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Abstract

The subject of the thesis is the search for the lepton-flavour violating decay 7 — u¢ at
the LHCb experiment. In the Standard Model (SM), the charged leptons (e=, pu=, 77)
and their associated neutrinos (v., v, v;) carry the three lepton flavours (electron, muon,
tau) that are strictly conserved in all reactions. If the SM is modified to include the
mixing between the neutrino flavour eigenstates, charged lepton flavour violating (LFV)
processes are permitted at higher order, but they are extremely suppressed because of the
small neutrino masses. Therefore, the observation of LF'V processes such as 7= — pu~ ¢

would be a clear sign of New Physics.

Many Beyond Standard Model theories allow charged lepton flavour violation. Among
these, a specific theoretical framework formulated by Isidori and collaborators predicts for
the 7 — pu¢ decay branching fraction values up to 107 through the exchange of a vector
leptoquark. The predicted branching fraction values are close to the present experimental
limit set by the Belle collaboration, B(t — u¢) < 8.4 x 1078 @ 90% CL. The LHCb
collaboration has not measured this decay yet, and this work represents a first attempt

to search for the 7 — u¢ decay at a hadron collider.

The search for LFV in 7 decays at LHCb can benefit from a larger 7 production cross-
section than at ete~ B-factories. In the detector acceptance, T leptons are copiously

produced, almost exclusively from the decays of Dy, D mesons and b-hadrons.

The signal candidates are reconstructed by selecting the ¢ decay in the K™K~ final
state. Therefore, a pair of oppositely charged tracks, identified as kaons and with invariant
mass consistent with the ¢ mass, are combined with a track identified as muon. Several

selection requirements are applied on trigger, kinematic and geometrical quantities.

The signal search strategy developed in this work differs substantially from the one
adopted by the Belle experiment because of the entirely different nature of backgrounds
in the two environments. In particular, at LHCb, the background is dominated by the
decay D} — ¢utv,, which has the same final state as the signal (the neutrino is not
reconstructed) except for the mass, and it is very abundant. The discrimination between
this background and the signal is optimised using a multivariate classifier that exploits
the residual differences in their kinematic and geometric properties. In particular, KNN
and BDT algorithms are trained and tested on signal and background MC simulations.
Finally, the optimal cut on the output of the chosen BDT classifier is set with an approach
which allows to optimise the chance of discovery and the tightness of the resulting limits

at the same time, here applied for the first time to a non-counting measurement.

As typical at hadronic colliders, the branching fraction is measured relative to the

known branching fraction of a normalisation channel, and the D} — ¢u*v, background



itself has been considered for the current result.

The study is performed on the Run 2 dataset, which corresponds to an integrated
luminosity of about 6 fb™! of proton-proton collisions at a centre-of-mass energy of /s =
13TeV. The analysis is conducted without looking at the candidates in the signal 7
mass region (blind analysis in a +20MeV/c? mass window around the 7 PDG mass,
approximately four times the expected mass resolution). Toy datasets, which simulate
the data in the blinded region, are generated in order to study the single event sensitivity.

As a result of the present work, the analysis process has been defined and optimised,

allowing to evaluate of an expected upper limit from the Run 2 dataset
B(t — p¢) < 1.1 x 107 @ 90% CL

Although this is less stringent than the current existing limit, it shows that this measure-
ment, while challenging, is not too far out of reach at hadron colliders, and it may become

interesting with future larger LHCb datasets and improved trigger selections.
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1.1 The Standard Model of Particle Physics

The Standard Model of particle physics, introduced in the 1960s by Glashow [1], Weinberg
[2] and Salam [3], is the quantum field theory that best describes three of the four known
fundamental forces in Nature: the electromagnetic, the weak and the strong force via the
exchange of the respective spin-one bosons between the spin-half particles that constitute
the building blocks of matter.

The symmetries of the SM are in the form of a direct product of three groups SU(3)c®
SU(2), ® U(1)y, and the local gauge invariance is granted by the gauge fields associated
with the previous symmetry groups. The SU(3)c group, where C stands for colour,
describes the strong interactions and has eight massless gauge bosons called gluons and
denoted as g; (i = 1,2,...,8). Four spin-one bosons, W*, Z° and v mediators of weak
and electromagnetic interactions, arising from the SU(2), ® U(1)y electroweak group,
where L and Y stand for left-handed and hypercharge.

1.1.1 Matter content

Fermions represent the matter content of the SM and are divided into leptons, which
interact weakly and electromagnetically, and quarks, which also interact strongly. The
leptons are separated into charged leptons, (e~, u~, 7~ ) with unitary electric charge, and
the corresponding neutrinos (v, v, v-) which are electrically neutral. They are grouped
into three generations or families, as well as the quarks. Three types of quarks have frac-
tional electric charge +2/3 and are called up, charm, top (u, ¢, t), and three have electric

1
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

mass  =2.2 MeV/c? =1.28 GeVic? =173.1 GeV/c? 0 =124.97 GeVic?
charge % % % 0 0
spin | ¥z u ¥ (& ¥ t 1 9 0 H
up charm top gluon higgs
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=4.7 MeV/c2 =96 MeV/c? =4.18 GeV/c2 0
- - - 0
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=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =
-1 -1 -1 0
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electron muon tau Z boson

<1.0 eVic? <0.17 MeV/c? <18.2 MeV/c? =80.433 GeVic?
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. ®II® (P || @

electron muon tau

A . - W boson
neutrino neutrino neutrino

Figure 1.1: Tllustration of the particle content of the Standard Model. Light yellow
background loops indicate which bosons (red) couple to which fermions (purple and green).

charge —1/3 and are named down, strange, bottom (d, s,b). A schematic illustration is
given in Fig. 1.1.

In the SM theory, both leptons and quarks appear as right-handed and left-handed
spinors. In particular, left-handed particles are introduced as doublets under SU(2),
transformations, whereas right-handed fermions are included as singlets. Using the third
component of the weak isospin, eigenvalues of the third generator of the SU(2), group, the
quark doublets have T3 = +1/2 for the up-quarks and 73 = —1/2 for the corresponding
down-type quarks. The same pattern is replicated on lepton doubles. The electric charge
@ of the SM fermions is the result of the Klein-Nishijima condition

Q=Y +T, (1.1)

where Y is the hypercharge associated with the U(1)y group, and all possible values of
these three quantum numbers are listed in Table 1.1. Right-handed neutrinos are not
present in Table 1.1 because they are electrically neutral and singlets under SU(2)p,
so they are neutral also to the U(1)y group, for the Eq. (1.1). Being neutral to any
interaction, right-handed neutrinos are not included in the SM; therefore, no mass term
and Yukawa coupling are present in the Lagrangian Lg);. They become necessary if the
SM wants to accommodate the observation of the neutrino flavour oscillation mechanism
(see section 1.3).

1.1.2 The electroweak interactions

The electroweak model provides a unification framework for two of the known fundamental
interactions: the weak and the electromagnetic interaction. The four intermediate bosons
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Symbol Field T T Y Q
v Ve Uy, Vs, +3

or (%) (B 3 () -5 ()
€ER ERURTR 0 0 -1 —1

u c +1 2

o @ 3 () v ()
UR URCRtR 0 0 % %
dR dRSRbR 0 0 —% —%

Table 1.1: Values of T3, Y and ) quantum numbers for each field in natural units (¢ =
h=e=1).

W+, W=,Z°% and v are associated with the gauge field related to the generators of the
weak isospin and the hypercharge groups, W/ (i = 1,2,3) and B* respectively. The
electroweak gauge covariant derivative is

1

D, = (@L—igWZTi—iQ

jY&), with i=1,2,3 (1.2)
where T" are the generators of the SU(2), group, g is the coupling constant of the SU(2),

group, and ¢’ is the coupling constant of the U(1)y group. The physical fields are linear
combinations of the gauge fields A, and Z,:

A\ cosUy  sinw B,
Z, \ —sindy  cosy wp (1.3)
1
- 1 2
= s ().
where the ¥y, also called Weinberg angle, is defined as the ratio of constants which
appeared in Eq. (1.2):

tan Jy = 2/ (1.4)
g

The Lagrangian for the electroweak interactions, for a single generation of fermions and
quarks, is B B

Lpw =il Pl + ierDer + iqDqr, + iupPug + idpPdg (1.5)
where Feynman’s slash notation is used to indicate the contraction of the 4-gradient with

the Dirac matrices () = v*D,,), and other symbols are listed in Tab. 1.1. The Eq. (1.5)
can be split into a kinetic part

Liin = ’igLé%L + iéR(}?eR + i(leDqL + zﬂRlﬁuR + ideDdR (16)

and two interaction parts. The one of charge current is written as

iWJFDL'y“eL +

£ pu—
cc VoM

iVVM_EL’}/MVL + %W:U,L’YHCZL + %Wu_dyy“uL (17)

V2 V2 V2
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where ey, indicates the charged lepton of each ¢, family, and the neutral current part is
Lync = ekif”yﬂQ\IfAM + \TJ”y“QZ\IIZM (1.8)

where W is a spinor containing all the left and right-handed fields, Q and Q are diagonal
matrices containing their electric charge e (coupling constant to the ) and their coupling

to the Z boson .

(Q2),; = (T — Q;sin® Oyy) (1.9)

cos Oy sin Oy

where e = gsinvy = ¢’ cos Uy .

1.1.3 The strong interactions

Quantum Chromodynamics is the gauge theory for the strong interaction related to the
SU(3)c group. Herein, the gauge covariant derivative

D, = (0, —igsGt*), with (a=1,...,8) (1.10)

where G are the eight gauge gluon fields of SU(3)c group. The Eq. (1.10) couples the
quark field with a coupling strength gg to the gluon fields via the SU(3)¢ generators t.
For a single generation, the QCD Lagrangian is written as

Locp = iqrPqr + iigPug + idgPdg (1.11)

1.1.4 The Higgs mechanism

Starting from the free massless Dirac Lagrangian with the fermions (spinors) listed in
Tab. 1.1, the generation of the interaction terms among the gauge bosons and the fermions,
for the strong and electroweak interactions, arise by replacing the two gauge covariant
derivatives introduced before, Eq. (1.10) and Eq. (1.2). In this way, no the fermion mass
terms of the following form appear

mepy = me(Yrr + Vrr) (1.12)

where 1 indicates the fermion field, and this term is not a scalar under weak isospin. For
gauge bosons, mass terms are of the form

%mZBB“BH (1.13)
which is not invariant under gauge transformations. The mechanism to generate the mass
terms in Standard Model is through the Spontaneous Symmetry Breaking (SSB) that
also gives rise to the appearance of a physical scalar particle in the model, the so-called
Higgs boson. The gauge symmetry is broken by the vacuum, which triggers the SSB of
the electroweak group to the electromagnetic subgroup:

SUB)e®SUR)L@U(L)y =B SUB)e® U()qep (1.14)
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The Higgs field is represented as a SU(2);, doublet of complex scalar fields:

+ 1 ;
ox) = ¢0 () 2 L (ortion (1.15)
9" () V2 \ g3 +i¢y
that transforms with 7" = 1/2 and hypercharge Y = 1/2, in agreement with the Eq. (1.1).
The value of the hypercharge Y is fixed by the requirement of having the correct couplings

between ¢(z) and A*(x); i.e. the photon does not couple to ¢°, and one has the proper
electric charge for ¢™. The dynamic Lagrangian terms in the SM are given by

Litiges = (D) (D¥9) =V (¢) (1.16)
where V(¢) is the Higgs potential field with the following expression
V(g) = 1?¢'o + A(¢¢) (1.17)

where ;2 and \ are two real parameters. In order to have a ground state, the potential
should be bounded from below, i.e. A > 0, and the quadratic part u? < 0 as illustrated in
Figure 1.2. Therefore, there is an infinite set of degenerate states with minimum energy

satisfying the relation
2 2

fp=2 — £
Po=—5=-5; (1.18)

and the field has a non-zero vacuum expectation value v.

Figure 1.2: An illustration of the Higgs potential (1.17) in the case that y? < 0, in which
case the minimum is at |¢|> = —u?/(2)). Choosing any of the points at the bottom of
the potential breaks spontaneously the rotational U(1) symmetry [4].

When a particular ground state is chosen, the SU(2), ® U(1)y symmetry gets sponta-
neously broken to the electromagnetic subgroup U(1)ggp. After that, the neutral photon
is required to remain massless, and therefore the minimum of the potential must corre-
spond to a non-zero vacuum expectation value only of the neutral scalar field ¢°:

(0l610) = %CJ) £0 or [{0100)] =/ S = = (1.19)
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The fields then can be expanded about this minimum by writing (in the unitary gauge)

1 0
P(z) = 7 (U N h(x)> (1.20)

where h(x) is the Higgs field. The covariant derivate Eq. (1.2) couples the scalar multiplet
to the SU(2), ® U(1)y gauge bosons

2

1 h\ > g*v? g*v?
(Do) (D) — 5(8”h)(8uh) + (1 + ;) {TWJW“ + mZHZH} (1.21)

and therefore, the masses of the W and Z bosons are

_gv gv _  Mw

9% nd _ _ 1.22
mw 2 and mz 2cosVyw  cos Uy ( )
Finally, expanding the potential with ¢(z) in Eq. (1.20), one gets the following:
1 2\7,2 3 Ay A 4
V(p) = 5(2)«) Jh*(x) + Avh°(x) + Zh (x) — 7 (1.23)

so the Higgs field acquires a mass of m;, = V2 2, and the other terms define the cubic
and quartic self-coupling of Higgs bosons'. By using the relation (1.22) and the measured

values for my, and g, the vacuum expectation value of the Higgs field is found to be
v & 246 GeV.

1.1.5 Fermion masses

The Higgs mechanism also generates the masses of the fermions. In particular, the SM
Lagrangian includes all gauge-invariant interaction terms of the field ¢ with fermions.
These terms form the Yukawa interaction Lagrangian

Lrvitawa = = U @16l — T a3l — Tqideuy — T whole] (1.24)
L v el |

where ¢, is the charge conjugate of the field ¢, I" are 3 x 3 no diagonal complex matrices; so,
no mass term can be identified in this Lagrangian. The sign ' denotes that the fields used
are a generic linear combination of the mass eigenstates. After spontaneous symmetry
breaking, the Yukawa interactions can be written as

@A) 0 WA 0 B(E)
E awa = — Fz] (U—d/zd/z _ sz—u/zu/z _ FU—BIZ@” + h.C.
Yuka d \/§ LYR u \/5 LYR ¢ \/5 L*R

o o o H
~ - [paiay g - ) (14 )

(1.25)

1The constant term is irrelevant.



