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Abstract

There has been much excitement in the high energy physics community
in recent years. The discovery of the Higgs boson at CERN confirmed all
the predictions of the Standard Model, the theory that describes elemen-
tary particles and their interactions. Despite this tremendous success,
other experimental results have been observed that cannot be described
by the Standard Model. This inspires physicists around the world to
search for evidence of physics beyond the Standard Model. One poten-
tial manifestation of this would be discrepancies between experimental
results and theoretical predictions. This requires not only increasing the
precision of existing measurements by increasing the luminosity of ex-
isting experiments, but also designing new experiments that allow the
exploration of new physical phenomena that have not yet been detected.
The results of this work contribute to the various areas of the search for

_ NAfTTT,
INET NI

physics beyond the Standard Model. The presented R(A,)
analysis is devoted to the study of lepton flavour universality in A, de-
cays using data collected in 2016 from the LHCb experiment. Anomalous
deviations in semileptonic decays have been observed recently in several
measurements, and are known as flavour anomalies. The measurement
of the R(A,) ratio will help to solve this puzzle. The LHCb experiment
is currently undergoing a major upgrade to improve the sensitivity of all
measurements that contributed to the anomalies. The system for vali-

dation tests of readout chips for one of the detectors has been developed



2 Abstract

and the results of these tests are presented. Feasibility studies for a newly
proposed SHiP experiment are also presented in this work, which would
allow to open new regions for the search of new physics. The most dan-
gerous background for the experiment comes from neutrino interactions.
Its estimation and the possibilities of the experiment to suppress it are
demonstrated. The second most dangerous background is from muons.
The optimization of the magnetic system to eliminate this background is

presented.

Overall the work in this thesis has contributed to a broad spectrum of
how experimental particle physics is performed. The hope is that one of

these avenues will lead to a potential discovery.



Introduction

Each scientific question that physicists around the world try to answer
can be generalised into one, namely: “How do things work?’. For parti-
cle physicists, our desire is to know what the world is made of and what
holds it together. For many decades now we have our handbook of fun-
damental physics, known as Standard Model (SM) of particle physics,
which always seems provide satisfactory explanations for observations

at the sub-atomic scale.

Physicists have been searching for New Physics (NP) signatures beyond
the Standard Model in direct searches without success. The possibility
that NP might be absent might have arisen, if it weren’t for the clear
indications of phenomena which are not yet described by the SM. Such
observations include baryogenesis, leptogenesis, the existence of dark
matter, the fact that neutrinos have mass and oscillate from one type to

another [1].

Although direct searches at high energy haven’t yielded evidence for
TeV-scale new physics, indirect searches for particles which occur as vir-

tual contributions in SM processes can probe larger energy scales for NP.

In recent years, several discrepancies between experimental measure-
ments and SM predictions have arisen in indirect searches, known as
the flavour anomalies. These anomalies have been observed in decays
to different lepton flavours and have been seen by three different exper-

iments: Belle, BaBar and LHCb. Despite the obvious excitement of the



4 Introduction

potentially first signs of NP, we cannot yet claim any discovery as we
don’t have precise enough measurements to reject the Standard Model
at the 50 discovery threshold. This requires us to explore other processes

to provide independent measurements to help clarify the situation.

Another way to observe the potential NP discovery is to look at the re-
gions which have not been yet investigated. While there are several ex-
periments searching for NP in the high energy scale, the region of weakly
interacting particles hasn’t been yet fully covered. It motivates to con-
struct new experiments with the cleanest possible environment to be able

to observe weakly interacting particles.

The aim of this thesis was to study several different possible ways to dis-
cover new physics at collider and fixed-target experiments, analysing al-
ready collected data and developing new strategies and techniques that
may give us more answers. The first chapter will introduce the current
knowledge of the SM together with its inconsistencies, along with possi-
ble theoretical explanations. The second chapter will describe tests per-
formed of new readout chips for the Upstream Tracker (UT) to be used in
the upgrade of the LHCb experiment. The third chapter will show stud-
ies of the semitauonic decay A) — A/ T 7, with LHCb data that will
contribute to solving the R(D*) mystery. The fourth chapter presents a
new proposed experiment, SHiD, that can reveal new physics particles in

the weakly interacting region.



Chapter 1

Theoretical motivation

1.1 Standard Model of particle physics

The most successful theory that describes subatomic particles and their
interactions was developed in the early 1970s and is known as the Stan-
dard Model (SM) of particle physics [2]. Through the results from many
experiments, it was established as a well-tested physics theory, and seems

to be valid up to at least the Plank energy scale [3, 4].

According to the SM, matter and anti-matter are made of a set of elemen-
tary particles. These particles can be divided into two different classes,
called quarks and leptons. There are three groups for each class, so-
called generations. A generation is a set of one of each charge type of
quark and lepton. Each generation is heavier than the previous one. Be-
tween generations, particles differ by their mass and flavour quantum

number, but their electric and strong interactions are identical.

These particles interact between each other via four fundamental forces:
the strong force, the weak force, the electromagnetic force and the grav-
itational force (not included in the SM). The interaction between mat-

ter happens through the exchange of force-carrier particles, so-called
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bosons, where the strong force is carried by the gluon, the electromag-
netic one by the photon and the weak force is carried by the W* and Z°

bosons. A schematic representation of the SM is depicted in Figure 1.1.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
I Il Il
mass = =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 =124.97 GeV/c2
@ |- @ | @ . @ | H
up charm top gluon I higgs
=4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c? 0
. @ |- @ | @
down strange bottom photon I
=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 =91.19 GeV/c2?
. @ |I-@ I @ . &
electron muon tau Z boson I
<1.0 eV/c2 <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c2
i Ve fé Vu fé V1t il V\/l
neutrino ) | neutino ) | neutino | | W Poson

FIGURE 1.1: Representation of the Standard Model [5].

Mathematically, the SM is a quantum-field theory, which means that all
particles are described as expectations of quantum fields that are defined
at all points in spacetime. The SM is a gauge theory, i.e. its Lagrangian
is invariant under local gauge transformations. The gauge group of the
SM is

G =SU(3) xSU(2) x U(1),

where U(1) acts on the boson of weak hypercharge and the Higgs field,
SU(2) acts on the bosons of weak isospin and the Higgs field and SU(3)
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acts on the gluon field.

The Langrangian of the SM is made up of four different parts, each

named after scientists:

Lsym = ﬁyM +£WD+£JJU+£H/

Ly \ - the Yang-Mills part describes the low energy gauge groups of the

SM, SUj3 for colour, SU; for weak isospean, and U; for hypercharge;

Lyyp - the Weyl-Dirac part describes the fermion fields and their gauge

interactions;
Ly - the Yukawa part describes the Yukawa coupling;

L4, - the Higgs part describes the Higgs mechanism that gives mass to

the gauge bosons.

The masses and mixings of quarks arise from the Yukawa interactions

with the Higgs condensate,
dAl oy *
Ly = —Y{Quipdg; — YiiQried ug; + h.c.,

where Y*# are 3 x 3 complex matrices, ¢ is the Higgs field, i, j are gener-
ation labels, and € is the 2 x 2 antisymmetric tensor. Q! are left-handed
quark doublets, and dk, uk are right-handed down and up-type quark

singlets in the weak-eigenstate basis. When ¢ acquires a vacuum ex-

V@

The physical states are obtained by diagonalizing Y*“ by four unitray

pectation value, (¢) = (0, ), Ly yields mass terms for the quarks.

matrices, Vi‘,’ﬁ as Mi;-ag = V{YfoJr(v/\/ZZ)), f = u,d. As a result,

the charged-current W interactions couple to the physical u j and dp
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quarks with couplings given by

dL Vud Vius

e _ dt
V(2) (#L,CL b)Y W, Verm | sy | Fhe, Verm = VEVE = | Vg Vi
bL Via Vis

The Cabibbo-Kobayashi-Maskawa (CKM) matrix, Vcgp, is a 3 X 3 uni-
tary matrix [6]. The CKM matrix describes the probability of a transition

from one quark to another quark.

One of the features of the SM is that the three leptons (the electron, muon
and tau lepton) are identical apart from their different masses, mean-
ing that the electroweak gauge bosons couple with equal strength to
each generation of leptons. This attribute of the SM is known as Lep-

ton Flavour Universality (LFU).

1.2 Deviations from the Standard Model

Even though many predictions of the SM have been experimentally con-
firmed, there are some experimental observations which cannot be ex-

plained by the SM.
* The presence of neutrino masses:

There are three different types of neutrinos described in
the SM, which do not have mass according to it. Nev-
ertheless, it was found that neutrinos can oscillate and
change flavour, transforming from the one type to an-
other. This requires that neutrinos are not massless [7].
The neutrino mass term can be added to the SM, how-

ever it requires to have another heavier neutrino.

Vub
Vcb
Vip



1.2. Deviations from the Standard Model

¢ Dark matter:

The existence of dark matter was found in rotation curves
of galaxies similar to the Milky Way. The further an ob-
ject is from the centre, the slower it must travel in or-
bit. However, most of spiral galaxies show flat rotation
curves out, where no more stars are visible. Hence, the
gravitational mass is more than ten times more massive

than the luminous mass [8].
e Matter and antimatter difference:

According to current modelling, when the universe was
formed in the Big Bang, matter and antimatter would
have been produced in equal parts. Normally, when
matter and antimatter meet, they annihilate one another.
Nevertheless, now we exist in a world where matter
dominates over the antimatter. The CKM matrix ex-
plains less than 107 of the baryon asymmetry in the uni-

verse [9].
e Dark energy:

Most physics theories predicted that the expansion of
our universe should have started to decrease after the
Big Bang. However, experimental measurements have
shown that the expansion of the universe is accelerating
instead. The force responsible for this was named dark

energy [10].
* No gravity:

As was mentioned before, one out of four fundamen-

tal forces is the gravitational force. However, the SM
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doesn’t account for it. Gravity does not have any im-
pact on the subatomic interactions within the SM and is

not explained by the SM.

1.3 Flavour anomalies

Over the last few years, several discrepancies in B meson decays to dif-
tferent lepton flavours were observed by various experiments. This vio-
lation of LFU could indicate the existence of new particles which are not

included in the SM.

These discrepancies were observed in B — D*)lv decays by BaBar [11],
Belle [12] and LHCDb [13] experiments [14-19]. The central values of all
measurements are above the SM expectation for the lepton universality

ratio,
B(B — D™ v)

(1) —
R(D™) B(B — D& v)’

where ¢ = p,e and B denotes the corresponding branching fraction.
The SM prediction is determined using a combination of lattice quan-

tum chromodynamics (QCD) and experimental data [20].

The combination of experimental results and the most recent SM predic-
tions are depicted in Figure 1.2. The individual measurements are shown
as well, with measurements of R(D*) shown as horizontal bands and
measurements of both R(D) and R(D*) shown as ellipses. The world

average deviates from the SM prediction by 3 standard deviations.

An interesting feature of this discrepancy is that it arises from a combina-
tion of e"e~ and collider experiments. These experiments have different
experimental environment and hence different systematic uncertainties.
More details on the different R(D*)) measurements are given in Sec-

tion 3.1.1
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FIGURE 1.2: Measurements of the lepton universality ra-
tios R(D*) and R(D) for three experiments, the Belle,
BaBar and LHCb detectors [21].
The decay of the type b — clv, is called Flavour-Changing Charged-

Current (FCCC) transition and it can be described through an effective

Hamiltonian:
4-Grp

Hepr = W “Vep - Zcioi,

where
¢ Gr is Fermi constant.
* V., is the Cabbibo-Kobayashi-Maskawa (CKM) matrix element.

e (; are Wilson coefficients, which encode the short-distance interac-

tions associated to a particular operator, i.

* O, are operators containing the fields propagating over distances
larger than the one associated with the arbitrary renormalization
scale . All effects of strong interactions above the u scale are con-

tained in the Wilson coefficient.
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The production of the lepton pair goes via a W* boson exchange and
due to the insensitivity of leptons to the strong interaction it is possible
to factorise the amplitude into a leptonic and a hadronic parts. The form
factors are used to describe the hadronisation of quarks and gluons. The
difference in decay rates for the T lepton and e-y leptons is proportional
to the mass of the 7 lepton, therefore ratios of decays to different modes
will involve specific ratios of form factors. The difference between the
muon (electron) and tau invariant masses therefore explains the fact that
the SM predictions for R(D*) is not equal to 1. The larger tau mass leads
to a reduced phase-space available to the tauonic decay, and this decay

having a greater sensitivity to a helicity-suppressed form-factor [22].

Hints of violation of LFU have also been seen in the measurement of the

observables R(K) and R(K*):

B(B — KX utu~)

(%)) =
R(K™) B(B — K®ete™)

These observables are defined as the ratio of the branching fractions of B
mesons into K(*) mesons involving electron or muon pairs. The SM tells
us that this ratio must be equal to 1, while the LHCb result indicates a

deficit compared to the SM prediction.

The result for R(K) was presented only in the dilepton invariant mass
squared g% = [1.1,6] GeV?/c* [23-25], R(K*) has been measured in two
bins, ¢> = [0.045,1.1] GeV?/c*, and ¢> = [1.1,6] GeV?/c* [26]. The
deviations from the SM in the individual ratios are only at the level of
220 — 3.10, however the combined deviation, depending on how the

combination is performed, reaches up to 4c [27, 28].

The R(K)* observable represents a different class of decays in compari-

son to R(D*), namely Flavour-Changing Neutral-Current (FCNC), where



1.4. Hidden sector New Physics models 13

b hadron decays with a loop-level transition of the type b — s¢*¢~. In

this case, the effective Hamiltonian takes the form:

4.Gp
Hepr = — 7

-V Vis ) CiO;,
i

where two CKM matrix elements are involved due to the quark runnig
through the loop. These decays are suppressed compared to the more
frequent FCCC decays and provide an increased sensitivity to the possi-
ble existence of new physics. Sensitive probes of FCNC decays are ratios
of the branching fractions between final states with electrons and muons.
In contrast to FCCC decays, both lepton masses can be neglected over

most of the phase space.

1.4 Hidden sector New Physics models

The cause for SM failures can be that it does not yet include some new
particles, which can be heavy or do not interact directly with the SM sec-
tor. Particles that interact weakly are "hiding" from us, therefore, they
are called Hidden Sector (HS) particles. Nevertheless, they are poten-
tially accessible through light particles which are coupled to SM particles
via renormalisable interactions with small dimensionless coupling con-
stants, so called portals. Therefore, the SM Lagrangian can be extended

as follows:

L=Lsm+ LporTAc + Lus

According to their mathematical form renormalisable portals can be clas-
sified into vector, scalar, fermion portals and the pseudo-scalar axion-like

particle portal [29].
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1.4.1 Axion-like particles

Axion-like particles (ALPs) are pseudo nambu-goldstone bosons of spon-
taneously broken global symmetries in high-energy extensions of the
SM [30]. ALP can be non-thermal candidates for dark matter or media-
tors to a hidden sector. Axion-like particles are a generalisation of QCD

axions, but can differ in mass.

ALP are interesting, as they can mediate the interactions between the
dark sector and SM states and allow for additional annihilation channels
relevant for the thermal freeze-out of dark matter. The ALP can couple
to the SM via its coupling to two gauge bosons and through those to SM
fermions (pp — A+ X, A — 7). In this case, SM Lagrangian will be

extended to

1 1 1 -
L=Lspm+ anaaya — Emgaz — ngaFvaW,

where g;, denotes the photon-ALP coupling. ALPs are expected to be
produced in the proton elastic scattering on the nucleus. Relevant pro-
duction and decay mechanisms are shown in Figure 1.3. The decay of
ALP is possible via pair-production of gauge bosons, such as two pho-

tons, or of SM fermions, such as lepton-pair.

p

FIGURE 1.3: Feynman diagrams showing relevant ALP
production and decay [31].
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1.4.2 Vector portal

Another option to extend the SM with the HS is to introduce an addi-

tional U(1) gauge group to the SM [32]:
G =SU(3) xSU(2) x [U(1)]"

One way a new vector particle can couple to the SM is through kinetic
mixing € with the photon, so that none of the SM fields needs to be

charged under the new gauge groups.

The gauge boson of the new gauge group is called the dark photon and
denoted, as A’ with a new field strength tensor F’. In this case, the SM

Lagrangian will be extended to

2

1 m2,
L= Lom — g FuF™ + gFP’WFF“’ + LAY,

where A’ is a dark photon field.

Dark photons are expected to be produced in meson decay, proton and
parton bremsstrahlung through the production of high-energy virtual
photons. The decay of dark photons is possible via pair-production to
hidden-sector particles or to SM charged particles (i.e., lepton pairs). Rel-
evant production and decay mechanisms are shown in Figure 1.4. The
dark photon is also the perfect candidate for a light dark-matter media-

tor [33].

1.4.3 Scalar portal

Many NP models propose to extend the SM with another light scalar or
pseudoscalar particles [34-37], as the Higgs field is the simplest realisa-

tion of mass generation for gauge fields and fermions of the SM [38].
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FIGURE 1.4: Feynman diagrams for the dark photon pro-

duction and decay. The top left picture shows a pro-

duction through secondary meson decays, the top middle

through proton bremsstrahlung and top right through par-
ton bremsstrahlung [29].

The SM can be extended with a scalar portal by adding an additional
interaction term (H'H)S, where S is a new singlet scalar coupling to
the square of the Higgs field H. In this case, the SM Lagrangian will be

extended to
L=Lsm+ %aysaﬂs + (1S + a1S?) (HTH) + 1252 + 13583 + 1484,

A sample of dark matter models based on the Higgs portal can be in the
MeV-to-GeV range and interact only through their couplings with the
Higgs sector [35]. Scalars can be produced in B meson and kaon decays
and they can be detected by their decays into observable final states, such
asyy,ete”, utu~, mm, KK. Relevant production and decay mechanisms

are shown in Figure 1.5.
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FIGURE 1.5: Feynman diagrams for the scalar production
in meson decays [39] and its decay to a lepton pair [29].

1.4.4 Fermion portal

An example of the fermion portal is represented via the neutrino mini-
mal Standard Model. This theory predicts the existence of three heavy
neutral leptons (HNL) [40].

