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Abstract

Time-dependent CP asymmetries in the decay rates of the singly Cabibbo-suppressed decays
D%— K*K~ and D°— n* 7~ are measured in pp collision data at centre-of-mass energies of 7
and 8TeV collected by the LHCb detector during LHC Run I, corresponding to an integrated
luminosity of 3fb™!. The strong-interaction decay D** — D%z is used to infer the flavour of
the D° mesons at production. The asymmetries in effective decay widths between D° and D°
decays, sensitive to indirect CP violation, are measured to be

Ar(D’— KTK™) =(-0.30+0.32+0.10) x 1073,
Ar(D°—t77)=( 0.46+0.58+0.12) x 1073,

where the first quoted uncertainty is statistical, and the second systematic. These measure-
ments show no evidence of CP violation and improve on the precision of the previous best
measurements by nearly a factor of two.
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Introduction

Over the course of the last 30 years, the Standard Model (SM) of elementary particles and
their interactions has been extensively tested by experiments, establishing it as an extremely
predictive and accurate description of Nature. Nevertheless, open questions and weaknesses
remain, which suggest the need for a more fundamental theory. SM is not able to account for
the cosmological observed baryonic-asymmetry and for the presence of Dark Matter in our
Universe; the very low value of the Higgs mass is explained only through an “unnatural” fine-
tuning cancellation between the radiative corrections and the bare mass; many parameters
are necessary to account, in one-to-one correspondence, for the observed masses and mixings
of quarks and leptons; lastly the gravity is not yet satisfactorily included in the model.

The search for experimental deviations from SM predictions, pointing the way to a different,
more fundamental theory, is therefore the primary goal of the High Energy Physics community.
From the experimental point of view this quest is conducted at two frontiers: (i) the “high
energy frontier”, which directly searches for hints of physics beyond the Standard Model (BSM)
increasing the energy scale, and (ii) the “high intensity frontier” looking for inconsistencies
between experimental measurements and theory predictions. At the first frontier, where
ATLAS and CMS experiments are today the major players, New Physics (NP) is directly probed
producing particles at more and more high energy and the main limitation comes only from
the maximum achievable energy. The second frontier, instead, is based on performing more
and more precise measurements, of known processes, by looking for discrepancies from SM
predictions, and allows the indirect exploration of energies even higher than those accessible
though direct searches. Of particular importance are processes having a low level of “SM noise”,
or in other words, processes suppressed within the SM or where the SM contribution is known
with high precision. This is the domain of Heavy Flavour Physics, currently probed mainly
by the LHCDb, Belle II and BES III experiments, where the non-invariance of fundamental
interactions under the combined symmetry transformations of charge conjugation and parity
inversion (CP violation) plays a key role.

CP violation is described within the Standard Model through the Cabibbo-Kobayashi-Maskawa
(CKM) mechanism [1, 2] by the presence of a single complex phase in the unitary three-
generation quark-mixing matrix. All direct measurements of elementary particle phenomena
to date support the CKM phase, within the current theoretical and experimental uncertainties,
being the dominant source of CP violation observed in quark transitions. However, widely
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accepted theoretical arguments and cosmological observations, as mentioned above, suggest
that the SM might be a lower-energy approximation of more generally valid theories which
are likely to possess a different CP structure and therefore should manifest themselves as
deviations from the CKM scheme.

The charm sector is today a particularly good candidate to probe possible deviations from
the theory, since the expected CP violation in the SM does not exceed 01072 [3-6], and a
sizeable CP asymmetry would stand up as a possible manifestation of NP. The system of D
neutral mesons is the only one in which the oscillation of an up-type quark can occur, and it
is the only one sensitive to possible contributions to CP violation of up-type quark through
mixing loops. In fact, top quarks decay before hadronizing [7], and particles composed by u
and 7, like 7° and 7, are their own antiparticle, thus they are not able to oscillate as a matter of
principle. Only very recently experiments have been able to collect and analyse huge samples
of charm decays @ (107) approaching for the first time the upper boundaries of the range of SM
predictions, and possible NP contributions may completely have been missed by experimental
searches so far. Therefore, the charm sector is a unique portal for obtaining an access to a new
flavour dynamics. In addition, the complementarity to B and K meson systems, that have
been much more deeply experimentally studied in the past decades, makes the exploration of
the charm sector important by itself, for improving the current knowledge of heavy flavour
dynamics within the SM. CP violation has not yet been observed in the charm sector, and
only recently the slow mixing rate of the D°~D° flavour oscillations has been established [8],
providing definitely a full range of probes for mixing and CP violation.

Except for a limited series of relevant experimental observables, hadronic uncertainties may
greatly impact/limit the sensitivity of charm decays in probing new effects [9]. However, the
increasing in precision of experimental measurements, together with the foreseen reduction
on the uncertainties of several QCD parameters, should lead to a significant shrinkage of the
theoretical uncertainties in the charm sector, and in many other flavour areas, allowing a
powerful test of SM predictions in the next and far future. Anyway, it is worth to point out
that an extensive study of the charm decays, and in general of the heavy flavour physics, at
much higher precision than today is fundamental to over-constrain the theory parameters,
and in particular the CKM scheme, that is a crucial ingredient for the SM and for any new
exotic theory, which must include the flavour structure.

Examples of experimentally clean channels allowing the study of the CP violation in the
charm system are the neutral singly-Cabibbo-suppressed decays into CP-eigenstates, such
as D’ — f, where f = K"K~ and f = n* 7™, which are now available in large numbers from
hadron collisions. A golden observable sensitive to possible effects of CP violation is the Ar
parameter, defined as the asymmetry of the effective decay widths I, i.e. the inverse of the
effective lifetimes, of the D° and D° decays

_I°=H-TD° = f)
YT RDO= HATDO— )

1)
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Due to the slow mixing rate (x = AM/T < 1%, y = AT'/2T < 1%) [10], and in the limit of
negligible CP violation in the mixing, it can be found that Ar = —xsin¢p and its measure-
ment translates into a constraint of the mixing phase ¢p, if the value of the x parameter is
determined elsewhere. This also implies that Ar < |x| <5 x 1073, and therefore, from an exper-
imental point of view, it is particularly relevant to increase as much as possible the precision
on the measurement of such an observable, well beyond the level of 1073,

This thesis presents the world best measurement of the CP violation Ar parameter with pp
collision data collected by LHCb in Run I, corresponding to an integrated luminosity of 3fb™!,
with 1fb™! collected during 2011 at a centre-of-mass energy of 7 TeV and the remaining 2 fb~!
collected during 2012 at a centre-of-mass energy of 8 TeV. The achieved uncertainty on Ar
is for the first time approaching a level of about 10™* and the final result fully dominates
the world average being the most precise measurement of CP violation ever of the LHCb
experiment. Beyond the intrinsic importance of searching for first hints of CP violation in
the charm sector at an unprecedented level of precision, the experimental methodologies
developed in the thesis demonstrate that LHCb will be able to perform this measurement
even at higher precision by fully exploiting the larger data samples that will be available in the
future LHC Runs (LHCb-Upgrade and Future Upgrades).

I personally presented the results described in this thesis, for the first time, on behalf the
LHCb Collaboration, at the VIII International Workshop on Charm Physics (CHARM 2016), 5-9
September 2016 - Bologna (Italy) [11] and a public LHCb document [12] was released at that
time to accompany them. They will be submitted soon to the Physical Review Letters journal
by the LHCb Collaboration and hopefully published before the dissertation of this thesis.

The thesis is structured as follows. Chapter 1 introduces the theoretical framework of the CP
violation within the Standard Model and the formal definition of the Ar observable. Chapter 2
describes the main experimental techniques to measure Ar along with the current experimen-
tal status. Chapter 3 briefly outlines the experimental apparatus, with particular attention on
the LHCb sub-detectors relevant for the measurement described in the thesis. The candidates
reconstruction and selection are reported in chapter 4, together with the signal extraction.
Chapter 5 is devoted to the description of the subtle, and therefore very dangerous, time-
dependent detection charge asymmetries present in the reconstructed data sample, and to the
innovative correction, specifically developed in this thesis, to keep such effects under control
at a level of 10™*. Afterwards, chapter 6 reports the measurement of the Ar observable in
D°— K™K~ and D°— n* 7~ decay modes. The following two chapters 7 and 8 are dedicated to
the estimation of systematic uncertainties. The dominant systematic uncertainty is separately
discussed in chapter 7, where a new approach, which uses both analytical and data-driven
information, has been successfully devised. Finally, chapter 9 presents the final results and a
discussion of their impact on the current experimental panorama.






1§ Theory and motivations

A brief review' of the Standard Model of particle physics is given in this chapter, with a partic-
ular attention to the Cabibbo-Kobayashi-Maskawa scheme and the charge-parity symmetry
(CP) violation in the charm sector. The theoretical framework and the formalism, specialised
in the two body D° — h* h™~ decays where £ is a charged pion or kaon, are extensively covered.
These decays are a privileged laboratory to explore for the first time the CP violation mecha-
nism in the charm sector with a precision approaching SM expectations, and are the main
subjects of this thesis.

1.1 The Standard Model of Particle Physics

The Standard Model of particle physics describes the three out of the four fundamental known
forces of the Nature, which are the strong and weak nuclear forces and the electromagnetic
force.> The SM consists of twelve half-odd-integer spin particles (fermions), which are the
fundamental building blocks of matter, and several bosons, particles having integer spin,
that mediate the forces in the SM (see tab. 1.1). The Standard Model is a non-abelian, local
gauge-invariant theory, and as such it is defined by its symmetry properties. The group of
symmetry of the SM is the direct product of the following Lie groups

Gsm=SU@B)c®SUR2)Le U)y. (1.1)

The SU(3)¢ term describes the symmetry of the strong force theory (Quantum Chromody-
namics or QCD), where C refers to the color charge of the fields under transformations of
this group; the SU(2);, ® U(1)y term describes the symmetry of electroweak interactions as
introduced by the theory of Glashow-Weinberg-Salam [15-17], where L indicates the chirality
of the weak interactions and Y refers to the hypercharge.

I'Many sources were used to compile this chapter, but the formalism adopted closely follows ref. [13]. The basic
principles of the Standard Model are briefly introduced, while those relevant for the understanding of the CP
violation are discussed with more details. A comprehensive and detailed description of the Standard Model can be
found in many textbooks, as for example in ref. [14]

2 The fourth force is the gravitational force that is not accounted for in the SM.



Chapter 1. Theory and motivations

Table 1.1 — Particles of the Standard Model.

fermions bosons

u c t
quarks 5 b y

e uoT Z
leptons T w=
| H

Table 1.2 — The SU(3)c ® SU(2)L ® U(1)y representations of the fermions fields of the
Standard Model and their transformation properties. Doublets of SU(2);, group are
explicitly written. In addition, the transformation properties of the fields with respect to
the electromagnetic group U(1)en, are also reported.

Field SUB)c SUR)L U1y U)em
I
U, 2/3
Qii = 2 1/6
dl. -1/3
Li
quarks ul, 3 1 2/3 2/3
dl, 3 1 -1/3  -1/3
I
. 0
I Li
Ll ; 1 2 -1/2 B
leptons L 1
I, 1 1 -1 -1

The fundamental building blocks of matter are the half-odd-integer spin particles that are
representations of the Gsy group. They are replicated in three generations, each of them
consisting of five representations

I 1 Y Y
Qpi» Ui Agpy Lpj Cpy- (1.2)

where i = 1,2,3 is the flavour (or generation) index, the index L(R) indicates the left (right)
chirality and the index I denotes the interaction eigenstates. The transformation properties
of the fields under the Ggy group can be compactly indicated by the dimensions of their
representations. Thus, any field can be represented by a triplet (&, B, y) where & and B are
the dimensions of the representation of the SU(3)c and SU(2), groups, respectively, and y
is the hypercharge, namely the dimension of the representation of the U(1)y group. Fields
representations are reported in tab. 1.2.

6



1.1. The Standard Model of Particle Physics

In addition to fermions representation, there is a single scalar representation (1,2,1/2)
P* ]

(1.3)
¢0

(p:

which assumes a vacuum expectation value of

0
nE

1

V2

Thus, it is often parametrised as

()=

¢ =ex i0i9~] ! 0
SRV A v H|

where o; are the Pauli’s matrices, 8; are three real fields and H is the Higgs boson field. The
non-zero vacuum expectation generates a spontaneous breaking of the gauge group

Gsm=SUB)ceSUR)Le Uy — SUB)c® U(L)em,

where the SU(2)L ® U(1)y “collapses” to the group of symmetry of the electromagnetism
U(Dem.

The Standard Model Lagrangian, Zsy, is the most general renormalisable Lagrangian consis-
tent with the gauge symmetry of equation (1.1) and the particles content of egs. (1.2) and (1.3),
and it can be written as the sum of four terms

ZLsm = Lxinetic t Lgauge + Lhiggs + Lyukawa-

The Ziinetic term contains the kinetic terms for Dirac fermions as iyy,0y, where, in order
to preserve the gauge invariance, the derivative 0 is replaced with the covariant derivative D
defined as

DH=0"+ig,GyLa+igW; Tp+ig'B"Y. (1.4)

The L;’s, with a=1,...,8, are the SU(3)¢ generators (the 3 x 3 Gell-Mann matrices 1,/2 for
triplets, 0 for singlets), the T’s, with b = 1,2,3, are the SU(2). generators (the 2 x 2 Pauli
matrices o/2 for doublets, 0 for singlets), and the Y is the U(1)y charge. A gauge boson is
associated to each generator. Thus, G, are the eight gluon fields, mediators of the strong force,
Wlﬁ‘ are the three weak interaction bosons and B* is the single hypercharge boson. The Wé‘
and B* bosons, after the spontaneous symmetry breaking, translate to the W* and Z massive
bosons and to the massless photon, since U(1)em remains a symmetry of the Lagrangian. The
coefficients gs, g and g’ are the coupling constants. Thus, the kinetic term in the case of
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left-handed quarks Qi becomes

—I i i i
Frineiie( QD) = 1Quryu (0" + 58:GhAa+ 58W) 0w+ 28'B) Q. (15)

Similarly, the other kinetic terms can be written for all the fermions fields of tab. 1.2 and for
the scalar field of eq. (1.3). The Znetic part of the SM Lagrangian is CP invariant.

The interaction of the fermions with the gauge bosons is introduced through the covariant
derivative. These bosons have gauge kinetic terms as well, and these are grouped in the Lgauge
term of the Lagrangian

1 v b v
"cfgaUge = _Z(GZVGZ + W,qu; +B,uvBlW),

where Byy = 0By —0vBy, wh, = 0,W) -o,Wp - gePI*WIWE and Gf, = 0,G - 0,Gf -
gsfaik GL GF are the field strengths tensors. This term of the Lagrangian is also CP invari-
ant®.

The Higgs term, instead, describes the scalar self interaction and it can be written as
—LHiggs = IJZQbT(p - )L(QbTﬂb)zy

where A is the Higgs self-coupling strength and u = vv/A. This term of the Lagrangian is also
CP invariant.

Lastly, the Yukawa quark interaction term is given by the following equation
—I —I - —I
— Prukawa = Yl.‘]i.QL,-(pd{U + YQpipup; + Yl.’].LL,-M{U +h.c, (1.6)

where ¢ = io»¢' and h.c. stands for the hermitian conjugate terms. The Pyuawa term is
generally CP violating. Due to the spontaneously symmetry breaking (recalling that R (¢°) —
(v+ H)/V?2) the ground state of ¢ generates in the Yukawa interactions of eq. (1.6) the La-
grangian mass terms

Ly =My dh+ MU b+ MU0k e, (1.7)
with masses M ¢ = vY%%/\/2 (q = u,d). Since neutrinos do not have Yukawa interactions in
the Standard Model, they are predicted to be massless. Equation (1.7) contains terms involving
different quark flavours, i # j. It is known that quarks are produced by strong interactions and
these mass (or strong) eigenstates do not necessarily need to be identical to the interaction (or
weak) eigenstates of eq. (1.7). The mass eigenstates correspond, by definition, to the states
where the mass matrices are diagonal, thus, it is possible to find two unitary matrices, V,;; and

3 There is an additional gauge-invariant and renormalisable operator in the QCD Lagrangian that could violate
the CP symmetry. However, experimentally this is very suppressed. More details about this “strong CP problem”
can be found in ref. [18].
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V4R, such that
Vo MgV =my (q=u,d),
with m,; diagonal and real. The quark mass eigenstates are then identified as
a=Vial,  an=Vindh, @=ud), (1.8)
and in terms of mass eigenstates eq. (1.7) can be written as
-y = m;jﬁLide + mlijﬁu ugj +h.c.,
where

i,j_L iay*v4q B
mg’ = Vi) Yo Vg

The charged current interactions for quarks (that are the interactions of the charged SU(2),
gauge bosons Wﬁ—' = (Wl} F iWi)/ v/2), described in eq. (1.5) in the interaction basis, have the
following form in the mass basis

~8 = Eairw, Vi) dl W s hee.

V2

where the unitary matrices V,; and V,;; account for the rotation between the interaction
eigenstates and the mass eigenstates.

1.2 The CKM matrix

The unitary 3 x 3 matrix,

Vud Vus Vub
Vexm =V Vi = Vea Ves Ve |, (1.9)
Via Vis Vi
is the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix of quarks [1, 2]. Generally,an x n

complex matrix U has 2n? degrees of freedom, however unitarity (U" = U™! < UU' = I)
provides n? constraints, reducing the number of degrees of freedom to 2. In addition, in the
particular case of the CKM matrix, the Lagrangian allows the redefinition of the phases of each
quark field, obtaining (see eq. (1.8))

uri — (Vup) e rul , _ (b
{ | = (VL Vy)ij — €' (Vy Vg )ije ' =00, Vi i),

dij — (Vap) jre™ " *dl,

where, for n generations, there are 2n — 1 phase differences that can be removed from CKM
matrix opportunely choosing ¢; and wy (with [ =1,...,nand k=1,...,n). Consequently, any
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n x n complex matrix, describing the mixing between n generations of quarks has a number
of free parameters equal to

2’ —n?-@2n-1)=(n-17%

and since an orthogonal 7 x n matrix (UT = U~! © UUT = 1) has n(n - 1)/2 real parameters
(angles), the number of complex phases is equal to

_(n-)(n-2)

n-12-2m-1
2 2

For n = 2, corresponding only two generations, the mixing matrix has only one free real
parameter, the so-called Cabibbo angle 0¢

cosO¢ sinf¢
Ve =

’

—sinf¢ cosfO¢

and the CP symmetry cannot be violated. For n = 3, instead, the physical free parameters are
four: three rotation angles (corresponding to the Euler angles) and one complex phase, and
therefore the CP symmetry can be violated. This can be made manifest by choosing an explicit
parametrization of the CKM matrix [19]

_'6
C12€13 s12€13 s;ze!
_ 19 10
Vokm = | —S12623 — C12523813€" C12C23 — S12823513€" $23€13 | » (1.10)
19 1)
S12823 — C12C23813€" —C12523 — S12C23513€" C23C13

where ¢;; = cos0;; and s;; =sinf;;, the three 0;; are the real angles corresponding to a xyz-
Euler rotation and ¢ is the CKM phase and corresponds to the single source of CP violation in
the quark sector in the Standard Model. The mass and interaction eigenstates are schematically
represented in fig. 1.1a.

Although the representation of eq. (1.10) is exact and makes explicit the rotation between the
two quark bases (interactions and masses), the phenomenological behaviour is not easily
evident. With this aim, a useful parametrization is that one from Wolfenstein [20], where the
hierarchy of the various elements is made manifest. A set of four real parameters (1, 4, p, 1)
are defined as follows
A=s12, AA% =53, AA3(p—im) =si3e7%,

where the parameter 1 = |V,| = 0.22 (the Cabibbo angle) plays the role of an expansion
parameter. By expanding to @ (1°) the CKM matrix can be written as [20]

1-122-1x4 A AN (p —in)
Vekm= | —A+3A5A%(1-2(p+in)) 1- 322 - 3A*(1+44%) AN? +0 (1),
AV - (p+iml+3A°A(p+in) —AA*+3AMAQ-2(p+in) 1-FA%A%

10



1.3. Unitary triangles

|b)
b’ u c
. I' ‘

...... @(AS) v\\n L \\
---0(A%) \(/'*
---0) Rt S
a4 NS e

(a) Quark mass eigenstates interactions (b) Mass and interaction eigenstates de-

representation. cay scheme.

Figure 1.1 - Graphical representation of CKM mechanism.

where it clearly appears that, with a good approximation, the Vcxy matrix is close to the unit
matrix with small off-diagonal terms. The order of magnitude of each element can be also
easily read from the power of 1 (see fig. 1.1b).

The current knowledge of the modulus of the CKM matrix elements, extracted from a global fit
to all the experimental observables, as obtained from ref. [21], is reported below

[ +0.000071 +0.00042 +0.000072 ]
0'97425—0.000097 0'22542—0.00031 0'003714—0.000060

— 0.00041 0.000074 0.00033
[Vokml = | 0.225297990041  0.97339470:900074  0,04180%5:99933

+0.000087 +0.00031 +0.000024
,0'008676—0.000150 0'04107—0.00067 0'999118—0.000014.

1.3 Unitary triangles

As stated above, the CKM matrix is a unitary matrix and the unitarity condition VCJr v Verm =1
leads to nine relationships among the matrix elements that can be summarised as

Y ViV =6ij, i,jeld,s, b}, (1.11)
kefu,c,t}

where §;; is the Kronecker delta. Six of these nine relationships, with i # j, imply that a sum
of three complex numbers is zero and it can be visualised as a triangle in the complex plane
(this explains the name “unitary triangles”). Among these six unitary triangles, one is chosen
to be “The Unitary Triangle” (i =d, j = b)

VJdVMb-FVCZVCb-FV;thb:O’ (1.12)

11
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Figure 1.2 — Current experimental status of the global fit to all available experimental

measurements related to the unitarity triangle phenomenology [21]. The parameters p

— . L VAV,
and 7 are related to the CKM matrix elements by the equation p + in = — V”EVZ (see text
cd "¢

for details).

where the phase convention is chosen in order to make the V', V;; term real (aligning one side
of the triangle to the real axis). In addition, eq. (1.12) is rescaled by V', V;;, to make the length
of this side equal to the unit, obtaining the following relationship

VyaVub s ViaVib _
Vc*d Veb Vc*d Veb

(1.13)

The parameters describing the amount of CP violation are therefore the angles of the triangle
which are defined as

VE Vo VEVL, VE Vi
a=arg J%JLL ﬁ=a@[ td ! L y =arg 4?4;l
th th Vcd V(,‘b Vud Vub

The current experimental knowledge of the unitary triangle is reported in fig. 1.2.

1.3.1 Charm triangle parameters

Charmed meson decays involve quark transitions from the ¢ quark to lighter quarks, and
therefore the elements of the CKM matrix involved are those of the first two rows. The relevant
unitary relationship for charm mesons is then

V2 Vid + Vi Vus + Vi Vup =0,

that can be rewritten into a more compact form, introducing the coefficient A, = Vc*q Vug(q €
{d, s, b}), obtaining

Ag+As+Ap=0.

12



1.4. Neutral meson mixing

As~O(A)
Ag~O(Q)

Ap~G(A°) |

Figure 1.3 — Schematic representation of unitary triangle for charm meson decays. The
vertical direction is enlarged by a factor of twenty with respect to the horizontal one.

u % u
k
W Vus _ W Vud _
S
Vcs Vcd d
C S C d

Figure 1.4 - Leading tree-level Feynman diagrams for the singly Cabibbo-suppressed
DO(ct) — K~ (st1) K~ (5u) and D°(cti) — n" (ud) n~ (ud) decays.

In the Wolfenstein parametrisation the values of A are the following

/13 /ls 2 542 . 7
Ad:—1+7+§(1+4A ) A A% (p+in +C (L"),

A3 A8
As=A— S50 +4A%)+0 (A7),
Ap =AM A%(p—im +O A,

resulting into a squashed triangle for the charm physics, since it has two sides having almost
the same size (|Ag4| = |As| + G (A1), as schematically reported in fig. 1.3.

Charmed meson decays involving amplitudes proportional to Az = As = A, are called singly
Cabibbo-suppressed (SCS) amplitudes, as D° — K*K~ and D° — 7" 7~ decays, see fig. 1.4, and
they are the main subjects of this thesis. Instead, D° — K~ z* decays, involving amplitudes
proportional to V[ V,,g = 1— A2/2 are therefore called Cabibbo-favoured (CF), see fig. 1.5. In
addition, D°— K*7~ decays are called doubly Cabibbo-suppressed (DCS) since they involve
amplitudes proportional to V., Vs = A2,

1.4 Neutral meson mixing

As described in the previous sections, the quark flavour eigenstates are not eigenstates of
the weak Hamiltonian, leading to processes that link quarks of different flavours, as shown
in fig. 1.1b. These processes allow connecting a neutral (§g') meson to its antimeson through a
rotation between flavour eigenstates and mass eigenstates. Therefore, neutral mesons are not
eigenstates of the free Hamiltonian, hence they do not evolve as free particles but through the
so-called “mixing”phenomenon. The formalism of the time evolution of the D°(c)-D°(cu)

13



Chapter 1. Theory and motivations

Figure 1.5 - Leading tree-level Feynman diagram for the Cabibbo-favoured D%(cu) —
K~ (su)n* (ud) decay.

system is described in the following and the resulting equations can be also applied to the
other three meson systems where the mixing occurs in the SM: K°-K°, B°-B°, B%-BY. While
the equations are general, the mixing phenomenology is completely different among these
four systems, and it will discussed in sub-sec. 1.4.2.

1.4.1 Time evolution of flavour eigenstates

Neutral charm mesons are produced by strong interactions and they are flavour eigenstates.
An initial state, |1(0)), is therefore a superposition of | D°) and | D°) states

y(0)) = a(0)|D%) + b(0)| D%,
and it will evolve into a superposition of all states allowed by energy-momentum conservation

lw (1)) = a()ID% +b(HID% +)_ cn(t)Iny,
n

where |n) represents all the possible states that can decay into, with coefficients c,(f) =
(n|A|y) and A is the effective Hamiltonian. Since we are interested in a(f) and b(?), for ¢
values much larger than typical scale of strong interactions, the time evolution of a single state
|€) can be schematised, using the Wigner-Weisskopf approximation [19, 22], as

E(1)) = e" Mg 1121 )y, (1.14)

where e "M’ describes the time evolution of a stable state with energy E = M, while e /2

takes into account the unstable nature of the state. The probability to find the state at time ¢ is
therefore equal to

KEOIE) P =e T

The time evolution reported in eq. (1.14) is the solution of the following Schddinger equation
d r

[ — &) =|M—-i—- 19)8 1.15

tdtlé( ) ( lz)lé( ) (1.15)

14



1.4. Neutral meson mixing

where M — iI'/2 is a non-Hermitian Hamiltonian (otherwise the state cannot decay). The
equation (1.15) can be generalised as a two-state system describing the neutral mesons as

= |

The CPT invariance implies that M;; = My» = M and I';; = T'pp = T'. In addition, Mj, =

Mj, and I'12 = I';; since the matrices M and I are Hermitian. The M matrix represents the

transitions with dispersive intermediate states (“off-shell” transitions), while I represents the

follows

IDO(6))
|D°(1))

IDO(6))
|D°())

.d
l_
dt

I'i T2
I'y1 T2

i
2

. (1.16)

|D°(t)>]

( My My
|D° (1))

Moy My

transitions with absorptive intermediate states (“on-shell” transitions). The eigenvalues can
easily calculated and are

.T
/li:MHEJ_rpq;

where p and g are two complex numbers given by

T Tor | T}
p:\/Mlz—iTIZ and q:\/Mgl—i%: My, —i 2. (1.17)

The eigenvectors are (p,+q)”, corresponding to the 1. eigenvalues, thus the neutral meson
mass eigenstates | D1 ») are linear combinations of the strong interactions eigenstates | D°)
and | DY),

|D1) |DO) |DO)
SO N LR el 0T Ll (1.18)
[D2) p —q||ID% |D™)
Thus, the time evolution for |D;) and | D) is the following
ID1,2(1)) = e+ Dy ),
that can be rewritten in the flavour states basis (using eq. (1.18)) as
DOt Skt g D° 0 dg0][Ip°
I_O( ) _Q! e 2 e I_O) _ pg+ »& |_0> , (1.19)
| D" (£)) 0 e ' | D) gg—(t) g+() | [ID”)
where
g (1) _e Mty -T12 cos(pq),
—iMt -Tt/2; (1.20)
g-()=-e e isin(pqt).