1.1. The Standard Model of Particle Physics

where M% = (v/4/2)I'". Tt is possible to diagonalise the matrix I" and, with this argument
see that mass terms for the fermions fields are generated by the Yukawa interactions. In
particular, exists two unitary matrices U, V such that D = UTMV where D is the diagonal
matrix researched. So, for each fermion type f = e, u,d, there are two unitary matrices
U g and U }; such that (U f)TM;U }; is diagonal with real and positive entries. Introducing
the rotated fermionic fields , A

= (Ut

: : (1.26)
R = (Uljfi)ijf;%
the Yukawa Lagrangian can be rewritten as
i~ X 7 (141) 1
ukawa - L f/R v -C.
fhisg
_ ; h

= — Z fi [(Ug)TMfU};] y fﬁ (1 + ;) + h.c. (127)

Jitg
h

= - ;mf (fofr+ frfs) (1 + ;)

where the interaction and mass terms between the fermions and the Higgs boson are
present. The redefinition of fermionic fields f leaves unchanged all the kinematic and
dynamic terms of the Lagrangian, except for the charged current term. In the lepton
sector g g
1 n; — _

L™ = EW:VILVHGIL + h.c. = EW:I/L’}/MGL + h.c. (1.28)
The absence of v ensures that the neutrino remains massless and this means that the
charged current interactions remain diagonal on a mass basis because the mass eigenstates
and interaction eigenstates coincide. So, the redefinition of the field €’ can be reabsorbed
in the redefinition of the vy, field: vy e}, = v, Urer, = vrer. In the quark sector

LEE = ToW i) + he. = ZoWiara] |(U) Uf] (1.29)

V2 V2 ij

and the non-diagonal complex matrix that arises in the interactions is the Cabibbo-
Kobayashi-Maskawa matrix

Vud Vus Vub
Vorn = (U U = | Vi Vs Vi (1.30)
Vie Via Vi

which is also known as the quark mixing matrix.
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1.2 Lepton Flavour Universality

After the electroweak SSB, as seen beforehand, the Yukawa terms are diagonalised and
the mass terms for all the particles are generated. The rotation of fermionic fields causes
interactions between the W gauge bosons and the quark mass eigenstates. Moreover, the
neutral interactions sector is not affected by these changes, thanks to the unitarity of the
rotation matrices. This is why the Z boson is coupling ’democratically’ to all fermions,
or in other words, interaction has the same coupling value with the three families of
leptons and quarks. For the same reason transitions of the type Z — €0, with £ # (', are
prohibited in the Standard Model.

Also in the charge sector, the interaction of W+ with the leptons is the same for all
three families (processes of type W — [y, are forbidden). The equality of the gauge
bosons couplings to the three lepton generations is called Lepton Flavour Universality.
In addition, the leptons carry the three flavour numbers L, with ¢ = e, u, 7, as shown in
Table 1.2, that are strictly conserved in all SM interactions.

Particle L. L, L.

e, l, 1 0 0

et v, -1 0 O

[T 0O 1 O

wt, o, 0 -1 0

T, Uy 0 0 1

(7R 0 -1
quarks and bosons 0 0

Table 1.2: Lepton flavour numbers of Standard Model particles.

1.3 Neutrino oscillation and 7 — ¢ decay in the ex-
tended Standard Model

The discovery of neutrino oscillation phenomena implies that neutrinos are massive, be-
cause the (m,, — m,,)* terms are different from zero. Similar to the CKM matrix in
the quark sector, the base change between neutrino flavour eigenstates (v, v, ;) and the

mass eigenstates (v, 1o, 13) is given by a unitary matrix: the Pontecorvo, Maki, Nakagawa
and Sakata matrix or PMNS [5]

Ve Uel Ue2 Ue3 V1
Uﬂ = Ultl UMQ U,ug Uy (131)
Vr UTl UT2 UT3 V3

The non-zero value of neutrino masses represents a clear indication of new physics



1.8. Neutrino oscillation and T — u¢ decay in the extended Standard Model

beyond the SM framework. However, it is possible to extend the SM to accommodate
non-zero neutrino masses, with an additional Yukawa term in Eq. (1.24) of the type
M¥ = (v/+/2)T'4, if sterile vg fields are included.

It is not yet known whether the neutrinos are Majorana particles, that coincide with
their antiparticles v = v, or Dirac particles.

The observation of neutrino oscillation has provided indisputable evidence that lepton
flavour is not conserved. This implies that lepton flavour violation (LFV) may also occur
in the charged sector in processes such as ¢ — (v, { — ('0"{" or in the 7 — ¢ decay
that is studied in this thesis.

v
T —» > w
W-
Z S
/[y g
s
S
R
7 S
W

Figure 1.3: Feynman diagrams for the decay 7= — p~ ¢ in the Standard Model extended
with neutrino mixing.

The SM theoretical prediction of B(T7 — u¢) using the neutrino mixing is not available.
However, the expected value is extremely small because of the small neutrino masses. The
amplitude of each diagram in Fig. 1.3 is proportional to the internal neutrino propagator,
which can be expanded for small neutrino masses as [6] (k is the 4-momentum exchanged)

2y T T (?)*O(k—) (1.52)

(2

where the first term vanishes due to PMNS unitarity, and the second is proportional
to the square of neutrino masses. This makes the SM 7 — ¢ process experimentally
unobservable in current or planned experiments, and thus, the observation of this LEV
process would be a clear sign of New Physics (NP).
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1.4 Beyond the Standard Model

Many theories beyond the SM allow the violation of charged lepton flavour at a level many
orders of magnitude higher than that possible in the SM extended with neutrino mixing,
up to values that are already experimentally accessible in some cases.

Possible models are supersymmetry, theories with leptoquarks (LQ) or new vector
bosons. This section briefly describes a specific theoretical framework concerning a U
TeV-scale vector leptoquark as a possible mediator of NP. This theoretical model has been
developed motivated by recent LHCb measurements of a 3.10 violation of lepton flavour

universality in the ratio Rx = B(BT™ — K utu~)/B(BT — K*eTe™) [7].

1.4.1 Tests of lepton flavour universality

Many experiments have conducted accurateness tests of lepton flavour universality in the
charged current and neutral current sectors, using both high and low energy processes
and providing stringent tests of the lepton flavour universality hypothesis. In particular,
several B decays measurements disagree with the SM predictions, and can be categorised
as neutral-current b — s¢*¢~, and charged-current anomalies b — c7. As examples of
physical investigations for the previous categories, the LHCb experiment has performed
the measurement of the ratio Ry = B(BT — KTutu~)/B(Bt — Ktete™) with a final
resultant discrepancy of 3.1o with the SM prediction [7-9] and the ratio R/, = B(B; —
J/wrtv) /B(BE — J/Yutvr,) with 20 above the value predicted from the SM [10]. The
Belle and BaBar collaborations have also measured these ratios in Ref. [11, 12].

Following these observations, several NP models have been formulated to explain one
or both sets of anomalies. Among them, the U; model developed by Isidori and collabora-
tors is a viable candidate for describing the current hints of anomalies with a UV-complete
extension of the Standard Model [13].

1.4.2 LFV in the Isidori’s model and 7 — u¢ predictions

According to Ref. [13], the effective Lagrangian describing the NP contributions is
LY = Zqﬁwm+wwbwm(mwwm+hgﬂ (1.33)

where v = (v2Gp)~Y/2, the C} p cggﬁ Cie 2B are the Wilson coefficients, inversely propor-
tional to the square of the NP scale A (2 j ={1,2,3} and «a, 8 = {e, u, 7} are the quark
and lepton family indexes, respectively. See also Eq. 1.34). The operators generated at
the tree-level by the exchange of a spin-1 SU(2)-singlet leptoquark U; are

O = (@) (01" q))
OFR = (qiuly) (Epy" dy) (1.34)
Og;ﬁ = ( R’VueR)(eR’Y“di%)
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1.4. Beyond the Standard Model

Under certain assumptions, see Ref.[13] or [14A it is possible to neglect the Wilson co-
efficients of the lightest generations (i.e. Cip” ~ O unless i = j =3 and o = = 7,
C72P ~ 0 unless j = 3 and § = 7 and to assume that C2377 ~ g,03377 CTH ~ ¢ e C’E’JT
etc. are suppressed by factors of e,,&, ~ 107!). In the hypotheses of U; as the dominant
source of new flavour-changing interactions, a simplified model can be considered and the
most general Lagrangian for a U; vector LQ coupling to SM particles is given by

£U E— EU;EVU#V + M2 UTUM ng ( ) UTTa G,uzz,a
2 vtu, B + 9 (ur gV 4 n 139
_ggY( — Ky) wYv +E( p .C.)

where U,, = D,U, — D,U, , with D, = 0§, — igsGjt" — '3g’BM is obtained starting
from Egs. (1. 10) and (1.2) for Uy (3, 1)2/3 The JU is the term that parameterised the
interaction of the U; with the SM fermions

Jff = ia((ﬁ%tg%) + ﬁ?( _§2"Yu€%) (1.36)

where the couplings g, and g are 3 x 3 complex matrices in flavour space, that are

00 dr 000
Br=1 0 B B |, Br=1| 0 0 0 (1.37)
0 g 1 00 gy

with |B77%| < |35 < 1 and B% = O(1). So, the Wilson coefficients can be expressed
as a function of the couplings

ci? = coe (87) . e’ =cusr (08) . i =cusg (8F)  a39)

where Cy = gZv?/(4ME). For the 7 — ¢ decay studied in this thesis, Isidori’s model
predicts the following branching fraction

2\ 2
Br = no) = 1 167{(ZS (1 %) (1+2 ¢) Sl (1:39)

where f, ~ 225MeV. Two scenarios have been analysed: A% = 0, no right-handed
currents, or 8% = —1, max. right-handed currents and a fit to the U; couplings hypothesis
were performed [13].

The fit results can predict branching ratios for a variety of lepton-flavour violating
processes. Among them, an interesting one from the experimental viewpoint is 7 — u¢.
Fig. 1.4 reports the Feynman diagram describing the 7 — ¢ decay through the exchange
of Uy LQ. The range of possible values predicted for the BR of this channel is shown in Fig.
1.5, against the B, — 7u branching fraction predictions, and it is not confined to very
small values. Differently from other decays of potential interest, the final state of 7 —
¢ decay includes only well-identifiable particles, limiting the amount of combinatorial
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Chapter 1| Theoretical background

background; and there are no neutrinos, so it would be possible to reconstruct a clear,
narrow mass peak from this decay if it exists.

Figure 1.4: BSM representative Feynman diagram for 7 — u¢ decay through the exchange
of a vector leptoquark in the Isidori framework.

107°°L §

Excluded at 95% CL ]

107" E
107% .

T P Belem(oa) :
T 107 =
R 3
o] 10710:_ B

10 ML

10712

LHCb (300 fb~")

10°° 1077 1076 107° 10 107°

B(Bs — 7 ut)

Figure 1.5: Regions (1o internal, 20 external) predicted by the model for the branching
ratios of B(Bs — 7~ ") and B(T — u¢), resulting from the fit in the U; model for 8% = 0
(orange) and 8% = —1 (purple). The grey bands show the 95% CL experimental exclusion
limits, and the dashed lines are the future projection [13].

Therefore, the 7 — pu¢ process can help constrain the space of model parameters
and test the theory, through a channel that has independent experimental systematics
compared to the semileptonic B decays.

12



1.5. Ezperimental overview of LFV T decays

1.5 Experimental overview of LFV 7 decays

Thanks to its relatively large mass, the tau lepton can decay into a number of final
states including hadronic modes. Until now, the branching fractions of 48 LF'V processes
have been bounded at the level of 107%, as shown in Fig. 1.6. In particular, the LHCb
collaboration has searched for the decay 7 — 3u quoting B(7~ — p putp™) < 4.6 X
1078 @90% CL [15], using Run 1 data?. No other LFV tau decays have been measured
by LHCb. For the process 7 — u¢ the current best experimental upper limit is set by
the Belle collaboration, reporting B(1 — u¢) < 8.4 x 107% at 90% confidence level [16].
This decay has never been measured at LHCb, and more generally at a hadron collider.

@ by IP° 1s° v n lhh Ah
© 10-5 ........................................................ T P SRR AR
8 L a "uE s LI R =
© - [ L] - L] [ ] [ ] L]
; - "l — - = =
B A0 e e Y SRR
| n v
5 v vV oy v v v v «CLEO
v v v v
@ 10Tt A SRR, SO AP SO S SO I E OO LI T A ....—| vBaBar
= X v
€ x v T N v Belle
= v 1 v Y Y yv v
= M v LHCb
[ -
& 105 .......................................................... D P e I T T T T T I O PP PN T e IATLAS
3 . «Belle I
- . #LHC-HL
3 | S U UUUUURURTUN ORI SURURRR LISUUNL 0N o8 I S SO SRS SRS URUURY SURUTR
S 10 T T N o * ST D
O\g L . . e . ° ® . . b [ ] L ] ¢ L] o
o - s ®
@ 10710 ||||||||||||||||| TN TR TN SN TN T SN TR TN TN SN TN WY TS SN TR SHNN NN SN S SN TN TR SR SN SN S S
- e FF T Teuen.e e ooy Slelesoozzozrr ¥y BEY¥URIAE R ¥y ¥y 2 £ <
R AR TS S CEC R L1 LR S SRS R AR A A S AR vR
©2e 2020 s s s 2 e iiiﬁﬁ R

Figure 1.6: Current upper limits for the LFV tau decays, including the only LHCb mea-
surement (7 — 3u). The projections of the Belle II bounds assuming 50ab™' are also
reported. The blue box indicates the decay searched in this work. From Ref. [17].

2The Standard Model predicts for this branching fraction values up to 1074°.
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2.1 LHC and the LHCb experiment

This thesis work has been carried out using the data collected over the years 2016, 2017 and
2018 at the Large Hadron Collider beauty (LHCD) experiment®. The dataset is referred
to as Run 2 and corresponds to an integrated luminosity of about 6 fb~" of proton-proton
(pp) collision at a centre-of-mass energy of /s = 13 TeV.

2.1.1 Large Hadron Collider

The LHC [18] is the world’s largest particle accelerator. It is a storage ring consisting of
two parallel pipes accelerating protons and heavy ions in opposite directions and colliding
them in four interaction points where the four main experiments: ATLAS, CMS, LHCb
and ALICE are located. The accelerator is situated in the Geneva area, and it has been
built inside a 27 km tunnel 100 m underground.