In this case, we extend the SM fermion sector by three right-handed (Ma-
jorana) leptons Nj, Np, N3, which makes the leptonic sector similar to the

quark sector. An extended SM is depicted in Figure 1.6.

The lightest singlet fermion N; mixes very weakly with the other leptons,
being sufficiently stable to be a dark matter candidate. The requirement
of Nj to be a dark matter candidate requires N, 3 to be nearly degenerate
in mass, which provides sufficient CP violation to explain the baryon

asymmetry in the Universe [41].

The tiny neutrino mass can be explained by mixing a small mass neu-
trino with a very heavy Majorana neutrino. The corresponding mass

matrix for the right-handed neutrino is
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FIGURE 1.6: Particle content of the SM and its minimal
extension in the neutrino sector [29].
where mp is the Dirac mass of electroweak scale, and m), is the Majo-
rana mass of the Grand Unified Theory (GUT) scale. From here we can
achieve two eigenvalues m, ~ m); and m, ~ %, where one solution
represents the observed neutrinos, while another one indicates the exis-
tence of a very heavy neutrino which still needs to be discovered. The

fact of this HNL being heavy explains the zero mass of SM neutrinos.

The typical value of the Dirac mass term is mp ~ Y1,v, where v is the

vacuum expectation value of the Higgs field and Y7, the Yukawa cou-
plings.

HNL can be produced in the weak decay of heavy mesons and decay to
SM particles. The mixing angles for them are small; therefore, HNL are
much longer-lived than weakly decaying SM particles of similar mass.

For the HNL masses below the charm threshold, the most relevant pro-

duction and decays mechanisms are shown in Fig 1.7.
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FIGURE 1.7: Feynman diagrams for the HNL production
and decay [29].

1.4.5 Lepton Flavour Violating portal

Neutrino oscillation is the first evidence of lepton flavour violation (LFV)
in the neutral sector. A consequence of this is the presence of neutrino
masses and the implication that lepton flavour might not be conserved
in the charged sector, either. Therefore, LFV in the charged sector would

be an unambiguous signal of physics beyond the Standard Model.

In the SM, charged LFV (CLFV) branching fractions are heavily sup-
pressed. However, in new physics scenarios, such as Z’, SO(10) super-
symmetric or Type-II Seesaw models with an extended Higgs sector, pre-
dicted branching fractions can be of the order of up to 10710 — 108 [42,
43], opening the possibility of observing such effects. Therefore, for in-
stance, observing T — 3u decays would provide immediate proof of

physics beyond the SM.

In the case of Type-III Seesaw model, the CLFV decay to three leptons
can occur at tree level while the radiative decays proceed only through

loops, which makes the trilepton decay the dominant one [43].
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1.5 Models explaining anomalies in semileptonic
B-decays

The LFU violation in b — s¢*¢~ and b — cfv, transitions can be ex-
plained via new physics in two ways: through general effective field
theory approach or through specific new physics models. Effective field
theory approach is a model-independent method where the values of
the short-distant Wilson coefficients are determined from data and com-
pared to the SM ones. In this way, various new physics scenarios can be

defined, as a contribution to Wilson coefficients C; = CiSM + CZ-N P r44)].

In case of the b — clv, transitions, most of the effective field theory anal-
yses assume to have new physics contributions only in the b — ctv de-
cays, as there was no signs of violation of LFU in electronic and muonic
decay states. The best scenario is left-handed contributions to vector and
axial operators, i.e. additional new physics contribution to the Wilson
coefficient of the SM operator Oy, = (¢, Prb)(Ty#PLv). Right-handed
currents is an alternative approach with having new physics contribu-
tions to Wilson coefficient Oy, = (¢, Prb)(Ty*Prv). But it cannot ex-
plain fully LFU violation due to constraints from the total lifetime of the
B. meson [45]. The constraint is derived from the requirement that the
rate of B, — Tv; should not exceed the fraction of the total width that is
allowed by the calculation of the lifetime [46]. The measurement of the
tauonic decay branching fraction of B, hasn’t been done due to inability
to reconstruct its decay vertex. However, it can be extracted from the
experimentally measured B, lifetime 7p.. Knowing that the total decay
width is inversely proportional to the particle lifetime (I'p, = TLBC) and
distributed among different modes in the following proportion:

¢ —sud @7 %),
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T— 507 (17 %),
b—uud(16 %),
b—clv(8%),
b—ccs (7 %)

only less than 5% of decays can be through the tauonic mode.

The LFU violation in the b — cfv, transition requires a new physics con-
tribution of O(10%) of the tree-level SM contribution. Therefore, new
particles added to the SM for explaining R(D(*)) anomaly cannot be
very heavy and must have sizeable coupling. The b — s¢* ¢~ transition
can be explained with a new physics contribution of ~ 25% of the loop
and a CKM-suppressed SM contribution. That means that new physics
should couple strongly to the third generation, moderately to the second
and almost do not couple to the first generation. At the same time, new
physics shouldn’t violating lepton flavour for process that have been al-

ready measured.

Most of the proposed models to explain flavour anomalies introduce a
new Lorentz-scalar or Lorentz-vector with the following transformation

properties under the SM gauge group [47]:
e SU(3)c: asinglet or a triplet;
e SU(2)r: a singlet or a doublet or a triplet;

One of the natural possibilities to extend the SM is a color-singlet, weak-
triplet vector field, i.e. a heavier replica of the W*,Z° bosons called W’
and Z’. Models with W’ gauge bosons always involve Z’ bosons due to
SU(2); gauge invariance, however the total decay width of Z' is required
to be very large to be consistent with existing 77~ resonance searches

at LHC [48].
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There are multiple models for colour-triplet scalars or vectors. Colour
triplets are known as leptoquarks (LQ), states coupled to a quark and a
lepton. Scalar leptoquarks can be a good explanation for both, FCCC and
FCNC, anomalies if right-handed neutrinos are involved in the model.

The vector leptoquark singlet gives a particularly good global fit to data.

Another type of models propose having heavy colourless scalars (charged
or neutral heavy Higgs-like bosons). An extended Higgs sector with a
charged Higgs is a good candidate because the coupling to the lepton
is proportional to the mass of the lepton. However, it is disfavoured by

constraints [45] from limits on the branching ratio of B, — tvy.

The Feyman diagrams of these transitions are depicted in Figure 1.8.

w' —
T
b / T
= LQ
~~ VT

FIGURE 1.8: Feynman diagrams for W’ (top left), charged
Higgs (top right) and leptoquark (bottom) contributions to
b — ctv [49].
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Chapter 2

Wafer testing of the SALT128
integrated circuit chip for the

LHCb upgrade

2.1 SALT128 -the new readout Silicon ASIC for

LHCb Tracking

2.1.1 The LHCb experiment and motivations for an up-

grade

The Large Hadron Collider Beauty (LHCb) [50, 51] experiment is one
of the four main experiments at the Large Hadron Collider (LHC). Al-
though, LHCb was initially designed to measure CP violation and rare
decays of b and ¢ flavoured hadrons with high precision, it has expanded
its programme to a wide range of particle physics topics. The LHCb ex-
periment benefits from the very large b and c flavoured hadrons produc-

tion cross sections at the LHC.

The LHCb detector is a single-arm forward spectrometer covering the

forward pseudorapidity region 2 < # < 5. The layout of the detector
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is shown in Figure 2.1. The right-handed coordinate system adopted
has the z-axis along the beam, and the y-axis along the vertical. The
LHCb detector consists of several specialised sub-detectors to measure
the properties and identify decay particles. The track reconstruction sys-
tem incorporates a vertex detector, called the Vertex Locator (VELO) that
is surrounding the collision region, and planar tracking stations. The
tracking stations include the Tracker Turicensis (TT) located upstream
of the dipole magnet, and three tracking stations (T1, T2, T3) located
downstream of the magnet. The purpose of the VELO is that it can lo-
cate precisely the collision point and decay vertices of b hadrons. This is
essential to separate the b-hadron decays from the prompt tracks and to
measure charm and beauty hadron lifetimes. The TT is followed by the
magnet whose used to determine the charge of the track and estimate its
momentum based on the curvature. The polarity of the magnet is reg-
ularly flipped during data-taking to reduce detection asymmetries. The
charged particle identification (PID) is performed by two Ring Imaging
Cherenkov detectors (RICH1 and RICH2), in addition to the informa-
tion from the calorimeters and the muon system. The calorimeter system
consists of an electromagnetic calorimeter (ECAL) with Preshower (PS)
and Scintillator Pad Detector (SPD) and a hadronic calorimeter (HCAL).
The calorimeters are used in the hardware trigger and for the reconstruc-
tion of photons and electrons. The HCAL is followed by the four muon
stations (M2,M3,M4,M5) of the muon system, while the first station is

located behind the ECAL.

The LHCb detector’s upgrade is needed to deal with higher rates for
Run 3 and Run 4 of the LHC, where Run 3 is expected to begin at the
start of March 2022. The upcoming upgrade aims to collect 50 fb~! in

Run 3 and Run 4 comparing to 9 fb~! of data that have been collected in
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Magnet RICH2 M1

FIGURE 2.1: Schematic view of the LHCb detector [50].

Run 1 and Run 2 [52].

This upgrade is strongly motivated by the need to increase the signal
yields in order to improve precision. The increase in data will allow to
probe NP not only within the field of flavour physics but also in other
physics topics for which the LHCb acceptance in the forward region is
particularly interesting [53]. The main goal of the upgrade is to run at
a higher luminosity while maintaining or increasing the efficiency of se-
lecting signal candidates. Here the original LHCb detector is potentially
limited by readout electronics and data acquisition architecture. This
major modification will involve the Data Acquisition (DAQ) that will
need to deal with a rate corresponding to the 40 MHz bunch-crossing
frequency, instead of 1 MHz which the case in Run 1 and Run 2 and the
trigger system which will be fully switched to a software. This necessi-
tates a complete replacement of all front-end electronics and those de-

tector components with embedded electronics, in particular the tracking
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sub-detector that will be completely re-built.

2.1.2 Overview of the LHCb upgrade

The main challenge for the LHCb upgrade is to introduce the read-out
system for all subdetectors that will be able to handle the bunch-crossing
rate of 40 MHz, while during the Run 2 rates were cut by the hardware
trigger to a level below 1.1 MHz [54]. Improved radiation hardness and
finer granularity of detectors is another crucial requirement to deal with
the higher density of charged particles. A schematic view of the up-
graded LHCb detector is shown in Fig. 2.2.

Side View ECAL HCAL

SciFi ~ RICH2

Tracker

Verte £
Locator /]

FIGURE 2.2: Layout of the LHCb detector after the up-
grade. The beam is along the z axis [52].

The closest sub-detector to the interaction point which will be upgraded
is the VELO. The VELO measures the vertex positions of the primary
proton-proton collision and the b-hadron decay. The main feature of this

sub-detector is that it must have a high granularity and be positioned
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close to the collision point to distinguish short lived b hadrons while
avoiding the damage from the LHC proton beams. The upgraded VELO
detector [55] will adopt pixels instead of microstrips, which will have a
finer granularity. It will also be positioned closer to the beam, with its
sensitive area starting at a distance of 5.1 mm from the beam axis. This
will allow improvement of the reconstruction of vertices while avoiding
the high occupancy expected in the region closest to the beam. The up-
graded VELO detector will consist of 41 million 55 ym wide and 55 ym
high pixels, which will be read out at the 40 MHz bunch-crossing rate by
the custom-built VeloPix front end ASIC [56]. In order to cool the sen-
sors and decrease the effects of radiation damage, cope with the power
dissipation of the ASIC, and respect the material budget constraints of
the detector, the cooling system will be embedded in the modules. This
will be done by means of evaporative CO; circulating through miniature
channels into silicon substrates. The layout of a module of the upgraded

VELO detector is shown in 2.3. The VELO will be followed by the Up-

Diamond Substrate

Mets
Tr;

Active Cooling Clamps

Ultra Low Profile
Connectors

FIGURE 2.3: Layout of the VELO detector module for the
upgrade [57].

stream Tracker (UT) which will be discussed in detail in the next chapter.



Chapter 2. Water testing of the SALT128 integrated circuit chip for the
28
LHCb upgrade

The rest of the tracking system which was originally consisted of three
tracking stations ("T1 - T3") using straw-tube drift chambers with 5 mm
cell diameter technology and silicon microstrips will be replaced by the
Scintilating Fibre (SciFi) Tracker [58]. The SciFi will consist of three sta-
tions organised in four detection planes according to a (x,u,v,x) configu-
ration where u and v are oriented +5° with respect to the x and y axes.
Each detection plane consists of twelve modules made of 8 fibre mats
each containing six stacked layers of 250 ym scintillating fibres bonded
to each other. A schematic view of the mat is shown in the Figure 2.4.
Silicon photomultipliers (SiPMs) will be used to detect the scintillation
light generated inside each fibre. Each mat will be equipped by 4 SiPMs
with 128 individual channels each to readout the signal with the PA-
CIFIC ASIC [59].
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FIGURE 2.4: Schematic of the cross-section of a fibre
mat [58].

The Ring-imaging Cherenkov subdetector (RICH) of LHCb has the task
of identifying charged particles over the momentum range 1-150 GeV/c,
within an angular acceptance of 10-300 milliradians. Particle identifi-
cation is crucial to reduce background and to provide a tag of the b-
quark flavour using the kaon from the other b-quark produced in an
event. Currently the system consists of an upstream detector (RICH-
1) and C4Fyo gas radiators, positioned directly behind the VELO, and a

downstream detector (RICH-2) with a CF; gas radiator, located behind
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the magnet and the tracking system. The hybrid photodetectors will
be replaced by commercial Multi-Anode Photo-Multiplier Tubes (Ma-
PMTs) together with a new front-end electronics. In addition, the optics
of the RICH-1 detector will be optimised to cope with the high occu-

pancy in the innermost region.

Also the upgrade will affect the trigger system, which is going to be fully
transferred to software. It will consist of a Low Level Trigger (LLT) and
a High Level Trigger (HLT), where the LLT will perform filtering based
on Et and pr of particles, while the HLT will process events passing the
LLT and apply a procedure mirroring the one used in HLT2 during the
Run 2. The LLT will deliver the rate of 15-30 MHz to the HLT which will

give in turn an output rate of 20 kHz.

2.1.3 New Upstream Tracker for the LHCb upgrade

As was mentioned in the previous chapter, the LHCb detector needs to
undergo a major upgrade, including the entire tracking system. Despite
the fact that the tracker used in Run 1 and Run 2, called the Tracking
Turicensis (TT), performed well it has to be replaced. The TT was not
designed to be sufficiently radiation hard to survive the expected radia-
tion damage and needs finer granularity, especially in the inner region of
the detector. In addition, the Beetle [60] readout chip will not be able to
handle the rate of 40 MHz which is expected for Run 3, while it cannot
be replaced without damage, as it integrated in the mechanical structure
of the detector modules. In order to address these issues, the TT will be

replaced by the Upstream Tracker (UT) upstream of the magnet.

The UT will be a crucial element in track reconstruction. Although it is
possible to reconstruct tracks using only long segments from the VELO

and the downstream tracker, the track reconstruction efficiency is higher
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using information from UT [61]. In addition, mismatching lead to the
reconstruction of false tracks, so-called ghosts. The requirement that ex-
trapolated hits positions at the UT match real hits will reduce the ghost

rate substantially [58]. The effect of it shown in the Figure 2.5.
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FIGURE 2.5: Simulation of the number of real recon-
structed downstream tracks and ghost tracks as a func-
tion of the number of VELO tracks at a luminosity of
2-10%cm~2s71. The generated sample consists of events
containing inclusive b-hadron decays at 14 TeV centre-of-
mass energy. The ghosts are in two categories, one not re-
quiring, and the other requiring a UT track match [58].

The UT will consist of four planar detection layers covering the full ac-
ceptance of the experiment. In total, the detector will use about 1000
silicon sensors where each sensor is directly connected to a hybrid that
carries either 4 or 8 custom-made front-end readout chips (ASICs), which
sample and digitize the detector signals, perform common-mode noise
correction and zero-suppression algorithms, multiplex and send the data
via copper traces to the periphery of the detector. The planes are con-
structed with vertical modules, called staves. These staves run vertically

in Y direction, in order to measure the momentum of particles from the
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bending of their trajectory in the magnetic field. Therefore, the middle
two planes, which are labelled U and V, are placed at an angle of £5° to
the vertical allowing to determine also a Y coordinate. The full detection
coverage of the solid angle is provided by staggering of the staves in Z.
Each plane also carries a circular hole in the centre for the beam-pipe

keeping a good acceptance. A schematic view of the UT planes is shown

in Figure 2.6.
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FIGURE 2.6: Overview of the UT geometry from simula-
tions looking downstream. A colour coding indicates the
different sensor geometries [58].

Each stave has a length of 130 cm and the width of a silicon sensor. The
silicon strip sensors will have a pitch of 95 and 190 ym and two lengths
of 5 and 10 cm. The staves consist of light-weight foam embedded be-
tween two sheets of carbon fibre. Embedded titanium cooling pipes with
circulated innovative bi-phase CO, will be used for cooling of the silicon
sensors and the front end electronics and keeping their temperature be-

low —5°. Output signals and control signals, low-voltage power for the



Chapter 2. Wafer testing of the SALT128 integrated circuit chip for the
32
LHCb upgrade

front-end chips and bias voltage for the silicon sensors are transported
along the staves via kapton flex cables that are glued onto both at sides
of the stave. Each of these cables carries up to 120 high-speed differen-
tial pairs with a total of 38.4 Gbps and 8 A of current to power up to 24
ASICs, while maintaining a minimal material budget. The stave struc-

ture is shown in Figure 2.7.

Stave
Flex cable

Hybrid + ASICs
Sensor

FIGURE 2.7: Overview of a UT stave [62].

214 The SALT128 ASIC

The harsh radiative environment and the high cross-section frequency
rate puts large requirements on the read-out system. It necessitates the
development of a special front-end read-out Application Specific Circuit
(ASIC) for the purposes of transferring data out of the silicon micro-strip
sensors of the UT at 40 MHz. The ASIC which is going to be used in
the UT is known as the SALT128 chip, where 128 indicates the num-

ber of read-out channels. The chip is based on the radiation-hard TSMC
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Complementary Metal Oxide Semiconductor (CMOS) 130 nm technol-
ogy [63]. The main advantage of CMOS over NMOS and BIPOLAR tech-
nology is the much smaller power dissipation. A block diagram of the

SALT128 chip is illustrated in Figure 2.8.

