm
decay and combinatorial background. In the bottom right and up left regions are present
events where only one of the two K¢ candidates has FD compatible with zero. These
events are D° —K{rr events. In the up right region are present events where both K
candidates flight for a distance significantly different from zero. This is the signal region,
hence where both K are real. This is the region selected by applied cuts.

For LD channel it is possible to distinguish a cluster of events for which the y%p assumes
a value different from zero. The event distribution along the two axis is different, in
particular for a Downstream reconstructed KQ x2; naturally takes larger values. This
happens because in these cases K traveled for at least 400 mm, having decayed after the
VELO. Because of this condition the contribution of peaking background is automatically
suppressed when the K is reconstructed Downstream, while it is necessary to apply a
cut on the x&p of the one reconstructed Long.

The applied cuts to reject prompt peaking background are:

o (logxip (Kg,) —10)* + (logxpp (Kg,) — 10)? < 16 for LL channel;

e logxfp (K% ;) > 2.5 for LD channel.

5.2.2 Rejection of combinatorial K

The main background of this analysis is the combinatorial component. As already said it
is given by randomly matched particles that form a fake mother particle candidate. It is
important to notice that this component is composed by fake KJ, D° and D* candidates,
that have to be separately analyzed and rejected.

I started working on the combinatorial component from the end of the decay chain,
rejecting fake K, due to the random matching of pion pairs present in the event.
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Figure 5.3: Scatter plot of logarithm Y2, of K candidates in the event. K¢ are labeled
as 1 and 2 only to distinguish first and second candidate. Applied here are fiducial, LO,
KQ and D° mass cuts. The applied cut on log x2p, is represented by the black line.

To distinguish between real and fake K$ a set of variables can be used, which distri-
bution is different for signal and background component. To produce this distribution the
K3 candidates mass distribution is exploited. Here it is partially possible to identify real
candidates selecting the ones with a mass near the one of a real K2. This does not work
completely. From Figures 4.5 and 4.6 it is clear that a significant fraction of events in the
selected mass window comes from combinatorial events, that randomly have a mass near
the real value. Considering this, to obtain the distribution of only real K¢ candidates it
is necessary to perform a sideband subtraction.

The procedure I followed to perform sideband subtraction consists in:

e production of distribution adopted to distinguish between signal and background
component;

e identification of signal and sideband regions;

e fitting of background component in the sideband region, to extrapolate the contri-
bution in the signal one;

e production of distributions for analyzed events, separately for the two regions;
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Figure 5.4: Scatter plot of logarithm 3, of K candidates in the event. Logarithm of x%p,
of Long reconstructed KQ on x-axis and Downstream reconstructed on y-axis. Applied
here are fiducial, L0, K$ and D° mass cuts. The applied cut on log x%p is represented by
the black line.

e production of a background distribution with rescaled in order to have the number
of events equal to the one extrapolated in the signal region with the fit;

e the rescaled background distribution is subtracted to the one of the signal region,
producing the distribution for signal events only;

e both signal and background distributions are normalized to their integral to compare
them coherently.

This procedure is applied here to reject fake K and it will be applied in the following
part of the analysis in the same way to reject other combinatorial background, adopting
different distributions where to identify signal and background regions.

To reject fake K§ I started producing the K¢ candidates mass distributions, separately
for Long and Downstream reconstructed K, in LL and LD channel. Here I identified
signal and background regions as the ones adopted in the preliminary analysis shown
in the previous chapter. I fitted the background component in the K{ candidates mass
distribution outside the signal region with a polynomial function of grade one and two,
respectively for LL and LD channel distributions.
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The KJ candidates mass distributions for LL and LD channels are shown in Figure 5.5
and 5.6, where the performed fits are plotted.

& = T T T T T T |
2 700~ Entries 17802 3
= = Mean 497 =
2 600 Std Dev 107 3
g o -
i - =
500 — —]
400 — —
300 f— —
200 f— —
100~ —

- - .o.n.ﬁrlnh h =

T e T I L P vt
0 1 PR M i i

PR e T PR ST ST T T ST NN T T T T T T T '
470 480 490 500 510 520 0. - 530
m (K) [Mevic?]

Figure 5.5: K candidates mass distribution for LL channel. The fit to extract the
background component in the signal region is shown. To produce this distribution the
applied set of cuts is: fiducial cuts, LO cuts, x&p (K2) cuts, |Am — 145.4 MeV/c?| < 1.5,
MeV/c?|m(D) — 1864.4 MeV/c?| < 20 MeV/ 2.

As can be seen the functions do not describe exactly the background contribution.
This was expected, since the choice of those function shapes has not physical motivation.
The obtained description of the background is however fully adequate for the purposes
of this step of the analysis, where I want to obtain only an estimate of the background
component in the signal region.

The first variable T analyzed to distinguish between real and fake K is x2.. For
a fake K X2, is expected to assume a larger values on average. This because for the
background contribution two pion tracks do not come in reality from a common vertex,
as, on the contrary, happens for the decay of real K2. This variable has been analyzed
for both LL and LD channel. For LD channel it was useful to distinguish between TIS
and TOS tagged events.
i (K9) distributions for LL and LD channels are shown in Figure 5.7 and 5.8. Tt is
possible to distinguish a different behavior for Long and Downstream reconstructed K
and for TOS and TIS tagged events. The distributions for signal and background behaves
as expected, seeing that background contribution has a longer tail with respect to the one
of the signal. This can be exploited to increase the signal to background ratio and a cut
on X2, will be applied.
Another considered variable is the transverse momentum of the K3. pr (KQ) distributions
for LL and LD channels are shown in Figure 5.9 and 5.10. Here the distinction between
Long and Downstream reconstructed K and between TOS and TIS tagged events is more
evident than before, due mostly to the different trigger cuts that influences the distribu-
tions. The difference between pr distributions for signal and background events is clear.
Signal contribution has larger pr on average, since those KJs come from the decay of a
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Figure 5.6: K§ candidates mass distributions for LD channel. Long reconstructed KJ on
the left and Downstream reconstructed on the right. The fit to extract the background
component in the signal region is shown. To produce these distributions the applied set of
cuts is: fiducial cuts, LO cuts, x&p (KQ) cuts, |[Am—145.4MeV/c?| < 1.5, MeV/c?|m(D)—
1864.4 MeV/c?| < 20 MeV/c2.

D°. Only on the pr of the Downstream reconstructed K a cut will be applied. In the
other cases the application of any cut could be counterproductive. This because, for Long
TOS events, the difference is less evident and a cut can not be so efficient, while for Long
TIS events even a loose cut on pr can exclude a significant fraction of signal events. This
is done considering that also other cuts have to be applied and reducing too much signal
contribution with a single cut, to maximize there the signal to background ratio, is not
efficient.

To reject fake K9 candidates are obviously applied mass cuts, too. As previously shown
a mass cut is extremely powerful rejecting a large fraction of combinatorial background.
The applied mass cuts are the same as before.
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Figure 5.7: X2, (KQ) distributions for signal and background contributions, for L chan-
nel. To produce this distribution the applied set of cuts is: fiducial cuts, LO cuts, x&p
(KQ) cuts, |Am — 145.4 MeV/c?| < 1.5MeV/c?, [m(D°) — 1864.4 MeV/c?| < 20 MeV/c?.
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Figure 5.8: X2, (KQ) distributions for signal and background contributions, for LD
channel. On the top left are shown Long reconstructed and TOS tagged KJ, on
the top right are shown Long reconstructed and TIS tagged Kg, on the bottom are
shown Downstream reconstructed KJ. To produce this distribution the applied set
of cuts is: fiducial cuts, LO cuts, x2p (KQ) cuts, |[Am — 145.4MeV/c?| < 1.5 MeV/c?,
|m(D) — 1864.4 MeV/c?| < 20 MeV/ 2.
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Figure 5.9: pr (KQ) distributions for signal and background contributions, for LL channel.
TOS events are shown on the left, TIS on the right. To produce this distribution the
applied set of cuts is: fiducial cuts, LO cuts, x3ip (K3) cuts, |Am — 145.4MeV/c?| <
1.5MeV/c?, [m(D%) — 1864.4 MeV/c?| < 20 MeV/ .

5.2.3 Rejection of combinatorial DY

The variables analyzed here aim to reject fake D°, given by the random combination of K
present in the event. The signal region it is identified as the one around the peak in the
D candidates mass distribution: |m(D") —1864.4 MeV/c?| < 20 MeV/c?. The background
region is the one outside the peak. Also here to extrapolate background contribution
under signal peak I fitted mass distribution in the background region. In particular I
adopted a first degree polynomial function.

The D mass distributions for the two channels are shown in Figure 5.11 and 5.12. It
is possible to see a clear difference between the signal evidence in the two samples. The
signal to background ratio in the LL channel is clearly higher than in the LD channel. In
the first case I decided to apply only a mass cut to reject combinatorial fake DY. In the
case of LD channel it is not enough and I analyzed other variables.
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Figure 5.10: pr (KQ) distributions for signal and background contributions, for LD

channel.

On the top left are shown Long reconstructed and TOS tagged KJ, on

the top right are shown Long reconstructed and TIS tagged Kg, on the bottom are
To produce this distribution the applied set
of cuts is: fiducial cuts, LO cuts, x2p (KQ) cuts, |[Am — 145.4MeV/c?| < 1.5 MeV/c?,
|m(D) — 1864.4 MeV/c?| < 20 MeV/c?.
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Figure 5.11: D candidates mass distribution for LL channel. The fit to extract the
background component in the signal region is shown. To produce this distribution the
applied set of cuts is: fiducial cuts, LO cuts, x&p (K2) cuts, |[Am — 145.4MeV/c?| <
1.5 MeV/c?, Im(K3) — 497.6 MeV/c?| < 10.5 MeV/ 2.
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Figure 5.12: D candidates mass distributions for LD channel. The fit to extract the
background component in the signal region is shown. To produce this distribution the
applied set of cuts is: fiducial cuts, LO cuts, xop (K3) cuts, |Am — 145.4 MeV/c?| <
1.5 MeV/c? m(KQ) — 497.6 MeV/c?| < 10.5MeV/c? for Long reconstructed K9, |m(KQ) —
497.6 MeV/c?| < 15MeV/c? for Downstream reconstructed K3.