The mass eigenstates |D; ) are eigenstates of the Hamiltonian of eq. (1.16) with masses, M ,
and widths, I'y », therefore the 1. eigenvalues correspond to the eigenvalues 1, »

T T
Ai=M+i§ipq=M1'2—i%=/1L2.
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Chapter 1. Theory and motivations

Thus, the following relationships hold:

pq = %(AM— éAr),

M; + M,
le_z,
2
I'1+T
=2t 2’
2
where
AM = M, - M; = -2R(pq), AT =T, -T1 =43(pg). (1.21)

The time evolution functions of eq. (1.20) can be written in terms of the mass eigenstate
parameters as

: AMt¢t ATt AM¢t ATt
g+ (1) :e_’Mte_”/z[ cos coshT—isin sinhT ,

—iMi -Tt/2 AMt . ATt . . AMt ATt (1.22)
g_(1) =e e [—cos sth+lsm 2 cosh —|,

Thus, a pure | DO or IEO) state at time ¢ = 0 will therefore evolve as
ID°(1)) = g, ()ID% + %g_(t)lﬁ‘)%

ID°()) = g (1)1 D°) + gg_(t)ID()),

respectively. The probability for a state, produced at ¢ = 0 with a well-defined flavour content,
of having the same initial flavour content at ¢ > 0, is then

Prob(D° — D% 1) = |(D°(1)|D%)* = |g. (D)%,

Prob(D° — D% 1) = (D°(1)| D% * = | g+ (1)

Instead the probability of changing the flavour content is given by

2
Prob(D° — D% 1) = KD°(n| D% * = ’ ‘ 1g- (D13,

2
1g- (D13,

QT TIQ

Prob(D° — D% 1) = |(D°(#)|D%|? = ’

where, as results from eq. (1.22),
1 ATt
Igi(t)l2 = Ee_rt cosh — + cosAMt] .

It is worth noting that the probability for a D® — DO transition is different from the probability
of D° — Dif |q/p| #1.
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1.4. Neutral meson mixing

Table 1.3 — Approximate values for AM and AT in the four neutral meson systems.

meson system  AM/T AT/(2T)

K9-K° -0.95 0.99
DO-D° 0.005 0.006
BO-B0 0.77 —0.001
B%-BY 26.7 0.06

1.4.2 Mixing phenomenology

In the previous sub-section the time-evolution of the flavour eigenstates has been determined
in terms of AM and AT parameters, and approximate measured values of AM and AT are
reported in tab. 1.3. The probability as a function of the decay time for flavour-changing
and flavour-unchanging for all the four meson systems are also drawn in fig. 1.6, showing
that the D°-D° mixing proceeds very slowly, being almost indistinguishable from the single
exponential behaviour.

The dynamics behind the AM and AT values is enclosed in the effective Hamiltonian of
eq. (1.16), precisely through the M;, and I'1, elements, as it can be seen in eq. (1.17) and
eq. (1.21). The knowledge of such parameters is therefore crucial for the understanding of
the SM dynamics in the charm sector. There are two types of contributions to the mixing
amplitudes: the short distance and the long distance contributions.

Short distance contributions are fourth order interactions in the weak coupling as represented
by the Feynman diagram drawn in fig. 1.7a. These processes are called short distance contri-
butions since their typical scale length is much lower than the QCD scale (1/Aqcp). However,
these contributions are strongly suppressed in the charm system, contrary to the B system
where the analogous box diagrams are dominant. The contribution of the b quark in the charm
box diagram (see fig. 1.7a) is CKM-suppressed by a factor |V, Vc*b|2/|Vu5 VA2 =0(107%). The
contribution from down and strange quarks is also strongly suppressed in the limit of SU(3)
flavour symmetry [9, 23] (GIM suppression mechanism is remarkable effective in the charm
system, Ai =V Vl;‘bl2 ~ A% = A, = —Ajy). Even taking into account also the next-to-leading
order, the short distance contributions to x = AM/I" and y = AI'/(2I') mixing parameters are
predicted to be about ©(107%) [24]. These values are far below the current experimental mea-
sured values of x, y of the order @ (1072), thus the long distance contributions are dominant in
the D°-D° mixing.

On the other hand, mixing can proceed through intermediate on-shell states common to the
DY and the D° meson, as schematically represented in fig. 1.7b, the so-called long distance
contributions. Unfortunately, precise calculations of long distance effects are difficult, and
have large uncertainties, being the value of charm quark mass placed somewhere on the
border of heavy and light quark systems. Prediction of D°~D° mixing parameters from the
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Chapter 1. Theory and motivations
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Figure 1.6 — Flavour-changing and flavour-unchanging PDFs for the four neutral meson
systems (from left to right and from top to bottom): K 0_Kg0 DO-DY (note the logarithmic
scale), B°-B?, BY-BY. The single exponential function, black-dashed line, it is also drawn.

theory is a challenging task, and several orders of magnitude are spanned in the literature [25].
The size of the long distance contributions is determined by the amount of phase space
of the final states in common to the meson and the anti-meson. In the K°-K° system this
contribution is almost maximal since there is a small number of possible final states for K° and
almost all of them are accessible also to the K°. In the B® system the situation is the opposite,
there is a large number of possible final states for the B® but just a small fraction of them are
also accessible to the BC. Several techniques are used to calculate the mixing parameters in
the SM. Inclusive approaches such as heavy quark effective field theory rely on expansions in
powers of the inverse of the quark mass, which are of limited validity because the intermediate
value of the charm quark mass [26, 27]. Alternatively, exclusive approaches are used [28, 29].
They rely on explicitly accounting for all possible intermediate states, which may be modelled
or fitted directly to experimental data. However, the D meson is not light enough to have few
final states, and in absence of sufficiently precise measurements of amplitudes and strong
phases of many decays, several assumptions are made limiting the predictions of such an
approach.

As a consequence, the SM predictions for mixing and for CP violation are affected by large
theory uncertainties. Thus, it is crucial to provide very precise measurements in the charm
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1.5. CP violation formalism

w
c u
—_ - + o+
d,g,b d,S,b _ T ,K Yoo _
u C
w n,K,...
(a) Short distance contribution. (b) Hlustrative long distance contribution.

Figure 1.7 - Two diagrams contributing to the D°(cu)-D°(cu) mixing: (a) Feynman dia-
gram of short distance contribution, (b) long distance contribution.

sector.

1.5 CP violation formalism

The CP transformation law for a final state f is CP|f) = w f|f> and CP|f) = w;l ) where wy
is a complex phase (|| = 1). For the particular case of a final CP eigenstate, as K"K~ and
ntn~, where f = f, one obtains

CPIf)=ncpl,

with ncp = +1 for even (+1) and odd (—1) final states. In addition, for a D% meson decaying to
a CP eigenstate f the decay amplitudes can be defined as

Ap=(fl7\D%,  Ap=(fl7\D",

where # is the decay Hamiltonian. It is important to discuss the phases that can arise in those
amplitudes since they are responsible for the phenomenon of CP violation. Usually, two types
of phases are present and are called: weak and strong phases.

Weak phases come from any complex term in the Lagrangian appearing as complex conju-
gated in the CP-conjugate amplitude. Thus, they have different signs between Ay and
A - Since in the Standard Model Lagrangian these phases occur only in the CKM matrix,
which is part of the electroweak sector, they are called “weak phases”.

Strong phases come from final state interactions and they contribute to the amplitudes
through the intermediate on-shell states in the decay process. These phases arise even
if the Lagrangian is real and are called “rescatting phases”. If there are hadrons in the
final state, they are generated by strong interactions and therefore are also called “strong
phases”. Strong phases do not change sign under CP transformation.
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Chapter 1. Theory and motivations

Since all the observables are related to the squared amplitudes, phases are not experimentally
measurable, but only phases differences are accessible. Thus, CP violation in the decay
appears as a result of the interference among various terms in the decay amplitude, and it does
not occur unless at least two terms have different weak phases and different strong phases. As
an example, let us consider a decay process which can proceed through several amplitudes

Ap= Y| Agle/ P00, Ay = 3] AylelCORHOR
k k

where 6 are the strong phases, which do not change sign under CP, and ¢ are the weak
phases. The difference between the two amplitudes is

|Apl? = [Af> = =2 )| Al Al sin(¢p; — pr) sin(6; — 5).
Lk

To observe CP violation one needs |Af| # A |, therefore there must be a contribution from at
least two processes with different weak and strong phases in order to have a non vanishing
interference term.

Experimentally, there are three manifestations of CP-violation and they are enclosed in the

following variable
qAr i
== — _nepR, R, 1.23
f pA; Ncpiimfipe (1.23)
where
q A QEJ
R =(—1, R =|—, = .
R e

1.5.1 CP violation in the decay

CP violation in the decay (also called direct CP violation) occurs when the decay amplitudes
for CP-conjugated processes are not equal. A golden observable sensitive to the CP violation
in the decay is the CP asymmetry defined as

I'(D— f)-T(D— f)
I'(D— f)+T(D— f)

Acp(f) =

where I' is the time-integrated decay width of the D — f decay process and it is proportional
to the squared amplitude (I'(P — f) x IAfI2 andT'(P— f) x szlz), thus

2 (2.2 — R2
Acp(f) = Al = DL Ty
— =

|Af|2+|Af|2 1+Rf
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1.6. D° time-dependent decay rates to C P-eigenstates

Therefore, CP violation in the decay occurs if

1.5.2 CP violation in the mixing

CP violation in the mixing occurs when the probability for the oscillation process depends on
the initial state, i.e. the probability for the D® — DO process is different from the CP-conjugated
one, D° — DO, This is defined as

p

From the definition of g and p (see eq. (1.17)) follows

‘ q ‘2 _ My, il /2]
p |Mip —iT12/2|

where only off-diagonal elements of the Hamiltonian of eq. (1.16) contribute. The off-diagonal
terms are proportional to the probability for the transition of |D%) to |D°) and vice versa; if
these terms are different CP violation in mixing follows.

1.5.3 CP violation in the interference

In the case of a common final state f shared simultaneously by the D° and the D meson, the
CP symmetry can be violated in the interference between the decay without mixing, D°— f,
and the decay with mixing, D® — D° — f. It occurs when

arg(Ar) + arg(/lf) #0.
For final CP eigenstates, as K* K~ and n* 7™, the above condition simplifies to
S(Ap) £0,

which is equivalent to ¢ ¢ # {0, 7}.

1.6 D°time-dependent decay rates to C P-eigenstates

The singly Cabibbo-suppressed D° — K*K~ and D — n* 7~ decays are the main subject of
this thesis. Their time evolution is then described in detail in the following, along with the
standard formalism currently used in the literature [10, 19]. The decay rates of these decays
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Chapter 1. Theory and motivations

are defined as
T(D°(t) = f) = N¢[(f12ID° (1)) 7, T(D°(1) — f) = N[ f11D° ()17,

where Ny is the time-independent normalisation factor, including the results of the phase-
space integration?, and the effective weak interaction Hamiltonian is represented with .
The decay rates can be calculated from eq. (1.19), obtaining

0 q - |2 =0 p — |2
PO~ )= |g-0Ar+_g-0A],  TDD == | g-(DAr+g(DA],
and making use of eq. (1.22), they can be written as [30]
(D0 — f) = %e—“|Af|2{(1+ IA¢1%) cosh(yT'e) + (1 — A [*) cos(xTt)
+2§R()Lf) sinh(yI't) — 2&‘;(/lf) sin(xI't)}
rD°) — f) = 1e‘”|Zf|2{(1 +IA7 P cosh(yI'e) + (1= A7 1*) cos(xT 1)
2 (1.24)

+2R(AFY) sinh(yT'1) - 23 sin(xT 1)},

1 2
:Ee—“|Af|2 {1 +1A¢%) cosh(yT't) — (1 - [Af]*) cos(xT'D)

P
q

+2§R()Lf) sinh(yI's) + 2%()Lf) sin(xI't)},

where two dimensionless parameters x = AM/T and y = AT'/(2T) are introduced.

1.6.1 Effective decay widths

Taking into account the current experimental sensitivity on x and y of the order of & (1072) [10],
and also considering a time window I't ~ € (1), the time-dependent decay rates of equa-
tion (1.24) are well approximated by the following expressions

(D% — fl=e A P{1+RA )Tt - STt} + G (YT 1)) + O ((xT %)
TD°(0) — ) =e A1+ RAFHYTT=SA DT 1} + 0 (xTD)*) +6((T D).

Expanding A rasineq. (1.23), one obtains

(D°0) — fl=e " ApP{l —-ncpRmRs(ycosd s — xsing )Tt}
TD°(0) — f)=e  [Apl* {1 -ncp Ry, R (ycos ¢y + xsing e},

where the above expressions can be further approximated as a purely exponential forms (by
using [(D°(f) — flox e (1 —zlt+...) e ', if |z| < 1, with T = T (1 + 2)) with the following

4 Since the main topic of this thesis is a measurement of an asymmetry, the normalisation factor N '+ can be
neglected without any loss of generality.
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1.7. Time dependent CP asymmetry

effective decay widths

=

=I'{1+ncpRnRy(ycosdps—xsingy)}

a (1.25)
T=T{1+7ncpRy R} (ycosds + xsingp)}.

f* and T are defined as the effective decay widths of the D° and D° decaying to f, respectively.

1.7 Time dependent CP asymmetry

The time-dependent CP asymmetry is defined as the normalised rate difference of a D°
decaying to a final state f and a D° decaying to the same final state

_T(D°(0— f)-T(D°(1)— f)

Acp(t) = — )
cr [(D°(r)— f)+T(DO(r)— f)

Substituting the time-dependent rates from eq. (1.24) it follows that

(R, — D)1 +IA /) cosh(yT'D) + (Ry, + 1)(1 — |1 7[*) cos(xT'1) +
2(R%,— DR(Ap)sinh(yT'1) - 2(R5, + DS(Ap) sin(xI'1)]

(R, +1)(1 + A 1% cosh(yT'8) + (RZ, = 1)(1 — [A7|?) cos(xT 1)+
2(RZ, + DR(Af)sinh(yI't) — 2(R5, - DS(Af) sin(xT'0)]

Acp(1) =

As in the previous section, the fact that x and y are small (< ©(1072)) allows expanding at the
first order (linear approximation®) in xI't and yT't the expression of Acp(t), obtaining

Acp(t) = AW+ AT+ G ((xTH?) + @ (YT D). (1.26)
The intercept term of Acp(?) is

2 pa—
P 7 R N i e A
P RZ, A2 L+RE  |Apl2+ A2

which vanishes if no-CP violation is present in the decay, R =1L The slope of Acp(?) is

ind 217ch]2€ “1p-1y.. o ~1p-1
Acp = m[(Rme+Rf R, )xs1n¢f—(Rme—Rf R, )ycos<pf], (1.27)
f

and it contains all the three types of CP violation: in the decay (R r#1),in the mixing (R, # 1)
and in the interference between mixing and decay (¢ # 0,7). The comparison between
the time-dependent asymmetry and the linear approximation is reported in fig. 1.8 for the
values of parameters reported in tab. 1.4. The linear approximation of Acp(¢) works well with

5 Note that this is the definition of Agl}‘}.
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Figure 1.8 - Comparison between the exact model of Acp(#) and its linear approximation,
as reported in eq. (1.26). In addition, the time-integrated CP violation, (Acp(?)), is also
reported. The values used for the parameters are reported in tab. 1.4.

Table 1.4 — Approximated values of D°-system parameters.

l—R? R2 _R-2
X% %] pldeg] Aal%l = 1rgp i) = e
f m m

0.06 0.46 9 -0.5 1

discrepancies of about 01074,

1.8 Ar and ycp observables

Among all the various CP-violating observables in the charm sector, the following two observ-
ables are the more promising, and are defined as

- fH-1(D°— (D% — (D% —
Ar = A( /) A(— f), cp = ( NI ) -1. (1.28)
['(DY— fH+T'(D°'— f) 2r
where T', the effective decay width, is defined as
A tI'(t)dt
I/FZfZ&, (1.29)
JT(vdt

and it refers to the value of lifetime, 7, measured using a single exponential model as it has
been done in eq. (1.25). Therefore, Ar can be written as

_ b-T  P-T
2T +ycp) 2T

Ar

’
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1.8. Ar and ycp observables

where the contribution of ycp < @(1072) is neglected. Substituting the effective decay widths
reported in eq. (1.25)

Ncp -1 5 -1p- i

Ar = 2 [(Rme _leRfl)yCOS(rbf_ (Rme+leRfl)xsm¢f]’ (1.30)
Ncp ~1p- -1p- i

yor =" (R Ry + Ry By cos by — (R Ry — Ry Ry xsiny | (1.31)

The value of Ar is related to the indirect CP violation (see eq. (1.27)) as follows

212
AFZ—ZTAE}P. (132)
f

1.8.1 Experimental approximations

The current experimental values for the direct CP violation Acp(D°— K*K™) = (0.01 +0.14) x 1072
and Acp(D°— ™) = (=0.11+0.13) x 1072 for D’ — K*K~ and D° — 7+ 7~ decays [10], re-
spectively, allows neglecting the CP violation in the decay and this implies of assuming
Rp= A f/Arl = 1. Thus, the more common expression of Ar and ycp are

Liflg| |p qal ||\, .
Ar=— (‘—’—‘—U cos —(‘— +|= )xsm , (1.33)
=31 |q ycosy ol g by
; (‘q p‘ (‘q‘ 'p ) !
=—|{|=|+{|=|lycospr—||—|—=|=||xsindr]|, (1.34)
yer =3 ol lq ycosdy ol g o

where R, = |q/pl and ncp = +1, both for K"K~ and n* 7z~ final states. The contribution of
the CP violation in the mixing and in the interference are clearer visible in Ar, than ycp. The
first term in Ar (proportional to y cos¢ ) vanishes if no CP violation in the mixing is present,
lg/p| = 1. The second term of eq. (1.33) (proportional to xsin¢y) is related to the CP violation
in the interference, and it is zero if and only if there is no CP violation in the interference
¢ =10,7}.

In the approximation of no CP violation in the decay (R = 1), the absolute value of Ar is equal
to the indirect CP violation, as found in eq. (1.32)

212
LA+R2? |
Ar= —ZR—ZfAlgg ~—And (1.35)
)

Therefore, the time-dependent CP asymmetry of eq. (1.26) can be rewritten as
dir 4
Acp(1) = Acp —Ar ,
D

where 7p = 1/T is the lifetime of the flavour-specific mode D°— K~ 7+ decay®.

6Note that a possible contribution of the doubly Cabibbo-suppressed (DCS) DY~ Kta~ decay mode can be
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Chapter 1. Theory and motivations

Universality

The values of Ar and ycp are final state dependent, and such a dependency is enclosed in the
angle ¢, see eq. (1.33) and eq. (1.34), which is defined as

qAr
)
pAf
where the phase arg(A 7/ Ay) can be different for f = K*K~ or f = ¥ 7~ final states. Generally,
amplitudes for CP eigenstate final states can be written as

Af= A;e+i¢;[1+rfei(5f+‘/’f)],

— T .
Af=77CpA]]:e l¢f[1+rfe’(5f_"’f)],

where A;eii(p; is the Standard Model tree level amplitude with its relative weak (CP violating)
phase. The ratio r¢ is the relative magnitude of contributions coming from all non-tree
level diagrams, that can introduce a different weak phase ¢ ¢, and 6 7 is a strong phase (CP
conserving). Since penguin diagrams contribution is expected to be small (G (1079))[31], the
terms proportional to 7 can be neglected obtaining

— T, —i¢T i(5r—f)

Ay Age F1+rpetCr=0] aig!
=Tcp T ) =ncpe " 7.

Af A}"e+l¢f[1+rfel(6f+(pf)]

In addition, as reported in sec. 1.3.1, neglecting terms of the order A,/ A = IVC*b Vbl NV Vsl =
©(1073), the angle (,bjf is zero or 7, since only real CKM elements are involved. In this assump-
tions, ¢ is therefore independent from the final state (universal) and it is equal to ¢ p, defined

as
q
¢p =arg (—)
p
Therefore, with the approximations described above, the universal expressions of Ar and ycp
are
L{(lq p q p :
-3
2|\p q p q
L{(lq p q p :
o - o
2|\p q p q

where the universality holds only in the SM.

safely neglected. Corrections to the flavour-specific D° — K~ 7" decay lifetime are of the order DCS/CF - (x, ),
where DCS/CF = |V, 4 V,;‘SI/IVCS V::dl = @’(10_2). Thus, corrections to the lifetime are about @’(10_4) and in Acp(t)
of about @(10~8), hence completely negligible with the current experimental sensitivity.
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1.8. Ar and ycp observables

Given the current experimental measurements of x, y [10], in the limit of small CP violation in
the mixing, |q/p| = 1, Ar can be approximated as —xsin¢p and its measurement translates
into a constraint of the mixing phase ¢p, if the value of x is determined elsewhere. This implies
Ar < |x] £5x 1073, For ycp instead, ycp = ycos¢p and again ycp < |y| <7 x 1073, Therefore,
itis crucial, from an experimental point of view, to increase as much as possible the precision
on the measurement of these two observables, well below the level of 1073, in order to search
for hints of CP violation in the charm sector, which are still unobserved.

The work described in this thesis is focussed on the measurement of only one of the two,
Ar, and aims at performing the world best measurement using the full Run I data sample
of D’ — K*K~ and D° — n*n~ decays, collected with the LHCb experiment at the Large
Hadron Collider. Beyond the intrinsic importance of searching for first hints of CP violation
in the charm sector at an unprecedented level of precision, the experimental methodologies
developed in the thesis aim also at demonstrating that LHCb will be able to perform the
measurement of the Ar parameter at even higher precision by fully exploiting the larger data
samples that will be available in the future LHC Runs (LHCb-Upgrade (Run III) and Future
Upgrades of LHCb). Ar is a golden observable and it is very likely that it will be the first place
where CP violation in the charm sector will be experimentally observed.

27






YA Measurement overview and current
experimental status

A brief description of the main experimental techniques to measure Ar observable is given.
These are common to all the experiments, either for those installed at hadron colliders or
at e"e” colliders, and deserve a brief introduction for a better understanding of the next
chapters.

2.1 D°— h*™h™ decays and flavour tag

A measurement of CP asymmetry requires to identify the flavour of the decaying particle.
While the flavour of a charged particle can be easily determined by the total charge of its decay
products, for a neutral particle, where the total charge of the final state is null, the situation is
more difficult. To overcome this challenge, usually, the production mechanisms are exploited.
The idea is to collect the neutral mesons produced into a charged final state where the particles
produced together with the neutral meson are used to infer its flavour. This is also particular
relevant because the flavour can change during the time evolution of the meson, and the Ar
observable requires to know the flavour at the production (see eq. (1.28)).

The flavour of the D°(D°) mesons decaying to h*h~ (where h stands for a kaon or a pion) is
determined at the production (¢ = 0) in general through two decay chains

e D** = D%t and D*~— D%,

e B—~DY% v,Xand B— D%%*v,X.

In the latter, D mesons are produced in a semileptonic B decay, and the charge of the lepton
¢ can be used to infer their flavour. The relationship between the lepton charge and the D°
flavour is assured by the transitions b— ¢W~ and b— ¢W™, as shown in fig. 2.1. These D°
decays are called “secondary decays”, since they come from a subsequent B meson decay.
The measured relative branching fraction for a mixture of B*/B°/B? decaying to D°/~Vv,X is
I'(b— D°0™V;X)/T o = (6.81 +0.34)%, where X indicates anything needed to complete the
decay [19].
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Chapter 2. Measurement overview and current experimental status
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Figure 2.1 - Tree-level Feynman diagrams for (left) B — DOZ’WX and (right) B —
D°¢*v,X decays.
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Figure 2.2 — Tree-level Feynman diagrams for (left) D** — D%z* and (right) D*~ — D%z~

On the other hand, D** — D%z* and D*~ — D%z~ decays are called “prompt decays”, since
D** mesons decay immediately after being produced. They occur because of the strong
interaction, implying that the quarks flavour remains unchanged, leading to the correspon-
dence between the charge of the pion and the D° flavour, as reported in fig. 2.2. The relative
branching fraction for these decays is I'(D** — D%z ™) /T'o = (67.7 £0.5)% [19].

Since the measurement of Ar described in this thesis uses the strong D** — D%z decay
chain, the following sections are devoted to the experimental challenges of this method,
unless otherwise stated.

2.2 From the theory to the Ar measurement

Historically, the measurement of Ar has been performed starting from its definition, as re-
ported in eq. (1.33). This can be easily rewritten in terms of the effective lifetimes
ITD'— nH-TD°—f) #D°— fH-#D°"— f)
I =% P = p— )
I[(DY— NH+TD°— f) T(D°— fH+T(D°— f)

(2.1)

since [' = 1/%, where 1 is the effective lifetime defined in eq. (1.29). Thus, Ar can be extracted
measuring the lifetime separately for the D and the D° meson using a single exponential
model. However, the measurement of an absolute lifetime in an hadron collider environment
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2.2. From the theory to the Ar measurement

is challenging due to the bias introduced by trigger requirements (see sub-sec. 3.2.9 and
sec. 4.2), that are based on lifetime related quantities, in order to efficiently select D’ meson
decays. As a result, the D° decay time distribution is not anymore a pure exponential, being
sculpted in a non trivial manner. For this reason, the measurement of Ar has been in the past
a prerogative of e” e~ machines, where events are inclusively triggered without any bias to the
decay time [32, 33].

The challenge of measuring absolute lifetimes is to know (with the desired level of accuracy)
the acceptance function. In general, the acceptance function, A, maps the true distribution, F,
to the reconstructed one, f,

f(0)=A(0)-F@),

where 0 represent one or more observables, as the proper decay time, the momentum of the
particle, the pseudo-rapidity and so forth. A standard approach to extract the acceptance
function uses the realistic Monte Carlo simulation. However, that is not sufficiently reliable
for the Ar measurement, approaching an unprecedented level of precision (G(107%)). A
fully data-driven method to extract the acceptance function has been used in LHCDb for the
Ar measurement, performed in 2010 and 2011 with an integrated luminosity of 209 pb™*
and 1fb™!, respectively (see sec. 2.5). This method, called “swimming”, consists in moving
the D° along its momentum-direction and re-run all the trigger and offline reconstruction
algorithms to know if the event would pass or not the selection [34]. In this way, a per-
candidate acceptance function versus the D° proper decay time can be extracted, from which
is possible to obtain the total acceptance function, re-running the swimming procedure for
each event in the data sample. The systematic uncertainties achieved using this procedure
have been assessed to be much lower than the statistical uncertainty allowing a competitive
measurement of Ar [35]. Although its success, it is not clear if the implementation of such
technique is affordable also in the future, with data samples much larger in size than the
current available statistics. The swimming method demands a huge computing power, since it
requires to re-run the full trigger chain and the reconstruction algorithms around a hundred
of times on each event [36].