Each channel of the chip comprises an analogue block consisting of a
charge sensitive preamplifier, a shaper, to support a fast signal with a
peaking time of less than 25 ns and fast recovery to minimise the pile-
up and spill-over into the next bunch crossing, and a single-ended-to-
differential converter. The chip is designed to be able to read out both
types of sensors, p* -on-nand n" - on - p. The differential analogue sig-
nal after being read goes to an Analogue to Digital Converter (ADC) im-
plemented as a 6-bit fully differential Successive Approximation Register
(SAR) operating at 40 Ms/s. After digitising the data is then sent to the
digital signal processing block (DSP), which allows to filter noisy chan-
nels, performs pedestal subtraction, mean common mode subtraction,
zero suppression and data compression. After the DSP the data, with
added header information, are placed into a de-randomising buffer [64]
and transmitted to the consecutive parts of the read out system using
tive serial links with SLVS standard at 320 MBit/s data rate. The ASIC is
controlled via the LHCb common protocol consisting of two interfaces:
the Timing and Fast Control (TFC) and the Experiment Control System
(ECS) [65]. The TEC interface delivers the 40 MHz clock and other crucial
information and commands, synchronised with the experiments clock,
while the ECS serves to configure and monitor the ASIC and is realised

through the Inter-Integrated Circuit (I2C) interface.

The high bunch crossing rate of 40 MHz requires a charge preamplifier,
and a fast shaper with a peaking time T},;x = 25 ns and fast recovery to

minimise the pile-up and spill-over into the next bunch crossing.
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FIGURE 2.8: Block diagram of SALT128 [63].

2.2 Validation tests before the installation

2.2.1 A description of the test system
The Test Stand

All produced SALT128 chips needed to be tested before being integrated
on hybrids in the UT. Chips are produced on wafers and these quality
assurance tests are performed using a semi-automatic probe station (Fig-
ure 2.9) before the wafers are diced . Each wafer holds 467 chips and has

a round shape with a diameter of 300 mm.

A wafer probe card is used to make electrical contact with the chip. Its
purpose is to provide an electrical path between the test system and the
circuits on the wafer, thereby permitting the testing and validation of the
circuits at the wafer level. For our tests we used the cantilever probe
card with 99 pads to probe specially manufactured by T.L.P.S. company
(T.LPS. Messtechnik GmbH, Europastrafle 5, A-9524 Villach, Austria).
The probe card has an aluminium pad material which provides a good

contact resistance with little to no probe cleaning.

This probe card is then connected to a DAQ system controlled by a PC
which also controls power supplies and the movement of the probe sta-

tion chuck. A calibration test pulse implemented inside SALT128 allows
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FIGURE 2.9: Semi-automatic probing station for testing sil-
icon sensors at CERN which is used for the validation test.

the check of the whole processing chain in the chip without radiation
or even sensor attached. The algorithm of the testing procedure is illus-

trated in Figure 2.10.

The DAQ System
System on chip as the control element

The Terasic Cyclone V SE System on Chip (SoC) Field Programmable
Array (FPGA) was chosen as the skeleton for the data acquisition sys-
tem for the set-up [66]. SoC is an integrated circuit that integrates all
components of a electronic system. Cyclone SoC integrates an ARM-
based hard processor system (HPS) consisting of processor, peripherals,
and memory interfaces, with the FPGA fabric using a high-bandwidth
interconnect backbone. This provides us with needed abilities to con-
trol and test all relevant features of the SALT128 chip. A photograph
of the SoC is depicted in Figure 2.11. The FPGA is an integrated circuit
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FIGURE 2.10: Schematic of the wafer testing.

designed to be configured by a user after manufacturing which is repre-
sented in the name as "field-programmable"”. FPGAs contain an array of
programmable logic blocks, and a hierarchy of "reconfigurable intercon-
nects" that allow the blocks to be "wired together", like many logic gates
that can be inter-wired in different configurations. Logic blocks can be
configured to perform complex combinational functions, or merely sim-
ple logic gates like AND and XOR. In most FPGAs, logic blocks also
include memory elements, which may be simple flip-flops or more com-
plete blocks of memory. Many FPGAs can be reprogrammed to imple-
ment different logic functions, allowing flexible reconfigurable comput-
ing as performed in computer software. The benefit of the SoC is that it
also incorporates a central processor on it which allows the control of the
FPGA and peripherals in an easy way without a need to reprogram the
FPGA. Cyclone V has a Dual ARM Cortex-A9 processor on it and Eth-
ernet connector that allows the whole system to be run and controlled
from the special Yocto project. The Yocto project is a Linux Foundation
collaborative open source project whose goal is to produce tools and pro-
cesses that enable the creation of Linux distributions for embedded and

IoT software that are independent of the underlying architecture of the
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FIGURE 2.11: Cyclone V SoC develepment board [66].

embedded hardware. That allows to compile the special Linux edition

with the all needed tools for controlling a FPGA device [67].

The test setup

It was decided to use an additional current reader and external ADCs
to test the power consumption through the SALT128 chip and check the

analogue to digital converter inside the SALT128.

As an ADC device, a ADS1115 16-Bit ADC-4 Channel with Programmable
Gain Amplifier was chosen [68]. ADS1115 provides 16-bit precision at
860 samples/second over I?’C communication protocol to read analogue
values. The chip includes a programmable gain amplifier to boost up
smaller signals to the full range. It can run from 2V to 5V (£1.024V and

+2.048V) power/logic and can measure a large range.

As a current measurer, the Adafruit INA219 DC Current Sensor is used.

It can measure both the high side voltage and DC current draw over I*C
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communication protocol with 1% precision. A programmable calibra-
tion value, combined with an internal multiplier, enables direct readouts
in amperes. The device uses a single +3V to +5.5V supply, drawing a

maximum of ImA of supply current [69].

A special software package was developed to run SALT128 validation
tests on Cyclone V SoC based on two programming languages: Very
High Speed Integrated Circuit Hardware Description Language (VHDL)
to configure logic blocks and their interconnects in FPGA and C++ to
control them and directly analyse on the ARM central processing unit
(CPU). LabVIEW was used to create a graphical environment to operate
the probe station and control data acquisition. A diagram describing the

software package is shown in Figure 2.12.

A scheme for the whole validation set-up in depicted in Figure 2.13.

Configuring logic blocks and their interconnects in FPGA.
Authorize a communication between CPU and FPGA, external ADC and current
monitor.

VHDL

e 12C.h - establish the communication between CPU and external devices (SALT128,
v ADC, current monitor)

Salt.h - control the read/write communication through 12C with a SALT128 chip.
Fpga.h - control the read/write communication through 12C with a FPGA.
ExternalADC.h - control the operation and configuration of an external ADC.
CurrentMonitor.h - control the operation and configuration of an external current
monitor.

fastComm.h - control TFC and E-link communication.

Dig_Clk_test.h - control a clock synchronisation.

Ana_tests.h - defines main SALT128 functionality tests.

C++

La bVI EW Creating a graphical environment for controlling the probe station and data acquisition.

FIGURE 2.12: Diagram of the code intercommunication in
the software package for SALT128 tests.

The Labelling Scheme

All tested chips on the wafer are classed in three categories:
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FIGURE 2.13: Schematic view of the system for SALT128
tests.

¢ Good chips.

In all tests parameters fall within specifications/tolerance, no bad

channels.

In all tests parameters fall within specifications/tolerance, with only

one bad channel present.
e Bad chips.

One or more parameters fall outside specifications/tolerance; two

or more bad channels.

All chips are marked on the scheme according to which group they be-
long and sent to wafer dicing, while all information is kept. Only chips
within a green group must be integrated in the UT. The yellow category

will only be used depending on the yield of green category.
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A labelling is done within the probing station software. An example of
the labelling scheme from the probing station is shown in Figure 2.14.

Here, a configuration and colours do not reflect SALT128 wafers.

[55 Category A0 die ] 8 Category B0 die
63 Category A1 die 5 Category B1 die

EE Eh 508 Em

ey El @l
E= EN El Bl EE EE El
HEE El 0 @0 E0 @0 @.
EH EE EE AE EE EE EE
H El El @0 @0 E0 E. @] |
foc] 8 oou] I o) ) el o] R ] ) o) ) foe)
EHHE EAE @B @E DE Al =E

[ [ o] (8 fi] )

Cat A+B Yield 97.0% ASQSE2H

FIGURE 2.14: Example of the labelling scheme on the
wafer.

2.2.2 Tests to be performed

In order to validate that chip is good to be installed in the UT all main

features of it must be tested. Such as:
e Power tests.

Test the proper start up of the chip. Check that digital
and analogue currents are being drawn correctly. The
external current reader is used for this purpose. Both,
analogue and digital power consumption, as well as the
total current and voltage readings must fall within a tol-

erance range:
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150 < Lnalogue < 250 MA 200 < Lyt < 600 mA
100 < Lgigial < 300mA  11<V <13V

Distributions of the currents for one wafer is shown in

Figure 2.15.

o 3140:—

g 160j g :

© 140 O 1201

r (@) -

1201 100~

100; 80:—

80~ C

. 60[-

60 -

r 401

401 r

C 20—

20 r
T T N SR PRI ISR AV PO = I I I P

0920 140 160 180 200 220 240 f50 160 170 180 190 200 210 220 230

Iana]ogue [mA] Idigital [mA]

1200

a0

20/

| | | | |
380 400 420 440 460 480 500

Itotal [mA]

o
0360

FIGURE 2.15: Distributions of analogical, digital and total
power consumption of "good" chips in the wafer (exam-

ple).

e Communication with I2C.

Test that it is possible to write to the main SALT128 reg-

isters using the I2C-bus and read the chip response back.
— Serializer registers.

The serializer circuit is used to seralise the data gen-

erated in digital signal processing (DSP) and to send
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it out via the scalable low voltage signaling (SLVS)
interface. The serializer sends a byte every main

clock cycle.
DSP registers.

The DSP circuitry performs a pedestal subtraction, a
mean common mode subtraction and a zero-suppression

on the 6-bit data-stream coming from the ADC.
Single Event Upset (SEU) registers.

The technique used in SALT128 for SEU reduction
is a Triple Modular Redundancy (TMR) applied to

almost every flip-flop in the whole digital part.

* Clock generation tests.

— Delay Locked-Loop (DLL)

Internal DLL is dedicated to shift external 40 MHz
clock to obtain the ADC sampling signal and to gen-

erate test pulse.
Phase Locked-Loop (PLL)

PLL is used for clock multiplication to get a fast 160 MHz
clock in the data serialization circuit. The PLL can
work in the frequency range 80 MHz - 400 MHz and

is characterized by very low power consumption.

¢ The Timing and Fast Control (TFC) interface and data packet tests.

e DAC tests.



2

2. Validation tests before the installation 43

Average ADC [counts]

Record output of each DAC over the range of possible
values to confirm proper behaviour. Calibrate internal

DACs with external ADCs.

* Digital tests.

Check that the chip can be configured. This includes
being able to read /write registers, read chip addresses,

pass signals in both directions.

Analogue tests.

Checking by five point gain tests (inject five different
charges) and read out ADC values to assess analogue
functionality comparing. DACs are subject to gain and
offset errors due to mismatches in resistors. The trim-
ming technique is being employed to counter the effect
of the mismatches. An example of the trim DAC scan

for a chip using 10 runs is shown in Figure 2.16.
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FIGURE 2.16: Example of a trim DAC scan (left) and a best
trim configuration for each channel (right).

¢ Gain uniformity test.

Check output signal uniformity across channels for a

given input. Should test for different input charge.

® Clock checks.
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Check different phase shifts of the clock and data lines

to confirm optimal value.

e Cross-talk studies.

Confirm that cross-talk is less than 10% between neigh-
bouring channels. An example of the cross-talk distri-

bution for one wafer is shown in Figure 2.17.
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FIGURE 2.17: Distributions of cross-talk of "good" chips in
the wafer (example).

* Check proper:

zero-suppression

the run is performed with a set zero suppression thresh-

old. The check is successful if no channels have hits

above the threshold;

pedestal subtraction

the run is performed with a set common pedestal to all
channels and repeat 10 times. The check is successful if
the average ADC value in each channel is with 2 ADC

counts of the set pedestal value;

mean common mode subtraction (MCMS)
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the idea of MCMS block operation is to calculate an av-
erage value of all channels without a hit and subtract
this value from all channels. Two thresholds are used to
distinguish between channels with and without hit. The
main threshold is used for the MCMS algorithm, while
the second threshold is needed to exclude channels with
an extremely low values. The run is performed with set

thresholds and set data after pedestal subtraction.
* Check the intrinsic and MCMS noise per channel.

the run is performed with a set MCMS thresholds and
repeat 10 times. The average ADC value is calculated
per channel and for whole chip. The check is success-
tul if no channel is outside the range of 5 RMS of the
chip. An example of the noise distribution for a wafer is

shown in Figure 2.18.
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FIGURE 2.18: Distributions of noise mean value of "good"
chips in the wafer (example).

2.3 Results

The measurements were carried out in July 2019 at CERN. In total, 18

wafers were tested with 467 chips each. An average time of the testing
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procedure over one chip was around 30 seconds.
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nz
find phase -

FIGURE 2.19: Results of the validation tests running (ex-
ample).

The final result for one wafer is shown in Figure 2.19. However, chips
which failed one channel/test still can be used for the outer regions of
the UT where the intensities are lower, in the case some chips marked as

good become damaged at a later stage.

Wafer | Yield, % | Nepips || Wafer | Yield, % | Nenips
18B4 81 378 09F7 81 378
17C1 77 360 08G4 82 383
16C6 77 360 07H1 86 402
15D3 79 369 06A3 87 406
14E0 73 341 05B0 83 388
13E5 77 360 04B5 84 392
12F2 79 369 03C2 87 406
11F7 85 397 02C7 85 397
10G4 82 383 01D5 90 420

TABLE 2.1: Fraction of good chips per wafer.

The final numbers of SALT128 chips on each wafer that were flagged as
"good" are shown in Table 2.1. The average yield of good chips is ~ 82%,
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which results in 6889 chips and provides the required ~ 4000 SALT128

to be installed in UT.

2.4 Summary

The developed system to test final readout chips for silicon sensors in-
tended to be installed in the upstream tracker of the future LHCb up-
grade was presented in this chapter. The system checks all the main
functionality of the chip, and is quick. 8406 SALT128 ASICs were tested
and showed the rate of 82% successful chips which is sufficient for the

UT.
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Chapter 3

Probing lepton flavour
universality with semileptonic

Ag — AT 7; decays

3.1 Introduction

Lepton Flavour Universality (LFU) was mentioned as one of the possible
indications of the presence of new physics in Chapter 1. As we know, ac-
cording to SM, the electroweak bosons couple with the same strength to
the three families of leptons, where the only difference in their behaviour
caused by the interaction with the Higgs boson, i.e. the mass difference.
In recent years, some deviations from SM predictions in b — s/l and
b — clv transitions has been observed. The measurements were per-
formed by calculating so-called R-values, which are ratio of branching
fractions for b decays into two different lepton flavours. This observable
allows to have both a theoretically (by cancelling QCD uncertainties) and
experimentally (by cancelling reconstruction uncertainties) clean result.

The b — clv deviation has been seen by different experiments, however
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the average discrepancy hasn’t reached the 50 level, which is a require-
ment to claim a discovery. This motivates us to make more measure-
ments with higher signal yields and analogous decay channels, in order
to shed light on these anomalies. One of these measurements of inter-
est, known as R(A;r)l, was studied in this thesis and described in the

following.

3.1.1 Previous measurements

Tests of T — u universality have focused on observables with the b —
cT V¢ transition. The Feynman diagram of this transition is depicted in
Figure 3.1. The decay proceeds via a tree-level diagram, therefore large
branching fractions and signal yields are expected. However, the analy-
sis is complicated by the reconstruction of a T lepton due to presence of
missing neutrinos. The reconstruction of T leptons can be done using its
muonic decay, T~ — p~ VyV¢, and hadronic decay, T — 71~ ntT v or

T—7mT /p Ve

FIGURE 3.1:  Feynman diagram of the tauonic
BY — D~ 1"v, decay according to the SM.

!Charge conjugation processes are implied from now on.
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The muonic channel is convenient, as it allows to cancel most of re-
construction uncertainties due to the same final states for signal (BY —
D®)*1t~7,) and normalisation (B® — D)+ 1~ v,) decays and have high
signal yields. However, a difficulty arises in differentiating the muon
originating from the 7~ decay and one coming directly from a B° or
D)+ meson. Furthermore, the presence of additional neutrinos in the

final state complicates the vertex and momentum reconstruction.

There are three experiments which have measured R(D™)): BaBar, Belle
and LHCb. The BaBar and Belle experiments are positioned inside e*e™
colliders, called B-factories, with energies corresponding to the mass
of the Y (4S) resonance (Figure 3.2), that decays afterwards into two B
mesons. These experiments use a tagging technique to reconstruct sig-

nal candidates.
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FIGURE 3.2: Cross-section of electron-positron interac-

tions in the region of the Y resonances. Only the 4th

resonance has a mass sufficient to produce a pair of two
B mesons [70].

In semitauonic analyses, the two B mesons are assigned as the tagged
Bisg meson and the signal Bg;, meson. The reconstruction technique is

depicted in Figure 3.3. The benefit of such measurements is that it is
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possible to fully reconstruct the By, which allows to have the full kine-
matic information of the Bg;, before any signal reconstruction. Tagged
B meson can be reconstructed through hadronic modes or semileptonic
modes to select signal candidates. Hadronic modes have higher purity
but lower efficiency whereas semileptonic modes have higher efficiency

with lower purity.

t1 L
tag side  signal side ~<—

FIGURE 3.3: Illustration of the typical B-factory event [71].

The first combined measurement of R(D") and R(D**) was published
by the BaBar collaboration using the hadronic tag [14, 15] in 2012, fol-
lowed by the Belle combined measurement also using a hadronic tag in
2015 [16]. In addition, Belle has published results on R(D*") measure-
ments and the T~ polarisation using the semileptonic tag, reconstructing
T~ lepton through = — 7 vy and T~ — p~ v decay modes in 2017
and 2018 [17, 18]. In 2019, the Belle experiment also presented results on
both, R(D") and R(D**), using a semileptonic tag while reconstructing

the signal-side T in a purely leptonic decay [19].