The first variable I decided to analyze is the D° transverse momentum.
DY transverse momentum distribution for LD channel is shown in Figure 5.13. As was

§> [ T T T T T — T 1 T T T3
() — . _
2 sl —+ signal T
§ N —+ background ]
s [ .
c

g 02— —
@ L ]
0.1— —]
o o e | ]
-0.1p— —
I B R E ET R R [

0 2000 4000 6000 8000 10000 (0]

o, 1200
P, (D7) [MeV/c]

Figure 5.13: pr (D) distribution for signal and background contributions, for LD channel.
To produce this distribution the applied set of cuts is: fiducial cuts, L0 cuts, x&, (K3)
cuts, |[Am —145.4MeV/c?| < 1.5MeV/c?, Im(KQ) — 497.6 MeV/c?| < 10.5 MeV/c? for Long
reconstructed K3, |m(K3) — 497.6 MeV/c?| < 15MeV/c? for Downstream reconstructed
KQ.

expected from plot shown in Figure 5.12 the signal contribution is poor, and this leads to
a low statistics histogram for the signal contribution, as shown in the previous Figure. In
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this situation is still possible to distinguish two different trends for the two contributions.
This motivates the inclusion in the optimization procedure of the pr (D?).

5.2.4 Rejection combinatorial D*

Another analyzed variable is the 7, transverse momentum, that helps in rejecting fake
D*. The D* transverse momentum it is not considered because it is highly correlated to
D and 7, transverse momentum. To identify a signal and background region here the
Am distribution is considered. The signal region it is identified as |[Am — 145.4 MeV/c?| <
1.5 MeV/c? and the background region is the complementary one. The fit is performed
only on the background region, to fit background component. During this procedure I
found useful to adopt a different background parametrization, since it converges for a
larger range of initial parameters with respect to the one adopted in the preliminary
analysis; for the same reason I decided to adopt this for the rest of the analysis from this
point. The adopted p.d.f. is:

fokg(x) < Ve —m (1 +a-(x—m;,) +b- (2 —my)?) (5.1)

Am distributions and the performed fit on these are shown in Figure 5.14 and 5.15.
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Figure 5.14: Am distribution for LL channel. The fit to extract the background com-
ponent in the signal region is shown. To produce this distribution the applied set of
cuts is: fiducial cuts, LO cuts, x3&p (KJ) cuts, |m(KQ) — 497.6 MeV/c?| < 10.5MeV/c?,
|m(D) — 1864.4 MeV/c?| < 20 MeV/ 2.

pr (Tiag) distributions for LL and LD channel extracted using previous fits are shown in
Figure 5.16 and 5.17. This variable can be adopted to reject combinatorial background
events for LL channel, as can be seen from the different trends present in Figure 5.16.
For the LD channel the low statistics does not allow to distinguish as in the previous case
two different trends. For this reason this variable it is not adopted in the following part
of the analysis.
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Figure 5.15: Am distribution for LD channel. The fit to extract the background compo-
nent in the signal region is shown. To produce this distribution the applied set of cuts
is: fiducial cuts, LO cuts, x3n (K§) cuts, |m(KQ) —497.6 MeV/c?| < 10.5MeV/c? for Long
reconstructed K and [m(KJ)—497.6 MeV/c?| < 15 MeV/c? for Downstream reconstructed
KQ, Im(D°) — 1864.4 MeV/c?| < 20 MeV/ 2.
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Figure 5.16: pr (m;q,) distribution for LL channel. To produce this distribution the applied
set of cuts is: fiducial cuts, LO cuts, x&p (KQ) cuts, |[m(K2)—497.6 MeV/c?| < 10.5 MeV/c?,
|m(D) — 1864.4 MeV/c?| < 20 MeV/c?.

5.3 Cuts optimization

As previously said, the identified variables are now scanned together to find the best
cuts configuration that maximizes the statistical sensitivity that can be achieved. The
sensitivity on AP is directly connected to the one that can be achieved on the number
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Figure 5.17: pr (myq,) distribution for LD channel. To produce this distribution the
applied set of cuts is: fiducial cuts, LO cuts, xi, (K3) cuts, |m(K$) — 497.6 MeV/c?| <
10.5MeV/c? for Long reconstructed K and |m(KQ) — 497.6 MeV/c?| < 15MeV/c? for
Downstream reconstructed K¢, [m(D°) — 1864.4 MeV/c?| < 20 MeV/c?.

of signal events Ng, as can be simply seen in the case of null A":

2 2
é)JQCH) Z)J4CHD
oA ger—g = (aM) o2(N.) + ( aN) PN ) =

So the optimization procedure it is performed as follows:

e For each variable a values range where the cut will be located it is identified, sug-
gested from signal and background distributions previously shown;

e In each the selected region some steps are identified, that can be in different number
for different variables;

e Every possible combination of the identified steps is applied to the sample and the
relative Am distribution is extracted;

e Each Am distribution is fitted and the value of o(Ng)/Ng is extracted.

During the optimization process one or more fits could not converge to a good minimum
and did not provide any significant result. This happens because the initial parameters
from where every fit starts its minimization are the same and this choice can lead to bad
convergence in some case. When the fit does not converge to a good minimum it is re-
peated changing initial parameters, until it is possible to know the value of o(Ng)/Ng for
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every cut combination. I chose this strategy as a good compromise between the control
on the procedure and the time necessary for its execution. In fact, the number of fits
that have to be run more than one time is small and the procedure is sufficiently fast.
This happens because of the poor sample statistics, that makes the fit convergence simple
enough.

In conclusion the selection that will be applied to LL. channel events is:

e Fiducial cuts

LO trigger requirements: DO LOHadronDecision TOS VvV DS_L0Global TIS;
log(xfp (KS 1)) - 101 + [log(xfp (K 2)) - 10]* < 16;
Im (K, ,) —497.6 MeV/c?| < 10.5 MeV/c;

|m(DY) — 1864.4 MeV/c?| < 20 MeV/c?;
o 2. (K§ 1) < 27.5;
o pr (Mrag) > 225 MeV/e.
The selection that will be applied to LD channel events is:

e Fiducial cuts

LO trigger requirements: DO _LOHadronDecision TOS VvV DS_L0Global TIS;

log(X#p (K3 Long)) = 2.5;

M (KS ) — 497.6 MeV/c?| < 10.5 MeV/c* and
|m(K — 497.6 MeV/c?| < 15 MeV/¢?;
(

S Downstream)

o |m(D°) — 1864.4 MeV/c?| < 20 MeV/c?;

X%tx (Kg Long,TOS) < 225,
X\%tx (Kg Long,T[S) < 25,
X\Q/tx (K(S] Downstream) < 15,

e pr (DY) > 4000 MeV/ec.

These selections identify the two samples on which the analysis will be performed.
I need to underline that this is only a preliminary analysis and is clear that this opti-
mization procedure does not achieve the best conceivable resolution. It is still possible
to introduce multivariate cuts as it was done in the last LHCb analysis |40], leading to a
further improvement in resolution with respect to the purely rectangular selection, but it
is not done here since it is not the purpose of this analysis, that aim to understand the
results that can be achieved including secondary decay events in the sample.
It is interesting to analyze the Am distributions obtained for the two channels with the
application of the mentioned selections and to fit them in order to understand the statis-
tical sensitivity that can be achieved.
The Am distributions for LL and LD channel after the application of the identified se-
lections are shown in Figure 5.18. To produce these plots the KJ mass constrain was
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Figure 5.18: Am distribution for LL (up) and LD (down) channels after the application
of identified selections.

imposed on the decay chain. This is done after the selection it is already applied and the
background component is reduced, so the application of this constrain allows to improve
mass resolution and signal to background ratio without pulling fake K§ events artificially
in line with the expected mass. The achieved statistical sensitivities for the two channels
are at this point 5% and 14.2%, respectively for LL and LD channel.

It is interesting to analyze the two channels rejecting secondary decays, with the appli-
cation of the x% (D°), x¥p (Tiay) and Xx3yp (D*) cuts, extracting the signal yields and
the achieved resolution. The obtained Am distributions and the relative fits are shown
in Figure 5.19, for LL and LD channels; also here the K mass constrain is applied. It
is useful to make a comparison between the results that can be obtained rejecting or not
secondary secondary decays, shown in Table 5.1. The most important thing that emerges
from the comparison is the gain in statistics obtained with the new strategy. The selection
here identified reaches the purpose for which it was thought, avoiding the significant de-
crease of signal yields due to the application of x% and Y3, cuts, verified in the previous
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Figure 5.19: Am distribution for LL (up) and LD (down) channels after the application
of identified selections and the rejection of secondary decay events.

Sample Nsig 0 (Nsig) /Msig |70
LL 1452 £ 73 D
LD 430 + 61 14.2
LL (no sec.) | 1217 £ 58 4.8
LD (no sec.) | 311 £+ 38 12.2

Table 5.1: Comparison between signal yields and statistical sensitivities achieved for LL
and LD channels before and after the rejection of secondary decays. I used no sec. to
label the samples where secondary decays are rejected

chapter and present here, too, equal to 16 % and 28 %, respectively for the LL and LD
channel. It can be noticed that the decreases due to the considered cuts are smaller than
the ones verified in the previous chapter. This does not changes the purposes for which
the analysis has been thought and it is probably due to cuts included in the optimized
selection, that rejects a fraction of signal events that will be rejected by the x% and 3
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cuts, too.