To overcome the challenge of measuring the acceptance function, an alternative approach is
used to measure Ar. The value of indirect CP violation is approximatively equal to Ar, expect
for the sign, as reported in eq. (1.35), and therefore the time-dependent CP asymmetry is well
approximated as

. cat - t

Acp(D) = AZp + Ay — = AGp — Ar—, 2.2)
Tpo TD

and Ar can be extracted from a fit to a straight line of the measured Acp(¢). This approach

does not require the knowledge of the acceptance function since any acceptance effect cancels

out in the asymmetry. The measurement of Ar with this approach has been already performed

by CDF [37] and LHCDb [35, 38].
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Chapter 2. Measurement overview and current experimental status

2.2.1 Raw CP asymmetry

From an experimental point of view, the observed decay widths asymmetry, Araw(?), is defined
as

1—‘obs(t) - lHobs(t)

Araw(t) = = »
1—‘obs(t) + 1—‘obs(l‘)

where the observed decay width is

Fp e LAND
obs - N dr

’

and dN(¢) is the number of the reconstructed D* mesons associated to a D’ meson having
a decay time in the interval [¢,  + d¢]. This is related to the number of generated D* meson
decays, n(z), through

N(t) x eAn(1),

where A is the acceptance function and e is total efficiency for reconstructing a D* meson.
Thus, the observed asymmetry does not directly correspond to the CP asymmetry needed to
extract Ar, reported in eq. (2.2). Indeed, the raw asymmetry is

etnt(—-en (1)

Araw = ,
() etnt(t)+e n (1)

where the acceptance function A cancels in the ratio, while in general reconstruction efficien-
cies are different. For small asymmetries 0 (1%), Araw(?) can be rewritten as

Araw(t) = Acp(8) + Ap + Ap + G (A%). 2.3)

where Ap is the initial production asymmetry and Ap is the detection asymmetry in recon-
structing D** decay, and O (A?) indicates terms as Ap Ap Acp (see app. B for the mathematical
formalism). When the D** — D%z% — [h*h™]pn* meson decays to K™K~ or 7+ 7~ CP eigen-
states, the non-vanishing part of the detection asymmetry can be ascribed only to the detection
(trigger, reconstruction and selection) of the soft pion

T[S
Ap = ATy,

assuming that the total efficiency can be factorised into e(D**) = (D% -e@*). In general
soft pion and production asymmetries are independent of D° decay time, however, due to
second-order effects and artificial detector-induced correlation between momentum and
decay time, a small D° decay time dependence can appear, as described in chap. 5, and must
be correctly accounted for. Thus, after correcting for any detector induced time-dependent
instrumental effects, any observed significant slope in Ay, (#) would indicate a significant
time-dependence of Acp(f), namely a non-zero Ar.
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2.3. Control channel: D° — K~ 7" decays

2.3 Control channel: D° — K~ 7+ decays

The measurement of the Ar parameter is very precise, therefore the entire analysis procedure
must be validated to ensure the robustness and reliability of the experimental methods and
a complete control of the systematic uncertainties. The high statistics Cabibbo-favoured
D®— K~ n" decays fulfil this need, since the genuine physical time-dependent CP asymme-
try is expected to be undetectable [39] (see also app. A). In analogy to the time-dependent
asymmetry of D — K*K~ and D° — n* 7~ decays, the time-dependent asymmetry of the
D% — K~n* decays can be written as

; t
ASE(0) = A% - Aﬁ”;, 2.4)
where A?” < 0(107°) is called “pseudo-Ar”. Instrumental asymmetries are expected to be
larger in the D°— K~ 7+ sample because of the additional effects coming from the different
interaction probability with matter of opposite-charged kaons. Also in this case for small
asymmetries, the raw asymmetry can be rewritten as
AKT = Ap + Ap + O (AY). (2.5)

raw

where Ap is the initial production asymmetry and Ap is the detection asymmetry in recon-
structing D** final decay products, which contains also non-vanishing term from the D°
decay products, being no CP symmetric

Ap = AT+ AT

The time-dependent term Acp(?) is omitted in eq. (2.5) because it is expected to be much
smaller than our current experimental uncertainty (see ref. [39] and app. A). As explained
above, generally, detection and production asymmetries are independent of D° decay time.
However, a small D° decay time dependence is found for AXZ, as will be described in chap. 5,

and it can be only ascribed to detector induced effects. These effects are very dangerous and
must be corrected in order to measure Ar on D°— K*K~ and D°— nt 7~ decays.

2.4 Physical background to Ar: secondary decays

When the flavour of the D° meson is tagged through the D** decays, it is necessary account
for the fact that the D** meson can be produced either directly from the primary interaction
or from a decay of a B meson, the so-called secondary decays'. Proper decay time of D°
mesons is reconstructed from the distance of the decay vertex of the D° to the primary vertex
of collision, therefore the reconstructed decay time of secondary decays is biased towards
larger values, because of the large lifetime of B meson (more details on secondary decays are

IThese processes are very similar to those described in sec. 2.1 used to tag the flavour of the D? meson, and
therefore are indicated as secondary decays.
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Chapter 2. Measurement overview and current experimental status

Babar 2012 k

Belle 2012 FRr—2———q" " | —0.30 +2.00 £ 0.80
—o i 0.88+2.5540.58

LHCDb 2013 D*" tag, KK | —0.35£0.62 £ 0.12

LHCDH 2013 D** tag, 7 | // ‘ 0.33 £1.064+0.14
CDF 2014 % —1.20 £ 1.20
LHCb 2015 ptag | 4 —1.25+0.73
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Figure 2.3 — Current experimental status on Ar. From top to bottom Belle 2012 [32], BaBar

2012 [33], LHCb 2013 D** tag KK [35], LHCb 2013 D** tag niwr [35], CDF 2014 [37], LHCb
2015 p tag [38].

given in chap. 7). Thus, secondary decays represent a physical background that has to be
subtracted to avoid biases in the Ar measurements.

At e" e~ machines, secondary decays background is reduced to a negligible level requiring
a threshold on D° momentum measured in the centre-of-mass frame. At hadron colliders,
instead, secondary decays are subtracted using variables related to the impact parameter of

the D° mesons.?

The situation is different if the D® meson flavour is tagged through secondary decays (sec. 2.1),
i.e. D° coming from B meson decays. In this case, the D° decay time is measured from the
decay vertex of the B meson, therefore it is independent from the B decay time, and no bias is
introduced.

2.5 Current experimental status

The value of Ar was measured in the past at the B-factories and recently also at CDF. In the
last years LHCDb entered the game as the leading player. All the available measurements are
reported in fig. 2.3.

2 The definition of the impact parameter is reported in chap. 4.
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2.5. Current experimental status

2.5.1 Experiments at e e~ colliders

Two measurements are available from the experiments at e*e™ colliders: one from Belle
collaboration [32] and the other one from BaBar collaboration [33]. Both exploit the D**
decays to tag the flavour of the D° mesons, as explained in sec. 2.1. The value of Ar is
measured simultaneously for the D° — K*K~ and the D° — n*7~ decays. The effective
lifetimes (see eq. (2.1)) of DY and D° mesons, decaying to K"K~ and n*7n~, are extracted
through a likelihood fit to the decay time distributions. The analyses strategies are validated
on the D — K~ 7" decay mode, as explained in sec. 2.3. Secondary decays background (see
sec. 2.4), as already mentioned, is reduced to a negligible level with a requirement on the D°
momentum in the centre-of-mass frame of the e* e collision for both measurements. The
measured values of Ar are

Ar(KK + 7m; Belle) = (—0.30 +2.00 + 0.80) x 1073,
Ar(KK + 7m; BaBar) = ( 0.88 +2.55 +0.58) x 1073,

where the first error is statistical and the second one is systematic. The dominant sources of
systematic uncertainties come from the uncertainty on acceptance function and from the
background parametrisation for the Belle measurement [32]. Instead, for the BaBar measure-
ment [33], the total systematic uncertainty is driven by the uncertainty on the selection made
on D° candidates decay time error.

2.5.2 Experiments at hadron colliders

The Ar value was also measured at CDF experiment based on a pp collider, and at LHCb
experiment based on a pp collider.

Ar at CDF

The Ar measurement at CDF [37] exploits the indirect CP method, as reported in eq. (2.2),
therefore the sample is divided in bins of the D° decay time and a linear fit to the time-
dependent CP asymmetry is performed to extract the value of Ar. The flavour of the D° is
tagged using the D** decays, as explained in sec. 2.1. In each decay time bin, secondary
decays background is subtracted through a fit to the distribution of the D° impact parameter.
The value of Ar is measured independently in the D® — K* K~ and D° — 77~ decays and
they are found to be [37]

Ar(KK; CDF) = (~1.90 + 1.50 + 0.40) x 1073,
Ar(m; CDF) = (=0.10+ 1.80 £0.30) x 1073,

where the first uncertainty is statistical and the second one is systematic. The dominant
systematic uncertainty is due to the subtraction of the secondary decays, in particular due
to the parametrisation of the secondary component in the D° impact parameter fit. Back-
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Chapter 2. Measurement overview and current experimental status

ground subtraction in the D’ — K+ K~ decay sample largely contributes to the final systematic
uncertainty of Ar(KK), due to the larger mis-reconstructed background with respect to the
D°— n*7~ decay mode. The two measurements of Ar in the D’ — K™K~ and D° — n*n~
decays are then combined together obtaining

Ar(KK + 7m; CDF) = (=1.20+£1.20) x 1073,

Ar at LHCb

The Ar observable is measured with two statistically independent samples by the LHCb
collaboration. One measurement uses the D** decays to identify the D° meson flavour [35],
while the other one uses the D? meson coming from the semileptonic B decays (B — D° v X
decays), called semileptonic Ar [38]. The two measurements adopt a different approach to
extract the value of Ar. Thus, they will be separately discussed.

Semileptonic Ar The semileptonic Ar measurement [38] is performed over the full Run I
data sample collected by LHCb, corresponding to an integrated luminosity of 3fb™!. The
method used to extract Ar is the one reported in eq. (2.2), and therefore the sample is divided
in bins of D° decay time. The D signal yield is extracted through a simultaneous (between
DY and D°) maximum likelihood fit to the D° invariant mass in each decay time bin. The
measurement is validated on the D° — K~ zn" sample obtaining a value for pseudo-Ar in
good agreement with the hypothesis of no CP violation, Ar(K7) = (0.09+0.32) x 1073, The
measured values of Ar in D°— K"K~ and D’ — n* 7~ decays are

Ar(KK; LHCb utag) = (-1.34+0.777 2% x 1073,
Ar(rm; LHCb utag) = (—0.92 +1.4570:33) x 1072,

where the first uncertainty is statistical and the second one is systematic. The dominant
systematic uncertainty is due to the mis-tag of the D° meson flavour. Other systematic
uncertainties come from the detection asymmetry and from the D° mass model, especially in
the D° — K™K~ decay mode. The combined value of Ar is

Ar(KK + n; LHCb ptag) = (-1.25+0.073) x 107,

D** tagged Ar The Ar observable is measured in the D**-tagged sample, using only about
one third of the total integrated luminosity of the full Run I data sample, corresponding to
1fb~! [35]. The value of Ar is extracted with both methods: measuring the effective lifetimes
asineq. (2.1) and extracting Ar from the time-dependent asymmetry as described in eq. (2.2).

To extract the value of Ar from the individual effective lifetime measurements an accurate
knowledge of the acceptance function is needed, since the requirements applied to select the
DY candidates sculpt the decay time distribution. The swimming technique (see sec. 2.2) is
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2.5. Current experimental status

used to overcome this challenge. The secondary decays background is subtracted though a
maximum likelihood fit to the y%,(D?), a variable related to the impact parameter® of the D°
meson. The results for Ar are

Ar(KK; LHCb D** tag) = (—0.35+0.62 £0.12) x 1075,
Ar(nm; LHCbD** tag) = ( 0.33+1.06+0.14) x 1073,

where the first error is statistical and the second one is systematic. The systematic uncertainties
are driven by the knowledge of the acceptance function (0.09 x 1073 and 0.11 x 1073 for D° —
K*K~ and D° — 77~ decay modes, respectively). The other dominant contribution comes
from the subtraction of secondary decays background (0.07 x 1073 for both decay modes).

The second measurement uses the same data sample, corresponding to 1fb~!, and extracts
Ar through the time-dependent charge asymmetry (see eq. (2.2)). Signal yields and secondary
decays background are assessed simultaneously through a maximum likelihood fit to the
D mass, the mass difference between the D* and the D, and the )(IZP(DO) in each decay
time bin. However, a significant discrepancy between results for the two magnet polarities
is observed®. A systematic uncertainty is therefore assigned of 0.58 x 1073 (0.82 x 10~3) for
Ar(KK) (Ar(mm)), comparable with the statistical uncertainty of 0.65 x 1073 (1.22x1073). In
addition, the systematic uncertainty associated to the secondary decays background are of
the same magnitude. Thus, this analysis has been used as a cross-check of the first one (the
one with the effective lifetimes method).

Ar in this thesis

In this thesis the measurement of Ar with the full LHCb Run I data sample, corresponding to
an integrated luminosity of 3fb™1, is presented. The identification of the D° meson flavour at
production is inferred by the the sign of the charge of the pion of the strong D** — D%z decay.
The aim of this work is double, providing the world best measurement of the Ar parameter
in order to look for the first hints of CP violation in the charm sector and simultaneously
to demonstrate that this measurement can be performed even at much higher statistics by
drastically reducing the current systematic uncertainties.

Since the method of performing the individual measurement of the effective lifetimes is not
practicable for future measurements because its excessive demanding of computing power, the
approach of measuring Ar through the slope of the time-dependent CP asymmetry remains
the only possible way to be pursued in order to achieve a precision of order 10~* or below.
However, the current available LHCb measurement [35] on 1fb~!, where both approaches
have been carried on for extracting Ar, seems to point to a unsatisfactory picture where
the level of systematic uncertainties (0.89 x 1073 for the D’ — K*K~ and 1.13 x 1072 for the
D°— n* ™) would prevent any attempt to improve the precision of the measurement by using

3The definition of the )(IZP is reported in chap. 4.
4Magnetic field is periodically reversed at LHCD, see sec. 3.2.
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Chapter 2. Measurement overview and current experimental status

the second method.

The work described in this thesis is therefore focussed on the the approach of measuring Ar
through the slope of the time-dependent CP asymmetry. The idea is to completely revisit
such a methodology, in order to simplify the analysis as much as possible in preparation of
future high precision measurement with larger data samples, and simultaneously in order
to drastically reduce the systematic uncertainties at the level or better than the approach
of the measurement of effective lifetimes. This analysis is therefore devised to overcome
the challenges of the previous LHCb measurement [35], and it is driven by the simplicity.
The three-dimensional simultaneous likelihood fit is avoided due to the complexity of such
technique in an high statistics regime. Signal yields are simply extracted through a sideband
subtraction (see chap. 4). The source of the discrepancy between the two magnet polarities is
tracked down and an innovative technique is devised to correct for such an effect (see chap. 5).
The secondary decays background is faced with a new method specifically devised to keep
under control the associated systematic uncertainty (see chap. 7).
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8] Experimental apparatus

This chapter briefly describes the Large Hadron Collider accelerator and the LHCb experiment,
focusing on the relevant subsystems for the measurement of the Ar observable, such as the
tracking and trigger systems. Exhaustive descriptions of the experimental apparatus can be
found in the references given through the chapter.

3.1 LHC

The Large Hadron Collider (LHC) is a two-ring-hadron accelerator installed inside a 27km
tunnel, placed 100m underground across the Swiss and French borders [40]. The LHC is a
part of the accelerator complex, see fig. 3.1 at the European Organisation for Nuclear Research
laboratory (CERN). The LHC machine is designed to collide protons up to a centre-of-mass
energy, /s, of 14 TeV, at an instantaneous luminosity of 1034 cm™2s71,

Before the injection into the LHC ring, the protons (obtained from ionised hydrogen atoms
deprived of their electrons) have to pass several accelerator systems. First of all, they are
accelerated at the Linear Accelerator (LINAC 2) to an energy of 50 MeV, and then injected into
the Proton Synchrotron Booster (BOOSTER), where the beams reach energies of 1.5 GeV. At
this point, the beams are further accelerated in the Proton Synchrotron (PS) to 25GeV and in
the Super Proton Synchrotron (SPS) reaching the energy of 450 GeV needed for the injection in
the LHC ring. Finally, the beams are accelerated in the main LHC ring, through radiofrequency
cavities, reaching the highest energy. The orbit of beams are controlled through a complex
system of magnets (called the “optics” of the machine), using several dipole, quadrupole,
sextupole and octupole superconducting magnets. Beams are not continuous but divided in
bunches, packets of protons that collide in four nominal interaction points, where the four
main experiments are set up, which are LHCb, ATLAS, CMS and ALICE.

Currently, the LHC is running at its highest energy of 13 TeV. However, the analysis described
in this thesis uses data collected in the past run of the LHC machine, called Run I. Run I starts
on March 30" 2010 when the first proton-proton collision at 3.5TeV occurred. The beam
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Figure 3.1 — Schematic view of the complex of CERN accelerators.

energy remained constant until the end of 2011. Then, it was increased to 4 TeV for all the 2012,
when the Run I ends. After a pause of two years, where several checks and upgrades have been
made on magnets, LHC restarts at the beginning of 2015 at an energy of 13 TeV.

3.1.1 Luminosity at LHCb

The events rate (number of events per second) of any process generated in the LHC proton-
proton collisions is given by

dN
—=%"0, 3.1
dt

where o is the cross section of the given process and £ is the instantaneous luminosity of the

machine. For Gaussian distributed colliding bunches, the luminosity can be written as [40]

n’y

4nofa y

Z= nbfrev

where ny is the number of bunches per beam, fi.y is the revolution frequency, y is the relativis-
tic gamma factor and 7 is the number of protons in each bunch. o€ is the standard deviation
of the transverse profile of bunch modified for a geometrical correction factor that takes into
account that the collision is not head-on but there is a crossing angle, 6., between the two
beams
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Figure 3.2 — Delivered (dark coloured lines) and recorded (light coloured lines) LHCb
integrated luminosities.

where o, is the RMS bunch length, and ¢* the transverse RMS of the beam size at the interac-
tion point. At LHCb the cross angle is about 0.4 mrad.

While CMS and ATLAS aim to the maximum peak luminosity of 103*cm™2s~!, LHCb is de-
signed to operate at an instantaneous luminosity of 2 x 1032cm™2s~!. Thus, LHCb is equipped
with a luminosity levelling apparatus, consisting into an adjustment of the transversal beams
overlap, in order to keep constant the instantaneous luminosity during the fill. However, in the
2012 data taking, given the good response of the detector, LHCb was able to run at a luminosity
of 4 x 1032cm™2s7!, the double of the design luminosity.

The instantaneous luminosity, £, integrated over the data-taking time provides the integrated
luminosity L = [ £dt, which is directly related to the number of events delivered, see eq. (3.1).
The integrated luminosity recorded by the LHCb experiment is 1.11 fb™! in 2011 at /s = 7 TeV
and 2.08 fb~! in 2012 at /s = 8 TeV, as shown in fig. 3.2.

3.2 LHCb Experiment

The LHCD experiment is designed to study the physics of beauty and charm quarks. Charm
and beauty hadrons cannot be produced directly from the valence quarks of the proton (uud),
but from the interactions of two partons leading to the creation of bb and cc pairs.' These pairs
are likely produced along the beam axis, as shown in fig. 3.3, and therefore, the LHCb detector
is designed as a single arm forward spectrometer with a pseudorapidity (7 = —log(tan(6/2))) of
2 <n <5, with an acceptance between 10 and 250 mrad (300mrad) in the vertical (horizontal)

1p and ¢ could be also produced from decays of heavier resonances, e.g. t— Wb, W — ¢5, Z— bb(co) etc..
However, these production mechanisms are suppressed with respect to the strong pairs production. For instance,
the production with the top contributes to the total bb cross section of about o (pp — £t — bbX)/o(pp — bbX) =
174pb/72ub =~ 2 x 1078 at /7 TeV [19].
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Figure 3.3 — bb angular production distribution at v/s = 7 TeV obtain from PyTHIA [41].

plane. In addition, the forward geometry favours the reconstruction og b- and c-hadrons
with large Lorentz boost. A big boost allows a precise measurement of secondary vertex since
the space travelled in the laboratory system is sufficiently large and a very good decay time
resolution can be achieved.

The LHCb detector is schematically represents in fig. 3.4, and from left to right the main
subdetectors are:

VELO the Vertex Locator, placed around the interaction region, is a silicon strip detector
which provides a precise reconstruction of the decay vertices;

RICH1 the Ring Imaging Cherenkov detector providing information for particle identification
and it is placed just after the VELO;

TT the Tracker Turicensis is the first tracking station placed just before the magnet;
T1, T2, T3 the tracking stations placed forward with respect to the magnet;

RICH2 the second Ring Imaging Cherenkov detector covering a different momentum range
with respect to the RICH1;

ECAL the electromagnetic calorimeter system, which is necessary for triggering besides the
identification of electrons and photons;

HCAL the hadronic calorimeter system, used also for trigger on hadrons;

Muon Stations the Muon Stations are placed in the furthest part of the detector from the
interaction region. Only muons can reach these stations without being stopped from
the detector material placed before.
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Figure 3.5 — The magnetic field strength along the y-axis as function of z coordinate.
Below the corresponding z location of the tracking detectors are shown. The different
type of tracks distinguished in LHCb are also reported. Image taken from ref. [42].

3.2.1 Coordinate system

The LHCDb coordinate system is a right-handed system, centered in the nominal LHC interac-
tion point. The z-axis points along the clockwise rotating beam direction (looking at the LHC
ring from above). The x-axis points in the horizontal direction away from the centre of the
LHC. The y-axis completes the right-handed system pointing vertically upwards.

3.2.2 Magnet

A no-superconducting dipole magnet is placed between the TT and the T-stations and it
is used to measure the momentum of particles. The magnet is formed by two coils placed
with a small angle with respect to the beam axis, to increase the opening window with z in
order to follow the acceptance of the LHCb detector (see fig. 3.4). The main component of
the magnetic field is along the y-axis (By) as shown in fig. 3.5, therefore, the (x, z)-plane can
be considered with good approximation the bending plane. The maximum magnetic field
strength is above 1T, while its integral is about /B - dl = 4Tm. All the tracking detectors are
located outside the magnetic dipole, as shown in fig. 3.5. The magnetic field is measured
before the data-taking periods with Hall probes to obtain a precise map, which is crucial to
have a good momentum resolution and consequently a good mass resolution that helps to
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Figure 3.6 —- Run number distribution divided by magnet polarity for 2011 and 2012 data
sample.

select more efficiently processes of interest.

Among the main LHC experiments, the LHCb detector has a unique feature consisting into the
possibility to reverse the polarity of the magnetic field (MagUp or MagDown). This allows a pre-
cise control of the charge asymmetries introduced by the detector. Particles hit preferentially
one side of the detector, depending on their charges, generating large detection asymmetries.
If data samples collected with the two different polarities have approximately equal size and
the operating conditions are stable enough, effects of detection charge asymmetries are ex-
pected to cancel. The magnet polarity is therefore reversed approximatively every two weeks
to meet these constraints as shown in fig. 3.6. In the measurement reported in this thesis, the
polarity reversing is not explicitly exploited since the two samples with different polarities are
analysed independently. However, this feature allows testing the robustness and the reliability
of the analysis, since the measured value of Ar has to come out to be independent from the
magnet polarity, see chap. 5.

3.2.3 Vertex Locator

The VErtex LOcator (VELO) is a silicon detector placed close to the collision point [43]. Its main
purpose is to precisely measure tracks direction in order to find displaced vertices with respect
to the primary vertex of collision. At the energy provided by LHC, B (D) hadrons produced by
the proton-proton collisions have a mean distance flight of about 1 cm (0.3cm). The VELO
exploits this feature in order to select signals decays and reject most of the backgrounds. It
consists of a series of 21 circular silicon modules arranged perpendicularly along the beam
line, as shown in fig. 3.7. Each module is subdivided into two halves placed on the left and on
the right of the beam direction. Each of them includes two sensors specialised to measure
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Figure 3.8 — Illustration of R and ¢ sensors of the VELO modules. Figure taken from
from ref. [44].

R and ¢ coordinates (see fig. 3.7). The R-sensors measure the radial distance with circular-
shaped strips with a minimum pitch of 38 um and the innermost radius of 8.2 mm, increasing
linearly to 101.6 um at the outer radius of about 41.9mm (see fig. 3.8). The ¢-sensors are
subdivided in two regions to cope with the high occupancy. The inner region consists of 633
strips extending to a radius of 17.25 mm, where the outer region starts filling all the remaining
active area with 1365 strips (see fig. 3.8). The VELO sensors are mounted on retractile modules
inside a vessel that maintains vacuum allowing to move them far (VELO open) or close (VELO
close) to the beam. Indeed, during the injection procedures the aperture needed by the LHC
is larger than the VELO beam-hole (active area starts at 8.2mm). Therefore, VELO modules
are moved away from the beam at a distance of 3 cm to avoid damage sensors. The modules
are in addition shielded by a 300 um-thick radio-frequency foil (RF-foil), made of an alloy of
aluminium (AIMg;), from the beam induced currents.
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Figure 3.9 — Illustration of the TT detector. Figure taken from ref. [46].

3.2.4 Tracker Turicensis

The Tracker Turicensis (TT) [45] is a silicon microstrip detector placed just before the dipole
magnet (see fig. 3.4 and fig. 3.5). It consists of four layers (150cm x 130cm) grouped in two
stations separated of about 30cm along the beam line. The four layers are arranged in a
“x-u-v-x” pattern. The first and last layer (“x” configuration) consist of vertical strips, see
fig. 3.9, while the “u” and “v” layers are rotated by +5°. The slight rotation with respect to the
vertical layers avoid the ambiguities that would arise with an horizontal orientation providing a
measurement in y-direction as well, albeit at lower resolution. The sensors of the TT are 11 cm
long and 7.8 cm wide counting 384 strips with a strip pitch of 198 um. The TT has a duplice
purpose: firstly it is mainly used to reconstruct trajectory of low-momentum particles that
are swept away from the acceptance by the magnet. Moreover, it is also used to reconstruct
long-lived particles, as K? and A°, which decay outside the VELO region.

3.2.5 T-stations

The T-stations, Ty, T2, T3, are placed right after the magnet dipole, as shown in fig. 3.4. They
cover an area of approximatively (6 x 5)m? as shown in fig. 3.10. T-stations are made by two
parts, an Inner Tracker (IT) and an Outer Tracker (OT). To cope with the high occupancy in
the region close to the beam pipe, the IT is based on silicon micro-strip device. Instead, the
OT covering the majority of the T-stations are made by a more affordable straw tube detector.
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Figure 3.10 — Front view of the T-stations. The orange inner part represents the IT, while
the blue part represents the OT. All the dimensions reported are in cm. Figure taken from
ref. [45].
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Figure 3.11 - Front view of one station of the IT station. Left, the vertically-oriented layer,
right, a tilted one. All the dimensions reported are in cm. Figure taken from ref. [45].

Inner Tracker

The Inner Tracker (IT) [45] is a micro-strip silicon detector mounted in the three tracking
stations (T, T2, T3). Each station consists of four overlapped detection planes. The planes
configuration is the same of TT subdetector with two of them oriented vertically and the other
two mounted with a stereo angle +5°, see fig. 3.11. The characteristics of silicon microstrip
sensors are the same as those used for the TT with a pitch of 198 pm but are up to 22 cm long.
Overall, the IT contains 129,024 strips, with a hit efficiency of above 99% and the occupancies
are in order of few percent [45]. The total size of Inner Tracker subdetector is about 1.2m on
the bending plane (x coordinate) and about 40 cm on the vertical plane (y coordinate).

Outer Tracker

The Outer Tracker (OT) [47] is a gaseous ionisation detector consisting of straw tubes operating
as proportional counters. As the IT, the OT is arranged in three stations composed by four
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Figure 3.12 — Left, illustration of the OT detector planes. Right, module section. All the
dimensions are in cm. Figures taken from ref. [47].

detection planes, as shown in fig. 3.12. The planes configuration is equal to the IT and the TT
ones (x-u-v-x) with two planes vertically oriented and the others two tilted of +5°. The drift
tubes are 2.4m long with an inner diameter of 4.9 mm, see fig. 3.12. The anode is a tungsten
wire with a diameter of 25 um coated with gold. The anode wires operate at a difference of
potential of +1150V with respect to the conducting plated tube. The gas mixture filling the
tube is Ar/CO2/03 (70%/28.5%/1.5%) to achieve a drift time of 50ns. Typical occupancies are
at the order of 10% and hit efficiency above 99% for tracks passing close to the centre of a tube.

3.2.6 Cherenkov detectors

Two Ring Imaging Cherenkov detectors (RICH) are used in LHCb to discriminate charged
pions, kaons and protons. A charged particle crossing with a velocity v a medium with
refraction index n, emits Cherenkov light, where photons have an angle ©¢ with respect to the
particle momentum given by the following relation

1
cos®¢ = —,

pn

with § = v/c, and c is the speed of light. If the particle momentum p is known, a relation
between the Cherenkov angle ©¢ and the mass of the particle holds

1 2
®¢ = arccos (— 1+ (@) ), (3.2)
n

allowing the identification of the particle. For higher momenta the equation above tends to
cosO¢ = 1/n, thus in order to cover a large range of momenta two RICH detectors are used in
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Figure 3.13 — Cherenkov angle versus particle momentum. The curves corresponding

to the various radiators used in RICH1 and RICH2 and to the various particle types are

reported. Figure taken from ref. [44].

LHCD with radiation media with a different refraction index. The RICH1 placed right after the
VELO and before the TT covers the low momentum particles in a range of 1-60 GeV/ c using
as radiation media the aerogel (n = 1.03) and C4Fjo (n = 1.0014) which produce Cherenkov
angles of % = 242mrad and ©* = 53 mrad, respectively. The second RICH detectors
RICH2, located instead behind the T-stations, uses CF,; (n = 1.0005) as radiator and covers
a momentum range between 15GeV/c and 100GeV/c, see fig. 3.13. The emitted Cherenkov
photons in both RICH detectors are directed to a lattice of photo-detectors (Hybrid Photon
Detector, HPD) by an optical system made of spherical and plane mirrors. Photo-detectors
are placed outside the detector acceptance and shielded against residual magnetic fields. The
HPDs detect photons in the 200-600nm spectrum.