Measurements of R(D**) were also performed by the LHCb experiment
which has very different experimental conditions. It is located on the
LHC proton-proton accelerator with significantly higher energies. The

creation of the b quark pair happens predominantly through gluon-gluon
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fusion making them fly collinearly close to the beam line. The cross-
section of bb production is five orders of magnitude higher compared
to the B-factories. However, there is an additional complexity in that b
hadrons are produced by inelastic interactions in a high multiplicity en-
vironment. In this environment, the b hadron longitudinal momentum
is unknown and needs to be approximated with kinematic assumptions.
This results in a poorer resolution for the decay variables of interest in
the analysis compared with the B-factories. In addition, the trigger sys-
tem must be selective in this environment, which preferentially favours
muons with respect to electrons. For this reason, the LHCb measure-
ments only use the muonic decay channel, omitting electrons in the anal-

ysis.

LHCb performed the first measurement of R(D**) in 2015 with the 3 fb~!
of data using the leptonic decay 7~ — u~v,vr [13], followed by a mea-
surement in 2017 that exploited the hadronic decay T~ — 7wt 7t~ " (710) v, [72].
The muonic channel had high signal yields but low purity, whereas the
hadronic channel had higher purity but lower signal yields. Also, the
hadronic channel had to normalise to another hadronic decay to mea-

sure R(D*1) which is not true for the muonic channel.

The combined results of all three experiments leads to a deviation of
3.08¢ from SM predictions. An important fact to mention is that all ex-
periments observe deviations in the same direction, despite the differ-
ent experimental conditions. However, the combined significance is not
conclusive and so we require more measurements to be performed with
more data to improve statistical uncertainties and also with different de-

cay modes to have independent systematic uncertainties.
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3.1.2 Advantage of the R(A}) measurement

So far, only measurements of R(D ") and R(D**) were performed. How-
ever, if new physics contributes to these decays, we expect to see it in all
types of b — clv, transitions. The measurement which is presented here

is
BR(A) = AfT7;)
BR(A) — Afu—v,)’

R(AL) =

where the A baryon is reconstructed through the A7 — pK~ 7" decay

chain and the 7~ decays semileptonicaly, T~ — p~ v, .

The Feynman diagram of this decay is shown in Figure 3.4. The differ-
ence to previous measurements is not only in the particles taking part
in the decay, but also in their spin structure. It allows not only to test
LFU, but also to improve the understanding of the potential origin of

any discrepancy.

The contribution of the A¥* — A7t 71~ decay is crucial and must be
included in studies. This allows us to measure also the R(A} 7t 7™)

observable.

FIGURE 3.4:  Feynman diagram of the tauonic
A) — AT 7, decay according to the SM.

In addition, there are also several supplementary benefits of studying

this decay channel.
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o First of all, the branching fraction of the A) baryon decaying to

semileptonic ground state A ¢~V is 6% which is three times higher

BR(A)=AF (V)

compared to the 2% of the B® — D*/~v, decay (BR((BO—>D+Z*W) =

3) [6]. This means less feeddown and higher signal yields for
R(A[) with respect to R(D™).

* Due to baryon conservation, we have a reduced number of the
double-charmed (consisting of more than one hadron containing
charm quark) hadron combinations produced in the A decays.

That makes our sample cleaner from background.

* One of backgrounds originates from similar decays with additional
pions which are not reconstructed, such as A" — Afntn~. An-
other conservation law, i.e. isospin conservation, requires the cre-
ation of at least two pions in the feed down. Therefore, it will be
necessary to have both pions being undetected to misinterpret it
for a signal decay. Even in that case, they will take away a big-
ger amount of energy compared to the one pion case which will be

noticeable in the final spectrum.

* Lepton universality tests in different decays helps us to clarify the
contribution of new physics. Due to well understood theoretical
uncertainties we can express R(A;") value through R(D)* and R(D*") [73].

That makes it an essential measurement to validate R(D**) anomaly.

R(A) __R(D) __R(D7)
RAdan ™~ 0262 Ripyer 0738 Ripey
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3.2 Selection

The dataset collected in 2016 from the LHCb experiment was used in
these studies in two configurations - MagUp and MagDown - that cor-
respond to different magnet polarities. During the data-taking, the data
are filtered through the trigger stage in order to reduce the datasets to a
manageable size. The trigger consists of the L0, implemented in hard-
ware, and the high level trigger (HLT), implemented in software. The
task of the trigger is to choose only events with a b-hadron candidate

decaying semileptonically to a final state containing a c hadron.

Trigger pathways must be chosen to avoid a bias to the signal and nor-
malisation decays fit shapes that can prevent their separation in the fit.
Therefore, for the R(A;) analysis we require our events to pass trig-
ger lines that are independent of the reconstructed muon candidate and
avoid any cuts on its transverse momentum. The LO trigger selects events
where at least one out of two conditions are satisfied: any hadron of the
A} decay has a transverse energy higher than 3.7 GeV/c or any parti-
cle, which is not associated with the signal decay, passes the L0 trigger
requirement associated to its type [74]. Events selected by the LO trig-
ger are transferred to the first stage of the HLT trigger, which performs
the reconstruction of a primary vertex and all tracks associated with
the trigger signal candidate with a transverse momentum larger than
500 MeV /c. The selection of events is based on a single track (or two-
tracks) with the high transverse momentum, the decay vertex of which
is displaced with respect to the primary vertex. The second stage of the
HLT trigger performs the full track reconstruction and selects n-body b-

hadron decays containing charmed hadron and muon.

A loose preselection of candidates is performed afterwards in order to

select among all these events ones that look like A) — AF 7 ( 1) Ve
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and is known as the "stripping". We apply the stripping line that keeps
only events of type Ag — AZpu~ X, where X can be any number of other
particles. The stripping requirements of the line is shown in Table 3,

where the variables defined as follow:
* )(zz,ertex is the )(2 of the fit of the vertex.

® X2ortox/ Nio. risthe X2 per a number of degrees of freedom of the fit

of the vertex.

o X%mck /Na,.f is the X2 per a number of degrees of freedom of the fit

of the track.

® Pgpost is the ghost probability to identify reconstructed tracks which

do not correspond to a real particle.

e Am is the absolute difference between the measured mass and the

particle data group (PDG) reference value.

X(ZS( SV_PV) is the x? distance between the decay vertex and the pri-

mary vertex (PV).
e DIRA is a cosine of the direction angle of two tracks.
o min(x3y) is the minimum x3,, distance of a particle to PV.

* DLLj is the logarithm of the likelihood of the hadron mass hy-

potheses.

* isMuon is a boolean decision obtained from the extrapolation of a
track through the muon stations, making a statement about whether

a track is consistent with a muon hypothesis [75].

In addition, we require the mass of A} to be within the range of 2230
- 2330 MeV/c?. A boosted decision tree (BDT) classifier is applied to

discriminate between background and signal events in the Al peak. A
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AZ
Am < 80 MeV
Y. pr>2500 MeV
,K,P
Xzz;grtex/Nd.O.f <4
Xs(sv—py) >22
DIRA > 0.999
p* KE p ut
Xpack! Nao.f >4 >4 >4 >5
Pr >300 MeV /c | >300 MeV /c | >300 MeV /c | >800 MeV /c
p >2 GeV/c >2 GeV/c >2 GeV/c >3 GeV/c
Popost <0.5 <0.5 <0.5 <0.5
min(x3y,) >9 >9 >9 >16
PID DLL, >0 DLLg >4 DLLg <2 | isMuon=1

TABLE 3.1: Requirements for the stripping line to select
A) — Afp~ X decays.

list of discriminating variables used in BDT is shown in Table 3.2, where

IPx? is the x? distance of a given particle to the PV. Output of the BDT

classifier is shown in Figure 3.5. A BDT score higher than 0.4 is chosen

to select the signal candidate.

Discrimination variable
Xzz)ertex
IPx?
Pr
PID

Particle
Ac
N, p, T, K
p, T, K
p, T, K

TABLE 3.2: Variables used for BDT discrimination.

To remove additional background from the peak region, the sWeight

technique[76] was applied using the mass of the A} particle (m(A7))

as the discriminating variable. The fit function is the combination of two

gaussians with the same mean, but different ¢ and an exponential func-

tion. The result of the fit to A mass peak is shown in Figure 3.6.
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121 ¢ LS (train)
B (train)
¢ S (test)
104 ® B (test)
8
BDT>0.4

Arbitrary units

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Classifier output

FIGURE 3.5: Distribution of the BDT response on the signal
and background simulated samples.

3.3 Methodology and challenges

3.3.1 Distinguishing decays with the same final state: Kine-

matic variables

The T~ particle in the decay A) — A} T~ 7, can be reconstructed through
two different decay channels, hadronic or semileptonic. The advantage
is that 7~ leptons decaying to the hadronic channel can be easily sepa-
rated from the normalisation decay in the A) — A u~7,. However, it
is highly contaminated from large hadronic backgrounds and one must
take into account reconstruction efficiencies of different particles in the
final state. Therefore, we have decided to use the muonic, T~ — p v v¢

decay mode.

In Table 3.3 we can see that the visible final state is the same for both
signal and normalisation channels, since neutrinos cannot be detected in

the LHCb.

Consequently, we cannot differentiate the two decays based on their de-

cay products or visible mass. Instead, we can separate them by looking
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FIGURE 3.6: Fit to the A" mass distribution.
| initial decay of A) | final state particles
signal AT U pK-mtu~ v v, v,
normalisation Afu vy, pK-mttu~v,

TABLE 3.3: Decay chain of A)) to signal and normalisation
channels. Visible decay daughters are shown in blue, while
green indicates particles that cannot be seen in the detector.

at the kinematic distribution of the final state in the Ag rest frame. The

rest frame of the A) decay cannot be fully reconstructed in the LHCb

environment due to missing particles in the final decay. The z compo-

nent of the AY) four-velocity is assumed to be equal to the visible part of

the decay, as an approximation for the rest frame [77]. The signal and

normalisation channels are distinguished using the three kinematic vari-

ables shown in Figure 3.7.

* Missing mass squared - M

2 = 2
missing — (pAg — Paf — Py—) . The mass

of the neutrino is negligible. However, the three-neutrino system

in the final state of the signal decay A) — Al (y V,uv7)vr will
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form a larger invariant mass from the visible system compare to
one neutrino of the normalisation decay Ag — Afu~v,. There-
fore, the distribution of the muonic channel should peak towards
region of lower masses, whereas the signal distribution is broader

and shifted towards higher masses.

* Muon rest frame energy - E;;. The muon originating from the sec-
ondary decay of the T~ lepton is on average much softer than the
one originating from the A decay directly. Therefore, its energy
distribution will peak at lower values than for the normalisation

channel.

¢ Invariant mass of the dilepton system - g2. Another variable which
behaves differently for signal and normalisation is the invariant
mass of the dilepton system g> = (p A TP Aj)z, which cannot be
smaller than the squared mass of the emitted lepton. While for the
normalisation channel the minimum g2 equals to the squared mass
of the muon, which can be considered as essentially zero, for the
signal the value of g> must be more than mi, = (1.777 GeV/c?)? ~

3.158 (GeV/c?)>2.

3.3.2 Multidimensional fit and histFactory

To perform the kinematic discrimination, we perform a 3D binned fit to
the three observables (M%qis sing’ E;j, qz), that from now on will be referred
to as the fit variables. It was decided to use a template fit approach for
this analysis, which means that template histograms are used as com-
ponents of a binned fit. Templates are derived from the simulated sam-
ples and from the data-driven control samples. The goal of the fit is to

extract the relative A) — AT 7 and A) — Al 7, yields, consid-

ering all possible components. In addition, the analysis strategy is to
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FIGURE 3.7: Illustration of kinematic variables distri-

butions that are used to separate various decays. The

green color represents the A) — AT 7, decay, blue - the

A) = Af v, decay.

fit simultaneously the different control regions based on the isolation of
additional particles. The binned template fit is implemented using the
HistFactory [78] toolkit which is a specialised ROOT [79] based tool to
construct probability density functions from histograms. As input, it
takes histograms of the data and histogram templates of the different
components modelled from simulations. The tool takes into account the
finite number of events for each component which allows the statistical
uncertainty due to the sizes of the simulation samples to be estimated.
It also allows us to implement the shape variations for components for
the systematic uncertainties which are modulated by Gaussian nuisance

parameters. The histogram templates for each signal and background

modes were created using:

e 10 bins in M? with [-2 < M? < 14](GeV?/c*)

missing missing
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* 10 bins in E; with [0 < E;; < 2600](MeV)
e 4bins in g% with [-2 < g2 < 14](GeV?/c*)

The binning scheme is the same as that used in the existing R(D*™)
LHCb measurement and was chosen in the way to balance the low num-
ber of bins to speed up the fit performance and avoiding biases by keep-

ing the fit stability and the best shapes description. The ratios of R(A]) =

BR(A)—AF T 7¢) BR(A)= AT (= Af it m )T 77)
BR(A)—AF p=vy) BR(A) AT (= Afmtrn)u—vy)

and R(AJntn™) = are the
parameters of interest of the fit. An example fit is shown in Figure 3.8.

The backgrounds contributing to this fit will be discussed in Section 3.5.

- 3 .
X103 LHCb Preliminary x10 ILHCb Preliminary
T T

Events/ (260)
Events/ (1.6)

SN\

& &
1000 2000 0 5 10
E[MeV] M2, JGevZcY]
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g [ Combinatorial

MISID

B A, ALY
A, = AF X,

B A, - ARV,
; : " B A, - AFTVY,
G B A, ATV

Pulls

FIGURE 3.8: Example of the template fit of three kinematic
observables using HistFactory.

3.4 Simulated samples

3.4.1 Trigger emulations

The difficulty of selecting semileptonic decays is caused by neutrinos

in the final state which requires to have very large Monte-Carlo (MC)



Chapter 3. Probing lepton flavour universality with semileptonic
64
A) = ATV, decays

samples to precisely model distributions. Ideally, we wish to have MC
samples of near infinite size, but this cannot be achieved due to the com-
puting limitations. Hence, the goal is to find a balance between com-
puter power consumption and keeping the statistical uncertainties from

simulation lower than those from data.

A sample of full simulation was initially generated for this analysis cor-
responding to 108 events. In order to check the impact of MC uncertain-
ties and validate the fit, we generated pseudodata sample consisting of
the combination of templates according to expected contributions. An
example of the fit to pseudodata with the details of the components dis-

cussed later is shown in Figure 3.9.

10
M2, JGeVZcd E[MeV]

] Aav
[ JAD
Auv
B At
A
] Combinatorial
I MISD
] Combined fit
data

P GeVich

FIGURE 3.9: Applying the fit to the signal region using the
pseudodata.

The standard fitting procedure only considers statistical uncertainties
arising from the data. We applied the Barlow-Beeston method [80] to in-

clude the uncertainties of each template. The difference in uncertainties
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given by the two methods will show the MC contribution to the uncer-
tainty. R(AJ) and R(A} 7t 7t™) are anti-correlated and, as we fit them
simultaneously, we need to look on uncertainties in the 2D plane. The
sensitivity ellipse is depicted in Figure 3.10. The Barlow-Beeston method
of the uncertainties evaluation results in ~ 35% higher value of OR(AF)

compared to the standard fitting procedure.

0.07 ———mMmmMm ———F——————————

[ Includeonly statistical uncertainty
[ Include statistical and MC uncertainties

o

o

o1
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

8 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
Ny

L L L L | L L L L | L L L L
%0 0.05 0.06 .
R(A)

FIGURE 3.10: Sensitivity ellipses of the R(AS) and
R(A}rtt7™) decays using the pseudodata. The yellow
colour illustrates results that comprise only statistical un-
certainties, the blue - the statistical and MC uncertainties.

We studied the uncertainties on the simulation by generating and fit-
ting 1000 pseudodata samples. R(A[) distributions for both methods
are shown in Figure 3.11. The width of the Gaussian agrees with the un-
certainty estimates using the standard fitting. However, it gives ~ 40%
higher value for the Barlow-Beeston method. This is a known issue re-

lated to bins with small numbers of events [81].

To estimate the uncertainty from the finite size of the simulation we use
the following formula for the combination (¢"WMC€)2 = (¢ME)2 1 (gstat)2,
From this, we evaluate that the uncertainty from simulation is twice as

big as the statistical one in the data. In order to reduce it to the same
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FIGURE 3.11: Distribution of the R(A]) value for 1000
pseudodata samples using standard fitting (top) and in-
cluding simulation uncertainties (bottom).
size we need to have an order of magnitude more simulation generated
which cannot be achieved with realistic CPU time for the full simulation.

We chose to use a fast simulation technique of TrackerOnly simulation

as the solution.

TrackerOnly MC is the special fast simulation option of the LHCb soft-
ware where all systems after the tracker are switched to passive material.
It avoids developing showers in the calorimeters and Cherenkov emis-
sion in the RICH detector. With TrackerOnly MC, we can generate the
same number of events eight times faster and save up to ~ 40% of the
disk space compared to full simulation. The disadvantage of the method
is that we are missing information from certain detectors. In particu-
lar, we don’t have a particle identification (PID) or trigger information.
While PID can be studied with dedicated control samples, the trigger re-
sponse must be emulated. We followed the algorithm developed by the

ongoing R(D™) analysis to emulate the first level hadronic trigger and
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the first level of the software trigger [82].

First level hadronic trigger

The first level (LO) trigger is implemented in hardware [83]. Its main
goal is to select particles with high transverse energy and transverse mo-
mentum using partial detector information. It can use information from
two different systems, depending on which particle we trigger on, either
the muon stations or calorimeter systems. However, we cannot use the
muon to trigger our events because transverse momentum distribution
for muons from signal and normalisation differs and, therefore, we may
introduce a bias to our measurements this way. In particular, the softer
muon for the tauonic channel implies the triggering on muons would
enrich the sample in normalisation mode, rejecting the signal. Instead,
we require one of the hadrons in the Aj decay (p, K™, 7tT) to fire the LO
trigger. In the case of the full simulation, we select particles with a high
transverse energy deposits in the hadron calorimeter (HCAL). Hadronic
showers are large meaning that there are overlaps between different clus-
ters which is relatively large compare to HCAL. Therefore, the region of
2 x 2 cells, that is used, do not contain all the deposited energy and it

needs to be accounted in the emulation.
The emulation of the trigger response is done in three sequential steps:

* A simple particle gun method is used to simulate the single pion
that provide the response from the HCAL, as a P — Pr function of
the pion. The strategy is to look at the difference in the momentum

and then to smear the tracker response using that distribution.