The other important quantity that has to be compared is the achieved statistical sensi-
tivity. The rejection of secondary decays improves the result, rejecting also a significant
fraction of background events, but leading to resolution values similar to the ones achieved
with the new analysis.

These two results shows that the identified analysis approach reaches its purpose, demon-
strating the possibility to perform an analysis without applying any cut on variables
related to vertex position, avoiding the related signal event loss and reaching a sensitivity
similar to the one achieved with the usual approach.

While this may be less exciting of what the Table 4.5 in Chapter 5, on a perspective
of future, larger samples, the important advantage remains of a reduced systematics on
secondary subtraction.

5.4 Application of PV constrain

Another element has to be added to considered. In the usual analysis, after the rejection of
secondary decays, it is possible to exploit the DTF PV constrain. Forcing the coincidence
between the D* vertex and the PV a further resolution improvement take place. To
understand the improvement size I apply PV constrain, fitting Am distributions.

The Am distributions obtained exploiting the PV constrain and the relative fits on LL and
LD channel events, are shown in Figure 5.20. It clearly emerges that the PV constrain is
a powerful tool to improve the resolution; in fact it allows to reach a statistical sensitivity
equal to 3.6% and 9% for the LL and LD channel, respectively, causing an improvement of
several percent. The PV constrain can not be directly applied in case of the new approach,
because of the presence of secondary decays in the sample. But other strategies can be
found to anyway exploit it.

5.4.1 Ax? splitting

In the sample where secondary decays are not rejected, are present events for which the
D* vertex is compatible with the PV and other where happens the opposite. The second
ones are usually rejected with the application of the x% and x3~p cuts. The two kinds of
event can be distinguished considering the difference between the DTF x? values (defined
as Ax?), without and with the application of the PV constrain. The two fits have different
degrees of freedom (dof), in particular the one where the PV constrain is applied has 3
more dof than the other, therefore Ax? is distributed as a x?, with 3 dof. Ax? will
assume larger values for events where the D* is not compatible with the PV, because the
x? returned by the DTF, when the PV constrain is applied, will assume larger values,
because of the D* vertex incompatibility with the PV.

The sample can be therefore split between events where Ax? in smaller than a certain
threshold, for which the PV constrain can be applied, and those where Ax? is larger than
the threshold, where the constrain can not be applied. The threshold value here assumed
is 8, equal to a distance of two standard deviations from the distribution mean.

This splitting allow to apply anyway the PV constrain, to improve the resolution, and to
maintain the full sample statistics, avoiding the cuts necessary to reject secondary decays.
In this approach it is possible to manage the fraction of secondary decays, that can be in
principle different between the two subsamples. This is based on the work described in
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Figure 5.20: Am distribution for LL (up) and LD (down) channels after the application
of identified selections and the rejection of secondary decay events, extracted using DTF
with PV constrain.

the following sections, and will be explained in 6.2.4.

This approach will not be completely pursued, since it is over the thesis aims, but it
is interesting to understand the resolution that can be achieved applying it to the 2017
sample, and if it is comparable with the one achieved simply rejecting secondary decays
and applying the PV constrain.

5.4.2 LL channel

Am distributions obtained splitting the LL channel sample depending on the Ax? value
and the relative fits are shown in Figure 5.21. As can be seen for the sample where the
D* is compatible with the PV, the resolution is improved by the applied PV constrain,
and it is equal to 3.5%. On the sample with Ax? over threshold, the statistics is lower
and the resolution is 22.2%.

78



5.4. APPLICATION OF PV CONSTRAIN

N
N
o
et 500 a= 0002+ 0.014
P b = -0.000138 + 0.00082
) mean = 145.4226 + 0.0097
O 400 nbkg = 6197 + 83
nsig= 1267 + 44
300 sigma= 0.2556 + 0.0090
200
100
o i
3
-5
140 145 150 155
M(D°m,y)-m(K K) [MeV/c?]
-~ 1 1 1 1 v 1 1 1 1 -
N 140
S -
E 120 + + .|. + |
o -I- . a .
Li 100 ] =]
4 - b :
80 8 Nt iia —]
-l- 1T -]- ‘I' a=-0.0353 + 0.010 -
60 b= 0.00117 + 0.00064 —
b + + mean = 145,51 + 0.13 -
40 nbkg = 5844 + 87 —
;;, nsig= 198+ 44 =
20 sigma= 0,59 + 0.12 —
o 9 - R L L L L | PSP S SR
3 El bt bbb bbby LTI Y YT BEN Y F R n*,u”nu ;“uin“”u‘j
L P P PP PP PP PPPTINY

0 55
M(D T,g)-m(KKQ) [Mev/c?]

Figure 5.21: Am distributions, relative fits and results for events for which Ay? is less
than 8 (up) and more than 8 (down), for LL channel.

Combining these two results, the overall resolution is equal to 3.5% for the LL channel.

5.4.3 LD channel

Following the same procedure for LD channel events, I obtain the results shown in Figure
5.22. Also here the resolution has improved for events with a Ay? under threshold, where
it is 8.9%; for the other considered subsample, the yield is really low and the resolution
is equal to 41.6%.

The combination of these gives a statistical sensitivity that is equal to 8.7% for the LD
channel.

Applying the analysis here set up, and after splitting the sample depending on the
Ax? value, allows to reach a resolution equal to 3.5% and 8.7%, respectively for the LL
and LD sample. From this comparison emerges that including secondary decays in the
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Figure 5.22: Am distributions, relative fits and results for events for which Ay? is less
than 8 (up) and more than 8 (down), for LD channel.

sample, and then splitting it as shown, does not limit the statistical sensitivity that can
be achieved, and on the contrary, it is possible to achieve a better resolution with respect
to the one given by the traditional analysis.
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Chapter 6

Precision asymmetry calibration

In this chapter I will analyze the lifetime-unbiased D° — K+t K~ sample, adopted here as
control channel. I will analyze it, extracting its A" and correction parameters due to
present trigger cuts.

6.1 Control sample analysis

The control channel adopted in this analysis is the so-called "lifetime-unbiased" D°
— K*K~ sample. This is a special-purpose sample very different from the one used in the
AAY measurement (Chapter 1). Tt has been collected with trigger selection that applies
the minimum possible bias to the impact parameters of the K*. Its original motivation
had nothing to do with the present analysis (it was mainly about precision DY lifetime) -
but, as it will be seen in the following, we found the way to use it very effectively for our
purposes.

This sample has two features that are crucial for the calibration of our analysis. The
first is the equality between AP™% and A% values for the signal and calibration samples,
necessary for the AY (D° —K2KY) extraction; this is expected since in both cases the
DP comes from a D* decay and the two decay chains differ only for the D decay channel,
that is a CP-eigenstate, not influencing A%!. The other essential condition is the absence
(nearly complete) of cuts that can bias the fraction of secondary decays through cuts that
can not be reproduced in the signal sample. In the next sections I will discuss in details
the features of this sample, and what needs to be done to make it possible to use it as a
calibration sample for my measurement.

6.1.1 Lifetime-unbiased D — K"K~ trigger selection

The HLT1 and HLT2 selections adopted by the "lifetime-unbiased" sample are summa-
rized in Table 6.1 and 6.2. It is important to carefully compare these requirements to
our signal sample. This is done in Table 6.1 and 6.2, and in the ones shown in 4.2.

Some cuts present in the selection are applied on quantities that stands only for one of
the two samples, for example, the requirement on the track reconstruction quality for the
K* in the control sample.

The presence of different cuts on kinematic variables in KJKQ and K™K~ selections can
introduce sizable differences in events kinematics. However the application of identical
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6.1. CONTROL SAMPLE ANALYSIS
Variable Cut
pr (K7) > 800 MeV/c
PT mae(K¥) > 900 MeV/c
p (K%) > 4000 MeV/c
X2 track(K:t) <2
>, (K*) =~ 1500 MeV/e
Im(KTK~) —m(D°)] | < 100 MeV/c?
DOCAin(KTK™) < 0.2 mm
(DY) > 0.2 ps
Xatx/ndE(D°) < 10

Table 6.1: Summary of lifetime-unbiased D° — K+ K~ sample HLT1 selection.

Variable Cut
pr (K7) > 800 MeV/c
PT mae(K¥) > 1200 MeV/c
o/ ndf(D0) <10
TBPV (DO) > 0.25 pPs
DOCA,in(KTK™) < 0.2 mm
QD]RA(DO) < 141.5 mrad
pr (D) > 2000 MeV/c
m(D,y) — m(KTK™) € [130, 160] MeV/c?
D1 (Tiag) > 200 MeV/c
Pyhost (Ttag) < 0.25
X /ndf(a,) <3
Vo /ndf(D") 25
COS(QD[RA(DO)) > 0.9
TisTosSpec TOS on Hlt1CalibTrackingKKDecision

Table 6.2: Summary of lifetime-unbiased D° — KK~ sample HLT2 selection.
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6.1. CONTROL SAMPLE ANALYSIS

cuts would not cause different effects in the two samples for kinematic variables, since
their resolution in both samples is good enough to guarantee they will have the same
effects on the relative distributions. The only cuts, of this kind, that differs in the two
selections, are those applied to the transverse momentum of the D° decay products: in the
K™K~ sample it is required pp (K*)>800MeV/c and pr . (K*)>1200 MeV/c, while in
the KQK{ trigger selection it is required pp (KQ)>500MeV/c and no constraint is placed
on the K with maximum momentum. The equalization of these cuts will be discussed
in 6.2.5.

Had the cut on the K™K~ sample been looser than in the KJK, the issue could have
been easily fixed applying the tighter cut to both samples - given the large size of the
K™K~ sample, this would have no effect on the final precision of the result. In the other
situation, we need to be more careful, not to waste precious signal.