The machine was built to reach a centre-of-mass energy of /s = 14 TeV and a de-
sign instantaneous luminosity of £ = 10%* cm=2s~! in pp collisions. The boosting process
of proton starts with Linear Accelerator 2 (LINAC2), in which protons are accelerated
to 50 MeV. Then the Proton Synchrotron Booster increases its energy to 1.4 GeV (the
booster comprises four superimposed synchrotron rings to surge the beam’s intensity).
Then the protons are injected into the Proton Synchrotron (PS), which has a circumfer-
ence of 628 m and is made of 277 conventional (room-temperature) electromagnets with
100 dipoles to bend the beams around the ring. It accelerates the protons up to 25 GeV
before they enter the Super Proton Synchrotron (SPS). The SPS is the last stage before

ILHCD experiment is located at the Large Hadron Collider (LHC) at CERN (Conseil européen pour
la recherche nucléaire) near Geneva.
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Chapter 2| Experimental apparatus

entering the LHC, it is composed of over 1300 room-temperature electromagnets and can
accelerate the protons up to 450 GeV. Finally, the protons are injected into the LHC,
where the radio frequency (RF) cavities are employed to accelerate the proton beams,
and a series of 1232 dipole and 392 quadrupole magnets are used to keep the protons in a
closed orbit and to reduce the transverse beam size. The schematic representation of the
complex accelerator system at CERN is reported in Figure 2.1.

CERN's accelerator complex

CMS

LHC

Nk Are

ALICE

SPS

(:Né:?\;

2005 Gran Sasso

ATLAS

East Area

LINAC 2

LEIR

< .
LINAC 3

lons
» ion » neutrons » P [antiproton) —H— \/antiproton conversion  » neutrinos  » electron

LHC Large Hadron Collider ~ SPS  Super Proton Synchrotron ~ PS  Proton Synchrotron

AD  Antiproton Decelerator CNGS Cern Neutrinos to Gran Sasso of para
LEIR Low Energy lon Ring  LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight

EA' European Organization for Nuclear Research | Organisation européenne pour la recherche nucléaire © CERN 2008

Figure 2.1: The LHC is the last ring (dark grey line) in a complex chain of particle
accelerators. The smaller machines are used in a chain to help boost the particles to their
final energies and provide beams to a whole set of smaller experiments (from [19]).

2.1.2 The LHCDb detector

LHCb is a single-arm forward spectrometer located at Point 8 in the LHC ring. The
experiment has been designed for the study of heavy-flavour physics, in particular b
hadrons physics to which it owes its name, but over the years the physics program has
been greatly expanded.

In the pp collision, heavy quarks, and in particular b-quarks, are produced through
strong interactions between the partons into the protons. Due to the flavour conservation
in strong interactions, b-quarks are produced in pairs. The main production channels are
gluon-gluon fusion gg — bb and quark-quark fusion, gg — bb, whose Feynman diagrams
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2.1. LHC and the LHCb experiment

are reported in Fig. 2.2. The integrated cross-section for bb production in pp collisions is
527.3 b at the centre-of mass-energy of 14 TeV (given by PYTHIA [20])2.

<

q2

<

byl

1 b n b

Figure 2.2: Feynman diagrams of bb production with gluon-gluon fusion (left diagram)
and quark-quark fusion processes (right diagram).

Due to colour confinement, the two b-quarks undergo a process called hadronisation:
the quarks start emitting secondary particles of smaller energy, and the process stops only
if colourless bound states are produced, called hadrons. The most abundant b-hadrons
produced in this process are B mesons, but higher mass states such as B. mesons can
also be produced.

The bb pairs are mostly produced at small angles with respect to the beam axis in the
forward or backward region, as shown in Fig. 2.3, and this explains the forward geometry
of the LHCb detector. In particular, it covers the pseudorapidity range® 1.8 < n < 4.8,
which corresponds to the geometric acceptance [10,250] mrad and [10,300] mrad in the
vertical and horizontal plane, respectively.

The LHCb spectrometer is made of several sub-detectors, each serving different pur-
poses, and its layout is shown in Fig. 2.4. Different types of charged hadrons are dis-
tinguished using information from two ring-imaging Cherenkov (RICH) detectors. The
calorimeter system provides the identification of electrons, photons and hadrons as well as
the measurement of their energies and positions. It is composed of a Scintillating Pad De-
tector (SPD), a Preshower (PS), a shashlik type electromagnetic calorimeter (ECAL) and
a hadronic calorimeter (HCAL). The muon detection system provides muon identification
using five stations (M1-M5).

2.1.3 Vertex Locator

The Vertex Locator (VELO) system provides very precise measurements of track coordi-
nates in the proximity of the interaction point and plays a crucial role in the reconstruction
of the secondary vertices. In fact, long-living particles have shifted secondary vertices as
a distinguishing characteristic. As seen in Fig. 2.5, the VELO is composed of two 1m
long semi-cylinders, each containing 21 modules of silicon microstrip sensors aligned along
the beam axis. The two half-moon-shaped sensors that make up each module provide the
measurement of the r and ¢ coordinates. The sensors are retractable to prevent significant

20ther processes included in the calculation are: gg — bbg (where q # b), bb — bbg and gg — bbg.
31 is defined as n = —In tang with @ polar angle with respect to the beam axis.
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Figure 2.3: Simulated bb production angles at LHC using PYTHIAS. The red part corre-
sponds to quark pairs produced inside the LHCb acceptance (the beam is on the z axis)
[21].

radiation damage during beam insertion into the LHC because they are located only 8 mm
away from the beam axis. Two modules are placed upstream of the nominal interaction
point and are used as pile-up (PU) veto sensors at the first stage, L0, of the trigger.

The LHCb vertex detector offers excellent spatial resolution: 10pm in x and y di-
rections and 60 pm in z. The impact parameter (IP) is measured with a resolution of
(15+29/pr) pm, where pr is the component of the momentum transverse to the beam in
GeV /c.

The track origin must be placed with such accuracy in order to suppress the so-
called combinatorial background, which occurs when one of the tracks is allocated to the
incorrect decay vertex. For most analyses of rare decay, this background is not negligible.

2.1.4 Tracker and magnet

The Tracker is composed of the Tracker Turicensis (TT) located upstream of the magnet
and the T1, T2 and T3 tracking stations placed downstream of the magnet, as shown in
Fig. 2.4. Each of the T stations is split into the Inner Tracker (IT) and Outer Tracker
(OT), see Fig. 2.6. Each station T1-T3, as well as the TT, is made up of four layers of
detectors. To provide a stereo image of the particle track, the second and third layers are
slanted by £5° about the first and fourth layers. They are made of silicon strip detectors
with a sensor area of 11 x 7.6 cm? and each strip has a pitch of 200 pm and their thickness
span over the range of (320 - 410) pm. The single hit resolution is around 50 pm. The OT
is made of a drift time gas detector based on straw tube modules. Each station comprises
four layers of modules, tilted the same way described above for the IT, and each module
contains two staggered layers of drift tubes with inner diameters of 4.9 mm. The pitch

18



2.1. LHC and the LHCb experiment

Figure 2.4: Side view of the LHCb detector [22]. The z-axis coincides with the beam
direction.
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Figure 2.5: The layout of the VELO detector. The lower drawings show the closed (left)
and open (right) configurations.

414cm

Figure 2.6: Schematic representation of TT (purple), IT (purple) and OT (cyan). The
TT and IT layouts are in the centre and right, respectively.

between each tube is 5.25 mm, and the spatial resolution is about 200 pm.

2.1.5 Ring Imaging Cherenkov detectors

Particle identification (PID) is a fundamental requirement for the LHCb experiment. In
particular, the detector is instrumented with two Ring Imaging Cherenkov (RICH) sub-
detectors, marked as RICH1 and RICH2 in Fig. 2.4, to perform the PID of charged
particles.

The RICH1 is located upstream of the magnet and covers a momentum range of
(2 — 60) GeV /c using CyFjy and acrogel radiators as Cherenkov light emitters. The an-
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Figure 2.7: Schematic view of the RICH detectors.

gular acceptance of RICH1 amounts to 250 mrad (300 mrad) in the vertical (horizontal)
direction, respectively.

The RICH2 is located downstream between T3 and the ECAL. It uses CF; as a
radiator and is optimised for identifying charge particles in the high momentum range
of (15 — 100)GeV/c. The acceptance of RICH2 is 100 mrad (120 mrad) in the vertical
(horizontal) direction, respectively. The readout of both RICH detectors is based on
Hybrid Photon Detectors (HPDs), operating in the wavelength range (200 — 600)pum.

2.1.6 The calorimeters

The calorimeter system measures the energy of electrons, photons and hadrons and pro-
vides their identification and the measurement of their position. The fast response of the
calorimeters is also crucial for selecting interesting events for further analysis at the initial
trigger stage, LO. The LHCb spectrometer is composed of four calorimetric subsystems:

e Scintillating Pad Detector (SPD)

e Pre-Shover (PS)

e Electromagnetic Calorimeter (ECAL)
e Hadronic Calorimeter (HCAL)

as shown in Figure 2.4. The SPD and the PS are placed upstream of the ECAL and are
designed to improve the spatial and energy resolution of electromagnetic showers. They
consist of 15mm lead converters which are sandwiched between two identical planes of
rectangular high-granularity scintillation pads. The main task of the SPD is to detect hits
from charged particles in order to distinguish electrons from photons and 7° decays. The
ECAL is composed of alternating layers of 2mm thick lead plates and 4 mm scintillating

21



Chapter 2| Experimental apparatus

side C y? side A

R4 R3 R2 R2 R3 R4

<V

beam pipe_O

T

(b)

Figure 2.8: Side view of the LHCb muon detector with stations M1-M5 (a). The station
layout with the four regions, R1-R4, indicated (b).

plates with a total thickness of 25 radiation lengths. The energy resolution is given by
23]

g (9.0 +0.5)% 0.003
<F)ECAL = @ (08%02)% e 5
where the parametrization og/FE = a/vVE ®b® ¢/E (F in GeV) is used, with a, b and ¢
stand for the stochastic, constant and noise terms respectively. The angle 6 is the polar
angle of the position of the calorimeter cell.

The HCAL is positioned downstream of the ECAL and measures the energy and the
position of hadronic showers. It is formed from layers of iron and scintillating tiles with
a total of 5.6 interaction lengths. The thickness of the iron plates (scintillators) is 16 (4)
mm, respectively. The energy resolution of its modules is given by [23]

(2.1)

-sin 0

(Fuw = 20 *

2.1.7 The muon system

The efficient and accurate detection and identification of muons are one of the most
important features of LHCb, and muon identification plays a crucial role also in this
analysis.

The muon system provides fast information for the high-p;r muon trigger at the L0 level
and muon identification for the high-level trigger (HLT) and offline analysis. The muon
system consists of five stations (M1-M5), four of which (M2-M5) are located downstream
of the calorimeters (Fig. 2.8 (a)).

The M1 station is used to improve the pr measurement in the trigger, while stations
M2 to M5 are interleaved with iron absorbers 80 cm thick to select penetrating muons.
The M2-M5 modules are built from multi-wire proportional chambers (MWPCs) with
3 —4ns time resolution. Because of the higher occupancy of the M1 module, the MWPCs
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are replaced with Gas Electron Multipliers (GEMs) with 3ns time resolution. In total,
the muon system comprises 1368 MWPCs.

Each muon station is divided into four regions, R1 to R4, as shown in Fig. 2.8 (b),
and the geometry is based on granularity requirements (the particle flux is expected to
be roughly the same over the four regions of a given section). The resolutions in x and y
coordinates for tracks in the different regions are listed in Tab. 2.1. The typical efficiency
of muon stations is above 95% [24].

M1 M2 M3 M4 M5

) 4x10 15x30 10x12 15x 16 33 x 40

) 8x18 25x50 15x24 27 x 32 20 x 60
2) 16x40 35x70 25x48 48 x64 100 x 110

) 32x80 60x100 40x96 97 x 128 150 x 180

Rl o, xo,(m

R2 o, X0, (m

R3 o0, X0, (m
(

R4 o0, X o0y(m

Table 2.1: Resolution (o) along x and y coordinates of the distance between the muon
track and the muon cluster in each region of the muon detector (from [24]).

The excellent performance of the muon system makes the LHCb experiment a perfect
environment for studying decays with muons in the final state.

2.1.8 The trigger

The LHCD trigger system is divided into three levels: the first one (L0), operating at the
bunch crossing frequency of 40 MHz, is implemented in hardware, while the second and
the third level (HLT1 and HLT2) are implemented as software. A sketch of the trigger
system is shown in Fig. 2.9.

Due to the stringent timing requirements, the L0 trigger has to use a limited amount
of information from the detector. It reduces the rate to 1 MHz, using only calorimeter and
muon chambers information and a few information from the VELO. The trigger selections
are divided into three categories, each using a different set of subdetectors.

The LOPileUp trigger uses information coming from the pile-up detector in the VELO.
Specifically, this system estimates the number of primary vertices in each bunch crossing
and offers the possibility to veto events with multiple interactions.

The LOCalorimeter uses the SPD, PS ECAL and HCAL to reconstruct the hadron,
electron and photon with the highest transverse energy (Er) by summing up the energy
deposits in 2 x 2 clusters of the calorimeters. The deposits are associated with a photon
if they are only present in ECAL, with an electron if associated hits in the SPD are also
found. Lastly, they are associated with a hadron if both ECAL and HCAL hits (and SPD
for charged hadrons) are present. The event is then triggered by the LOHadron, LOPhoton
or LOElectron algorithms if the relative particle’s Er exceeds a certain threshold.

The LOMuon trigger tries to reconstruct the muon tracks with the highest py using hits
coming from all the M1-Mb stations and returns a favourable decision if the pr of the
highest track exceeds a given threshold. The LODiMuon line triggers when the product of
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Figure 2.9: Trigger layout in RunlI.

the two tracks is above a given threshold. Finally, an event that passes either trigger line
is said to give the LOGlobal trigger decision.

The analysis described in this thesis uses only the LOMuon trigger, but the thresholds
for all the different LO trigger lines for 2016 data-taking are reported in Table 2.2.

LO trigger Er / pr threshold  SPD threshold

2016
Hadron > 3.7GeV < 450
Photon > 2.78 GeV < 450
Electron > 2.4 GeV < 450
Muon > 1.8GeV < 450
Muon high pp > 6.0 GeV -
Dimuon > 2.25 GeV? < 900

Table 2.2: The LO thresholds definition for the different trigger lines used to take most of
the data (these values can change over time).