* Another particle gun simulation of D’ — K~ 7" is performed to
measure the probability that two HCAL clusters overlap based on

their projected positions using the tracking information. Studies
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have shown that the overlap probability is higher in the outer re-

gion due to the larger cells that exist there.

* A regression BDT is used to correct a disagreement between emu-

lation and full simulation in the low Pr region.

* As the last step, clusters that do not cross the Pr threshold are
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thrown away.
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FIGURE 3.12: First level hadronic trigger efficiency as a
function of A] momentum (top) and Pr (bottom) for the
full simulation (blue) and emulated (green) responses.

The result of the emulation is shown in Figure 3.12. Overall, the emula-

tion shows a good agreement with a full simulation except for the slight

difference in the region of low Pr, which is acceptable, as data/simulation

agreement is worse in this region anyway.
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Independent trigger pathway

The hadron trigger can fire on decay products of the signal (trigger on
signal: TOS). Another way to trigger an event is to trigger independently
from the signal (TIS) method. In order for an event to be TIS, there must
be at least one trigger object which does not have any overlap with the
signal. In LHCb, more than 50% of our signal events are normally trig-
gered by TIS [84]. In our analysis, for event to be TIS it can be triggered
by any pathway independent of signal. We take this efficiency directly

from data, unlike hadronic trigger where we emulate with simulation.

The Bt — J/YK" decay was chosen to calculate TIS efficiency due to
the high purity of the channel. An example of the mass peak is shown in

Figure 3.13.

%]
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>
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FIGURE 3.13: Fit to the BT — J/YK™ distribution.

The main idea is to transport the TIS efficiency in the bins of the trans-
verse momentum (Pr) and the component of momentum along the beam

axis (Pz) from BT — J/¥K™ to our decay.

We build the efficiency of the trigger from the number of events which
pass it. However, this can be applied only to MC sample. The reason is

that we do not know the initial number of signal events in the data. A
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generally accepted approach to calculate efficiency in this case is called
TISTOS method. The strategy of the method is to apply TIS on events
that already have been triggered by TOS. Events that pass this selection

are called TISTOS. To estimate the efficiency of the method we need to

compare them to events that pass only TOS selection (TITS(:)FSOS ). This effi-

ciency for BT — J/¥K™ is shown in Figure 3.14.
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FIGURE 3.14: TIS efficiency for B¥ — J/¥K™ decay from
the data in bins of Pz / Pr using the TISTOS method.

In order to prove that we can apply such approach, we have checked
the goodness of the TISTOS method, the portability of the TIS efficiency
across different decays and the reproduction quality of TIS efficiency in

the simulation.

Assuming that TIS and TOS triggers are independent we can consider

that e(112) ~ ¢(T3105) and, therefore, use 12219% efficiency from the
data. To validate this approach we compare both methods using J/Y

simulation sample. The results are depicted in Figure 3.15.

The next aspect we want to verify is the portability between different

decays. We compare (13 ) for two simulation samples (Figure 3.16):

BT — J/¥YK" and A) — A7,
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As a last step, we want to see how well the TIS trigger is reproduced in
MC simulations. For that we compare e(1219%) of BT — J/ YK for

data and MC samples. Results are shown in Figure 3.17.

We have seen that disagreements between methods, e( 115 ) and e( 152192,

and two decays,B" — J/¥K' and A) — A}y 7, are much smaller
than the difference caused by the mismodelling of MC in comparison
to data. The systematic uncertainty associated with the data-simulation
disagreement will therefore dominate that arising from the imperfec-
tions of the emulation. Hence, the approach can be used for the emu-

lation of TIS trigger in TrackerOnly MC.

The high level trigger

The last trigger that must be emulated is the first part of the High Level
Trigger (HLT1) [85]. The trigger consists of a software application which
runs on every CPU of the Event Filter Farm (EFF). The HLT1 stage per-
forms a partial event reconstruction and selection, and aims to reduce
the input rate of ~ 1 MHz by a factor of around 20. It selects b-hadron
decays by looking for a single high transverse momentum track with a
good track fit quality which is well displaced from all primary interac-

tions.

Two selection lines are used in the analysis: HLT1TrackMVA, which
fires if one of the tracks in the signal satisfies the selection criteria, and
HLT1TwoTrackMVA, which fires if a combination of the two tracks in

the signal satisfies the selection criteria

The HLT1TrackMVA line requires a track to have non-linear combina-
tion of Pr and of the x? distance of the track to the primary vertex (IPx?)
above a certain threshold. In addition, the HLT1TrackMVA line requires

a set of global cuts to be satisfied, such as the minimum-maximum amount
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FIGURE 3.15: Validation of TISTOS method for
Bt — J/YK" decay using MC sample.

of clusters in different systems. All cuts demanded by HLT1TrackMVA

are shown in the Table 3.4.

variable requirement
Pr > 500 MeV/c
p >3GeV/c
Xirack! Nao.f <40
X%ertex/Nd.o.f <25
log(1Px?) > (pTl_l)2 + (%) + lo§(7.4),
where Pr < 25 GeV/cand I[Py~ <74

TABLE 3.4: HLT1TrackMVA requirements used in the 2016
conditions.
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FIGURE 3.16: Validation of the compatibility of TIS effi-
ciencies for BT — J/YK™' and Ag — A;F;LFVV decays us-
ing MC samples.
We also applied a supplementary correction to the final emulation due
to the difference of track reconstruction efficiency for offline and online
tracks [86]. We used the relative efficiency to real LO trigger response, in
order to estimate the pure performance of HLT1Track emulation, which

shows a good agreement (see Figure 3.4).

A similar procedure is applied to emulate the HLT1TwoTrackMVA re-
sponse. The difference here is that in addition to the selection on each

track we introduce a complementary selection on the combination of
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FIGURE 3.17:  Comparison of e(I519%) of the

Bt — J/Y¥K™" decay for the data vs. MC samples.

two tracks in the event. The HLT1TwoTrackMVA trigger selects events
using MatrixNet, a machine learning algorithm based on gradient boost-
ing [87]. Input variables for classifier are the scalar sum of the Pr of the
two tracks and IPx2. Emulation cuts for the HLT1TwoTrackMVA trigger

are listed in table 3.5, where the variables are defined as:

® M_orr is a corrected mass of the two tracks combination using the
primary vertex and the missing momentum transverse to the di-

rection of flight.

* X50c4 is the x? of the distance of closest approach of two tracks.
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FIGURE 3.18: HLT1TackMVA efficiency as a function of the
A transverse momentum in A) — Af "V, decays. Em-
ulation is illustrated in green, with the full simulation re-
sponse in blue.

* MVA is an output of the MatrixNet classifier.

Single track requirements

Pr > 0.6GeV/c
P >50GeV/c
X%mck/Nd-O-f <25

Track pair requirements

(Pl + PZ)T >2GeV/c
Xhoca < 10

Xvertex <10
Meorr > 1 GeV /2

2<n <>
DIRA >0
MVA > 0.95

TABLE 3.5: HLT1TwoTrackMVA requirements used in the
2016 conditions.

The emulation efficiency of HLT1TwoTrackMVA is calculated with re-

spect to the L0 trigger response and is depicted in Figure 3.19.
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tum (top) in A) — Afp~7 decays. Emulation is illustrated
in green, with the full simulation response in blue.

3.4.2 Corrections to simulation

The measurement of R(A[") relies heavily on the simulated distributions
for different components. However, simulation is extremely time con-
suming and are based only on our current knowledge. They must be
corrected according to known mismatches with real data and updated
with the newest calculations. In case of the A(b) — AT, decay, the

following issues must be accentuated for:
* Usage of outdated form-factor predictions.
¢ Inaccurate distributions of the AY production kinematics.

* Mismodelling of the PID response.
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Form-factor correction from Lattice QCD

In the SM, the decay rate to the different channels can be expressed with
the effective weak Hamiltonian for b — gfv, transitions (g = ¢),
Harr = LV, (37" — 39 95b) Tru(1
off = 5V @b —gy"ysb) byu(1 — vs)v,

where the hadronic matrix elements of the vector (§y*b) and axial (gy#y5b)

vector currents can be expressed through six form-factors.

The Gr denotes the Fermi coupling constant and V;, is the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element amplitude that is needed

to calculate form-factors.

The most precise form-factors calculations for A) — AF¢~7, decays
are performed using lattice gauge theory [88]. Lattice QCD is a well-
established non-perturbative approach to solving the quantum chromo-
dynamics theory of quarks and gluons. It is a lattice gauge theory for-
mulated on a grid or lattice of points in space-time. The finite size of
the momentum grid means that hadrons with large momentum are sta-
tistically limited. This means that the calculations are more precise for

higher qz regions.

The form-factor predictions affect the kinematic distributions of the de-
cay including both, g% and helicity angle. However, the largest effect
seen in the analysis is in the ¢? distribution, therefore for simplicity we
perform 1D corrections in g2. The g2 predictions for signal and normali-

sation channels is shown in Figure 3.20.

A comparison of the g2 distributions between the latest lattice QCD pre-
dictions and the model used in the simulation is shown in Figure 3.21.
While the signal is mostly not affected by the new form-factor calcula-

tions, the normalisation channel has a slight energy shift to higher g2
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FIGURE 3.20: Predictions for the ¢* distributions for

A) = Afp~ vy, (left) and A) — AT . (right) in the Stan-

dard Model using form-factors from lattice QCD with rel-

ativistic heavy quarks. Top is taken from Ref. [88], bottom
- reproduced using paper calculations.

with respect to the simulated sample.
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FIGURE 3.21: Comparison of the ¢* distributions for
A) = Afp v, (left) and A) — AT 7 (right) predicted
by lattice QCD and those of the simulated samples.

The fit variables M2, .. g,E;} and g2 must be corrected based on the dif-
ference we observe in the underlying true g2 distribution. The fit vari-
ables are reweighted to the form-factor predictions and are shown in Fig-
ure 3.22. As expected, g2 is most affected by the correction, the other two
fit variables remain almost unchanged. The corrections are added to the

tit and also include uncertainties on the form-factors represented with a

shape variation.
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FIGURE 3.22: Fit variables before and after the reweight-
ing to the latest form factor predictions for A) — Afu~7,

(left) and A — AFT 7, (right).

Correction of the Ag production kinematics

It was seen in previous studies that the measured momentum and trans-

verse momentum distribution of A) production doesn’t agree with sim-

ulation in LHCb [89]. The correction is done in bins of Pr and pseu-

dorapidity 7. The correction scheme is taken from Ref. [90] using A) —

pK~J/¥(— p*u~) candidates passing the LOMuon trigger requirement,

meaning that tracks must pass five muon stations and have a transverse

momentum above a predefined threshold of 1.7 GeV/c? for 2016 data.
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The correction scheme is shown in Figure 3.23. The momentum distribu-
tions of the AY for the muonic sample before and after the correction are
shown in Figure 3.24. Even after the production corrections, the trans-
verse momentum and momentum agreement is poor. This can be ex-
plained by a mismodelling of the trigger between data and simulation.
For example, the hadronic trigger is known to not be well reproduced in
the simulation and strongly depends on the kinematics of the A, particle.

For this reason, a further correction is applied in Section 3.4.3.

nA)

FIGURE 3.23: Ratio of kinematic distributions between
data and simulation for the Ag production correction [90].

PID response

An excellent particle identification (PID) performance is crucial for the
analysis, in particular for the &/ — u misid background estimation. How-
ever, it is not trivial to simulate the PID algorithm and it was seen in pre-
vious measurements that PID is badly modelled in the simulation [91].
At LHCb, a data-driven technique is performed to correct for the dis-

agreement of the PID efficiencies between data and simulation. The idea
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FIGURE 3.24: Effect on the different kinematic distribu-
tions after the AY) production kinematic correction.

is to use calibration samples of K, 77, p and y without using any PID
selection. The PIDCalib package was used to compute the efficiency of
particle identification selection requirements [92]. K, p, 7 and u candi-
dates are selected with high purity from high yield samples using only
kinematic information to estimate the PID performance from data. The
J/Y¥ — utu~ decay was used for the muon calibration sample, which is
selected by requiring the muon candidates to have a high impact param-

eter (IP) with respect to the primary vertex and the reconstructed |/¢
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to have a large flight distance significance and good decay vertex qual-
ity [93]. The D** — D%(— K~ 7")7r* decay was used for the pion and
kaon calibration samples, while the Al — pK~ 7t decay was used for
the proton calibration sample[94]. The residual background in all sam-

ples are removed through the use of the sPlot technique [95].

The PIDCalib package provides the PID response as a function of the
track multiplicity, the pseudorapidity of the track and its momentum.
This response is applied to our simulation in bins of these variables to
account for kinematic and multiplicity differences between the calibra-

tion sample and our decays of interest.

3.4.3 Multidimensional correction to simulation based on

data

Ideally, the simulation would perfectly reproduce real data. Unfortu-
nately, there are still residual data-simulation discrepancies which must
be corrected for. To this end, we compare a mixture of our simulation
samples with their fractions determined from an initial fit to data. The
kinematic and geometrical variables of this mixture are then compared
between data and MC. We perform all comparisons in the low missing
mass square region (M2, < 3 GeV?/(c*)) to minimise the contribu-
tion from the signal in this comparison. The list of variables and parti-
cles used is presented in Table 3.6. An example of such a comparison
for the pion candidate is shown in Figure 3.25 and the A) candidate in

Figure 3.26. The distributions for other particles can be found in the Ap-

pendix.

Overall, the MC and data distributions agree with each other which in-
dicates that the simulation is well-modelled. Variables that have the

biggest disagreement are used as input to a multivariate reweighter [96]
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Particle Variables
T P, Pr, IPx?, IP, y
p P, Pr, IPx?, IP, 5
K~ P, Pr, IPx?, 1P,y
at P, Pr, IPx?, IP, y
AY | P, Pr, IPX?, IP, 5
Ag DIRA/ Xzz)ertex

TABLE 3.6: List of variables and particles used to compare
MC samples with the data.

in order to correct these disagreements. These are momentum, trans-
verse momentum and IPx? of the A particle, and DIRA of the A, par-
ticle. The distributions of variables before and after the reweightening
are shown in Figure 3.27. A residual discrepancy between the simula-
tion model and data is still observed. This will be tuned with the fit

results at the final stage of the analysis. Figure 3.28 shows the effect of

the MC correction on the fit kinematic variables.

3.5 Estimation of backgrounds

As mentioned previously, three fit variables are chosen to separate the
signal and normalisation decays and to determine the parameters of in-
terest R(A}) and R(Af 7" 7t7). When fitting the kinematic variables, it
is necessary to account for the presence of background contributions, in
addition to the signal and normalisation processes. Background contri-
butions can originate from different reasons, but mostly they originate

from missing or the misidentification of particles.

3.5.1 Combinatorial background

In our case, combinatorial background mostly arises when we correctly
reconstruct the Aj, but mistakenly combine a muon from an unrelated

process. A schematic is shown in Figure 3.29.
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FIGURE 3.25: Simulation - data comparison for the pion
distributions.
This type of background cannot be modelled with simulation samples
and therefore must be taken from data. The technique used to esti-
mate the contribution of the combinatorial background is based on the
assumption that this background should occur independently from the
particle charge. Therefore, we can assume that combinatorial background
will be similar to the the A} u™ pairs contribution in data. We take tem-
plate shapes for our fit from these "same sign" combinations. As the last
step, we compare the shapes for the same sign and opposite sign con-

tributions in the A) mass sideband region to prove the validity of the
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FIGURE 3.26: Simulation - data comparison for the AY dis-
tributions.
method, which show a good agreement. The template shapes for the
combinatorial background are shown in Figure 3.30. The estimated con-

tribution to the fit is 3.2% with respect to all A) — A7, X decays.

3.5.2 Misidentification background

Misidentification background occurs when a pion or a kaon is wrongly

identified as a muon (see Figure 3.31).

The misidentification background cannot be taken from simulation since
PID is not well simulated and is estimated, similarly to the combinato-
rial background, from data. For this we use a sample where we do not
require a positive muon identification in the reconstruction and trigger
levels. After the selection of this sample, the procedure can be split into

3 steps:

e First of all, we split the misid sample into two datasets: a A7 K~
sample, where we require a A candidate to be combined with a
kaon, and a A} 7t~ sample, where we require a A} candidate to be
combined with a pion. All events are weighted according to their

properties (number of tracks, pseudorapidity, momentum).

* The kaon and pion samples are first assumed to consist of pure
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FIGURE 3.27: Kinematic and geometrical distributions be-
fore and after the correction of the simulation model with
data distributions.

kaons and pure pions. We then use this assumption to take into
account the imperfect K™-7r~ identification and calculate the cross-
feed from the pion (kaon) sample into the kaon (pion) sample: In
bins of kinematics, we use dedicated PID calibration samples which

estimate misidentification rate for a given pion (kaon) to leak into

the kaon (pion) sample.

* We create fit templates for the misid background from these sam-

ples taking into account the cross-feed of 7~ <—— K™.

The contribution due to the misid of decays of the type A) — AFK™
is estimated to be 0.33% with respect to the inclusive sample, whereas
background contributions from AY — A7~ decays is estimated to be
2.6% with respect to the full sample. The shapes of these backgrounds as

a function of the fit variables are shown in Figure 3.32.



3.5. Estimation of backgrounds 87

A e IR ATRTERE B e S e T
0'5; o Psoudodaaste theMC corecion E 0.2; {
0.4F E E |

s ‘ ] 0.15F 3
0.3F E g |
02| E 0.4f E
01f 3 0.05[- E
0 I e | ) ] Oj ‘ |
-2 0 2 4 6 0 1000 2000
M7 [GeV7ct] E, [MeV]
L AAEEE e R
0.4F E
0.35F E
0.3fF E
0.25F E
0.2F E
0.15 E
0.1f E
X S —
0 5 10

o? [GeVacY]
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3.5.3 Double-charm background

Another source of dangerous background originates from decays of the
type Ag — A X., where X, is a charmed hadron that decays in a final
state with a muon mimicking that from a 7~ decay. This is referred to
as double-charm background due to the fact that these decays contain at
least two hadrons containing a charm quark. We can see the distribution

of particles from the simulation sample that mimic a signal in Table 3.7.