3.2.7 Calorimeter system

The LHCD calorimeter system [48] measures the energy depositions and their positions and
it performs electron, photon and hadron identification. It also provides information for the
first hardware level of the trigger (see sub-sec. 3.2.9). The calorimeter system consists of
four main sub-detectors (see fig. 3.14): the Scintillator Pad Detector (SPD), the PreShower
detector (PS), the electromagnetic (ECAL) and hadron (HCAL) calorimeters. The SPD allows
separating charged and uncharged particles as photons from electrons. The PS placed after
15mm of lead absorber, is used to separate charged pions from electrons. The ECAL and the
HCAL calorimeters measure the deposited energy and the position of the electromagnetic
showers, produced by electrons and by photons, and of the hadron showers, respectively. Each
sub-detector is divided into regions where differently sized sensors are used. The PS, SPD
and ECAL are divided into three regions while the HCAL only into two regions, as shown in
fig. 3.15. The size of sensor elements increases going far from the beam-pipe where occupancy
descreases. All four subsystems use scintillating light that is produced and transmitted to
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Figure 3.14 - Signal deposit by electrons, photons and hadrons in different sub-detectors
of the calorimeter system. Figure taken from ref. [49].
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Figure 3.15 — Segmentation of one quadrant of (left) PS, SPD, ECAL and (right) HCAL.
Cells dimension are also given. Figure taken from ref. [44].

the Photomultipliers (PMTs) through wave shifting fibres. The thickness of PS and SPD is 0.1
nuclear interaction length (1in¢) and 2 electromagnetic interaction lengths (Xj). The ECAL
have a thickness of 25Xj (1.21i,) to fully contained the electromagnetic showers from high
energy photons. The energy resolution for ECALis o (E)/E = 10%/ VE/GeV®0.9% [50]. Instead
the HCAL has a thickness of only 5.6 nuclear interaction lengths due to the limited space
available and its energy resolution is o (E)/E = 69%/ VE/GeV e 9% [50].

3.2.8 Muon detectors

The muon system [51] placed at the end of the LHCb detector is designed to detect muons
in the LHCb acceptance. It provides trigger information and particle identification in the
offline analysis. It consists into five stations (M1-M5). The first one, M1, is placed before
the calorimeter system in order to reduce possible effects of multiple scattering of muons
trajectory due to the calorimeter material budget. M2-M5 are placed after the hadronic
calorimeter and iron absorber planes with a thickness of 80cm are placed between them,
as shown in fig. 3.16. The minimum muon momentum to go through all the stations and
absorbers is of about 6 GeV/ c. Each of the muon stations is divided in four regions R1-R4 with
finer segmentation close to the beam pipe where particle multiplicity is higher. All stations
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Figure 3.16 — Illustrations of the muon system. Left, a side-view of the muon detectors,
right, a front-view of the stations layout. Figure taken from ref. [51].

use multiwire proportional chambers (MWPC) except for the region of M1 stations closest to
the beam pipe, which uses triple-GEM detectors (to cope with the higher flux and occupancy).
Both detectors are able to collect the signal in less than 20ns with an efficiency larger than
95%, satisfying the requirements to be used in the hardware stage of the trigger.

3.2.9 Trigger

The LHCD trigger is designed to select bottom and charmed hadrons from pp collisions, re-
ducing the nominal bunch crossing of 40 MHz to a 5kHz output rate, as shown in fig. 3.17. This
is done in three stages. The earliest trigger level (Level-0 or L0) based on custom electronics is
designed to perform the first filtering of the events, reducing the event rate to 1 MHz for the
next trigger level. Second (High Level Trigger 1 or HLT1) and third (High Level Trigger 2 or
HLT?2) trigger levels are software based running on a dedicated computing farm, performing a
full reconstruction of the events. HLT1 filters heavy hadron events in an inclusive way and
reduces the rate of accepted events to about 80kHz. HLT2 is based on the same software used
by HLT1 but it performs an exclusive selection of beauty and charm decays. The HLT2 trigger
reduces the events rate to 5kHz (3kHz in 2011) in order to be stored.

Level-0 Trigger (L0O)

The L0 exploits fast detectors, able to provide valuable information without performing com-
plicated reconstruction algorithms. It aims at finding hadrons, electrons, photons and muons
with high transverse momentum, which are a distinctive signature for beauty and charmed
hadrons decays. Three independent triggers running in parallel are used.
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Figure 3.17 - Illustration of the trigger scheme of the LHCb experiment.

LO Muon It uses information coming from the hits in the five muon chambers to identify high
transverse momentum muons. Chambers are divided into fields of interest, hits in the
same field of interest from different chambers are connected to form muon segments.
The reconstructed segments are then extrapolated to the nominal interaction point and
a value for the transverse momentum of the muon is estimated. Two classes of events
are accepted: events where at least one muon candidate has a transverse momentum
greater than a threshold and events where a muon pair with the product of transverse
momenta exceeding a given threshold.

L0 Hadron It uses the information of HCAL. Hadronic showers are identified and their trans-
verse energy is measured. The transverse energy is calculated in a cluster of 2 x 2 cells
as

ET = i Ei Sil’l@i,
i=1
where E; is energy deposited in the cell i and 8; is the angle between the beam axis
and the direction of a neutral particle, assumed to come from the mean position of the
interaction point. An event is accepted if at least one cluster with transverse energy
greater than a given threshold is present. The threshold for Er during 2011 (2012)
data-taking period was 3.5GeV (3.7 GeV).

L0 Photon/Electron It uses the electromagnetic calorimeter ECAL, the PS and the SPD detec-
tors, working as the L0 Hadron trigger described above.
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The High Level Trigger (HLT)

For events passing the L0 trigger, the full set of detector information is transferred to the Event
Filter Farm (EFF), where the HLT runs asynchronously to the bunch crossing. The HLT is a
software based C++ application performing a fast full reconstruction of events. About 29000
copies of the HLT application run concurrently in the EFE The HLT consists of two stages. The
first stage (HLT1) processes the full L0 rate (1 MHz) and uses partial event reconstruction to
reduce the rate to 80kHz. Then in the second stage (HLT2) a complete event reconstruction is
performed with some simplifications that are needed to satisfy the time constraints.

HLT1 The VELO reconstruction is fast enough to perform a full 3D pattern recognition and
primary vertex (PV) finding for all events entering the HLT. Only the VELO tracks having
a significant impact parameter (IP) with respect to all PVs and a minimum pr are passed
through the forward tracking algorithm that searches for matching hits in the tracking
stations. The tracks are required to be separated from the primary vertex, to have a good
track quality and a high transverse momentum to fired the trigger.

HLT2 The HLT2 stage performs a full event reconstruction in an almost offline-like recon-
struction quality. Only tracks with p > 5GeV/c and pr > 300MeV/c are used due to
time constraints. HLT2 is composed of inclusive and exclusive selections. A number of
different event selection strategies can be used according to the topology of the decays
of interest.

Trigger decisions are organised in trigger lines, which are sequences of reconstruction and se-
lection algorithms to trigger a given category of events. Different trigger lines select decays with
different signatures. Specific choices of the trigger selection used for the Ar measurements
described in this thesis are reported in sec. 4.2.

3.2.10 Data processing

Events accepted by the trigger system are recorded on streamed files (so called RAW files) and
sent to different TIER? computing centres. There, data are replicated, reconstructed and after
successful verification, they are permanently stored. The majority of the physics analyses
requires very specialised selections, and further reconstruction steps, that is very CPU-time
and storage consuming. This further offline step is centralised into the so-called stripping
phase, the output of which is finally available to the analysts.

3.2.11 Event reconstruction

Events contain information about one or more interesting decays that has to be collected and
categorised. Particles trajectories, identification of the vertices, and identification of the type

2 Telecomunications Infrastructure Standard for Data Centre.

54



3.2. LHCb Experiment

of the particles involved, are the fundamental information to perform the final measurement
and are briefly outlined below.

Track reconstruction

Trajectories of charged particles, here referred as tracks, are reconstructed in the LHCb using
the hits of the tracking subdetectors (VELO, TT and T-stations). Tracks reconstruction starts
with the pattern recognition where a sequence of hits produced by the charged particle is
identified. Different types of tracks are distinguished in LHCb according to the subdetectors
crossed, as shown in fig. 3.5

* VELO tracks are tracks with only VELO hits. They are used in the primary vertex recon-
struction and as seeds for reconstructing long and upstream tracks.

* Upstream tracks are low momentum tracks with hits only in the VELO and TT since they
are swept out the LHCb acceptance by the magnetic field.

* Ttracks are formed only using hits into the T-stations. They are used to form downstream
and long tracks.

* Downstream tracks are reconstructed only in the TT and in the T-stations. These are
mainly long-lived particles as the K? decaying outside the VELO region.

» Long tracks require particles traversing the full tracking system. They are reconstructed
combining hits from the VELO and the T-stations, and when possible hits from TT are
added. These tracks have the most precise momentum resolution and they are the
tracks used in the Ar measurement.

Long tracks are reconstructed with two different algorithms in LHCb: one proceeds forward
(forward tracking) in which VELO tracks are extrapolated to the T-stations, the other one uses
the T tracks as seeds extrapolating them backward to the VELO looking for a match with the
VELO tracks. Then a Kalman filter [52] is applied to extract precisely track parameters taking
into account multiple scattering and energy loss due to the ionisation. The y?/ndf of the fit is
used to determine the quality of the reconstructed track. If tracks share the same hits, the one
with the best )(2/ ndf is retained. Mis-reconstructed (fake) tracks, those not corresponding to a
trajectory of any real charged particle, are reduced with a neural network classifier which uses
as input the result of the track fit, the kinematics of the reconstructed track and the number
of measured hits in the tracking stations versus the number of expected hits. The tracking
algorithms can also generate clones which does not have any hits in common. This happens
when hits of different tracking detectors are reconstructed as independent tracks even though
they belong to the same charged particle. Since these clones share the same information, they
are reduced with a requirement based on the Kullback-Liebler divergence which exploits the
Shannon information of the track [53].

The relative momentum resolution for particles traversing the whole tracking system is about
6pl/p=0.5% at 20 GeV/c, rising to about 0.8% for particles around 100 GeV/c [42]. This trans-
lates into a relative mass resolution, o,/ m, of about 5 per mille up to Y masses. The primary
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vertex resolution, which is mainly driven by the VELO reconstruction, depends on the number
of tracks originating from the primary vertex. For vertices with more than about 25 tracks, a
primary vertex resolution of 13 pm in the x-y plane and 71 pum along the beam axis is achieved.
The impact parameter resolution with respect to these vertices is less than 35 um for particle
with transverse momenta greater than 1 GeV/c.

Particle identification

Particle identification in LHCb is achieved exploiting different subdetectors: the calorimeter,
the two RICH detectors and the muon stations. The measured Cherenkov angle in the RICH
detectors is combined with the momentum measured by the tracking system to infer the
mass of the particle (see eq. (3.2)). The identification of a track reconstructed in the tracking
system as a muon is based on the association of hits around its extrapolated trajectory in
the muon system. The calorimeter system is used to identify photons, electrons and 7°
candidates. Neutral particles are distinguished from charged studying the presence or absence
of tracks in front of the energy deposits. The shape of the cluster provides the information to
distinguish photons from 7° mesons. The particle identification (PID) information obtained
separately from the muon, RICH, and calorimeter systems is combined to provide a more
powerful identification. A likelihood information for a particle hypothesis X is produced by
each sub-system and added linearly to a combined likelihood, £ (X). The likelihood is usually
calculated relatively to the pion hypothesis, £ (i), since pions are the most abundant species
produced and detected at LHCb. The difference between the logarithms of two likelihoods
with the X and the 7 hypothesis is referred as DLLx, =log £ (X) —log £ (). The larger the
DLLyx, value is, the more likely is for the particle to belong to the X species, rather than to be
a pion. To select pions small or negative values can be required. The performances in the K-
separation are reported in fig. 3.18.
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Reconstruction and selection of D°
mesons

This chapter describes the main stages used to extract the D** — D%(— h*h™)n" decays
(referred as “signal”) from other events (“background”).

4.1 D**— D°— h*h™)n* decays at LHCb

The measurement reported in this thesis uses pp collision data produced at the LHC and
recorded with the LHCb experiment. Two data samples are analysed: one, collected during
2011, with an energy at centre-of-mass of /s = 7TeV; the other one with an energy of /s =
8TeV, collected during 2012. The 2011 and 2012 data samples correspond to a integrated
luminosity of 1.1fb™! and 2.1 b}, respectively.

The total data sample is divided into four subsamples by the year of data-taking {2011, 2012}
(which corresponds also to a different energy) and by the magnet polarity {MagUp, MagDown}.
The value of Ar is measured independently on the four subsamples. In this way, the robustness
and reliability of the analysis strategy can be tested, since the measured value of the Ar
observable has to come out to be compatible among the four subsamples, independently from
the centre-of-mass energy and the magnet polarity.

The D** — D°z* and D*~— D%z~ decay chains are reconstructed, where the D° and the D°
mesons decay to the final state h* h~, and h stands for a pion or a kaon.! The D** mesons
are mainly produced by strong interactions in the primary vertex of the pp collision and
immediately decay to D7+ and D%z~ products. The Q-value of D** decays is very small, less
than 6 MeV/ ¢?, thus the pion momentum is very low translating into a large track curvature,
consequently it is referred as “soft pion”. The D° lifetime is about 0.41 ps [19] and the average
momentum at LHCb is about 60 GeV/ ¢ leading to a typical flight distance of about 4mm. The
decay vertices of D? mesons can be therefore distinguished from the primary vertex of the pp
interaction, as depicted in fig. 4.1. Due to the long D° lifetime, the two daughter tracks have
generally a large impact parameter, allowing a good signal background separation. Due to the

IExcept when otherwise explicitly stated, charge-conjugate processes are implied.
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p(h’)  B(DO)

Figure 4.1 — Schematic illustration of a D’ — h*h~ decay, not drawn to scale. The ellipse
represents the primary (red) and secondary (green) vertex. Particles momenta are re-
ported as thick black arrows. Impact parameters vector (ﬁ) for the two daughter tracks
and the displacement vector (d) for the D° are also reported.

large number of soft tracks produced in the event, the major source of background are fake
D** candidates formed by a true D° meson and a random pion from the event.

Prior of discussing the details of online and offline selection, it is useful to define some relevant
quantities used in the analysis. All these quantities are calculated in the laboratory frame, and
some of them are illustrated in fig. 4.1. The quantities reported are general and can be applied
to each particle or a set of particles depending on the variable.

Primary vertex (PV) the space-point of the reconstructed primary pp interaction.

Secondary decay vertex (DV) the space-point in which the decay of the long-lived particle
occurs. The spatial vector from the primary vertex to the secondary vertex is denomi-
nated displacement vector (cf), and for a particle with mass m and momentum p the
displacement vector is defined as d= yﬁct = (p/m)ct, where c indicates the speed of
light and t is the proper decay time of the particle.

Impact Parameter (IP) the module of the three-dimensional impact parameter vector of a
particle. Generally, given a vertex 7y and a particle trajectory that can be parametrised
in the VELO (straight line) as U(#) = Uy, + pt, where p is the particle momentum and v,
is a generic point of the trajectory, the impact parameter vector is defined as the vector
formed by the nearest point of the track to 7y

1B = (5, - 7 - 2 0

1Pl
DO daughters have in general large impact parameters with respect to the primary vertex
because of the displaced vertex of the D° meson. Instead, the IP of D° meson with
respect to the PV tends to be close to zero within the experimental uncertainty, in the
assumption of “prompt” decays (i.e. coming from the PV, see sec. 2.1).
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4.2. Trigger system

DIRA the cosine of the direction angle, i.e. the angle between the momentum of the particle
and the displacement vector, DIRA = (p- d)/(| Dl d|). Fora fully reconstructed particle
its total momentum tends to be aligned to the displacement vector resulting into a DIRA
close to the unit. This is useful in reducing the contribution of the partially reconstructed
backgrounds of the D® meson.

DOCA the three-dimensional distance of closest approach between the trajectories of two
particles. Particles coming from a decay of a common mother particle are likely close to
each other translating into a small DOCA.

y-distance the distance in y? unit between two spatial points. Given two points, #; and
U», with covariance matrices cov; and covy, respectively, the xz-distance is defined as
(U1 — U2) T (covy — covy) "L (D) — n).

xlzp the XIZP for a particle is defined as the difference in y? of the primary vertex fit with and
without considering the particle in the fit. For a particle not coming from the PV, 7(1213
assumes grater values than a prompt particle (i.e. coming from the PV).

Am the mass difference between the reconstructed invariant mass of the D** and the invari-
ant mass of D°. The Am variable as a natural cut-off limit at the mass of the 7+. The
small Q-value of the D** — D%z" decays translates to a very narrow peak in the Am
distribution allowing an efficient separation with respect to the random background.

4.2 Trigger system

The first selection of D° candidates decaying to two hadrons is performed by the trigger. Only
candidates that have fired a specific trigger chain are used. The trigger chain (see sub-sec. 3.2.9)
aiming at selecting D° — h™ h~ decays is a specific combination of triggers requirements in
the three levels: L0, HLT1 and HLT?2.

The L0 hadron trigger (see sub-sec. 3.2.9) selects decays of B and D mesons basing its decision
on the deposit energy in the calorimeter system. However, its discriminator power is not
particularly remarkable, having an efficiency of about 50% in selecting D° — h*h~ decays.
Requiring at the offline level D° candidates that fired the L0 hadron trigger would translate
into a loss of a significant fraction of collected events. Therefore, no L0 trigger requirements
are applied, asking for the logical OR of all the LO triggers. In principle, this choice may be
difficult to treat since different thresholds in momentum and different event topologies coexist
in the same sample. However, this is mitigated by tighter requirements of further trigger stages
and of the offline selection. Possible residual biases due to this choice are assessed to be
completely negligible at the current sensitivity, as reported in sec. 8.4.

At HIT1 level, at least one of the D° daughters has to fire the H1t1TrackA11LO line. This line
aims at selecting a single detached high momentum good-quality track to identify B and D
mesons decays, independently from which L0 trigger line fired. Requirements on the total
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Chapter 4. Reconstruction and selection of D° mesons

Table 4.1 — Summary of trigger requirements. The letter £ is for K or 7.

Trigger Line Quantity Requirement Unit
VELO hits >9 -
VELO missing hits <3 -
hits > 16 -
H1t1TrackAllLO track )(Zlndf <2 i
ph) >3 GeV/c
pr(h) >1.6 GeVic
x5 (h) > 16 -
IP(h) >0.1 mm
track y2/ndf <3
p(h) >5 GeV/c
pr(h) > 800 MeV/c
x5 (h) >9 -
pr(hh) >2 GeV/c
DOCA <0.1 mm
H1t2CharmHadDO2HH_D02xx largest k pr S 15 GeVlc
m(x p) €[1715,2065] MeV/c?
fit vertex )(2 (D% /ndf <10 -
DIRA > 0.99985 -
DV y2-distance from PV > 40 -
m(D") €[1790,1930] MeV/c?

number of hits, the number hits in the VELO and y?/ndf of the track assure its good-quality.
Requirements on the momentum and on the pr are also applied, as reported in tab. 4.1. In
order to select tracks coming from long-lived particles (as the D° meson) requirements on the
IP and the )(IZP of the track with respect to the primary vertex are also applied.

At the second level of the HLT, D° candidates have to fire one of the following two trigger
lines H1t2CharmHadD02xx OR H1t2CharmHadDO2HH_D02xx, where xx stands for: RS in D? —
K~n* decays, KK in D® — K+ K~ decays and PiPi in D®— n* 7~ decays. H1t2CharmHadD02xx
triggers did run at the beginning of 2011 data taking being superseded later by the trigger
H1t2CharmHadDO2HH_DO2xx. These triggers aim at selecting two tracks which made a good
vertex (detached from the primary vertex) and with an invariant mass compatible with the
D® mass. The D° candidates reconstruction starts looking for two tracks. These should have
a good quality (y?/ndf <3) and should not come from the primary vertex (XIZP >9) since the
D? mesons travels few millimetres before decaying. In addition, minimal requirements on
the momentum (p > 5GeV/c) and the transverse momentum (pr > 800 MeV/ ¢) of the tracks
are also applied. Then, tracks are combined to form a D° candidate, they have to be close
to each other, and the requirement on the DOCA (< 0.1 mm) is applied with this purpose.
Their invariant mass, calculated as the sum of the four-momenta vectors (m(}_ p*)) has to
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be compatible with the D° meson mass, lying in the range [1715,2065] MeV/ c?. In addition,
the transverse momentum of the pair is required to be greater than 2GeV/c and at least
one daughter should have a pr greater than 1.5GeV/c. If a pair of tracks survives all these
requirements, it is considered a good candidate for a D= hth~ decay. Thus, the two tracks
are combined performing a vertex fit, in which the y?/ndfis required to be lower that 10. The
detached nature of the decay is re-required on the D° candidate, asking for a y?-distance
between the secondary vertex and the primary vertex larger than 40. Partially-reconstructed
background is suppressed requiring the DIRA to be greater than 0.99985. At the end, a mass
window around the D° nominal mass is applied. The list of cuts required on the data sample
are summarised in tab. 4.1.

4.3 Preselection

The event reconstruction and a loose preselection of D° and D** candidates are centrally
made by the collaboration. This process is called stripping as explained in sub-sec. 3.2.10,
and the different set of cuts applied to select a particular decay are grouped in the so-called
stripping line. The relevant stripping lines for the measurement reported in this thesis are the
D2hhPromptDst2DxxLine lines, where xx stands for RS in the case of DY— K n* decays, KK
for D’ — K*K~ decays and PiPi for D’ — n* 7~ decays, and requirements are summarised
in tab. 4.2. The reconstruction of D° candidates proceeds as in the trigger. First of all a set
of good tracks are selected. Then, all the possible pairs are formed, and those passing all the
requirements are retained as D° candidates. An additional pion is searched to form the D**
candidates.

The preselection re-confirms the good quality of tracks ( )(2 /ndf < 3), the momentum thresh-
olds (p > 5GeV/c, pr > 800MeV/¢) and their displaced nature (XIZP > 9) required at the trigger
level. In addition, to further reduce the number of clones, a selection on the Kullback-Liebler
distance (Dgy, see sub-sec. 3.2.11) is applied. To suppress mis-reconstructed backgrounds,
particle identification (PID) requirements are applied to the daughters tracks, through the
DLLg, variable. As described in sub-sec. 3.2.11, positively larger values of the DLLg, corre-
spond to an higher probability to be a kaon, and viceversa, negatively lower values to a pion.
Thus, DLLg, > 0 is required for kaons and DLLg; < 0 for pions in D® — K"K~ and D° — "7~
decay modes. The kaons from D°— K~ 7+ decays have to meet a DLLg;,, requirement equal to
DLLk, > 5.

DY candidates are then obtained from the selected tracks, and the same selection of the trigger
(tab. 4.1) is required on D° candidates, except for tighter requirements on the DIRA, the DOCA
and the mass window corresponding to [1765,2065] MeV/ c2.

The D° candidates are then combined with pions to form D** candidates. No requirements are
applied on soft pions but y?/ndf lower than 5. Only two requirements on the D** candidates
are applied, on the y?/ndf and on the mass difference between the D** and the D° candidates,
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Chapter 4. Reconstruction and selection of D° mesons

Table 4.2 — Summary of stripping requirements. The letter & is for K or 7.

Candidate Quantity Requirement Unit
Dkr(h) > 5000 -
pr(h) > 800 MeV/c
p(h) >5 GeV/c
track )(2/ ndf(h) <3 -

h X% (h) >9 -
(D°— K~ 7%) DLLk (), DLLg7(K) <0,>5 -
(D°— K*K™) DLLg (K) >0 -
(D°— n*77) DLLgy () <0 -
pr(DY) >2 GeV/c
p(D°) >5 GeV/c
DV y2-distance from PV > 40 -

Do DIRA >0.9999 -
DOCA <0.07 mm
pr of at least one daughters >1.5 GeV/c
fit vertex )(2 (D% /ndf <10 -
m(D°) € [1765,2065] MeV/c?
s track y?/ndf <5 -

D+ fit vertex )(2 (D*)/ndf <100 -
Am=m(Dn*) — m(D°) <160 MeV/ c?

as reported in tab. 4.2.

4.4 Offline Selection

Additional requirements are added on top of the stripping selection, as reported in tab. 4.3.
In particular, to further suppress the contamination from misidentified events, pions and
kaons from D decays are required to meet tighter PID criteria with respect to the preselection,
namely DLLg, () < =5 and DLLk (K) > 5, respectively. Contamination from D decays not
produced in the primary pp interaction vertex (secondary D decays), is also reduced by
requiring the )(IZP of the D° candidates not to exceed 9 (see fig. 4.2).> As described in sub-
sec. 3.2.3, the VELO detector is shielded by the radio-frequency by a thin aluminium foil
(RF-foil). Particles can interact with the matter of the RF-foil producing D mesons. In order to
remove these candidates, the signed distance Ry, between the DO decay vertex (DV) and the
primary vertex (PV) in the transverse plane defined as

Ryy =sgn(DVy) \/ (DVy —PV,)2 + (DV, — PV,)2,

2 systematic uncertainty will be assigned to the residual contamination of secondary decays in chap. 7.
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Table 4.3 — Offline requirements added on the top of the stripping selection of tab. 4.2.

Quantity  Requirement Unit
DLLg,(K) >5 -

DLLgr(m) <-5 -
X% (D°) <9 -

Ryy <4 mm
m(D°) € [1840.84,1888.84] MeV/c?
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Figure 4.2 — Distribution of the logarithmic of the )(IZP(DO) variable: (a) in LHCb Monte
Carlo sample and (b) in the data, where the dashed line and arrow indicate the cut applied.

where the subscripted index indicates the x or y coordinates of the vertices, has to be less than
4mm in modulus (the inner radius of the RF-foil is about 4.5 mm [55]), as shown in fig. 4.3. A
signal region in the D° mass is defined by further restricting to D° candidates with an invariant
mass within +24 MeV/ c? (= +30 of mass resolution) (see fig. 4.4) of the known D° mass [19].

The mass difference Am = m(hhng) — m(hh), where h stands for K or 7 and 7 is the soft
pion of the D** — D%z* decays, provides a powerful discrimination between signal and
background. The signal D** — D°z* decays features a narrow peak centred at the nomi-
nal value mp++ — mpo = (145.43 +£0.07) MeV/ c? [19], consistent with the experimental reso-
lution. The background from properly-reconstructed D° decays associated with a random
pion features as smoothly-growing, square-root-like shape in the Am distribution. Mis- and
partially-reconstructed decays show a peaking enhancement in the Am distribution although
somewhat broader than the experimental resolution (see sec. 8.3), not visible in fig. 4.5 having
a small fraction compared to the signal.

The resolution of the Am distribution is essential to separate the signal from the background
components. To improve the signal resolution of the Am distribution, the D** mesons are
constrained to point back to the primary vertex, refitting the entire decay chain D** — D%(—
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Figure 4.3 - Distribution of signed radial distance, Ryy, for DO decay vertices. The visible
structures are due to the RF-foil and to the VELO layers. The dashed line represents the
cut applied, |Ryy| <4mm (see text for details).

hh)nt as a whole [56]. The resolution of the Am distribution is shrunk of about a factor 3, as
shown in fig. 4.5. However, this constraint may sculpt the Am distribution of backgrounds
in a non trivial way, making more complicated the extraction of signal decays. For instance,
D** mesons coming from a B meson decay do not point to primary vertex. The application
of such a constrain re-adjusts the values of the momenta and of the opening angles of the
particles resulting into a biased invariant mass for D** and D° mesons, sculpting the Am
distribution in a non trivial way. However, the selection on the )(IZP(DO) to be lower than 9
reduces drastically the fraction of secondary decays in the sample to a few percents. Therefore,
the Am distribution is not significantly affected.