Other cuts that have to be analyzed are the ones that can directly or indirectly bias the
fraction of secondary decays in the control channel. The only explicit bias is due to the
tepy (DY) cut, that rejects events where Tppy (D°) assumes a value smaller than 0.25
ps; it is important to notice that even if this cut reject an events fraction, it does not
distort the 75py (DO) distribution. A potentially dangerous cut, with an indirect effect on
secondary decays is the one on the HDIRA(DO), since it selects particles with a momentum
pointing to the PV, with an effect similar to 7. On 0p;ra(D°) two cuts are applied,
but the significant one is the Oprra(DY) < 141.5 mrad one, equal to cos(fprra(D)) >
0.99. The cut on Oprra(D°) is present in our signal sample too, and is much tighter
(Oprra(D°) < 34.6 mrad) than the one applied on the control sample; this difference can
be significant for the analysis. For Oprra(DP) the resolution is very different in the two
samples, therefore cuts can not simply be equalized, since the same cut does not affect in
the same way the fraction of secondary decays in the two samples. The effect of this cuts
will be analyzed in detail later and it will be seen not to be a problem.

Finally, the most problematic requirement is the 75py (D°) cut. This is definitely going
to have an effect on the fraction of secondaries, that we need to deal with somehow. This
is a trigger cut, so we cannot remove it; we cannot apply to the signal sample either,
because the resolution there is much different - so it is a real problem. Two facts however
come to out help:

e the cut is much lower than in the standard D° —K* K~ sample; this means that
its effect is much reduced;

e the cut is much "sharper", being a direct cut and not an indirect consequence of
cuts on the individual tracks; efficiency goes to nearly 100% immediately above the
cut. This causes it to affect mainly the primary decays, leaving secondaries nearly
unaffected.

The bottom line of all this is, even if this cut cannot be neither eliminated nor equalized,
its effect is sufficiently small and predictable that we can instead plan for calculating its
effect and explicitly correct our A" results for it - so we will make this our plan.

Other cuts present in the selections are the ones on the track- or vertex-reconstruction
quality; these are equal in both samples, but even if different, they does not represent a
problem, since they does not affect the of secondary decays fraction.
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6.1. CONTROL SAMPLE ANALYSIS

6.1.2 Analysis of the control sample

It is interesting to take a first look at the control sample before any selections, to under-
stand the present signal to background ratio. This can be seen from Figure 6.1, where Am
and DY candidates mass distribution for the control sample are shown. From these plots it
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Figure 6.1: Am (up) and D" mass candidates (down) distributions for D' K™K~ decay
events. Fiducial and LO cuts are applied.

is apparent the considerable difference between the signal and control sample purity; even
without any cut, the D° — K K~ signal to background ratio is significantly larger to the
signal one, in both Am and m(D°) distributions. This is significant: since this sample has
been collected with loose cuts, the signal to background ratio is not obvious. The plots
assures the small background contribution that allows to achieve the required resolution
on AP (K*K~). Another interesting variable is the uncertainty on the DY decay vertex
position in this channel, shown in Figure 6.2. As can be seen from the distribution mean
value, for the K+ K~ sample the resolution on the D decay vertex determination is much
better than in the K$KY sample as it would be expected. This implies that, if we want
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Figure 6.2: Distribution of the uncertainty on the D° decay vertex position for D
— K™K~ decay events. Fiducial and L0 cuts are applied.

to keep equal fraction of secondary decays in the two samples we must never cut on this
type of variables, as the effect of the same nominal cut would be completely different in
the two samples.

6.1.3 Selection application

These first analysis steps confirmed that the control sample has the expected properties.
To extract the A" value of the complete sample, it is necessary to apply to the con-
trol sample the selections already identified on the K{K§ sample, to equalize detection
asymmetry. For the K™K~ sample all particles are detected with Long tracks, therefore
are not defined different channels. For this reason the same sample, shown in previous
plots, will be adopted as control channel for both LL and LD channels, applying the two
different selections, identified for the KJK{ channels.

The selections that will be applied to the D° —K+K~ sample can not be equal to the
ones of the DY — K{K{ events, since, as happened for the trigger cuts, only a part of the
involved variables are defined in both kinds of event.

The selection applied to DY —K+K~ events to identify the LL channel control sample
are:

e Fiducial cuts;
e L0 trigger requirements: D0 LOHadronDecision TOS Vv DS _L0Global TIS;
o |m(D") — 1864.4 MeV/c?| < 20 MeV/c?;
o pr (Miay) > 225 MeV/e.
The ones applied to identify the LD channel control sample are:

e Fiducial cuts
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e L0 trigger requirements: D0 LOHadronDecision TOS Vv DS L0Global TIS;
o |m(D%) — 1864.4 MeV/c?| < 20 MeV/c?;
e pr (DY) > 4000 MeV/ec.

After the application of these cuts it is interesting to analyze the Am distributions, to
understand how the selections affected the K™K~ sample. The Am distributions of LL
and LD channel control samples are shown in Figure 6.3. From the plots emerges that
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Figure 6.3: Am distributions for control samples adopted for LL (up) and LD (down)
signal samples.

the selections improve the signal purity, rejecting a significant background component.
This was expected, since the selections, even if identified on the KJKY sample, aim to
signal events. It can be noticed the different effect of the two selections: the LD channel
selection rejects a larger background component with respect to the LL one. This is most
probably due to the cut applied on pr (D°); it is an hard cut and is present only in the
LD selection. The difference between the two samples does not represent a problem, since
the two samples will be analyzed separately.
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6.1.4 A" variation

Before proceeding T analyzed the A" variation as a function of x%, (D*) for the control
sample. This provides significant information because, for different x?, (D*) values, the
sample is composed by a different fraction of secondary decays, in particular the sample
at low x% (D*) is nearly pure primary, while at high x% (D*) it becomes pure secondary
decays. The A" dependence on the different sample composition is partially due to the
A%t variation for prompt and secondary decays, that can have different kinematic distri-
bution, but for the most part it is caused by the different A7"°? of the two kind of events,
as already discussed in 4.3.1. The difference in A™" between low and high x% (D*) val-
ues is a crucial observable with a rich phyisics content, to measure the difference between
AProd for primary and secondary decays. This quantity, multiplied for the fraction of
secondary decays, has already been used in past analysis ([40]) to estimate the systematic
uncertainty on A", due to the presence of residual contamination of secondary decays in
the sample, after their rejection.

For this purpose I divided the sample in x% (D*) bins, and then extracted the value
of A" for each bin, counting events present in Am distributions tagged with opposite
Tiag Sign. To extract the number of events present in the peak I fitted the background
contribution in the Am region outside Am € [141, 150] MeV/c?, defined as signal region.
The adopted p.d.f. is:

forg(2) o< Vo —mg[l+a-(x —mg) +b- (z —my)?

I perform in this case a minimum y? fit, instead of a maximum likelihood one. This
choice, in fact, helps the fit convergence, difficult in case of an high statistic sample, as
the D —K*K~ one. Through the extraction of the background shape I extrapolated
the number of background events in the signal region. With this I computed the number
of signal events, from the difference between the overall events in the signal region and
the background contribution extracted from the fit.

The A" values extracted for each xf» (D*) bin, and the relative mean value are reported
in Table 6.3. These values are plotted in Figure 6.4 in function of the x% (D*) mean values.

The trend expected for this plot is monotonic increasing, since:

Xip (D) bin_| <xjp (D*)> | A™ [%]
<0.85 0.39 -0.97 £ 0.09
0.85 - 2.25 1.49 -0.99 + 0.09
2.25 - 4.85 3.39 -0.85 + 0.11
4.85 - 11.45 7.59 1.1+ 0.2
11.45 - 19.49 15.06 -0.36 £ 0.8
19.49 - 31.35 24.86 0.4 +1.2
31.35 - 61.76 44.42 1.8+ 1.1
61.76 - 113.85 |  84.46 1.6 + 1.1
~113.85 1498 0.72 % 0.48

Table 6.3: Identified x7p (D*) bins, corresponding xfp (D*) mean values and extracted
A'f‘aw‘
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Figure 6.4: A" values in function of x% (D*) for control channel events.

e one expect that the x% (D*) cut does not significantly affect the prompt and sec-
ondary decays kinematics;

e the fraction of secondary decays is a monotonic increasing function of the x% (D*);

e the measured A" value in each bin can is a linear function of the fraction of
secondary decays, and a linear function is monotonic increasing.

Indeed, the plot in Figure 6.4 seems to follow the behavior predicted by the above con-
siderations. The size of the variation between the two ends of the plot is an important
quantity, and one that is not very easy to predict without a direct measurement, as it
is the product of a complex set of physics effects. Had it been negligible, the effort to
carefully balance the fraction of secondary decays between the two samples would be
pointless, since AP, and hence AT, are not biased by the presence of D* coming from
b-hadrons. On the other hand, if it had had a larger value (e.g. some ten percent) it would
have been really difficult to precisely correct for deviations of secondary contaminations.
From the plot it can be seen that the situation is in the middle ground between those
extreme possibilities, justifying the strategy we have adopted.

6.2 Comparison after selection

After the application of the identified selections to both signal and control sample the
subsamples on which the measurement will be done are identified. At this point it is
possible to check the effect of the cuts.

6.2.1 QD[RA(DO) cut

The first necessary check is aimed to understand if, and how, the mentioned trigger cuts
(0prra(D°) e Tppy (D)) influence the distributions of events significant for the measure-
ment.
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The first analyzed cut is the one on Oprra(D®). This cut is present both in signal
and control sample, much tighter on the D® —K2K¢§ one, can bias the secondary events
fraction, selecting events with a momentum pointing toward the PV.