The High-Level Trigger (HLT), built as two levels and written as C++ applications
that run on CPUs of the Event Filter Farm (EFF), analyzes the events that pass the LO
trigger and employs the same software as the one used in the offline analysis. Each trigger
line consists of a sequence of reconstruction algorithms and selection requirements.
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2.2. FEvent Reconstruction

The first level (HLT1) reduces the 1 MHz of the LO output to a rate of events of
150 kHz and conducts an inclusive selection of events while doing a partial reconstruction.
In detail, this trigger level exploits the features of a heavy hadron decay, which shows
displaced vertices, by selecting tracks or combinations of tracks with high pr and impact
parameters concerning the primary vertex.

The second level of HLT (HLT2) performs a full event reconstruction, and the event
rate is further reduced to 12.5kHz.

Assume an event e which is accepted by trigger line L and contains a three-track
combination ¢ = (1, t,t3) which fulfils some event selections. There are three ways in
which the positive trigger decision of L is related to the 7 — p¢, ¢ — KK candidate c.

e Triggered On Signal (TOS): the three tracks t; o 3 are sufficient to fulfil the require-
ments of L. This includes cases where a proper subset of ¢; 5 3 is sufficient to trigger

L.

e Triggered Independent of Signal (TIS): events for which the rest of the event is
sufficient to generate a positive trigger decision, where the rest of the event is defined
through an operational procedure consisting in removing the signal and all detector
hits belonging to it.

e Triggered On Both (TOB): these are events that are neither TIS nor TOS; neither
the presence of the signal alone nor the rest of the event alone is sufficient to generate
a positive trigger decision, but rather both are necessary.

The trigger lines relevant to the present analysis are explained in section 4.4.3.

2.2 Event Reconstruction

The key processes required to have the high-level object available for physics analysis are
the reconstruction of the charged particle trajectories (tracks), the vertex and particle
identifications. The tracks are reconstructed from the combination of hits in the tracking
sub-detectors, and the vertices are reconstructed as points from which the collection of
tracks is originating. Based on the detector that a track crosses, as illustrated in Fig.
2.10, several types of tracks can be defined

e VELO tracks: defined by hits only in the VELO. They serve as the starting point
for reconstructing the long and upstream tracks and are also utilised to identify the
main vertices.

e Upstream tracks: which have hits in the VELO and TT stations.

e T tracks: reconstructed with hits in the tracking stations and used as input to the
long and downstream tracks reconstruction.

e Downstream tracks: which have hits in TT and the T stations. They are usually
tracks belonging to decays of long-lived particles that decay outside the VELO
acceptance.
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Figure 2.10: Illustration of the different types of tracks reconstructed in LHCb.

e Long tracks: they have hits in all the tracking sub-detectors, and therefore have
the best momentum resolution. They are the tracks being used to perform physics
analysis.

2.2.1 Particle Identification

Particle identification (PID), which is the assignment of a mass hypothesis to charged
particles, is another aspect that is of utmost significance for the LHCb experiment. The
data from the two calorimeters, the two RICH detectors, and the muon stations make this
feasible. In detail, combining information coming from the Cherenkov angle of the asso-
ciated ring in the RICH systems, the energy deposits in the calorimeters and associated
hits in the muon chambers, a probability for a specific particle hypothesis (x), defined by
a likelihood L, can be associated to a track. Since pions are the most abundant particle
specie at LHCb, the likelihood for a specific particle hypothesis is evaluated against the
7 hypothesis, using differences in log-likelihoods:

DLL, =log L, —log L, (2.3)

To improve the log-likelihood approach, a second set of PID variables was developed. In
this case, both the log-likelihood values from each subdetector and some additional infor-
mation are convoluted into an artificial neural network which provides a single probability
for each particle hypothesis, referred to as ProbNN,.
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3.1 Heavy flavour 7 production

In this chapter, the following notations are assumed:

e If the production mode is written as X — 7, it is assumed that X is produced in
the primary pp interaction vertex (prompt particle). For example, the Dy — Tv,
production channel does not include D, originating in b hadron decays, but only
prompt those from pp collisions.

e Charge conjugation and charge conservation are implied. For example, D, — 7v;
is written instead of D} — 7tv, and D; — 771,

e A simplified notation is used in order to not overload the expressions. For example,
b— Dy, — 7 replaces b —» D, X — 11, X.

The contributions of different 7 production channels will first be analysed in full space
(4m solid angle) and later modified by a detector acceptance factor.

3.1.1 D, — 7tv, production channel

The majority of 7 leptons produced at LHCD originate from Dy decays, with the leading-
order Feynman diagram shown in Fig. 3.1. Their production cross section has been
measured by the LHCb collaboration to be o(Dy) = (353 &9 £ 76) ub at /s = 13 TeV
within the range of 1 < pr < 8 GeV/c and 2.0 < y < 4.5 [25]. To extrapolate the cross
section in 47 solid angle, a suitable scale factor is calculated using Pythia [20], and this
leads to

o(D,)2 ™Y = (1732 £ 372) pb

The branching fraction for the process Dy — 7v, is (5.48 £ 0.23)% from PDG [26].
Therefore, the expected 7 production cross section for Dy — 7 transition in 47 is

(D, — 7) = a(Ds)12™ x B(D, — 1v;) = (94.9 4+ 20.8) ub (3.1)
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Figure 3.1: Leading- order Feynman diagram of the leptonic Dy — 77v, and D" — 71y,
decays.

3.1.2 D — 7v,; production channel

The D production cross section has been measured by the LHCb collaboration, reporting
o(D) = (834 £ 2+ 78)ub at /s = 13 TeV within the range of 1 < py < 8 GeV/c and
2.0 <y < 4.5 [25]. Using a scale factor calculated by Pythia, the value at 13 TeV in full
solid angle is

o(D)13TV = (4054 4 379) pb

The D — T, branching fraction is (1.20 £ 0.27) x 1073 from PDG [26], and the expected
7 production cross section, for 7 from D decays is

o(D—71)=0(D)2™ x B(D = 7v,) = (4.9+1.2)ub (3.2)

3.1.3 b — 7X production channel

Branching fractions for b hadron decays into a 7 lepton are not available for all b-flavoured
particles, but the inclusive measurements of B(b — 771, X) = (2.41£0.23)% is reported in
the PDG [26]. The b production cross section has been measured by LHCb collaboration
(in 47 solid angle) [27]:

o(bb) 2TV = (495 £ 2 £ 52) ub

The resulting expected 7 cross-section is
ob—=1)=0c()2™ x2x B(b— 771, X) = (23.94+ 3.4)ub (3.3)

where the pair production of b quarks is accounted for by factor 2.

3.14 b— D(j;) — 7% production channel

In addition to decaying directly into leptons, the b hadrons produced in LHC collisions
can also decay into lighter hadrons, such as D, and D mesons, which in turn can decay
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into 7 leptons. The relevant contributions are (from PDG [26])

(b — DTX ) = unobserved

B(b— D X)=(227+1.6)%
B(b— DIX)=(10.1+3.1)%
(b — D X) (14.7£2.1)%

The direct measurement of B (1_9 — DX ) is not known. Assuming that the dominant pro-
duction of DT (or D) is through the transition b — ¢W ™, with W+ — DT (or DY), it fol-
lows that the ratio between these two branching fractions is approximately |Veq|?/|Ves|? =

5%. So, the B(b — D) = 5%-10.1% = 0.5% that is neglectable compared to B(b — D~).

With the above D,y — 7v, branching fraction the b — D,y — 7v, branching fractions

are evaluated to
B(b— D~ — 1) = (0.027 & 0.006)%

B(b— Df —7)=(055+0.17)%
B(b— D, —7)=(081+0.12)%

Thus, using the o (bb)13TV, the expected 7 production cross sections are

o(b— D —1)=(0.27£0.07) pb
o(b— Ds—71)=(13.5+2.5)ub

3.1.5 7 production channel from charmonium decays

Leptons can also be produced in the decay of charmonium resonances. The ¥ (2S5) is
the lightest quarkonium which can decay into two 7 leptons with B(y(2S) — 7777) =
(3.1 +0.4) x 1073 [26]. The production cross section for ¥(25) and for b — 1(2S) at

13TeV is 13TV
o (1(28))331 = (1.430 £ 0.099) ub

o(b— 1(259))522 5 = (0.426 £ 0.030) pb

measured by LHCb collaboration [28] in the detector acceptance. The resulting expected
T cross section in the detector acceptance is

o((2S) — 77) = (4.4 +0.7)nb

o(b—¥(2S) — 77)=(1.3+£0.2)nb (3:5)

This production mode is negligible with respect to the previous ones.

3.1.6 7 production from bottomonium decays

The 7 leptons can be produced also from Y(nS) — 777~ decays. The production cross-
section are measured by the LHCb collaboration [29] (limited to pr < 15GeV/c and
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detector acceptance)

B(YT(1S) = pu7) x o (T(1S))y2roy 5 = (4687 £ 294) pb

2<y<4.5 T
B(Y(28) = ™ p™) x o (Y(28))ye oy 5 = (1134 £ 71) pb
B(Y(3S) = uu) x o (Y(35)),%,% 5 = (561 & 36) pb

where the o are multiplied by dimuon branching fractions. Calculating the following
ratios from values of B(Y(nS) — 77) and B(Y(nS) — pp) in the PDG [26]

B(Y(1S) = 7171)
B(T(IS) ,ull) =1.05£0.05
B(Y(2S) — 77) B
B(T(?S) - qu) =1.04+0.14
B(Y(3S) = 7171)
B(T(?)S) - MM) =1.05+0.17

the 7 production cross-section are

o(T(1S) = 77) = (4.91 £ 0.37) ub
o(Y(2S) — 77) = (1.18 £ 0.34) nb (3.6)
(Y (3S) — 77) = (0.59 £ 0.10) nb

that are negligible with respect to the production cross-section from D,, D and b.

3.1.7 Summary

The production of 7 leptons at LHCb is dominated by D, — 7v, decays. Only the 7
production in D, and D decays — both prompt and from b decays — and production b — 7
decays are considered in this analysis. The production fractions for each channel are

calculated as follows
o (7 production channel)

a(7)
where o(7) is the sum of the cross-section of all production channels. The summary of
different channels and the relative production channel are listed in Table 3.1.

f:—:hannel —

(3.7)
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T source cross-section, o f(%)
D, (94.9£20.8) b 69.1 = 5.3
b (23.9+34)pb  174+3.3
b— D (13.5+25)pb  9.84+2.1
D (49+12)pb 35+ 1.0
b— D (027 £0.07) b 0.2+0.1
> until here (137 +£22)ub = 100%
Y(15) (4.91 =+ 0.37) b
»(2S) (4.43 £ 0.65) nb
b (25)  (1.32+0.19)ub
T(25) (1.18 £ 0.34) nb
T(35) (0.59 = 0.10) nb
2

> all channels

(137 4 22) pb

Table 3.1: Summary of 7 production cross sections at /s = 13 TeV in 47 solid angle and

the associated production fraction.
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4.1 Experimental status

This chapter describes the search for the lepton flavour violating decay 7 — ¢ using the
data collected by the LHCb experiment during Run 2. This decay has been previously
searched at the ete™ B-factory experiments such as BaBar and Belle, where 7 pairs are
produced via the process eTe”™ — 777~ at the centre-of-mass energy near the mass of
the Y(4S) meson, 10.58 GeV. Using knowledge of the kinematics of the centre-of-mass
system, one 7 can be tagged via its decay into a charged lepton plus two undetected
neutrinos, while the other is required to decay into pu¢. This clear tag-and-probe method
cannot be used in the signal selection at LHC, where the majority of 7 particles are singly
produced, as discussed in Chap. 3.

Table 4.1 lists the measured upper limits on the 7 — u¢ branching fraction. The Belle
collaboration sets the best limit, reporting B(T — u¢) < 8.4 x 1078 at 90% CL.

The signal search strategy developed in this thesis differs substantially from the one
adopted by the previous experiments because, in addition to the reasons expressed before,
the nature of backgrounds is entirely different.

4.2 Analysis strategy

The combined 2016-2018 data sample, corresponding to an integrated luminosity of about
6tb™', is used to search for the 7 — u¢ decay, with ¢ — K+TK~. As typical at hadron
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Experimental collaboration Upper limit 90% CL Year Integrated luminosity

CLEO [30] 7.0-107° 1998 4791
BaBar [31] 1.9-1077 2009 451fb !
Belle [16] 8.4-1078 2011 854fb ™"

Table 4.1: Upper limit (UL) on B(T — u¢) setted by several collaborations. The Belle
collaboration sets the best UL.

colliders, the branching fraction is measured relative to the known branching fraction of
a normalization channel. This allows to reduce a number of systematic uncertainties,
including those associated to the knowledge of the production cross-sections. In this
thesis, the Dy, — ¢uv, decay is used as normalisation channel and, as discussed in the
following sections, Dy — ¢puv, is also the dominant source of background.

The discrimination between signal and background events is developed in two stages.
A first selection is presented in this chapter and then it is further optimised using a
multivariate classifier that exploits the residual differences in the kinematic and geometric
properties of signal and Dy — ¢uv.

The p¢ invariant mass is divided into two regions:

e The signal region: |m,, — 1780 < 20 MeV /c? where 1780 MeV /¢? is the approxima-
tion of the 7 mass ( m, ppg = (1776.86 + 0.12) MeV /c?, given by the Particle Data
Group (PDG) [26]). The signal candidates in real data with mass in this range are
not used in this thesis, i.e. the analysis is kept blind.

e The sidebands region: m, € [1626,1760] MeV /c? and m,s € [1800,1926] MeV /c?
are used to fit the background spectra and obtain an expectation of the background
yield in the signal regions and its shape.

4.3 Dataset description

4.3.1 Real data samples

The results described in this thesis are obtained using data taken from the Leptonic
stream®, for 2016, 2017 and 2018. The data have been reconstructed? using the offi-
cial reconstruction software of the LHCb collaboration called Brunel® and stripped with
DaVinci*.

1Recol8-Stripping34rOpl, Recol7-Stripping29r2pl and Recol6-Stripping28r2 reconstruction cam-
paigns.

2Reconstruction is a process in which hits in the detector are grouped in the so-called clusters and
assigned to individual tracks by performing a x? fit.