The resulting Am distributions after requiring the final offline selection are shown in fig. 4.6 for
all the subsamples. Prominent signals are observed over moderate backgrounds, dominated
by random associations of real D° decays with uncorrelated pions.
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Figure 4.4 — Invariant mass distribution m(h*h~) for D° - K~n*, D’ - K*K~ and D’ —
n*n~ for (a) 2012 MagDown data sample. The same distribution but normalised to one
is shown on (b). The dotted vertical lines represent the considered signal window, see
tab. 4.3.
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Figure 4.5 — Comparison of the Am distribution with (in red) and without (in blue) the
application of the primary vertex constrain in the full decay chain vertex fit.

67



Chapter 4. Reconstruction and selection of D° mesons

Events

10°

10°

10*

Events

10°

10*

10°

10°

Events

10*

10

F T T LI ]
C & ——2011Up ]
= ¢4 = 2011Down =
i P 0 ]
C . D' - K &t ]
- y A
E 2 6, E
3 R .
-
i : 1 " " 1 " " 1 " " |
140 145 150 155
Am [MeV/c?]
FT L ]
- “ —2011Up 1
3 .: ‘: ——2011Down E
i M L DoKK ]
_ / = ]
g ]
i 1 " " 1 " " 1 " " |
140 145 150 155
Am [MeV/c?]
T T T T T T T T T
- ] —
&+ 2011Up
F ¢4 —=2011Down :
L fav Domr
E a 2 3
g S & E
- /A R
3 M E
E & ]
: 1 " " 1 " " 1 " "
140 145 150 155

Am [MeV/c?]

Events

Events

Events

107

10°

10*

10°

10°

10*

10°

10*

10°

——2012Up

e, ——2012Down
3 .V DK
i Y
[ 1 L 1 L L 1 L L
140 145 150 155
Am [MeV/c?]
T 7 L L ]
: 4+ 2012Up E
r : :+ - 2012Down ]
3 P DSK'K
: TR ]
g ]
1 1 " " 1 " "
140 145 150 155
Am [MeV/c?]
i T B e S e
i & 20120p ]
*, - 2012Down
C ) ]
I . 4 Domwr ]
§_ k —
E 2 E
Fe 3
1 " " 1 " " 1 " "
140 145 150 155
Am [MeV/c?]

Figure 4.6 — Am distributions for D° — K=", D’ — K*K~ and D’ — 77~ decay mode.
The offline selection, described in sec. 4.4, is required. Logarithmic scale.

68



4.5. Multiple candidates

4.5 Multiple candidates

A fraction of events contains the so-called multiple candidates where the same D° candidate
is associated with different soft pions to create a “good” different D* candidates, able to pass
all the requirements entering the final data sample. The fraction of multiple candidates found
is about 8% (12%) for the D° — K~ n* decays in 2011 (2012) sample. A slightly higher fraction
of multiple candidate is found for D° — K™K~ and D° — n* 7™, equal to 15% (17%) for 2011
(2012) sample for both the decays. In order to avoid possible biases, one D* candidate is
chosen randomly discarding the others of the same events. This choice is reproducible since a
fixed seed is used in the procedure. The impact of such a choice is evaluated in sec. 8.5, where
the differences with alternative approaches are quantified to be much lesser than the final
statistical and systematic uncertainties.

4.6 Sideband subtraction and Am fit

The small residual random pion background under the signal peak, clearly visible in fig. 4.6, is
removed by performing a sideband subtraction using the Am mass difference, by choosing a
range within [144.45,146.45] MeV/ ¢? for the signal region, corresponding to about +5¢ region
around the measured mean value of the peak, and a range within [149, 154] MeV/ c? for the
background, as shown in fig. 4.7. All the distributions of interested observables, except those
of Am, are filled with the candidates within the signal and background mass region, as defined
above. Candidates falling in the signal mass region enter the distribution with a weight of one,
while candidates falling in the background mass region enter with an appropriate negative
weight, proportional to the ratio of number of background candidates in the signal region
to those in the background region. This ratio is extracted by fitting the Am distribution
with a binned maximum likelihood fit. A Johnson distribution [57], _#, plus the sum of
three Gaussians, ¥, is used, as probability density function (PDF), to empirically model the
distribution of the signal peak:

Psgn(Am|Osgn) = f1 F(Amluy,05,65,v) + 19 Amlu,01)+
+HhYG(Amluz, 02+ Q- fr—fi— f2)9(Am|us,03),
where

1 €Xp [ - %(Y-‘r §sinh™! (%))2]

b Vs (58
—u

&4 (x\u, o) :iexp[_%(xa )2],

x|y, 0,0,7) =

and where I; and I are the normalisation factor in the mass fit range [139.6, 154.5] MeV/ c?.
Osen = (f1,17,07,61,7), f1, 11,01, f2, 2, 02, 43,03) is the vector of signal parameters to be de-
termined from the fit. The random pion background is modeled with an empirical threshold
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Figure 4.7 — Sideband subtraction regions: in blue the signal region, in red the background
region. (Left) linear scale, (right) logarithmic scale.

function, defined as

1 Am—my Am
Pokg(Am|Opyg) = E(l —exp [ - 7] + b(% - 1)),
where the Oy = (myo, ¢, b) is the vector of background parameters to be determined from
the fit and Ip is the normalisation factor in the mass fit range [139.6, 154.5] MeV/ c. The total
extended PDF can be then written as

Npkg
ngn + kag

N, sgn

P(Am|O) = ————
ngn""kag

glsgn(AmWSgn) + :@bkg (Am|0bkg),

where Nggn, Npkg and 0 = (Osgn, Opig) are free parameters to be determined from the fit. The
fits projection for D® — K*K~, D — n*7~ and D° — K~ 7+ candidates, passing the final
offline selection and the multiple candidates rejection, are reported in fig. 4.8, fig. 4.9 and
fig. 4.10, respectively. All the subsamples separated by magnet polarity and energy are fitted
independently. In addition, the fits are performed integrating over all the proper decay time
values and not in each decay time bin. This choice reduces drastically the complexity of the
measurement since only one fit per subsample (4) per decay mode (3) is performed for a total
of twelve fits, these are much less than the total number of fits that should have been done in
the other case (360). A systematic uncertainty is assessed on the final measurement regarding

this procedure (see sec. 8.2).

The purity of the samples is above 96%, and S/B in the signal region is of about 29, for all
the sub-samples. Signal yields are reported in tab. 4.4. In the following chapters all plots and
numbers are sideband subtracted.
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4.6. Sideband subtraction and Am fit
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Chapter 4. Reconstruction and selection of D° mesons

Table 4.4 - Signal yields in millions of candidates, extracted from fits of Am-distributions
(as described in sec. 4.6), after requiring the offline selection described in sec. 4.4.

sample/[10°] D°— K=zt D°—K*K~ D°—ntnm~

2011 Up 10.7 1.2 0.36
2011 Down 15.5 1.7 0.53
2012 Up 30.0 3.3 1.02
2012 Down 31.3 3.4 1.07
Total 87.5 9.6 2.98

4.7 Charge-randomised sample

In general any experimental technique may posses some unknown subtle biases, that must be
studied and quantified to perform a robust and reliable measurement. This is particularly true
when the target, as in the Ar measurement, is a very precise measurement of CP asymmetry.
Generally, these biases are studied through detailed Monte Carlo samples generated accord-
ingly to the features of the signal sample. However, in the measurement reported in this thesis
the generation of a large sample of simulated decays is impracticable due to the required
huge statistics. Thus, a data-driven method is developed to search for hidden biases using the
so-called charge-randomised samples. The flavour of the D° meson is inferred from the charge
of the soft pion in the D** — D%z" decay chain, as explained in chap. 2. Therefore, if one
randomly re-assigns the charge of the soft pions, the correspondence between the D° flavour
and the sign of the charge of the soft pion is lost. Thus, the charge-randomised sample is made
by the same events used in the final measurement where the charge of the soft pions has been
randomly chosen. In this sample all the asymmetries (physical or induced by the detection)
are zero by definition. That is why any possible bias introduced by the used experimental
technique, can easily be detected.

The number of charge-randomised samples that can be generated is very large, and it corre-
sponds to the number of ways of peaking N/2 unordered elements from N elements, which is
G=( NI\/IZ), where N is the total number of events. All these G sub-samples can be combined
in a pair associating one to the positive charged pion (D°) and the other one to the negative
charged pion (DY), resulting into a total number of charge-randomised samples of C = (g) The
large number of charge-randomised samples assures also their statistical independency. For
N =0 (10%), C is extremely large, thus, the probability of having events in common (associated
with the right charge) is negligible®.

An additional benefit of the charge-randomised samples is the extreme facility and rapidity to
generate them. Indeed, only an addition call to a random generator function with respect to
the time to run over all the events is needed.

3For instance, if N = 10° the number of combination is about (using the Stirling’s approximation for the factorial)
C=~ 101311481 .
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Detector-induced time-dependent
charge asymmetries

This chapter is devised to the evaluation of the non-negligible residual detector induced charge
asymmetries affecting the measurement of Ar. A fully data driven correction to account for
these asymmetries has been developed using the high statistics Cabibbo-favoured D° — K="
decay mode and tested at very high precision.

5.1 Introduction

The measurement of CP asymmetries is an experimental challenge, and this is particularly
true at hadron colliders, where events are much more complex than those produced and
collected at e* e~ machine. The need to implement very selective requirements at the trigger
stage can introduce biases in the collected events, sculpting the kinematic distributions of the
decays. Particles with different charges result into different reconstruction efficiencies and
acceptances (especially if they have a low momenta). The situation is further complicated
by production asymmetries, since the production of a meson and its anti-meson differs in
the case of pp collisions. As a result two nuisance parameters are present: the detection
charge asymmetry, Ap, and the production asymmetry, Ap, which accounts for the different
probability of producing a meson or an anti-meson. Therefore, the measured raw asymmetry
can be written as the sum of different terms

Araw(t) = Acp(8) + Ap + Ap + G(AY),

as reported in eq. (2.3), where the observable of interest Acp(t) must be disentangled from Ap
and Ap. Measuring the integrated CP asymmetry, [ Acp(t)dt, requires to know the values of
the production and the detection asymmetries with a precision of the same order or better
than that one of the final measurement. It is easy to understand that this is a tough job.
However, time-dependent asymmetries, as the measurement of Ar described in this thesis,
bypass some of these hurdles since all the global charge asymmetries, as the detection and
the production asymmetries do not depend on the D° meson decay time. Thus, in the Ar
measurement the production asymmetry Ap, which is the asymmetry in production D**
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Figure 5.1 — Proper decay time distribution of D° — K~7* candidates. Events with proper
decay time lower than 0.67 o (dashed red line) are excluded as described in the text.

mesons, and the detection asymmetry Ap, which is the asymmetry in reconstructing the
D**— D7+ decays are not, at least in principle, nuisance parameters. However, studying in
detail the D — K~ control channel decay, it was found that the detection asymmetry is
not completely independent from the D° proper decay time. This is unexpected and it can be
explained through an artificial detection-induced correlation between momentum and proper
decay time of the D° meson, likely due to the complex and highly selective requirements (both
at online and offline level) used to reconstruct D** — D%z* candidates. Thus, it results that
the detection asymmetry needs to be accurately assessed in order to measure Ar, since it has
a very dangerous time-dependent nature. Following sections are therefore entirely devoted to
this item.

5.2 Control channel pseudo- Ay

Time-dependent instrumental effects are studied through the measurement of pseudo-Ar
on D — K~ 7t decays, as described in sec. 2.3. Candidates are required to satisfy the offline
selection described in sec. 4.4. The secondary decays contribution, estimated to be below 3%
with respect to the prompt component, can be safely neglected in these studies. This is a good
approximation for studying detector-induced charge asymmetries, since secondary contri-
bution is assessed to be a small contribution to Ar (< ©(1073)) and a systematic uncertainty
will be assigned (see chap. 7). Sample is split into 29 bins of proper decay time (see app. D
for the definition of bins range) in the range [0.6,20]7 o (where 7o = 0.41 ps is the current
measured value of the D° lifetime [19]), with about the same number of events and different
sizes. Candidates with ¢ € [0,0.6]7 o are excluded (see fig. 5.1) to remove regions in which the
LHCD efficiency is particularly low. These events are prone to large uncertainties due to very
low acceptance values and might not cancel out properly in the ratio. In each proper decay
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Figure 5.2 — Raw asymmetry AKT as function of D° proper decay time for MagUp and
MagDown samples, in 2011 (left) and 2012 (right), with offline selection described in
sec. 4.4.

time bin i the raw asymmetry is measured as

N*(t;)— N~ (t;)

Kn N —
A (1) N*(t;)+ N~ (t;)’

raw
where i = 1,...,29, N*(¢;) is the number of reconstructed D* candidates in the time bin i,
and t; is the average measured proper decay time of the reconstructed D° meson in the time
bin i™. N* are extracted by counting the number of events in the Am mass range within
[144.45,146.45] MeV/ ¢? corresponding to about +5¢ region around the measured mean value
of the signal peak. The random pion background is sideband subtracted, as described in
sec. 4.6.

raw
function of the proper decay time using the following linear function

The value of pseudo-Ar (A?” ) is extracted through a linear fit of AK7 (1) measurements as a

AKT (1) = Ag— AET L
Tpo

where Ay is a constant including all non time-dependent asymmetries. If all instrumental
asymmetries are time-independent A?” would be compatible with zero within the statistical
uncertainty reached with the present data. Results of the linear fit of the D° — K~ z" data
samples are reported in fig. 5.2 and tab. 5.1, for 2011, 2012, MagUp and MagDown data samples,
respectively. A significant slope is observed with MagUp polarity, at 5.50 and 4.30 from zero
for 2011 and 2012 data, respectively. The weighted average is far from zero at 4.10 level, with a
statistical uncertainty of 0.10 x 1073, Since no CP violation occurs in the Cabibbo-favoured
D% — K~7* mode (see app. A), the observed significant slopes can only be ascribed to detector-
induced effects and no measurement of Ar can be attempted until they are understood and
corrected.
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Table 5.1 — Pseudo- Ar results. The offline selection described in sec. 4.4 is applied to the
D°— K~7* control sample. The significance with respect to zero is also reported.

sample AK7[1073]  significance [o]
2011 MagUp 1.65+0.30 5.5
2011 MagDown  —0.11+0.25 0.4
2012 MagUp 0.77+0.18 4.3
2012 MagDown —0.06+0.17 0.3
weighted average 0.41+0.10 4.1
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Figure 5.3 — Raw asymmetry as function of p, and p, of soft-pions, for the D® — K~ 7+
2012 sample with MagUp (left) and MagDown (right) polarity.

5.3 Time-dependent instrumental effects

As mentioned in sec. 2.3, eq. (2.5)
ART — Ap+ Ap+0(A%)

assumes that Ap and Ap are time-independent, and that the physics asymmetry Acp(#) can
be neglected. However, a time dependence may be hidden in the detection asymmetry Ap.
If the detection asymmetry depends on the decay kinematics (which is not an uncommon
occurrence), and at the same time the kinematics and proper decay time are not statistically
independent, the detection asymmetry may indirectly acquire a time dependence.

The charge asymmetries in the reconstruction and selection of soft pions like the ones used
in the present measurement to identify the D° flavour are sizeable and strongly momentum-
dependent. A pion with a p, = 5GeV/c and p, ~ 100 + 200 MeV/ ¢ changes its direction, due
to the magnetic field, of a quantity of = 250 mrad, which is comparable to the entire LHCb
acceptance of 300mrad; this generates large differences in acceptance for positively and
negatively charged pions, as can be seen in fig. 5.3. In addition, it must be noted that even

78



5.4. Symmetrisation procedure

X

<p.>[MeV/c]

T T T T T = =

E —— MagDown 3 z 001
3 _ - MagUp E A
— ——Up+Down J + 0
E — E 5

E —, N E =-0.01
= _ . T <00 a
E T —o— —0.03F
E 2011 2012 3 E
E = 5 —0.04
E. 1 P B I T | %10 E

90 100 110 120 130
runNumber

T T T T
—e— 85000 <runNumber<91000 ]
—=— 91000<runNumber<95000

—0—

:?:

e +¢ﬁ:’

—0—

—1000

1 1 |
—500 0 500 1000
P, [MeV/c]

Figure 5.4 — Left, mean x-coordinate of the soft pion momentum in different blocks of
run number with about the same population. Right, average raw asymmetry, between
MagUp and MagDown samples, as function of x-coordinate of the soft pion momentum
in two different run periods.

particles hitting the same location on a given detector layer, will intersect different sub-
detectors with different trajectories according to their charge and momentum. Averaging
the results from the two magnet polarities does not necessarily eliminate the problem with
the degree of precision needed in analyses like the present one, because of variation of run
and detector conditions over time. This is manifest in fig. 5.4 where the average asymmetry
between MagUp and MagDown samples changes significantly with the run number.

On the other hand, the existence of a statistical dependence between decay time and kine-
matics can be clearly seen, for instance, from the momentum distributions of D° candidates
in different proper decay time bins, as shown in fig. 5.5. To check whether the observed
correlations are actually capable of generating significant time-dependent asymmetries, the
value of A?” is measured in different bins of D momentum, by splitting the sample in three
independent subsamples with roughly equal populations:

e 0< p(D%/(GeVic) <50,
* 50 < p(D°%)/(GeV/c) <75,
e p(D®)/(GeVlc) > 75.

The results are reported in fig. 5.6, where to quantify the compatibility of the different A?”
values they are fit to a common constant. The value of pseudo- Ar returned from the fit is A?” =
(0.48 +0.10) x 1073, in close agreement with the weighted average reported in tab. 5.1, while
the y?/ndf = 46/11 indicates that they are strongly statistically incompatible (Prob(y?|ndf) =
3x107%).

5.4 Symmetrisation procedure

Generally speaking, the observed distribution of a set of observables in data can be thought
of as the product of the actual distribution (as produced by the physics process), multiplied

79



Chapter 5. Detector-induced time-dependent charge asymmetries

5 _
< 0.05:— 5.2 ——0.6<t/t<1.3
C o % —=—13<t/t<2 ]
T - —e—2<tt<20 ]
r ) ]
0.03F o0 W 3
- o [N 4
r A WUAA ]
0.02 . - -
001F & .
Fos 103
) . S E R R 1}10
0 50 100 150 200

p(D°) [MeV/c]

Figure 5.5 - Momentum distribution of D° candidates in different bin of proper decay
time. The sample showed is 2012 MagUp.

by the acceptance/efficiency function of the detector. If such data is then used to perform a
CP asymmetry measurement, the results will in general be different from the true value of
the observable in the original data, due to dis-uniformities in detector efficiency. However,
in order to avoid biasing the CP asymmetry of data, it is not really necessary for the detector
effciency to be uniform over the whole space; all is really necessary is for the efficiency of the
detector to be CP-symmetric.

By design, the nominal geometry of the LHCb detector is indeed approximately CP-symmetric.

If one considers a transformation formed by a reflection around a vertical plane passing
through the z-axis, and charge inversion, this will transform a curved track trajectory into
a mirror trajectory on the other side of the detector - which is expected to have the same
acceptance, at least under nominal geometry assumptions and neglecting material effects.
In practice, this nominal symmetry is broken by the various real-life effects. What is most
important for the present measurement is not a global deviation of the efficiency from CP-
symmetry (that would only produce a constant shift), but the fact that such asymmetry may
be dependent on event observables - in particular, on the D° decay time.

As discussed in the previous section, such asymmetry actually exists and is not negligible, so
the detector efficiency needs to be corrected to eliminate or reduce its CP asymmetry, or at
least its dependence on particle momentum, that is the relevant factor causing a decay-time
dependence. A further evidence of the lack of CP-symmetry of the acceptance can be obtained
by comparing the observed charge asymmetries for different magnet polarities as shown in
fig. 5.7: they would be expected to be equal, but in fact their difference are strongly statistically
significant. Indeed, these differences have been driving the largest systematic uncertainty in

1Here, material effects are neglecting, otherwise for a complete CP-symmetry the detector should be swapped
with its antimatter counterpart.
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Figure 5.7 — Pseudo- Ar results with offline selection for different years and polarities.
Label 2011 (2012) is abbreviated 11 (12) and MagUp (MagDown) is abbreviated Up (Dw).

the previous LHCb Ar measurement described in ref. [35], as also explained in sub-sec. 2.5.2.
In order to measure this effect, the distribution of observed charge asymmetry of the soft pion
is plotted as a function of its emission angle theta 0, and k, a variable proportional to the track
curvature, defined as

1
k= — Hx:arctan(&),

\/ P3P Pz
where py and p; are the x and z components of the soft pion momentum, and the y direc-
tion is perpendicular to the bending plane. Distributions of (k,0) space for positively- and
negatively-charged soft pions are shown in fig. 5.8, while fig. 5.9 shows the ratio in this space,
once the sign of 0, is flipped in the denominator. If there was no CP asymmetry in the
sample or in the detector, this distribution would be symmetric under the CP transformation
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Figure 5.8 — Distributions of (k, 0) for positively-charged soft pions (left) and negatively-
charge soft pions. The D°— K~ 7+ decays sample it is represented.

N¥(k,0,) — N~ (k,~0,).

The data clearly show that this distribution is not symmetric, and in fact the variations are
much larger in size than those expected from the physics CP asymmetry of the sample, which
are expected below the percent level. There are strong point-to-point variations that must
clearly be attributed to detector effects, not to the physics. In order to remedy this situation the
distribution is used as a measurement of detector deviations from the CP-symmetry. Applying
an acceptance correction to the data based on this distribution, reweighing the number of
events N*(k,0,) to be the same to the number of events N~ (k,—0,) the most of the CP-
asymmetries of the detector are corrected. Small dis-uniformities in 8y, = arctan(p, /p.) are
also present (see fig. 5.10) and they cannot be neglected, therefore the acceptance correction
is applied in bins of the three-dimensional (k,6,6,) space reweighing the number of the D**
events Nt (k, 0x,0y) to be equal to the 0 flipped number of D*~ events N~ (k,—0y,0y). This
appears as the most natural choice being the kinematics of the soft pion entirely described by
the (k,0y,0,) space and since any observed instrumental effects must be ascribed to the soft
pion. Details on how the reweigh is done are reported in app. E.

A residual global asymmetry may still survive due the physical CP asymmetry present in the
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MagDown are shown.

original data, but what is most important is that any dependence of such detector asymmetry
on momenta is removed, because the correction is performed separately for every bin of
track curvature. A confirmation of the effectiveness of this procedure is given by the fact that,
when applying the procedure separately and independently to each subsample, the results
spontaneously converge to agree with each other as reported in fig. 5.12. The symmetrisation
is applied separately to each period, as there is no guarantee that the detector asymmetries
stayed constant in time (see fig. 5.4), although an overall correction for the whole sample
should give a similar result. Of course, this correction has the side effect of also canceling any
net average physics CP asymmetry of the sample - this is however irrelevant for the purpose
of Ar measurement, that is only relying on the slope of that asymmetry as a function of decay
time. As a cross-check, sec. 5.4.2 shows the effect of injecting an artificial slope into the sample,
and then correcting with the procedure described: the average CP asymmetry is zeroed, but
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sation and right, after the (k,0,) symmetrisation. At the bottom the same distributions
where the sign of p, has been flipped for the distributions of negative pions (py — —px).

the slope is unaffected.

5.4.1 Effects of the correction

An alternative visualisation of the (k,8) space can be obtained in the more familiar (py, pz)
space, which is in one-to-one correspondence with it. Figure 5.11 shows the distributions of p,
of the soft pion before (5.11a) and after (5.11b) the symmetrisation procedure in the (k,60,6,)
space for 2011 MagUp sub-sample. The momentum-dependent asymmetry is clearly visible
as is the lack of symmetry in the comparison of the two distributions after flipping the sign of
Oy, fig. 5.11c. In tab. 5.2, fig. 5.12 and fig. 5.13 are shown results for different periods and as a
function of D° momentum when the symmetrisation procedure is applied to the data samples
selected using the offline selection. Comparison with results without symmetrisation of
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Figure 5.12 — Results for Af(” in different years and polarities (left) before and (right) after
CP symmetrisation. Label 2011 (2012) is abbreviated 11 (12) and MagUp (MagDown) is
abbreviated Up (Dw).

tab. 5.1is also reported. It can be seen from these results that after the correction the weighted

Table 5.2 — Results for AI{(” before and after the symmetrisation procedure.

sample AT (raw)[1073]  Af7[1073)
2011 MagUp 1.65+£030  0.56+0.30
2011 MagDown ~ —0.11£0.25  0.04+0.25
2012 MagUp 0.77+0.18  —-0.01+0.18
2012 MagDown ~ —0.06+0.17  0.23+0.18

weighted average 0.41+0.10 0.16+0.10

average of A{f” gets closer to zero, going from (0.41 +0.10) x 1073 t0 (0.16 £0.10) x 1073 (1.60).
The y?/ndf between the four sub-samples moves to 3.01/3 from 33.05/3, corresponding to a
change of 30 units. The level of compatibility of A?” between the different sub-samples as
a function of D° momentum improves as well, going from y?/ndf = 46.05/11 to 12.59/11. In
summary, the correction devised causes a dramatic improvement of the quality of the results,
being fully compatible with no slope hypothesis.

5.4.2 Could the symmetrisation procedure bias the value of Ar?

A possible concern is whether the correction procedure might suppress or reduce a possible
physical CP asymmetry actually present in the data, thus harming the measurement. To
check for this possibility, a test is made by artificially injecting an asymmetry in the data. To
disentangle the effect of the correction on the true Ar from the fake Ar induced by detector-
effects, a data sample where the charge of the soft pions has been chosen randomly is used (see
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function of D° momentum with no (left) and with (right) CP symmetrisation.
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Figure 5.14 - A?” in 2012 MagUp charge-randomised sample with and without the sym-
metrisation procedure applied, when an artificial time-dependent asymmetry, indepen-
dent from kinematics, is injected in data.

sec. 4.7). In this way, any detector-induced effect cancel, the net effect of the correction can
be spotted. An artificial sample is created by applying a random filtering of D** candidates
according to an efficiency proportional to proper decay time, with a value of A§ 7 (artificial) =
3.00 x 1073, (about a factor 10 larger than the statistical uncertainty of this subsample), and
then applied our usual fitting and symmetrisation procedures (fig. 5.14). There results for Ar

are

AK™ (before symmetrisation) =(3.00 +0.17) x 1073,

A?” (after symmetrisation) =(2.95+0.17) x 1073,

that are both in agreement with the true value of AX™ =3.00 x 1073,
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5.4.3 Indirect generation of time-dependent asymmetries

To verify the hypothesis mechanism of generation of a time-dependent asymmetry from a
purely momentum-dependent asymmetry in the (k, ) distribution, an artificial test sample is
produced by reweighing the p, distributions in the data, as reported in fig. 5.15. Distributions
of positively and negatively charge pions in p, > 0 region are scaled by a constant factor,
to generate a much larger CP asymmetry. As a results, a large time-dependent asymmetry
becomes clearly visible (fig. 5.15), with a dependence that is not even compatible with a straight
line. This clearly demonstrates the actual effectiveness of the hypothesised mechanism in
generating significant time-dependent effects through the presence of a correlation between
momentum and proper decay time. As a further cross-check of the hypothesis, the correction
procedure is applied to this artificially created A? 7 and checked that artificial slope disappears,
as reported in fig. 5.15 (bottom right). This is a further confirmation of the robustness and the
validity of the correction procedure.
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Figure 5.15 — Soft pions p, distribution for 2011 MagDown sample and relative measured
Aﬁ” , before and after the artificially reweighing of p, distribution.
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5.5 Robustness cross-checks

To test the robustness of the procedure used, the value of A{f” is cross-checked versus several
variables. First of all, the value of A{f” as function of the D° momentum has been checked as
already shown (see fig. 5.14), and also as function of the pr and the p, of the D° meson, is
evaluated. In addition, the value of A{f 7 is further evaluated as function of D° pseudo-rapidity,
7, and the number of primary vertices in the event, nPV. The range of bins chosen is reported
in tab. 5.3. Figures 5.16 and 5.17 reports the value of Aﬁ” as function of the variable discussed
above, before and after the correction. Since Ar value is expected to be independent from
these variables the compatibility to be a constant is checked through a y? fit, as reported
in the figures. Before the reweigh, besides the aforementioned D° momentum, the value of
AIF” has a strong dependence on 7 of the D% meson (7(2/ ndf =48.79/11) and the number of
primary vertices (y?/ndf=47.11/11). These are in agreement with the fact that the detection
asymmetry depends on the momentum of the soft pion. In addition a mild dependence on
px(D°) (x?/ndf = 20.30/11) is present. All these dependencies are cured after applying the
correction, confirming its reliability.