We utilise a multivariate algorithm (MVA) isolation tool that was de-
veloped for the R(D*") analysis [77] to select this double-charm back-
ground. The feature of this background exploited by this tool is the pres-
ence of at least one additional reconstructible particle in the proximity of
the b vertex. The algorithm evaluates the likelihood for each track in the
event originates from the reconstructed Ag vertex. An output of the iso-

lation BDT distribution for the signal and the double-charm background
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FIGURE 3.29: Schematic of the process that causes combi-
natorial background. PI indicates the primary interaction.

Two body decay, % | Three body decay, %
D*(2007)? 44-107° 33.3
D*(2010)* 6.9-1073 23
D:* 16.5 16.6-1073
D41 (2460)* 9.8 0
D 7.9 17.8-1073
DY 6.6-1073 6.4
D+ 7.5-1073 3
Dyo(2317)* 3.7-1073 0
D41(2356)* 0.4-1073 0
D, (2460)* 0 107°
Total ~ 66 ~ 34

TABLE 3.7: List of particles that produce the A X, back-
ground.

is depicted in Figure 3.33. We use this isolation variable later to define

control samples.

3.5.4 Background originating from excited states

The final background class we consider arises from excited states of A/ .
Instead of the signal decay A) — AT~ ( W~ )Vr(y), we detect the decay

to the excited state A) — AZT T (u™)Vy(,), where Af — A, We

0
estimate this background contribution using simulated samples for the
most common excited states. The list of excited states used is shown in

Table 3.8. The combination of this feeddown background corresponds to

~ 26% of the yield in the inclusive A) — A~ X peak.
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template.

O 5 At TT,
) = A uy
AFT(2595) — Al
AT (2625) — AF
)
)

Types of the decay 2

Excited states A (2765) — Attt

AF1(2880) = Al

TABLE 3.8: List of highest branching fraction rates excited
states of A that were used to estimate the contribution of
background from excited A/ states.
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FIGURE 3.31: Diagram illustrating the various contribu-
tions including real muons and misid background to our
data sample.

3.6 Blinding strategy

The value of R(A) and R(Af 7wt 7r™), is blinded in order to avoid any
human factors and subconscious biases in the final fit result. The blind-

ing is implemented in the following way:
(=1 B RAL)

where «, §, v are randomly generated values within the range of 0 to 100.

This ansatz is chosen to avoid the sign of R(A}) to be known.

3.7 Likelihood fits

We use multidimensional binned maximum likelihood fit to the three fit
variables to determine the parameters of interest R(A] ) and R(Af w7 ™).

The fit is performed in three different regions:
* Isolated region

- No tracks pass the isolation criteria, which means that
there is no additional track with an isolation BDT value

higher than 0.35.

¢ Double-charm region
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FIGURE 3.32: Shape in the fit variables for the background
originating from (h — u) misid.

- Two additional tracks are compatible with the A) de-
cay vertex due to decay chain A) — A X, (X = Kp~7,X).
- Both tracks are long tracks.
- Both tracks have ProbNNghost<0.2, where ProbNNghost
is a special variable used in LHCb to estimate the proba-
bility of the track being fake (consisting of hits that dono
belong to the same track). It is obtained as an output of
neural network-based classifiers that take into account
the track kinematics and the tracking performance [92].

- At least one out of two tracks identified as a kaon by
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FIGURE 3.33: Comparison of isolation BDT variable for the
signal (Ag — AFt77;) and double-charm (A, — A:X,)
decays.

the particle identification system.

- Events that satisfy A} 7wt 7t~ region requirements are

excluded.

e Af7mt 7 region

- Two additional tracks are compatible with the A) de-
cay vertex due to the decay chain A) — AT v, (AT —
A,

- Both tracks are long tracks.

- Both tracks have ProbNNghost<0.2.

- Two tracks have opposite charges.

- The invariant mass of two tracks together with the A

candidate should be less than 2700 MeV.

A summary of the fit templates used in the fit are shown in Table 3.9.
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Monte-Carlo derived templates Data derived templates

Ag — AFT7U;

AN = Afu v , )

0 ! ) ’ = combinatorial
A) — AFT(2595,2625,2765,2880) T V1 id

AV — AFF(2595,2625,2765,2880) 1 Ty st

A) = ATX,

TABLE 3.9: List of background and signal templates used
in the fit.

The fit is done simultaneously to all three regions. The fit nuisance pa-
rameters are summarised in Table 3.10. Parameters of interest are R(A[")
and R(Aftt ™).

Fixed
N(A) = A 7,)

N(Ag — A¥1(2595,2625,2765,2880) T Vy)
N(A) = AfT(2595,2625,2765,2880) 1 7))
N(A? = AP X 2body)

N(AY = AYT X mbody)
N(combinatorial)

N(misid)

Varied in the fit
N(A) = AT 7)
N(A) — AFT(2595,2625,2765,2880) 1 7))
N(A? — AT X 2body)
N(AL? — AT Xmbody)
N(Combinatorial)
N(misid)

Xlinear

Xguadritic

TABLE 3.10: List of parameters used in the fit to data.
Xlinear a0 &gy adritic are defined in 3.7.2

3.7.1 Isolated region

The isolated region is the signal region, where we expect to have sen-

sitivity to R(AJ) and R(AJ 7" 7t7). The region is defined as the one
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which selects the data where no additional tracks pass the isolation cri-
teria of having the isolation BDT value higher than 0.35. The dominant
contributions here are the normalisation mode A) — Afp~7,, and the
decay to the muonic excited states A) — A"~ 7,. An example of a fit
to isolated region is illustrated in Figure 3.34. No signal is plotted as the

result is blind.
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FIGURE 3.34: Multidimensional fit to isolated region.

3.7.2 Double-charm region

The double-charm region is the region where the dominant contribution

is represented by misidentification and decays containing two charm
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hadrons (A — A X, X. — Ku 7,X). We define this region by re-
quiring two anti-isolated particles with the isolation BDT value less than
0.35, where at least one of them is identified as a kaon. An example of

the fit to the double-charm region is shown in Figure 3.35.

Comparing the double-charm region in data and simulation reveals an
obvious systematic mismodelling of the background from A) — Af X,
decays. To fix this we apply a multiplicative deformation following the
R(D**) analysis method [76]. The deformation is implemented as +1¢
variations to the double-charm template. The £1c¢ variations are con-
structed by reweighting A) — Al X events to correct the kinematics of

the multi-body double-charm decays with two weight functions:

2 _ 2
W(Xinear) = 14 20 Tadx Uz + ) 21
linear linear (mAg _ mK)Z _ (m/\c + mXc)z 7]

2
mA?XC

(mAg —mg)? — (mpz + mx,)?

= (mys +mx,)?

w(“quudmtic) = (1- D‘quadmtic) + 8&guadratic

where o; = +1.

3.7.3 The A 77T region

The Af w7~ region is the region where the dominant contribution is
represented by decays to excited states Af*. We define this region by
requiring two anti-isolated particles that have opposite charges. In addi-
tion, the sum of their invariant mass in the combination with A} should
not exceed 2700 MeV. An example of the fit to the AJ 71771~ region is
shown in Figure 3.36. The fit shows a nice agreement, but some discrep-
ancies are still observed. However, additional corrections are yet to be

applied, such as the A} T form-factors and MC corrections, which have a
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FIGURE 3.35: Multidimensional fit to the double-charm re-

gion.

potential to improve these discrepancies.

3.7.4 Fit validation

The fit validation was mentioned in subsection 3.4.1. In that case, the

validation was performed in the isolated region only to estimate the sta-

tistical uncertainty on the fit. Below Figure 3.37 shows a simultaneous

fit of the pseudodata to isolated and double-charm regions. Pseudodata

corresponds to the mix of all templates with relative contribution taken

from the fit to real data and varied according to the expected statistical

uncertainties. The validation procedure was applied to the simultaneous
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FIGURE 3.36: Multidimensional fit to the AJ 7" 7~ region.

fit, as well as to single fits separately. Good fit results are obtained which

reinforce confidence in the fit.

3.8 Summary and outlook

This chapter has presented the semileptonic analysis of the lepton uni-
A=A FTTT,

= A oafs, and
NN (At n )T v
N AT (A mtn v,

versality ratios R(A[")

R(Afrtr) which will constitute the first
measurement of the Ag — AFT7; and Ag — Al tt T U decays,
and also will help to shed light on the R(D**) anomaly. Unblinded re-

sults are not shown in this thesis because the analysis is still in progress
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FIGURE 3.37: Simultaneous multidimensional fit of pseu-

dodata to isolated (left) and double-charm (right) regions.
and results will remain blinded until the last moment. However, the
analysis is well advanced and the only remaining task is to implement
form-factor corrections for the Ag — A}TT 77 decays, finalise data/MC
corrections and expand the form factor correction to 2D, including the
helicity angle (cos (0)). In order to compute systematic uncertainties, the
fit to the data must be finalised. The systematic uncertainties are likely
to be dominated by the modelling of backgrounds. For this, many of
the uncertainties will be taken into account with nuisance parameters,
such as shape parameters for the double-charm background. For the

data-simulation agreement and trigger emulation, the effects on R(A[")
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and R(AJ 7" 7t7) have to be studied using the final fit to the data. This
will affect both, the efficiency ratios and signal yields. The analysis is

expected to be finalised and published in the near future.
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Chapter 4

Neutrino background studies
and muon-shield optimisation

for the SHiP experiment

4.1 Introduction

The discovery of the Higgs boson at the LHC confirmed that the SM is
self-consistent and a valid effective field theory up to the Planck scale,
which accounts for all elementary particles that have been found so far.
However, there are several phenomena that indicate that the SM is not
complete yet. Examples include the presence of non-zero neutrino mass,
their flavour oscillations and the existence of dark matter. These obser-
vations suggest that there must be other particles in addition to those
predicted by the SM. In recent years, many theories have been proposed
that address these issues by the existence of new particles in a range of
several orders of magnitude in mass. They are presented in Chapter 1.
Therefore, while it is accepted that the SM is not complete we have no

indication of the scale at which it resides.

The naturalness principle [97] predicted the existence of particles at the
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electroweak scale, in order to stabilize the Higgs mass. The non-observation
of such particles in the first two runs of the LHC has led physicists to
question naturalness as a guiding principle. In this situation, we can use

three complementary strategies to search for new physics:
* The energy frontier:

The region of high energy may contain new, yet to be
discovered particles with high masses. The reason we
have not seen them is that we do not have an accelerator
that can reach enough energy to produce these "heavy"

particles.
* The precision frontier:

We will not directly observe any new particles at the
high energy frontier, but a discrepancy appears between
a measurement and SM predictions. This kind of search
is called indirect and is performed in high-precision mea-
surements at any energy scale. The R(A[) analysis pre-

sented in Chapter 3 belongs to this category of searches.
* The intensity frontier:

There is a region of higher intensities that holds new still
undiscovered particles that interact extremely weakly
with SM particles. The reason we have not seen them is
that we cannot distinguish these rare events in the huge

background of SM interactions.

Most experiments up to now have concentrated their searches on the

energy (ATLAS, CMS) and precision (LHCb, BABAR, BELLE) frontiers.
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However, recent searches for the weakly interacting particles are attract-
ing more attention. This has led to several new proposals for experi-
ments at the intensity frontier. The Search for Hidden Particles (SHiP)
experiment belongs to this class of proposals and is described more in
detail in this chapter. One of the peculiarities of the SHiP experiment is
its unique ability to identify displaced vertices with the ability to mea-

sure the invariant mass and good particle identification (PID).

The concept of the experiment was first described in Ref. [98]. Sub-
sequently, the SHiP Technical Proposal (TP) [99] and SHiP Physics Pa-
per (PP) [29] were submitted to the CERN scientific communities. Since
then it has received much interest within the high energy physics com-
munity. SHiP was also discussed in the context of the European Strategy

for Particle Physics Update which took place in 2020 [100, 101].

4.2 Experimental overview

4.2.1 Overall concept

SHiP is a new general-purpose fixed target facility proposed at the CERN
SPS accelerator to search for particles predicted by Hidden Portals. These
particles are expected to be predominantly accessible through the decays
of heavy flavour hadrons. The facility is therefore designed to maximise
the production and detector acceptance for charm and beauty mesons,
while providing the cleanest possible environment for the detection of
hidden sector (HS) decays. The 400 GeV/c proton beam extracted from
the SPS will be dumped on a high-density target to accumulate 2 x 10%°

protons on target during five years of operation. The charm production

at SHiP exceeds that of any existing or planned facility.
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The basic concept of the experiment is shown in the Figure 4.1. The main
idea is to dump a high-intensity beam into the heavy target, which al-

lows to produce heavy flavour particles.

The layout of the experiment is optimised to have the best sensitivity
to hidden sector particles, while minimising the flux of SM particles.
The heavy target followed by an iron absorber is used to absorb rest
light hadrons (77,K) that are produced in the primary interaction. Muons
which cannot be efficiently stopped by the hadron absorber are deflected

away from the detector area by a specially designed muon sweeper.

target + shield decay volume
beam . 1 I I I I l
detector

FIGURE 4.1: Conceptual scheme of the SHiP experiment.

A dedicated detector, based on a long vacuum tank, followed by a spec-
trometer and particle identification detectors, will allow to be sensitive
to a variety of models with long-lived exotic particles with masses below
O(10) GeV/c?. Since hidden sector particles originating from charm and
beauty hadrons are produced with a significant transverse momentum
with respect to the beam axis, the detector should be placed as close as

possible to the target.

A critical component of SHiP is the muon shield, which deflects the high
flux of muons. These muons would represent a very serious background

for new particle searches.

The detector is designed to fully reconstruct the exclusive decays of hid-
den particles and to reject the background down to below 0.1 events in

the sample of 2 x 10%° protons on target. The detector consists of a large



4.2. Experimental overview 105

magnetic spectrometer located downstream of a 50 m-long and 5 x 10 m-
wide decay volume. The decay volume is maintained under a vacuum to
suppress the background from neutrinos interacting in the fiducial vol-
ume, as a neutrino interactions in the air could cause irreducible back-

ground for the experiment.

The spectrometer is designed to precisely reconstruct the decay vertex,
mass and impact parameter of the decaying particle. A set of calorime-
ters followed by muon chambers provide identification of electrons, pho-
tons, muons and charged hadrons. A dedicated timing detector mea-
sures the coincidence of the decay products, which allows the rejection of
combinatorial backgrounds. The decay volume is surrounded by back-
ground taggers to tag neutrino and muon inelastic scattering in the sur-
rounding structures, which may produce long-lived SM "V particles",

such as Ky, mesons, that have similar topologies to the expected signals.

The experimental facility is also ideally suited for studying interactions
of tau neutrinos. It will, therefore, host an emulsion cloud chamber
based on the OPERA concept [102], upstream of the hidden particle de-

cay volume, followed by a muon spectrometer.

The experiment layout as modelled in simulation is depicted in Fig-

ure 4.2.

FIGURE 4.2: Depiction of the SHiP experiment taken from
simulation.
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In simulation, proton fixed-target collisions are generated by Pythia8 [103],
inelastic neutrino interactions by GENIE [104] and inelastic muon inter-
actions by Pythia6 [105]. The heavy flavour cascade production is also
taken into account [106]. The SHiP detector response is simulated in the
GEANT4 [107] framework. The simulation is done within the FairRoot

package [108].

4.2.2 Beam-dump facility

A new dedicated beamline will service the SHiP experiment, branching
off from the splitter section on the North Area of the Super Proton Syn-
chrotron (SPS) [109].

The new beamline from the SPS will deliver the annual yield of 4 - 101
protons on target with a beam momentum of 400 GeV/c without com-
promising the beam requirements of the High Luminosity LHC or the
operation of the existing SPS beam facilities. The length of one cycle is
expected to be 7.2 s, while the duration of the actual spill (time length of
bunch interaction) is 1.2 s. The combination of the intensity and the en-
ergy of the SPS proton beam allows the production of O(10'®) charmed
hadrons and more than 10%! photons above 100 MeV. At the same time,
the feature of slow beam extraction grants a control on the combinatorial
background, as it allows to use timing information to reject the random

combination of tracks.

In addition, the Beam Dump Facility (BDF) will allow for the study of
physics with tau neutrinos with unprecedented sensitivity. Five years
of operation on the BDF target at 400 GeV/c would yield O(10'°) tau
and anti-tau neutrinos, so the first direct observation of the anti-tau neu-
trino and the measurement of tau neutrino and anti-tau neutrino cross-

sections is one of the experiment’s goals.
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A new dedicated transfer line will deflect the beam from the SPS after
the TT20 transfer line using a new splitter magnet system. Afterwards,
the beam will be dumped on a high-power target that will be protected
by a heavily shielded target complex. The new transfer line will keep the
compatibility with the existing North Area operation, at the same time.

The layout of the BDF is shown in Figure 4.3.

Prévessin
campus

FIGURE 4.3: Proposed location of the BDF in the SPS North
Area [99].

Studies of using the BDF for other flavour experiments are ongoing. For
instance, it was proposed in Ref. [110] that the BDF could has an experi-

mental searching for lepton flavour violation and rare decays.

4.2.3 The target bunker

The BDF will consist of the SHiP beamline and target complex. The tar-

get complex includes the target itself, part of the muon-shield and the
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target bunker. The purpose of the target bunker is to reduce the prompt
dose rate during operation and the residual dose rate around the target
during the shutdown, while the downstream proximity shielding also
serves as a hadron absorber which incorporates part of the muon-shield.
The purpose of the hadron absorber is to stop the secondary hadrons and
the residual non-interacting protons, while protecting the downstream
parts from the radiation. The layout of the target complex is shown in

Figure 4.4.