To understand if the cut influences the signal events it is important to plot the Op;ra (or
cos(0prra) as done here for simplicity) distribution of those events only. This is done dif-
ferently for signal and control sample. In the former, the background component requires
a sideband-subtraction procedure, performed identifying a signal region (the peak region
in Am distribution) and its sidebands as done before (the Am plot will not be shown
since it corresponds to the one represented in Figure 5.18). For the control sample the
background component represents a small fraction of the events in the Am peak region.
So to plot the signal distribution I simply selected the peak region. To avoid as much as
possible the presence of background events I adopted a narrower Am window with respect
to the analysis shown in the previous section. Are considered signal events the ones for
which Am € [144., 147.] MeV/c2.
cos(0prra)(D?) distributions for the K{K$ sample are shown in Figure 6.5. From the
shown plots emerges a significant difference between the signal and background compo-
nent distributions. The signal distributions suggest that the cut does not significantly
affect signal events. T checked this hypothesis fitting the signal distributions with a con-
stant term, in the region at smaller cos(6prra(D°)): the fit results show that the signal
distribution in that region is compatible with zero. This assures that the 0p;pa(DP) cut
does not affect signal events. The fits are shown in Figure 6.6.

cos(Oprra)(D°) distributions for the control samples are shown in Figure 6.7. Here the
cut is looser than the one on the signal sample and emerges clearly that it removes only
a small fraction of the distribution tail (it is important to notice the logarithmic scale on
the vertical axis) and does not significantly influence signal events.
From the above considerations we can safely conclude that the Op;pa(D) cuts do not
affect the distributions of signal events in either sample in any appreciable way and can
be therefore neglected.

6.2.2 71(D°) cut

The influence on signal events given by the 7ppy (D) cut has to be analyzed, too. In the
KK sample this cut is not present, while, for the K™K~ one, it is required a minimum
tepy (D) value of 0.25 ps. This corresponds to a requirement on the distance between
the D° decay vertex and the PV. This introduces a bias on the fraction of secondary
decays, since it more likely selects particles coming from the decay of a b-hadron, that
travel a longer distance on average. I first checked if the 7ppy (D°) distribution in the
K™K~ sample has been influenced by the cut. To select signal events I applied a cut on
Am, as done in the previous section.

The 7ppy (D) distributions for the control samples are shown in Figure 6.8. These
distributions show a trend that is approximately exponential, due to the presence of
prompt DY. A deviation from that trend is expected, due to the presence of secondary
decays, that appears as a longer tail at higher 7gpy (D). From this plot clearly emerges
how the cut influences the distributions, rejecting a large fraction of events, at 7gpy (DY)
smaller than the set limit, that are mostly prompt events. Because of this, the cut biases
the fraction of secondary decays, making it assume a different value from that of the
signal sample, where this cut is not applied and, mos importantly, can not be reproduced,
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Figure 6.5: cos(fprra(DP)) distributions for LL (up) and LD (down) channel, for both
signal and background component.

because of the different vertex resolution. This represents a serious issue for this analysis,
since it introduces already at trigger level, an effect, strictly avoided in the off-line analysis,
that biases the A" (KJKY) value extracted from AAP.

6.2.3 A (K'K™) correction

Our analysis strategy, that can be applied even with the presence of the 7gpy (D°) cut, is
based on the calculation of a correction, to be applied to A™* (K*K~). This correction
is the difference between the values assumed by A" (K K~) with, and without, that
cut. Adding this quantity to the A" (KK ~) value extracted from the sample, where
the bias due to the cut is present, one can have access to the unbiased A" value, the
one needed in the A (KJK?) extraction.

This procedure is based on the following assumptions:
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Figure 6.6: cos(0prra(D°)) distributions for LL (up) and LD (down) channel signal com-
ponent. Polynomial of grade zero fit is superimposed, together with its results.

e 7zpy (D) is independent from the event kinematics; indeed, the trigger was de-
signed in order to apply the least possible bias on that variable;

e the kinematics is not influenced by the 7ppy (D°) cut, since this is a physical
variable, computed taking into account the particle momentum.

If these conditions apply, it is possible, after the LL and LD selections application, to
extract the unbiased A" (KK ™) value.
We start writing A" (KTK™) as:

A (KFRKT) = (1— f) A, + foA, (6.1)

where A, and A are the asymmetries of primary and secondary decays, respectively, and
fs is the fraction of secondary decays in the sample, in the absence of the 7ppy (D°) cut.
In (6.1) is made explicit the different contribution given by the presence of both primary
and secondary decays in the sample, that have different asymmetry, as previously shown
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Figure 6.7: cos(0prra(D°)) distributions for control samples adopted for LL (up) and LD
(down) channels, for signal component.

in 6.1.4. Each component contribute with a weight, corresponding to the fraction of those
events, here expressed as a function of only f,. In this notation it is simple to see the effect
of the 7gpy (D°) cut in biasing the A" (K~ K™) value, since it modifies the mixture,
between primary and secondary decays, of which the sample is composed. Therefore A"
(K*K™), considering the cut effect, can be expressed as:

A(KTET) = (1= fO)A, + fiAs (6.2)

where the primed variables are referred to the sample after the 7gpy (D°) cut. This is
the asymmetry that can be actually measured on our sample.
From (6.1) and (6.2), it is simple to compute the difference between the two asymmetries:

AA(KTK™) = A"(KTK™) — A (K"K™) = A(f. — fs) (6.3)
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Figure 6.8: 7ppy (D) distributions for control samples adopted for LL (up) and LD
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where A = A; — A,. The quantity expressed in (6.3) is the correction that allows to
extract the unbiased A" (K~ K™) value, simply through:

A(KTKT) = A™(KTKT) = A(fi = f) (6.4)

It is necessary to measure the A and ( f!— f;) values, separately for the sample identified
by the LL and LD selections, for which the correction will assume different values.

Measurement of A

The difference between A and A, can be gleaned from the values assumed by A™" for
high, and low % (D*) values, respectively, repeating the procedure applied in 6.1.4. T
divided the two samples in x% (D*) bins, measuring the A" in each bin.

The results for LI control sample are shown in Table 6.4 and in Figure 6.9.

The results for LD control sample are shown in Table 6.5 and in Figure 6.10. Rather
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b (D) bin | <xh (D) [ A [ | A5 [%)
<0.85 0.39 -0.81 = 0.08 | -0.94 &+ 0.08
0.85 - 2.25 1.48 -0.97 £+ 0.08 | -0.91 £ 0.082
2.25 - 4.85 3.35 -0.85 £+ 0.09 | -0.85 £+ -0.11
4.85 - 11.45 7.37 -0.70 £ 0.1 | -0.82 £0.14
11.45 - 19.49 15.0 -0.73 £ 0.6 -0.7 £ 0.3
19.49 - 31.35 24.86 0.20 £ 0.8 -0.5 £ 04
31.35 - 61.76 44.48 0.3 0.7 -04+04
61.76 - 113.85 84.54 -1.46 &= 0.7 -0.2 4+ 04
>113.85 1374 -0.46 £+ 0.31 -0.1 £0.3

Table 6.4: Identified x% (D*) bins, corresponding x% (D*) mean values, measured A"
values and A" extracted form the monotonic fit, for the LL channel control sample.

— 15— T T T -
§ lE I I I I E
- é
< 0.5 = =
of :
-05F =
S } by =
-1 ! =
-15F =
2F E
b i l l l =
10™ 1 10 10° 1Q°
X2 (D*)
Figure 6.9: A" values in function of xfp (D*) for LL channel control channel.
Xip (D7) bin | <xjp (D*)> | A™ [%] | A"t [%]
<0.85 0.39 -0.83 = 0.09 | -0.91 &= 0.09
0.85 - 2.25 1.48 -1.00 £ 0.09 | -0.91 £ 0.09
2.25-4.85 3.32 -0.6 £ 0.1 |-0.76 £ 0.12
4.85 - 11.45 7.16 -0.73 £ 0.17 | -0.76 £ 0.14
11.45 - 19.49 14.9 -0.8 £ 0.5 |-0.76 £0.20
19.49 - 31.35 24.91 -0.6 £ 0.7 | -0.76 £ 0.26
31.35 - 61.76 44.65 -0.7£06 |-0.76 £0.29
61.76 - 113.85 84.57 -1.1£0.7 |-0.76 £ 0.33
>113.85 1269 -0.39 £ 0.28 | -0.39 £ 0.26

Table 6.5: Identified x?%, (D*) bins, corresponding x% (D*) mean values and measured
A" values and A" extracted form the monotonic fit, for the LD channel control sample.
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Figure 6.10: A" values in function of x# (D*) for LD channel control channel.

than simply picking the extreme points of the plots as measured A" values, I devised
a procedure to make use of the full information available in the plots via likelihood fit.
However, the choice of a certain parametric function in the fit can bias the result, since
the shape of the A" trend is not known. To avoid this, and exploiting the expected A"
monotonicity, [ decided to use a special procedure, generally known as monotonic fit. This
is a procedure that, given an (z,y) dataset (in this case x% (D*), A™%), returns the y
values that represents the maximum likelihood estimate of the best monotonic increasing
function that interpolate data. This is done through an algorithm that follows four steps:

e identification between y values of the decreasing series, defined as the sets of con-
secutive points where y assumes a decreasing value;

e if no decreasing series are present the y values corresponds to the maximum likeli-
hood estimate;

e if decreasing series are present, y values of each series are replaced with the mean
of the y values of the series;

e the three previous steps are repeated until no decreasing series is present.

The result obtained from the application of the monotonic fit to the LL and LD A"
values are reported in Table 6.4 and 6.5. The uncertainties associated to the fitted values
are expected to be smaller than the measured ones, since in the fit the monotonicity
constrain is present. To estimate the uncertainties on the A" values extracted from
fit, T performed a bootstrap. For each x% (D*) bin I randomly generated a number,
extracted from a Gaussian distribution with mean equal to the A" fitted value and
standard deviation equal to the uncertainty on the corresponding measurement. I then
applied the monotonic fit to the randomly extracted set, storing the result. I repeated this
procedure one million times. The root mean square of the fitted A" values for each bin
represents the uncertainty I associated to the fit results. In Figure 6.11 the distribution
of the randomly extracted A" values is shown, for the bin at lowr x% (D*) of the LD
control sample.
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Figure 6.11: Randomly extracted A" values for the bin at smaller x?, (D*) for LD
control sample.