Table 5.3 — Bins definition for each variable reported.

variable ‘ bin 1 bin 2 bin 3 unit

p(D°) [0,50] 150,75] [75,00[ GeVic

pr(D% | [0,5] 15, 7] (7,00 GeVic

Ip<(D] | [0,2] 12, 4] [4,00] GeVic
nD% | 12,3.1] 13.1,3.6] [3.6,5] -
nPv 1 2 3, ool -
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The extraction of Ar parameter

This chapter is devoted to the extraction of the Ar observable in DY— K*K and D°— ntn~
decays with its final statistical uncertainty.

6.1 Analysis strategy

The Ar observable in D — K*K~ and D° — 77~ decays is measured exactly as in the D° —
K~ n* decay control sample. The method devised to calibrate the detector response to the
detection charge asymmetries described in chap. 5 is used in the final measurements. The
residual contamination from secondary decays from b-hadrons is still present, at few percents
level, and a systematic uncertainty is discussed and assessed in chap. 7.

To avoid any potential bias, the measurement was finalised, determining either the statistical
and the systematic uncertainties, prior to examine the results (blind analysis). A random shift
between [—0.03,0.03] was applied to the extracted Ar, the same for all the four subsamples
and for D°— K"K~ and D°— n* 7~ decays. The Ar values were unblinded only after the final
approval by the LHCb collaboration.

An overview of the analysis for extracting Ar from D® — K"K~ and D° — 7* 7~ decays, follows.

1. Samples are selected using the criteria described in chap. 4. The same selection is ap-
plied to all the three decay modes. The only differences are due to the PID requirements
for obvious reasons (see tab. 4.2).

2. The random pion background is subtracted using the Am sideband, as described in
sec. 4.6.

3. Detection charge asymmetries are corrected reweighing the data in the (k,0y,0,) space
of the soft pion kinematics, as described in chap. 5. The weights for the correction
are extracted independently for each decay mode from data itself (see Appendix E for
weights details).

4. Samples are split in bins of D proper decay time. The decay time bins boundaries are
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the same for all the three decay modes, but the central value is calculated independently

taking into account the decay time distribution inside the bin.

5. Ar is extracted through a linear fit to the asymmetries as function of the D° proper decay

time.

6.2 Results

The final measurements on the full Run I data sample, corresponding to 3 fb~! of integrated

luminosity, are

Ar(D’— KTK™) = (-0.30+0.32) x 1073,
Ar(D°— ™) = ( 0.46+0.58) x 1073,

where only statistical uncertainty is reported. Results for each subsample are plotted in fig. 6.1
and reported in tab. 6.1. Straight line fits of the time-dependent asymmetry are reported in
fig. 6.2, while the residuals of individual fits, for all the four subsamples are reported in fig. 6.3.

The weighted average asymmetries are reported in fig. 6.4.

Table 6.1 — Results of Ar in D°— K*K~, A?K, and D° - 't~ AF”, decay before (raw)

and after the correction procedure. All the results are reported in units of 1073,

sample A? K (raw) A? K ‘ A?” (raw) A?”

2011 MagUp 2.23+0.89 0.46 £0.90 4.94+1.62 3.80+1.65
2011 MagDown 0.29+0.74 -0.54+0.75 | -0.71+1.35 -1.76+1.37
2012 MagUp 1.13+0.54 -0.86+0.54 3.54+0.98 1.42+0.99
2012 MagDown 0.61+0.53 0.10+0.53 0.23+0.95 -0.50+0.96
weighted average 0.93+£0.31 -0.30+0.32 1.77+£0.57 0.46+0.58

94



6.2. Results

T e e 2.23£0.89 (30/27)
HU Y // 0.46 £ 0.90 (28/27)
% 0.29 =+ 0.74 (19/27)
I 24
11D '—9“/ x —0 544 0. 75 (20/27)
Ul / i 1.13 + 0.54 (63/27)
'—0’% Jr— —0.86 £ 0.54 (40/27)
12D | 7 ~ [ (Aan 0.61 £ 0.53 (22/27)
g///" ! (A 0.10 £ 0.53 (20/27)
Z 7 FO! AF B Q /9
ave. | 7 i | e A 0.93 + 0.31 (3/3)
W/ L—— 030 +£0.32 (2.5/3)
—1 0 1 2 3
Ar [10_3]
T 4.94 +1.62 (24/27)
HU Y % - 3.80 + 1.65 (21/27)
apl 7 —0.71 +1.35 (14/27)
—0 =%g —1761137(4/27)
U L % —————— f_ 954i(962/? ;
%-C; ' 1.42 4 0.99
%ﬁ DY — ntm-
12D | 2 72 (Ar) 0.95 (38/27)
7, (AT —0 50 j: 0.96 (35/27)
% —1 o Ar [ -
an | —— HEH A%aw L77x0 (1 / )
: 7 —— 0.46i058(87/3)
-2 0 2 4 0
Ar [10_3]

Figure 6.1 — Results for (top) A{f K and (bottom) A?” . The black open markers represent
the value of Ar after the CP-symmetrisation. The red squared markers are the raw Ar
values, before correcting for detector-induced charge asymmetries. The hatched regions
represent the weighted averages over the four subsamples of Ar. The label 2011 (2012) is
abbreviated 11 (12) and MagUp (MagDown) is abbreviated U (D).
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6.3 Robustness cross-checks

Several checks have been performed, as done for the DY K #* decay mode. The value of
Ar in D’ — K*K~ and D° — n* 7~ decay modes is measured as a function of the following
variables: p(DO), pr (DY), | px(DO) l, n(DO) and nPV, in order to verify the robustness and the
reliability of the analysis procedure. The range of the chosen bins for each variable is the same
used for the measurement of Aﬁ” (see tab. 5.3), and are reported in tab. 6.2 for convenience.
Figures 6.5 and 6.6 show A?K values returned from the fits in the different bins for each of the
chosen observable, while figures 6.7 and 6.8 show the same values for A”. It can be seen from
these results that after the symmetrisation correction, the values of Ar are in agreement with
the hypothesis of no dependence among several observables. Although an incompatibility
with a constant survives after the correction in transverse momentum of the D° meson for the
DO— gt~ decay sample (see fig. 6.7), it cannot be excluded to be just a statistical fluctuation.
Indeed, this Ar dependence over the transverse momentum of the D% meson is not observed
in the D’ — K"K~ and D° — K~ 7" decay modes after the correction, which has a statistics
about a factor 3 and 30 larger than the D° — 7" 7~ decay (see tab. 4.4), respectively.

Table 6.2 — Bins definition for each variable reported.

variable ‘ bin 1 bin 2 bin 3 unit

p(D%) [0,50] 150,75] [75,00[ GeVic

pr(D® | [0,5] 15, 7] [7,00[ GeVic

Ip<(D] | [0, 2] 12, 4] 4,00 GeVic
n(D% | (2,311 13.1,3.6] [3.6,5] -
nPV 1 2 [3, oo -
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Figure 6.5 — Measured Ar in D° — K*K~ decays (A?K) as a function of p, pr and py of
the D° meson, before (left) and after (right) the correction.
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Figure 6.6 - Measured Ar in D° — K* K~ decays (AKX) as a function of 77 of the D° meson
and the number of primary vertex, nPV, before (left) and after (right) the correction.
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Figure 6.7 - Measured Ar in D — 77~ decays (A[”) as a function of p, pr and py of the
D meson, before (left) and after (right) the correction.
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Figure 6.8 - Measured Ar in D’ — 77~ decays (A[”) as a function of i of the D° meson
and the number of primary vertex, nPV, before (left) and after (right) the correction.
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6.4 Analysis validation

To further validate the analysis procedure, 10® “pseudo-experiments” are generated from
the data itself. These samples are generated resetting any possible existing CP asymmetry
by artificially reassigning a random charge to the soft pion, as explained in sec. 4.7. Then,
these samples are reprocessed using exactly the same code machinery used to perform the
main measurement. This is done for all four subsamples (2011,2012) x (MagUp, MagDown),
and then the average is calculated, exactly as in the real measurements. Figure 6.9 shows
the normalised residuals (defines as the difference between the true value of Ar and the
reconstructed one divided for its statistical uncertainty) obtained for the D° — K*K~ and
D®— 7+ 7~ decay modes. The results exhibit means compatible with zero at a level of precision
of 3.2% and standard deviations compatible with the unit at a level of precision of 2.3%, thus
confirming the reliability of our analysis procedure and associated statistical uncertainties.

In addition, five different values of artificial Ar are generated in order to check the linearity of
the analysis procedure. This test is done with charge-randomised sample (see sec. 4.7) from
D — K*K~ decays. The results are reported in fig. 6.10, and as it can be seen the measurement
accurately tracks the input value of Ar.
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Figure 6.9 — Normalised residuals for Ar in D° — K*K~ and D° — 77~ decay modes
obtained in toys based on random soft pion charge assignment after the correction
procedure (see text for details).
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Figure 6.10 — Measured Ar as function of the true Ar, using charge-randomised samples
of D’ — K*K~ decay mode.
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4 Systematic uncertainty on secondary
decays

Contribution of secondary decays to the measured Ar has been neglected so far, although a
residual contamination persists in the final data sample. This chapter is devoted to an accurate
study of such a contamination, and a systematic uncertainty is assessed to cover any possible
bias on Ar.

7.1 Introduction

A contamination of charm mesons produced in b-hadron decays (secondary decays) in the fi-
nal sample may introduce time-dependent dangerous biases that may affect the measurement
of Ar. The reconstructed decay-time of the D° mesons candidates is systematically larger
than their genuine decay time, being calculated with respect to the primary vertex, which
does not coincide with the D° production vertex, as schematically shown in fig. 7.1. Even if
the contamination from secondary decays in the final data sample is reduced to a few percent
level, thanks to the the requirement on the impact parameter XIZP of the D° candidate (see
chap. 4), its impact on the Ar measurement must be accurately quantified.

p(h") B

Figure 7.1 - Simple sketch of a prompt D* decay (left) and a secondary D* decay (right),
not drawn to scale.
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The reconstructed D° proper decay time is defined as

d -
YBc Ppe

where |d| is the reconstructed spatial distance between the D° decay vertex and the primary
vertex of the collision, and y8 = ppo/ mpoc is the reconstructed Lorentz boost of the D° meson.
mpo and ppy are the invariant mass and the momentum of the D® meson, respectively. In the
case of a secondary decay the distance |d| does not correspond to the true distance travelled
by the D® meson, since the D* does not decay immediately in the PV, as can be seen in fig. 7.1.
Hence, for secondary decays the D° proper decay time is biased to higher values, and the
contribution of secondary decays to the measured raw asymmetry can be easily written as

Araw () = (1 = fsec (1)) Appt (1) + fsec (1) Asec (1), (7.1)

where Appt and Agec are the raw asymmetry for the prompt and secondary component, re-
spectively, equal to
+ —
Nppt (1) = Nppi (1)
+ —_ )
Nppt (8) + Ny, (1)
N (8) = Nege (8
N () + Nggo (1)

Appt (1) =

Asec (1=

The fraction of secondary decays in the sample is fsec () = Nsec (£)/ (Nsec () + Nppt (1)), where
Nsec(1) = Ngge (1) + Neec () and Nppe(£) = Ny, (1) + Ny, (1) are the total number of reconstructed
prompt and secondary decays, respectively. In order to measure the asymmetry of prompt

component, Appt, the contribution of secondary decays must be accurately accounted for.

A rough estimation of the fraction of secondary decays can be easily extracted using the
available information from past LHCb measurements on the same data sample [8, 58]. fsec ()
can be considered, as a good approximation, to increase almost linearly with decay time
from about 0.0% at t/Tpo = 0, up to about 14% at decay time equal to ¢/Tpo = 10. The
production asymmetry of B mesons has been measured to be about ¢(1%) [59], and can be
safely assumed to be time-independent and the dominant contribution of Agec. Thus, a rough
estimate of the bias on Ar, due to the presence of such a contamination is about 107, Since
the statistical uncertainties on A?K and A" are larger than 1074, secondary contribution is
thus not subtracted but a systematic uncertainty is associated to such a choice.

7.2 Model of secondary decays

The fraction of secondary decays can be calculated with a good level of approximation just
using a simple analytical approach, with some reasonable assumptions

e the B— D*X — [D7]p- X decay occurs in one spatial dimension, the z-direction (b-
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(a) PDF of prompt and secondary decays. (b) frec (D).

Figure 7.2 — Secondary PDF (a) and the relative fraction (b) as function of D° proper decay
time assuming that secondary decays happens in one spatial dimension.

hadrons decays have a large boost in the z-direction);
* same acceptance function on proper decay time both for prompt and secondary decays.

The first assumption is motivated by the LHCb geometry. In fact, b-hadrons decays are
reconstructed only at very high values of pseudo-rapidity, and consequently they have a large
boost. The second assumption, instead comes from the fact that secondary decay are similar
to prompt decays at lower values of decay time. For a detailed discussion on the accuracy
of these assumptions see app. F and sec. 7.5 where all possible systematic effects on the
procedure are studied and quantified.

The PDF of prompt decays is a simple exponential function with a coefficient equal to the
measured D° lifetime 7y =~ 0.41 ps [19]

Popt(1) = P (1) = —exp[ (£20).
Tpo

TDO]

For secondary decays, under the assumptions listed above, the total PDF of a D° decay coming
from a b-hadron decay can be written as the convolution of the PDF of the B decay and the
PDF of the D° decay

Psec(t) = (=@B *@DO)(I) =

®© 1 t—t t
f — exp [ —exp - —|dr
0 TB TDO TDO

:exp[——]—exp[ TDO (£20):
TB—Tpo

where 75 = 1.57ps [19] is the measured average lifetime of the mixture of b-hadrons produced
in the pp collisions. The PDF for prompt and secondary decays are reported in fig. 7.2a. The
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fraction of secondary decays as a function of the D° proper decay time can be written as

Ngec * A1) Psec (1)
sec(l) = 7.2
oee® Nppt A(t)yppt(t) + Ngec - A1) Psec (1) (7.2)

where nge. is the total number of secondary decays and nyp)¢ the total number of prompt
decays. A is the total acceptance function in reconstructing a D* decay, assumed to be the
same for prompt and secondary decays. The fraction of secondary decays is plotted in in
fig. 7.2b for different values of the total fraction of secondary decays fiot = nsec/ (Tisec + ppt) =
1%, 2%, 5%, 10%.

7.3 Evaluation of secondary fraction fe.

In order to estimate with a good level of approximation the behaviour of f;e. as a function
of the decay time of the D° meson both data and the analytical model described above are
used. The main challenge to extract fse is the level of knowledge of the sculpting caused by
the selection requirements on the decay time distribution Z..(¢) of the secondary decays.
This sculpting is mainly driven by the requirement on the X12p of the D° meson, necessary to
suppress the contamination of secondary decays, see chap. 4. Its impact cannot be assessed
relying on the full realistic LHCb simulation since the available statistics is not sufficient
by large to achieve the desired level of precision. Furthermore, even without any statistical
limitation, it is very hard to only rely on the MC for reproducing with the sufficient level of
precision such effects.

However, it can be safely assumed that the effect of requiring )(IZP (D) < 9 decreases as a
function of the the decay time, thus fsec(#) tends to be equal to the secondary fraction that
one would obtain without applying any requirement on )(IZP (D) going towards lower time
values. From the other side the distribution of the proper decay time at lower time values
(t <27 o) is namely sculpted by the requirements on the )(IZP and on the momenta of the D°
decay products, however the total acceptance function can be approximately extracted from
data by looking at the ratio between the proper decay time distribution and a pure exponential
function with the D° lifetime as a slope (see fig. 7.3). As said above, the acceptance is assumed
to be the same for prompt and secondary components. Using the simple analytical model
described in sec. 7.2 and the acceptance function of fig. 7.3 the PDF () for secondary
decays can be analytically written.

The absolute normalisation of secondary PDF can be measured by data itself by fitting a distri-
bution where prompt and secondary decays can be distinguished, as the XIZP(DO) distribution.
In order to fit this, the model of prompt component is extracted from the first bin of the proper
decay time distribution and it is fixed in the fit of other time bins. In particular, the fit is
performed only for the last four bins (higher decay time), where the measurement of fie is
much more reliable, being the relative fraction of secondary decays large and the two separate
peaks are clearly visible. The fit projections are reported in fig. 7.4. While the quality of the fits
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Figure 7.3 - Selection acceptance relative to a pure exponential distribution.

is not excellent, it is totally satisfactory for the purpose of assessing a systematic uncertainty.

Using the analytical function Z(t), along with the absolute normalisation extracted as
described above, the absolute number of secondary decays Nge.(£) as a function of the decay
time can be extracted without any requirement on the )(IZP(DO) variable, being the analytical
model very reliable in absence of sculpting of the distribution at higher time values. At this
point, by making the difference (bin by bin) with the observed total decay time distribution,
the number of prompt decay Npp(#) as a function of time can be easily extracted, for obtaining
fsec- This is shown by blue triangles in fig. 7.5 where the last four bins are extracted directly
from data without any input from the analytical model.

For the final measurement, however, the fraction of secondary decays requiring )(IZP(DO) <9is
needed. For the last four bins of the decay time distribution the fits to data (see fig. 7.4) directly
provide the prompt and secondary contribution, interpolating over the range log( )(IZP(DO)) <
log(9) = 2.2, and the results are reported in fig. 7.5 with black dots. Since at lower time the effect
of the sculpting of the requirement on the )(IZP(DO) tends to disappear, fsec(?) is empirically
approximated as the function (red dashed line) intersecting the black dots at higher proper
decay time and the blue triangles at lower proper decay time. This represents with a good
approximation the fraction of secondary decays when the requirement )(IZP (D) < 9 is applied.

7.4 Evaluation of Age

In order to asses the systematic uncertainty on Ar using eq. (7.1) Agec(?) needs to be estimated.
This is extracted by data itself, by inverting the cut on 3,(D), requiring log(x?,(D°)) > 4,
in order to have a pure sample of secondary decays, without any contamination of prompt
decays. Agec(?) is fit to a constant, see fig. 7.6, and results are reported on tab. 7.1 for the
different subsamples. The fact that Agec(f) may receive a small time dependent contribution
from AKX and A7” is discussed in the next section.
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time to extract the normalisation factor. The model of prompt decays is extracted from
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Figure 7.5 — Secondary fraction fs(#). Zoom on y-axis is shown on the right.

Table 7.1 - Fit results of Agec(f) to a constant.

sample const [1073]
2011 MagUp 5.60+2.12
2011 MagDown 3.15+£1.77
2012 MagUp 5.87+1.28

2012 MagDown 432+1.26
weighted average  4.80+0.75

7.5 Systematic uncertainty and robustness checks
In order to quantify the effect of secondary decays on the Ar measurement in each time bin #;,
Appt(£;) is evaluated by inverting eq. (7.1), as follows

Appt(ti) = (Araw(ti)_fsec(ti)Asec(ti))-

1

1- fsec(ti )
The difference between the slopes resulting from the fit of Araw(#;) and Appt(#;) values is named
A, and it is separately measured for the D® — 7*7~, D’ — K* K~ and D° — K~ 7" decay modes.
While Araw(t;) values are the measured asymmetries in each time bin, and are separately taken
for each decay mode to estimate the correction A, Agec(#;) and fsec(2;) are evaluated using the
analytical functions Agec(f) and fsec(?) extracted from the high statistics D% — K~ 7t mode,
as described in sec. 7.3 and sec. 7.4. No appreciable differences are expected for fs () in
the three different data samples, and therefore it can be safely assumed to be the same. As
far as Agec, the only difference may come from a possible time dependent contribution from
the measured Ar, however it has been verified that such an effect is negligible because of
the dilution due to the larger time values of secondary decays with respect to prompt decays.
Figure 7.7 shows the slopes of Appt(#) and Asec(#) when an Ar equal to 1o of the statistical
uncertainty of AKX and A7” is injected.
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Figure 7.6 — Age(#) for all the four subsamples, in the D% — K~ n* mode.

To keep into account the effect due to a time dependent contribution of the measured Ar
through the A4 (¢;) values, the extraction of A is repeated on 1000 pseudo-experiments, that
are generated by randomly varying A:aw(¢;) within their Gaussian statistical uncertainties. For
each pseudo-experiment Apaw (;) and App(#;) are fitted to a straight line and the distribution
of the difference A between the two slopes is plotted. Results are reported in fig. 7.8 where the
fit to a Gaussian is overlaid, while tab. 7.2 summarises the values returned from the fit, of each
data sample, for the mean (A) and its uncertainty sigma (0 4,).

The impact on A of the uncertainty on Agec and fsec(2) are also studied. If Agec is varied within
+10 of its statistical uncertainty a variation on A of 0 4, = 0.012 x 1073 is found, the same
for all data samples. Different empirical models for fs(?) are studied, as shown in fig. 7.9.

Table 7.2 — A results from pseudo-experiments in unit of 1073.

sample A Oy OAe  Ofy. \/ A2 + Uir + O-?qsec + O'?C
D°— K~z | 0.094 0.008 0.012 0.035 0.101
DY— K*K™ | 0.065 0.022 0.012 0.041 0.081
DY—natx~ | 0.113 0.041 0.012 0.026 0.123
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Figure 7.7 — App (1) and Agec () when an Ar equal to 1o of the statistical uncertainty of
(left) AKX and (right) AT™ is injected.

The maximum variation of A is equal to o, = (0.035,0.041,0.026) x 1072 for the (D° —
K~n*,D%— K*K~, D°— n*n7), respectively. They correspond to the same black-dashed
curve reported in fig. 7.9, that has to be compared with the red-dashed curve corresponding to
our nominal and best estimate of fsec(#). The obtained values for o, , reported in tab. 7.2, are
smaller than the values obtained for the correction A, despite the wild variations covered by
the used empirical models for fsec. Possible differences in the acceptance function between
prompt and secondary decays (assumed to be the same for extracting fsec(t)) result therefore
well covered by the range spanned by this test, being much smaller (see app. F).

In conclusions a conservative systematic uncertainty on the presence of a residual contami-
nation of secondary decays is assessed, for D° — K* K~ and D°— n* 7™, equal to the sum in
quadrature

_ 2, 42 2 2
AAr—\/A +0Ar+aAsec+Ufsec

obtaining a total uncertainty for D’ — K*K~ and the D’ — n* 7~

AAFK =0.08x1073,
AATT =0.12x 107>

These correspond to the total effect of not subtracting at all such a background from the final
data sample and, as expected, they come out to be much smaller than the current statistical
uncertainty both for the D’ — K*K~ and D’ — n*n~.
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shown on the right panel.

114



Robusteness checks and systematic
uncertanties

This chapter is focussed on describing in detail the cross-checks performed to confirm the sta-
bility of the analysis and the residual systematic effects that may impact the Ar measurement.
It turned out that all studied systematic effects are significantly smaller than the statistical
uncertainties.

8.1 Discretisation of the correction procedure

The choice of the binning size of the reweigh procedure to correct time dependent detection
asymmetries is driven by the statistics of the less abundant D° — 7+ 7~ data sample. The size
of the bins cannot be too large in order to avoid the degradation of the effect of correction?,
while in the other way it cannot be too fine to avoid to make statistical fluctuations too
large. While the effect of statistical fluctuations due to the finite bin size is measured with
randomised samples (see sec. 6.4), and is included in the quoted statistical uncertainty, the
fact of approximating a continuous function, in the three-dimensional (k, 6, 0,) space, with
an histogram (in each bin the reweighing function is assumed to be constant) may affect the
Ar measurement.

In order to investigate such an effect the measurement of Aﬁ(” on the high statistics D® — K~ 7+
mode is repeated varying the size of the binning scheme? by a factor s = 1/8,1/4,1/2,2,4,8,
where each space dimension is rescaled with the same factor s'/3. Results are reported on
tab. 8.1 and on fig. 8.1 where s = 1 obviously corresponds to the binning size of the central
analysis. The behaviour of A?” as a function of the binning size is as expected and confirms
that the binning size of the central analysis is optimal, by minimising the statistical fluctuations
without degrading the correction.

Conservatively, a systematic uncertainty equal to AAr = 0.02 x 1072 is assessed, which is the

1The limit case of a reweighing with just one single bin would correspond to do not apply any correction, but
only an equalisation of the total number of D® and D° candidates.
2In the central analysis (50, 55, 11) bins for the (k, 0y, 0y) space are used, respectively. See app. E for details.
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Table 8.1 - A{f“ results with different bin size of the correction reweighing.
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Figure 8.1 - Aﬁ” as a function of binning size of the correction reweighing. The red square
represents the nominal binning scheme.

larger value of the difference between AIF(” obtained with factors s = 1/2 and s = 2 and the
central analysis s = 1.

8.2 Subtraction of random pion background

The small random pion background is removed by performing a sideband subtraction based
on the mass difference Am, as described sec. 4.6. The signal region is [144.45,146.45] MeV/c?,
corresponding to about +50 around the mean value of the peak, and the sideband is taken
in the interval [149,154] MeV/c?. The contribution of events in the sideband is subtracted by
giving them a negative weight, determined by a normalisation factor given by the ratio of the
total number of background events in the peak region to the number of such events in the
sideband region.

As a check of the overall impact of the background subtraction on the final measurement the
analysis is repeated without performing any background subtraction. The changes relative
to the nominal fit are AAlIfK =0.12x 1073 and AAT" =0.08 x 1073. These variations may also
contain a statistical component; what is clear it that it is a small effect, and the systematic
uncertainty associated to this subtraction is expected to be quite small.

The subtraction procedure relies on two things: (i) the correct determination of the normalisa-
tion factor and (ii) the assumption that the impact on Ar of the background events located
under the peak is the same as for those found in the sideband. The effect of uncertainties
on the result of the subtraction is therefore given by two contributions: one is of the order of
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Figure 8.2 — Measurement of A?" in the Am sideband.
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Figure 8.3 — Distribution of decay time in the Am peak and sideband regions.

o r x| Ar(bkg)|, the other is about f x o (Ar(bkg)), where f is the background to signal ratio
under the peak, and Ar(bkg) is the value of Ar for the background events. As it can be seen
in fig. 8.2, the value of Ar(bkg) is quite small @(10™%); this, combined with the smallness of
the background fraction f = 0.03, implies that the first contribution to the uncertainty will
necessarily be < 107%, and therefore completely negligible.

The second point essentially translates into requiring that the slope of the asymmetry of the
events in the sideband is the same as the background events under the peak - and secondarily
that the sample distribution over decay time is not too different. The latter assumption is
checked in fig. 8.3 where it can be clearly seen that the distributions of decay times in the
peak and sideband regions are remarkably similar to each other. This implies that in any
linearly weighted combination of the two samples, the slopes of their asymmetries will linearly
combine. Finally, in order to test the reliability of the chosen sideband in reproducing the
distribution of background events under the peak, additional studies are performed taking 3
different sidebands, one to the left and two to the right of the signal peak (covering a region
similar to the one chosen for the measurement). By measuring the asymmetry slope in these
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Figure 8.4 — Measurement of A{f” in the different Am sidebands. The blue vertical lines
represent the signal region. The red horizontal line is the average value of the data points.

3 regions, it can be checked whether there are any significant variations in different regions
of Am. In principle no significant effects are expected, being this a random combinatorial
background. The results are shown in fig. 8.4. It can be seen that the values are all quite
small and there is no statistically significant dependence. The uncertainty of the extrapolation
under the peak is even lower that the statistical fluctuation associated to the events in the
sideband used for the actual subtraction. While there is a statistical component to that number,
conservatively its full value is taken as systematic uncertainty on the extrapolation from the
sideband region to the peak region. Therefore, the uncertainty contribution f x o (Ar(bkg)) is
determined as 0.011 x 1073, for both KK and 77 modes.

8.3 Peaking backgrounds

While the combinatorial background is accurately subtracted with the Am sideband procedure,
partially- or mis-identified D° decays may peak in the Am distribution, thus mimicking the
signal distribution of a real D* — Dn— [h"h n decays, and represent a background compo-
nent (“peaking background”) that is not removed by the sideband-subtraction procedure. In
particular, the D° mass distribution of D® — K* K~ decays is most likely affected by “peaking
background” since the kaon mass hypothesis can compensate for a loss in invariant mass
when decays as D°— K~ 7" 7%, D — K~n*n~ and Df — K* K~ 7" are partially-reconstructed.
These decays, however, do not peak in the D° mass, but they appear as having a broad distri-
bution, in some cases contaminating the D° signal mass window (see refs. [8, 35, 58]).

In order to assess the systematic uncertainty due to the presence of these residual backgrounds
under the signal region of Am distribution, the D° mass sidebands, defined as the region
within [mpo — 60, mpo —30]1U [mpo + 30, mpo + 60] MeV/ c? where o = 8MeV/ ¢?, are studied®.