The shielding will consist of 3700 t of water-cooled cast iron and steel
shielding with outer dimensions of 6.8 x 7.9 x 11.2 m3 placed in a vessel
filled with a gaseous helium to prevent the production of high mass iso-
topes generated by the interaction of secondary neutrons with air and to
reduce the radiation-accelerated corrosion of the target and surrounding

equipment.

mobile shielding

magnet coil < ) ) tge-a’r;

target compartment

magnetised hadron
absorber

proximity shielding

FIGURE 4.4: Layout of the SHiP target complex [111].
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4.2.4 Target

The SHiP target aims to maximise both the production of charm and
beauty hadrons and absorb pions and kaons produced in the target to re-
duce the background. This can be achieved using a high density material
with a short nuclear interaction length. The challenge, in this case, is to
deal with a high level of deposited power in the target, which amounts
to 2.56 MW per spill. A possible way to handle it is to dilute the en-
ergy density in the target by spreading a beam spot and having a slow
beam extraction. The chosen design for this purpose is a longitudinally
segmented hybrid target consisting of blocks of four nuclear interaction
lengths of a titanium-zirconium-doped molybdenum alloy followed by
twelve nuclear interaction lengths of tungsten interleaved with 5 mm
wide slots for water cooling. A schematic view of the SHiP target is

shown in Figure 4.5

) W core —
Ta2.5W cladding

TZM core

2250

FIGURE 4.5: Layout of the SHiP target [112].

4.2.5 Muon-shield

While most of secondary SM particles will be absorbed inside the tar-
get and the hadron stopper following it, most muons will pass through.

That is incompatible with the goals of the experiment, as it will create an



Chapter 4. Neutrino background studies and muon-shield
110
optimisation for the SHiP experiment

undistinguishable background for hidden sector detector and damage

the neutrino scattering detector.

The expected flux of muons emerging from the proton target amounts to
O(10'"") muons per spill of 4 - 10'3 protons. The background induced by
muons can mimic new physics signals in the detectors through random
combinations, as well as scatter inelastically in its material producing
long-lived neutral particle vertices. The muon flux must be reduced by
at least six orders of magnitude to keep both backgrounds under control.
The design of the muon shield aims to allow the experiment to be as close
as possible. This can be achieved by using a specially developed muon
sweeping system based on magnets which will deflect muons from the
vicinity of the detector acceptance. The first part of the muon-shield will
start inside the target bunker, with a magnetic coil which magnetises
the hadron stopper, made of US1010 steel, with a field of 1.7 T. The
optimisation of the muon-shield was performed as part of this thesis and

will be discussed in Section 4.5.

4.2.6 Scattering and Neutrino Detector

The design of the BDF also makes it the ideal place to investigate tau and
anti-tau neutrinos. Ds mesons, which are produced in the target, are a
great source of tau neutrinos through their fully leptonic decay. In addi-
tion, if dark matter is light enough it can be produced in the target and
subsequently can be directly detected. For these reasons, a detector will
be placed immediately after the muon-shield within the muon-free area.
The main idea of the scattering and neutrino detector (SND) is based on
the Emulsion Cloud Chamber (ECC) technique, which was previously

successfully used in the OPERA experiment [102].
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The first observation of tau neutrinos was reported by the DONUT ex-
periment in 2008 with the detection of nine candidates [113]. After-
wards, the OPERA experiment [102] discovered tau neutrino appear-
ance from muon neutrino oscillations, detecting ten tau neutrino candi-
dates. Nevertheless, so far, there is no direct measurement of the tau anti-
neutrino. The SHiP experiment will be the perfect v; factory produc-
ing 6.6 - 10'° tau neutrinos in the primary collision, that will be divided
approximately equally between neutrinos and anti-neutrinos. This will

lead to 10* interactions of tau neutrinos and anti-neutrinos within the

SND target.

muon identification system &
upstream veto tagger (UvT

19X target tracker

19 x emulsion brick wall 3 x downstream tracker

FIGURE 4.6: Scattering and Neutrino Detector in
front (left) and side (right) views [112].

The SND detector consists of a magnetised region which is made up of
the neutrino target and a particle spectrometer, followed by a muon iden-
tification system. A view of the detector is illustrated in Figure 4.6. The
distinctive shape seen in the front view is explained by the spatial distri-

bution of muons coming out the muon-shield (see Figure 4.7).

The spectrometer will be made of a sequence of low-density material and

emulsion films to measure the charge and the momentum of hadrons in
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FIGURE 4.7: Muon flux distribution in the transverse
plane immediately downstream of the last sweeper mag-
net [111].

the magnetic field. This emulsion target is followed by high resolution
tracking stations to provide the time measurement of the event, measure
the charge and momentum for particles with momenta above 10 GeV /¢
and to connect tracks from the emulsion target to the muon system. The
detector will finish with a muon system consisting of iron slabs, alter-
nated with RPCs to provide the tracking within slabs. The muon system
will also be used as an upstream veto tagger for the background to the

Hidden Sector Detector [114].

4.2.7 Vacuum vessel

The Hidden Sector detector follows the SND detector. It consists of two
crucial parts: a decay volume and a spectrometer. The new physics sig-
nature of hidden sector particles consists of a displaced vertex in the
fiducial volume. Since we expect NP particles to be long-lived, we need
a long decay volume. The signal acceptance depends linearly on the

length of the decay volume.

The discovery potential of the SHiP experiment depends drastically on
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how well we can suppress SM particles. Since we stop all hadrons before
the decay volume thanks to a heavy target and hadron absorber, and we
reduce the muon flux substantially with a muon-shield, the remaining

background is induced by neutrinos.

Deep-inelastic neutrino-nucleon scattering in the detector volume can
produce long-lived neutral particles, which are backgrounds. These par-
ticles may decay inside the decay volume and mimic the topology of the
hidden sector particle decays. We expect to have a flux of 4.5 - 10'® neu-
trinos and 3 - 10'® anti-neutrinos in the acceptance in five nominal years

running.

The vacuum vessel needs to be kept at a pressure of 1 mbar to suppress
neutrino-induced backgrounds inside the fiducial decay volume. My
studies have shown that with this requirement, all neutrino interactions
will mainly happen in the decay volume walls and can be rejected us-
ing basic selection criteria based on directional requirement. Residual
neutrino interactions, as well as muon deep-inelastic interactions with
the vessel material, will be vetoed by the Surrounding Background Tag-

ger (SBT) system, which covers the entire decay volume.

The decay volume will have a length of 50 m with a pyramidal frus-
tum shape and will be located directly downstream of the SND. The
shape and length of the detector has been optimised taking into account
two main factors: maximising the acceptance to the different HS decay
channels given the transverse aperture of the spectrometer, while stay-
ing within the region cleared from the muon flux. The decay volume is

shown in the Figure 4.8.
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11m

FIGURE 4.8: Illustration of the decay volume struc-
ture [111].

4.2.8 Tracking stations

The spectrometer will be located inside the decay volume and will also
be kept under vacuum. It will consist of four tracking stations which will
run through the spectrometer magnet, with two stations upstream and

two stations downstream of the magnet.

The purpose of the spectrometer is to reconstruct the tracks of charged
particles coming from the new physics (NP) particles decay with high ef-
ficiency and distinguish these from the background events. At the same
time, the spectrometer must take care of the reconstruction of the flight
direction within the fiducial volume and perform an accurate determi-
nation of the track momentum. Tracks reconstructed in the spectrometer
must also be well-matched with a segment of the timing detector. We
rely on these systems to reconstruct the invariant mass, the vertex, the
timing and impact parameter to the target, which are crucial qualities
for the rejection of the background originating from neutral meson de-

cays or combinatorial combinations.

The layout of the spectrometer system is depicted in Figure 4.9. All four

tracking sections have the same spatial parameters, which is dictated by
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the dipole magnet size and decay volume aperture. The nominal accep-
tance of the tracking stations is 5 m in the X-axis and 10 m in the Y-axis.
Each station contains four views, in a Y-U-V-Y arrangement, where U
and V are stereoviews with straws rotated by a small angle +0s7grro

around the Z-axis.

The design of the spectrometer stations will be based on an ultra-thin
straw-tube technology, oriented horizontally with a straw diameter of

20 mm [115].

Spectrometer
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FIGURE 4.9: Illustration of the spectrometer system [116].

4.2.9 Spectrometer magnet

The spectrometer magnet is located in the middle of the tracking system
and enables the determination of particle charge and momentum. It is a
dipole with an aperture of 5.1 x 10.35 m? with a horizontal field provid-
ing a vertical bending plane for the horizontally oriented straw tracker.
The magnet consists of two coils surrounded by a window-frame yoke
structure to provide a uniform magnetic field inside the magnet aperture

and to minimise power consumption. The magnet has been designed for
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a maximum field induction of 1.75 T at a nominal bending strength of
0.65 Tm. A schematic view of the spectrometer magnet, together with its

field map, is shown in Figure 4.10.
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FIGURE 4.10: Illustration of the spectrometer magnet and
its field amplitude map inside the iron yoke [116].

4.2.10 Timing detector

The experiment requires a timing detector to combat combinatorial back-
ground. To suppress this type of background, we need a detector with a
timing resolution of 100 ps or less. The main option consists of a plastic
scintillator-based technology consisting of three columns of bars instru-
mented by arrays of large-area SiPMs. The bars will be arranged in three
columns and 182 rows with a 0.5 cm overlap between bars for a total
area of 5 m x 10 m. Each bar will be read out on both sides by an ar-
ray of eight 6 mm x 6 mm SiPMs. The signals from the eight SiPMs are
summed by an ASIC based on the MUSIC chip [117] to form a single

channel (see Figure 4.11).



4.2. Experimenta] overview 117

An alternative technology of the multi gap resistive plate chambers (MRPC)

for the timing detector is under investigation [118].

FIGURE 4.11: Array of eight SiPMs integrated into a PCB
with a parallel connection and applied directly to the bar
surface [111].

4211 Calorimeter

In the SHiP experiment, particle identification is needed to discriminate
between different HS models. This goal can be achieved by having a seg-
mented calorimeter called the SplitCal. The SHiP calorimeter is also able
to reconstruct Axion-Like-Particles (ALP) decaying to two-photon final
states. For these purposes, we will use a longitudinally segmented lead
sampling calorimeter consisting of two parts. Each part will be equipped
with high spatial resolution layers in order to provide pointing with a

resolution of 5 mrad for photons originating from ALP decays.

4.2.12 Muon detector

The muon system identifies the muons from the signal channels and sep-
arates them from those produced in neutrino and muon-induced back-
grounds. The muon detector will be located downstream of the elec-

tromagnetic calorimeter. It will consist of four stations of active layers
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interleaved by three muon filters. The active layers will consist of scin-

tillating tiles with direct SiPM readout technology.

4.3 Physics sensitivity

4.3.1 Signal strategy

The remarkable feature of SHiP is that it can not only validate (or dis-
prove) the wide range of different theoretical models for the new feebly-
interacting particles, but also distinguish different new physics channels
and measure their properties. The detectors are designed to be sensi-
tive to as many decay modes as possible to ensure a model-independent
search for hidden particles [119]. A set of models have been imple-
mented in the SHiP software framework, the sensitivities to which will

be discussed later.

The typical signature for all benchmark hidden sector models, described
in Chapter 1, is an isolated vertex in the decay volume. Therefore, signal
candidates are required to form an isolated vertex in the fiducial volume.
Decay modes can also be split into two categories: fully reconstructed,
meaning that all daughters coming from the decay are reconstructible in
the spectrometer (for instance, HNL — ur); and partially reconstructed,
meaning that one or more daughters coming from the decay cannot be

reconstructed in the spectrometer (for instance, HNL — ppvy).

The single most discriminating requirement for signal selection is the
pointing back to the target; i.e. requiring that it's impact parameter must
be less than 10 cm. Unfortunately, while this selection is very efficient for
fully reconstructed events, partially reconstructed final states are more
challenging to select. Since we are missing some signal state particles,

the reconstructed event will loosely point to the target. Therefore, for
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these searches the signal candidates are required to have an impact pa-
rameter less than 250 cm. To isolate them better, we also require to have
no activity in the detectors surrounding the decay volume. Selections on
the track and vertex quality, as well as on the distance from any mate-
rial are also applied. The basic signal selection based on the topology
of events is summarised in Table 4.1, where the variables defined as fol-

lows:
* Neandidates 1S @ number of reconstructed candidates per event.
® Ny, is the number of degrees of freedom for a track.

* DOCA is the distance of closest approach between two charged

tracks forming the vertex.

* x?/Ny,. 7 is the X? per a number of degrees of freedom of the track

fit.
* Py ek is the track momentum of the candidate’s daughters.

e [P is the impact parameter of the reconstructed candidate to the

target.
Fully reconstructed | Partially reconstructed

Neandidates 1 1
Vertex is inside the fiducial volume v v
Tracks traverse all tracking stations v v
Ny, f >25 >25
DOCA <lcm <lcm
X%/ Ny, 7 <5 <5
Prrack >15GeV/c >15GeV/c
IP <10 cm <25m

TABLE 4.1: Basic signal selection for the fully ( HNL —
u) and partially (HNL — ppv,) reconstructed events.
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4.3.2 Signals

A benchmark channel for the SHiP experiment is the decay of a Heavy
Neutral Lepton (HNL) predicted by several models, including the neu-
trino minimal Standard Model. The dominant production channel for
HNL in the SHiP experiment is through weak decays of flavoured mesons.
In the case of HNLs with masses M < 500 MeV/c2, kaon decays are
the dominant production channel. However, the limits on HNL produc-
tion from kaon decays are already set by the NA62 experiment [120].
For these reason, in SHiP most of kaons will be stopped in the target or
hadron absorber before decaying for background suppression purposes.
Therefore, only HNL originated from charm and beauty mesons decays
are considered in the sensitivity estimations. The production rates are

shown in Figure 4.12.
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FIGURE 4.12: Meson fragmentation fraction times branch-
ing fraction of meson decays to HNL as a function of the
HNL mass [111].

The study of the HNL sensitivities were done for different ratios between
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the three mixing angles (Chapter 1) and different decay channels. It is
described in detail in [98, 111]. As an example, the sensitivity curve
for HNLs with three couplings U? : U’% : U2 =0:1:0isshown in
Figure 4.13. The signal yield depends on the fourth power of the HNL-
neutrino mixing, U%, as the same mixing gives rise to the decay of the

HNL to SM, as to HNL production.

Muon coupling dominance: U?: Up:Uz = 0:1:0

SHiP,2x10%" pot
- solid: without B,
- dotted: with B,

FIGURE 4.13: Sensitivity curve for HNLs with the bench-
mark assumption [111].
Dark photons are predicted by a range of models [33, 121]. There are dif-
ferent production mechanisms at a fixed-target experiment. Dark pho-
tons with masses below 0.9 GeV/c? can mix with photons from neu-
tral meson decays that are produced in non-diffractive interactions. The
proton-proton interaction can also produce the radiation of a dark pho-
ton via a bremsstrahlung process, which is dominant for dark photon
masses in the range 0.4 — 1.3 GeV/ c2. For masses higher than 1.3 GeV/ c2
the dominant production mechanism is through quark-quark annihila-

tion into the dark photon, analogous to Drell-Yan process.

The combined sensitivities of SHiP to dark photons is shown in Fig-

ure 4.14.
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FIGURE 4.14: Sensitivity curve for the dark photon as
function of its mass and of the kinetic mixing parameter
for the three production modes [111].

The SHiP experiment is also very well suited for searches of axion-like
particles (ALPs). Two cases are considered in the sensitivity estimations:
the coupling of ALP with photons and with fermions. A model with
an exclusive coupling to two photons was used as a benchmark model.
The SplitCal will be used to reconstruct these decays, providing a unique
sensitivity in the mass range 200 MeV/c? — 1 GeV/c?. The comparison
of the sensitivity for ALP decaying to two photons for different experi-

ments is shown in Figure 4.15.

SHiP is also sensitive as well to dark scalars which can be produced
through meson decays. The CKM contribution to the amplitude depend-

ing on the meson:

I'(K — 7S) & m$A>,
I'(D — 7S) & mFA°,

T'(B — KS) o m}A?,
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FIGURE 4.15: Sensitivity curve for ALP decaying to two
photons [110].
where A =~ 0.225 is a parameter of CKM matrix in Wolfenstein form [122].
Therefore, the production of dark scalar through D meson decays is
highly suppressed in comparison to B and K mesons. SHiP is only sen-
sitive to B mesons decay mode, as most of the kaons will be absorbed.

The sensitivity to Dark Scalars is shown in Figure 4.16 [39].
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FIGURE 4.16: Sensitivity curve for dark scalar [110].
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4.4 Backgrounds

All sensitivities so far discussed require redundant background suppres-
sion. The aim of the SHiP experiment is to achieve less than 0.1 back-
ground events in five years of running. There are three primary sources
of background which can mimic the HS particle signal: neutrino-induced
backgrounds from inelastic interactions in the detector material and the
cavern walls, muon-induced backgrounds from inelastic interactions and
combinatorial background produced by a random combination of resid-

ual muons. Background from cosmic muons can be neglected [99].

44.1 Muon combinatorial

There are two types of muons which can reach the detector spectrom-
eter: the ones which penetrate the muon-shield and those which back-
scatter from the surrounding cavern walls. Any such muons can create
a charged-particle track in the tracking stations, and therefore a random
combination of them can mimic the signal. To estimate this background,
a sample of simulated muons which survive the muon-shield was anal-
ysed and unique pairs of tracks were formed from these events. The
basic selection is based on the pointing and track and vertex qualities,
which were before discussed already, allowing the combinatorial back-

ground to be reduced by six orders of magnitude.

To further reduce the combinatorial background we use timing. We ex-
pect to have 8.5 x 10'° pairs of tracks in five years of running. The sup-
pression factor of timing detector is 107!}, even with the assumption of
340 ps resolution that is three times worse than expected. The factor
was estimated considering the probability to find two muons in a time

interval 6T = 340 ps as a Poisson distribution with mean Pu, where
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pu = F- 0T is the probability to find a muon in 4T having a flux of
F = 10° Hz muons [116].

Together with basic selection cuts, it will reduce the background to the
level of 102 events over the lifetime of the experiment. Further rejection
not included in this estimation can be reached by using the information
from the surrounding taggers and upstream muon system of the SND.