From this plot it is possible to see that the Gaussian distribution, from which data are
extracted is modified by the applied fit, becoming clearly asymmetrical. Other bins are
not shown for brevity.
From values reported in Table 6.4 and 6.5 it is possible to determine the A values, for LL
and LD control channels:

Arpp = (0.84+0.31)% (6.5)

Arp = (0.69 + 0.27)% (6.6)

At this point, it is necessary to observe that the extracted A values do not exactly cor-
respond to the difference between the secondary and primary decays asymmetry. This
because the A" even at x?% (D*) is influenced by a residual fraction of secondary decays
(¢s). These are events for which the D* momentum points toward the PV, that can not
be discerned from prompt events. This implies that the measured difference between sec-
ondary and primary decays asymmetry, defined as A, is different form A.These quantities
are related as:

A

1 — ¢
The determination of ¢, is possible, but it is easy to see that it can be neglected in our
case. In fact, even if it takes a value up to ~ 10% (is expected to be smaller), it does not
modifies A in a significant way for our analysis purposes. In fact, as will be shown in the
following sections, the A" (KK ™) correction is expected to be much smaller than the
A (KSK?) uncertainty, and its estimate does not need to be extremely precise, and the
effect of a ¢, different from zero can be neglected.

A —

(6.7)

Measurement of [/ — f

The other quantity needed to compute the A" (KTK~) correction is the difference
between the fraction of secondary decays in the sample, with and without the 7ppy
(D) cut. To extract f/ and f, I exploited the 7py (D°) distribution, already shown in
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Figure 6.8, to get an estimate for the number of the prompt and secondary decays events
that rejected by the cut. This is done by identifying two bins, near the cut: in bin(a) are
present events for which 7zpy (D) € [0.25,0.375] ps, for bin(b) ppy (D°) € [0.375,0.5] ps.
From the number of entries in each bin it is possible to determine f. — f;. This is
possible assuming a known distribution for the two components. For prompt events is
reasonable to assume an exponential distribution with a mean value equal to the D°
lifetime (7(D°) = 0.41 ps), since, as already discussed, the trigger adopted to collect
the sample was designed to apply the lowest possible bias to the lifetime distribution.
For secondary decays I assumed a constant distribution, at least in the region at small
epy (D°), where the cut affects the events. This is plausible since D° coming from
secondary decays are expected to have a larger 7zpy, because of the b-hadron decay time.
These assumptions are confirmed by the plots shown in Figure 6.12. The prompt events
distribution (identified appliyng to the complete sample the already adopted x3 (D°)
and x% (D*) cuts) is only slightly different from the expected distribution, represented in
figure. The distribution for secondary decays is obtained through the subtraction between
the complete sample and prompt events distributions; its shape confirms the goodness of
the constant approximation near the cut.

Knowing the number of entries in the two identified bins it is possible to determine
number of prompt events present in the sample if the 7g5py cut was not present (IN,)
and the number of secondary decays in the constant approximation (NN), solving the two

equations system:
Na _ Np(€_0'25pS/TD0 . 6—0.375ps/7-D0) + Ns (68)

Nb _ Np(6—0‘375ps/700 . 6—0.5ps/7-D0) + Ns (69)

The entries in each bin, together with N, and N, for the LL and LD control channels,
are reported in Table 6.6. What emerges from the extracted number of events is that,

Sample N, Ny N, N,
LL 2334.44+1.5 | 1674.6 £1.3 | 17114 £ 52 | —124 £ 2
LD 1412.1+1.2 1047 £ 1 9687 + 41 51+1

Table 6.6: Entries in a and b bins and extracted number of prompt and secondary decays,
for LL and LD control samples. All values are expressed in 10 units.

as already supposed, the prompt events rejected by the cut are three, or four, order of
magnitude more than the secondary ones. Since events coming from the decay of a b-
hadron are only O ~ % of the total at small 7gpy (DY), the extracted N, in the present
approximation is not significant, and shows only that are compatible with zero. Therefore
the variation of secondary decays fraction can be attributed only to the rejection of prompt
events, and in the calculation of f! and f; they can be considered as a constant.

The fractions of secondary decays in the sample can then be extracted through:

= Ny Ny = Nj  Nipy — Nyem 02pe/700) 6.0
NS + Nl; Nl‘{ot Nt{ot
and: / .
fs _ Ns _ Ntot — Np _ Ntot — Npe—( .25ps/7TH0) (611)
N5+ Np Niot N}y + Ny(1 — e~ (0-25p8/7p0))
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Figure 6.12: 7gpy (D°) distributions for prompt events, secondary decays and complete
sample on the top, the same on logarithmic scale on the bottom. The black line represent
an exponential distribution with a mean value equal to the D° lifetime. These distributions
are extracted from a fraction of the LLD-selected sample only, for simplicity. Events with
Am € [144,147) MeV/? are selected.

where primed variables refer to the configuration where the cut is applied and N, is the
total events number in the sample. As can be seen every variable can be connected to
known quantities, both measurable, as N}, or previously extracted, as N,.
The f! and f;, together with N/, are reported in Table 6.7. Therefore the extracted
difference between the fraction of secondary decays for a sample with and without the
repy (D) cut are:

(ff = fo)rr = (1.48 £ 0.34)% (6.12)

(fr = fo)ep = (5.9£0.4)% (6.13)

Now it is possible to determine the values of the searched corrections:

AA(KTK ™), = (0.012 & 0.005)% (6.14)
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Sample Niot fo 7] s 17
LL (9468 £3) x 10° | 3.3+0.3 | 1.77+0.16
LD | (58772+24)x 10° | 13.7+04 | 78402

Table 6.7: Number of events in the sample where the cut is applied, fraction of secondary
decays with and without the application of the 7zpy (D°) cut, for LL and LD control
samples.

AA™ (KT K™)p = (0.041 £ 0.016)% (6.15)

6.2.4 Correction in case of Ay? splitting

The extracted values can be exploited to adopt the correct A" (KTK™) in the Ay?
method previously discussed. Here in fact the sample is split in two halves, the ones
for which the D* vertex is compatible with the PV and the ones for which is not. It
has to be noticed that the two samples are highly asymmetric, in particular the first one
contains most of the statistics, in both LL and LD channels. For this subsample, it is
possible to apply the already computed corrections, without risking the introduction of
any significant bias on A" (KJKY), since it is only slightly different from the complete
sample, and considering the small value of the computed corrections (O ~ 107%). In the
other subsample, where the D* is not compatible with the PV, it is possible to assume an
asymmetry for the A" (K+K~) sample equal to the one of a sample of pure secondary
decays, known thanks to the monotonic fit value at higher x% (D*). This again introduces
only a really small error on the A" (K$KY) determination, since the maximum difference
between the A" (K K~) real value and the approximated one is, at maximum, a fraction
of A (~fraction of percent), and additionally this has a minimum effect in the result, but
because of the smallness of the sample at Ax? over threshold.

6.2.5 Final kinematics comparison

From this point the selections that has been identified in the previous chapters will not
be anymore modified. It is therefore the time to compare the two samples D* and m,,
kinematic distributions, since these will not be influenced by additional cuts. This com-
parison is crucial for the analysis, since AP™? (D*) and A% (m,,) can depend on the
events kinematics and the presence of significant discrepancies between signal and control
sample can bias the A" (KJKJ) result, through an imperfect cancellation of production
and detection asymmetries in AAT.

The variables considered to perform this test are p (D*) and p (m1a,), n(D*) and n(ma)
distributions. These are two uncorrelated variables, that describe the events kinematics.
To produce these distributions for the signal sample T selected signal events by perform-
ing a sideband subtraction procedure, while in the control channel I simply selected the
144 — 147 MeV/c® Am window. For both samples the distributions are normalized to have
an integral equal to one, in order to coherently compare them.

p and n distributions for signal and control sample are shown in Figure 6.13 and 6.14.
From these plots a slight difference in the distributions emerges, especially for 7, showing
that the signal sample events have, on average, a larger 7. It can be partially due to
the difference between KJK§ and KK~ trigger selections found in 6.1.1. These can in
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Figure 6.13: D* (up) and 7y, (down) momentum distributions, for LL (left) and LD
(right) signal and control channels.
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Figure 6.14: D* (up) and my,, (down) n distributions, for LL (left) and LD (right) signal
and control channels.

fact introduce discrepancies in the signal and control sample event kinematics, since they
are applied on K transverse momentum. The application of the same cuts on the KJs
present in the signal sample can help to equalize the p and n distributions. I therefore
tested the effect of applying two additional cuts to the K{K{ signal sample:

e pr (KQ)>800MeV/c
® DT max(KQ)>1200 MeV/c

The kinematic distributions for signal and control sample, after the application of these
cuts, are shown in Figure 6.15 and 6.16. From these plots emerges that it is not the
presence of these cuts in control channel that provokes the observed discrepancies, since
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Figure 6.15: D* (up) and 7y, (down) momentum distributions, for LL (left) and LD
(right) signal and control channels.
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Figure 6.16: D* (up) and m,, (down) n distributions, for LL (left) and LD (right) signal
and control channels.

these are still present after the cuts equalization. Seen that, I preferred to do not apply the
pr cuts to the signal sample, to do not further reduce its size. Therefore, the distributions
that will be considered are the one present in Figure 6.13 and 6.14.

Seen that, it is possible to assume that the present discrepancies can be caused by another
effect, in particular by the different detector acceptance for KJKQ and KK~ final states.
This can happen because the four pions present in the K{KY final state are contained in
a cone that is, on average, larger than the one occupied by the KK~ events. Therefore,
to be detected with the same acceptance, signal events have to have a larger n, and this
corresponds to the observed effect.