3As reminder, the signal region is defined as candidates falling in the D° mass window within [m po =30, mpo +
30]MeV/c? see chap. 4
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Figure 8.5 — The distributions of the DO mass, before (in red) and after (in black) the Am
sideband subtraction.

The distributions of the D° mass, before and after the Am sideband subtraction, are shown
in fig. 8.5, where the requirement of belonging to the signal mass region [mpo — 30, mpo +
30]MeV/ ¢? is relaxed with respect to the final measurement, in order to visualise what happens
in the D° mass sidebands. The presence of a small residual background cannot be excluded,
also after the Am sideband subtraction, in particular for the D° — K™K~ decay mode. In order
to quantify the size of this “peaking background” in the sample, the Am distribution in the
D® mass sidebands is fit, using the same PDF for signal and random pion background, as
described in sec. 4.6. All the parameters for the signal and the random pion background are
fixed to those extracted from the fit to the full data sample, except for the addition of a scale
factor (o; — s-0;) to the signal shape, in order to take into account that D° candidates are
selected in the D® mass sidebands (including also candidates with soft photon emission) and
a wider signal peak in Am distribution is expected. A Gaussian component is also added to
model contribution of mis-reconstructed decays. The fit results are reported in fig. 8.6 for the
D°— K"K~ and D°— n*n~ decay modes. For the D° — K*K~ decay mode a contribution
(grey region) of mis-reconstructed decays is clearly visible, while for D® — 7+ 7~ the returned
fraction is compatible with zero. The number of mis-reconstructed decays within the Am
signal region of fig. 8.6a is about 17 x 10° for the D® — K* K~ decay mode, and assuming a
linear behaviour for the background in the D° mass (motivated by previous studies [8, 35, 58,

]) it is possible to extrapolate a contamination of mis-reconstructed decays of about 0.51%,
under the nominal signal region.

In order to assess a systematic uncertainty associated to this small contamination on the
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Figure 8.6 — Am distribution of the (a) D° — K*K~ and (b) D° — n* 7~ candidates in the
D mass sidebands. The vertical red dotted line represents our signal region.

final measurement, the measurement of A?K has been repeated in the D° mass sidebands
and outside the signal region of fig. 8.6a, obtaining a value of (1.70 +0.90) x 1073, This mea-
surement receives contributions both from random pions background (76%) and from mis-
reconstructed background (24%), that must be disentangled. However, Ar of random pi-
ons background can be measured using the Am sidebands (within the D° signal region
[mpo — 30, mpo +30] MeV/ ¢?) and it comes out to be compatible with zero at a level of pre-
cision of 0.36 x 1073 as reported in fig. 8.2.* Thus, the value of Ar due to peaking back-
ground, A{Pis, is extracted by (1.70 +0.90) x 1073 = 0.24 - A{Pis +0.76- Af_nd, where substituting
A4 = 0.36x 1073, it comes out AM™S = (5.94+2.61) x 107>, Thus, the assigned systematic
uncertainty is 0.05 x 1073 (= max(0.51% - (5.94 + 2.61) x 1073)) because the presence of mis-
reconstructed decays in the D’ — K™K~ decay mode. As far as the D° — 7" 7~ decay mode
any systematic uncertainty is assigned, because the same effect is <@ (1079).

8.4 L0 trigger effects

No requirement is applied at the first level of the LHCD trigger, as described in sec. 4.2, and
this translates into the logical OR of all the LO triggers. In order to check the stability of the
measurement because of this choice, all samples are split into two statistically independent
subsamples, according to two different trigger categories, and the measurement is repeated
independently on each of them. The two trigger categories are

4Since no difference is expected between the D’ — K~ 7+, D®— K*K~ and D° — 7* 7~ in the random pion
background, the high statistics D — K~ 7" data sample is used to extract A (see fig. 8.2 and fig. 8.4). However, the
same measurement in the DY — K* K~ mode return Ap compatible with zero with a precision of about 1.5 x 1073,
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e LOTOS - if the D° candidate fired the LOHadron (see sec. 4.2);
* LOTOS - otherwise (including also events where the LOHadron did not fire at all);

where TOS stands for Trigger On Signal and means that the signal decay is sufficient to generate
a positive trigger response. Repeating the measurements on the high statistics D° — K~ 7+
decay mode, the value obtained are AIF(”(LOTOS) = (0.17+0.17) x 1073 and Allf”(m) =
(0.1240.13) x 1073 in perfect agreement with each other. Thus, no systematic uncertainty is
assigned on this trigger choice.

8.5 Multiple candidates

Multiple candidates are randomly chosen (see sec. 4.5) in order to avoid possible biases. In or-
der to check the impact of such a choice on the final measurement, AI{( ™ is measured retaining
all multiple candidates. In this way, a possible effect due to the presence of multiple candidates
would be amplified in the final measurement. The returned value is (0.14 +0.10) x 1073, The
very small shift of 0.02 x 103 with respect to the central value cannot be only ascribed to a
possible bias generated by multiple candidates. A statistical component is entangled and it
should be considered in the comparison between the two values. However, the obtaining
shift is small with respect to the current statistical uncertainty and a rigorous evaluation of
statistical correlations of the two sample would further reduce the size of the observed shift.
Thus, no systematic uncertainty is assigned.

8.6 Decay time resolution

The decay time resolution o = 50fs is expected to have a negligible impact on the measure-
ment, since it is much smaller than the D° lifetime and since it is the same for D° and D°.
However, it does affect the observed time scale and therefore the measured Ar. The size of
this effect is quantified by measuring Ar on 900 pseudo-experiments by generating 106 D
candidates for each of them. An exponential function sculpted by the acceptance function is
smeared with a Gaussian resolution function having a standard deviation equal to o, and is
used to generate the proper decay time distribution for D° and D° candidates, for different
values of Ar. The difference between the measured value (Arrneas) and the true value (Atrrue) is
distributed as a Gaussian with a mean compatible with zero at the level of 0.01 x 1073, This is
repeated for three different values of A™® = —0.6 x 1073,0,+0.6 x 1073, and results are reported
in fig. 8.7. The values A" = +0.6 x 1073 are chosen because of the statistical uncertainty of
the D° — 7" 7~ measurement, being the larger one. The value Atrrue = 0 is just a crosscheck
between the two values of interest, since for A{™® = 0 any bias is expected by construction at
any value of the time resolution.

In conclusion, the bias on the Ar measurement, due to the decay time resolution, is certainly
below 0.01 x 1073 since no significant deviation from zero is observed at this level of precision.
This is smaller than our dominant systematic uncertainty by about a factor of 10, therefore
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Figure 8.7 — A" - Al''® a5 a function of different values of Af". The fit to a (left)
constant and to (right) a straight line are overlaid.

any systematic uncertainty is assigned.

8.7 Summary

Summary of systematic uncertainties is reported in tab. 8.2. The dominant systematic un-
certainty comes from the residual secondary contribution (see chap. 7). The systematic
uncertainty associated to the secondary contribution corresponds to the whole size of the
effect, as explained in chap. 7, resulting into a conservative estimation, where large room of
improvement is possible. In the D° — K™K~ decay mode also the contribution of the peaking
background translates into a significant systematic uncertainty. Nevertheless, the total sys-
tematic uncertainty is less than one third of the statistical uncertainty (see chap. 6) confirming
the robustness and reliability of the measurement.

Table 8.2 —- Summary of systematic uncertainties reported in units of 1073,

Syst. sources AAr(D°— K*K™) AAr(D°—nmtn™)
Secondary decays 0.08 0.12
Correction discretisation 0.02 0.02
Background subtraction 0.01 0.01
Peaking background 0.05 -

Total 0.10 0.12
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Results and conclusion

This chapter presents the final result of this thesis and a discussion of its impact in the current
experimental landscape.

9.1 Final results

The full LHCb Run I data sample, corresponding to 3 fb~! of integrated luminosity, is used to
measure the CP violation Ar parameter in the singly-Cabibbo suppressed D° — K* K~ and
D°— 77~ decay modes, obtaining

Ar(D°— K"K™) = (-0.30+0.32+0.10) x 1073,
Ar(D°—7tn7)=( 0.46+0.58+0.12) x 1073,

where the first uncertainties are statistical and the second are systematic. The results for the
two decay modes are consistent and show no evidence of CP violation. These results are
the most precise measurements to date of these quantities and are consistent with previous
measurements [32, 33, 37] and with the previous LHCb results [35] obtained from a subsample
of the data analysed in this thesis, that they supersede with an improvement in precision of
nearly a factor 2. They are also consistent with the Ar measurements [38] performed by LHCb
in the separate muon-tagged sample over the same data taking period.

9.1.1 Combination

Assuming that the value of Ar is universal, i.e. independent from the final state as described
in sub-sec. 1.8.1, the results for the D — K*K~ and the D° — 7t~ decay modes can be
combined together being the measurement of the same quantity. The statistical uncertainties
between the two measurements are independent, while the systematic uncertainties are not
and they have to be appropriately treated. Systematic uncertainties and their correlations
between the two measurements are reported in tab. 9.1. Systematic uncertainties on secondary
decays are conservatively assumed to be fully correlated between the two measurements. The
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Table 9.1 — Systematic uncertainties on A{fK and A" along with their correlations.

syst. uncertainty source A?K Af™  correlation

Secondary decays 0.08 0.12 100%
CP-sym. reweighing 0.02 0.02 100%
Background subtraction 0.01 0.01 100%
Peaking background 0.05 - 0%
Belle 2012 |p— "V/ﬂf' —+ | —0.304+2.0040.80
7
%\
Babar 2012 | ¥ /,; ® { | 0.88+£2.55+0.58
7
Z
CDF 2014 )—o—% ~1.20+1.20
%
LHCD 2015 ptag F |—o—é —1.2540.73
.
LHCb 2016 D** tag F > —0.1340.28 +0.10
World average | é —0.3240.26
-2-10 1 2 3
Ar[1079)

Figure 9.1 — World weighted average of Ar including the measurement reported in this
thesis (LHCDb 2016 D** tag, reported in red). The hatched region represents the 1o band
for the world average. The other measurements are Belle 2012 [32], BaBar 2012 [33], CDF
2014 [37] and LHCb 2015 p-tag [38].

two measurements are then combined using the best linear unbiased estimator (BLUE) [61]
obtaining the following value

Ar(KK +7m) = (~0.13+0.28+0.10) x 107>,

where the first uncertainty is statistical and the second one is systematic. This is the most
precise measurement of CP violation in the charm sector, leading the world average, as shown
in fig. 9.1.

The result is also compatible with the Ar measurement [38] performed by LHCDb in the statisti-
cally independent muon-tagged sample over the same data-taking period. Therefore, they are
combined to yield the overall LHCb Run I result

Ar(KK +m, LHCb Run I) = (—0.29 +0.28) x 1073,
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9.2. Ar implications on charm CP violating parameters

9.2 Ar implications on charm CP violating parameters

While the value of Ar is directly related to the indirect CP violation, Ar = —Aicng, as described
in chap. 1, the direct CP violation, Agif,, can be inferred by measuring the time-integrated CP
asymmetry (Acp(#)). It comes from the integral of the time-dependent asymmetry, Acp(f)
(see eq. (1.26)), over the observed decay time distribution, 2(#),

_ JdtAce(02(1) _ dir | yind _L
(Acp (D)) = W _fdt(ACP+ACP T_Do)@(t)/(fdt@(t))

= Al A,
DO

where (t) = [dtt2(1)/( [ dt2(1)) is the average decay time in the reconstructed sample. As
for Ar, (Acp(#)) can be separately measured both for D°— 7*7~ and D°— K*K~. However,
absolute CP asymmetry measurements are experimentally challenging in LHCb, because
of the presence of nuisance parameters, as the production and the detection asymmetries
(see sub-sec. 2.2.1). Thus, the difference between the asymmetry of the D%— K*K~ and the
DY— gt~ decay modes, A Acp, where the detection and the production asymmetries cancel
out, is a better observable and its value is

AAcp=Acp(D’— K*K7) = Acp(D° = ¥ 77)
< aad e =2 A

where AA‘éi;, is the difference between the direct CP violation in D° — K"K~ and D° — 7*7~
decay modes and A(?) is the difference between the average reconstructed decay times
(t(K*K™)) and (t(z*77)). The measurements of AAcp and Ar observables by LHCb are
combined to infer the individual values of AA‘éiIE and Ai&‘}, where the latter is assumed to be
the same for D° — K*K~ and D° — 77~ modes. All the measurements are assumed to be
statistically independent and systematic uncertainties are assumed to be fully uncorrelated. A
x? is used to combine all the measurements and the final results are shown in the (Ag}‘}, AAgilﬁ)
plane of fig. 9.2. The values of the indirect and the direct CP asymmetries are found to be

AP = (1 0.29+0.28) x 1073,
AAIK = (~0.56+0.76) x 107,
and are consistent with the hypothesis of CP symmetry with a p-value of 0.79. These are

definitively the “final words” of the LHCb experiment on the CP violation of D mesons
decaying to two bodies.

LHCb has also recently provided individual time-integrated measurements of Acp(D° —
K*K™) and Acp(D° — n*77) [65]. The same procedure described above can be separately
repeated for the D°— K*K~ and the D’ — n* 7~ to infer values of the indirect and the direct
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Figure 9.2 — Contour plot of AA‘él; and Ai&‘f. The point at (0,0) denotes the hypothesis

of no CP violation. The solid bands represent the measurements in refs. [38, 62, 63] and
those reported in this thesis (Ar prompt). The value of ycp is taken from ref. [64]. The
contour lines shows the 68% (solid), 95% (dashed) and 99% (dotted) confidence-level
intervals from the combination.

CP violation in the two decay modes. The results are

AR~ K*KT)=( 0454029 x107%,  ARY(D— n*77) = (-0.27+0.49) x 1073,
AM(DO— K*KT) = (-0.37+1.56) x 1075, AW (DO~ 7777) = ( 1.13+1.78) x 107°.

and are reported also in fig. 9.3. Both results are compatible with the CP symmetry hypothesis,
and they are the most precise measurements of these observables. However, contrary to the
combination of AAgi;, and Aicng reported in fig. 9.2, which is free from any external experi-
mental and theoretical constraint, Acp(D°— K*K~) and Acp(D° — 7t 77) [65] are measured
assuming no CP violation in the charm-mixing and in the Cabibbo-favoured D° — K-z,
D*— K~ n*n* and D* — K°7* decay modes.

9.3 Future perspectives

This thesis describes the measurement of Ar with the full Run I data sample collected by
the LHCb experiment, corresponding to 3 fb™! of integrated luminosity. The large statistics
accumulated during the Run I will be exceeded during the current Run II. The total recorded
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Figure 9.3 — Contour plot of A% and ANd in the (left) D’ — K"K~ and the (right) D’ —
n*n~ decay modes. The point at (0,0) denotes the hypothesis of no CP violation. The
solid bands represent the measurements in ref. [65] (Acp prompt + SL), ref. [38] (Ar SL)
and those reported in this thesis (Ar prompt). The contour lines shows the 68% (solid),
95% (dashed) and 99% (dotted) confidence-level intervals from the combination.

luminosity during the 2015 and 2016 is about 0.3fb™! and 1.7fb™!, respectively, for a total
integrated luminosity of 2 fb™!. Due to the increasing of the centre-of-mass energy, from 8 TeV
to 13TeV, and several improvements in the trigger and data acquisition systems, the number
of reconstructed D° — h*h~ is about a factor 3 per fb~! times larger than in Run I. Thus, it is

very likely to expect a statistical sensitivity to Ar with the total Run I and Run II data sample of
about!

3 3
oA (RunI&Runll) = o RunI\/—:0.32><10_3\/j=0.18 1073,
A ( ) Ar( ) 312x3 9 X

still far away from the systematic uncertainty of the measurement reported in this thesis. The
Run II will continue in 2017 and 2018, assuming the same performances of the 2016, the total
integrated luminosity (Run I + Run II) recorded by LHCb will be about 8.4 fb~!. The sensitivity
to Ar will be about 0.11 x 1073, compatible with the systematic uncertainty assessed in the
measurement reported in this thesis.

An upgrade of the LHCb detector is expected to be installed in the Long Shutdown II (2019-
2020), in order to collect up to 50 fb~! of integrated luminosity during the Run III (2021-2023).
Assuming to have the same efficiency of the Run II, the collected statistics will be about 150

times the Run I statistics (about 1.5 billion of D — K* K~ events), leading to a sensitivity for
Ar of

3
0 (Run I =0 4, (Run 1))/~ = 0.05 x 1075,

1 The statistical error on Ar is assumed to scale as the inverse of the square root of the number of events.
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Chapter 9. Results and conclusion

which is only a factor two smaller than the current systematic uncertainty. This point is
extremely relevant because it demonstrates that the measurement of the Ar parameter, as
described in this work, can be easily extended, as it is, to the future LHCb-Upgrade sample. It is
not absurd to think that with some extra work LHCb will be able to extract the effect due to the
contamination of secondary decays in the final data sample with a rough precision of about
10%, reducing the current systematic uncertainty (corresponding to the whole size of the
effect) to the value of about 0.06 x 1073, compatible with the expected statistical uncertainty
of the Run III.

9.4 Conclusions

This thesis reports the world best measurement of the time-dependent CP asymmetries in
the decay rates (Ar) of the singly Cabibbo-suppressed decays D° — K"K~ and D°— n* 7~ in
pp collision data at centre-of-mass energies of 7 and 8TeV collected by the LHCb detector
during the LHC Run I, corresponding to an integrated luminosity of 3fb™!. The results are
consistent with CP conservation and improve by nearly a factor two the previous world leading
measurements, also obtained by LHCb using the 2011 subsample of the current data. In the
end, they are the LHCb final words with the Run I data sample and are the most precise result
of CP violation of the experiment to date.

The presented measurements are statistical limited and the current precision of the assessed
systematic uncertainty will be reached in the next years only with the full data sample that
will be collected by the future LHCb upgrade (2021-2023). Therefore, beyond the intrinsic
value of performing the world best measurement of the Ar observable, in order to search first
hints of CP violation in the charm sector, the work documented in this thesis proves that high
precision CP violation measurements will be feasible in the future with an unprecedented
level of precision, greatly increasing the possibility of observing the CP violation in the charm
sector.
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i\ D?— K7n* decay rates

The high statistics Cabibbo-favoured (CF) D® — K~n* decays data sample plays a central role
in the analysis being an excellent control channel. In fact, the expected value of pseudo- Ar
on this data sample is undetectable at the current experimental sensitivity. While the time-
dependent decay rates for a D meson decaying to CP eigenstate f are reported in chap. 1,
here the calculation of the pseudo- Ar is reported in detail.

The amplitudes for CF D° — K~ 7" decays and doubly Cabibbo-suppressed (DCS) D — K7~
decays are defined as

Ag-g+ = (K" m*1201D°),  Agep- =(K*n~|7|D"),
Agiq- = (K n"|#|D%),  Agg- =(K 7*|7|D"),
where ./ is the decay Hamiltonian.

The time-dependent decay rates for the CF D’ — K~ 7+ and D° — K* 7~ decays are

1
ro’—Kah)= Ee‘“|AK-7,+|2{(1 + A k-7 12 cosh(yT't) + (1 — [Ag-+]?) cos(xT1)
+2R(Ag-7+) sinh(yI'f) =23 (Ag-7+) sin(xI' 1)},
_ 1 _
rD°H—Krn) = Ee_rtlAK+n— P{L+ 1A -9 cosh(yT'e) + (1 — AL - 1% cos(xTt)

+2R (At ,-) sinh (YT 1) =23 (AR ,-) sin(xT 1)},
Expanding at the first order in xI't and yT' the decay rates for the CF D° decays are

TP (1) — K ") =e M| Ag-n Pl + ROAk-) yT 1 = S(Ak-+) AT 1},
ID°(H)— K 'n)=e Ak PIL+RAR, YTt - S, )Xt

where

_ _ Ak
~0107%), g, |= 'p_K u

qAK+ -

qZK‘n“'

~0(1072), (A.1)
pAK‘n*

|}LK*JT+| = '
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AppendixA. D°— K¥7* decay rates

because of the ratio DCS/CF = A2 =@(1072).

For completeness, the decay rates of DCS D® — K* 7~ and D® — K~ 7" decays are also reported,
and they are
1
rp’()—Krn ) = Ee‘“|AK+,r|2{(1 + Ak - 12 cosh(yT't) + (1 — [Ag+n- %) cos(xT'£)
+2R(Ag+5-) sinh(yI'e) — 23 (Ag+5-) sin(x#)},
— 1 —
ro’—K nt)= Ee*“|AK7,,+|2{(1 +IA P cosh(yTt) + (1= AL . [*) cos(xT1)

+2R(At ) sinh(yT'1) — 23 ) sin(xT 1)}

Since |Ag+q- 12 = |Ax-z+ |2 = G (A*) at least the second order in xI't and yI't has to be retained,
thus

() — K n)=e | Agin- |2{ 1+ RAgsn-) YTt = S(Agn-) XTIt

LA+ Ak+n-1)y? ; (L= Agea- )22 rth},

rO%n—K nt) = e”|ZKﬂ+|Z{1 +RAL YTt =SAL )Tt

L L+ 1)y — (1 = [ Ag-r+ 12 %2 }
" .

Expanding calculations and neglecting terms as | Ag+ - |2 x%, | Ag+ - 12 V%, | Ax-n+ 12X and | Ag- 5+ 232
that are of the order @(1077), the time-dependent decay rates of DCS decays are

2 2 2

— +
LD — K n) = e Ay |2 % {|A,}£n|2+§nw1n)yrt+ SR, )aTt+ %rzﬁ},
2

p
7

X“+y

2 2
D) — K 7)) =e A p+ 2 {MK,MZ +RAg-7) YTt +SAg-7+)xTt + Trz tz}.

A.1 Pseudo-Ar

The time-dependent asymmetry of the control sample used in the Ar measurement is defined
as

(D% — K at)-T((D°(t)— K*tn")

Acp(t) = — .
<P (D) — K-n*)+T(D(t)— K*n~)

Expanding Acp(t) at the first order in xI'¢, yI't one obtains

Acp(t) = ASL 4 AlNdry,
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A.1. Pseudo-Ar

where

adin _ VAkr P~ 1Ak 1P
CP — 2 — 5’
| At 2+ [ Ao |

and

ind _ 2lAk+a-PlAg-7+1?

AC = —
P Ak P+ Ak 1)

SRk = RAE ) = X(SU24) = SARED)]-

In order to estimate an upper bound for the indirect CP violation in the D° — K~ n* decays,
the current experimental knowledge [10] is used to set x = 0.3 x 1072, y=0.7x 1072, and Rp =
| A - 1PN A=+ 12 = [Ag-n+ 121 [ A - 12 equal to = 0.35 x 10~2. The maximum value of Aicng is
realised when Ag-,+ and /1]}171, are real and have opposite signs, obtaining Aicng ~5x107°
which is a factor of two below the current statistical uncertainty of 10 x 10~ on pseudo- Ar
(see chap. 5). Therefore, the indirect CP violation of the CF D° — K~7* decay can be safely
assumed to be undetectable with the current sensitivity.
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Mathematical formalism

B.1 Tagged D°— h*h™ events

The number of reconstructed D**, as a function of the D° proper decay time, t, can be written
as

N, .
Ni(t) = ?@andP*dPh‘fdPh‘dPst(P*)
x g (NP}, (P> Phe> PsIP)enn(Pr» P, DET (ps)  (B.1)

where N* is the total number of D** and D*~ mesons, p., pp-, Pn+, Ps are the three-momenta
of the D*, h™, h™ and the soft pion, respectively. p} and p; are the densities in phase space
of D** and D*~ (they are function of the production cross sections and experimental ac-
ceptances); QBI*M is the branching fraction of D** — D%t and D*~ — D%z, assumed to be
charge symmetric; p;, is the density in phase space of the soft pion and h*h~ pair from
D° decay; p; and p; are the densities in decay time of the D° and D® mesons; ¢y, is the
detection efficiency of the h* h™ pair from D° decay; and €] and €; are the detection efficien-
cies of the positive and negative soft pions, respectively'. Conservation of four-momenta
is implicitly assumed in all the densities. Densities are normalised as [dp.p(p%) =1 and

Jdpp+dpy-dpspj,, (pn-, pre, pslps) = 1 for each p..

The difference between the yields is therefore

— N* * *
NT(t)-N" (1) = 7331)”[dP*dedPh-dPsPhh(Ph-»Ph+»l9s|l9*)€hh(l9h-rl9h+rf)

x [pT(p)pg (Ve (ps) — Py (P)pg (€S (pS)];

defining p. = (p7+p)/2,6p« = (3 =) (pI+p3), po = (Pg +Pg)12, Acp (1) = (pg —pg)/ (P +

I The efficiency for detecting a D** is assumed to be factorable in the detection efficiency of the D? daughters
and the detection efficiency of the soft pion, namely e;li;l Ph=Pr>Ps: ) =€pn(Pn-, Pr+ t)e;£ (ps).
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Appendix B. Mathematical formalism

py), €5 = (€5 +€5)/2, 8¢5 = (€} —€7)/ (€} +¢7), the difference can be written as®

_ N * *
N*(t)-N~(1) = 7@13,,[dp*dph’fdph-dpsphh(l?h-,Ph+,Ps|P*)P*(P*)Po(t)

X €pn(Ph- P> DEs(P) [(L+8p.) (1 + Acp) (1 +8€5) — (1 —6p.) (1 — Acp) (1 — Fey)].

Since all these asymmetries are of the order @ (102), expanding the products and neglecting
third order Acpd? and &2 terms, the difference is

N ()-N (1) = N*%Bﬂfdp*dpwdph—dpsp}“lh(ph—,ph+,pslp*)p*(p*)po(t)

x €pn(Ph-, P> DEs(Ps) [6p+ (ps) + Acp (1) + bes(ps)], (B.2)

In similar way, neglecting second order terms Acpd and 62, it can be obtained for the sum

N +N" (1) = N*%andp*dpmdph—dpsp;‘,h(ph—,pw,pslp*)p*(p*)po(t)
X €pn(Pn-> Pr+, es(ps).

Therefore, the raw asymmetry can be written as

N* () -N~(1)
Al = N+ N (@)
(0 +N-(1) (B.3)
= Acp(1) + f dp. FI"™ (p., 60+ (p.) + f dps FI™ (p, 8¢ (ps),
where
FU (1) = Jdpn-dpn-dpspj, (Pr-, Pres PsIp) «(P)€Rn (PR, Prr, DEs(Ps)
" Sdp.dpp+dpy-dps e}, (D=, Prts PsIP) 0« (P)€rn(Ph-, Pre > DEs(Ps) 5

S dp«dpp+dpn- 07, (Ph-, P+, Psl ) P+ (D€ (P, P, DEs(Ps)
Jdp.dpp+dpp-dpsp;, (Pr-s Prts PsID) P+ (PeRR (PR, Pt s DEs(Ps)|

F'*(pg, 1) =

FIM(p,, t) is the normalised density phase space of the D* meson, and F;(ps, ) is the recon-
structed density phase space of the soft pion. Two terms can be recognised in eq. (B.3) besides

the physical time-dependent CP violation Acp(t) (see chap. 1): the first one [ dp. FIM (p,, 60+ (ps)
is the asymmetry between the observed phase spaces of D** and D*~ integrated over the
phase space (with the constraint p. = pj,- + pp+ + ps), which is by definition the production
asymmetry of the D* meson in the sample, Ap; the second term is the asymmetry of the
observed phase spaces of the soft pion efficiency integrated over the phase space, namely the
detection asymmetry of soft pions, Ags. The raw asymmetry can be written as

Araw(8) = Acp(1) + Ap(t) + AT (1),

2 The following relation is exploited a™ —a~ = a((1 +6a) — (1 - 6a)), with @ = (a* +a™)/2 and 6a = (@™ —
a )/ (at+a).
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B.2. Tagged D’ — K 7" events

which is the same expression used in chap. 2 (see eq. (2.3)). The detection asymmetry of the
D** — D%z* — [h*h™|n* decay chain is due only to the reconstruction efficiency asymmetry
of soft pions e;(p;) as expected. Both the production asymmetry and the detection asym-
metry acquire a time-dependency if the detection efficiency of reconstructing a D° meson
decaying to h* h~ final state is time-dependent.

The time-dependency of the production and soft pion detection asymmetries vanish if the
time-dependent term of the efficiency for detecting D® — h*h~ decays can be factorised,
namely e,1,(Ph-, P> ) = €nn(Pi-, pr+) - €(1). It is easy to prove that F/** and Fshh* are time-
independent in this case.