3Versions used: vb4rl, v52r6pl, v50r3

4Stripping is the application of a set of selection criteria on the reconstructed events (an extensive
discussion is reported in Sec. 4.4.2). DaVinci is the LHCD offline analysis application. It allows the users
to produce the tuples in which the relevant information of the reconstructed particles of the decay of
interest are stored (versions used: v44r10p2, v42r9p2, v44r10p5 for 2018, 2017 and 2016).
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4.3.2 Monte Carlo simulation samples

The Monte Carlo (MC) samples used in this analysis, which have been produced specifi-
cally for this study, can be separated into two categories: signal and normalisation /physics
backgrounds. The 7 production channels are collocated in the signal category, while
(b =)Ds — ¢uv and (b —)D — ¢ channels into normalisation/physics backgrounds
category. In particular, MC events for 2016, 2017 and 2018 data-taking conditions and
for both magnet polarities configurations (Magnet Up and Magnet Down) have been
considered.

The pp collision and fragmentation of the partons produced in the hard scattering
process have been generated with Pythia 8 [20]. The decay of the mesons and hadrons
produced in the fragmentation is handled by the EvtGen package [32]. Each process
was generated in a given sample by running the production and the EvtGen application
under precise conditions described in a single file with the unique identifier EventType.
Finally, the interaction of the generated particles with the detector and its response are
implemented using the Geant4 toolkit [33], configured with a detailed description of the
LHCb detector. The simulated events are reconstructed with the same software used for
real data.

To save CPU time, a very loose selection was applied at the generation level as de-
scribed in 4.3.3. For each year, the trigger has been emulated with configurations corre-
sponding to the most common trigger conditions in real data.

The signal channel 7 — ¢u was simulated using a ”"phase space” decay model, based
on the phase-space decay of the 7.

The list of MC-generated samples, their relative event type and several additional
information is reported in Table 4.2 and 4.3.

4.3.3 Generator-level cuts

To reduce the number of simulated events that are generated but not accepted into the
final selected samples, generator-level cuts are introduced based on selection criteria that
would be subsequently applied in the reconstruction. In particular, the two kaons and
the muon are required to be inside the detector acceptance, 6 € [0.005,0.400] rad, and to
have pr > 250 MeV and p > 2.5 GeV. These cuts are applied to all final state particles
in the signal and background samples.

4.4 Signal selection and efficiency evaluation

The efficiency with which a certain decay channel is detected depends on several factors,
including geometric detector acceptance, trigger, reconstruction, and selection efficiencies.
In particular, the detected particles must first be produced within the detector acceptance,
then triggered, reconstructed, and finally they must pass the offline selection requirements.
Therefore, the total efficiency &4,; can be factorised as

Etot = €Acc X ETrig|Acc X ERec|Trig X €Sel|Rec (41)
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Channel Event type Sim Reco TCK Stripping Events
b— 17— uod 31113046
2018 MagDown 09h 18  0x617d18a4  34rOpl 215k
2018 MagUp 09h 18  0x617d18a4  34rOpl 216k
2017 MagDown 09h 17  0x62661709  29r2pl 223k
2017 MagUp 09h 17  0x62661709  29r2pl 239k
2016 MagDown 09h 16  0x6139160F 2812 239k
2016 MagUp 09h 16  0x6139160F 2812 242k
Dy — 1t 7 — uo 23513027
2018 MagDown 09h 18  0x617d18a4  34rOpl 1M
2018 MagUp 09h 18  0x617d18a4  34rOpl 979k
2017 MagDown 09h 17  0x62661709  29r2pl 956k
2017 MagUp 09h 17  0x62661709  29r2pl 954k
2016 MagDown 09h 16  0x6139160F 2812 984k
2016 MagUp 09h 16  0x6139160F 2812 935k
b— Ds— v, T — pnop 23513026
2018 MagDown 09h 18  0x617d18a4  34rOpl 168k
2018 MagUp 09h 18  0x617d18a4  34rOpl 154k
2017 MagDown 09h 17  0x62661709  29r2pl 150k
2017 MagUp 09h 17  0x62661709  29r2pl 141k
2016 MagDown 09h 16  0x6139160F 2812 153k
2016 MagUp 09h 16  0x6139160F 2812 155k
D — v, T — po 21513017
2018 MagDown 09h 18  0x617d18a4  34r0Opl Tk
2018 MagUp 09h 18  0x617d18a4  34rOpl 93k
2017 MagDown 09h 17  0x62661709  29r2pl 71k
2017 MagUp 09h 17  0x62661709  29r2pl 67k
2016 MagDown 09h 16  0x6139160F 2812 61k
2016 MagUp 09h 16  0x6139160F 2812 61k
b—D — 1v,, 7 — pup 21513016
2018 MagDown 09h 18  0x617d18a4  34rOpl 14k
2018 MagUp 09h 18  0x617d18a4  34rOpl 23k
2017 MagDown 09h 17  0x62661709  29r2pl 14k
2017 MagUp 09h 17  0x62661709  29r2pl 14k
2016 MagDown 09h 16  0x6139160F 2812 14k
2016 MagUp 09h 16  0x6139160F 2812 14k

Table 4.2: Monte Carlo signal samples used in the analysis. The number of events is an
approximation of the correct number of events for each sample.
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Channel Event type Sim Reco TCK Stripping Events
Dy — opv, 23513014
2018 MagDown 09h 18  0x617d18a4  34rOpl 1.7TM
2018 MagUp 09h 18 0x617d18a4  34rOpl 1.7TM
2017 MagDown 09h 17 0x62661709 29r2p1 1.5M
2017 MagUp 09h 17 0x62661709 29r2pl 1.5M
2016 MagDown 09h 16  0x6139160F 2812 1.5M
2016 MagUp 09h 16 0x6139160F 2812 1.5M
b— Dy — ¢uv, 23513013
2018 MagDown 09h 18 0x617d18a4  34rOpl 241k
2018 MagUp 09h 18 0x617d18a4  34rOpl 213k
2017 MagDown 09h 17  0x62661709  29r2pl 215k
2017 MagUp 09h 17 0x62661709 29r2pl 215k
2016 MagDown 09h 16  0x6139160F 2812 253k
2016 MagUp 09h 16  0x6139160F 2812 257k
D — or 21103014
2018 MagDown 091 18 0x617d18a4 34 504k
2018 MagUp 091 18  0x617d18a4 34 503k
2017 MagDown 091 17  0x62661709 2912 509k
2017 MagUp 091 17  0x62661709 29r2 505k
2016 MagDown 091 16 0x6139160F 2812 545k
2016 MagUp 091 16  0x6139160F 2812 501k
b— D — ¢m 21103013
2018 MagDown 091 18  0x617d18a4 34 505k
2018 MagUp 091 18  0x617d18a4d 34 504k
2017 MagDown 091 17  0x62661709 2912 503k
2017 MagUp 091 17  0x62661709 2912 504k
2016 MagDown 091 16  0x6139160F 2812 502k
2016 MagUp 091 16  0x6139160F 2812 509k

Table 4.3: Monte Carlo background and normalisation samples used in the analysis. The
number of events approximates the correct number of events for each sample.
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where € 4. is the detector acceptance efficiency, epyigac. is the trigger efficiency given the
acceptance, € ge|rrig is the reconstruction efficiency given the trigger selection, and finally
Esel|rec 18 the selection efficiency given the reconstruction. The sequence of efficiencies in
Eq. 4.1 can be rearranged to permit the evaluation of the trigger efficiency using a sample
that passed the other selections [34]. As a result, Eq. 4.1 can be rewritten as

Etot = €Acc X ERecSel|Acc X ETrig|RecSel - (42)

All these quantities are discussed in this section®.

4.4.1 Detector acceptance efficiency

The 7 production cross-sections, discussed in Chap. 3, need to be corrected with the LHCb
acceptance factor to provide the correct fractional contribution of each sub-channel. The

detector acceptance efficiency can be calculated as
oo = EGen& Acc (43)

EQGen
where €gengace 1 the generator level efficiency defined as the number of 7 generated in
the specific sub-channel of interest that decay within the LHCb acceptance and pass the
generator level cuts, over the total number of generated events. The e, is the probability

that a 7 produced comes from the production channel of interest.

Table 4.4 and Table 4.5 show all the efficiency values for MC signal and background
samples of 2018, respectively. The values in the egeng ace column come from Official Sim09
Generator Statistics [35], while the £ge, values are estimated with private generator-level-

only productions, generating 1000 events. The ¢ 4.. values are calculated according to Eq.
(4.3).

4.4.2 Offline selection

A set of requirements is applied to MC simulations and Real Data samples to select the
signal. This process is called ”stripping”, and the collection of requirements is grouped
into a stripping line available for the entire collaboration. The particular stripping line
used in this study is labelled StrippingLFVTau2PhiMuLine and includes the criteria re-
ported in Table 4.6.

The following variables have been used in the stripping line:

e StdAllLooseMuons: True when the muon candidates left signals in at least three
muon stations.

e StdAllLooseKaons: If true, the kaon candidates are required to have DLL; > —5.0
(the DLL variable has been defined in Sec. 2.2.1).

e isLong: Checks if a track is a long track (defined in Sec. 2.2).

5Estimating all the efficiencies is a crucial aspect of this work and has required detailed analysis.
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Channel fr (%) eaENgAce (N0)  eapn (N)  €ace (Y0)
b—T1
MagDown 174+33 4804+0.02 309443 155+22
MagUp 174+33 4854+0.03 33.6+4.7 14.5£2.0
D, — v,
MagDown 69.1+53 13.94+0.05 94.7+30 14.7+0.5
MagUp 69.1+53 14.01+0.05 92.7+3.0 151+0.5
b— D, — v,
MagDown 9.8+2.1 1.61£0.01 136+17 11.9+1.5
MagUp 9.8 +2.1 1.60£0.01 11.3+15 142+19
D — 1y,
MagDown 3.5+1.0 14.41+0.07 96.8+3.0 149+0.5
MagUp 35110 1434+006 951+£3.0 151+0.5
b—D —Tv,
MagDown 0.2+0.1 1.39 £0.02 95+04 14.74+0.7
MagUp 0.2+0.1 1.39+£0.01 105+04 13.3+0.6

Table 4.4: Fraction of 7 — ¢ decays in 47 solid angle from a given production source
(fr, from Tab. 3.1) and corresponding detector acceptance efficiency (4..), as measured
in the 2018 MC samples. The meaning of all quantities is described in section 4.4.1. All
the uncertainties reported are binomial.
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Channel Cont eaeNgace (0)  eqen (%) ace (N0)

Dy — ouv

MagDown 0.88+£0.03 11.414+0.04 97.0£3.0 11.8+04
MagUp 0.88+£0.03 11.454+0.04 97.7+20 11.7+£0.2

b— Dy — ouv

MagDown 0.12£0.03 1.354+0.01 13.0£05 104+04
MagUp 0.12£0.03 1.34+0.01 135£05 99+04
D — om

MagDown 0.95+0.01 15.794+0.65 96.3+3.0 16.4+0.9
MagUp 0.95£0.01 15.054+0.62 954+3.0 15.8+£0.8

b— D — o

MagDown 0.06£0.01 1.33+0.18 87+04 154+22

MagUp 0.00£0.01 1.57+021 99404 159+22

Table 4.5: Contribution in 47 solid angle from a given production source (Conty,, from
Tabs. 4.16 and 4.17) and corresponding detector acceptance efficiency (€4..), as measured
in the 2018 MC samples. The meaning of all variables is described in the section 4.4.1.
All the uncertainties reported are binomial.

e my+x- and my,: Invariant mass of the KK~ pair and p¢ pair, respectively.
e my ppe and m, ppe: Mass of ¢(1020) and 7, respectively, as reported by the PDG.

o track x?/ndf (vertex x?): Chi-square of the fit to the given track (vertex). The
acronym "ndf” denotes the number of degrees of freedom.

e track ghost probability: It denotes the probability that a given track is reconstructed
as a clone of another track.

e x\?p: Defined as the increase of the x? of the primary vertex (PV) when the track
is added to the PV.

e PIDK: Defined in Sec. 2.2.1.
e 7y-c: Distance between PV and the secondary vertex (SV) in which the tau decays.

Additional particle identification requirements are applied to the muon candidate to
further suppress background events where the muon candidate is actually a pion or a
kaon. These requirements are reported in Table 4.7 and are not part of the stripping
selection. The variables are defined in Sec. 2.2.1. Figure 4.1 shows their distributions for
the main signal source, Dy — 7v, 7 — u¢, and for the D — ¢m background. The applied
cut is indicated by a black line.

The reconstruction efficiency is defined as the fraction of signal decays in the detector
acceptance that are successfully reconstructed, while the selection efficiency is the fraction
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Variable Applied to  Requirement
StdAllLooseKaons True
isLong True
track x?/ndf <3
track ghost probability K* < 0.3
Pr > 300 MeV /c
PIDK >0
Xip >9
StdAllLooseMuons True
pr > 300 MeV /c
track x?/ndf pE <3
track ghost probability < 0.3
Xip >9
|mg+x- — Mg PDG| < 30MeV/c?
vertex 2 o <25
minimal x4, from any PV >9
/M — M ppc| < 150 MeV /c?
vertex x?2 N <25
To: C ! > 50 pm
X7p < 100

Table 4.6: Stripping selection for the line StrippingLFVTau2PhiMuLine.

Variable Requirement
muminus_ProbNNmu > 0.5
muminus_ProbNNpi < 0.2

muminus_PIDK <0
muminus_PIDmu >0

Table 4.7: Additional requirements for the selection of the events.

of reconstructed signal decays that pass the stripping selection plus offline cuts (listed in
Table 4.6 and 4.7). Both efficiencies depend on the characteristics of the decay channel:
the number of particles in the final state, their kinematic distributions, the track recon-
struction and particle identification efficiencies, etc. The combined reconstruction and
selection efficiency is evaluated on simulated samples, considering only candidates in the
detector acceptance and summing on magnet polarities. The efficiency calculation uses
the number of generated events in the detector acceptance given by the LHCb simulation
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Figure 4.1: Plots of the variables listed in Table 4.7, where the black line represents the
required condition. All histograms are normalised to one (number of events) to show the
frequency probability in each bin.

software®. The resulting efficiencies are reported in Table 4.8.