This will provide an additional suppression up to 10~

4.4.2 Muon deep-inelastic scattering

Muons can also interact inelastically in the cavern walls, floor, SND de-
tector or material upstream the decay vessel. We expect to have 2.1 x 108
muon deep-inelastic interactions in the decay volume in five nominal
years of running. The particular feature of these events is that they are
mostly located in the entrance of the decay volume (see Figure 4.17) and
have high multiplicity. Therefore, the combination of basic selection cuts
(see Table 4.1) together with activity information from the SBT or veto
taggers brings down this background to the 10~ level over the lifetime

of the experiment.
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FIGURE 4.17: Interaction points of generated muon deep-
inelastic scattering events before the selection [112].
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4.4.3 Neutrino induced

The main background for the SHiP experiment consists of neutrino in-
duced background. First of all, the yield of neutrino interaction is com-
parable to that of muons, since neutrinos cannot be deflected. Secondly,
neutrino are much more difficult to veto. Particularly dangerous are neu-
trino interactions producing long-lived SM particles such, as K, which
can closely mimic the signal. The estimation of neutrino background was

carried out in the context of this thesis and is discussed in Chapter 4.6.

4.5 Muon-shield optimisation

The concept of the muon-shield was introduced before and presented
in its final design. The optimisation procedure of this muon-shield was
part of this thesis work and described below. This work was carried out
for the technical proposal. At that time, the decay volume was a cylinder
of dimensions (x,y) = (5,10) m. Later on, SHIP evolved to a pyramidal
frustum, which relaxes the requirement of the shield, having to clear only

5 x 10 m? at the position of the last tracking station.

While muons of a given energy can easily be deflected out of the accep-
tance of the spectrometer by a magnetic field, the problem is the large
spread in the phase space of muons, as shown in Figure 4.18, with the
consequence that the return field of the magnets tend to bend muons
back towards the spectrometer. The DONUT [113] experiment employed
a combination of active and passive shielding to clear muons from their

emulsion target, which was located 36 m downstream of the target.

SHiP will accumulate three orders of magnitude more protons on target,
and hence requires a much larger reduction in muon flux for both the

emulsion and the hidden sector particles search.
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FIGURE 4.18: Transverse momentum versus momentum
distribution of muons, as generated by Pythia8.

4.5.1 The basic principle of magnet based muon-shielding

The principle of the magnet based shielding is shown in 2D in Figure 4.19.
The first part of the shield should be long enough, i.e. provide sufficient
| BOl, to separate both muon polarities to either side of the z-axis. For a
350 GeV/c muon, taking into account the Pr distribution at its produc-
tion point, this requires a ~ 18 m long magnet with a field in the iron of

1.8 T.

Lower momentum muons, which traverse the return field of this mag-
net, will be bent back in the direction of the spectrometer as is shown in
Figure 4.19 for a 50 GeV/c muon. To shield the spectrometer from these
muons, an additional magnet is added with opposite polarity field close
to the z-axis, and hence the lower momentum muons will be swept out
again. At the start of this second magnet, the two field polarities should
be as close in x as possible . A magnet design study [123] shows that

an air gap as small as 2 cm between the two field polarities can be used

!When using a high permeability material such as grain-oriented steel a 1.8 T flux
density could be obtained while the coils would dissipate low-enough power so that
they could still be cooled with air [123].
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without distorting the 1.8 T field in the iron.
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FIGURE 4.19: Cross section at y=0 shows the principle of

magnetic shielding. The magnetic field is along the y-axis,

and its polarity is indicated by the blue/green color of the

iron poles of the magnets. The trajectories of a 350 GeV/c

muon and 50 GeV/c muon are shown with a full and
dashed line, respectively.

4.5.2 Simulations and optimization

To test the basic principle of the muon-shielding concept described in
Section 4.5.1 and optimize its layout, a fast simulation was written which
traces the muons through the magnets. Each magnet is described by the
following seven parameters: length and, at either end, width, height,
and air-gap width between field and return field. Muons are traced
through a setup with a step size of 5 cm, and only the following physics
processes are taken into account: bending in a 1.8 T magnetic field, spe-
cific energy loss (0E /dx) and Gaussian smeared multiple Coulomb scat-

tering.

The aim is to design the shortest possible shield which allows no muons

to reach the spectrometer, while at the same time containing costs and
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hence using as little iron as possible. These requirements are combined
into a single penalty function which is then minimized. The penalty

function is given by
W x (1+XZxy)
A

(4.1)

where:

¢ All muons are given the same charge. The transverse (X,y) position
of muons is obtained at the last tracking station, which has a sensi-
tive area of 5 X 10 m?, by tracing their trajectory 64 m downstream

of the shield. For muons with |y| < 5 m, their x-position is con-

verted into x, = /(5.6 — (x +3.))/5.6 for =3 < x < 2.6 m, else
Xy = 0. In this way we are independent from a muon polarity in
the penalty function by positioning all of them in the positive re-
gion (3 m shift) and looking then on the center of the plane, where
the acceptance for muons is 5.6 m. The x,, is higher as closer we are

to the center;

e A =1.—L/100: Approximately the relative acceptance of a new
long lived particle in a benchmark scenario, where L is the length

of the shield in m;
o W: Weight of the shield in tonnes of iron;
¢ The sum is taken over all muons.

The optimization uses Minuit [124] to minimize the penalty function
(3.1) by varying the size of the magnets. Only muons with P > 1 GeV/c
at the last tracking station are considered as background muons, since
only high momentum tracks will be used in searches. Magnet transverse
sizes are only allowed to vary in steps of 1 cm. Magnet length sizes are
only allowed to vary in steps of 10 cm. The tracing of each muon is al-

ways started with the same random number, seeded by its momentum,
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to minimize statistical uncertainties of multiple scattering contributions
between different geometry configurations. For simplicity, the optimiza-
tion is made with seven magnets. The first two magnets after the beam
dump are also required for radiation protection and their lengths are
fixed to 1.4 and 3.4 m respectively, their gaps are fixed to 2 cm and they

have the same height at either end of each magnet.

The muons were generated with Pythia [103, 105], corresponding to ~
1010 protons on target (POT), and the Minuit SIMPLEX algorithm varies
41 parameters to minimize the penalty function. After convergence,
none of the muons traverse the last tracking station for a total shield
length of 34 m. Its layout and performance is presented in the next sec-

tion.

4.5.3 Active muon-shield performance

The SHiP experiment simulations are performed in the software package
FairShip [99]. FairShip is a collection of libraries and scripts based on the
FairRoot framework [125], which is fully based on the ROOT software
framework [126]. In this framework, users can construct their detectors,
and perform simulation and analysis without any code dependence on
a specific Monte Carlo simulation software. FairRoot uses the ROOT ge-
ometry package TGeo to build, browse, track and visualize the detector

geometry.

The muon-shield can be made of two different magnet types, which are
depicted in Figure 4.20. When there is enough air-gap between the iron
yokes with the opposite field direction to place a coil a magnet of type
a) in Figure 4.20 is used. If the optimization requires an air-gap which
is too small to accommodate a coil, a magnet of type b) in Figure 4.20,

which has place for coils at the top and bottom, is used.
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FIGURE 4.20: View in the x-y plane of the two magnet con-

figurations. In configuration a) the air-gap is large enough

anywhere along y to place a coil. Configuration b) has an

air-gap close to 2 cm at y=0, and hence the program will

create large enough air-gaps at the top and bottom of the
magnet to accommodate the coils.

a)

In addition, the following boundary conditions are imposed to assure a

realistic implementation of the magnets:

* For every cross section in the xy-plane, the width of the iron is large

enough everywhere to sustain the same magnetic flux;
¢ The minimum air-gap between opposite field directions is 2 cm;

¢ The minimum air-gap for accommodating coils in the plane per-

pendicular to the beam direction is 20 cm;

* The minimum air-gap between magnets along the beam direction

is 10 cm;

* The mitred joints between volumes with horizontal and vertical

tields are imposed to lower their magnetic reluctance [123].

The geometry optimization results in the shield layout shown in Fig-

ure 4.21, weighing 1845 tonnes, which does not include the supports.

To test the background with the prototype shielding in FairShip, only
target, muon-shield, tracking stations and spectrometer magnet were in-
cluded in the simulation. The last tracking station is located 64 m down-

stream of the last shielding magnet.
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FIGURE 4.21: Geometric view of the optimized muon-

shield, showing at the top, the z-y plane view, and at the

bottom, the z-x plane view. SHiP software defines the ori-

gin of the coordinate system to be in the center of the decay

vessel. Color shading is used to enhance the contrast be-
tween different magnetic field orientations.
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The simulation is first run with all the material of the shield in place,
but with the magnetic field switched off. This results in ~ 3.1 x 10°
muons which traverse the last tracking station during one SPS spill of
4 x 10" POT. Switching on the magnetic field reduces this rate to ~ 3.0 x
10° muons/s, of which ~ 6.5 x 10* have momenta larger than 3 GeV/c.
These muon rates are sufficiently low to cause insignificant background

levels in the experiment.

Examining the muons reaching the last tracking station reveals that they
are mainly due to two effects (which are not included in the optimization
procedure), namely catastrophic energy loss and very large scattering

angles.

4.6 Neutrino background estimation

All the sensitivities plots described in Section 4.3.2 are calculated under
the assumption of having negligible background in 5 years of running.
Therefore, the background rejection is key for the SHiP experiment. The
neutrino background is the most dangerous one. The rejecting of neu-

trino induced background was studied in the context of this thesis.

A sketch of neutrino background, compared to signal is depicted in Fig-
ure 4.22. Neutrinos will originate mostly in the target immediately after
the proton-proton collision. As they interact weakly, nearly all of them
will reach the decay volume without being affected by the hadron ab-
sorber or the muon-shield. Neutrinos can interact inelastically in the
vicinity of the decay volume and produce short and long-lived neutral
particles which may enter the decay volume and mimic the signal. It is
crucial for the experiment to be able to reject such background events

based only on their topological difference compared to signal events.
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FIGURE 4.22: Illustration of neutrino interactions in the
decay volume.

4.6.1 Neutrino background calculation

Neutrino backgrounds are simulated with the FairShip framework. The
interaction of particles with the material is implemented with GEANT4.
The initial proton-nucleon collision is modelled in the Pythia8 generator,
and its output is transferred to GEANT4 to simulate detector response.
Until recently, GEANT4 was not able to simulate neutrino interactions.
Therefore, the software GENIE is used to simulate the neutrino charged
current and neutral current interactions with the detector material. After
that, the interaction products are further processed by GEANTA4. So the

whole neutrino simulation procedure can be split into four steps:

* The simulation of POT interactions is performed using Pythia8 and
the momentum distribution of out-coming neutrinos is extracted.
The momentum distribution for muon neutrinos is shown in Fig-

ure 4.23.

* The obtained spectrum of neutrinos is processed with GENIE to

generate neutrino interactions with the material.

* As output of GENIE we have a set of particles produced in interac-
tions which we pass to the geometry in GEANT4. We force our
particles to interact in the z-region only between SND and sec-
ond tracking station to maximise the background interactions in

the area of interest.

* Using a P/ Pr distribution, we position our event in the geometry
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FIGURE 4.23: Momentum distribution of muon neutrino

out of Pythia8 POT simulation. Old distribution corre-

sponds to the POT emulations at TP time; new simulations

have higher statistics and more data with two energy cuts
of 1 GeV and 10 GeV

based on weighting events with the neutrino interaction probabil-
ity. The weight of each event is given by ) p - I, where p is the
density of the material in the neutrino path and [ is path length.

The geometrical distribution of neutrino interactions is shown in

Figure 4.24.

The number of neutrino interactions can be calculated as:

s _ i .
Nintemctions - Zwelghtll

where

L Na-No- E
weight,-:'ol i*Nag-Npy <o >-E,

N, generated
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FIGURE 4.24: Spatial position of neutrino interaction
points in Z dimension (top) and X-Y dimension (bottom).

Here,
e N,y = 6.022-10% is an Avogadro constant.
* Neenerated = 1.5 108 is a number of simulated interactions.

1020 . . .
e Ny, =4.51-10". §.1813 is a number of expected neutrinos in 5 years

taken from the Pythia8 simulation.

* E,is aneutrino energy taken from the Pythia8 simulation.
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* < ¢ > is a neutrino cross-section at a given energy taken from the

Particle Data Group.

In the technical proposal a conservative estimation of the vacuum re-
quirement was used, since it was calculated that a pressure of 10~° bar
would lead to less than one neutrino scattering event in the air inside
the vessel. Keeping this level of vacuum is challenging, therefore we
studied the possibility to relax this requirement. We have generated and
analysed a large sample of neutrino interactions in the air inside the ves-
sel. We calculated the number of background candidates as function of
the pressure, where a background candidate is defined as a vertex of two
charged particles going through the spectrometer. We have found that

the air pressure requirement can be relaxed to 102 bar.

The number of neutrino interactions in 5 years of running was estimated
to be 2.2 - 107 using the formula presented before, which is seven times
greater than the generated number of events. For this simulation, only
the region up to the cavern walls was used, as it was shown in a previous
simulation that neutrino induced background from cavern walls can be

neglected.

The expected number of background candidates before the selection is
6.5 - 10*. Most of these background events are produced in the SND de-
tector, entrance window and wall elements of the decay volume. For this
reason a significant fraction of background events can be rejected using

veto systems.

Background events due to neutrino interactions have in general worse
quality of reconstruction. Applying the basic selection from Table 4.1
together with vetoing results in zero background while keeping 65% of

signal for both, fully and partially reconstructed events. Moreover, we
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FIGURE 4.25: Position of reconstructed vertices and actual
interaction point for events which survive basic selection.
can retain this performance with no use of the information from the SBT

for fully reconstructed candidates.

In the case of partially reconstructed events, we cannot preserve a back-
ground of 0 using only the kinematic topology. However, reconstructed
vertices of the remaining candidates tend to stay close to the decay vol-
ume walls, as they are caused by short-lived particles originated from
neutrino interactions inside walls (see Figure 4.25). Therefore, we can
apply an additional selection based on the position of reconstructed ver-

tices inside the decay volume.

Long-lived particles with a high multiplicity form vertices which are lo-
cated far away from walls. Since vetoing the full SBT is impractical, we
studied the correlation between the Z-position of the closest hit in the
SBT and the Z-position of the reconstructed vertex which is shown in
Figure 4.26. Therefore, we can veto neutrino interaction events by look-

ing on the activity in the proximity of the reconstructed vertex.
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FIGURE 4.26: Correlation between the Z-position of the
closest hit in SBT and Z-position of the reconstructed ver-
tex.

The remaining background, in case of avoiding vetoing the full SBT, con-
sists of the event type shown in Figure 4.27, i.e. photon conversions in
the material. It can be easily eliminated by requiring the invariant mass
of the pair to be larger than 100 MeV/c?. The only background left is
caused by misidentification of particles and depends on the efficiency
of the particle identification system. Nevertheless, these studies have
shown that we can keep the background at the level of less than 0.1
event. The summary of the suppression level of the different selection

criteria is shown in Table 4.2.

Our studies have shown that even under these extreme conditions, we
can achieve less than one neutrino event in 5 years, which allows us to

increase the pressure to 1 mbar while keeping a background at a negligi-

ble level.
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FIGURE 4.27: Category of neutrino induced background
events which survive the basic selection + SBT around the

vertex.
Selection Stage Neandidates
Reconstructed candidates 65612
Basic selection 135
PID 12
Exclude area next to material 8
Invariant mass > 100 MeV /c? 0.25
SBT signal around the vertex 0.05

TABLE 4.2: Neutrino background level in five years for dif-
ferent selection stages.

4.7 Summary and outlook

I have studied the important aspects regarding the SHiP experiment:
the optimisation of the muon system and the estimation of the neutrino
background. A magnetic deflecting system for muons has been pre-
sented, which provides the sufficient reduction of muons for the SHiP
experiment. The design is optimized to reduce muon background while
keeping the shield as short and light, as possible. The optimized geome-
try of the shield is 34 m long and its weight is 1845 tonnes not including
its supports. It is found that a large flux of electrons and photons is pro-
duced by the muons traversing the magnets. Their momentum is typ-
ically below the 1 GeV/c, and hence they do not constitute a source of
background directly. However, the SHiP decay vessel is surrounded by
detectors to tag any charged particle entering the vessel. Moreover, the
emulsion target upstream is also sensitive to low energy electrons that

may spoil its reconstruction capability. Hence, the flux of these particles
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has to also be controlled to ensure an effective use of these surround tag-
gers. The muons which do traverse the system are coming from physics

processes which have not been included in the optimization program.

Since the work presented here was completed, the muon-shield design
has been re-optimised. This re-optimisation resulted in 25% lighter con-
tiguration with a field of 1.7 T [112]. Further iterations of the optimisa-

tion will be required as the experimental R&D progresses.

The neutrino background studies showed that we expect to have around
2.2 -107 neutrino interactions in 5 years of the experiment running which
will lead to 6.5 - 10* background events. It was shown that this rate can

be reduced to a negligible level using a set of selection criteria.
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Conclusion

Several different projects have been studied within the framework of
the thesis, the results of which were presented in this manuscript. All
these projects, however, were united by one idea - the search for the
new physics. There were two projects discussed concerning the existing
LHCb experiment. The first project is more hardware based, and dedi-
cated to the development of the system to test newly produced SALT128
ASICs designed for the LHCb Upgrade. The second project is the semilep-
tonic measurement R(A.) = %

collected by the LHCb experiment in 2016. The result is still blinded,

that was done using the data

however the analysis is well advanced and expected to be wrapped up
in 2021 with a final fine tunings and calculation of systematics. The final
project is a simulation study for the newly proposed SHiP experiment
dedicated to search for the new physics in the high intensity region. The
optimisation of the muon deflecting system and estimation of reduction
abilities of neutrino background are the main topics of interest under the

scope of the SHiP chapter.

As we do not know the mass/coupling of NP, it is important to search in
every possible direction for it. This is one of the main conclusions of this
thesis. Even if the flavour anomalies disappear with larger datasets, an
important region of NP parameter space will be excluded, models of NP
will have been improved and the orthodoxy of interesting future NP di-

rections will have been challenged. This is by itself is a great motivation
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to continue the endeavour to search for NP in as many ways as possible

and perhaps, if we are lucky, a revolution is around the corner.
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Simulation - data comparisons
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