The correction of these effects is not trivial and therefore I analyzed the A"*" variation as
a function of 7., momentum and 7, before applying any additional procedure necessary
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6.2. COMPARISON AFTER SELECTION

to equalize kinematics distributions, as for example a re-wighting procedure. I studied
the A" variation for the KK~ sample only; this because, in case of the application
of any correction, this will be done on the control channel, that has high statistics and
where the resolution will not be significantly affected. The analysis of the A" variation
is done for the 7, variables only, since its detection asymmetry is the one that mostly
influences the A" value and depends on its kinematics.

I divided the p and 7 distributions in bins, and extracted the A" in each one; results
are shown in Table 6.8 and 6.9 and in Figure 6.17 and 6.18.  The compatibility and the

P (Tiag) | GeV/e | | A7 (KTK™) |%] Nsig
0-3.5 -0.93 + 0.16 1.229 - 10°
3.5-5 -0.69 £+ 0.08 3.376 - 10°
5-6.5 -0.9 £ 0.1 2.111- 108
6.5-8 -0.7 £ 0.1 1.037 - 10°

-8 -0.96 + 0.16 0.639 - 10°
N(Trag) | A™ (KTK7) [%] Nsig
2-2.6 -0.8 £ 0.1 0.632 - 10°
2.6-3.2 -0.71 + 0.07 3.091 - 10°
3.2-3.8 -0.81 + 0.08 1.839 - 10°
3.8-5 -0.9 + 0.2 0.318 - 10°

Table 6.8: A" values as extracted for different p (m,,) and 7(myg,) bins, for the LL
control sample. ng;, is the number of signal events present in that bin.

P (Tag) [GeV/e ] | A (KTEK7) [%] | nsig
0-3.5 1.0 + 0.2 0.663 - 10°
3.5-5 -0.75 £ 0.09 | 2.221- 10°
5-6.5 -0.8 + 0.1 1.505 - 10°
6.5-8 -0.6 + 0.1 0.769 - 10°

-8 -0.9 + 0.2 0.518 - 10°
N(Ttag) | A (KTK7) [5] | 1nsig
2-2.6 0.8 + 0.1 0.632 - 10°
2.6-3.2| -073+007 | 3.091-10°
3.2-3.8 0.9 £ 0.1 1.839 - 10°
3.8-5 15+ 04 0.115 - 10°

Table 6.9: A" values as extracted for different p (m,,) and n(my,,) bins, for the LD
control sample. ng, is the number of signal events present in that bin.

low variation of the shown values demonstrates how the asymmetry does not significantly
depends on the 7,4 kinematic variables. This implicates that the application of any other
procedure necessary to equalize the kinematic distributions will have an effect smaller
than the statistic uncertainty, and it will therefore not applied to the sample.
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Figure 6.17: A" value in each pr and 7 7, bin, for the LL control sample.
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Figure 6.18: A" value in each pr and 7 74, bin, for the LD control sample.
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Chapter 7

Results and conclusions

In this chapter I extract the AT (KSKQ) and AT (K+K~) results, understanding the
resolution that can be achieved with the developed analysis approach. This is done through
a separate fit for events tagged with opposite-sign pions.

After identification of the selections and equalization of trigger cuts, discussed in the
previous chapter, it is possible to perform the measurement of A“Y (K3KY).
The fit is done here dividing each sample in two sub-samples, depending on the m,, sign,
and fitting the Am distributions to extract A"*". This is done separately for the LL and
LD channels, and also the results are then combined. The fit is also performed on the
corresponding control samples. Extracting CP raw asymmetry in both, it is possible to
compute AAY and extrapolate the AT (K{KY).

7.1 Fit model

In this analysis step I decided, for signal events fit, to employ a different fit strategy from
the one already adopted in the previous chapter for the control channel to measure A",
Instead of separately extracting the yields, from the opposite sign-tagged events, and than
compute the A" value, I simultaneously fit the two Am distributions, using a likelihood
function parametrized in terms of A" and Negp:

L= 67Nezp { 1+ QiACPsig qi 1+ Qi-ACPbkg
- nsz’g—

N S ) gt I )] ()

where AT ;, and A"y, are free parameters and correspond here to the raw asymmetries,
¢; is the charge of the pion in the event (in electron charge units), and the adopted p.d.f.s

o funla) o< ——exp {M} "

2mo 202

and:
forg(z) o< Ve —mg[l+a-(z —mg) + b (z —my)? (7.3)

Doing this, allows me to force signal and background shape to be the same for the two
opposite sign-tagged samples, allowing only the presence of a difference between the num-
ber of events, represented by A" sig and ACP bkg- Lhis is reasonable, since no difference is
expected in the signal and background shapes. This strategy leads to improved resolution
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7.1. FIT MODEL

on A", as it decreases the systematic effect, due to the variability of the fit on the
opposite sign-tagged events, that can appear in case of low statistics. The variables used
in this part of the analysis are the ones obtained from the use of the DTF, where the K
mass constrain is applied, helping in the resolution improvement. For the control channel
sample I adopted the same method reported in 6.1.4, for simplicity, since the resolution
on A" (K*TK™) does not need to be improved anymore for the analysis purposes.

7.1.1 D’ - KJK{ blind result

For the D° — KJK$ sample we made sure not to learn about the A" result, until the
analysis reached its final configuration and it will not be anymore modified. This reflects
on the necessity to maintain unknown the A" (KJK{) value, since from this, when the
A (KT K~) will be measured, it will be possible to determine A" (KJKJ). This type
of blinding strategy is often applied in order to avoid any bias that, on purpose or not,
the experimenter can might impose on fit result. The blinding is here done by adding to
the fitted A" value an unknown random number, extracted from a pseudorandom gen-
erator. This procedure is not necessary for the D° — K+ K~ sample, since A" (KT K~)
is not the target of the analysis and only the A" (K+K~) will be shown, and no infor-
mation are provided to extract the A“Y (KT K~) value. To keep the result blind, it will
not be possible to show the Am distributions and the related fits, since, from these, it is
possible to infer the A" (KJKY) value. To understand if the fits performed on signal
sample reached convergence and how they describes data I extrapolate and show the pull
distributions, for both subsamples. These distributions, in reality, could in principle allow
anyway to determine A" (KJKY), since signal and background shapes are known; but I
decided to show pulls distributions because unblind the result with these is not immediate
as can happen for the Am distributions.

7.1.2 Signal sample

The first considered sample is the signal, extracting the A" values for LL and LD
channels with the discussed fit strategy. Doing this, I introduced a difference between
the fits performed on the two channels. In fitting LD sample distributions I decrease the
number of free parameters; this because of the small statistics of that sample, that when
divided in two different subsamples (for opposite charges), can cause large statistical
fluctuations. These can influence the A" resolution, not only because of larger the
statistical uncertainty, but because of the systematic one, too, due to the uncertainty on
the fit model. Therefore, in the fit to the LD channel distributions, I fix the signal shape
parameters, hence the mean and standard deviation of the Gaussian p.d.f., to the values
extracted from the fit performed on the complete sample, shown in Figure 5.18. This
does not bias the result, since I do not expect any difference between mass resolutions in
opposite charge-tagged events.

The same procedure is not necessary for the LL channel sample, because of the higher
statistics.

Parameters extracted from fits to LL. and LD channels are shown in Table 7.1 and the
pull distributions for the relative fits in Figure 7.1 and 7.2. No discrepancy emerges from
the comparison between these parameters and the one extracted through the fit to the
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7.1. FIT MODEL

LL channel LD channel
Nsig 1348 + 77 373 £ 47
Npkyg 10995 4+ 125 7413 £+ 96
w [ MeV/c? | 145.40 + 0.03 145.45
o [ MeV/c? | 0.593 £ 0.035 0.66
a [(MeV/c)™! (-1 +£1)-1072 (-3 £ 1)-1072
b |[(MeV/c)™2] | (-0.6 £ 6.7)-10~* | (1.0 £+ 0.7)-10~*

Table 7.1: Summary of parameters obtained from the fits to LL and LD channels, for D°
—KJK{ sample. p and o for the LD channel are fixed and not extracted from the fit.
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Figure 7.1: Positive (up) and negative (down) tagged events pull distributions, obtained
from the signal events histogram and the p.d.f. functions extracted from the fit, for LL
channel.

complete sample, shown in Figure 5.18. This comparison, together with the shown pull
distributions suggest that the fit converged to a valid result.
The A" (K$K) blind results, extracted from the fits are:

A (KSKQ) 1, = (50.6 & 4.3)% (7.4)
A (K{KS)p = (77.4 4+ 11.8)% (7.5)

7.1.3 Control channel

The same procedure is repeated for the control channels. The parameters extracted from
the fit to the LL and LD control samples are summarized in Table 7.2. The Am histograms
and the relative fits are shown in Figure 7.3 and 7.4. The A" (K+K~) values, extracted
from the fits are:

AT(KYK™), = (=0.79 4 0.05)% (7.6)
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Figure 7.2: Positive (up) and negative (down) tagged events pull distributions, obtained
from the signal events histogram and the p.d.f. functions extracted from the fit, for LD
channel.

LL channel LD channel
Nsig (8394 + 4)-103 (5677 + 3)-103
Nikg (7960 + 3)-103 (2486 + 2)~103

a[(MeV/e)™H | (1.8 £0.1)-1072 | (-0.99 + 0.15)-10~2
b [(MeV/c)~?] | (-10.0 £ 0.7)-10~* (-5 £ 1)-1074

Table 7.2: Summary of parameters obtained from the fits to LI and LD control samples.

A (KYKTY, ) = (—0.80 & 0.05)% (7.7)

I adopted here the same notation used in 6.2.3, where the primed variables are referred
to the sample where the effect of the 75py (D) cut is present, and have to be corrected.