4.4.3 'Trigger selection

As described in Sec. 2.1.8, the LO, HLT1 and HLT?2 triggers are composed of many ”lines”,
each designed to select a different type of process. In particular, TOS triggers are con-
sidered in this analysis”. The study of the performance of trigger lines is made on MC
simulation and has led to the selection of the most efficient ones, where the trigger effi-
ciency is defined as

. _ N(7 MC candidates triggering the line)
trigyline = N(All MC candidates)

(4.4)

6The efficiency calculation is based on the number of generated and accepted events in the MCDe-
cayTreeTuple/MCDecayTree (a particular LHCb algorithm that allows having the event information
before reconstruction and stripping).

7TOS stands for Trigger On Signal and it is discussed in Sec. 2.1.8.
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4.4. Signal selection and efficiency evaluation

Channel NOPecoyTuple Ny - peeser € Reesel| Ace (%)
b— 71,7 — uo
MC16 434424 43128 9.94+0.1
MC17 418407 43793 10.5£0.1
MC18 389084 40574 10.4£0.1
Dy = 1v., T = o
MC16 844057 90158 10.68 4+ 0.03
MC17 1724151 191911 11.13 £ 0.02
MC18 1805642 201076 11.14 £ 0.02
b— Dg— Tv., T — o
MC16 278463 40742 14.6 £0.1
MC17 262671 40224 15.3+£0.1
MC18 290966 44830 154+0.1
D= 1v., 7 — uo
MC16 110068 19570 178 £0.1
MC17 124131 23035 18.6 £0.1
MC18 152646 28461 18.7£0.1
b— D — T, T — ud

MC16 25742 4616 179+0.2
MC17 25792 4921 19.1£0.2
MC18 33906 6448 19.0£0.2

Table 4.8: Reconstruction and selection efficiencies for the signal channel, 7 — u¢, evalu-
ated on Monte Carlo simulated samples. N} SPT#!¢ is the number of generated events
in the detector acceptance, while N gccrecser is the number of events that are reconstructed

and pass the stripping selection plus offline cuts.
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Channel NS PevTOre Ny opeesel € Recset|Ace (%)
Dy — puv
MC16 2818109 23483 0.83 £ 0.01
MC17 2807236 24235 0.86 = 0.01
MC18 3179390 27681 0.87 £ 0.01
b— Dy — puv
MC16 476647 9152 1.92 +£0.02
MC17 401870 8047 2.00 £ 0.02
MC18 425143 8666 2.04 £0.02
D — ¢
MC16 956695 200 0.021 £ 0.001
MC17 927571 195 0.021 + 0.002
MC18 922279 197 0.021 + 0.002
b— D — ¢
MC16 924941 602 0.065 £ 0.003
MC17 920616 623 0.068 £ 0.003
MC18 923100 659 0.071 £ 0.003

Table 4.9: Reconstruction and selection efficiencies for the background channels evaluated
on Monte Carlo simulated samples. N'CPeev™ e ig the number of generated events in
the detector acceptance, while N g.crecser 1S the number of events that are reconstructed

and pass the stripping selection plus offline cuts.

where N(All MC candidates) is the number of all MC reconstructed and selected events
that have been triggered by any line or even none. The optimisation of the trigger selection
has been done in two stages:

e choice of the L0 selection;

e choice of the HIt1 and HIt2 lines given the LO requirement found in the previous
step.

The LO trigger lines efficiencies calculated using the Dy — 7v, 7 — pu¢ MC sample , that is
the main 7 production channel, are listed in Table 4.10 (summing on magnet polarities).
The results for the other MC samples are reported in appendix A.

It is concluded that LOMuonDecision is the most efficient line and therefore the events
are required to fulfil this trigger requirement.

The study of the HLT1 and HIt2 lines is done using events which are TOS in the
LOMuonDecision line. The HLT1 and HLT?2 efficiencies are listed in Table 4.11 and 4.12,
respectively, for the Dy — 7v, 7 — ¢ channel.

The H1t1PhiIncPhiDecision and H1t2PhiIncPhiDecision lines are chosen, and
their definition is reported in Tables 4.13 and 4.14.
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4.4. Signal selection and efficiency evaluation

Etrig (/0)
Trigger line name MC18 MC17 MC16
LOMuonDecision 277+0.1  327+£01 26.3£0.1

LOHadronDecision 9.3+0.1 12.3+0.1 10.24+0.1
LODiMuonDecision 5.00£0.04 7.14+£01 5.80£0.04
LOElectronDecision 3.63+0.03 5.10+0.04 5.13+0.04
LOPhotonDecision 1.26 £0.02 2.09+0.03 2.20+0.03

Table 4.10: LO Trigger efficiencies for the MC signal samples Dy, — 7v, 7 — ug¢.

Etrig (70)

Trigger line name MC18 MC17 MC16
Hlt1TwoTrackMVADecision 78.7+0.1 782+0.1 79.1+0.1
Hl1t1TwoTrackMVATightDecision 75.5+0.1 74.9+0.1 ——
H1t1TrackMVADecision 70.3£0.2 65602 71.2+£0.2
Hlt1TrackMuonDecision 73.1+£0.2 725+£0.1 73.6+£0.2
Hl1t1TrackMuonMVADecision 63.0+0.2 57.5+£0.2 64.5+0.2
Hlt1IncPhiDecision 46.2+ 0.2 4534+0.2 46.940.2
H1t1TrackMVATightDecision 447102 40.9+0.2 ——

Table 4.11: HLT1 Trigger efficiencies for for the MC signal samples Dy — 70,7 — u¢
(when the value is not present, the line is disabled).

It is worth to notice that while the chosen HLT2 line is the one with highest efficiency
among the HLT?2 lines, this is not the case for the chosen HLT1 line. However, for the
purpose of this analysis, the relevant values that enter directly into the estimation of the
upper limit of B(7 — p¢) are the combined efficiency of the three trigger lines. It is
interesting to observe that, for instance, the combination of the trigger lines:

LOMuonDecision & Hlti1TwoTrackMVADecision & H1t2PhilIncPhiDecision  (4.5)

has an efficiency value of (16.78 £0.05)% for the Dy — 7 MC sample that it is less than
(17.63 £ 0.05)% reached with H1t1IncPhiDecision, even if this last HLT1 line is less
efficient. This justifies why Hlt1IncPhiDecision is selected even if it is not the single
most efficient choice. The e7yiggecser Which enters Eq. 4.2 is then defined as:

N(MC events triggered by LOMuon & H1t1IncPhi & H1t2PhilIncPhi)
N (AIl MC events)

ETrig|RecSel =

(4.6)
The values of eryigrecser are collected in Table 4.15 (fourth column), where the MC
samples used for each channel are obtained summing over years. Figure 4.2 shows the
distributions of some variables considered in this analysis, obtained with the trigger re-
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Etrig (/0)

Trigger line name MC18 MC17 MC16
H1t2PhiIncPhiDecision 799+£02 788=£02 79.6+0.2
H1t2SingleMuonDecision 472+0.2 489402 469+0.3
H1t2EWSingleMuonLowPtDecision 8.7x0.1 7.6+0.1 8.8+ 0.1
H1t2SingleMuonLowPTDecision 8.7x0.1 7.6+0.1 8.8x£0.1
H1t2TopoMu2BodyDecision 44+0.1 3.9=£0.1 44+£0.1
H1t2Topo2BodyDecision 2.6+0.1 23+0.1 25+0.1
H1t2Topo3BodyDecision 29+£0.1 23+£0.1 26=£0.1
H1t2EWSingleMuonHighPtDecision 0.33£0.03 0.28£0.02 0.32+0.03
H1t2SingleMuonHighPTDecision 0.33+0.03 0.28£0.02 0.32=£0.03
H1t2TopoMuMu2BodyDecision 0.12£0.02 0.15£0.02 0.1740.02
H1t2DiMuonSoftDecision 0.03+0.01 0.05+0.01 0.04+0.01

Table 4.12: HLT2 Trigger efficiencies for for the MC signal samples Dy — 7v, 7 — uo.

Variable Applied to Requirement
pr > 800 MeV
PID . >0
Track x?/dof <5
X%P > 6
pr > 1800 MeV
Vertex 2 o < 20
|mK+r- — Mg ppc| < 20MeV /c?

Table 4.13: H1t1IncPhiDecision trigger requirements.

Variable Applied to  Requirement
pr P > 1000 MeV /c

Track x?/ndf <5
pr > 2000 MeV /c

X7p é >9

Vertex y? <20
|mpc+ k- — My DG < 20 MeV /c?

Table 4.14: H1t2PhiIncPhiDecision trigger requirements.

quirements discussed. The combination in (4.5) guarantees a ”good match” between the

shape of real data and MC samples.
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4.4. Signal selection and efficiency evaluation
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Figure 4.2: Plots of several physical variables. The distributions are normalised to their
integral in order to evaluate the matching between the shape of the Data-MC distributions.

4.4.4 Efficiency summary

Table 4.15 lists the acceptance efficiencies (second column), the reconstruction and se-
lection efficiencies (third column) and the trigger efficiencies (fourth column), averaged
over magnet polarities and years. The last column gives the product of the efficiencies
according to Eq. 4.2.
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Channel € Acc(%) € RecSel|Acc(%) ETrig|RecSel (%) Etot (%)
b— 1 150+ 1.5 10.28+0.03 16.24+0.1 0.25£0.03
Dy, — 1 1494+ 0.3 10.98 +£0.01 17.6 £ 0.1 0.29 +0.01
b— Dy —T1 13.0+£1.2 15.12+0.04 17.7+0.1 0.35 £ 0.03
D—T 15.0£0.3 18.33£0.06 17.3£0.1 0.47 £ 0.01
b—D—rT1 14.0+04 18.74+ 0.1 17.14+0.3 0.45 4+ 0.02

Dy — ouv 11.7+£0.2 0.85+0.01 13.6 £0.1 0.014 = 0.001

b— Ds— our 1024+0.2 1.99 +0.01 13.0£0.2 0.026 £ 0.001
D — ¢rm 16.1£0.6 0.021 £ 0.001 182+£1.6 0.0006 £ 0.0001
b—D —o¢r 156+1.6 0.068 =% 0.002 13.3£0.8 0.0014 £+ 0.0002

Table 4.15: Acceptance, Reconstruction&Selection, Trigger and total efficiencies for all
MC simulation samples.

4.5 Background characterisation

4.5.1 Physical backgrounds

The main physical background for the signal process 7 — u¢ is the Dy, — ouv, decay
(including prompt production and b hadron decays). This channel has the same final state
as the signal because the neutrino is not reconstructed, except for the mass (mp, ppe =
1968.35 4+ 0.07 MeV [26]). The branching fraction of Dy — ¢uv decay is (1.9 + 0.5)%,
and knowing its prompt production cross-section and bb cross-section, it is possible to
compute the contribution in 47 solid angle at 13 TeV. So

o0(Dy — ¢pv, ¢ — KK) = 0.2"V(D,) x B(Ds = ¢uv) x B(¢p — KK)
= (16.2 4 5.5) pb

where B(¢p — KTK~) = (49.2 + 0.5)% [26]. Similarly, starting from o™V (bb) and the
correct values of branching fraction for the b — D, decay, the final cross-section for the
process b — Dy — ouv,, is

o(b— Dy — ¢uv) = (2.3£0.7) ub

Table 4.16 collects the cross-section values and the fraction of each process, denoted as
Conty,, that contributed to this background in the 47 solid angle, calculated similar to
the production fraction in Eq. (3.7).

Another physical background® comes from the D — ¢m process when the pion in the

8 Actually, this channel is not a real background contribution because the left tail of this peaking
component in 7 mass distribution - [1600, 1950] MeV - contributes negligibly to the background in the
blinded signal region. However, it is labelled as a background contribution because it has the same final
state as the signal when the pion is misidentified as a muon.
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4.5. Background characterisation

Channel cross-section, o Conty,

D, — ¢pv (162455 pb  0.88 4 0.03
b— D, — ¢ (234+0.7)pb  0.12 % 0.03

Table 4.16: Summary of Dy — ¢uv, ¢ — KTK ™ cross sections at 1/s = 13 TeV and their
relative contribution in the 47 solid angle.

final state is misidentified as a muon. This process has a branching fraction of (2.69700%) x
1073 [26] and using the value of o(D)}3™V and o (bb);2 ™V it is possible to compute the
cross-section and the Conty,, listed in Table 4.17. The leading-order Feynman diagrams for
the two background channels are reported in Fig. 4.3 and their invariant mass distribution
in Fig. 4.4a and 4.4b, compared with the signal MC distribution in Fig. 4.4c.

Channel cross-section, o Conty,

D — ¢rm (109+1.1)pb  0.95+0.01
b— D — ¢m (0.60+0.08)pb  0.05 £ 0.01

Table 4.17: Summary of D — ¢, ¢ — KK cross sections at /s = 13TeV and their
contribution in the 47 solid angle.

Vu

w- p c - - 5
1,

w S

p— D_
c— < 5 a
D7 ¢ -

S > s d > d }W

Figure 4.3: Leading-order Feynman diagrams for the Dy — ¢uv,, decay (left) and the for
D — ¢r decay (right).

4.5.2 Combinatorial background
Two contributions are included in this background category:

e background with a fake ¢ made from the erroneous combination of two random
oppositely-charged kaons

e combinatorial background composed of a genuine ¢ combined with a random muon.

Figure 4.5 shows that the ¢ candidates selected in the stripping of real data have low
background contamination from fake ¢, and the combinatorial component is visible as
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Figure 4.4: Mass spectra of 7 candidates from the Dy, — ¢uv (a) and D — ¢ (b)
MC background samples and from the Dy, — 7v,7 — pu¢ (c) MC signal sample. The
distributions are obtained with the events that are reconstructed, selected and triggered.
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4.5. Background characterisation

the dominant contribution only in the sidebands (the Hlt1IncPhiDecision and

H1t2PhiIncPhiDecision trigger requirements significantly reduce this background).
Therefore, the main sources of background in the 7 mass spectrum come from decays

which contain a genuine ¢ and not from random combinations of kaons in the same event.
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Figure 4.5: Invariant mass of the reconstructed ¢ meson (kaon pairs) in real data sample
(MagDown polarity, 2018). The plotted events are selected and triggered as explained in
Sec. 4.4.
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5 Signal extraction and limit setting
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5.1 Signal model

The simulated sample D, — 7v, described in Section 4.3, is used to derive the expected
mass shape for the signal. Since the 7 lepton has a lifetime of (290.3 £ 0.5) x 1075,
the core of the distribution is expected to be Gaussian, but the tails could go to zero
more slowly than a Gaussian. In addition, the shape is expected symmetric and thus
a double-sided symmetric Crystal Ball (DSCB) function is chosen to describe the signal
distribution. The DSCB function is defined as:

ez if —aow <t < anigh
a2OW -n .
R N
2
%high i -n .
e~ 3 [%%h <a}:’gh — Qpigh + t)] if t > Qhigh
where t = (v — pep)/ocp, N is a normalisation parameter, pcp is the peak of the

Gaussian distribution, ocp represents the width of the Gaussian part of the function,
Qow (Qhign) parameterise the mass value where the distribution of the invariant mass
becomes a power-law function on the low-mass (high-mass) side, with n the exponent of
this function®. A binned maximum likelihood fit is performed on the simulated sample
as shown in Figure 5.1.