B.2 Tagged D°— K 7" events

The number of reconstructed D**, as a function of the D° decay time, t, for DY— K nt decays
can be written as

N,

*%;nfdp*dpxdpndpspf(p*)

N=(1) = >

x pgKn(t)p}th(pK’ Pr> Ps| P )€z nt (PK, Prs t)esi(ps) (B.5)

where N* is the total number of D** and D*~ mesons, px and p, are the three-momenta
of the the kaon and the pion; ex-,+ and eg+,- are the detection efficiencies of the K~ 7" and
K* 7~ pairs from D and D° decays, respectively. The difference between D** and D*~ event
yields is
+ — N* * *
N'(t)-N (1= T%andp*dpl(dpndps Pxn(PK> Prs pslps)

x[0% (P)Pokx (Dek-m+ (PK, P> DET (Ps)
— 05 (P)Porn (Dex+a- (P, Pr DES (P)]

N, . *
= TQandp*dedPndpsPKn(PK,Pn,Ps|P*)p*(p*)po(I)

xekn (P, P DEs(P (L +80.) (1 + Acp) (1 +8e5) (1 + Sexer)
—(1-6p.)(1 - AH)A - beg)(1 - bekn)],

where the following additional quantities are defined: exy = (€x-7+ + €x+7-)/2 and ey =
(€x-n+ —€x+n-) (€x-7+ + €x+7-). Expanding the products and neglecting terms of the order
Acpd? and 63

NT () -N" (1) = N*QB}‘;,,fdp*dedpndpsp}“(,,(pK,pn,pslp*)p*(p*)po(t)

x €k (P, P> DEs(P5) [0+ (i) + Agp (1) + ek (Pk, Py 1) + O5(ps)],
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Appendix B. Mathematical formalism

Similarly, neglecting all terms of the order 62 and Acp8, the sum of the reconstructed number
of D** and D*~ is

NY () +N (1) = N*QB,’E,,T/dp*dedpndpsp}},T(pK, P> Pslps) 0« (ps) po (1) Brn
x €kn (P> Pry DES(Ps),
The raw time-dependent asymmetry is therefore

N*(t) - N~(t)
Kn _
Ara (1) = N+ + N (1)

:Agf(t)+[dp*Ff”*(p*,t)6p*(p*)
+fdedpﬂF[I(<;71[*(pK»Pnrt)(seKn(PK; P, t)+fdpstK”*(Ps, 0N5es(ps),
where

S dp«dps ok, (Px, P, PsIP) P+ (P)€kn (P, Pry D)ES(PS)
fdp*dPKdPndPs PI*Q,(PK, P Pslp«) P« (P)ekn (PK, Pry DES(Ps)

EX™ (pi, P ) =

is normalised density phase space of K7 pair for the events in the data sample. While FX7*
and FX™* are the analogous of F/** and F!'"*, respectively, for D — h* h~ decays as reported

in eq. (B.4). The following terms can be recognised: the D** production asymmetry Ap(t) =
Sdp. Ff”* (P, )6 p« (p+); the soft pion detection asymmetry Ags(t) = [dp; FSK”* (ps, 1), and
there is the detection asymmetry of the K7 pair Agn(t) = f dpxdpx Fllgf* (px, pr, DO€x(PK, Pr, 1),
an additional term with respect to the D° — h* h~ case. Therefore, the time-dependent asym-
metry of D*-tagged D’ — K~ 7" decays can be compactly written as

AKT (1) = Ap(0) + AR (1) + AT (1),

where the time-dependent CP asymmetry, Algg (1), is not reported since it is negligible with
the current sensitivity (see app. A).
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8] Ar plots Legend

In order to simplify the visualisation of all the information coming from the individual Ar mea-
surement on the four subsamples (2011 MagUp, 2011 MagDown, 2012 MagUp, 2012 MagDown)
and their weighted average, a plot as the one reported in fig. C.1 is often shown across the
thesis. Here a short explanation of the notation used is given. The measured values of Ar

11Up
11Dw
12Up
12Dw

avg.

——
—e—
—e—
0 1
Ai‘_mv [1 0~ 3]

+1.65 £ 0.30
X% /ndf : 36.17/27

—0.11£0.25
X3 /ndf : 12.81/27

+0.77 £ 0.18
X2 /ndf : 57.10/27
—0.06 £ 0.17
x2/ndf : 28.87/27

+0.41 £0.10
x2/ndf - 33.05/3

Figure C.1 — Sample plot of Ar measured values to explain the information that contains.

for each of the four subsamples are reported with black dots (the first four points from the

top). The name of the relative subsample is on the left. The values of Ar returned from the
linear fit to Ayaw(?) are reported on the right along with the returned fit quality 7(2 /ndf, below
each Ar value. The value of the weighted average of the measurements performed on the
four subsamples is shown at the bottom, and the y?/ndf of the compatibility among the
subsamples is also reported on the right.
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Proper decay time bins

The intervals of the decay time bins, used in the analysis, are reported along with the number
of reconstructed candidates in each bin. The decay time bins are the same for all three decays

D°— K n*, D’ — K*K~ and D’ — n* 7~ and are reported in tab. D.1, tab. D.2 and tab. D.3,
respectively.
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Appendix D. Proper decay time bins

Table D.1 - Proper decay time bins definition. For each bin and for each subsample, the
number of events after the sideband subtraction is reported. The events reported are for
the D° — K~ 7" decays sample.

DY— K n* 11Up 11Dw 12Up 12Dw

0.600 < t/Tp <0.815 | 3.39x10° 5.04x10° 9.04x10° 9.42x10°
0.815< t/Tp <0918 | 3.69x10° 551x10° 1.05x108 1.10x 10°
0.918 < t/Tpo <1.002 | 3.76 x 10° 5.57x10° 1.08x10% 1.12x108
1.002 < t/Tp0 <1.079 | 3.75x10° 5.53x10° 1.07x10% 1.11x108
1.079< t/Tpp <1.153 | 3.79x10° 558x10° 1.08x10% 1.13x 108
1.153 < t/Tpo <1.224 | 3.79x10° 5.55x10° 1.07x10% 1.12x108
1.224< t/Tpp <1294 | 3.77x10° 5.48x10° 1.06x10% 1.10x 108
1.294 < t/Tp0 <1.364 | 3.80x10° 5.55x10° 1.07x10% 1.11x108
1.364 < t/Tpo <1.434 | 3.77x10° 5.47x10° 1.06x10%° 1.10x 108
1.434 < t/Tp0 <1.506 | 3.78 x 10° 5.49x10° 1.06x10% 1.10x 108
1.506 < t/Tpp <1.580 | 3.76 x 10° 5.45x10° 1.05x10% 1.09x 108
1.580 < /T <1.656 | 3.73x10° 5.41x10° 1.04x10% 1.09x 108
1.656 < t/Tp0 <1.735 | 3.74x10° 5.40x10° 1.04x10% 1.08x 108
1.735< t/Tpp <1.818 | 3.71x10° 5.37x10° 1.03x10% 1.07x 108
1.818 < t/Tp0 <1.904 | 3.68x10° 5.29x10° 1.02x10% 1.06x 108
1.904 < t/Tpp <1.996 | 3.68x10° 5.30x10° 1.02x10% 1.07x 108
1.996 < t/T0 <2.094 | 3.67x10° 5.25x10° 1.02x10% 1.06x 108
2.094 < t/Tp <2201 | 3.65x10° 5.25x10° 1.02x10% 1.06x 108
2201 <t/Tp <2316 | 3.61x10° 5.16x10° 1.01x10% 1.05x 10°
2.316<t/Tp <2443 | 3.58x10° 5.14x10° 1.00x10% 1.04x 108
2443 < t/Tp <2.586 | 3.56x10° 5.10x10° 9.96x10° 1.04 x 10°
2.586 < t/Tpo <2.747 | 3.52x10° 5.05x10° 9.85x10° 1.02x 108
2747 < t/Tpp <2.935 | 3.49x10° 4.98x10° 9.74x10° 1.01 x 10°
2.935<t/Tp <3.160 | 3.43x10° 4.91x10° 9.57x10° 9.95x10°
3.160 < t/Tpo <3.442 | 3.37x10° 4.81x10° 9.41x10° 9.78x10°
3.442<t/Tp <3.819 | 3.28x10° 4.68x10° 9.17x10° 9.54x10°
3.819< t/Tp <4390 | 3.13x10° 4.45x10° 8.74x10° 9.08x 10°
4390 < t/Tpo <5.553 | 2.79x10° 3.98x10° 7.75x10° 8.07 x 10°
5.553 < t/Tpo <20.00 | 1.21x10° 1.73x10° 3.37x10° 3.51x10°

0.600 < t/Tpo <20.00 | 1.02x 10" 1.47x107 2.85x107 2.97x 107
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Table D.2 — Proper decay time bins definition. For each bin and for each subsample, the
number of events after the sideband subtraction is reported. The events reported are for
the D’ — K*K~ decays sample.

DY— K*K~ 11Up 11Dw 12Up 12Dw

0.600 < t/T <0.815 | 2.32x10* 3.35x10* 5.69x10* 5.88x10*
0.815< t/T <0918 | 3.33x10* 4.95x10* 9.32x10* 9.59x10*
0.918< /T <1.002 | 3.78x10* 5.65x10* 1.08x10° 1.11x10°
1.002< t/Tp <1.079 | 3.95x10* 589x10* 1.15x10° 1.17x10°
1.079< t/Tpp <1.153 | 4.14x10* 6.12x10* 1.19x10° 1.22x10°
1.153< t/Tpp <1.224 | 419x10* 6.22x10* 1.20x10° 1.23x10°
1.224 < t/Tpp <1.294 | 421x10* 622x10* 1.20x10° 1.24x10°
1.294 < t/Tpp <1.364 | 4.27x10* 6.36x10* 1.23x10° 1.26x 10°
1.364 < t/Tpp <1.434 | 433x10* 632x10* 1.22x10° 1.27x10°
1.434 < t/Tpo <1.506 | 4.36x 10* 6.40x10* 1.24x10° 1.28x10°
1.506 < t/Tpo <1.580 | 4.39x10* 6.43x10* 1.24x10° 1.28x10°
1.580 < t/Tpo <1.656 | 4.42x10* 6.40x10* 1.24x10° 1.27x10°
1.656 < t/Tpo <1.735 | 4.44x10* 6.44x10* 1.24x10° 1.28x10°
1.735< t/Tpp <1.818 | 4.45x10* 6.48x10* 1.24x10° 1.27x10°
1.818 < t/Tpo <1.904 | 4.40x10* 638x10* 1.23x10° 1.27x10°
1.904 < t/Tpp <1.996 | 4.44x10* 6.44x10* 1.24x10° 1.27x10°
1.996 < t/Tpo <2.094 | 4.44x10* 6.40x10* 1.23x10° 1.28x10°
2.094< t/Tp <2201 | 446x10* 6.47x10* 1.24x10° 1.28x10°
2201 < t/Tp0 <2316 | 4.41x10* 6.42x10% 1.23x10° 1.27x10°
2316<t/Tp <2443 | 443x10* 6.36x10* 1.24x10° 1.27x10°
2443 < t/Tp <2.586 | 4.42x10* 6.34x10* 1.24x10° 1.27x10°
2586 < t/Tp <2.747 | 4.40x10* 6.26x10* 1.23x10° 1.26x10°
2747 < t/Tp <2.935 | 4.36x10* 6.23x10* 1.21x10° 1.25x10°
2.935<t/Tp <3.160 | 430x10* 6.18x10* 1.21x10° 1.24x10°
3.160 < t/Tpo <3.442 | 422x10* 6.10x10* 1.19x10° 1.22x10°
3.442 < t/Tpo <3.819 | 4.13x10* 587x10* 1.16x10° 1.19x10°
3.819< t/Tp <4390 | 3.96x10* 565x10* 1.11x10° 1.14x10°
4390 < t/Tpo <5.553 | 3.50x 10* 5.03x10* 9.82x10* 1.02x10°
5.553 < t/Tpo <20.00 | 1.54x10* 2.15x10* 4.29x10* 4.39 x 10*

0.600 < t/T <20.00 | 1.18x 105 1.71x10% 3.32x10% 3.41 x10°
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Appendix D. Proper decay time bins

Table D.3 — Proper decay time bins definition. For each bin and for each subsample, the
number of events after the sideband subtraction is reported. The events reported are for
the D° — 7+ 7~ decays sample.

DY — gt 11Up 11Dw 12Up 12Dw

0.600 < t/Tp <0.815 | 1.73x10* 2.55x10* 4.74x10* 5.01x10*
0.815< t/Tp <0918 | 1.54x10* 2.32x10* 4.42x10* 4.64x10*
0.918< t/Tpo <1.002 | 1.47x10* 2.19x10* 4.24x10* 4.41x10*
1.002< t/Tpp <1.079 | 1.44x10* 2.15x10* 4.08x10* 4.32x 10*
1.079< t/Tpp <1.153 | 1.43x 10* 2.12x10* 4.11x10* 4.31x10*
1.153< t/Tpp <1.224 | 1.41x10* 2.08x10* 4.01x10* 4.20x10*
1.224< t/Tpp <1294 | 1.40x 10*  2.06x10* 3.93x10* 4.13x10*
1.294 < t/Tpp <1364 | 1.40x 10* 2.06x10* 3.93x10* 4.14x10*
1.364 < t/Tpo <1.434 | 1.38x10* 1.99x10* 3.88x10* 4.02x10*
1.434 < t/Tpo <1.506 | 1.37x10* 1.99x10* 3.83x10* 3.99 x10*
1.506 < t/Tpp <1.580 | 1.38x10* 1.96x10* 3.79x10* 3.94x10*
1.580 < t/Tpp <1.656 | 1.36x 10* 1.92x10* 3.74x10* 3.92x10*
1.656 < t/Tp <1.735 | 1.35x10* 1.91x10* 3.72x10* 3.89x10*
1.735< t/Tpp <1.818 | 1.33x10* 1.92x10* 3.68x10* 3.90x 10*
1.818< t/Tpp <1.904 | 1.29x10* 1.86x10* 3.62x10* 3.81x10*
1.904 < t/Tpp <1.996 | 1.32x10* 1.86x10* 3.59x10* 3.77x 10*
1.996 < t/Tpo <2.094 | 1.28x10* 1.86x10* 3.56x10* 3.77x10%
2.094<t/Tp <2201 | 1.27x10* 1.84x10* 3.59x10* 3.71x10*
2201 < t/Tp <2316 | 1.26x10* 1.78x10* 3.49x10* 3.67x 10*
2.316<t/Tp <2443 | 1.24x10* 1.77x10* 3.48x10* 3.62x10*
2443 < t/Tp <2.586 | 1.24x10* 1.75x10* 3.44x10* 3.58x 10*
2.586 < t/Tpo <2.747 | 1.20x10* 1.73x10* 3.40x10* 3.50x 10*
2747 < t/Tp <2935 | 1.19x10* 1.70x10* 3.32x10* 3.48x 10*
2.935<t/Tp <3.160 | 1.15x10* 1.66x10* 3.26x10* 3.39x10*
3.160 < t/Tpo <3.442 | 1.15x10* 1.59x10* 3.19x10* 3.31x10*
3.442<t/Tpp<3.819 | 1.12x10* 1.57x10* 3.07x10* 3.22x10*
3.819< t/Tp <4390 | 1.03x10* 1.51x10* 2.92x10* 3.06x10*
4390 < t/Tp <5.553 | 9.27x10° 1.30x10* 257x10* 2.71x 10*
5.553 < t/Tpo <20.00 | 4.03x10% 5.78x10% 1.08x10* 1.16x10*

0.600 < t/Tp <20.00 | 3.71x10° 5.36x10° 1.04x10% 1.09x 108
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13 Reweighing details

The procedure of reweighing is a common technique used in the high energy physics, in
order to equalise the distributions of one or several variables. It is performed in several
different ways, here the standard approach is discussed along with its drawbacks, particularly
dangerous in an high precision measurement of CP asymmetry, as Ar. In order to overcome
these difficulties, a new procedure to reweigh the data has been specifically developed for the
measurement of Ar described in this thesis.

E.1 Symmetric reweigh

Let us suppose to have two classes of events, positive and negative events. Given a certain
observable x, each class has its own distribution for x, as shown in fig. E.1a. Let us also suppose
to known that these distributions are generated from the same parent distribution but they
have been differently modified by the fact that events are reconstructed by a real detector. The
idea is two use a reweigh procedure to restore their equality. A common choice is to reweigh
one category, the negative events, to the other one, using as weights the ratio of the positive
distribution to the negative distribution

n*(x)
n=(x)’

w(x) =

where n* (x) and n~ (x) are the distributions of x for positive and negative events, respectively.
Then, negative events are multiplied by the relative weight w(x), obtaining the reweighed
distribution n_ (x), which is equal to the positive distribution n* (x) by construction, as shown
in fig. E.1b. However, the choice of reweighing the negative events to the positive ones is
arbitrary, since one can do the same thing reversing the procedure, namely reweighing the
positive distribution to match the negative one, using the inverse weights

n (x)

v(x) = vy
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Appendix E. Reweighing details
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(a) Distribution of x. (b) Distribution of x after the reweigh.

Figure E.1 — Distribution of x for positive and negative events and relative reweighed
distributions.

as shown fig. E.1b. Applying these two procedures leads to an asymmetric situation since the
final reweighed distributions are different, even achieving the purpose of making equal the
two initial distributions. This is particularly dangerous when a measurement of asymmetry
between two classes of events is performed because it is intrinsically asymmetric and it may
introduce undesired artificial biases in the final measurement. Thus, a new method to reweigh
the two categories is devised, where the final reweighed distribution is the same and it does
not depend on the direction of the reweighing. This consists in reweighing the positive or the
negative distribution using the following weights

n*(x)

) and w(x) =

v(x) = nt(x) n-(x)

respectively. Thus, the reweighed distributions n} and nj, are identical. They are placed
somewhere between the two original distributions, and they do not depend on the choice to
reweigh the negative to the positive events or the other way around, as shown in fig. E.2.

E.2 Reweigh procedure of the asymmetry

In each proper decay time bin, labelled by the index a = 1,...,29, the time-dependent asym-
metry, a%,,, is given by the expression

o n(l+ _ ncx—
Graw = noat + pa—’
where n%* are the number of reconstructed D** decays in the decay time bin a. In order to

correct for the detector-induced charge asymmetries, as explained in chap. 5, the distributions
of positive and the negative charged soft pions must be opportunely equalised. Before de-
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E.2. Reweigh procedure of the asymmetry
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Figure E.2 - Distribution of x for positive and negative events along with the symmetric
reweighed distribution, see text for details.

scribing the new devised reweigh procedure it is, however, very instructive to use the standard
technique and show how it fails in the measurement of Ar described in this thesis.

With the standard procedure the reweigh can be done associating to each negative event a
weight equal to

Yang l—l]

: (E.1)
Yang;

wi,j=
J

where the (k,0,,0,) bin is identified by the indexes (, i, j). Thus, in each proper decay time

bin the, the corrected asymmetry, agy,, ,, is

le] le]wlz]

ij

a
a (E.2)
oorr = th] +Zl1] Li,jn l
Alternatively, the positive events can be reweighed using as weights
Z“ l —i
V0= et (E.3)
Yany;;
and the relative corrected asymmetry is
Zl i,jVLi,jn Zl ij1
ag (E.4)

corr,v —

le] Li,jn +le]

The two choices seem equivalent but they are not. Although these procedures correct the
asymmetry and are widely used, they introduce a charge-bias in the corrected asymme-
try, Acorr, Since as explained in the previous section they are intrinsically asymmetric. The
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Appendix E. Reweighing details
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Figure E.3 — Results of Ar measured on charge-randomised D° — n* 7~ toys, reweighing
positive events (blue dots) with weights reported in eq. (E.1) or negative events (red
triangles) with weights reported in eq. (E.3).

amount of the bias introduced is generally very small and can be safely neglected, however
the measurement described in this thesis does not allows such an approximation. A set of
600 pseudo-experiments based on charge randomised samples is generated and the two
ways of reweighing, as reported in eq. (E.2) and eq. (E.4), are both applied to the same charge
randomised sample (see sec. 4.7). The residuals of the Ar measurement on the charge ran-
domised samples are reported in fig. E.3. Both the reweighing procedures introduce a bias in
the measurement of Ar— the biases have almost the same magnitude but opposite sign. In
the case of a CP measurement, as the one reported in this thesis, biases can be tracked down
testing the procedure under the CP operator. Indeed, if the procedure does not introduce
any bias the symmetry of the observable under CP remains unchanged. Thus, the correct
asymmetry has to change sign under CP. To verify this, the CP operator is applied to the
corrected asymmetry reported in eq. (E.2) obtaining

. .pnd— .. . et
Zl,l,] nl,—i,j Zl,l,] Cp(wl”vl)nl,—i,j

CP(agorr w) =
g - . N nat
Zl,l,] nl,_i’j‘i'Zl,l,] Cp(wl"v])nl,—i,j
. . — .. . .pat
3 Zl,l,] nl,—i,j Zl,l,] Vl,—l,]nl’_i,j B aa
— ~ %corr,v*

Y, n% v ndt
Zl,l,] n,,_i,j+21,z,1 Vl'_l’]nl,—i,j

Reweighing the negative events with weights w or the positive events with weights v leads
to a different result, thus the corrected asymmetry is not antisymmetric under CP, and this
explains the observed biases.

Therefore, a new method to reweigh the (k, 6,6,) distribution of positive and negative charged
pions is devised. The method consists into the reweigh of the positive and negative events
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E.3. Reweighing weights

with the following weights

respectively. The corrected asymmetry is then

R .. R 25
a« Zl,z,] Vli,j nl,i,j Zl,z,] Wi,i,j nl,i,j
corr —

a (E.5)

.. PR (x+ .. P a_ ’
Zl,l,] Vi, j nl,i.j +Zl,l,] Wii,j nl,i,j

a - —
COI‘I‘) - aCOI‘I"

and it can be easily proven that it does change sign under CP, CP(a & . asthe raw
asymmetry. Thus, this new devised method overcomes the issues of the standard procedure,
since the reweighing procedure cannot introduce any bias by definition. This is confirmed

repeating the measurement on pseudo-experiments as explained in sec. 6.4.

E.3 Reweighing weights

The corrected asymmetry, reported in eq. (E.5), is calculated determining the weights for
the reweighing from each decay mode. The number of the bins is driven by the 7* 7~ data
sample, having the lower statistics, leading to a binning scheme of (50 x 55 x 11) for the
(k,0y,0,) distribution. Two-dimensional projections of the weights are reported in fig. E.4 for
all the three decay modes: D’ — K~n*, D®— K*K~ and D — n*n~. The weights are also
compared between different modes, and in order to quantify the level of compatibility in each
(k,0y,0y)-bin a pull variable is calculated as

wa{(k; H)Cv 0_}/) - wﬁ(kr QX) gy)

,/0,21+0%

where a,  represent the two decays modes in the comparison. w represents the weights and o
is its statistical uncertainty. The weights comparisons Ak xx, Axr,zr and Axk - are reported
in E.5.

Aa,ﬁ(k» 0)67 0)/) =
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Figure E.4 — Symmetrisation procedure weights for (top) D’ — K~7*, (middle) D° —
K*K~ and (bottom) D°— 7" 7~ decay modes, in 2012MagDown sample.
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Figure E.5 — Comparison of weights of D° — K=z*, D — K*K~ and D° — n*n~ for
2012MagDown sample. The A, g(k,0,0,) distribution is plotted, see text for details.
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Appendix E. Reweighing details

E.4 Statistical degradation

The reweighing of the sample reduces the total number of events, N, to an effective number
of events, Negr. The statistical degradation due the reweighing procedure can be calculated as

Negg 1 (Xphp)?
Niot  Niot Zﬁh% ,

where hg represents a generic weight wy ; j or vy ; ; and f runs over the total number of events.
Results are reported in tab. E.1, for D° — K=", D° — K*K~ and D° — n*7~, while fig. E.6
reports the one-dimensional histogram of the weights. The net effect of degradation of the
statistical uncertainties is very small, negligible with the quoted number of significant figures
(see fig. 5.12). Some large weights may impact the measurement, thus a sanity check rejecting
those events with weights outside the range [2/3,3/2] is performed. The value of Aﬁ” is
unchanged.

Table E.1 - Statistical degradation due to correction procedure.

data sample D'—~ K at D°-K*K~ D—ntm-
2011 MagUp 0.996 0.963 0.965
2011 MagDown 0.997 0.988 0.975
2012 MagUp 0.997 0.988 0.982
2012 MagDown 0.997 0.989 0.985
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Figure E.6 — Distribution of weights for the D° — K~ n*, D° — K*K~ and D° — n*n~
decay modes. Top in linear scale, bottom logarithmic scale.
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3 Studies of assumptions about sec-
ondary decays model

In order to determine the relative fraction of secondary decays f:ec(#) the same acceptance
function for prompt and secondary components is assumed, since the topology of a prompt
D* decay is close to the topology of a secondary decay at lower decay time values (see chap. 7).
Here it is verified that the assessed systematic uncertainty on the presence of the secondary
decays in our final data sample conservatively covers for any effect due to possible differences
in the acceptance function between prompt and secondary component.

A kinematic phase space simulation (toy-MC) of prompt D** — D%z decays and secondary
D** decays coming from B® — D** u~ vy, decays, as a representative of the mixture of sec-
ondary decays, where the standard LHCb distributions for the input momenta spectra, ex-
tracted from PYTHIA, of B® and D** mother particles are used and the returned decay time
is smeared with a Gaussian resolution of o; = 50fs. In order to approximately reproduce the
main features of momenta and lifetimes related quantities in the LHCb geometrical accep-
tance a set of minimal kinematic requirements are applied, that are reported on tab. E1. Since

Table E1 — Summary of kinematic requirements applied in the toy-MC. The letter & stands
for either K or 7.

Quantity Requirements  Units
0(h) € [150,300] mrad
pr(h) > 800 MeV/c¢
p(h) >5 GeV/c
Impact parameter IP(h) >0.08 mm

pr (DY) >2 GeV/c
p(D%) >5 GeV/c

Cosine of D° pointing angle (a.k.a. DIRA) > 0.9999 -

the PV is not simulated in this simple toy-MC (this is well beyond the aim of these studies),
the effect of cutting on the )(fp(h) is reproduced by requiring the impact parameter of the D°
daughters to be larger than 0.08 mm. This value has been chosen to reproduce the falling of
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Figure E.1 - Reconstructed decay time distribution and acceptances of simulated prompt
and secondary components.
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Figure E2 — Ratio between acceptance functions of prompt component to secondary
component.

the IP(h) distribution observed in data.

10° prompt decays and 10° secondary decays are generated, and the proper decay time
distributions for both the components, passing the selection of tab. E1, is reported in fig. E1,
along with the total reconstruction acceptances. The resulting decay time distribution of
prompt component is similar to that one extracted from data of fig. 5.1, reassuring that this
simple toy-MC simulation is able to reproduce at least the main kinematic features of data.

The ratio between the two acceptance functions, of prompt and secondary components,
is shown in fig. E2 and, as expected, is not flat. The extraction of fs() is repeated using
the same procedure described in chap. 7 by scaling the proper decay time distribution of
secondary decays of the central analysis (analytical model sculpted with the acceptance from
data) with the acceptance ratio of fig. E2 extracted from the toy-MC. Figure E3 shows the
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Figure E3 — (a) Comparison between f;e. extracted by using the model of the central
analysis and fs. extracted by accounting for the acceptance ratio between prompt and
secondary component. (b) Extraction of f;c when the acceptance ratio is accounted for.

comparison between fs..(¢) extracted by using the model of the central analysis and fsec(f)
extracted by accounting for the acceptance ratio between prompt and secondary component
(fig. E3a), and the extraction of fi(#) when the acceptance ratio is accounted for (fig. E3b).
The two curves are very close and the difference in assessing the systematic uncertainty
by using and not using the acceptance ratio is equal to 0.02 x 1073, This is smaller than
the quoted uncertainties for the secondary contamination due to the variations of fse.(#) of
0.041 x 1073 and 0.026 x 1073 for the D° — K*K~ and D°— 7% 7™, respectively, as reported
in tab. 7.2, and it is much smaller than the total systematic uncertainties assessed for the
presence of secondary decays contamination, 0.08 x 1073 and 0.12 x 1073 for the D° — K* K~
and D°— ¥ 7™, respectively
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