714 A (KTK™) correction

The extracted A" '(K*K~) values are not the ones that will be used in the AA
calculation. In fact, as explained in 6.2.3, these have to be corrected with the computed
parameters through (6.4). The A" (KK ™) values turn out as:

AT (KT K™Y, = (—0.80 £ 0.05)% (7.8)
A (KK ) = (—0.84 £ 0.05)% (7.9)

7.1.5 A (KI{K?) extraction

With the A" extraction for both signal and control sample, it is finally possible to
compute the A" (K$K2) value. This is done through two subsequent steps. In the first

107



7.1. FIT MODEL

Entries 1.04163e+07

Events /0.2 MeV/c?

bbb ey b o L D b

S A b on s o

T40 45 50 s -
mD° ) - MK* K) [Mev/e?]

800 T T T T T T T

Entries 1.047347e+07
Mean 147
Std Dev 2.96

140 145 150

700

Events / 0.2 MeV/c?

600

500

400

300

200

100

700 Mean 147
Std Dev 297

A —_— 1 1 1 ! 1

t

b ,

t ty
) ** 000000000 00000 OOGOOOOOOES 00000 OOOOOIDS *{******{
) t

——
——
——
—
—
[ ]
[ ]
[ ]
]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
—
—
——
——
——
——
—
——
——
——
Y O O O O PP VP EYYTA AYOTA AYOTA ATTARTAANOY

oL
& L b on o » oo

m(D° 71,) - MK* K') [MeV/c?]

Figure 7.3: Positive (up) and negative (down) tagged events Am distributions, with the
relative fit, for the LL control channel.

AA is extracted from the difference between the measured A7 (KJK§) and A"
(KTK").

After this the world-average value for A7 (K+K~)(= (0.0440.12 (stat.)£0.10 (syst.))%)
is added to the computed AA value, to determine A" (KJKY).

Doing this separately for both LL and LD channels, the obtained A" (KJK$) results
are:

AP (KIKQ) 1 = (zx & 4.3 (stat.) & 0.05 (syst.) = 0.16 (syst.))% (7.10)
AP(KIKQ) 1 p = (zx & 11.8 (stat.) £ 0.05 (syst.) = 0.16 (syst.))% (7.11)

where the AY (K{KYQ) central value it kept blind, the first uncertainty is statistical, the
second is the systematic given by the statistical uncertainty on the A" (K*K~) mea-
surement and the third is the systematic given by the uncertainty on the A" (KTK™)
world average. The overall systematic effect here quoted is dominated by the second
considered effect. Now it is possible to combine the two results, extracting the final A"
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Figure 7.4: Positive (up) and negative (down) tagged events Am distributions, with the
relative fit, for the LD control channel.

(K2KQ) measurement. In computing the A“C (KJK$) uncertainty I considered the sta-
tistical uncertainties as completely uncorrelated, since are extracted from two different
samples. On the other hand, I consider the systematic uncertainty as completely cor-
related; this is assumed because these are given by the A™" (K*K~) for LL and LD
channels, that are extracted from the same sample, and by the exploiting of the same
AP (K*K~) measurement.

The overall statistical sensitivity on the combined A" (K2KY) result is:

p 1 1
o AP) = \/U(ACPLL)2 Ty (7.12)

while, the systematic one is the same quoted in the results of the two channels.
Therefore, the overall result that can be achieved on the A" (KJKY), with the application
of our newly developed analysis is:

AP (KJKY) = (w2 £ 4.0 (stat.) £ 0.16 (syst.))% (7.13)
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where I merged the two systematic effects.

7.1.6 Comparison with the 2015-16 analysis

It is interesting to make a comparison between the result that can be obtained with the
novel analysis approach, and the one obtained by the past A" (KJK$) measurement
performed by LHCb, on 2015-16 sample. To make a coherent comparison, I will consider
the results obtained in 2015-16 analysis, applying only rectangular cuts, shown in [39].
The resolution achieved in this way, and without the application of the PV constrain, is
equal to 4.6% and 11.3% for the LL and LD channel, respectively. The overall result,
given by the combination of these, corresponds to:

O'(ACP)2015716 = 43% (714)

This resolution has been achieved exploiting a sample of 1.98fb™'. The result that will
be achieved applying the novel analysis to a sample of equal size of the 2015-2016 one is:

CP
o(AT) = SAT ot _ g 7, (7.15)

JIO8T

The comparison between these resolutions shows that, the analysis here set up allows
to achieve a better statistical sensitivity, being the sample size equal. The result here
achieved is partially due to the changes introduced in the trigger in 2017, but it demon-
strates anyway that it is possible to perform an analysis without applying any cut on
variables related to the vertex reconstruction, and therefore including secondary decays
in the sample, and that this new approach lead to a resolution that is comparable to the
achieved with the usual analysis strategy. In this comparison I am not considering the
systematic uncertainty, because the overall uncertainty was dominated by the statistical
one in the most recent LHCb measurement, and it can be assumed that the situation will
remain the same in our analysis.

7.1.7 Further improvement

The achieved result does not represent the absolute best resolution that can be achieved
with the current analysis approach. The first method that can be exploited to improve
the result is the one discussed in 5.4.1. For simplicity it will not be directly applied here,
but it is possible to give an estimate about the resolution improvement that it allows to
achieve, looking at the results shown in 5.4.1. The sample division based on the Ay?
value allowed to improve the resolution from 5% (14.2%) to 3.5% (8.7%) for the LL (LD)
channel, considering results extracted from the charge integrated fits. Therefore the over-
all resolution has improved by ~ 30%, going from 4.7% to 3.2%. Assuming a similar
trend for resolution extracted from separate charge fits performed in this chapter, the
adoption of the considered method should allow to obtain a significant improvement for
the resolution, going from the 4% shown in (7.13), to a value ~ 2.8%.

Another step that can be thought of is the application of a cut on the output of a multi-
variate classifier, trained on signal and background events, eventually exploiting a Monte
Carlo sample for the former. This should allow to further improve the A“C (KJKJ) sta-
tistical sensitivity with respect to the one obtained with the selection identified in 5. The
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improvement that can be achieved can be estimated from [39]. There, the application of
a similar method allowed to improve the resolution of ~ 7% (~ 1%), going from a value
of 4.4% (8.3%) to a value of 4.1% (8.2%) for the LL (LD) channel. The overall resolution
has therefore decreased by 5%, going from a value of 3.9% to 3.7%. Assuming a similar
effect on the selection here identified, after the application of the Ay? splitting method,
the statistical sensitivity that can be achieved with the application of the method here
identified goes from 2.8% to 2.7%, that is the best achievable result with the current
analysis method.

I expect that the systematic uncertainty affecting this improved result will be the equal to
the one quoted in 7.13, since it is dominated by the uncertainty on the A“Y (K K~) mea-
surement, that will be in the same way exploited. It will be therefore a small correction
with respect to the overall resolution, given principally by the statistic uncertainty.

7.2 Conclusions and prospects

The analysis method developed in this work, together with the further improvement that
can still be applied, can be directly extended to 2018 data, as this sample was collected
with the same trigger algorithm adopted in 2017 data-taking, and no difference is expected
between the two samples. The integrated luminosity collected during 2018 corresponds to
2.2fb~!, that added to the 2017 sample (1.7 fb™!) gives a total amount of data of 3.9fb™".
It is therefore possible to extrapolate the result to the overall 3.9fb™! sample:

O.(ACP)2017 _ 27%
V3.9/1.7  /39/1.7

Here, as explained before, I expect that the systematic uncertainty will remain of the
same order of magnitude, not significantly influencing the overall result.

This result can be combined with the one obtained in [40], where combining the result
of the analyses performed on Run-1 and first two years of Run-2, the achieved resolution
(given by both statistical and systematic uncertainty) corresponds to o(AT) = 2.9%.
From this value and the results determined in (7.16), the overall LHCDb result on A
(KQKY) measurement is expected to have a resolution:

— 1.8% (7.16)

U(Acp)zon—ls =

(A run—1/2 = 1.5% (7.17)

This is the same as the best existing single measurement, obtained by Belle in [25], and
therefore can significantly contribute to the world average. However, the final world aver-
age would still not be very likely to show a non-zero effect in this channel, and it is worth
asking whether LHCb can contribute any further to this important measurement.

LHC will start a new data-taking period in 2021, called Run-3. During this period, LHCb
is expected to collect an overall integrated luminosity of about 25fb~*. Before Run-3
starts, LHCb will undergo several major changes, for both detector and trigger, signifi-
cantly modifying the experiment trigger structure, removing the L0 step and performing
a 30 MHz event reconstruction [15]. This allows implementation of more sophisticated
algorithms already at the first level of triggering, but significantly decreases the available
processing time for each detected event. This can be counterproductive in case of Kg,
since their reconstruction is highly computing demanding and the K§ detection efficiency
can be significantly reduced. But there is another investigated possibility, that aims to
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perform triggering exploiting only Downstream tracks [33|. This would have the opposite
effect on the K§ detection, making possible an increase of efficiency for the collection
of K decaying after the vertex detector (LD and DD events in our analysis). These
possibilities are still under study and at the present time it is difficult to predict the K
detection efficiency that will be available. A rough prediction for the statistical sensitivity
that can be achieved exploiting data collected during next LHC run can be made on the
basis of the nominal expectations in the proposal [15] with an expected increase in hadron
decays LHCDb detection efficiency by a factor ~ 2. Assuming these conditions, and simply
extending the performed analysis to the full Run-3 statistics, one can expect a result with
a precision of the order of:

oA"Yy 27%
V2 25/17  \/2-25/17

This result enters an interesting sensitivity range. Clearly, an improvement in the sensi-
tivity of the currently least exploited part of the sample (Downstream KJ) could be very
important in the future. In this work I have tried at least to show that the LD sample
can be effectively used in the measurement, keeping systematic uncertainty under control
in spite of the limited capability of discriminating secondary decays. This could provide
some encouragement to the current efforts specifically aimed at increasing the trigger
efficiency for this type of events in future runs.

U(ACP)Run—B -

0.5% (7.18)
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