5.2 Normalisation

To estimate the signal branching fraction for 7 — p¢, with ¢ — KK ~, we normalise the
number of observed signal events to the number of events in the Dy — ¢ur normalisation
channel using:

Nyig " Y e, (Onorm(ch) X €popm(ch.)) " 1
Nrorm Zch. (Usig(Ch') X gsig(Ch'» B<¢ - K+K—) .

B(T — po) = (5.2)

1The function is implemented into the ROOT framework in the TF1 class.
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Figure 5.1: Mass spectrum of 7 candidates from Dy — 7v,7 — u¢ MC sample fitted with
a double-sided symmetric Crystal Ball function.

The sums are over the signal channels

D (0uig(ch.) X gg(ch.)) = 04ig(Dy = T) X £459(Dy — 7)
ch.
+ 05ig(b = Dy — T) X €4i9(b = Ds — 7)
+ 05ig(D — T) X €4ig(Ds — 7) (5-3)
+ Usig(
(

b—D —=7T)Xegb—D—7)
+ 0sig(b = T) X €5i9(b — 7)
and over the two processes that contribute to the normalisation channel

Z(Unorm(Ch-> X 5norm(Ch->> = Unorm(Ds — Qb,U/V) X 5norm(Ds — (b,U/V)
ch. (54)

+ Cnorm(b = Ds — duv) X €popm(b — Dy — ouv) ,

where €4, and €,,m are the total efficiencies for each channel reported in Table 4.15.
Instead, 0y and oy, are listed in Table 3.1 and 4.16, respectively.

The normalisation yield, N, ,mm, that is the number of Dy — ¢uv decays is extracted
from a fit to the 7 mass distribution of the Real Data sample?, corresponding to an
integrated luminosity® of 0.6fb™'. To perform the complete fit, where complete means

21t goes without saying that events are reconstructed and selected.

3This phase of the analysis is done not using all available data of Run 2. The reason is that the
entire toy simulations and the stripping of the Real Data samples have required a considerable amount of
computing resources. Therefore, the expected upper limit is first quoted on the sample directly involved
and then extended to ~ 6fb™ ", see the result in (5.8) and (6.6). Given the high number of events in the
analysed sample, it is reasonable to assume that the result is predictive for the whole sample; thus, the
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Figure 5.2: Fit to the invariant mass distribution of Dy — ¢uv events (a) and D — ¢
events (b). The blue line is the fitted function, a Chebyshev polynomial of the third order
(a) and a Crystal Ball (b).

that the fit is performed in a 7 mass window greater than the blinded region, the shape
of the different components of the fit function is taken from MC.

Firstly, the shape of the invariant mass spectrum of the D, — ¢ur background is
taken from a fit to the mass distribution in the MC sample (summing the b and ” prompt”
contributions). The fit function is a Chebyshev 37 polynomial and a binned maximum-
likelihood fit is performed, shown in Figure 5.2a. Another fit is performed on the D — ¢
MC sample, where the D — ¢n distribution is modelled with a Crystal Ball function
defined as

_(m—f)2> for 2=% > _
CB(x;a,n,z,0) = N - exp( 207 _’n o T “ (5.5)
A-(B-=2)", for =< a

2 lof
results of the fit is reported in Figure 5.2b.

The complete fit on real data is performed with the hypothesis that the combinatoric
background is parameterised by a polynomial of the first degree, p(z) = Neomp(1 + p1).
The parameter p; is floating in this phase. Therefore, the 7 mass distribution is modelled
with the sum of

where A = (%)n-exp (—ﬁ» B = —|al and Z = mp+ (with RooFit class [36]). The

e the Chebyshev 3" polynomial, Cheb(x) = Np_ (1+c¢;Ty(x) +coTo(x) +c3T3(x)) with
c1, Ca, c3 locked at the parameters extracted from the best fit to the MC

e the Crystal Ball function, describing the D — ¢m component, with only o and mp+
floating, while the other parameters are locked at the fitted values.

e the linear polynomial p(x) for the combinatorial background component, with p;
floating.

repetition of the analysis on all data samples would not lead to a change in the final result.
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Figure 5.3: Fit to the invariant mass distribution of 7 candidates (LHCb Real Data). The
blue line is the fitted function, the orange line is the D, — ¢ur background, the red line
is the D — ¢7 contribution and the purple line is the combinatorial background.

The result of the fit to Real Data events is shown in Fig. 5.3. The normalisation yield
Noorm = Np, = (134.2 4+ 0.2) x 10*

has been found, where the quoted uncertainty is what is returned by the fit.

5.3 Expected upper limit

The expected upper limit in the absence of a signal can be inferred using toy MC-generated
samples. Several toy MC samples are generated to simulate the expected background in
the blinded mass region, using the probability density function (pdf) extracted from the
fit on data. The generator provided by the RooFit package is used, and an example of a
simulated dataset is shown in Fig. 5.4. The mass region [1740, 1820] MeV is chosen larger
than the blind region to evaluate the correctness of the simulation in the overlap regions.
These toy datasets are then fitted with the sum of the signal and background PDFs:

f(x) = Ngg - Gaus(x; m,, 0,) + Ny - Cheb(z; ¢1, ¢2) (5.6)

where the signal is assumed Gaussian. The parameter m, and o, are fixed from the MC
signal study (as discussed in Sec. 5.1) at m, = 1777 MeV and o, = 4.5MeV. A sampling
of a few such fits is shown in Figure 5.5.

The distribution of the signal yield extracted from the fit, Ny;,, and its uncertainty,
0(Nsig), are shown in Figure 5.6. The N, are Gaussian-distributed with a mean com-
patible with zero and a standard deviation of ~ 320. In addition, the o(Ny;,) distribution
confirms that the error associated with Ng;, in each toy fit can be correctly interpreted as
the standard deviation of a Gaussian distribution.
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5.8. Ezxpected upper limit
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Figure 5.4: An example of generated toy dataset superimposed to the real data.
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Figure 5.5: Examples of fits to toy data.

To estimate a 90% CL upper limit, Eq. 5.2 is rewritten as

B(r — u¢) <

1 X Zch. (O-no’/‘m(Ch) X 5norm<Ch-)) Ngig + 1.640

Nrorm Zch. (0sig(ch.) X €5ig(ch.)) B(¢p — KTK~)

(5.7)
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Figure 5.6: Distribution of the fitted values of the number of signal events (left) and their
uncertainties (right) from 1000 toy fits.

where o is set to 322 from the Gaussian fit in Figure 5.6. Starting with the N, extracted
from each toy fit, the distribution of the branching fraction ULs is calculated with Eq.(5.7),
and reported in Figure 5.7. The median is computed as estimator* for the UL on B(1 —
p@). Therefore, the expected upper limit at 90% CL can be estimated as

B(t — pg) < 4.7x 107 @ 90% CL with £~ 0.6fb™". (5.8)

Since the limit scales® as £7/2, in the full Run 2 dataset, £ ~ 6fb™ ', the expected limit
is

B(t — po) < 1.5 x 107 @ 90% CL . (5.9)

5.4 Cross-check of normalisation

The normalisation yield Np_, used in various steps of the analysis, is extracted from the
best fit reported in Figure 5.3. To check this value and to validate the full procedure, it is
possible to compute the expected number of D, meson in ~ 0.6 b~ using the knowledge
of the Dy production cross section and the total efficiency e4,;. In formula

Np? =[o(Ds = ¢ppuv) X 4o1(Ds — dpv)

+0(b— Dy = Quv) X gi1(b = Dy — Quv)] x L (5.10)

where ¢ — KK~ is always considered. The values in input of the Eq. 5.10 can be found
in Table 5.1.
The results are
NP = (174.0 £ 51.6) x 10*

4 Also called sensitivity.
5This is justified by the fact that the signal is dominated by the background which is > 1 around the
T mass.

o8



5.4. Cross-check of normalisation
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Figure 5.7: Branching fraction ULs distribution of 7 — pu¢ decay. Equation (5.7) also
admits negative values set to zero to not affect the median.

Quantities
L = (0.62 £ 0.06) fb™*
o(Ds — puv) = (16.2 £5.5) ub
Etot(Ds — ) = (0.014 £ 0.001)%
o(b— Dy — ¢puv) = (2.3£0.7)pb
Eror(b = Dy — ¢ur) = (0.026 + 0.001)%

Table 5.1: Quantities used to calculate the Np, expected value.

that is compatible within 1o with the value
Noorm = Np, = (134.24+0.2) x 10* (5.11)

extracted from the fit and used as normalisation yield.
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6 Signal-Background discrimination
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6.1 Development of a multivariate classifier

Motivated by the fact that the expected upper limit quoted in Eq. (6.6) is about 18 times
larger than the current limit set by Belle, it makes sense to develop a multivariate classifier
exploiting the residual differences in kinematic and geometrical properties between the
signal and the main background Dy — ¢uv to improve their separation. Due to their
similarity, only very few variables provide separation power. Among them, a difference is
expected in the distribution of the impact parameter. In addition, angular variables have
been used to search for differences also in the angular distributions between ¢u candidates
from a 7 and from a D,. A sketch of these variables is reported in Fig. 6.1.

The multivariate technique allows to exploit the little signal/background separation
offered individually by the input variables, including their correlations, providing a new
variable with significantly increased discrimination power.

(¢) a angle variable

Figure 6.1: Sketch of the angular variables used in the analysis.
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Chapter 6 | Signal-Background discrimination

The multivariate classifier has been developed using the TMVA toolkit in the ROOT
framework [37].

Three multivariate classifier algorithms have been tested and compared: a boosted
decision tree (BDT), a BDT with decorrelated variables (BDTD) and a k-nearest neigh-
bours algorithm (KNN). The variables used as input to the models are listed in Table 6.1
and their distributions in the signal and background samples are compared in Figure 6.2.

Each classifier has been trained using as signal sample the 7 — u¢ Monte Carlo events
passing the offline selections and as background sample the selected real data events in the
7 mass sidebands [1730, 1760] MeV and [1800, 1830] MeV. The use of the data sidebands,
as opposed to the MC Dy — ¢uv events, is justified by the fact that the data also contain
the combinatorial background and by construction they give a faithful representation
of the background we want to suppress. The signal sample is obtained by combining
together the five signal channels and weighting each one to have the expected fraction in
real data. The weights are calculated using the f, values in Table 3.1, the acceptances
in Table 4.4 (by averaging over the magnet polarities), the efficiencies from Table 4.8
(by averaging over the years) and the efficiency of the combination of all selected trigger
lines. The ROC curve and the output of the classifiers for the signal and background test
samples are shown in Figure 6.3. The ROC curve! gives the background rejection rate as
a function of the signal efficiency. In view of these results, the BDT classifier is chosen.

6.1.1 Cross-check on the BDT classifier

After selecting the BDT classifier, some tests have been conducted on the Monte Carlo
sample and Real Data sample. The output of the BDT classifier applied to the MC
Dy — ¢uv sample is shown in Fig. 6.4 (left) together with the signal and data training
samples. As expected, the BDT response is compatible with the background expectation.
It is still necessary to observe that the MC sample appears slightly more ”signal-like”
compared to the background test sample (that comes from Real Data). This could be due
to the MC-data differences that are been neglected in this work or due to the presence of
the combinatorial background that could lead to considering the Dy — ¢ur MC events
slightly more ”signal-like”. In fact, it is expected that MC events have x? of the ¢ + u
vertex less than the combinatorial component of the real data background.

As a further test, all the Real Data blind sample is used, and the output of BDT is
shown in Figure 6.4 (right) and the expected compatibility is observed.

Another test carried out on simulated Dy — ¢ur data concerned the possible depen-
dency of the 7 reconstructed mass on the BDT cut. No strong dependencies have been
observed for the three mass windows considered: [1600,1700] MeV, [1700, 1800] MeV and
[1800, 1900] MeV (see Figure 6.5).

1ROC stands for receiver operating characteristic curve.
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6.1. Development of a multivariate classifier

Variable Definition

phi_1020_M invariant mass of ¢ meson
phi 1020 _PT pr of ¢ meson

muminus _PT pr of u lepton

Kplus PT pr of KT meson
Kminus_PT pr of K1 meson

tauminus_IP_OWNPV
tauminus _IPCHI2_OWNPV
phi_1020_ORIVX_CHI2
phi_1020_IP_OWNPV
phi_1020_FD_OWNPV
tauminus_FD_OWNPV
tauminus_DIRA_OWNPV

muTauRF_Tau_angle

phiTauRF_Tau_angle

KminusPhiRF_phiTauRF_angle

KplusPhiRF_phiTauRF_angle

phi_mu_angle

muminus_Eta

Impact parameter of the 7 candidate

x? of impact parameter of the 7 candidate

x? of T reconstruct vertex

Impact parameter of the ¢ meson

Flight distance of ¢ particle wrt. the PV

Flight distance of 7 candidate wrt. the PV

Direction angle wrt. of 7 candidate wrt. the PV
Cosine of the angle between the p in the 7 rest frame
and the 7 flight direction in LAB (see Fig.6.1a)

Cosine of the angle between the ¢ in the 7 rest frame
and the 7 flight direction in LAB (see Fig.6.1b)

Cosine of the angle between the K~ in the ¢ rest
frame and the ¢ flight direction in the 7 rest frame
(see Fig.6.1c)

Cosine of the angle between the Kt in the ¢ rest
frame and the ¢ flight direction in the 7 rest frame
(see Fig.6.1c)

Angle between ¢ and p in LAB frame
Pseudorapidity of 1 in LAB frame

Table 6.1: Variables used as an input of the MVA classifiers.
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6.1. Development of a multivariate classifier
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6.2. Choice of the working point

where ¢; and b; are the signal efficiency and background in an individual bin 7 of the 7
mass histogram. In this analysis, it is possible to assume the case of a Gaussian signal
superimposed over a slowly varying background (in the signal region, i.e. the interest
region) and, under these hypotheses, it is possible to prove that the Eq. (6.1) can be
simplified as

Esignal (t)
FoM(t) ~ — 2~
a/2++/B(t)
where the €4;nq(t) is the signal efficiency at a given BDT cut ¢, a is set to 3 in this case,
and B(t) is the expected number of background events falling within a ~ 2.660 window
around the 7 PDG mass. The following steps are implemented:

(6.2)

® cggnal is evaluated as a function of the cut on the BDT output reported in Figure 6.3
(the signal test sample distribution). This scan is shown in Fig. 6.6.

e An extensive study of the 7 invariant mass as a function of the BDT cut is made.
For a given value of the BDT cut, the 7 mass distribution is plotted and a binned
maximum likelihood fit is performed to estimate the number of background events in
the 2.660 window around the m.. Several examples plots are presented in Figure 6.8.

In detail, firstly, a fit is performed into a mass window of [1700, 1840] MeV with a
Chebyshev 2"? polynomial as fit function, and then the number of background events
in 2.660 is estimated by extrapolating the background shape into the blinded region
with the PDF found before. All these steps are developed with the tools of the
RooFit package into the ROOT framework [36].

e Finally, Punzi’s FoM is computed and the maximum is found at BDT cut equals to
—0.05, as shown in Fig. 6.7. The correspondent signal efficiency is €gigna =~ 0.72.

Signal Efficiency

0.8

0.6

0.4

0.2

ol 1
0.6
BDT cut

Figure 6.6: Signal efficiency vs BDT cut.
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Figure 6.7: Punzi’s FoM curve vs BDT cut. The maximum is achieved at —0.05.

6.3 Expected upper limit after the classifier cut

A procedure similar to that presented in Section 5.3 is developed to quote an expected
upper limit in the absence of the signal using the result of the optimisation strategy on
the output of the BDT classifier.

First, two fits are performed on the D, — ¢ur and D — ¢ MC samples with the
BDT cut applied to extrapolate the background shape to be used in the fit to Real Data
sample filtrated with the BDT cut > —0.05 condition. The functions used to describe the
¢p mass distribution are a third-order Chebyshev polynomial and a single-side Crystal
Ball for Dy — ¢uv and D — ¢m, respectively. The results of these fits are illustrated in
Figure 6.9.

Once the m(¢u) PDFs of Dy — ¢ur and D — ¢ have been determined, the complete
fit has been made on the Real Data sample (where the cut BDT > —0.05 requirement is
applied) with the same complete function as used in Sec. 5.2

Np, fp,(x;c1,¢2,¢3) + Np+ fp+(x;00,n, mp+, 0) + Nigg forg (23 1) (6.3)

where Np, is the fitted number of Dy — ¢ur background events, fp, is the normalised
distribution of the background events, Np+ is the fitted number of D — ¢ decays, fp+
is the normalised invariant mass distribution for D component, Ny, is the number of
combinatorial background and, finally, fy, is a linear polynomial. Figure 6.10 shows the
7 invariant mass distribution with the best fit function, the single components of the
Eq. (6.3), and the values of best-fit parameters.

The PDF extracted from the complete fit is used to generate 1000 toy datasets into
the blinded region, as explained in Sec. 5.3. Each toy dataset is fitted with the function
defined in Eq. (5.6) and the fitted number of signal events, as well as their uncertainties,
are saved. The distribution of the number of signal events obtained from the fits is shown
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Figure 6.8: Several 7 mass distributions obtained with different BDT cuts. For each mass
distribution is reported the correlated best fit.
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Figure 6.10: Fit to the invariant mass distribution of 7 candidates (LHCb Real Data with
cut BDT at -0.05). The blue line is the fitted function, the orange is the Dy — ¢uv
background, the red is the D — ¢7 contribution and the purple line is the combinatorial
background.

in Figure 6.11.

The distribution in Fig. 6.11 (left) shows that the observed signal, as expected, is
compatible with zero and is Gaussian-distributed. In addition, Fig. 6.11 (right) checks
that the error associated with the signal in the fit can be correctly interpreted as the
standard deviation of a Gaussian distribution obtained by repeating the fit over different
datasets. The relative B(7 — p¢) ULs distribution is reported in Figure 6.12 and the
median is computed. In this case, Eq. (5.7) is modified with an additional factor to take
into account the BDT signal efficiency, eppr iy =~ 0.72. In formula,

1 Zch. (OTLOTW (Ch) : 5n0rm(Ch-)) st‘g + 1.640

B(T - M¢) = Nnorm Zch. (Usig(Ch'> : 5sig(Ch')) . B(gb - K+K—) " EBDT,sig

(6.4)
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Figure 6.11: Distribution of the fitted number of signal events over 1000 toys fits (left)
and their uncertainties (right).

Therefore, after the optimization procedure, the new expected upper limit is
B(t — pu¢) < 3.5x 107 @ 90% CL with £ ~ 0.6fb™" (6.5)
and for full Run 2 dataset, £ ~ 6fb~ !, the limit is

B(t — u¢) < 1.1 x 107% @ 90% CL (6.6)
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Figure 6.12: Branching fraction distribution of 7 — u¢ decay.

6.4 Systematic uncertainties

Several systematic uncertainties will need to be accounted for when extracting the actual
value of the measurement. A list of possible sources of systematic uncertainties is given
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in the following:

e The uncertainty on the branching fraction of the normalisation mode. The PDG
quotes B(Ds — ¢uv) = (1.9+0.5)%, thus the Dy — ¢uv yield prediction is affected
by an uncertainty of about 26%.

e The shape of the combinatorial background. See Sec. 6.4.1 for a more detailed
treatment of this effect.

e The knowledge of the relative production cross sections for the signal and normalisa-
tion channels. In particular, the cross section of the main signal production process,
i.e. 03TV (D), is affected by an uncertainty of ~ 22%. However, this contribution

is largely cancel out in the estimation of the UL.

e Partially reconstructed decays other than Dy — ¢uv are ignored in the normalisa-
tion counting, such as D, — ¢p, p — 77’ and D — ¢’ with 7 — uv. However,
their contribution is expected to be very small in the signal region, because the pres-
ence of one or more unreconstructed pion in the final state yields a reconstructed
myg, mass distributed in the lower spectrum region?.

e The Data/MC differences in the calculation of the signal and normalisation efficien-
cies. However, biases in the efficiency estimates are expected to largely cancel out
in the €4ig/Enorm ratio.

e The Data/MC differences in signal and normalisation mass PDF. This effect can be
estimated (and corrected) using ad hoc data calibration samples.

e The systematic uncertainties associated to the normalisation can also be studied
using an alternative normalisation channel, such as D — ¢n. If integrated with
dedicated PID studies, the present work can implement this alternative.

6.4.1 Choice of the combinatorial background shape

A conservative method to quote the systematic uncertainty due to the choice of the shape
of the combinatorial background is presented in this section.

In Sec. 5.2 a complete fit on Real Data has been performed with the hypothesis that
the combinatorial background was linear, p(z) = N(14p;z). Using the same assumption,
the p; parameter is fixed and the complete fit is repeated in order to observe the impact of
this choice on the fitted Np, value. To fix the p; parameter three steps are implemented:

1. The trigger requirements are removed and the events that populate the sidebands re-
gion in the ¢ invariant mass distribution, m, € [990, 1000] MeV or m,, € [1048, 1050] MeV,
are selected. In this new sample, the combinatorial component dominates the
Dy — ¢ur component.

2 A detailed evaluation can be done with ad hoc Monte Carlo simulations.
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2. The 7 invariant mass for these events is plotted, see Figure 6.13, and a linear fit
is performed in the region [1630,1760] MeV (the visible peak is due to D — KK
events that populate the ¢ sidebands).

3. The complete fit is performed with the p; parameter fixed at the value —0.175 found
in the fit of point 2).

The resulting normalisation yield is
Np, = (116.7 + 0.4) x 10*

to be compared with the one found in Section 5.2 equal to (134.2 £ 0.2) x 10%. The two
values differ by about 13% and this difference can be taken as the systematic uncertainty
due to the shape of the combinatorial background. Therefore, this systematic uncertainty
is greater than the statistical one associated with the fit.

LHCDb Real Data

Events / (5 MeV)

¢

N, = 32040 +-4
p, =-0.175 +/- 0.002

100

llIIIIIIlIIIIIIIII|IIIIIIIII|IIII]IIII|

Doowe— | 1+ 11 | 1111 | ggegeeee——1 1| 111 1|1 ggee
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m(t) (MeV)

Figure 6.13: 7 invariant mass for events that have a reconstructed ¢ meson with mass
my € [990,1000] MeV or m, € [1048, 1050] MeV.
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LHCb Real Data
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Figure 6.14: Fit to the invariant mass distribution of 7 candidates. The blue line is the
fitted function, the orange line is the Dy — ¢ur background, the red line is the D — ¢
contribution and the purple line is the combinatorial background with p; fixed at —0.175.
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7 Conclusion

In this thesis the sensitivity of the search for the lepton-flavour violating decay 7 — u¢
at the LHCDb experiment has been studied. The work is based on the data collected by
the LHCb detector in the years 2016, 2017 and 2018, corresponding to an integrated
luminosity of about 6fb".

The 7 — u¢ decay has been previously searched at the eTe™ B-factories but not at
the LHCDb experiment or at any hadron colliders. Therefore, the results of this study,
although preliminary, give first indications about the present and future reach of this
search in the hadronic environment of the LHC.

The analysis strategy to select the signal and identify the normalisation channel has
been developed. A significant part of this work was devoted to the suppression of the
dominant Dy — ¢uv background, which has the same final state as the signal except
for the unreconstructed neutrino. This background, negligible at the ete~ B-factories,
represents the main limiting factor to the sensitivity of the measurement. Nonetheless,
the use of multivariate classification techniques investigated in this work has proved to be
effective in reducing it. The optimal cut on the multivariate classifier output was chosen
based on a figure of merit which allowed to maximise the chance of discovery and the
tightness of the upper limit at the same time, applied here to a non-counting experiment
for the first time. The median of the expected BF upper limit in the 6 fb~' Run 2 dataset
is found to be

B(t — po) < 1.1 x 107 @ 90% CL

While this is less stringent than the current existing limit (about 13 times larger than
the current best limit set by the Belle experiment), it shows that this measurement,
albeit challenging, is not too far out of the reach of hadron colliders thanks to the large 7
production cross section. It may become interesting with the future larger LHCDb datasets
and improved trigger selection.
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A LO trigger lines efficiencies

The following tables collected all L0 trigger lines efficiencies for MC signal and background

samples.
Etrig (70)

Trigger line name MC18 MC17 MC16
LOMuonDecision 35.3+0.2 424+0.2 34.4+0.2
LOHadronDecision 194+01 249+£02 21.9£0.2
LODiMuonDecision 10.14+0.1 14.14+0.1 12.240.1
LOElectronDecision 9.54+0.1 12.6+0.1 13.5£0.1
LOPhotonDecision 3.1£01 49+£01 54+£0.1

Table A.1: LO Trigger efficiencies for the MC signal samples b — Dy — 7v, 7 — uo.

Etrig (Y0)
Trigger line name MC18 MC17 MC16
LOMuonDecision 33.6£0.2 40.7+£0.2 32.7+£0.2
LOHadronDecision 19.04+0.1 245401 21.840.1
LODiMuonDecision 92+01 133+0.1 11.3+0.1
LOElectronDecision 894+0.1 11.9+£0.1 124+0.1
LOPhotonDecision 29401 48401 514£0.1

Table A.2: L0 Trigger efficiencies for the MC signal samples b — 7 — uo.

Etrig (%)
Trigger line name MC18 MC17 MC16
LOMuonDecision 34.1+0.2 41.1+£0.3 33.3+£0.3
LOHadronDecision 14.840.2 202402 17.3+£0.2
LODiMuonDecision 6.6+01 99402 874+0.2
LOElectronDecision 5.7+0.1 86401 91402
LOPhotonDecision 20+0.1 33+£01 35+0.1

Table A.3: LO Trigger efficiencies for the MC signal samples D — 7v, 7 — .
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gtrig (%)
Trigger line name MC18 MC17 MC16
LOMuonDecision 349+04 419+£0.5 339+£0.5

LOHadronDecision 197404 245405 222404
LODiMuonDecision 98403 144404 12.1+£0.3
LOElectronDecision 9.64+0.3 13.1+04 13.7+0.4
LOPhotonDecision 29+0.2 52402 49+0.2

Table A.4: L0 Trigger efficiencies for the MC signal samples b — D — 7v, 7 — .

Etrig (%)
Trigger line name MC18 MC17 MC16
LOMuonDecision 36.0£0.2 43.1+£0.2 351+£0.2

LOHadronDecision 164+0.2 221402 18.8+0.2
LODiMuonDecision 76+01 11.0£0.2 944+0.1
LOElectronDecision 6.34+0.1 9.04+0.1 9540.1
LOPhotonDecision 234+01 37401 39+0.1

Table A.5: L0 Trigger efficiencies for the MC background sample Dy — ¢puv.

5t7’ig (%)
Trigger line name MC18 MC17 MC16
LOMuonDecision 33.4+04 39604 32.3+0.3

LOHadronDecision 19.8+0.3 25.6+0.3 23.0+0.3
LODiMuonDecision 99402 148403 12.1+0.2
LOElectronDecision 99+0.2 13.3+£0.3 13.9+0.3
LOPhotonDecision 29401 54£02 58£0.2

Table A.6: L0 Trigger efficiencies for the MC background sample b — D; — ¢uv.

Etrig (70)
Trigger line name MC18 MC17 MC16
LOMuonDecision 15.34+08 1954+09 14.8+0.8

LOHadronDecision 155+£0.8 19.8+09 16.7+0.8
LODiMuonDecision 39+£04 55£05 51£0.5
LOElectronDecision 6.7£05 86406 8940.6
LOPhotonDecision 21+03 42+£04 3.7+£04

Table A.7: LO Trigger efficiencies for the MC background sample D — ¢m.
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Etrig (70)
Trigger line name MC18 MC17 MC16
LOMuonDecision 201 +0.6 241406 19.1£0.6
LOHadronDecision 179406 242406 20.0£0.6
LODiMuonDecision 58403 832+£04 71404
LOElectronDecision 87404 11.8+0.5 12.2+0.5
LOPhotonDecision 24+0.2 47+03 48+0.3

Table A.8: L0 Trigger efficiencies for the MC background sample b — D — o¢m.
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